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Abstract: The transcription factor p63 has important functions in tumorigenesis,
epidermal differentiation and stem cell self-renewal. The 7P63 gene encodes
multiple protein isoforms that have different or even antagonistic roles in these
processes. The balance of p63 isoforms, together with the presence or absence of
the other p53 family members, p73 and p53, has a striking biological impact.
There is increasing evidence that interactions between p53-family members,
whether cooperative or antagonistic, are involved in various cell processes. This
review summarizes the current understanding of the role of p63 in
tumorigenesis, metastasis, cell migration and senescence. In particular, recent
data indicate important roles in adult stem cell and cancer stem cell regulation
and in the response of cancer cells to therapy.
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STRUCTURE OF THE TP63 GENE AND P63 PROTEIN

p63 as a family member

p63 is a member of the p53 family of transcription factors, which have important
functions in tumorigenesis and ontogenesis. p53 was for a long time thought to
be unique (in structure and function) until the discovery of two new members of
this protein family: p73 in 1997 [1] and p63 in 1998 [2]. Phylogenetic analysis
indicated that p63 and p73 are evolutionary older than p53, and it was suggested
that p63 may be the evolutionary predecessor of both p53 and p73 [2, 3]. Non-
vertebrate animals have only one gene of the p53 family, and it has a high degree
of similarity to vertebrate p63 [4]. Therefore, p63 and p73 as evolutionarily older
family members play different roles in ontogenesis and tumorigenesis, while the
later-developed p53 is specifically responsible for tumor suppression.

p53, p63 and p73 share a common protein structure, which arises from their
function as transcription factors. They consist of a central DNA-binding domain
(DBD), a transactivation (TA) domain, and an oligomerization domain (OD). All
three also act as tetramers, and partial homology in the OD results in their
potential ability to form heterotetramers. The central DBD domain of p63 is
highly homologous with the DBDs of p53 and especially p73, suggesting that
p63 is able to bind to the p53 and p73 target genes [2]. However, each homolog
also has a specific set of target genes [5-10].

TP63 gene and p63 protein isoforms

The human 7P63 gene is localized on chromosome 3, and it consists of 15 exons
and contains two promoters (Fig. 1) [2]. Transcription from the first promoter,
located upstream of exon 1, gives rise to the full-length protein TAp63.
Transcription from the second promoter results in the production of N-terminally
truncated protein isoforms, ANp63. Due to alternative splicing of the 3° end of
TP63 mRNA, there are also several C-terminal protein isoforms, like a, B, y and
the recently described & and . This further contributes to the diversity of the p63
protein products (Fig. 1) [2, 11]. In addition, ANp63a, which seems to be the
predominant isoform, contains a sterile alpha motif (SAM) domain [12], known
to be involved in protein-protein interactions, and a C-terminal inhibitory
domain [13]. This inhibitory domain reduces the activity of p63a via an
intramolecular mechanism, but it is cleaved after the induction of apoptosis by
activated caspases [14].

ANp63 does not contain the N-terminal TA domain compared to the TAp63
isoform. This short isoform is a dominant negative inhibitor of TAp63 and other
transcriptionally active members of the p53 family [2], partly due to its
competition for binding to promoters of the target genes (ANp63 can bind to the
promoter but cannot induce transcription of the target gene) and partly due to the
formation of non-functional heterooligomers with TAp63, TAp73 and p53.
However, it was recently demonstrated that ANp63 also has its own
transactivation activity due to the presence of alternative TA domains [15, 16].
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Fig. 1. The structure of the TP63 gene and p63 protein isoforms. A — The TP63 gene has
two promoters and the mRNA also undergoes alternative splicing on its 3’end, which leads
to the broad spectrum of p63 protein isoforms. B — Due to transcription from two
promoters of the 7P63 gene, there are two N-terminal isoforms of p63: the full-length
TAp63, and N-terminally truncated ANp63. The alternative splicing on the 3° end of 7P63
mRNA gives rise to C-terminal protein isoforms of p63, a, B, v, 6, and €. C — p63 protein
consists of the central DNA-binding domain (DBD), oligomerization domain (OD),
N-terminal transactivation (TA) domain (only TAp63; ANp63 has alternative
transactivation domains); the p63a isoform also contains a sterile alpha motif (SAM) and
an inhibitory domain (TI) on its C-terminus.

The expression pattern of p63 in tissues and tumors, p63 protein stability,
and target genes

p63 isoforms are characterized by different levels and patterns of expression.
ANp63a is the predominant isoform, and is selectively expressed at high levels
in the basal cells of stratified and glandular epithelia (Fig. 2). Its expression
decreases with cellular differentiation [2, 17, 18].

Yang et al. [2] showed strong nuclear staining in the basal cells of the epithelium
in paraffin sections of human tissues including the foreskin, cervix, vaginal
epithelium, urothelium, and prostate. Di Como et al. [19] reported p63
expression restricted to the epithelial cells of stratified epithelia, such as skin,
esophagus, ectocervix, tonsil, and bladder, and to certain subpopulations of basal
cells in glandular structures of the prostate and breast, as well as in the bronchi.
Consistent with the phenotype observed in normal tissues, they found that p63 is
expressed predominantly in basal cell and squamous cell carcinomas, and in
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transitional cell carcinomas, but not in adenocarcinomas, including those of the
breast and prostate. Interestingly, thymomas expressed high levels of p63.
Moreover, a subset of non-Hodgkin’s lymphoma was also found to express p63.

Fig. 2. Immunohistochemical staining of p63 in various tissue samples. A — p63 in normal
stratified epithelium of the skin. B — Skin with basal cell carcinoma. C — Endocervical
epithelium D — Urothelial carcinoma.

Both of these groups used the same monoclonal antibody, 4A4, which
recognizes all known isoforms of p63. To distinguish the N-terminal isoforms of
p63, ANp63 and TAp63, RT-PCR analyses were performed. In murine tissues,
Yang et al. [2] revealed the presence of transcripts encoding ANp63 isoforms in
the kidney, adrenal gland, spleen and thymus, but not in the heart, liver, testes,
or brain. The TAp63 transcript was detected in heart, testes, kidney, adrenal
gland, thymus, brain and cerebellum. Using isoform-specific RT-PCR, Di Como
et al. [19] found that thymomas express all isoforms of p63, whereas the non-
Hodgkin’s lymphoma tended to express the TAp63 isoforms only. They did not
detect p63 mRNA/protein in a variety of endocrine tumors, germ cell neoplasms,
melanomas or soft tissue sarcomas.

However, only the ANp63 N-terminal protein isoform is usually detected in
normal and tumor tissues using immunohistochemistry and western blot
analysis. Thus, the question arises if this is the real state, or if we are not able to
detect the full-length isoform, TAp63.
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The differences in the expression pattern of p63 isoforms are linked to the
antibodies used for their detection. 4A4, an anti-p63 monoclonal antibody that is
the most widely used for immunohistochemical analysis and western blots,
identifies both ANp63 and TAp63 and also recognizes p73 [20]. Nylander et al.
[17] suggested that 4A4 does not identify TAp63 by immunohistochemistry,
although it recognizes all p63 isoforms in Western blot, as demonstrated by
Yang et al. [2]. The reason for such different results could be a masked epitope
unrecognized in TAp63 when an IHC assay is used. Nylander et al [17]
developed a set of polyclonal antibodies directed to each of the two N-terminal
isoforms of p63. They showed that TAp63 protein is located suprabasally in
stratified epithelia compared to ANp63 isoforms, which are more abundantly
expressed in the basal cell layer (indicating a switch in expression of p63
isoforms during cellular differentiation). ANp63a was the most widely expressed
isoform in squamous cell carcinomas, and it was also restricted to basal cells in
the breast and prostate, whereas TAp63 isoforms were more widely expressed in
these tissues and in tumors at these sites. TAp63, but not ANp63 or p63a, was
detected in the normal colon and in colon carcinoma. In agreement with the data
from an mRNA analysis of lymphoid tissue [19], TAp63 isoforms were
expressed in the nuclei of a sub-population of lymphoid cells and in some
malignant lymphomas, whereas ANp63 proteins were not expressed. T-cell
regions were essentially negative, suggesting that p63 expression is restricted to
B-lymphocytes as confirmed by Hedvat et al. [21] in diffuse large cell
lymphoma. TAp63 expression was later detected in the ovary and in oocytes in
meiotic arrest [22, 23].

In summary, and without distinguishing between N-terminal isoforms, p63 was
detected in cervical cancer [24, 25], uterine cancer [26] and pancreatic cancer
[27] within the tumor tissue. The N-terminally truncated ANp63 isoform is
expressed in basal-type breast cancer [28], prostate cancer [29, 30], esophageal
cancer [31] and pancreatic neoplasia [32]. The full-length TAp63 only is
expressed in some non-Hodgkin’s B-cell lymphomas [19]. Both isoforms,
ANp63 and TAp63, were detected in bladder cancer [33-35], urothelial cancer
[36], head and neck cancer [37-39], gastric carcinoma [40], lung cancer [41, 42]
and thymomas [19]. ANp63 was the predominant isoform.

A possible explanation for the discrepancies between immunohistochemical and
RT-PCR results is the protein stability of p63 N-terminal isoforms. TAp63 has
a much shorter half-life than ANp63 [43] due to the role of the TA domain in the
regulation of protein stability in a proteasome-dependent manner [44].

The stability of p63 seems also to be regulated by its C-terminus. The C-terminal
inhibitory domain of p63a, identified by Serber er al. [13], binds to the TA
domain of TAp63 and consequently masks the sites in the TA domain used by
the degradation pathway [44]. The intramolecular folding increases the half-life
of the proteins and keeps them in an inactive form. This interaction could be
intramolecular, with the inhibitory domain of TAp63a binding to the TA domain
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of the same molecule, or intermolecular, with inhibitory domain of ANp63a
binding to the TA domain of TAp63 in heterotetramers.

Additionally, protein stability could be regulated by post-translational
modifications. For example, post-translational modification of p63 by the
ubiquitin-like molecule SUMO-1 regulates its stability. p63a (but not p63p and )
is sumoylated in vitro and in vivo, and this modification targets ANp63a for
proteasome-mediated degradation [45]. Moreover, phosphorylation and
acetylation also seem to be implicated in the regulation of p63 protein stability
[46, 47]. In squamous cell carcinoma of the head and neck (HNSCC), after
cisplatin treatment, ANp63 is phosphorylated, exported from the nucleus into the
cytoplasm, and targeted by RACKI1 for proteasome degradation [48].
Protein-protein interactions are also critical for the regulation of p63 stability,
and are greatly influenced by external stimuli such as DNA damaging agents.
ANp63a physically interacts with kB kinase, and this interaction decreases its
stability and half-life, leading to its ubiquitin-dependent degradation [49].
Conversely, the interaction with Cablesl (Cdk5 and Abl enzyme substrate 1) is
responsible for the selective stabilization of the TAp63 isoform, which enables
apoptosis of cells after genotoxic stress [50], and interaction with YAP (Yes-
associated protein) stabilizes ANp63a in HaCat cells [51].

Mdm?2 is the principal regulator of p53 transcriptional activity, and the
interaction of Mdm2 with p53 targets this protein for ubiquitin-dependent
degradation. However, there are several conflicting results describing the
regulation of p63 activity and protein stability by Mdm?2. Kadakia et al. [52]
showed that p63 levels are unaltered by association with Mdm?2, although Mdm?2
was able to inhibit its transactivation function and drive the translocation of p63
from the nucleus to the cytoplasm. At the same time, Little et al. [53] reported
that Mdm?2 is not able to interact with p63, to repress p63-induced transcription
or to affect its half-life. On the contrary, Calabro et al. [54] showed that p63a
and p63y are able to associate with human Mdm?2, and that Mdm?2 is able to
increase the steady-state level of p63 and enhance transcriptional activity under
conditions in which p53 is inhibited. Most recently, Galli et al. [55] have shown
that Mdm2 induces p63 protein degradation following DNA damage and cell
differentiation. They demonstrated that Mdm?2 binds ANp63a in the nucleus,
promoting its translocation to the cytoplasm, where it is targeted for degradation.
Thus, they suggested that Mdm?2 regulates the levels of the pro-survival and pro-
proliferative ANp63a isoforms following DNA damage and during cellular
differentiation. Therefore, p63 proteins are not only regulated by their
transcriptional activity, but also by different stability of the various isoforms.

p63 regulates the expression of multiple genes involved in cell adhesion and
structural integrity of the skin (/CAM, CDHs, PERP, FRASI), apoptosis
(CASP10, BAX, APAF1, BAD, IER3), transcription (c-Jun, ZEBI, EGR3), cell
cycle regulation (p21"*", p57), DNA repair and replication (RAD51, BRCA2,
MREI1, PCNA), and epithelial development and differentiation (CLDNI, Tprg,
IKKa, HOXC4) [8, 10, 56-62]. In many but not all cases, TAp63 and ANp63
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have opposing effects on target gene expression [63]. In addition, the C-terminal
isoforms show different transcriptional activities for individual genes and unique
targets [15, 64]. In conclusion, the expression pattern of p63 isoforms observed
in different tissues is determined not only by the regulation of 7P63 gene
transcription, but also by the different protein stability of TAp63 and ANp63.
The analysis of p63 protein expression has been highly influenced by the
sensitivity and specificity of antibodies used for p63 detection, and the precise
expression patterns of each isoform are still unclear.

P63 IN TUMORIGENESIS

The homology between p63 and p53 suggests that these proteins might function
similarly. However, there is a low rate of mutations of p63 in human
malignancies [65-67], which does not support a tumor suppression function for
the TP63 gene. Moreover, there are N- and C-terminal isoforms of p63 with
different or even antagonistic functions, implying that p63 expression could be
either oncogenic or tumor-suppressive.

Mouse models

The controversy concerning the role of p63 in neoplastic transformation is
related to the existence of two p63-deficient mouse models with substantially
different susceptibility to cancer [68, 69]. The p63 heterozygous mice
constructed by Flores et al. [68] were prone to spontaneous tumors; they
developed squamous cell carcinomas and histiocytic sarcomas. Mice
heterozygous for both p63 and p73 (p63+/- and p73+/-) exhibit a complex tumor
phenotype. Loss of p63 may also cooperate with loss of p53 in tumor
development, as mice with p63+/- in combination with p53+/- had a more
aggressive tumor phenotype than p53+/- mice. Mice carrying p63+/- also exhibit
signs of advanced aging.

Conversely, the p63+/- mice constructed by Keyes et al. [69] were not tumor
prone, and mice heterozygous for both p63 and p53 had fewer tumors than
p53+/- mice. Furthermore, the p63+/- mice were not prone to chemically
induced tumorigenesis.

The differences in these two models may be linked to the methods used for the
generation of these transgenic animals, as they do not guarantee a complete
inactivation of p63. It is possible that partially functional p63 proteins with
a gain-of function, dominant negative or even hypomorphic function are
expressed. The mice used by Keyes ef al. [69] were heterozygous for p63 alleles
that disrupt all p63 isoforms, so it is possible that individual p63 proteins may
function in tumor suppression, or that p63 could have a tumor-suppressive role
in certain cellular contexts or in cooperation with particular oncogenes.
Additionally, it was shown that loss of p63 mediates cellular senescence and
aging. p63+/- mice have a shortened life span and display features of accelerated
aging, and p63 deficiency also activates enhanced expression of senescent
markers [68, 70]. Early studies showed that upon senescence, ANp63 proteins
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decreased in abundance, whereas TAp63 isoforms accumulated in serially
passaged rat embryo fibroblasts [71]. Recently, Guo et al. [72] used a new
TAp63-specific mouse model to show that TAp63 isoforms inhibit
tumorigenesis in vivo and are robust mediators of senescence. Loss of TAp63
enhances sarcoma development in mice lacking p53, whereas gain of TAp63
induces senescence. Therefore, TAp63 isoforms might function as tumor
suppressors by regulating senescence through p53-independent pathways. Since
senescence is a barrier against tumor progression in vivo, activation of this
program in tumor cells, especially in those that are resistant to chemotherapy-
induced cell death, provides a basis for anti-cancer therapy.

Conversely, Koster et al. [73] suggested that TAp63 could also function as an
oncogene. They established a gene-switch TAp63a mouse model and found that
deregulated expression of TAp63a in the epidermis causes hyperproliferation
and failure to undergo terminal differentiation [74]. Moreover, ectopic TAp63a
expression in lung epithelia resulted in the development of preneoplastic lesions.
They also reported that TAp63 isoforms are reactivated in well-differentiated HNSCC,
and that deregulated expression of TAp63a accelerated skin carcinogenesis and tumor
progression in gene-switch TAp63a mice exposed to a chemical carcinogenesis
protocol [73]. The results of various studies of different p63-deficient models
have shed some light on p63 function, but more p63 isoform-specific models and
a better biochemical understanding of p63 functions will undoubtedly be
required to understand the role of p63 in tumorigenesis.

Tumor suppressor or oncogenic role? Crosstalk between p53 family members
Many studies support the hypothesis that p63 can function as a tumor
suppressor, especially the full-length TAp63 isoforms. For example, TAp63
overexpression is responsible for the activation of p53 responsive genes, leading
to cell cycle arrest and apoptosis [2]. Additionally, it was also found that TAp63
can mediate apoptosis by triggering death receptor complexes (CD95, TRAIL)
and the mitochondrial death pathway (BAX, APAFI) [58].

On the other hand, ANp63a inhibits death receptor-mediated apoptosis and
chemotherapy-induced mitochondrial apoptosis pathways [75]. There is
evidence that ANp63 actually promotes cancer development and thus functions
as an oncogene. Squamous cell carcinomas of the lung or head and neck are
characterized by amplification of the p63 locus as well as high levels of
expression of the ANp63a isoform [37, 67, 76-78]. Moreover, ANp63a
overexpression leads to enhanced cell growth in soft agar and increased tumor
size in mice [67]. However, p63 isoforms must be studied in close connection
with other p53 family members because of the many possible interactions
between p53, p63 and p73 proteins.

Firstly, there is a possibility of heterotetramerization among p53-family
members. ANp63 isoforms could theoretically affect the transactivation
functions of TAp63, p53 and p73 via direct protein-protein interactions. p63 and
p73 isoforms can form heterooligomers with each other, but not with wild-type
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p53. It was also shown that the oligomerization domain (OD) of p53 does not
associate with the OD of either p63 or p73 [3, 79]. On the other hand, mutant
p53 can associate in vitro and in vivo with p63 through its core domain [80, 81].
This interaction impairs the sequence-specific binding of p63. Moreover, in
T47D cells carrying the endogenous mutant p53, p63 is unable to recruit some of
its target gene promoters [81]. Interaction between mutant p53 and p63 was also
confirmed in cell lines that endogenously express both proteins [80]. The
inactivation of p63 with mutant p53 might be one of the possible mechanisms of
mutant pS3 gain of function.

Secondly, the central domain of all p63 variants is highly homologous with the
DBDs of p53 and p73 [2], so p63 can interact with p53 target DNA sites. TAp63
is able to transactivate reporter genes containing p53-responsive elements, while
the ANp63 isoform lacking the N-terminal TA domain can bind to p53 target
sites in a competitive manner, and could act as a dominant negative inhibitor of
p53, TAp63 or TAp73. ANp63 showed a dose-dependent inhibition of p53 and
TAp63 transactivation [2], but kept its own transactivation activity.

Thirdly, there is a transcriptional regulation among p53 family members.
p63 associates with the promoter of p53, p73 and the p63 gene itself [82]. Thus,
p63 may regulate its own expression, and cross-regulate the expression of both
p53 and p73. Additionally, ANp63 is a positive transcriptional target of p53 [28].
Disruption of p53 activity abolishes the expression of ANp63a. Moreover,
ANp63 is recruited to and can activate its own promoter, thus providing an auto-
regulatory loop of self-regulation [28, 83]. Importantly, loss of p53 leads to the
stabilization of TAp63y [84]. Consequently, disruption of TAp63y expression
leads to decreased expression of ANp63, and overexpression of TAp63y
enhances the activity of the ANp63 promoter. Thus, TAp63y is capable of
activating the expression of ANp63.

Fourthly, there seems to be cooperation between the p53 family members in cell
cycle regulation and apoptosis. In MCF7 cells, p73 and p63, but not p53, are
modulated during the cell cycle with a peak in S phase, and their silencing
suppresses proliferation [85]. In cycling cells, p73 and p63 are bound to the
p53-responsive elements (REs) in the regulatory regions of cell cycle
progression genes. However, when the cells are arrested in Go-Gy, p73 detaches
from the REs and is replaced by p53, which represses the expression of these
genes. When the cells move into S-phase, p73 is recruited again and p53 is
displaced or is weakly bound to the REs. Thus, the elevated concentrations of
p73 and p63 found in many cancers could cause the aberrant activation of cell
growth progression genes and therefore contribute to cancer initiation or
progression.

The interactions among the p53 family are also critical for the control of
p73-dependent cisplatin sensitivity in a subset of human breast cancer, where the
ANp63a isoform plays a major role [86]. In vivo, ANp63 and TAp73 isoforms
are co-expressed within a subset of triple-negative primary breast cancers that
commonly exhibit mutational inactivation of p53. The ANp63a isoform
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promoted survival of breast cancer cells by binding TAp73, and thereby
inhibiting its pro-apoptotic activity. Breast cancer cells expressing ANp63a and
TAp73 exhibited cisplatin sensitivity that was dependent on TAp73. In response
to treatment with cisplatin, but not other chemotherapeutic agents, TAp73
underwent c-Abl-dependent phosphorylation, which promoted dissociation of
the ANp63a/TAp73 protein complex, TAp73-dependent transcription of pro-
apoptotic Bcl-2 family members, and apoptosis. Thus, tumors with this intact
pathway would be predicted to be platinum sensitive and to have high levels of
ANp63 relative to TAp73 to repress TAp73 activity in the absence of cisplatin.
The levels of ANp63 and TAp73 mRNA were measured in primary tumor
samples to monitor the ANp63/TAp73 ratio, and it was proved that this ratio is
associated with a positive response to cisplatin therapy [87].

Similarly, in HNSCC patients, high levels of ANp63 are connected with a good
response to platinum-based chemotherapy [39]. In HNSCC cells, ANp63 inhibits
the activity of TAp73 and suppresses TAp73-dependent apoptosis [88]. TAp73
is necessary for apoptosis following knockdown of ANp63, and siRNA-mediated
inhibition of TAp73 expression reduces HNSCC cellular sensitivity to cisplatin.
Moreover, as shown by immunoprecipitation, ANp63 also forms a complex with
TAp73 in HNSCC, so it is plausible that there is the same or similar mechanism
of regulating tumor cisplatin sensitivity as in triple-negative breast cancer. These
results should also be considered in relation to the effects of ANp63 in
promoting cell survival, which presents an apparent paradox to the sensitivity of
p63-expressing breast and HNSCC tumors to cisplatin. Indeed, in HNSCC,
siRNA-mediated reduction in the endogenous p63 levels results in more tumor
cells being killed by radiation and cisplatin, demonstrating a pro-survival role
for p63 [89]. These contradictory data indicate that although the expression of
ANp63 in tumors leads to enhanced survival, cisplatin is most effective in
ANp63-positive tumors precisely because this agent targets ANp63 for
degradation and thereby removes a critical survival factor in addition to acting as
a highly genotoxic agent.

These combined data indicate that the cooperative or antagonistic interactions
between p53-family members are important for the regulation of the cell cycle
and apoptosis, and thus also for tumor development. Moreover, there is
substantial evidence that ANp63 expression is a predictor of chemosensitivity to
cisplatin.

Adhesion, migration, metastasis, invasiveness

There are several reports which suggest that p63 is involved in cell migration
and adhesion and thus also in processes connected with these cell abilities, such
as metastasis and wound healing. It was shown that p63 regulates adhesion-
related genes in HNSCC and contributes to cell invasion and migration in this
tumor type [61]. In vitro studies performed on squamous cell carcinoma cell
lines have demonstrated that disruption of p63 causes upregulation of genes
associated with a higher potential to metastasize and invade [90]. Additionally,
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in vitro cell migration assays showed that loss of p63 in squamous carcinoma
cell lines leads to increased cell migration. Adorno et al. [91] also showed that in
cells expressing mutant p53, p63 transcriptional activity is inactivated by mutant
p53-Smad complex, which is induced by TGFp, and that p63 acts as an
antagonist of TGFB-mediated tumor invasiveness and metastasis. Similarly,
knockdown of p63 expression caused downregulation of cell adhesion-
associated genes, cell detachment and anoikis in mammary epithelial cells and
keratinocytes [92]. On the other hand, overexpression of p63 upregulated cell
adhesion molecules, increased cellular adhesion and conferred resistance to
anoikis. Most recently, Su et al. [93] showed that TAp63 suppresses metastasis
by regulating microRNA processing complex. These findings uncovered a new
role of p63 as a negative regulator of metastasis.

Bamberger et al. [94] suggested the role of p63 isoforms in the healing of skin
wounds, which is achieved by extensive migration and hyperproliferation of
keratinocytes. ANp63 variants were found at high levels in basal and suprabasal
keratinocytes of the hyperproliferative wound epithelium, TAp63 variants were
also expressed in wound keratinocytes. Thurfjell et al. [95] compared p63 status
in normal oral wounds and in HNSCC, two situations that represent self-limiting
and non-self-limiting processes. They found that both processes show
upregulation of p63a and ANp63. However, in wounds, there was a downregulation
in TAp63 mRNA levels but not in protein expression, indicating post-
translational stabilization of TAp63. Thus, the differences in TAp63 expression
and protein stability could influence epithelial proliferation and differentiation.
In conclusion, p63 isoforms are differentially expressed during wound healing,
suggesting that they have specific functions in this process.

P63 AND STEM CELLS

Expression of p63

The existence of stem cells has been demonstrated in various adult tissues
including brain, bone marrow and peripheral blood, muscle, skin, breast, lung,
kidney, liver, pancreas and thyroid gland [96-108]. However, genes that
contribute to the stem cell phenotype and cell differentiation still need to be
elucidated. It was suggested that p63 has important functions in stem cells,
because of its expression in the basal cells of the epithelium, and because of the
phenotype of p63-deficient mice. However, there remains the question of exactly
which role it plays in these processes.

Two independent laboratories generated mouse models lacking p63. Although
the strategies for generating these models were different, the phenotypes were
very similar [109, 110]. However, differences in the interpretation of the
phenotypes of these models have led to different views regarding the role of p63
in epidermal morphogenesis and differentiation.

Two distinct hypotheses have been proposed to explain the phenotypes
associated with the lack of p63 expression. Mills et al. [110] observed
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a complete absence of stratified epidermis, whereas Yang et al. [109] observed
evidence of stratified but disrupted epidermis, and suggested that the embryonic
epidermis of p63-/- mice undergoes an unusual process of non-regenerative
differentiation. Thus, in the first hypothesis, p63 is proposed to be essential for
specification and differentiation of stratified epithelial cells [74, 111]. In the
second hypothesis, p63 is proposed to be critical for the proliferation and
maintenance of the epithelial progenitor cell populations that give rise to the
differentiated stratified epithelial cells, rather than for the differentiation process
itself [109, 111]. Evidence exists supporting both of these hypotheses [112].
Indeed, the expression pattern of p63 is consistent with a role in progenitor cell
function. p63 expression is highest in the proliferative basal cell layer, where
there are thought to be epithelial progenitor cells in stratified epithelia, including
the skin, breast, cervix, urogenital tract and prostate [19, 109, 111, 113, 114].
Within the normal prostate epithelium, p63 is selectively expressed in the basal
cell layer and is consistently absent in the secretory and neuroendocrine cells [115].
In accordance with observations on other epithelial tissues (e.g. epidermis,
breast, and urothelium), ANp63a is the main isoform expressed by basal cells of
the prostate. The agenesis of the early prostate suggests that p63 might be
required for the formation of prostate stem cells. The early prostate (prostate
buds) consist exclusively of p63-positive cells that subsequently differentiate
into basal and secretory cells of the mature prostate epithelium, and thus
function as progenitor/stem cells. This observation suggests that p63-positive
basal cells of the fully developed prostate include stem cells responsible for
maintaining and repairing the adult prostate epithelium (i.e. adult stem cells),
and p63 knockout mice can be used as a tool to identify the stem cells in the
developing prostate [116].

Expression of p63 is also required for maintaining the proliferative potential of
stem cells in the thymus epithelium [117]. Additionally, p63 plays an important
role in tooth and hair development [118]: it is required for the formation of
individual dental and hair placodes, but not for the specification of the dental field.
To test whether p63 is required by epidermal stem cells for extended
proliferative potential, Senoo et al. [117] used clonal analysis to generate clones
labeled as holoclones, meroclones and paraclones from the human epidermis. It
was demonstrated previously that cell stemness can be preserved in culture:
holoclones have a high proliferative potential, and a single holoclone has the
capacity to generate a mature epithelium in vivo and to differentiate into distinct
cellular lineages. The holoclone-like clones were composed of small, immature
cells that all showed intense nuclear staining with the anti-p63 monoclonal
antibody. By contrast, the meroclone-like clones contained larger cells toward
the clone center that stained weakly with the p63 antibody. The paraclone-like
clones consisted of very large cells that generally lacked detectable p63
expression. These data provide a link between p63 expression and proliferative
capacity of cells.
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Pellegrini et al. [111] similarly identified p63 as a keratinocyte stem cell marker
using clonal analysis. Within the cornea, p63 is expressed by the basal cells of
the limbal epithelium but not by transiently amplifying cells covering the corneal
surface. Human keratinocyte stem and transiently amplifying cells were isolated
and then grown in culture to form holoclones and paraclones. p63 was
abundantly expressed by epidermal and limbal holoclones, but was undetectable
in paraclones. This suggests that p63 is a marker of keratinocyte stem cells.

The relative contribution of individual p63 isoforms during ectodermal
differentiation and organogenesis is still far from understood. ANp63 isoforms
dominate throughout the development of the epidermis and its appendages.
During embryonic development, ANp63 isoforms seem to have independent
roles as transcriptional regulators and do not merely act as inhibitors towards
transactivating molecules of the p53 family.

Transcription, upstream and downstream regulations connected to stem cell
phenotype

Many of the molecular mechanisms underlying self-renewal in stem cells have
been elucidated. These signaling pathways are usually implicated in both cancer
and stem cells, so they play a role both in stem cell self-renewal and
development, and their aberrant expression could be associated with malignant
phenotypes. There are several pathways connected to the stem cell phenotype in
which p63 is involved.

Notch signaling

The best characterized pathway of Notch activation involves proteolytic
cleavage and translocation of the cytoplasmic domain of the receptor to the
nucleus, where it associates with the DNA-binding protein RBP, converting it
from a repressor into an activator of transcription [119]. Recent studies have
implicated aberrant Notch signaling in human breast tumors, melanoma
progression, medulloblastoma and ovarian cancers [120-122]. In breast tumors,
amplification of Notch receptors correlates with a more aggressive phenotype
[120], and breast cancer stem-like cells express elevated Notch induction [123].
Notch activation is generally thought to maintain stem cell potential and inhibit
differentiation of mammalian cells, thereby promoting carcinogenesis [124].
However, in specific cell types such as keratinocytes, increased Notch activity
causes exit from the cell cycle and commitment to differentiation [125-127],
whereas downregulation or loss of Notch function promotes carcinogenesis
[128, 129].

p63 is important for maintaining of undifferentiated state of keratinocytes [130].
p63 expression is suppressed by Notch activation in both mouse and human
keratinocytes [131]. In turn, elevated p63 expression counteracts the ability of
Notch to restrict growth and promote differentiation. Additionally, knockdown
of TP63 upregulates Notch expression and causes a reduction in the proliferation
and clonogenicity of keratinocytes [132]. Conversely, overexpression of
ANp63a leads to decreased level of Notch and increased proliferative potential
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of keratinocytes. Therefore, a complex cross-talk between Notch and p63 is
involved in the balance between keratinocyte self-renewal and differentiation.
Interestingly, Ma et al. [133] recently demonstrated that p63 activates Notch
signaling through the stimulation of JAGI gene expression. This is a part of
a signaling pathway in which mTOR positively regulates Notch through
up-regulation of the STAT3/p63/Jagged cascade, and Notch cascade activation
impedes cell differentiation. This signaling was shown in MEFs, but also in
breast, prostate, lung and other cancer cell lines. mTOR has been reported to be
a positive modulator of p53 and a negative regulator of p73. Thus, p63 is a novel
effector of mTOR signaling.

The breast epithelium has two major compartments, luminal and basal cells,
which are established and maintained by poorly understood mechanisms. The
maintenance of basal cell characteristics in primary human breast epithelial cells
depends on continued expression of ANp63, which is expressed in the basal
compartment [134]. Forced expression of ANp63 in purified luminal cells
confers a basal phenotype. Notch signaling downregulates ANp63 expression
and mimics ANp63 depletion, whereas forced expression of ANp63 partially
counteracts the effects of Notch. Basal cells in which Notch signaling is active
show decreased p63 expression. Both constitutive expression of ANp63 and
ablation of Notch signaling are incompatible with luminal cell fate. Thus, the
balance between basal and luminal cell compartments of the breast is regulated
by antagonistic functions of ANp63 and Notch.

Recently, using chromatin immunoprecipitation, Ma ef al. [133] confirmed that
ANp63a could directly bind to Notchl and activate the Notch pathway. In
clinical breast cancer specimens, the expression level of p63 was also found to
positively correlate with the expression level of Notchl. Therefore, these data
suggest that p63 functions as a selective modulator of Notchl-dependent
transcription and function.

Wnt pathway

The Wnt signaling is implicated in tumorigenesis and in the maintenance of
stemness. It has been shown to be casual to a variety of tumors, including colon
cancer and breast cancer, and it has been shown to be necessary and sufficient to
maintain pluripotency in epidermal stem cells [135-139]. After overexpression,
ANp63a promotes Wnt-inducible reporter gene activity in human cells [140].
However, in an apparent contradiction to these observations, siRNA-mediated
knockdown of endogenous p63 equally enhanced the expression of Wnt-responsive
genes. ANp63a was found in a complex with Wnt-responsive transcription
factors. On the basis of these findings, it was proposed that ANp63a has a function
in recruiting transcriptional repressors to Wnt-responsive genes. Overexpression
of p63 may lead to sequestration of such repressors, resulting in a similar effect
to the siRNA-mediated removal of p63, i.e. activation of Wnt-responsive genes.
The role of p63 as a negative Wnt-regulator thus fits with the frequently
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observed downregulation of p63 during tumor progression, when cancer cells
adopt a more mesenchymal, invasive phenotype.

SHH signaling

Sonic Hedgehog (SHH) is a morphogen that has been implicated in epithelial
stem cell proliferation and in the development of organs [141-145]. Recently,
SHH has also been shown to play an important role in the progression of
a variety of cancers [146-151], for example, dysregulation of Hedgehog
signaling has been implicated in tumorigenesis of prostate cancer and its
activation was found in advanced prostate cancer specimens [152]. Moreover,
p63 and p73 but not p53 over-expression induces SHH expression in the
epidermis [153]. In particular, p63y and p63p (both TA and AN isoforms) and
TAp73p induce SHH, TAp63y binds to regions within the SHH promoter in
vivo. Additionally, expression of SHH was found to be significantly reduced in
mouse embryo fibroblasts obtained from p63-/- mice and the naturally occurring
p63 mutant TAp63y (R279H) inhibited the TAp63y-mediated transactivation of
SHH gene. Thus, p63 plays an important role in the regulation of the SHH
signaling pathway.

IHH pathway

Hedgehog signaling is also necessary for mammary gland development, and
there is evidence of Hedgehog activation in breast cancer [154-156]. Indian
Hedgehog (IHH), the other member of the Hedgehog family, induces elaboration
and differentiation of mammary progenitors via differential p63 promoter
selection [157]. Analysis of ANp63 and TAp63 showed segregated expression in
mammary stem and progenitor fractions. Hedgehog activation in vivo enhanced
the elaboration of mammary progenitors and decreased label retention within
mammary stem cell-enriched fractions, suggesting that IHH has a mitogenic
effect on mammary stem cells. Hedgehog signaling is also enhanced during
pregnancy, suggesting that it contributes to expansion of the mammary gland
[157]. These studies support a model in which Hedgehog activates the
elaboration and differentiation of mammary progenitors via differential p63
promoter selection. In particular, ANp63 promotes unlimited proliferative
potential and inhibits differentiation, whereas TAp63 promotes differentiation
and inhibits proliferative potential.

MicroRNA regulation

It was suggested by Boominathan [158] that p63 can also regulate the
microRNA processing complex. MicroRNAs bind to 3’UTR of mRNAs to
inhibit their translation or to promote their degradation. MicroRNAs are
processed in the nucleus by a processing complex which consists of Drosha-
DGCRS8 (RNAse III endonuclease) and RNA helicases. The pre-microRNAs are
then processed in the cytoplasm by protein complex containing Dicer (RNAse
III endonuclease). Different microRNAs and components of their processing
complex have been shown to be dysregulated in multiple cancers [159, 160]. In
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breast carcinoma, Dicer expression is downregulated in patients with metastatic
relapse [161], suggesting its function as tumor suppressor. Dicer also plays
a role in stem cell renewal [162], and its inhibition leads to downregulation of
stem cell factors such as Oct4 and Sox2 [163]. Moreover, DGCRS also plays
a role in stem cell renewal and skin development [162]. MicroRNA processing
mediated by Dicer seems to be required for the down-regulation of ANp63 in the
suprabasal cells of the epidermis [164]. It is plausible that p63 and Dicer could
regulate each other because there are several p63-responsive elements in the
promoter of Dicer [158]. Moreover, p63-responsive elements were also found in
the promoters of other components of microRNA processing complex [157].
Interestingly, several microRNAs target the expression of p53 family members;
p63 expression is inhibited by microRNAs miR-302 [165], miR-203 [166], miR-
21 [167] and miR-92 [168]. miR-203 is upregulated upon DNA damage in the
HNSCC cells, whereas ANp63 is downregulated [166]. In HNSCC, ANp63 is
downregulated following DNA damage, and ANp63 protein levels correlate with
the patients’ response to cisplatin treatment [39]. It suggests that miR-203 could
regulate p63 mRNA and protein levels upon DNA damage in HNSCC.

miR-302 reduces p63 expression in testicular cancer cells and in mature oocytes,
and this regulation is probably important in germ cell maturation [165]. Elevated
expression of miR-92 is associated with increased proliferation of myeloid cells
[168]. miR-92 also down-regulates the expression of ANp63, so it might be one
of the molecular mechanism of miR-92 function. The levels of miR-21 are
increased in glioblastoma [169] and other tumors, so it plays probably an
oncogenic role [170, 171]. miR-21 knockdown increases the protein level of
TAp63 in glioblastoma cells [167], and it can therefore be a part of the
molecular mechanism of its oncogenic function.

Most recently, Su et al. [93] showed that TAp63 regulates Dicer by direct
binding to its promoter. Moreover, they found that TAp63 coordinately regulates
Dicer and miR-130b to suppress metastasis. Metastatic mouse and human
tumors deficient in TAp63 expressed Dicer at very low levels and modulation of
expression of Dicer and miR-130b significantly affected the metastatic potential
of cells lacking TAp63.

DNA repair

One feature of stem cells is their relative resistance to genotoxic stresses. p63
regulates many target genes involved in DNA repair [56]. ANp63 (but not the
full-length TAp63) binds to the promoters of the RAD51, BRCA2 and MREI1
genes, which are involved in homologous recombination, one of the most
important pathways for repair of double strand breaks. In addition, p63 interacts
with ATM, a key kinase involved in the recognition of DNA double-strand
breaks [172]. These findings indicate an additional mechanism through which
ANp63 can enhance cell survival.

Thus, there is overwhelming evidence that p63 has fundamental roles in the
regulation of normal stem cells through the transcriptional regulation of genes
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involved in maintaining proliferative potential and in the processes of cellular
differentiation.

P63 AND CANCER STEM CELLS

It has been proposed that tumors contain rare stem-like cells called cancer stem
cells (CSC) or cancer-initiating cells (CIC). They are characterized by unlimited
self-renewing capacity, low proliferation rates, the ability to differentiate into
proliferating tumor cells, and the ability to withstand cancer therapy [173, 174].
Serial transplantation of CSCs gave rise to tumors that reconstituted the tissue-
specific heterogeneous cell types of the parental tumor. Therefore, the CSC
model predicts that only this small subpopulation of neoplastic cells with stem-
like capacities promote the maintenance and development of the tumor. Current
therapies are designed to treat the bulk of neoplastic cells and might not be
effective in eradicating the CSCs. Consistent with this notion, tumors often
reappear, even after initially successful treatment. Therefore, the CSC model has
important clinical implications and its validation could lead to developing new
treatment strategies that selectively target the CSCs [175]. Since p63 is involved
in several molecular pathways that are implicated in the maintenance of
stemness as well as in tumorigenesis, it could be a potential marker of CSCs.
The cell surface glycoprotein CD44 is involved in cell migration and cell
adhesion and is widely expressed in normal tissues. CD44 has recently received
attention as a marker of cancer stem cells in various epithelial tumors including
HNSCC and breast cancer. In breast cancer, the CD44+/CD24- population of
tumor cells is able to form tumors when xenografted into immunocompromised
mice [176], and the CD44+ population of HNSCC cells also possesses stem cell
properties of self-renewal and differentiation, but CD44— cells do not show self-
renewal properties [177]. Using a microarray analysis of HNSCC cells that
stably over-express individual ANp63 isoforms, Boldrup et al. [178] have shown
that all three isoforms induce expression of CD44 (with the ANp63f isoform
showing strongest induction). ANp63 isoforms specifically upregulate a CD44
splice variant lacking exon 2, indicating that p63 may play a role in regulating
CD44 mRNA splicing in addition to up-regulating mRNA levels. Data linking
CD44 expression with ANp63 suggest that ANp63 is an important regulator of
stem cell phenotypes in HNSCC. The identification of up-regulation and
differential splicing of CD44 following p63 over-expression indicates roles in
the regulation of the cancer stem cell phenotype.

It was recently shown that ANp63a induces a stem cell phenotype in the MCF7
breast carcinoma cell line, and that it could be a marker of breast cancer stem
cells [179]. Du et al. transfected MCF7 cells with ANp63a plasmid, and assayed
their cancer stem cell-like features after transfection. Breast cancer stem cells
have been identified as CD44+/CD24- [179] and the tumor growth depends on
their proliferation and self-renewal capacity. Over-expression of ANp63 in
MCF7 cells increased the percentage of the CD44+/CD24- subpopulation and
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led to increased cancer cell proliferation, clonogenicity (increased colony
formation ability in soft agar), anchorage-independent growth (ability to grow
into mammospheres), and the incidence of tumor xenografts formed in vivo. In
addition, ANp63a over-expressing cells were more drug resistant. These results
suggest that ANp63a might be a tumor-initiating transcription factor in breast
cancer and that p63 is one of the possible markers of CSCs in epithelial tissues.

CONCLUSION

In summary, the role of p63 in tumorigenesis is highly complex and needs
further clarification. Current data suggest that TA and AN isoforms might play
opposite roles in this process. However, there are also many possible interactions
within the p53 protein family, so a complex view is necessary to understand the
role of p53 family members in neoplastic transformation, metastasis and
response to therapy. In stem cells, p63 is involved in many pathways that take
part in regulation of both self-renewal and differentiation processes. Its role both
in tumor and stem cell regulation suggests that p63 might be a possible marker
of cancer stem cells in a subset of tumor types, and that it may have prognostic
and predictive value.
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