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Another fork in the road—Ilife or death decisions
by the tumour suppressor p53
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In response to cellular stress signals, the tumour suppressor p53
accumulates and triggers a host of antineoplastic responses.
For instance, DNA damage activates two main p53-dependent
responses: cell cycle arrest and attendant DNA repair or apop-
tosis (cell death). It is broadly accepted that, in response to
DNA damage, the function of p53 as a sequence-specific tran-
scription factor is crucial for tumour suppression. The molecular
determinants, however, that favour the initiation of either a p53-
dependent cell cycle arrest (life) or apoptotic (death) transcrip-
tional programme remain elusive. Gaining a clear understanding
of the mechanisms controlling cell fate determination by p53
could lead to the identification of molecular targets for therapy,
which could selectively sensitize cancer cells to apoptosis. This
review summarizes the literature addressing this important
question in the field. Special emphasis is given to the role of
the p53 response element, post-translational modifications and
protein—protein interactions on cell fate decisions made by p53
in response to DNA damage.

Keywords: p53; apoptosis; cell cycle arrest; transcription;

cellular stress

EMBO reports (2013) 14, 414-421; published online 16 April 2013;
doi:10.1038/embor.2013.25

See the Glossary for abbreviations used in this article.

Introduction

The transcription factor p53 is a tumour suppressor that is often
referred to as ‘the cellular gatekeeper’, as it is an essential regu-
lator of cellular stress responses [1]. Under normal physiologi-
cal conditions, the p53 protein is maintained at low intracellular
levels by its negative regulator, the E3 ubiquitin ligase Mdm2,
which targets p53 for ubiquitin-dependent degradation through
the proteasome [2]. In response to a variety of cellular stresses
including DNA damage, the p53-Mdm?2 interaction is disrupted
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and p53 is rapidly stabilized [3]. The accumulated p53 protein
is subject to extensive post-translational modifications includ-
ing phosphorylation, acetylation, methylation, ubiquitination,
sumoylation, neddylation and glycosylation (reviewed in refer-
ences [4,5]). It is broadly accepted that these modifications con-
tribute to the increase in p53 protein stability and modulate its
function as a transcription factor [4,5]. Consequently, stabilized
p53 is localized to the nucleus in which it can activate or repress
the transcription of many genes involved in regulating the main
cellular responses to stress, such as cell cycle arrest, DNA repair,
senescence and apoptosis, among others (Fig 1; [3,6-10]). It has,
therefore, been proposed that p53 suppresses tumorigenesis
by preventing replication of damaged DNA and transmission of
potentially harmful mutations [6]. Not surprisingly, mutations in
the TP53 gene are common in a large spectrum of human cancers,
providing a selective advantage for neoplastic growth [11].

The p53 protein has been well characterized as a sequence-
specific transcription factor [12]. It binds to its target gene promot-
ers through a consensus p53 response element (p53RE), consisting
of a ten-base-pair palindromic sequence made up of two ‘half
sites —RRRC (A/T)(T/A) GYYY (n) RRRC (A/T)(T/A) GYYY sepa-
rated by a spacer of 0-13 bases (n) within which R and Y represent
a purine and a pyrimidine, respectively [12-14]. Depending on
cell type, stimulus, or both, p53 has been shown to activate tran-
scriptional programmes and cellular responses [15]. Thus, one of
the biggest challenges in the field has been to understand fully how
p53 determines cellular fate in response to DNA damage—to let
live (arrest) or to kill (apoptosis). Whilst sequence-specific recogni-
tion and binding of DNA is crucial to the biological response to
p53 activation, a clear understanding of how p53 chooses its tar-
get genes remains elusive. To make sense of an enormous body
of literature on this topic, this review focuses on three aspects of
p53 regulation known to have a role in cell fate determination
(life or death)—the p53RE and binding affinity, post-translational
modifications and p53 protein—protein interactions.

Role of the p53RE and promoter affinity on gene selectivity
Itis well accepted that induction of p53 in cells triggers either cell
cycle arrest or apoptosis [1]. Furthermore, transcriptional activa-
tion of its cellular targets is thought to be essential for tumour sup-
pression [1,12]. A complete understanding of how p53 chooses
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Glossary

APO1 apoptosis antigen 1

ASPP apoptosis-stimulating of p53 protein

ATM ataxia telangiectasia mutated

Bak Bcl-2 homologous antagonist/killer

Bax Bcl2-associated X

Bcl2 B-cell lymphoma 2

BcL-XL B-cell lymphoma extra large

CBP CREB-binding protein

CHK?2 checkpoint homologue kinase 2

DNA-PK DNA-dependent serine/threonine protein kinase
DYRK2 dual-specificity tyrosine-phosphorylation-regulated kinase 2
E4F1 putative E3 ubiquitin-protein ligase

Fas death receptor

hMOF human males absent on the first (histone acetyltransferase)

K120R Lysine 120 to arginine

Mdm?2 murine double-minute

MYST monocytic leukaemia zinc finger protein, yeast Ybf2, yeast
Sas2, Tip60 (histone acetyltransferase)

p53AIP p53-regulated apoptosis-inducing protein

p38 mitogen-activating protein kinase

PIG3 p53-inducible gene 3

PTM post-translational modifications

PUMA p53-upregulated modulator of apoptosis

RITA reactivation of p53 and induction of tumour cell apoptosis
TAD transactivation domain

TIP60 TAT-interacting proteins 60 (histone acetyltransferase)

its targets to induce specific biological outcomes, such as cell
cycle arrest and apoptosis has yet to be elucidated. One of the
first mechanisms proposed in the literature suggested that the level
of induced p53 in cells can determine cellular outcome [16]. It
was reported that a low level of p53 correlates with cell cycle
arrest and a higher level with apoptosis [16]. Later, it was shown
that p53 binds to distinct classes of p53-binding sites with vary-
ing affinities [17]. Taken together, these observations suggest a
model in which p53 protein levels and the DNA-binding affinity
of p53 have a role in target gene selectivity and in determining
cellular outcome (Fig 2). One hypothesis is that high-affinity target
gene promoters (those that promote cell cycle arrest) are activated
by p53 under low levels of cellular stress, and low-affinity tar-
get genes (those that promote apoptosis) require a higher degree
of p53 activation or stress. Consistent with this concept, it was
later demonstrated that on p53 activation, genes involved in cell
cycle arrest were induced at earlier time points than apoptotic
targets [7]. Activation of the apoptotic p53 targets, however, cor-
related with higher levels of p53 and DNA damage. Yet, a differ-
ent report argued that the central sequence element in a p53RE
greatly affects the p53-binding affinity and transactivation activ-
ity of its target genes [18]. In that study, the authors concluded
that the promoters of apoptotic target genes had lower affinities to
p53. Nevertheless, Weinberg et al reported that whilst most high-
affinity targets were associated with cell cycle arrest and DNA
repair, a fraction of the pro-apoptotic genes also contained a high-
affinity p53RE [19]. For example, p53 bound with high affinity to
the promoters of the pro-apoptotic genes, PUMA, p53AIP1 and
Noxa [19]. Therefore, cell fate choice cannot be explained exclu-
sively on the basis of p53 protein levels or target gene promoter
affinity. Perhaps additional factors are required that can prime
certain target genes for rapid or selective activation by p53.
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Fig 1 | Cellular stress induces p53-dependent responses. In response to
cellular stress such as DNA damage, the p53 protein becomes stabilized. In
the nucleus, p53 binds to specific promoters and activates transcription of its
target genes. Additionally, p53 can also repress transcription of some of its
targets. Depending on which genes are activated or repressed, p53 can induce
cell cycle arrest, DNA repair, apoptosis and senescence, as well as regulate
other processes such as energy metabolism. Independently of its effects on
transcription, cytoplasmic p53 has been reported to trigger apoptosis, as well
as necrosis. These responses ensure that damaged DNA is not replicated or
transmitted to daughter cells, thus contributing to tumour suppression.

Additional reports suggest that the core promoter composition
of p53 targets can have a crucial role in target gene selectivity and,
therefore, in dictating the biological outcome [20,21]. The core pro-
moter is a region of DNA required for transcriptional initiation by the
RNA polymerase Il complex (RNAPII; [22]). In a study by Espinosa
et al, the authors reported that basal levels of RNAPII bound to the
core promoter of cell cycle arrest genes were constitutively higher
compared with those of pro-apoptotic target genes [20]. This obser-
vation suggests that cell cycle arrest genes are primed for rapid acti-
vation by p53. Consistent with this observation, it was later shown
that the affinity of the p27 promoter for RNAPII is intrinsically higher
and that preinitiation complexes (PICs) were readily assembled [21].
Interestingly, whilst the affinity of the Fas/APOT core promoter for
RNAPII was determined to be low compared with p21, once the
PIC was formed, reinitiation of transcription was more efficient than
that of p21 [21]. The authors concluded that the core promoter com-
position, of p53 target genes, has an essential role in cell fate deci-
sions by regulating the kinetics of gene activation and duration of
expression through RNAPII reinitiation [21]. Taken together, these
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Fig 2 | p53-binding site affinity and cell fate choice. DNA damage results in
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intracellular accumulation of p53 protein. It has been proposed that at lower
levels of damage, p53 preferentially binds to high-affinity target genes, which
tend to be involved in mediating cell cycle arrest. Prolonged exposure to DNA
damage results in higher levels of p53, which ensures that more p53 is available
to bind to weaker sites such as those found in many pro-apoptotic target genes.
This view, however, seems to be oversimplified, as the affinity of p53 for some
response elements is comparable regardless of whether they are located in genes
mediating cell cycle arrest or apoptosis. Nevertheless, the model retains some
traction. It remains reasonable that p53 target genes involved in cell cycle arrest
are inherently programmed for rapid and short-lived responses. By contrast,
pro-apoptotic targets would have a delayed and more sustained response to
genotoxic stress. Bax, Bcl2-associated X.

observations support the hypothesis that p53 target genes involved
in cell cycle arrest are inherently pre-programmed for a rapid and
short-lived response, whilst pro-apoptotic genes have a delayed but
sustained response to stress signals. Other evidence supports this
model, suggesting that in response to low levels of DNA damage,
short pulses of p53 promote cell cycle arrest [23]. By contrast, a
high level of DNA damage was shown to induce sustained pulses of
p53 and subsequent apoptosis [23]. More recently, it was reported
that such p53 pulses have a crucial role in selective activation of
genes involved in transient responses to DNA damage, whilst sus-
tained p53 signalling was associated with terminal responses such
as cellular senescence and apoptosis [24].

PTM regulate promoter selectivity

In response to DNA damage, p53 undergoes a series of post-
translational modifications thought to regulate its stability and bio-
logical functions (reviewed in references [4,5]). Although we do not
completely understand how p53 determines cell fate (life or death),
a few of these modifications are thought to have a significant role
in cell fate determination by p53 (Fig 3). For example, ultraviolet
(UV) radiation has been reported to induce Ser33 and Ser46 phos-
phorylation on the amino-terminus of p53 by the p38 kinase [25].
Inhibition of p38-mediated phosphorylation of p53, correlated
with a decrease in p53-dependent and UV-induced apoptosis [25].
Ser46 phosphorylation is required for p53-dependent transcrip-
tional activation of the pro-apoptotic factor p53AIPT in response
to high doses of DNA damage [26]. It was shown that p53AIP1
localizes to the mitochondria and facilitates the release of cyto-
chrome c during apoptosis [26]. Additionally, mutation of Ser46
to alanine prevented p53 from binding to the p53AIP1 promoter
but not to the p27 promoter. Therefore, the authors concluded
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that Ser46 phosphorylation has a crucial role in p53 target gene
selectivity and, thus, in cell fate decision. In support of this model,
additional kinases have been shown to phosphorylate p53 on
Ser46 and to have a role in p53-mediated apoptosis. For exam-
ple, the homeodomain-interacting protein kinase 2 (HIPK2), a
nuclear serine/threonine kinase, phosphorylates p53 on Ser46 in
response to DNA damage [27,28]. HIPK2 cooperated with p53
through Ser46 phosphorylation to trigger UV-induced transcrip-
tional upregulation of pro-apoptotic genes and apoptosis [27,28].
Furthermore, the importance of HIPK2 in cell fate determination by
p53 is emphasized by evidence of a tight regulatory loop involv-
ing Mdm2-mediated degradation of HIPK2. Under conditions of
low DNA damage, p53 induces the degradation of HIPK2 through
Mdm2, thus inhibiting its own phosphorylation on Ser46 [29]. In
response to severe DNA damage, reduced Mdm2 levels result in the
accumulation of HIPK2 and the induction of p53-dependent apop-
tosis [29]. In addition to p38 and HIPK2, DYRK2 is another kinase
reported to phosphorylate p53 on Ser46, to have a role in p53 tar-
get gene selectivity and p53-dependent apoptosis [25,30]. Studies
addressing the relevance of Ser46 in vivo were conducted by using
a p53 knock-in mouse expressing a chimeric protein containing the
human p53 DNA-binding domain [31]. Consistent with the in vitro
studies, UV-irradiated mouse embryonic fibroblasts expressing
the p53HupKIS4eAHUpKISiOA hymanized protein showed defects in tar-
get gene transactivation and apoptosis [31]. Taken together, these
studies suggest that Ser46 phosphorylation on p53 is an impor-
tant cell fate determinant favouring p53-dependent transcriptional
activation of pro-apoptotic target genes.

Mentioned earlier in the text, p53 is heavily modified in response
to DNA damage and additional residues on the N terminus of p53 are
also subject to phosphorylation. For example, Ser15 was reported
to be a phosphorylation target of the protein kinases DNA-PK and
ATM [32,33]. The role of Ser15 phosphorylation on cell fate deter-
mination, however, is less clear. Conflicting results have argued that
Ser15 phosphorylation on p53 contributes to cell cycle inhibition
and apoptosis, as well as p53 stability [34-39]. Additionally, it has
been suggested that phosphorylation of p53 on Ser15 by ATM pro-
motes phosphorylation at Ser6, Ser9, Thre 18, Ser20 and Ser46 [40].
Interestingly, phosphorylation of p53 on Ser20 by the ATM target
CHK2 was reported to induce a cell cycle arrestin G1 [41,42]. In vivo
studies that use transgenic mice expressing p53°184S23ASI8AS23A in
which the corresponding Ser15 and Ser20 residues were mutated,
revealed a decrease in p53 stability and abrogated apoptosis in irradi-
ated thymocytes [43]. These findings suggest that Ser 18 and Ser23 in
the mouse, however, are required for p53 stabilization and efficient
induction of apoptosis.

In addition to phosphorylation, acetylation of p53 on Lys120,
which is located in its DNA-binding domain, was shown to
enhance p53-dependent apoptosis [44-46]. It was reported that
on DNA damage, the MYST family of acetyltransferases hMOF
and TIP60 rapidly carry out acetylation at Lys120. Interestingly,
K120R mutations are common in human cancers and this single
amino acid change abrogates p53-dependent apoptosis, but not
cell cycle arrest [45,46]. Consistent with this observation, a K120R
p53 mutant retained the ability to transactivate p27 and MDM2,
but not the pro-apoptotic genes BAX and PUMA [45,46]. These
studies argue that Lys 120 acetylation has a significant role in DNA-
damage-induced, p53-mediated apoptosis and support the idea
that specific p53 modifications can dictate cell fate.
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Fig 3 | Post-translational modifications on p53 dictate cell fate decisions. In response to DNA damage, p53 undergoes a series of post-translational modifications

thought to be important in regulating p53 activity. Summarized here is a cartoon depicting the most relevant p53 modifications implicated in target gene

selectivity and cell fate choice. For example, phosphorylation on Ser46 and acetylation on Lys 120 enhances the preferential ability of p53 to transactivate genes

that induce apoptosis. By contrast, acetylation and ubiquitination of Lys 320 have been implicated in mediating p53-dependent transcriptional activation of pro-
arrest genes. Bax, Bcl2-associated X; DYRK2, dual-specificity tyrosine-phosphorylation-regulated kinase 2; E4F1, putative E3 ubiquitin-protein ligase; HIPK2,

homeodomain-interacting protein kinase 2; hMOF, human males absent on the first (histone acetyltransferase); p53AIP, p53-regulated apoptosis-inducing
protein 1; PCAE, p300/CBP-associated factor; PUMA, p53-upregulated modulator of apoptosis.

Lys320 has also been uniquely implicated in target gene selection
by p53. Lys320 is a substrate for both the atypical ubiquitin ligase E4F1
and the acetyltransferase p300/CBP-associated factor (PCAF; [47,48]).
Acetylation of this lysine is important for transcriptional activation of
pro-arrest genes such as p21, but not pro-apoptotic genes [49]. This
finding was corroborated by using a transgenic mouse model in which
the corresponding lysine Lys317 had been mutated to arginine [50].
The authors reported that cells of several tissues in the L317R mouse
responded rapidly to DNA damage by undergoing apoptosis,
which also correlated with the induction of pro-apoptotic genes.
Therefore, acetylation of Lys320 (Lys317 in the mouse) negatively
regulates the p53 apoptotic response to DNA damage. Interestingly,
monoubiquitination of p53 at Lys320 by E4F1 also resulted in
higher transcriptional output and promoter occupancy of pro-
arrest genes such as p21, whilst pro-apoptotic gene expression was
unchanged. Although PCAF and E4F1 modify the same amino-acid
residue on p53, their activity is mutually exclusive and seems to
be competitive [47]. Thus, acetylation and monoubiquitination of
Lys320 on p53 are important in the decision to let live or kill.

The examples presented above represent only a fraction of the
p53 post-translational modifications reported in the literature.
Additional modifications on several lysine residues on the carboxyl
terminus of p53 have also been reported. Whilst a significant body
of work has been dedicated to studying the role of the C-terminal
lysines, it has been demonstrated that these lysines are not required
for p53 transactivation or protein stability [51].

Proteins regulate p53 target gene selectivity

The activity of p53 on specific target gene promoters can also be
regulated through interaction with specific transcriptional co-factors
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during the DNA damage response (Fig 4A). These interacting pro-
teins cooperate with p53 to induce transcriptional activation of spe-
cific targets involved in determining cellular fate. In general, such
proteins enhance the affinity of p53 binding to a subset of p53REs.
In turn, this interaction tips the balance in favour of either life or
death. For example, the ASPP protein family, composed of ASPPT,
ASPP2 and iASPP, interacts directly with the central core domain of
p53 and regulates the apoptotic response [52,53]. Whilst ASPP1 and
ASPP2 enhance p53-dependent apoptosis by increasing the affinity
of p53 for pro-apoptotic genes, iASPP counteracts this effect [52,53].
Consistent with these observations, in vivo studies suggest that
ASSP2 is a haploinsufficient tumour suppressor in mice and cooper-
ates with p53 to suppress tumour growth [54]. ASPPT and ASPP2,
however, have also been shown to enhance apoptosis in a p53-
independent manner, by interacting with p53 family members p63
and p73 [55]. This suggests that the role of ASSP proteins in cell
fate determination by p53 might involve additional factors that
are beyond the scope of this review. Another p53-interacting pro-
tein, the prolyl isomerase Pin1 was shown to recognize and bind to
phosphorylated p53 on Ser46, in response to DNA damage, result-
ing in the dissociation of p53 from iASPP [56]—thus, promoting
apoptosis. Furthermore, it has been suggested that Pin1 contributes
to p53 stability in response to DNA damage and that it is required
for efficient transactivation of its target gene promoters [57,58]. This
example, illustrates the cross-talk between p53 modifications and
its interacting proteins in determining cell fate. More recently, p90,
also known as coiled-coil domain-containing 8, was identified as a
p53 co-factor that enhances Tip60-mediated acetylation of p53 on
Lys120 [59]. As mentioned earlier, Tip60-mediated acetylation of
p53 on Lys 120 has been reported to promote apoptosis.
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preferential activation of pro-apoptotic genes. By contrast, when bound to iASPP or Hzf, p53 preferentially activates genes that mediate cell cycle arrest. (B) Non-

interacting co-factors might also have a role in determining which target genes are preferentially activated by p53. For example, RNAPII is found preloaded and
enriched on pro-arrest p53 target genes. By contrast, CAS/CSE1L bound to pro-apoptotic p53 target gene promoters cooperates with p53 to induce an apoptotic
response. ASPP, apoptosis-stimulating of p53 protein; CAS/CSEI1L, cellular apoptosis susceptibility protein; HZE, haematopoietic zinc finger; iASPP, inhibitor

of ASPP protein; Pinl, peptidyl-prolyl cis-trans isomerase; RNAPII, RNA polymerase II.

In addition to the p53 co-factors that promote apoptosis, other
co-factors can promote cell cycle arrest. For example, the haema-
topoietic zinc finger protein Hzf has been shown to enhance the p53
affinity and transactivation of pro-arrest genes [60]. The HZF gene was
identified as a p53 target gene and reported to engage in a positive
feedback loop with p53 that enhances the cell cycle arrest response.
DNA damage was shown to induce a p53-dependent apoptotic
response in HZF”~ mouse embryonic fibroblasts, in contrast to a cell
cycle arrest response observed in wild-type cells [60]. Additionally,
p53 bound to Hzf preferentially bound to pro-arrest promoters such
as p21 and 14-3-3 [60]. The level of Hzf protein was also shown to
correlate inversely with the intensity of genotoxic stress. Under con-
ditions of sustained p53 expression or extensive genotoxic stress,
Hzf is degraded through the ubiquitin proteasome pathway, and its
degradation induces the expression of pro-apoptotic genes and
apoptosis [60]. The authors proposed a model wherein p53 activates
transcription of HZF, which on binding to p53, forms a complex that
preferentially activates cell cycle arrest genes and results in cell cycle

VOL 14 | NO 5 | 2013

arrest. On the other hand, extensive DNA damage or prolonged p53
expression induces the degradation of the Hzf protein, favouring the
induction of pro-apoptotic genes and apoptosis [60].

Some proteins can be recruited to p53 target gene promoters
without directly interacting with p53 and can regulate p53 target
gene selectivity and its biological functions (Fig 4B). The human cel-
lular apoptosis susceptibility protein (W\CAS/CSETL) was identified as
part of a chromatin-bound complex together with p53 at p53 target
gene promoters [61]. The authors reported that the hCAS/CSE1 pro-
tein selectively regulates the induction of pro-apoptotic genes such
as PIG3 and apoptosis. Knockdown of hCAS/CSETL by using RNA
interference resulted in suppression of p53-dependent induction
of the pro-apoptotic genes PIG3 and P53AIP1, whilst only a mini-
mal effect was observed on p21 messenger RNA transcription [61].
Furthermore, downregulation of hCAS/CSE1L impaired the apoptotic
response to cellular stress. hCAS/CSE1L can, thus, bind to p53 tar-
get genes independently of p53 and direct selective, p53-mediated
transcription towards cell fate determination after genotoxic stress.
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Concluding remarks and perspectives

An essential property of p53 as a tumour suppressor is its ability
to induce cell cycle arrest and DNA repair, or apoptotic cell death
in response to DNA damage [1]. Whilst it is clear that transcrip-
tional upregulation of specific genes by p53 is crucial in determin-
ing cellular outcome, the molecular basis for target gene selectivity
remains elusive. To shed light on the considerable amount of data
available on this subject, this review summarizes three basic mod-
els supported by published literature. Target gene selectivity and
cell fate decisions by p53 can be explained, at least in part, by dif-
ferences in p53 affinity to specific target gene promoters, the effect
of post-translational modifications on p53 and the influence of
interacting proteins on target gene selectivity. The underlying mech-
anisms are perhaps more complicated on the basis of the hetero-
geneity of p53 responses in vivo, which can be both tissue- and
stimulus-specific (reviewed in reference [15]).

Other evidence suggests that, in addition to its nuclear func-
tion as a transcription factor, p53 might have additional functions
outside the nucleus that also have a role in dictating cell fate.
For instance, cytosolic p53 was reported to localize to the mito-
chondria and to interact directly with anti-apoptotic proteins
Bcl-XL and Bcl2 [62]. The authors propose that this interaction
sequesters Bcl-XL and Bcl2, thereby blocking their ability to bind
to and inhibit the pro-apoptic proteins Bak and Bax [62]. Later,
Chipuk and colleagues provided additional mechanistic insight
into the role of cytosolic p53 in apoptosis [63]. In that study, it
was reported that p53 interacts with and activates the pro-
apoptotic protein Bax, which triggers mitochondrial permeabiliza-
tion and activation of the apoptotic cell death programme [63].
Consequently to their initial study, Chipuk et al also showed that
p53-mediated transactivation of the pro-apoptotic protein PUMA
couples its transcription-dependent and -independent effects on
apoptosis [64]. Indeed, the data argue that nuclear p53-mediated
expression of PUMA displaces cytosolic p53 from Bcl-XL, which
then allows cytosolic p53 to interact with Bax and to induce
apoptosis [64]. More recently, Pin1 was shown to enhance stress-
induced p53 translocation to the mitochondria and to induce
p53-dependent apoptosis [65]. As discussed earlier, Pin1 binds to
phosphorylated p53 on Ser46, has a role in target gene selectiv-
ity and promotes apoptosis. Thus, Pin1 is a p53-interacting pro-
tein that can influence both the nuclear and cytosolic activity of
p53. Interestingly, p53 localized to the mitochondria was linked
to oxidative stress-induced necrosis—a form of cell death, which
is mechanistically different from apoptosis [66]. In this context,
it is also important to mention that a mutant p53 that cannot
induce cell cycle arrest, apoptosis or senescence, was reported
to retain its tumour-suppression activity by regulating specific
genes involved in cellular metabolism [10]. Thus, in addition to
its well-characterized functions as a tumour suppressor, p53
can regulate a diverse set of cellular processes involving both
transcription-dependent and -independent effects.

Whilst important strides have been made towards understand-
ing fully the molecular basis for cell fate decision-making by
p53, there are still many unanswered questions that need to be
addressed (see Sidebar A). How are different stimuli, for exam-
ple, integrated by p53 and translated into a particular cellular
outcome? Future studies should aim to define a molecular ‘signa-
ture’ for each stimulus and p53 response. One study has already
discriminated between p53 transcriptional programmes involved
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Sidebar A | In need of answers

(i)  How are stimuli integrated by p532 How does p53 translate stimuli
into a biological response?

(ii)  Isthere a unique ‘bar code’ or molecular ‘signature’ required to
induce a cell cycle arrest or apoptosis?

(iii) Whatis the ‘bar code’ under mild DNA damage conditions? What is
the ‘bar code’ under severe DNA damage conditions?

(iv) How do specific post-translational modifications enhance the
p53-binding affinity to promoters of either cell cycle arrest or
apoptotic genes? Which combinations of stimulus and post-
translational modifications are important for target gene selectivity
and cell fate determination?

(v)  Which p53-binding partners are important for target gene
selectivity and cell fate decisions? Which post-translational
modifications are important for co-factor recruitment?

(vi) How do we manipulate the p53 response to DNA damage using
new therapies specifically to sensitize cancer cells to apoptotic
cell death?

in acute DNA damage response and tumour suppression [67].
In this study, the first transcriptional domain (TAD1) of p53 was
reported to have a crucial role in transactivation of genes involved
in cell cycle arrest and apoptosis [67]. The TAD1 mutants analysed,
however, retained their tumour suppression activity and ability to
induce senescence [67]. This study put forth the idea that adminis-
tering a selective p53 TADT inhibitor in combination with chemo-
therapy could reduce the side effects associated with conventional
therapies. Pharmacological compounds such as RITA, which
was shown to induce p53-dependent apoptosis by blocking p21
expression through an MDM2-dependent mechanism, are already
being used in experimental settings [68,69]. Such analyses are
of crucial importance, as different ‘signatures’ might derive from
not only different stimuli, but also tissue type and cellular con-
text, and might portend different cell fate outcomes in response
to p53 activation. Therefore, elucidating the mechanisms that
regulate the ability of p53 to determine cell fate decisions (life or
death) could facilitate the discovery of new therapies, which could
preferentially sensitize cancer cells to apoptosis.
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