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ABSTRACT

Cellular senescence is a distinctive form of cell cycle arrest that has been suggested to
modulate the processes of tumor suppression and aging. Though a detailed understanding
of the cellular machinery regulating this process is emerging, a more thorough under-
standing of the key players linking senescence to organismal aging is needed. The recent
discovery that loss of the p53-related protein p63 induces cellular senescence and causes
features of accelerated aging provides further evidence that cellular senescence is intimately
linked with organismal aging, and identifies p63 as a key regulator of both of these
processes.

INTRODUCTION

Cellular senescence is a form of stable growth arrest in which cells remain metabolically
active, yet acquire a distinctive morphology and gene expression pattern.!-> Replicative
senescence was originally described as a process of terminal arrest in cultured human cells
at the end of their proliferative capacity, and was subsequently shown to be caused by
telomere attrition.> A phenotypically similar process of premature or oncogene-induced
senescence was described as a cellular response to a variety of stimuli, including activated
oncogenes or excessive mitogenic signaling, DNA damage and stress signals, or in vivo in
response to chemotherapy.>%8 In both replicative- and oncogene-induced senescence, cells
enter a state of irreversible arrest, displaying a characteristic morphology of an enlarged
flattened vacuous cell with elongated processes. This phenotype is accompanied by a number
of distinguishing features including reduced proliferation, enhanced senescence-associated
B-galactosidase (SA-B-gal) activity, and an increase in expression of a number of key
mediators, including p53, promyelocytic leukemia (PML) protein, p16™NK42 and p19A 2,36
Though mostly studied in vitro, cellular senescence has been correlated with both processes
of aging and tumor suppression.” Recent studies have now advanced our understanding
of senescence regulation and it’s in vivo roles. Collectively, results from a number of inde-
pendent studies demonstrate that the growth arrest state can be bypassed by inactivation
of key mediators of cellular senescence, allowing senescent cells to progress to malignan-
cy.19-13 Although these studies conclusively demonstrate that cellular senescence provides
a tumor suppressive role in vivo, an equally convincing connection between cellular senes-
cence and organismal aging has been lacking.

Recently, we described a previously unknown role for the p53 related protein p63 in
cellular senescence and aging.'# During the course of a spontaneous tumor study, we
found that p63 heterozygous mutant mice were not tumor prone, but that they had a
decreased lifespan and developed features of accelerated aging. Induced ablation of p63 in
primary keratinocytes (a cell type that expresses high levels of endogenous p63), caused an
arrest in proliferation, a senescent morphology and expression of endogenous SA-B-gal
activity, suggesting that cellular senescence is responsible for the age-related decline in
mice with compromised p63. Indeed, conditional ablation of p63 specifically in keratin 5
(K5)-expressing stratified epithelia such as the skin (Fig. 1) supports this hypothesis.
Activation of Cre during embryogenesis recapitulates a p63-deficient phenotype. Both
germline- and somatically-induced p63 deficiency caused decreased proliferation and
increased expression of the senescence markers SA-B-gal, plGINK43 and PML. Most inter-
estingly, p63 ablation specifically within proliferating epithelia in adult mice caused a
number of features of accelerated aging concurrent with senescence induction. Together,
this data introduces new evidence that loss of p63 induces a senescence arrest, and
strengthens the theory that senescence is a causative factor in the aging process.
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p63: A COMPLEX GENE

Although p63 was initially expected to function
similarly to p53 given the structural homology
between these two proteins, subsequent studies
ascribe very different and complex functions to
p63. p63’s unique role in epithelial morphogenesis
was based on the striking phenotypes of p63-defi-
cient mice.'>1® Mice lacking p63 are born without
skin and lack ectodermal derivatives, including
glands, teeth and hair. Although p63‘/' mice are
born alive, they die within hours after birth, which
prohibits using these mice to gain an understanding
of p63’s role in adult tissue. Abundant expression of
p63 in proliferating keratinocytes of stratified
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epithelia (Fig. 1) and the fact that p63 is downreg-
ulated during differentiation also suggested a role
for p63 in epithelial development.!” Indeed, more
recent evidence posits p63 as a key regulator of
proliferation in epithelial cells, likely mediated by
the specific transcriptional capabilities of its many
isoforms. The structure of p63 is complex: two
promoters generate both full-length transactivating
(TA)- and amino-terminally truncated (AN) isoforms, with alternative
splicing generating o, B and 7 subtypes in each group, giving rise to
a total of six known p63 proteins.!”>!8 The predominant isoform in
epithelia such as the skin is ANp63a, which can exert dominant-
negative effects towards the TA isoforms and many other target
genes.!”19 Though the TA isoforms are not expressed as robustly as
other classes of p63 proteins, they are increased and function in
conditions of cell cycle withdrawal such as terminal differentiation,
and in cell stress conditions such as apoptosis.?®?! During epidermal
development, it has been suggested that the TA isoforms are
expressed first and dictate commitment to the epithelial lineage,??
while in mature epithelia, it is the predominant ANp63o isoform
and its interactions with the other isoforms that maintains the pro-
liferative capacity of epidermal keratinocytes.!??2:23 Together or
individually, the different isoforms of this protein provide functional
roles in many important cellular processes.

p63 AND SENESCENCE REGULATION

p63s involvement in maintaining proliferation of epithelial cells
is in line with the findings that loss of such a key player results in
activation of anti-proliferative process like senescence.'® Irrespective
of the initiating stimulus, the senescence pathway invariably involves
activation of either or both the p1947/p53 and p16NK4a/
Retinoblastoma (Rb) tumor suppressor pathways, with some differ-
ences between human and mouse cells (e.g., mouse cells do not
undergo telomere-induced senescence).>?* Analysis of genetic
models of p63 deficiency have begun to unravel the mechanism by
which p63 affects other mediators of senescence.

The p53 and p16™K4 connection. Central to most premature
or oncogene-induced senescence is a p53-dependent response in
which abrogation of p53 signaling delays or bypasses the arrest.2>:26
The connection between senescence and p53 and how modulation
of p53 function affects organismal aging was significantly advanced
by the generation of a number of mouse models with enhanced p53
function.?”-?® These mouse models express amino (N)-terminally
truncated p53 isoforms and display features of accelerated aging.
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Figure 1. Conditional mouse model used for pé3 study. By intercrossing p63fex/flox, in which
loxP sites flank exons in the DNA-binding domain (red), to mice in which mifepristone-inducible
Cre is driven by the keratin 5 (K5) promoter, mice with normal expression of p63 can be created.
p63 protein can be seen in the basal layer of the epidermis, in the hair follicle and in the region
of the epidermal stem cell niche. Treatment of these mice with inducer disrupts p63 and ablates
p63 protein in K5-expressing cells.

Several mouse models of enhanced p53 also exhibit increased tumor
resistance, drawing parallels between mouse models with compro-
mised p63 and those with enhanced p53. Given that p63 and p53
are structurally similar members of the same protein family and have
been shown to interact in several cellular contexts, it is tempting to
speculate that p63 and p53 functionally interact to regulate cellular
senescence and aging. Indeed, many of the features of accelerated
aging are manifested in epithelial tissues in both of these models.!%27
As p53 directly binds and decreases levels of p63 by caspase-mediated
degradation,? it is possible that senescence induced by enhanced
p53 is in fact mediated by decreased levels of p63. However, the
finding that senescence induced by p63 ablation in primary ker-
atinocytes is prevented by shRNA-mediated knockdown of p53
suggests that p53 cooperates with p63 as a primary mediator of
senescence in cultured cells. Given these results, it is clear that
specific interactions between p53 and the individual p63 isoforms in
this context will need further study. The accelerated aging phenotype
caused by enhanced expression of the N-terminally truncated p53
isoform p44 (also called p53/p47; ANp53; p47, reviewed in ref. 30)
involves the evolutionarily conserved insulin/insulin-like growth factor
1 [IGF1] -signaling pathway.?® In many species ranging from yeast to
nematodes to flies and mice, mutations that inhibit the insulin/
IGF-1 axis extend lifespan significantly.>!3> Conversely, enhanced
expression of p44 increases the levels of IGF-1 and its receptor,
contributing to accelerated aging.”® The recent findings that p63
represses both the IGF-IR and insulin-like growth factor binding
protein-3 (IGFBP-3) signaling, both mediators of the insulin/IGE-1
axis, further suggests a mechanism of how p63 deficiency leads to
accelerated aging.3334

The second key mediator of senescence is a Rb-mediated pathway
involving activation of the cyclin-dependent kinase inhibitor
p16™NK4a which functions as a senescence regulator particularly in
p53-independent cellular contexts.>? Interestingly, an increase in
p16™NK4a Jevels in vivo was noted in p63-compromised tissues,
suggesting that p63 is upstream of Rb in the senescent process.'*
Thus, as in many cases of senescence, it appears that p63 deficiency-
induced senescence is a context-dependent process. In cultured primary
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loop as has been described for PML and
p53, and which p63 isoforms regulate
this process. One possible scenario
would likely involve individual isoforms
such as ANp63o repressing PML,
which, when activated could subse-
quently activate the TApG3 isoforms,!
though more needs to be done to eluci-
date this process.

p63 targets. Central to p63’s role in
maintaining the proliferative state is an
ongoing balance of interactions between
the individual isoforms and their down-
stream targets (Fig. 2). One of ANp63a’s
key functions is as a transcriptional
repressor, having previously been shown
to inhibit a number of key cell cycle
mediators. ANpG63 acts as a repressor of

Anti-proliferative

Figure 2. p63-mediated pathways. ANpé3 can repress many inhibitors of cellular proliferation such as
p2 1WAFI/CIPT 14.3.36,19 insulinlike growth factor binding protein-3 (IGFBP-3)34 and p53.17 The ANpé3
isoforms have also been shown to activate pro-proliferative factors including heatshock protein-70
(HSP-70),4¢ B-catenin,*4 vascular endothelial growth factor (VEGF)®4 and PCTAIRE protein kinases 1-3.43
ANp63 has also been suggested to repress the TAp63 isoforms!” which can affect cellular proliferation both
positively and negatively. TAp63 has been implicated as both an inducer and regulator of apoptosis, affect-
ing mediators such as Bcl-2 associated X-protein (Bax), CD95, apoptotic protease activating factor-1
(APAF1),20 PIG343 as well as caspases.20 Repression by the TA isoforms repress expression of growth fac-
tors and receptors such as epidermal growth factor receptor (EGFR)5 and VEGF.43.64

keratinocytes p63 deficiency-induced senescence is p53-dependent,
whereas in the developing embryo this process occurs in a p53-inde-
pendent pl6-dependent manner. An important difference between
primary keratinocytes and intact embryos that may influence the
effect of p53 deficiency is that keratinocytes were isolated from the
mature skin and were then rendered deficient for both p63 and p53,
whereas in the embryo, the cells never have p63 or p53, and are thus
a fundamentally different model. However, further work will be
necessary to determine exactly how p63 fits into this picture, and
how p53 deficiency alters the cellular phenotype in certain contexts.

PML. The PML tumor suppressor is another key senescence
regulator of both the p53- and Rb-mediated pathways. PML is a
component of nuclear bodies (NB’s) and is involved in multiple cel-
lular processes, including senescence, apoptosis and proliferation.?®
PML protein is upregulated in response to senescence stimuli, and
when over expressed is a potent inducer of senescence that facilitates
the transcriptional activity of p53. PML and p53 colocalize in the
NB’s of senescent cells,?*38 and PML also interacts with and regulates
both p53 and p73 by inhibiting their ubiquitin-mediated proteasomal
degradation.3>40 Interestingly, p63 deficiency induced in either the
germline or in somatic cells resulted in a dramatic increase in both
the size and number of PML-NB’s, suggesting that p63 acts both
upstream and possibly as a repressor of PML.!4 Recent work, however,
demonstrates that p63 colocalizes in the NB’s and that TAp63 is a
transcriptional target of PML.4! The observation that p63 transcrip-
tional activity is increased by its interactions with PML places p63
genetically downstream of PML signaling.4! However, similar findings
for p53 and its interactions with PML have been described previ-
ously, initially placing PML upstream of p53, while a more recent
study demonstrates that p53 can also transactivate PML directly.4? It
remains to be seen whether p63 and PML are involved in a feedback
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cell cycle inhibitors such as p21¥af1/Cipl
and 14-3-30,'? which are key mediators
in cell cycle withdrawal. However, p63
can also repress IGFBP-3, a negative reg-
ulator of proliferation.?* Whether p63
directly inhibits key senescence media-
tors such as p16™N*42 or p19AF remains
to be shown. In vitro transactivation
studies show that ANp630. can also
repress activation of the TAp63 isoforms,
which can both suppress pro-proliferative,
and activate pro-apoptotic pathways.!” It has been proposed that a
balance between ANp63 and TAp63 isoforms is responsible for
maintaining the proliferation of undifferentiated epithelia.?? In
expression studies, TAp630t activates a number of apoptotic media-
tors in both the death receptor and mitochondrial mediated pathways,
including Bax, CD95, Apafl and caspases 1, 3, and 9,20 while
microarray studies identified pro-apoptotic PIG3 as a transcriptional
target of TAp630c.43 In a similar mode, ANp63 is also capable of
inhibiting p53 activity.'” As such, maintained expression of the
dominant ANp630. isoform promotes a proliferative state with
suggested oncogenic capacity,** predominantly by repressing
anti-proliferative mediators. Elevated expression of ANp630ot in head
and neck squamous cell carcinoma was also shown to favor a posi-
tive clinical response to platinum-based chemotherapy, presumably
with drug treatment inducing decreased levels of ANp63o. and
inhibiting proliferation.45 However, the ANp630. isoforms (which
are lacking the transactivating domains that are present in TAp63
isoforms), also possess transactivation functions, and some of
ANp63s targets also promote the cell cycle and favor proliferation.
The proliferation mediator of the Wnt pathway, B-catenin is activated
by ANp63a,#4 while microarray analysis revealed that a number of
cell cycle regulatory genes are induced by p63, including the protein
kinases PCTAIRE1-3, which play positive roles in cell proliferation
and Hsp70, a key mediator of cell survival in response to stress.*3-4¢
Of course there are going to be exceptions and cell-specific activities
for p63 also. For example, ANp63a. can also activate the cyclin-
dependent kinase inhibitor p57XiP2, which in other cell types is
repressed by TAp63,47 further supporting the balance of p63 isoforms
in regulating proliferation. However, given ANp63’s key role in
promoting proliferation, expression of the ANp630. isoform alone
was insufficient to prevent senescence in response to total p63
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ablation, ' further suggesting an intricate interplay of p63 isoforms
in regulation of proliferation. Taken together, it is now clear that p63
is a key mediator of epithelial cell proliferation, and that loss of this
protein induces cellular senescence.

p63 AND AGING

This raises the question as to how induction of senescence trig-
gered by p63 deficiency leads to an accelerated aging phenotype in
the animal. It has been proposed that induction of senescence hinders
the replicative capacity of cells that are necessary for tissue renewal
and homeostasis, thus leading to age-related decline. At present,
there are two possible scenarios for how this may occur: senescence
acts in either a cell-autonomous or non-cell autonomous manner.?
Cell autonomous mechanisms would directly impair the regeneration
of a tissue, through induction of senescence in proliferating stem/
progenitor cell populations, which ultimately compromises the renewal
capacity of the tissue. Cell non-autonomous senescence likely influ-
ences neighboring or distant environments through induction of
senescence in support cells. In such a case, senescence may disrupt
direct cell-cell paracrine signaling, or affect hormone and cytokine
release which can translate a localized response to distant sites or
tissues. Alternatively, senescent cells release secreted proteins that
may alter the local tissue environment and thereby decrease tissue
function.”* Intriguingly, the expression of senescence markers
observed in p63-deficient tissues in vivo are localized in areas of the
skin that are rich in proliferating and stem/progenitor cell popula-
tions.!* Indeed, epithelial specific ablation of p63 in adult mice
caused enhanced expression of the senescence markers SA-B-gal and
p16™NK42 in the hair follicles and hyperplastic sebaceous glands—the
location of the stem cell niche of the skin. Although further work
will be required to conclusively demonstrate that these senescent
cells are truly in the stem cell population, the correlative evidence
that induction of senescence in the skin corresponds with the devel-
opment of many aging features, lends support to the theory that
cellular senescence plays a causal role in aging in vivo. Much of the
basis for this theory has come from previous reports that show that
SA-B-gal and p16™NK% are among the true markers of senescent
cells, and that both have been shown to accumulate during aging.
Indeed, in other settings, repression of the INK4a/Arf pathway is a
key mediator of stem cell longevity.“>>° A recent report has taken
this a step further by suggesting that p16 is in fact a biomarker and
an effector of aging and can be manipulated by caloric restriction—
a key mediator of lifespan in lower organisms and mice.’! Together,
the data suggests that senescence is a causative factor in the aging
process, and now that p63 is a key factor regulating both these
processes in vivo.

THE p63 LINEAGE VS. STEM CELL QUESTION

The hypothesis that p63 plays an important role in the regulation
of stem cell function has been previously suggested.>? Since the initial
studies describing the striking developmental phenotype of p63
deficient mice, there has been debate about the true role of p63,
particularly during development.!>!® One group interpreted the
phenotype as being defective in the commitment ability of the prim-
itive ectoderm to the epithelial lineage,!®> while the other favored a
necessary role for p63 in stem cell maintenance.!®5? The finding
that p63 deficiency induces cellular senescence and accelerated aging
will undoubtedly contribute in part to the debate, but supports a
role for maintenance of both stem and non-stem cells.
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Lineage commitment. The role of p63 in commitment to the
epithelial lineage has been addressed using a p63 conditional mouse
model. Using this system, p63 is normally expressed during embryo-
genesis and is later disrupted by expressing Cre in a tissue-specific
and inducible manner!4 (Fig. 1). Consistent with excision of the
DNA-binding domain (a region common to all p63 isoforms), p63
ablated mice failed to express markers of epidermal proliferation or
differentiation when p63 was ablated prior to stratification
(E8.5-E10.5), further demonstrating p63’s essential role in the com-
mitment of ectodermal cells to the epithelial lineage. This suggested
role of p63 in lineage commitment is supported by other recent
findings. Specifically in the skin, the TAp63a. isoform is the molec-
ular switch for epithelial development,?? while in the zebrafish,
absence of p63 favors repression of epithelial development.>3>% Also,
p63 has been shown as a key commitment factor necessary for
prostate development and lineage commitment, as well as an iden-
tity switch necessary for uterine/vaginal epithelial cell fate.’®7
Together, these results highlight the role played by p63 in regulating
cell fate decisions and commitment to the epithelial lineage.
However, the location of senescence markers in the adult skin in
response to p63 ablation and the striking phenotype that develops is
further suggestive that p63 is necessary for maintenance of the stem
cell population, although this remains to be definitively shown.

However, p63 is expressed in both stem and non-stem cell com-
partments of the epidermis (see Fig. 1), and it is very likely that
different isoforms have distinct roles in each cell type, as is evident
from the increasing number of target genes and functions that is
emerging. The fact that induction of differentiation results in down-
regulation of p63 in both murine and human keratinocytes'*>® and
that ANpG630. expression inhibits calcium-induced differentiation of
primary keratinocytes®® points to a key role for this protein in main-
taining proliferative potential of epidermal keratinocytes. In human
keratinocytes, ANp630. can bind and repress both p21waf” Cipl 3nd
14-3-36 promoters, thereby maintaining the undifferentiated prolif-
erative state,'” while the notch ligand jagged 7, which is also required
for keratinocyte differentiation is directly activated by p63y.>?
Recent data also highlights that Perp is a direct p63-regulated gene
necessary for maintenance of epithelial integrity, acting as a critical
component of desmosomes.®” Thus, many independent studies
support a necessary role for p63 in regulating commitment of precur-
sors to specific lineages, and maintaining proliferation of the committed
population.

Stem cell renewal. The data pointing to a role for p63 in stem cell
function is equally convincing. Clonal analysis of cells from the lim-
bal epithelium of the cornea suggest that stem cells of this area
express higher levels of the protein, and that p63 is a marker of these
stem cells.®! Recent findings also show that p63 can transactivate the
ITGA3 gene, which encodes for the integrin 0.3 subunit of the
laminin receptor and serves to anchor the stem cell in the niche.®?
The ANp63a. isoform of p63 also functions to activate -catenin
nuclear accumulation and signaling,44 which in turn is responsible
for directing stem cells toward the hair follicle instead of the inter-
follicular epidermal cell fate.93 It is thus possible that individual p63
isoforms are involved in dictating cell fate as they exit from the stem
cell niche, as p63 and its isoforms dictate cell fate in other regions.
It is clear that p63 is expressed in both stem and nonstem cell pop-
ulations, and given the complexity of this gene, it may have many
roles that are dependant on its cellular location.
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Figure 3. Proposed model for the mechanism of p63 in cellualar senes-
cence. p63 may repress factors that normally activate the senescence
program, such as p53, p16NK4a gnd PML. p63 may also activate as yet
unknown negative regulators of senescence. These interactions are likely to
be mediated by a balance of different p63 isoforms. The effect on senescence
is then translated to effects on the processes of tumor suppression and aging,
or alternatively to tumorigenesis and tissue renewal.

CLOSING REMARKS

Together, these studies highlight the many separate roles that p63
proteins have at different stages of growth and development. Prior to
epidermal stratification during embryonic development, p63 facili-
tates commitment of the ectoderm to the epidermal lineage, possibly
via effects of the TA isoforms on an uncommitted precursor cell
population. However, once initiated, p63 assumes multiple roles in
maintenance of proliferation of stem- and non-stem cell populations
in the skin (and other stratified epithelial tissue). This is likely
accompanied by differential expression of p63 isoforms and their
interactions with specific targets. Also, in conditions of aberrant
growth such as tumorigenesis, p63 has been shown to be intimately
involved, though its exact contribution remains at the centre of some
debate. The processes of senescence and apoptosis are two of the pri-
mary mechanisms activated to curtail such deregulated growth, and
the accumulating evidence now highlights p63s involvement in both
processes. However, our current model with regards to senescence
(Fig. 3) posits p63 as a positive regulator of epithelial proliferation,
mediated predominantly by the AN isoforms, but also by their inter-
actions with the TA isoforms and downstream targets. This is likely
through repression of positive regulators of senescence such as p53
and PML, and by promoting as yet unknown negative regulators of
the process, such that in the absence of p63 expression, an overall
anti-proliferative program is effected. Together, these findings have
implications that merit investigation of p63 activity in specific
cellular scenarios and that have broad implications for further
understanding p63s role in modulating important processes such as
aging, stem cell maintenance and cancer.
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