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Abstract The p53-related protein p63 has pleiotropic func-
tions, including cell proliferation, survival, apoptosis, dif-
ferentiation, senescence, and aging. The p63 gene is
expressed as multiple isoforms that either contain an N-
terminal p53-homologous transactivation domain (TAp63)
or that lack this domain (ANp63). Multiple studies have
demonstrated that p63 plays a crucial role in stratified epi-
thelial development, and have shown the importance of p63
for maintaining proliferation potential, inducing differentia-
tion, and preventing senescence. Additionally, much re-
search focuses on the role of p63 in cancer progression.
Clinical evidence suggests that p63 may play a role in
inhibiting metastasis. Similarly, genetic mice models togeth-
er with cell culture data strongly indicate that p63 deficiency
may be a causative factor for metastatic spread. Moreover,
the role of p63 in cancer metastasis has been shown to be
greatly related to the ability of mutant p53 to promote cancer
malignancy. However, there is still much confusion as to
what the role of each specific isoform is. In this review, we
highlight some of the major findings in the current literature
regarding the role of specific p63 isoforms in development,
tumorigenesis, and particularly in cancer metastasis.
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General Introduction

The tumor suppressor protein p53 is frequently altered in
human cancers. At present, p53 is recognized as one of the
most important tumor suppressor proteins, and much research
focuses on reconstituting p53 function in order to effectively
treat cancer patients. In simple words, p53 protects the organ-
ism from damaged and potentially life-threatening cells. Upon
DNA damage or other cellular stresses, such as oxidative
stress, hypoxia, or carcinogen exposure, p53 levels accumu-
late and become activated. Then, p53 may direct a variety of
responses, including metabolic homeostasis, antioxidant de-
fense, DNA repair, cell cycle arrest, senescence, and apopto-
sis, depending on the severity of the damage. The specific
response depends on whether the damage can be repaired or if
it is too severe and requires death of the cell in order to
maintain tissue homeostasis (for reviews see [1, 2]).

Today, after more than 30 years of research on p53, the
story has become more complex, albeit even more fascinat-
ing, with the discovery in the late 1990’s of two p53 family
members, p63 [3] and p73 [4]. These three proteins,
encoded by the TP53, TP63, and TP73 genes (Trp53,
Trp63, and Trp73 in mice, respectively), are transcription
factors that bind directly to DNA as tetramers, interact with
other transcription factors and the transcription machinery,
and together control the expression of thousands of genes
involved in all aspects of life. From early on, it has been
clear that p63 and p73 are involved in a broad spectrum of
biological activities, including cell proliferation, survival,
apoptosis, development, differentiation, senescence, and ag-
ing. In particular, p63 has emerged as a critical player in
embryonic development, epithelial stem cell maintenance,
and differentiation. In cancer biology, p63 has been shown
to be involved in all aspects of tumorigenesis and cancer
progression (for reviews see [5, 6]). From clinical correla-
tions to mechanistic studies, accumulating evidence shows
the importance of p63 in preventing cancer metastasis. In
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this review, we discuss the main functions of p63 in normal
and cancer physiology, with an added emphasis on the
mechanistic role of p63 as a metastasis suppressor.

The p53 Family

The p53 family of proteins is evolutionarily conserved in
animals from worms to humans. Invertebrate organisms like
C. elegans and D. melanogaster express a p53 homologue
(Cep-1 in C. elegans and Dmp53 in D. melanogaster) that
resembles p63 more than p53. Gene duplication gave rise to
a new p53-like protein in cartilaginous fish, while bony fish
and other vertebrates express all three family members.
Phylogenetic and functional analyses suggest that p63 is
the founding member of the family, followed by p73, and
finally by p53 [7].

The full-length p53 protein contains five distinct
domains, namely two N-terminal transactivation domains
(TAD-I and TAD-II), a proline-rich domain (PRD), a DNA
binding domain (DBD), an oligomerization domain (OD),
and a C-terminal regulatory domain (CTD) that contains a
nuclear localization signal [8]. Although initially believed to
be transcribed as a single isoform, it is now clear that p53 is
transcribed as multiple isoforms that differ in their amino
and carboxy termini. Indeed, twelve different TP53 tran-
scripts encode proteins with different functions and patterns
of expression, and capable of affecting each other’s expres-
sion and activity (for reviews see [9, 10]). Similarly, p63 and
p73 isoforms either contain a p53-homologous transactiva-
tion domain (TAp63 and TAp73) or lack this domain
(ANp63 and ANp73), and alternative splicing generates
different C-termini, for a total of at least ten p63 and over
thirty p73 isoforms.

Whereas p53-null mice develop normally and are viable,
disrupting p63 or p73 in mice severely affects proper devel-
opment. p73-null mice suffer of hydrocephalia and hippo-
campal dysgenesis, are much smaller than their wild type
counterparts, and 50 % to 75 % of the pups die before
4 weeks of age, mainly due to gastrointestinal hemorrhage,
followed by intracranial bleeding. Those mice that survive,
however, are not prone to tumorigenesis [11]. Also, unlike
P53, p73 is rarely mutated in human cancers [12], suggest-
ing that p73 cannot substitute for p53. However, TAp73
accumulates upon genotoxic stress, and it can up-regulate
p21 and pro-apoptotic proteins such as PUMA, BAX and
NOXA [13], indicating that p73 does play an important role
in human cancer. Indeed, TAp73 is a tumor suppressor, as
was demonstrated by specific TAp73 knockout in mice. In
this study, seventy-three percent of the TAp73~"~ mice and
thirty percent of the TAp73™~ mice developed spontaneous
tumors, where 66 % of the tumors from heterozygous mice
displayed loss of heterozygosity [14]. On the other hand,
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ANp73 isoforms have oncogenic functions, and are able to
inhibit p53 or TAp73 [15].

Even more strikingly, p63-null mice exhibit severe
defects in all ectoderm-derived tissues and early post-natal
lethality [7, 16]. We will discuss the role of p63 in develop-
ment and cancer in more detail below.

p63

Since the cloning of the human p63 gene, it has been clear
that TAp63 and ANp63 isoforms perform different func-
tions. TAp63 isoforms possess strong transactivation activ-
ity on p53-responsive promoters [3], whereas ANp63
proteins are able to outcompete p53 for binding to p53-
responsive promoters and repress gene expression [17].
Thus, ANp63 isoforms were initially described as simple
dominant-negative proteins with the ability to inhibit TAp63
and p53 activity. However, further research has demonstrat-
ed that ANp63 isoforms are bona fide transcription factors
with functions ranging well beyond modulation of other p53
family members [18-20]. Currently, much research focuses
on dissecting the specific contributions of each class of
isoforms to the functions of p63. Although there is still no
definitive evidence regarding the mechanistic role of each
isoform, several lines of evidence indicate that TAp63 iso-
forms can induce apoptosis and senescence, ANp63 pro-
teins can promote cell survival and proliferation, and both
kinds of isoforms are involved in cancer formation and
progression. Indeed, both TAp63 and ANp63 have been
described as metastasis inhibitors, albeit via different mech-
anisms. Moreover, the ratio between the two major classes
of isoforms, as well as their interactions with other p53
family members, plays an important role in cancer formation
and progression. Clearly, TAp63 and ANp63 have distinct
and overlapping functions in normal and cancer tissues.
Here, we discuss functions known to be specific to TAp63
versus ANp63. Whenever possible, we make a distinction
between isoforms with different C-termini, but unfortunate-
ly the functional differences between these isoforms are still
largely unknown.

Structure The human p63 protein is encoded by the TP63
gene, located in chromosome 3q27-28. It was discovered
based on sequence homology to TP53 and TP73, primarily
over the DNA-binding (DBD), oligomerization (OD), and
transactivation (TA) domains [3]. TAp63 proteins contain an
N-terminal TA domain that is 22 % homologous to that of
p53, while ANp63 isoforms are transcribed from an alter-
native promoter within the third intron and thus bear no
resemblance to the p53 TAD. Instead, the fourth exon,
denominated exon 3’°, encoding the N-terminus in ANp63
proteins, is spliced out in TAp63 transcripts. The 14 unique



Role of p63 in Cancer and Development

313

N-terminal amino acid residues in ANp63 isoforms have
been shown to possess transactivation activity [18, 20], thus
making ANp63 proteins bona fide transcription factors.
Additional alternative splicing yields five different C-
temini, «, 3, v, 0, and ¢, for a total of ten different isoforms
(Fig. 1) [21]. The DBD and OD are shared by all isoforms
and are 60 % and 37 % homologous to those of p53,
respectively [3, 7]. The p63«x and p63 isoforms contain
an additional TA domain (TA2) encoded in exons 11 and 12,
which may be responsible for mediating ANp63« and
ANp63f3 transactivation activity [19]. Further, TAp63«
and ANp63« contain two more C-terminal domains, name-
ly a Sterile Alpha Motif (SAM) and a Post-Inhibitory Do-
main (PID). The SAM domain consists of five tightly
packed alpha helices, and it is important for protein-
protein interactions, presumably with other SAM domain-
containing proteins [22]. The PID binds to the TA domain of
TAp63 isoforms, thus inhibiting gene transactivation and
regulating TAp63 activity [23].

The p63 OD is 60 % homologous to the p73 OD. While
the p53 OD contains one «-helix, the crystal structure of the
p73 OD shows that this domain is stabilized by an additional
C-terminal o-helix (H2) that is evolutionarily conserved in
vertebrate p73 and p63 [24, 25]. It has been shown that p63
and p73 interact with each other but not with p53 in vivo
[26, 27], even though previous in vitro studies using an OD
lacking H2 indicated only weak interactions between p63
and p73 [28]. Newer studies using an OD including H2 have
shown that p63 and p73 preferentially form heterotetramers

Fig. 1 The p63 gene and
protein structure. a The p63
gene (TP63) is encoded by
sixteen exons and can be
expressed from two different
transcriptional start sites. Alter-
native splicing generates five
different C-termini for a total of
ten isoforms. b The p63 pro-

of homodimers (a p63 dimer bound to a p73 dimer) in vitro,
and confirmed that p53 does not form heterooligomers with
p63 and/or p73, most likely due to the dissimilarity between
the p53 and the p63/p73 OD [24, 25].

The presence or absence of the different domains in p63
isoforms affects not only their transactivation capacity, but
also their stability. TAp63y has the greatest transactivation
potential on a p53-responsive promoter [3], as is expected
from its TA domain and lack of a PID. However, TAp63
isoforms have a much shorter half-life than ANp63 isoforms
and are quickly degraded when expressed exogenously [29].

Regulation

Expression Patterns TAp63 and ANp63 exhibit rather
different patterns of expression restricted to only a few
physiological tissues. During adulthood, ANp63 isoforms
(predominantly ANp63«x) are expressed abundantly in
basal epithelial cells, such as the basal layer of the skin,
the myoepithelial cells of the breast [30], the basal cells
of the prostate [31], and thymic epithelial cells [32].
During mouse development, ANp63a transcripts can be
detected in the simple ectoderm at embryonic day 11
(E11), prior to stratification, and by E17 ANp63«x can
be strongly detected in the basal layer, but not in more
superficial layers [33]. On the other hand, TAp63 iso-
forms are expressed at significant levels only in the
female germline [34, 35], but cannot be detected in basal
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epithelial cells by either immunostaining or western blot-
ting techniques. TAp63 transcript expression in epithelial
cells can be detected by RT-PCR, but it is ten to several
hundred folds lower than ANp63 expression [27, 36-38].
Given their different patterns of expression, TAp63 and
ANp63 are regulated differently at the transcriptional,
post-transcriptional, and post-translational levels.

Transcriptional Regulation ANp63 expression can be
induced in isolated dental epithelia from E11-E14 mice
by beads releasing BMP2, BMP7, and FGF10 [33].
Also during development, ANp63« expression in the
mouse lamboidal junction, a developmental feature dur-
ing facial morphogenesis, has been shown to be under
the control of Wnt9b signaling via an intronic Lef-Tcf
binding element on the mouse Trp63 gene locus that is
highly conserved in mammals [39]. Of note, BMP and
Wnt signaling are crucial for normal epidermal and
ectodermal appendage development [40, 41].

A number of signaling pathways that regulate p63
expression have been described using tissue culture
methods. For example, activation of the PI3-K signaling
cascade by EGF up-regulates ANp63«x expression at the
mRNA and protein levels, C/EBPa expression up-
regulates ANp63x promoter reporter activity, and exog-
enous Snail and Slug down-regulate ANp63x expres-
sion and protein levels [42, 43]. Similarly, TAp63
expression can be induced in certain cancer cell lines.
DNA damage caused by doxorubicin increases affinity
of the c-Jun transcription factor to the TAp63 promoter
and induces TAp63«x, but not ANp63« expression [44,
45], and exogenous RelA expression up-regulates
TAp63 promoter activation, which can be inhibited by
the IkBa super-repressor [46].

Post-Transcriptional Regulation Post-transcriptional regu-
lation by micro RNAs (miRNA) is an emergent field of
research that has proven to be of great importance to all
biochemical processes. The miRNA miR-203 represses
ANp63 isoforms during skin development. This miRNA
targets a sequence on the 3’-untranslated region that is
conserved in at least humans, mice, rats, dogs, and chicken.
In the adult epidermis, miR-203 is expressed in the supra-
basal layers, where it represses epidermal stem cell prolifer-
ation and clonogenic capacity, and basal epithelial gene
expression by directly targeting ANp63 transcripts [47,
48]. Other miRNAs that target p63 include miR-92 and
miR-21. miR-92 is thought to contribute to myeloid cell
proliferation by inhibiting ANp63f translation and re-
leasing myeloid cells from ANp63f3 repression of G,
cell cycle progression [49]. miR-21, on the other hand,
targets TAp63 in glioblastoma cells and thus acts in an
oncogenic manner [50].
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Post-Translational Regulation Genotoxic damage and ex-
trinsic signals may affect p63 protein levels via post-
translational regulation. For example, ultraviolet exposure
induces ANp63« phosphorylation and subsequent
proteasome-dependent protein degradation [51, 52]. This
phosphorylation has been shown to be at least partially
mediated by the stress-activated MAP kinase p38 [53].
Similarly, extrinsic signals, such as TNF-o or chemothera-
peutic agents, can target ANp63« for degradation. TNF-
has been shown to induce ANp63« degradation in head and
neck squamous cell carcinoma (HNSCC). Cells by activat-
ing the IKK pathway and leading to ANp63 o phosphoryla-
tion by IKK 3 and subsequent degradation via the ubiquitin-
proteasome pathway [54]. Similarly, cisplatin treatment of
HNSCC cells leads to ANp63x phosphorylation and nucle-
ar export mediated by 14-3-3¢ (also known as Stratifin) for
subsequent proteasomal degradation mediated by RACKI1
[55]. Likewise, doxorubicin treatment of different cell lines
results in ANp63« phosphorylation by HIPK2, which tar-
gets ANp63« for proteasomal degradation [56].

ANp63«x ubiquitination has been shown to be mediated
by the HECT-containing NEDD4-like ubiquitin protein li-
gase Itch (also known as AIP4) [57, 58]. In one study, Itch
was shown to interact with p63«x isoforms via a PY motif
found in the SAM domain of TAp63x and ANp63«, al-
though it shows greater affinity for ANp63« than TAp63x
[57]. On the other hand, another study showed that Itch
could interact with p63y isoforms, which lack the SAM
domain. In this study, the authors conclude that the region
encompassing amino acid residues 15-26 in ANp63 and
109-120 in TAp63 are critical for p63-Itch interaction [58].

Unlike ANp63 isoforms, TAp63 is only expressed at
higher levels in oocytes, where it can direct apoptosis. In
contrast to p53, which is found in low levels in unstressed
cells and is stabilized upon stress, TAp63 is already
expressed in high quantity, suggesting that its apoptotic
activity must be controlled separately from its protein levels.
Indeed, it has been shown that TAp63« is kept in an inac-
tive, dimeric form in unstressed cells, and that genotoxic
stress leads to activation by phosphorylation and subsequent
tetramerization. In this model, The PID of one TAp63«x
molecule interacts with the TA domain of another, forming
a closed dimeric conformation. This interaction is inhibited
upon phosphorylation, thus opening up the dimer to allow
tetramerization and increasing DNA binding affinity [59].

Development

Human Genetics Heterozygous germline mutations on p63
are strongly associated with human autosomal dominant
developmental diseases. Clinical studies have shown that
mutations clustering on the p63 DBD strongly correlate with
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Ectrodactyly Ectodermal dysplasia-Clefting syndrome
(EEC) [60]. EEC is characterized by ectrodactyly (the ab-
sence of one or more central digits in hands and/or feet),
ectodermal dysplasia (defects on ectodermal appendages
such as hair, sweat glands, teeth and nails), and cleft lip
with or without cleft palate. Ankyloblepharon-Ectodermal
dysplasia Clefting syndrome (AEC) differs from EEC in that
it does not have a limb malformation component. Instead,
AEC patients present ankyloblepharon, a partial or complete
fusion of the eyelids. AEC mutations have been found
within the SAM domain of p63« isoforms [61]. Frameshift
mutations on these isoforms that yield truncated C-termini
lacking the PID and/or part of the SAM domain are associ-
ated with Limb-Mammary Syndrome (LMS). LMS patients
suffer ectrodactyly, mammary gland and nipple hypoplasia,
and cleft palate, but no epidermal defects [62, 63]. A single
missense mutation (R298Q) in the p63 DBD has been
shown to associate with Acro-Dermato-Ungual-Lacrimal-
Tooth (ADULT) syndrome, a disease similar to EEC but
without facial clefting [64]. Finally, at least 10 % of Split-
Hand/Foot Malformation (SHFM) cases are believed to be
caused by single missense mutations in p63 [62, 63].

Differentiation and Stem Cell Maintenance Homozygous
disruption of p63 in mice results in early post-natal lethality
due to a complete lack of all stratified epithelia and ecto-
dermal appendages, including hair, mammary glands and
teeth, in addition to severe craniofacial defects and limb
truncation [7, 16]. While the two original studies of a p63
knockout mouse described the same gross phenotypes,
Dennis Roop’s group did not detect differentiated strat-
ified epithelial cells, and thus concluded that p63 is
required for differentiation [16]. On the other hand,
Frank McKeon’s group detected small patches of differ-
entiated skin and concluded that p63 is important for
proliferation potential [7].

In support of the proliferation potential hypothesis, p63
disruption was shown to not affect commitment to differen-
tiation and differentiation of thymic epithelial cells, as
evidenced by expression of differentiation markers and the
ability to mediate T-cell maturation. Of note, in addition to
the phenotypes described earlier, p63 loss leads to severe
thymic hypoplasia. In this study, small patches of skin in the
p63-null mice were able to differentiate, albeit in a cata-
strophically discontinuous fashion, as shown by expression
of differentiation markers. Both thymic and epidermal stem
cells lacking p63, however, succumbed to proliferative run-
down, as evidenced by much decreased clonogenic potential
[65]. These results are supported by studies showing that
miR-203, a miRNA that targets ANp63 isoforms and that has an
expression pattern opposite to ANp63 in the skin during devel-
opment, represses epidermal stem cell proliferation and clono-
genic capacity [47, 48]. Taken together, these studies conclude

that p63 is essential for maintaining the proliferative potential of
stratified epithelial stem cells in the skin and thymus.

Interestingly, a more recent study challenges this notion
and concludes that p63 is required for commitment to an
epithelial phenotype, and that in the absence of p63, the
ectoderm fails to initiate embryonic stratification. The
authors first looked at the corneal epithelia, which commits
at E16.5, but does not significantly regenerate or stratify
until 2 weeks after birth (P14). They found that at E18.5,
corneal epithelial cells from p63-null mice still expressed
ectodermal markers not found in epithelial cells, but did not
express corneal differentiation markers [66]. This study
highlights the importance of p63 in epithelial differentiation
during embryonic development independently of prolifera-
tive defects. Notably, the seemingly opposite conclusions
found by the previous studies are not necessarily mutually
exclusive, and they may reflect different roles for p63 at
different stages of development or adulthood, and in differ-
ent epithelial compartments.

Genetic complementation studies support a greater role
for ANp63 than for TAp63 in stratified epithelial devel-
opment. Restoration of ANp63« expression on the basal
epidermal layer results in significant basal layer forma-
tion, suggesting that ANp63x expression in this system
can partly revert the proliferative defects of the p63-null
epidermis. On the other hand, TAp63« reintroduction has
no discernible effect on skin development. Notably, dou-
ble expression of ANp63x and TAp63x rescues the
knockout phenotype to a greater extent, inducing expres-
sion of differentiation markers and a greater degree of re-
epithelialization, but still cannot fully recover proper
embryonic development [38, 67]. Likewise, thymus de-
velopment in p63-null mice is partially rescued by re-
introduction of ANp63«x, but not TAp63«x, into thymic
epithelial cells. In this study, p63-null thymi exhibited no
apparent defects in differentiation, but displayed marked
deficiencies in size, structure, and number of yd epithe-
lial cells. ANp63o significantly rescued these defects
mainly by up-regulating FGF Receptor 2 and the Notch
ligand JAG2 [32].

ANp63«x expression in the skin is highest in the
proliferative, non-terminally differentiated basal layer,
and it is absent in the differentiated suprabasal layers,
suggesting that ANp63«x expression is negatively corre-
lated with differentiation. Indeed, ANp63«x inhibits dif-
ferentiation by directly down-regulating the Notch
ligand JAG2 and the Notch effector HES-1 [68, 69].
While in most cell types Notch signaling promotes stem
cell potential, in keratinocytes Notch signaling induces
differentiation. However, p63 ablation impairs keratino-
cyte differentiation [36]. These seemingly contradictory
observations may be reconciled in that ANp63«x is
important for the induction of differentiation, and in
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its absence keratinocytes fail to commit to differentiation,
but terminal differentiation requires ANp63x down-
regulation in order to suppress stem cell features. Accord-
ingly, Notch activation upon differentiation induction also
down-regulates ANp63«, serving as a negative feedback
that allows for terminal differentiation [68].

TAp63~ mice develop blisters and ulcerated wounds in
the skin, in addition to exhibiting impaired wound healing
and accelerated aging. However, TAp63~"~ mice develop
fully differentiated stratified epithelia, demonstrating that
TAp63 isoforms are dispensable for epithelial development.
Interestingly, TAp63 deletion in the epidermal compartment
in mice does not affect skin development or wound healing,
does not result in ulcerations of the skin, and does not affect
proliferation, indicating that these defects are not due to the
absence of TAp63 in the basal layer of the skin. Instead,
TAp63 loss affects dermal skin precursors, thus affecting adult
skin maintenance (see Senescence and Aging below) [70].

Cell Cycle

The role of p63 in cell cycle regulation is cell type and
context dependent. Exogenous TAp63y expressed in eryth-
roleukemia cells accumulates in response to genotoxic stress
and can up-regulate p21 expression, thus halting cell cycle
progression [71], while exogenous ANp63« directly binds
to the p21 promoter to inhibit reporter expression [17, 54].
ANp63« is thought to be required for G; progression in
keratinocytes, since ablation of endogenous p63 expression
in human primary keratinocytes increases p21 expression
and leads to reduced proliferation and G, arrest [72, 73].
Accordingly, reduced endogenous ANp63« in mouse pri-
mary keratinocytes results in decreased Cyclin D1, CDK4,
and CDK2 expression. Interestingly, miR-34a and miR-34c
expression is elevated in mouse skin with abrogated p63
expression, and inhibition of these miRNAs prevents Cyclin
D1 and CDK4 down-regulation and rescues the proliferation
defects elicited by p63 deficiency [74].

Senescence and Aging

p63 is also involved in cellular senescence and aging.
Germline disruption of p63 expression results in a dra-
matic increase of senescence-associated [3-Galactosidase
(SA (-Gal) staining in whole-mount E17.5 mouse em-
bryos, which is phenocopied by somatic disruption of
p63 expression in basal epithelial cells using a Cre-Lox
system driven by a K5 promoter. Strikingly, disrupting
p63 expression by activating Cre in eight-month old mice
results in an aging phenotype, characterized by alopecia
and curvature of the spine (an age-related phenotype), in
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addition to skin defects and weight loss [75]. Importantly,
abrogating p63 expression using a K5 promoter affects
primarily the ANp63 isoforms. As mentioned previously,
disrupting TAp63 expression in the basal epithelial com-
partment does not recapitulate the skin defects found in
the adult TAp63~ mice. Rather, dermal precursor cells
without TAp63 expression hyperproliferate and succumb
to senescence, thus leading to the observed phenotypes in
the adult epidermis. Additionally, absence of TAp63 in
dermal precursor cells results in genomic instability and
increased DNA damage. These observations indicate that
TAp63 restrains dermal precursor cell proliferation, and
that its deficiency brings about senescence triggered by
increased DNA damage. Accordingly, TAp63-null mice
age prematurely, as evidence from increased curvature of
the spine and shorter lifespan [70]. Nonetheless, exoge-
nous expression of TAp63 isoforms in cell culture leads
to increased cellular senescence independently of p53, as
evidenced from increased SA (-Gal staining and de-
creased proliferation. Moreover, TAp63 is required for
Ras-mediated oncogene-induced senescence (OIS). Ras
expression in wild type MEFs leads to cell senescence,
which is abrogated in TAp63-deficient MEFs [76]. These
observations highlight the importance of both ANp63
and TAp63 in cell senescence, and demonstrate that
positive or negative modulation of either p63 isoform
may result in senescence by different molecular
mechanisms.

Role in Cancer

While it is now clear that ANp63 isoforms promote survival
and TAp63 isoforms induce cell death, the role of p63 in
cancer is not dictated just by the specific actions of each
individual isoform, but by the interactions of all p53 family
members, including mutant p53. Genetic studies in mice
have provided conflicting results, as one group reported that
Trp63™~ mice (C57BL/6x 129/SvJae) develop spontaneous
tumors [77], while another group reported that Trp63 het-
erozygosity in mice (C57BL/6Jx129S5) does not result in
spontaneous tumor formation [78]. Nevertheless, the scien-
tific community has reached some consensus in that ANp63
may promote tumorigenesis, TAp63 is a tumor suppressor in
the female germline, and p63 may be a metastasis suppres-
sor. The specific molecular mechanisms, however, are still
being deciphered, and it may take another 10 years before
we have a clearer picture regarding the role of p63 in cancer.

ANp63 Isoforms Exhibit Oncogenic Features In contrast to
p53, the TP63 gene is rarely mutated in human cancers [12,
79, 80]. Rather, ANp63«x is often over-expressed in low-
grade squamous cell carcinoma (SCC), generally due to
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chromosomal amplification [12, 8 1-83]. Indeed, clinical stud-
ies have found ANp63« over-expression ranging from 85 %
to 100 % of all SCC cases, including SCC of the head and
neck [12, 84], esophagus [85], lung [83], and cervix [86], in
addition to a subset of basal breast carcinomas [87, 88].

Tissue culture experiments using HNSCC cells derived
from primary tumors have shown that ANp63« is required
for cell survival. Indeed, p63 ablation results in apoptosis,
evidenced by increased cleaved PARP levels, increased
Annexin V staining, and increased PUMA and NOXA ex-
pression [27, 72]. Interestingly, ANp63 & over-expression is
not correlated with wild type p53 status in SCC, indicating
that ANp63« does not act to inhibit p53-mediated apoptosis
in these settings [12, 82]. Instead, ANp63 o has been shown
to inhibit TAp73-mediated apoptosis. In this model,
ANp63«x either competes with TAp73 for binding to pro-
moters of pro-apoptotic proteins to inhibit their transcrip-
tion, or it directly binds to TAp73 to inhibit its function [27,
72]. Similar effects have been observed in a relatively small
subset of invasive breast carcinoma primary cell samples
that express ANp63«. In these cells, cisplatin treatment
leads to c-Abl-dependent TAp73 phosphorylation on
Tyr99, resulting in ANp63x-TAp73 complex dissociation
and TAp73 activation, TAp73-dependent transcription of
apoptotic molecules, and ultimately apoptosis [89]. Tran-
scriptional repression of pro-apoptotic molecules by
ANp63 o in SCC has been shown to be mediated in associ-
ation with Histone Deacetylase 1 (HDAC1) and HDAC2,
hence suggesting new therapeutic avenues for treating SCC
with HDAC inhibitors [90]. Alternatively, ANp63« may
also contribute to tumorigenesis by yet other mechanisms.
For example, ANp63 « has been shown to up-regulate Heat-
Shock Protein 70 (Hsp70) expression, and the expression of
both proteins is significantly correlated in primary HNSCC
biopsy samples [91]. Since the chaperone protein Hsp70
displays proliferative and anti-apoptotic characteristics, this
mechanism may also contribute to the oncogenicity of
ANp63 .

In another study, ANp63 o was shown to inhibit oncogene-
induced senescence in keratinocytes when co-expressed with
Ras. It has been shown that concomitant ANp63x and Ras
expression cooperate to induce tumor formation in mouse
xenografts, while either Ras or ANp63« over-expression
alone is not enough for supporting tumor growth, thus indi-
cating that ANp63x may also act as an oncogene by potenti-
ating the oncogenic features of Ras [92].

TAp63 is A Tumor Suppressor In contrast to the role of
ANp63«x in promoting cell proliferation and survival, TA-
p63x promotes cell cycle arrest, senescence, and apoptosis.
TAp63 is required for protecting the female germline from
genotoxic stress during meiotic arrest. Indeed, TAp63«x is
highly expressed in oocytes, but not in testis or other tissues.

Upon exposure to ionizing radiation, oocytes die within
5 days. TAp63-null mouse oocytes are resistant to death
induced by radiation, while p53-null oocytes still succumb
to apoptosis triggered by ionizing radiation, indicating that
TAp63«, but not p53, is important for mediating these
effects [35]. In fact, further research has shown that DNA
damage induced by cisplatin treatment leads to activation of
c-Abl, which phosphorylates and activates TAp63 to direct
oocyte cell death. Wild type TAp63«, but not a
phosphorylation-resistant mutant TAp63 «-Y 149F, can in-
duce PUMA and NOXA gene expression when expressed
exogenously in p53-null human lung adenocarcinoma
H1299 cells [34]. Moreover, exogeneous expression of ei-
ther TAp63, TAp63 3, or TAp637y inhibits tumor formation
upon xenograft implantation in nude mice [76], demonstrat-
ing that TAp63 acts to suppress tumorigenesis in vivo.

Intriguingly, TAp63 isoforms have been found to be
over-expressed in high-grade follicular lymphoma, but the
biological significance of these observations is yet to be
elucidated [93].

Role in Metastasis

Metastasis results from the acquisition of migratory and
invasive abilities as a result of not only accumulated muta-
tions and changes in gene expression, but also as a response
to stromal cell stimuli. One of the most dramatic changes
involves the loss of epithelial markers and the gain of
mesenchymal traits through a process termed epithelial to
mesenchymal transition (EMT). Cells that become meta-
static are able to locally invade the underlying mesenchyme,
intravasate into blood or lymph vessels, travel in circulation,
and then finally extravasate into a distal tissue for coloniza-
tion and the formation of a metastatic nodule resembling the
primary tumor.

Clinical Studies Notwithstanding the oncogenic properties
of ANp63«, numerous studies over the past few years
suggest that reduced p63 expression is associated with can-
cer progression. Analyses of biopsy samples have shown
that reduced p63 expression is associated with progression
in a variety of cancers. In cervical carcinomas, loss of p63
expression is associated with undifferentiated morphology
[86, 94]. Further, immunohistochemistry combined with
RT-PCR analysis have shown that ANp63« expression is
progressively reduced at advanced stages of breast [30, 95,
96], prostate [31], urothelial [97, 98], and bladder cancers
[99], and lost in the majority of invasive cancers and meta-
static nodes. Moreover, gene expression profiling studies of
prostate cancer [100], melanoma [101], and esophageal
SCC [102] reveal a clear correlation between reduced p63
expression and cancer progression.
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Mouse Genetics Studies Genetic studies show that p63 hap-
loinsufficiency in p53™~ mice markedly increases metastatic
frequency. While p53™~ mice develop spontaneous tumors
with a relatively low incidence of metastasis, tumors from
p53*; p63*"~ compound heterozygous mice show a much
more aggressive behavior, with a metastatic frequency of
50 %, compared to 5 % in p53*" mice [77].

There is evidence demonstrating that both TAp63 and
ANp63 isoforms are involved in inhibiting metastasis, al-
though likely via different molecular mechanisms. TAp63 '~
and TAp63™ mice develop spontaneous tumors that are
highly metastatic [103]. TAp63~~ MEFs show increased
invasion in matrigel, which can be reverted by expression
of Dicer and miR-130b, both of which are direct targets of
TAp63. These observations suggest that TAp63 inhibits
metastasis by inducing Dicer and miR-130b [103].

Cell Culture Studies Knockdown of TAp63 in human lung
carcinoma p53-null H1299 cells, which express mainly TA-
p63a and TAp63f3 as detected by PCR, leads to increased
cell invasion, thus further supporting a role for TAp63 in
inhibiting metastasis [104]. ANp63 isoforms are also
thought to be important contributors to inhibiting metastasis.
Exogenous ANp63« expression in malignant spindle carci-
noma D3S2 cells markedly decreases metastatic frequency
to the lungs upon intravenous injection into recipient mice
[105]. Accordingly, reduced ANp63«x expression in SCC,
keratinocyte, and urothelial cell lines up-regulates genes
involved in cell motility and induces cell migration and
invasion, while enforced ANp63« expression inhibits these
traits [36, 43, 106-108].

Cell Adhesion Another important signaling axis under con-
trol of p63 involves cell adhesion. Ablation of all p63 iso-
forms in mammary epithelial MCF-10A cells causes a major
down-regulation of cell-to-matrix adhesive molecules, par-
ticularly of integrins 31, 4 and «6, and of the matrix
protein Laminin-y2, resulting in death by anoikis, which
can be completely prevented by expression of an shRNA-
insensitive ANp63«, but not by TAp63y. Similarly, rein-
troduction of integrin 34 into a p63-deficient background
can partially protect from anoikis, highlighting the impor-
tance of cell-matrix adhesion for epithelial tissue integrity
and cell survival [37].

The transmembrane protein Perp facilitates cell-cell
adhesions by maintaining proper desmosome structure and
function. This protein, which had been previously shown to
be a p53 target, is also a direct p63 target in skin develop-
ment. Perp expression is absent in p63-null mice embryos.
Likewise, p63 ablation in mouse keratinocytes down-
regulates Perp expression. Moreover, exogenous TAp63«,
TAp63y, ANp63x, ANp63y, and p53 are able to trans-
activate Perp reporter expression, and endogenous p63
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binds to a putative p53/p63 binding site in intron 1 on the
Perp gene. Of note, even though ANp63 isoforms are
expressed at much higher level than TAp63 isoforms, TA-
p63a and TAp63y are able to transactivate Perp expression
several folds higher than ANp63« and ANp63vy, as is
expected from their greater transactivation potential. Inter-
estingly, Perp-null mice develop dramatically blistering skin
and die shortly after birth, resembling some of the pheno-
types found in the p63-null mice [109].

Cell Migration and Invasion Many of the molecular
mechanisms about the role of p63 in cell migration and
invasion described to date involve the identification of
specific genes known to influence cell motility. For ex-
ample, ANp63«x ablation in SCC cell lines was shown to
up-regulate N-cadherin, L1 adhesion molecule, Periostin,
and Wnt-5A, all of which are involved in cell motility
[36]. N-cadherin, a mesenchymal cell-cell adhesion mol-
ecule involved in epithelial to messenchymal transition
(EMT), has also been shown to increase expression upon
ANp63x knockdown in urothelial carcinoma cell lines
[106]. However, other groups have reported that expres-
sion of both N-cadherin and E-cadherin, an epithelial
cell-cell adhesion molecule normally lost through EMT,
is not modulated by ANp63«x [43, 107]. This discrepan-
cy may reflect cell-context differences, but also suggest
that the gain in cell motility upon reduced ANp63«x is
independent and different from classical EMT. ANp63«
has also been shown to affect cell invasion by inducing
Inhibitor of Differentiation-3 (Id-3), which may inhibit
Ets-1 mediated transcription of MMP2, thereby inhibit-
ing cell invasion [107]. Finally, we have found that
ANp63«, but not ANp63y or TAp63 isoforms, modu-
lates Erk2 signaling to inhibit mammary cell migration,
invasion, and metastasis (Fig. 2a; unpublished).

The Role of Mutant p53 More recently, accumulating ev-
idence indicates that mutant p53 (mtp53) may induce
cancer progression and metastasis by inhibiting p63. In
one study, Transforming Growth Factor 3 (TGF[() was
shown to induce a trimeric complex between p63,
mtp53, and Smad2, leading to inhibition of p63 and
increased cell invasion and migration. The authors iden-
tified Sharp-1 and Cyclin G2 as two clinically relevant
p63 targets responsible for inhibiting cell migration and
invasion (Fig. 2b) [105]. In another study, p63 was
shown to inhibit RCP-mediated integrin osf3; recycling
to the plasma membrane via an unknown mechanism,
thus down-regulating downstream signaling from these
complexes to Akt and thereby inhibiting cell migration
and invasion (Fig. 2c). The authors also show that
mtp53 inhibits p63 transcriptional activity and induces
cell invasion to levels comparable to p63 ablation in
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Fig. 2 The p63 protein inhibits metastasis via multiple mechanisms. a
ANp63a has been shown to inhibit metastasis by a variety of molec-
ular mechanisms, including negative regulation of Erk2 signaling,
positive regulation of 1d-3 signaling, and by maintaining cell adhesion
in epithelial cells. b Under certain cellular conditions, TGF{ induces a
trimeric complex between mutant p53 (mtp53), Smad2, and p63 that
inactivates p63 activity. In this context, p63 is thought to inhibit
metastasis by up-regulation of Sharp-1 and Cyclin G2 expression. ¢

H1299 cells. Notably, p63 knockdown does not further
enhance cell invasion elicited by mtp53 expression. The
authors attribute these effects mostly to TAp63, since
H1299 cells express mainly TAp63 isoforms and TA-
p63x over-expression reverts cell invasion induced by
mtp53 back to control levels in this system (Fig. 2d)
[104]. This negative modulation of Akt signaling is
likely to be cell context-dependent, as ANp63« has
been shown to inhibit PTEN expression in keratino-
cytes, hence acting as a positive modulator of Akt
signaling [110]. Of note, TAp63 isoforms in H1299
cells are detectable by PCR, but not by western blotting
[104], while normal epithelial cells and carcinomas ex-
press ANp63 isoforms, although relatively small levels
of TAp63 expression may be sufficient for inhibiting
metastasis. Since there is no significant correlation be-
tween ANp63 over-expression and p53 mutation in
SCC, but there is a correlation between reduced
ANp63 expression and cancer progression, mtp53 may
not be sufficient to inhibit ANp63 from preventing
metastasis in these cases. Alternatively, mtp53 may promote
metastasis via additional mechanisms independent of p63
[111]. Thus, reduced ANp63 expression may cooperate with
mtp53 to promote metastasis (Fig. 3).

——> Metastasis

TGFB

mtp53 —| p63

Smad2

Sharp-1 Metastasi
Cyoinge —1 Metastasis

TAp63 > DICER

\ miR-130b
Akt l

Metastasis

Mutant pS3 may also inhibit p63 from promoting integrin recycling to
the plasma membrane. Integrin recycling enhances PI3-K/Akt signal-
ing, which induces cell motility and cancer metastasis. d TAp63 iso-
forms have been shown to inhibit metastasis by up-regulating DICER
and miR-130b. The studies described above regarding mtp53 inhibi-
tion of p63 attribute anti-metastatic properties primarily to TAp63
isoforms, as these are the isoforms that are predominantly expressed
in the systems used in these studies

Conclusions

The TP63 gene and all its protein isoforms serve pleiotropic
functions encompassing nearly all aspects of cellular life.
The scientific community recognized early the importance
of discerning between different p63 isoforms, thus facilitat-
ing the study of functions specific to each class of protein.
Still, we are only at the tip of the iceberg. Genetic studies in
mice have shed much light on the roles of TAp63 versus
ANp63 isoforms in development and adult epithelial

mtp53 ———| p63

]

Metastasis

Fig. 3 p63 is a metastasis inhibitor, while mutant p53 promotes
malignancy. Mutant p53 (mtp53) may promote metastasis by inhibiting
p63. Moreover, mtp53 may enhance metastatic spread via other mech-
anisms, and p63 can inhibit mtp53 from inducing metastasis. Thus,
loss of p63 expression may cooperate with mtp53 to promote
metastasis

@ Springer



320

J. Bergholz, Z.-X. Xiao

homeostasis. ANp63 isoforms are required for commitment
to stratification, whereas TAp63 isoforms are dispensable
for development. Both classes of isoforms are required for
maintaining stratified epithelial integrity in the adult, and
their individual absence results in cellular senescence and
premature aging. It is interesting that different cellular com-
partments use TAp63 or ANp63 to maintain homeostasis by
seemingly opposite mechanisms. While TAp63 isoforms
inhibit dermal precursors hyperproliferation that may lead
to senescence, ANp63 proteins maintain the proliferative
potential of basal skin stem cells. TAp63 and ANp63 main-
tain stratified epithelial integrity by working together, but
separated into different compartments, as it would be
expected from the ability of ANp63 to inhibit TAp63.

Also interesting is the great difference in expression levels.
ANp63« is expressed at high levels in basal epithelial cells,
such as myoepithelial cells and keratinocytes. Thus, the ma-
jority of the studies using these cells as a model system have
attributed the functions of p63 to this particular isoform. We
have demonstrated that at least in mammary epithelial cells,
this is indeed the case, as reintroduction of ANp63«, but not
ANp63y or TAp63 isoforms, is able to revert cells back to a
non-motile phenotype after p63 ablation (unpublished). How-
ever, as mentioned earlier, tissue culture and animal genetics
studies have shown that TAp63 is a metastasis suppressor,
despite low expression levels. Clearly, the effects of p63 on
cancer metastasis are cell context-dependent, and more re-
search is needed in order to understand the molecular mech-
anisms underlying isoform-specific effects.

The roles of p63 in tumorigenesis, cancer progression, and
metastasis are still being discovered. As we search for new
combinations of molecular targets for cancer therapy, the need
for understanding the basic molecular mechanisms underlying
cancer progression is as great as ever. The description of both
TAp63 and ANp63 as metastasis suppressors opens new
avenues for developing cancer treatments. Thus, a better un-
derstanding of the roles and interactions of the different p63
isoforms and other p53 family members will undoubtedly
prove beneficial to the design of effective cancer therapies.
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