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New insights into p53 activation
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The tumor suppressor p53 is a multifunctional, highly regulated, and promoter-specific transcriptional factor that
is uniquely sensitive to DNA damage and cellular stress signaling. The mechanisms by which p53 directs a damaged
cell down either a cell growth arrest or an apoptotic pathway remain poorly understood. Evidence suggests that the
in vivo functions of p53 seem to balance the cell-fate choice with the type and severity of damage that occurs. The
concept of antirepression, or inhibition of factors that normally keep pS3 at bay, may help explain the physiological
mechanisms for p53 activation. These factors also provide novel chemotherapeutic targets for the reactivation of p53

in tumors harboring a wild-type copy of the gene.
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Introduction

The tumor suppressor pS3 remains one of the single,
most important transcription factors governing the ge-
netic circuitry of cells. It represents a critical node for
determining cell fate by specifically activating growth
arrest, cellular senescence, or apoptotic pathways. Yet,
recent studies have indicated that p53 has seemingly vast
roles in other functions such as fertility, development,
and glycolysis. Nevertheless, it has become increasingly
clear that p53 has a critical role in protecting cells from
uncontrolled growth, thus preventing tumorigenesis
through the activation of specific cell growth-regulatory
pathways.

The ability of p53 to choose cell survival or cell death
in response to DNA damage and cellular stress has been
the topic of a number of both recent and seminal stud-
ies. From the surface, it seems logical that p53 would
have the capability of inducing cell death in cells that
have sustained irreparable damage as a means to pre-
vent unregulated growth and tumorigenesis. Cells that
have been exposed to a low level of stress and sustained
minimal damage could then be arrested, repaired, and al-
lowed to survive. However, this hypothesized model is
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not straightforward. First, pS3 has the ability to induce
cellular senescence, a condition where a cell is kept in a
permanent, inactive state. Cellular senescence has strong
implications in longevity and the process of aging, but
the exact mechanisms by which p53 functions to promote
this cell fate remain poorly understood. Second, p53 has
been shown to promote cell survival under specific stim-
uli through mechanisms that inhibit apoptosis and reduce
the level of reactive oxygen species [1]. Promotion of
cell survival, particularly in damaged cells, seems coun-
terintuitive for the overall scheme of prevention of tum-
origenesis. However, in multicellular organisms, repair
and survival of low to moderately damaged cells may
provide a global benefit for the organism [2]. Therefore,
the mechanisms by which a cell undergoes a specific
pS53-mediated fate may be largely dependent on the se-
verity of damage and the context of the cell environment
3]

The classical tumor suppression model for p53 in-
cludes stabilization and activation of the protein through
a plethora of redundant post-translational modifications
[4]. p53 is maintained at low protein levels during times
of homeostasis, when the cell is not exposed to stress or
DNA-damaging events, by its predominant negative reg-
ulator Mdm2 through the ubiquitin-proteasome pathway.
Initial stabilization of p53 occurs through the targeted
disruption of the p53 and Mdm?2 interaction. Subsequent
acetylation of the protein activates its sequence-specific
transactivation functions and leads to the transcription



Christopher L Brooks and Wei Gu @

of a multitude of downstream regulatory factors. Still,  ingly endless upstream and downstream regulatory fac-
recent in vivo evidence that has considered the extent of  tors that continue to emerge. The Mdm2 E3 ubiquitin
modification redundancy challenges us to step back and  ligase represses p53 protein levels through continuous
reconsider the simplicity of this classical model. Is it  ubiquitination and degradation (Figure 1A) [5, 6]. Tar-
possible that p53 is a constitutively active transcription  geted disruption of this interaction after stress induction
factor that requires complex and sometimes even subtle  occurs through numerous mechanisms, including post-
changes in its repressed state to become active? Recent  translational modifications, physical sequestration, and
data would suggest that it does, and the concept of an  degradation [7]. The Mdm2-p53 interaction is inhibited
additional regulatory layer of antirepression may help by stress-induced phosphorylation of Ser395 and Tyr394
explain how p53 functions dictate a particular cellular ~ on Mdm?2 by the kinases ATM and c-Abl, respectively

pathway in response to stress.

[8, 9]. A number of phosphorylation sites on p53 have

This review will discuss recent findings in the field of  been described and many serve to disrupt the Mdm2-p53
pS3 regulation and the impact they have had on p53 reg-  interaction as well. For example, phosphorylation of
ulation hypotheses. We will also discuss the complexity ~ Thrl8 in the transactivation domain of p53 significantly
of this regulatory network and how recent data suggest  reduces Mdm?2 binding [10]. In addition, phosphoryla-
the existence of an additional layer of in vivo antirepres-  tion of Serl5 and Ser20 in the transactivation domain

sion.

Regulation of p53

by stress-induced kinases ATM, ATR, Chkl, Chk2, and
DNA-PK leads to p53 stabilization, presumably through
the inhibition of Mdm?2 interaction [11-13]. However, in
vivo evidence suggests a far more complicated regula-

The importance of p53 in the regulation of cell sur-  tory picture than that elucidated from in vitro experi-
vival and death pathways is emphasized by the seem-  ments. Studies using mice containing a Ser18Ala (human

A Classical model for p53 activation

Stabilization

DNA damage
Oxidative stress

MDM2
_—..‘ p53
p53
(Ub)

B Refined model for p53 activation

Stabilization

DNA damage
MDM2 Oxidative stress

¥
Sy
MDM2 \
[ wovz_|

o T

DNA binding/transcriptional activation

Antirepression Promoter specific

MDM2 MDMX

Transcriptional activation

Figure 1 A model for p53 activation. (A) Classical model of p53 activation. DNA damage and oxidative stress signals lead to
the rapid stabilization of p53 by blocking Mdm2 through various mechanisms described in the text. Once stabilized, p53 is
activated through posttranslational modifications and binds to DNA, where it can interact with other transcriptional regulators
for the induction of p53-responsive target genes. (B) A refined model of p53 activation. In addition to p53 stabilization, an ad-
ditional step of antirepression may occur in vivo for full p53 activation. Mdm2 and MdmX repress p53 function and activation
in vivo. Removal of this repression (i.e., antirepression) may be required for subsequent steps of p53 activation such as post-
translational modifications, DNA binding, and induction of p53-responsive target genes.
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Ser15) mutation show no defects in cell stress-induced
p53 stabilization [14, 15]. Similar data were obtained
from mutant knockin mice containing a Ser23Ala (human
Ser20) substitution; however, the double mutant knockin
(S18A/S23A) had a more pronounced p53 stabilization
defect [16-18]. Therefore, phosphorylation may be part
of a series of post-translational events that need to oc-
cur in order for the p53 to be activated in response to
cellular stress, but alone is likely not sufficient for p53
activation. Indeed, phosphorylation does not seem to be
required for p53 to be activated in response to a number
of specific types of cellular stress [18-21]. Despite these
findings, an exhaustive analysis of all post-translational
modification combinations has not been conducted in all
cell types under all stress conditions; therefore, it may
be too early to completely rule out phosphorylation as a
mechanism for p53 activation. Nevertheless, a number
of post-translational events combined with the release of
repression may be needed for complete activation of p53
in response to cellular stress.

Acetylation of Mdm2 by CBP/p300 also disrupts the
p53-Mdm?2 interaction [22]. Interestingly, in addition to
transcriptional activation, acetylation of eight C-terminal
lysine residues of p53 inhibits the p53-Mdm?2 interac-
tion in a mutually exclusive manner [23]. In vitro ex-
periments have also shown that purified, acetylated p53
cannot be ubiquitinated by Mdm?2 and that ubiquitinated
p53 levels drop upon induction of acetylation [24, 25].
Mdm?2 may therefore compete with acetyltransferases
for access to the C-terminal lysines of p53. Although
evidence suggests that six key C-terminal lysines are the
predominant sites for Mdm2-mediated ubiquitination
and subsequent degradation, mutant knockin mice car-
rying lysine to arginine mutations at these six sites (p53-
6KR) have no changes in p53 protein levels [26, 27]. In
addition, p53 in cells derived from these mice can induce
a DNA damage response and is sufficiently stabilized
in response to cellular stress. This would suggest that
other sites on p53 are ubiquitinated by Mdm2 or other
E3 ligases. Indeed, specific lysine residues located in the
DNA-binding domain have been shown to be ubiquit-
inated by Mdm?2 in vitro [28]. Furthermore, several other
ubiquitin E3 ligases, including ARF-BP1/Mule, COP1,
Pirh2, and MSL2, can ubiquitinate p53 and cause protein
degradation or a change in its subcellular localization
[29-32]. However, the biological importance of these
findings in vivo remains to be elucidated. Taken together,
in vivo evidence suggests that the p5S3-Mdm?2 interaction
is critical for maintaining p53 at low levels. Disruption
of this interaction leads to p53 stabilization and activa-
tion. In addition, in vivo p53 ubiquitination may involve
residues other than C-terminal lysines and depend on E3

ubiquitin ligases other than Mdm2. Recently, the struc-
tural mechanism for Pirh2-mediated regulation of p53
was described [33]. The interaction between Pirh2 and
p53 is dependent on the C-terminal zinc-binding motif
of Pirh2, a domain that interacts with the tetramerization
domain of p53. These data suggest that Pirh2 prefer-
entially ubiquitinates the transcriptionally active, tetra-
meric form of p53, and therefore may provide a unique
mechanism for regulating the protein in vivo. The multi-
layered approach for regulating both p53 and Mdm2
levels could provide additional protection for the cell
against inappropriate p53 signaling.

The oncogenic stress-induced tumor suppressor ARF
is a prominent regulator of p53 stabilization through the
physical sequestration of Mdm?2 [34]. Upon activation,
AREF disrupts the p53-Mdm?2 interaction and sequesters
Mdm? in the nucleolus, thereby halting cell prolifera-
tion through p53-dependent growth arrest or apopotsis
[35, 36]. Studies have shown that ARF can also directly
inhibit the E3 ubiquitin ligase activity of Mdm?2 [37,
38]. Despite this complexity, ARF is nevertheless a criti-
cal stress-induced activator of p53-dependent signaling
pathways.

Degradation of Mdm?2 is yet another mechanism for
stabilizing p53 indirectly. As an E3 ligase, Mdm2 pos-
sesses inherent self-ubiquitination activity [39-41]. Self-
ubiquitination is inhibited during times of nonstress by
the deubiquitase HAUSP, an enzyme that specifically
interacts with and deubiquitinates both Mdm2 and p53
in a mutually exclusive manner [42-44]. However, the
HAUSP-Mdm?2 interaction seems to be dependent on
the proteins Daxx and RASSF1A, as cellular stress pro-
motes the dissociation of DAXX and G(1)-S cell cycle
progression promotes the dissociation of RASSF1A [45,
46]. Dissociation of either of these proteins disrupts the
stability of the Mdm2-HAUSP complex and promotes
Mdm?2 auto-ubiquitination and degradation. There also
seems to be a delicate balance between these proteins,
as a modest reduction of HAUSP levels prevents p53
deubiquitination but complete ablation of HAUSP
causes robust p53 stabilization. This surprising contrast
suggests that the level of Mdm?2 is critically important
in the temporal regulation of p53 function [47, 48].

Apoptosis vs cell growth arrest: how does p53
choose?

pS53 imparts its tumor-suppressive and anti-prolifer-
ative effects through the induction of key downstream
regulatory factors. For example, the cyclin-dependent
kinase inhibitor p2/ is a highly sensitive p53-response
gene and a key mediator of permanent cell growth ar-
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rest or cellular senescence [49]. However, given the large
number of both growth arrest and apoptotic genes that
are responsive to p53 induction, one question that arises
is how does p53 activate one pathway over another?
One assumption is that any cell harboring deleterious
genetic abnormalities could be a liability and should
activate an apoptotic pathway. Induction of numerous
p53-responsive pro-apoptotic genes, such as Bax, PIG3,
PUMA, and Pidd, gives a clear indication that p53 pre-
vents a cell from aberrant growth in part by inducing
an apoptotic response [50]. However, specific lines of
evidence suggest that induction of apoptosis in response
to DNA damage and cellular stress may not be the only
nor most prominent tumor-suppressive quality that p53
exhibits. Studies of mice with knockout of PUMA, a key
pro-apoptotic pS3-responsive gene, have shown that de-
spite having a deficiency in a p53-dependent apoptotic
response in fibroblasts and thymocytes, these mice do not
show an increased susceptibility to cancer development
[51, 52]. If pS3-mediated apoptosis is at least partially
dependent on the induction of PUMA, the phenotype of
these mice would suggest that other tumor-suppressive
functions of p53 have an equal importance in preventing
tumorigenesis. In addition, a particular point mutation
in p53 has been described that seems to separate the two
critical functions of p53: apoptosis and growth arrest [53].
Mutant knockin mice that possess an arginine to proline
mutation at amino-acid position 172 fail to mount a p53-
dependent apoptotic response but can still induce cell
cycle arrest. If apoptosis was the predominant tumor sup-
pression mechanism of p53, these mice would presum-
ably be predisposed to tumor development. However,
Liu et al. [53] showed that mice harboring this mutation
failed to develop the early-onset thymic lymphomas that
pS53-null mice did. These data suggest that in addition to
apoptosis, the mechanisms of p53-mediated cell cycle ar-
rest and cellular senescence may be equally important in
the prevention of tumor development.

It is clear that pS3 activates several downstream tar-
gets responsible for inducing cell cycle arrest, including
GADDA45, Reprimo, p21, and 14-3-3c [54, 55]. p53 has
even been recently shown to induce microRNA expres-
sion as an additional mechanism for activating cell cycle
arrest [56]. In addition, p53 has transcription-indepen-
dent functions in mitochondria that can induce apoptosis
[50]. Halting cell growth provides a relatively quick and
non-committal way for the cell to assess DNA damage
that has occurred and prevent the propagation of rogue
genetic alterations. The next series of mechanistic steps
that are needed for a cell to choose a particular fate, how-
ever, remain unclear. On one hand, providing additional
time for the cell to repair damaged DNA through cell cy-
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cle arrest seems globally beneficial for the organism. On
the other hand, if all damage is not repaired sufficiently
and the cell is allowed to survive, propagation of these
abnormalities could further promote the development of
tumorigenesis. Therefore, there seems to be a fine bal-
ance between these two fates when cells are exposed
to DNA damage and stress, and a third p53-dependent
mechanism may be important for limiting the growth of
damaged cells: the induction of cellular senescence. p53
is a potent activator of genes involved in cellular senes-
cence, such as p2/ and PAI-1, and p53-dependent activa-
tion of these genes has been shown to be a physiological,
in vivo response to DNA damage events [35, 57-60].
Mutant knockin mice have also confirmed this arm of
p53 function. p5S3R172P mice are incapable of inducing
apoptosis but retain the partial ability to induce cell cycle
arrest in response to stress [61]. Nevertheless, these mice
exhibit delayed tumor onset due to the maintenance of
chromosome stability and p21-mediated cell cycle ar-
rest [61]. Separating the physiological functions of p53
through the use of an in vivo model indicates that a p53-
dependent cellular senescent response is an equivalently
and valid option for a cell experiencing genotoxic stress.
It is possible that the type of p53 response elicited from
a DNA damage event is highly dependent on the length
and severity of the damage itself [1, 3]. Cells experienc-
ing low levels of cellular stress for a short period of time
are more likely to sustain damage that is repairable for
continued survival. Conversely, cells sustaining severe
levels of DNA damage would elicit a p53-dependent
apoptotic or cellular senescent response to eradicate the
damage or prevent the cell from continuing to grow. In
fact, a strong link exists between cellular senescence
that is induced from exposure to low levels of oxidative
stress and longevity [62, 63]. In addition to being a po-
tent tumor-suppressive mechanism, p53-dependent cellu-
lar senescence has a significant role in organismal aging.
These mechanisms provide an interesting link between
the prevention of cancer development and cellular aging.
Interesting questions still remain as to how p53 regulates
cellular fate in particular tissue and cell types upon expo-
sure to cellular stress, as well as how the microenviron-
ment conditions influence the type of p53 response that
occurs. In vivo p53 modeling will surely offer further
insight into these types of questions.

Antirepression

The regulation of p53 function and transcriptional
activity requires multiple layers of signaling and post-
translational control. As mentioned above, p53 levels are
regulated at least in part by the negative regulator Mdm?2.
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This E3 ubiquitin ligase directly ubiquitinates p53 and
provides a signal for degradation by the 26S proteasome.
Temporal control of Mdm2, as mentioned, is critically
important for the proper function of p53. Another protein
structurally related to Mdm2, MdmX, has had a perplex-
ing history since its discovery as a novel p53-binding
protein in 1996, but more recent evidence suggests that
it may be as important as Mdm?2 for governing p53 func-
tion [64, 65]. Despite containing a RING domain and
being a bona fide E3 ubiquitin ligase based on sequence
homology, MdmX does not have intrinsic ubiquitin li-
gase activity towards p53. Rather, it has been shown that
MdmX can directly inhibit p53-mediated transcriptional
activation [66]. MdmX and Mdm?2 are also recruited
to the promoters of p53-responsive genes and form a
complex with p53 [23, 67, 68]. This recruitment directly
inhibits p53-mediated transcription of several target
genes [23]. Interestingly, the importance of MdmX for
regulating p53 function was further strengthened from
several in vivo mouse studies [69-71]. In one elegant set
of experiments, double mutant knockout mice were cre-
ated that possessed either p53/Mdm2™ or p53/MdmX '~
and were then reintroduced with a temperature-sensitive
p53 mutant [64]. This approach allowed the assessment
of p53 stabilization and activity in the absence of Mdm?2
or MdmX. Interestingly, loss of Mdm2 promoted the
expression of p53-induced apoptotic genes, while loss
of MdmX promoted the expression of p53-induced cell
cycle arrest genes. These data suggest that Mdm?2 and
MdmX both play important, albeit distinct, regulatory
roles in the transactivation activity of p53.

Together, these findings suggest a more refined and
detailed model for p53 activation (Figure 1). A classical
model would dictate that three fundamental events need
to occur for sufficient p53 activation: protein stabiliza-
tion, sequence-specific DNA binding, and transcription
of target genes [12]. However, in consideration of data
suggesting that p53 is inherently active, a robust p53 re-
sponse in vivo may require the removal of factors that are
repressing the protein. Mdm2 and MdmX knockout mice
are both embryonic lethal and can be rescued by crossing
with p53 null mice [72-75]. The p53 cross-rescue indi-
cates that the early developmental defects are largely p53
dependent and the presence of either Mdm2 or MdmX
represses this phenotype. Furthermore, disruption of the
p53-Mdm2 or p53-MdmX interaction is required for
the activation of some p53-responsive genes [23]. Since
Mdm?2 and MdmX form a protein complex with p53 on
the promoters of target genes, removal of this repres-
sion may be required in addition to protein stabilization
and other post-translational modifications (Figure 1).
A knock-in mouse model harboring a mutation in p53

(p53%°), which disrupts the transactivation function of
the protein and renders it almost completely incapable of
activating p53-responsive genes, is embryonic lethal but
does not cause p53 to lose DNA-binding ability, despite
a loss of Mdm2 and MdmX interactions [76]. The data
from the p53% study would suggest that Mdm2 and Md-
mX-mediated repression is required for full inhibition of
p53 function in vivo, since Mdm2 and MdmX null mice
are also embryonic lethal. Recent findings have also sug-
gested that p53 has limited binding to target promoter
regions of normal cells that are not undergoing a stress
response [77]. However, p53 in stressed cells as well as
immortal cell lines seems to be constitutively bound to
the promoters of target genes, suggesting that there may
be differences in p53 function between primary cells and
cells that are mounting a stress response. Nevertheless,
it seems that additional steps for the relief of repression
are still required even in primary cells that do not have
promoter-bound p53 [77]. Release of repression may be
a required step in the series of reactions that take place in
a full p53 response to stress. In addition, placing an addi-
tional step of antirepression in the classical model of p53
activation may help bridge the findings from in vitro and
in vivo experiments.

Therapeutics

The sheer number of studies to date on p53 showing
its exquisite biochemical properties, combined with the
daunting list of upstream regulators of the protein, would
together indicate the magnitude of its importance in
regulating cellular homeostasis. Indeed, the occurrence
of p53 mutations in upward of 50% of all human tumors
is quite humbling [78-81]. For tumors that do not possess
mutations in the p53 gene, approximately 25% retain
functional, wild-type p53 and possess other p53 pathway
abnormalities such as Mdm2 overexpression [82]. For
these tumors, it may be interesting to explore chemother-
apeutic approaches that target p53. Reactivation of p53 in
several mouse tumor models has been shown to be a po-
tent inhibitor of tumor growth [83-85]. The development
of specific activators of p53 would therefore be an inter-
esting approach for stabilizing and activating the protein
in these tumors. The small molecule, called reactivation
of p53 and induction of tumor cell apoptosis (RITA),
selectively binds p53 and strongly induces apoptosis in
several tumor cell lines by blocking the p53-Mdm2 in-
teraction [86]. Reactivation of p53 could also occur by
directly inhibiting critical negative regulators of the path-
way. Nutlin 3A, a small-molecule antagonist that binds
to the p53-binding pocket on Mdm?2, potently blocks the
p53-Mdm?2 interaction and activates downstream p53-
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mediated transcriptional events [87]. HIL98 also directly
inhibits the ubiquitin E3 ligase activity of Mdm2 and
activates p53 [88]. More recently, a potent and orally
available small-molecule antagonist of Mdm2, MI-219,
was described showing 10 000-fold higher selectivity
for Mdm2 than MdmX [89]. This inhibitor activated p53
and led to potent tumor inhibition in xenograft models
with a favorable pharmacokinetic profile. The selective
targeting and inhibition of Mdm?2 as an approach for p53
activation is bolstered by genetic evidence showing that
an Mdm?2 RING-inactivating mutation (C462A) can also
activate p53 in vivo [40]. Optimized compounds of these
leads are currently in pre-clinical and clinical develop-
ment. Small-molecule inhibitors of SIRT1, another nega-
tive regulator of p53, have shown potent p53 activation
effect as well. SIRT1 is a class III histone deacetlyase
of the sirtuin family that specifically deacetylates and
negatively regulates p53 [63]. SIRT1 inhibitors such as
sirtonol, cambinol, EX-527, and Tenovin have all shown
promising p53 activation function [63]. In particular,
Tenovin elicits potent and specific activation of p53 at
single-digit micromolar concentrations [90]. Similar to
MI-219, Tenovin has a favorable pharmacokinetic profile
with no genotoxic effects.

Conclusion

Recent advances in understanding p53 regulation in
vivo have added complexity to the model of its tran-
scriptional activation and the series of events that take
place for p53 to activate a particular stress-induced
response. The studies of mouse knockin and knockout
models have suggested that in vivo p53 activation is a
multilayered, concerted effort that not only requires post-
translational modifications of particular residues, but also
needs further adaptations within the p53 pathway for a
full transcriptional response. If we consider p53 to be
a transcription factor that is in the constitutively active
state, given the abundance of data that suggest so, then
reversal of its repressed state may be required for in vivo
p53 activation. Removal of the inhibitory pressure placed
by Mdm?2 and MdmX would allow for both protein stabi-
lization and transcriptional activation to ensue. The level
at which antirepression occurs may depend on the tissue
type and specific microenvironment, but nevertheless it
may have an impact on how p53 activates a particular
signaling pathway. Antirepression may be a sufficient
mechanism for the activation of particular target genes,
such as p53-responsive genes that induce cell growth
arrest, but additional post-translational mechanisms
may be required for the activation of genes involved in
apoptosis. The concept of in vivo antirepression may
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also help explain how p53 is activated in particular tis-
sues and may connect some of the in vitro and in vivo
studies presented to date. However, a number of specific
mechanistic questions remain unsolved. How do specific
post-translational modifications signal particular p53 re-
sponses? Do all p53 promoters respond in the same way
to p53 signaling or do unique differences exist between
subsets of genes? Are the in vivo responses of Mdm?2 and
MdmX tissue-dependent? How is p53-mediated cellular
senescence linked to the aging process? These questions
and others will continue to guide us in the way we view
p53 regulation.
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