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P53 is a transcription factor highly inducible by many stress signals such as DNA damage,
oncogene activation, and nutrient deprivation. Cell-cycle arrest and apoptosis are the most
prominent outcomes of p53 activation. Many studies showed that p53 cell-cycle and apo-
ptosis functions are important for preventing tumor development. p53 also regulates many
cellular processes including metabolism, antioxidant response, and DNA repair. Emerging
evidence suggests that these noncanonical p53 activities may also have potent antitumor
effects within certain context. This review focuses on the cell-cycle arrest and apoptosis
functions of p53, their roles in tumor suppression, and the regulation of cell fate decision
after p53 activation.

C
ell-cycle arrest and apoptosis are the most

noticeable biological outcomes of p53 acti-

vation in cell culture and animal experiments.
The seminal finding of p53 as an inhibitor

of oncogene-mediated transformation in foci

formation is likely the result of its cell-cycle
arrest or apoptosis activities (Finlay et al.

1989). The mammalian p53 DNA-binding

domain has marginal thermostability, which
facilitates the identification of temperature-

sensitive mutants and provides a powerful tool

for controlling p53 function. The ability of ac-
tivated p53 to induce cell-cycle arrest in rat em-

bryo fibroblasts and apoptosis in a leukemia cell

line were discovered using temperature-sensi-
tive p53–135V mutant (Martinez et al. 1991;

Yonish-Rouach et al. 1991). Subsequent work

using viral vector-mediated gene delivery and

inducible expression validated these as the

most prominent effects of p53 activation in

cell culture.
Given the ability of p53 to induce both cell-

cycle arrest and cell death, the regulation of cell

fate decision has been the focus of numerous
studies (Vousden and Prives 2009). This is a

topic with significant clinical relevance because

p53-mediated apoptosis in normal tissues are
involved in chemotherapy toxicity, ischemia,

and neurodegenerative diseases such as Alz-

heimer’s and Parkinson’s (Checler and Alves da
Costa 2014). Induction of p53-mediated apo-

ptosis in tumor cells is considered a desirable

outcome of cancer therapy, whereas induction
of cell-cycle arrest may interfere with drugs

that target mitosis and reduce the efficacy of

DNA-damaging drugs. Cell fate decision in re-
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sponse to p53 activation is determined at mul-

tiple levels, as discussed below.

MECHANISM OF CELL-CYCLE ARREST
BY p53

Cell-cycle arrest by p53 is mainly mediated by

the transcriptional activation of p21/WAF1 (el-
Deiry et al. 1993; Harper et al. 1993). p53 binds

to two sites 2.4 kb and 1.4 kb upstream of the

p21 promoter. The 50 site on the p21 promo-
ter is one of the strongest p53-binding sites

analyzed, with dissociation constant of ≏5 nM

(Weinberg et al. 2005). The p21mRNA is highly
induced after p53 activation, and is the first p53

target gene isolated using an unbiased subtrac-

tive hybridizationmethod (el-Deiry et al. 1993).
p21 binds to cyclin E/Cdk2 and cyclin D/Cdk4
complexes to cause G1 arrest in the cell cycle

(Harper et al. 1993). The inhibition of Cdk2
and Cdk4 by p21 blocks pRb phosphorylation,

promotes pRb binding to E2F1, and promotes

transcription silencing of E2F1 targets critical
for DNA replication and cell-cycle progression.

p21 also interacts with proliferating cell nuclear

antigen (PCNA) and inhibits DNA replication
in vitro, which may contribute to its cell-cycle

arrest activity (Luo et al. 1995). p21-null mouse

embryonic fibroblasts (MEFs) showed defi-
ciency in cell-cycle arrest after DNA damage,

indicating that it is a major mediator of cell-

cycle arrest by p53 (Deng et al. 1995). However,
p21-null cells are not completely defective for

G1 arrest, suggesting that other p53 target genes

also contribute to the growth arrest (Brugarolas
et al. 1995).

p53 activation also arrests cells at the G2/M
phases. Although p21 can also inhibit cyclin B/
Cdc2 to inhibit cell-cycle progression through

mitosis, other p53 target genes, such as 14-3-3s,

may participate in blocking G2/M transition
(Martin-Caballero et al. 2001). p53 repression

of the cdc25C promoter has also been shown to

promote G2/M arrest after DNA damage (St
Clair et al. 2004). Recent studies suggest that

induction of microRNA mir34a contributes to

growth arrest by p53, presumably by transcrip-
tion silencing of multiple target genes (Chang

et al. 2007; He et al. 2007; Tarasov et al. 2007).

However, knockout of the mir34 gene family in

mice did not affect p53-mediated arrest and
apoptosis, suggesting that mir34 function in

vivo is limited or redundant (Concepcion et

al. 2012; Jain and Barton 2012).

CELL-CYCLE CHECKPOINT FUNCTIONS
OF p53

In mammalian cells, p53-mediated arrest pro-

vides important cell-cycle checkpoint func-
tions. DNA double-strand breaks by ionizing

irradiation activates the ataxia telangiectasia

mutated (ATM) kinase and inhibits MDM2
E3 ligase activity through phosphorylation,

causing rapid accumulation of p53 and induc-

tion of p21 (Chen 2012). By arresting cells at
the G1 phase and allowing time for the repair

of potentially lethal double-strand breaks,

p53 maintains chromosomal integrity and im-
proves the survival of damaged cells. In addition

to enforcing a cell-cycle checkpoint, p53 also

regulates a group of genes involved in DNA re-
combination and repair (Gatz and Wiesmuller

2006). Furthermore, p53 regulates genes in-

volved in heterochromatin formation to facili-
tate the timely repair of DNA strand breaks in

constitutive heterochromatin regions. p53-null

cells have deficiencies in the repair of double-
strand breaks in heterochromatin and have re-

duced long-term viability after ionizing irradi-

ation (Zheng et al. 2013).
p53 also has a postmitotic checkpoint func-

tion critical for preventing DNA re-replication

when the mitotic spindle is disrupted. Treat-
ment of normal mouse fibroblasts with mitotic

spindle-destabilizing drugs, such as nocodazole

and colcemid, causes them to exit mitosis and
arrest at the G1 phase with 4N DNA content. In

contrast, p53-deficient cells often initiate new

rounds of DNA replication when cell division
is blocked by a spindle poison, producing poly-

ploid cells with 8N and higher DNA comple-

ment (Cross et al. 1995). As expected, p21 is
also a critical mediator of this p53 postmitotic

checkpoint function and is required for pre-

serving chromosome stability (Lanni and Jacks
1998; Barboza et al. 2006). Absence of p53 in-

creases chromosome instability, which was re-
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vealed by the rapid accumulation of aneuploid

cells when fibroblasts from p53-null mice were
cultured in vitro (Harvey et al. 1993). Although

an absence of p53 per se is not sufficient to cause

aneuploidy in vivo, cells without p53 are prone
to accumulate abnormal chromosomes after

oncogene activation (Duensing and Duensing

2005).

INDUCTION OF CELLULAR
SENESCENCE BY p53

The cell-cycle arrest triggered byDNAdamage is

reversible after repair of DNA and down-regu-
lation of p53. In contrast, excessive division of

human fibroblasts results in p53-mediated irre-

versible arrest called replicative senescence. This
is partly owing to chronic p53 activation trig-

gered by telomere erosion and DNA damage

signaling. Senescent cells have unique features
such as large cell size, active autophagy, high

lysosomal SA-b-gal activity, and secretion of

proinflammatory cytokines (Campisi 2005).
DNA-damaging treatment of tumor cells or ac-

tivation of oncogenes in normal fibroblasts also

induces cell-cycle arrest with features similar to
replicative senescence, which is termed prema-

ture senescence. The ability of p53 to induce

cell-cycle arrest is critical for senescence, be-
cause p21 knockout prevents senescence induc-

tion by p53 (Brown et al. 1997). In fact, sus-

tained overexpression of p21 alone for 3–5
days is sufficient to induce senescence in tumor

cells (Chang et al. 1999b). DNA damage also

induces premature senescence in tumor cells,
which can remain arrested for weeks after re-

moval of the DNA-damaging drug (Chang et

al. 1999a). Despite the general perception that
senescence is irreversible, inactivation of p53

can cause cell-cycle reentry in senescent cells

(Beausejour et al. 2003). Therefore, senescence
is a unique state of cell-cycle arrest that is highly

stable, but is not completely irreversible.

Several mechanisms may act cooperatively
to maintain the stable cell-cycle arrest in senes-

cent cells. Senescent cells have extensive forma-

tion of heterochromatin on E2F1 target genes
(Narita et al. 2003). Many heterochromatin-

inducing proteins can bind to methylated his-

tones and promote the methylation of adjacent

nucleosomes, a property well suited for main-
taining self-sustaining gene repression (Bonasio

et al. 2010). Therefore, when cells are subjected

to persistent p21 expression and pRb activation,
the level of heterochromatin marks on E2F1

target genes may exceed the threshold required

for establishing a self-sustaining positive feed-
back. Furthermore, the expression of cytokines

as part of the senescence-associated secretory

phenotype (SASP) also has autocrine functions
that reinforce senescence (Chien et al. 2011).

The formation of stable heterochromatin in se-

nescent cells may also play a role in generating
persistent DNA damage signals, resulting in

constitutive p53 activation (Rodier et al. 2011).

CELL FATE DECISION BETWEEN ARREST
AND SENESCENCE

In cell culture models, induction of senescence

often involves subjecting cells to chronic stresses

such as telomere shortening, oncogene activa-
tion, or low-dose DNA-damaging drugs for

3 to 5 days. A certain amount of time may be

needed to establish robust heterochromatin on
cell-cycle genes and epigenetically reprogram

senescence-related gene expression. Although

the presence of p53 facilitates senescence in-
duction by stress, p53 activation alone is not

sufficient for inducing senescence in most con-

ditions. In fact, it is somewhat disappointing
from a therapeutic perspective that p53 activa-

tion by the MDM2 inhibitor Nutlin only in-

duces reversible arrest in many tumor cells
(Huang et al. 2009). Furthermore,Nutlin blocks

senescence induction by ectopic p21 expression,

suggesting that p53 has both pro- and anti-
senescence activities (Demidenko et al. 2010).

The functional status of several pathways

and their cross talk with p53 may affect the de-
cision between reversible arrest and senescence.

In addition to p53, the activities of pRb, NF-kB,

and mTOR are important for the induction of
senescence. pRb promotes heterochromatin

formation on E2F1 target genes, and NF-kB

is required for proinflammatory cytokine ex-
pression in senescent cells. Activation of p53

can antagonize the functions of both pRb and
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NF-kB. For example, p53 has complex cross

talk with the pRb pathway through MDM2-
pRb binding (Sdek et al. 2005). Nutlin treat-

ment causes down-regulation of pRb in a p53/
MDM2-dependent fashion, which may limit
formation of senescence-associated heterochro-

matin and increase reversibility (Du et al. 2009;

Huang et al. 2009). p53 also inhibits NF-kB
and mTOR, both required for the initiation of

senescence (Feng et al. 2005; Dey et al. 2007).

Inhibition of mTOR using rapamycin blocks
senescence and keeps cells in a state of reversi-

ble quiescence after p21 overexpression (Demi-

denko et al. 2009). p53 also represses the expres-
sion of histone H3K9 methylase SUV39H1 and

induces histone demethylase JMJD2d, which

may prevent the establishment of stable gene
silencing (Zheng et al. 2013). Therefore, cellular

context and pathway cross talk may determine

whether cells commit to irreversible cell-cycle
arrest.

MECHANISM OF APOPTOSIS
INDUCTION BY p53

On p53 activation, certain cell types (leukemia
or transformed fibroblasts) undergo predomi-

nantly apoptosis instead of cell-cycle arrest. The

apoptosis function of p53 is evolutionarily con-
served inDrosophila and Caenorhabditis elegans

(Derry et al. 2001; Sutcliffe and Brehm 2004). In

response to DNA damage, the Drosophila pro-
apoptotic genes Reaper,Hid, andGrim are tran-

scriptionally induced by p53. These genes are

sufficient to induce apoptosis by inhibiting
the caspase inhibitor Diap1, causing the activa-

tion of initiator caspase Dronc and effector cas-

pases DrICE and Dcp-1 (Sutcliffe and Brehm
2004; Xu et al. 2009). Unlike mammalian p53,

Drosophila p53 does not induce cell-cycle arrest

and does not activate theDrosophila p21 homo-
log Dacapo (Brodsky et al. 2004). Similarly,

C. elegans p53 homolog Cep-1 causes apoptosis

by inducing two BH3 domain proteins Egl-1
and Ced-13, but does not regulate the expres-

sion of p21 homolog cki-1 (Greiss et al. 2008).

Presumably the p53 cell-cycle arrest function is
not needed for these organisms because most

cells in the adult body are postmitotic.

In mammalian cells, p53 induces a large

number of genes involved in various steps of
apoptosis signaling and execution (Riley et al.

2008). These include BH3 domain-only pro-

apoptotic proteins (Puma, Noxa, Bad, Bax,
Bak, p53AIP1); death receptors (Fas, Dr4, Kil-

ler/Dr5); and apoptosis execution factors

(Apaf1, caspase 6, Bnip3L). Induction of Fas
and Dr5 activates the extrinsic apoptosis path-

way by promoting death receptor dimerization,

recruitment and activation of procaspase 8, and
activation of executionercaspase 3 and 7. Induc-

tion of the BH3-only proteins by p53 causes

mitochondrial outer membrane permeabiliza-
tion (MOMP), which is a key step in the intrin-

sic apoptosis pathway (Tait and Green 2010).

MOMP is determined by the balance of
pro- and antiapoptotic Bcl2 family proteins.

Central to this process, Bax and Bak are activat-

ed by interaction with tBid and Bim, insert into
the outer mitochondrial membrane, and oli-

gomerize to form pores to allow the release of

cytochrome c and other proteins such as Smac
and Omi from the intermembrane space. Cyto-

chrome c binds to adenosine triphosphate

(ATP) and Apaf1, promoting Apaf1 oligomeri-
zation to form the apoptosome complex. The

apoptosome recruits and activates procaspase

9, which further activates executioner caspase
3 and 7 to induce cell death. Smac and Omi

bind to and deactivate the IAP proteins that

are inhibitors of caspases, therefore facilitating
the commitment to apoptosis. The antiapo-

ptotic proteins Bcl2, BclXL, and Mcl1 prevent

the activation of Bax and Bak by sequestering
Bim, whereas the derepressors, such as Puma

and Noxa, promote apoptosis by releasing

Bax, tBid, or Bak from inhibition by BclXL
and Mcl1. Therefore, p53 induction of Puma,

Bad, Bax, Noxa, Bak, and Apaf1 target multiple

stages of the MOMP regulatory mechanism.
The role of Puma has been tested in knockout

mouse and is critical for p53-mediated apopto-

sis in thymus, spleen, and intestine after ioniz-
ing irradiation (Jeffers et al. 2003). Puma/Noxa
double-null mice are more apoptosis resistant

than Puma-null mice, suggesting that multiple
p53 target genes act cooperatively (Michalak

et al. 2008).
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p53 FUNCTIONS AT THE MITOCHONDRIA

Several reports suggest that p53 also has tran-
scription-independent apoptotic mechanisms
by directly promotingMOMPat the mitochon-
dria. A fraction of p53 protein can be detected
at the mitochondria following DNA damage,
preceding the loss of mitochondrial transmem-
brane potential and caspase activation (Mar-
chenko et al. 2000; Mihara et al. 2003). Direct
targeting of p53 to the mitochondria by fusion
to a signal peptide was sufficient to induce apo-
ptosis without activating transcription. Bio-
chemically, p53 can bind to Bcl2 and BclXL,
promoting the release and activation of Bax
and Bak. The p53 core domain is involved in
binding to BclXL via charge-mediated inter-
action (Petros et al. 2004; Sot et al. 2007). Other
reports showed that the p53 core domain di-
rectly interacts with proapoptotic Bak, relieving
Bak from inhibitory complexes with Mcl1 (Leu
et al. 2004; Pietsch et al. 2008). These direct
mitochondrial activities of p53 are inactivated
by tumor-derived mutations in the core do-
main, suggesting that they require similar struc-
tural features of the core domain as for DNA
binding (Tomita et al. 2006). Interestingly, a
recent study suggests that p53 not only regulates
mitochondria outer membrane permeability,
it also induces permeabilization of the inner
mitochondria membrane during oxidative
stress (Vaseva et al. 2012). Mitochondrial-locat-
ed p53 interacts with cyclophilin D and induces
opening of the inner membrane permeability
transition pore. Permeabilization of the mito-
chondria inner membrane dissipates the cross
membrane potential, stopping oxidative phos-
phorylation and ATP production, resulting in
necrosis.

Although p53 has transcription-indepen-

dentMOMP-inducing activities, its significance
relative to transcription remains unknown. The

apoptosis defect of the Puma knockout mouse

and the p53 transactivation domain mutant
mouse suggests that transcription is indispens-

able for apoptosis induction (Jeffers et al. 2003;

Brady et al. 2011). A study aimed at addressing
this question showed that a subset of cytosolic

p53 is sequestered in an inactive complex by

BclXL. Stress activation of p53 induces Puma

expression, which forms Puma-BclXL complex
and liberates the cytosolic p53 to activate Bax
in the cytoplasm (Chipuk et al. 2005). There-
fore, the transcription-dependent and indepen-
dent p53 activities may cooperate to induce
apoptosis.

These findings suggest that p53 has evolved
to function at the mitochondria in mammalian
cells while still maintaining its role as a tran-
scription factor in the nucleus. The structural
flexibility of p53 may provide the basis for such
functional diversification. The p53 core domain
has poor thermostability and promiscuously
interacts with multiple proteins, which is a fea-
ture of intrinsically disordered proteins (Fried-
ler et al. 2005; Dunker et al. 2008). It is possible
that at the higher body temperature of mam-
mals p53 behaves similarly to intrinsically dis-
ordered proteins and gains new functions by
interacting with BclXL or Bak without losing
DNA-binding activity. The mitochondria per-
meabilization and cytochrome c–mediated
mechanismof apoptosis is unique tovertebrates
and absent inDrosophila and C. elegans (Oberst
et al. 2008). Because p53 is not essential for cell
survival, it may be able to evolve quickly and
establish cross talk with the mitochondria cell
death pathway in vertebrates.

REGULATION OF p53 APOPTOTIC
FUNCTION BY POSTTRANSLATIONAL
MODIFICATION

Induction of apoptosis in tumor cells is highly
desirable during cancer chemotherapy, whereas
p53-mediated apoptosis in normal tissues is
an important cause of treatment side effects.
Therefore, gaining the ability to fine-tune p53
apoptosis and cell-cycle arrest activities has
significant therapeutic potential. Several mech-
anisms have been identified that alter p53 tran-
scriptional activity toward cell-cycle and apo-
ptosis target genes and shift the outcome of
p53 activation.

Of the many posttranslational modifica-
tions on p53, phosphorylation and acetylation
of certain residues have significant impact on
cell fate decision. Phosphorylation of p53 S46
promotes the induction of proapoptotic target
gene p53AIP1, thus favoring the induction of
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apoptosis (Oda et al. 2000). S46 is phosphory-

lated by the HIPK2 kinase after severe DNA
damage (Puca et al. 2010). Several other kinases,

includingDYRK2, AMP-activated protein kinase

(AMPK), p38, and protein kinase C (PKC)-d,
also promote S46 phosphorylation (Perfettini

et al. 2005; Yoshida et al. 2006; Taira et al. 2007;

Okoshi et al. 2008).Micewith heterozygous loss
of HIPK2 and p53 develop more lymphomas

after irradiation, suggesting that HIPK2 func-

tionally cooperates with p53 (Mao et al. 2012).
However, lymphomas developed in p53-null

mice still undergo HIPK2 deletion, indicating

that HIPK2 also has p53-independent mecha-
nisms of tumor suppression. The physiological

function of p53 S46 phosphorylation is still un-

clear, becausemutation analysis of an equivalent
site in the mouse has not been reported.

p53 is acetylated on multiple residues at the

central DNA-binding domain and carboxy-ter-
minal tail. Acetylation of K120 in the DNA-

binding domain by acetylases Tip60 or hMOF

specifically promotes apoptosis (Sykes et al.
2006; Tang et al. 2006). Mice expressing p53-

K117R (equivalent to K120R in human p53)

were defective for apoptosis without affecting
the regulation of p21 (Li et al. 2012). The intu-

itive expectation that acetylation of p53 core

domain regulates its target gene selectivity by
affecting DNA binding appears to be incorrect.

Instead, p53 acetylation regulates p53–MDM2

interaction and recruitment of MDM2 to DNA,
suggesting a more complex mechanism that

needs further investigation (Tang et al. 2008).

The p53 carboxyl terminus is also modified
by methylation on several arginine and lysine

residues. The DCTD mouse that lacks the ly-

sine-rich carboxyl terminus has increased p53
activity in some tissues (Hamard et al. 2013).

Whether these modifications regulate cell fate

decision between apoptosis and arrest is not
clear.

REGULATION OF APOPTOSIS
BY p53-BINDING PROTEINS

The ability of p53 to induce apoptosis target
genes is regulated by the ASPP family proteins.

ASPP1/2 proteins interact with the p53 core

domain and stimulate p53 binding to the pro-
moters of apoptotic genes (Samuels-Lev et al.
2001). The iASPP protein competes with ASPP
using a similar p53-binding domain, and inhib-
its p53-mediated apoptosis (Bergamaschi et al.
2003). Interestingly, the p53-R72 polymorphic
allele has lower affinity for iASPP binding,
which correlates with stronger apoptosis activ-
ity than the P72 allele (Bergamaschi et al. 2006).
Furthermore, phosphorylation of p53 S46 stim-
ulates the recruitment of Pin1 prolyl isomerase
and promotes the dissociation of iASPP to fa-
cilitate apoptosis (Mantovani et al. 2007). The
cocrystal structure of p53BP2 (a fragment of
ASPP2) with p53 core domain showed that
ASPP2 occupies the DNA-binding surface of
p53, which paradoxically suggests that ASPP2
should inactivate p53 (Gorina and Pavletich
1996; Samuels-Lev et al. 2001). Later work re-
vealed that, in addition to binding the p53 core
domain, ASPP also binds to the p53 proline-
rich region (Bergamaschi et al. 2006). This mul-
tisite interaction may allow conformational
switch in the complex to enhance p53 DNA
binding. Antibodies that bind to the amino ter-
minus of p53 activate core domain binding to
DNA, suggesting that the amino terminus has
autoinhibitory function (Cain et al. 2000). It is
possible that in the ASPP-p53 complex, dynam-
ic ASPP binding to the proline-rich region neu-
tralizes the autoinhibition by the amino termi-
nus and activates p53 DNA binding.

DIFFERENCES IN p53-BINDING SITES
DETERMINE APOPTOSIS THRESHOLD

The fact that p53 modifications selectively alter
apoptosis and cell-cycle gene expression sug-
gests that intrinsic differences in these target
promoters are important in setting the apopto-
sis threshold. Inmammals, thep53-binding sites
in cell-cycle target gene promoters are better
conserved and have less deviation from the op-
timal sequence compared with apoptosis genes.
This finding suggests that p53 regulation of cell-
cycle genes has been consistently subjected to
purifying selection through evolution, whereas
apoptosis gene response to p53 is being selected
by divergent requirements to suite survival in
different environments (Horvath et al. 2007).
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Biochemically, p53 targets involved in cell-

cycle and DNA repair often have high-affinity
binding sites, whereas the binding sites on apo-

ptosis targets aremorevariable in affinity (Wein-

berg et al. 2005). p53 binding to the degenerate
weak sites is more dependent on cooperative

binding through tetramerization of the core do-

main (Schlereth et al. 2010). As such, at low p53
concentration, the occupancy on cell-cycle tar-

get sites will be higher than apoptosis genes,

whereas a high p53 level is needed for significant
binding and activation of apoptosis genes. This

is consistent with the chromatin immunopre-

cipitation analysis of p53 occupancy on these
genes (Kaeser and Iggo 2002). Reporter gene as-

says also showed that cell-cycle target promoters

are generally more responsive to p53 compared
with apoptosis gene promoters (Qian et al.

2002). Furthermore, cell-cycle target-binding

sites can act alone without adjacent sequences,
whereas additional promoter sequences in the

apoptotic gene promoters are needed for strong

p53 response, indicating that other inputs are
required to trigger apoptosis (Qian et al. 2002).

Corroborating these findings, experiments us-

ing inducible p53 showed that, in the absence
of DNA damage, low-level p53 induced arrest,

whereas high-level p53 induced apoptosis

(Chen et al. 1996).
The difference in p53-binding affinityand in-

volvement of adjacent promoter sequences may

also alter the kinetics of transcriptional response.
After p53 activation, the apoptosis targets tend

to be induced with significantly slower kinetics

compared with cell-cycle targets. For example,
the induction of p21 andGadd45 by p53 peaked

2–6 h after irradiation, whereas Bax induction

peaked after 12–24 h (Purvis et al. 2012). The
mRNA of p53AIP1 and Pig3 were also induced

with 16- to 20-h delay compared with p21 after

DNAdamage (Oda et al. 2000; Szak et al. 2001).
This feature may allow a cell-fate decision based

on the duration of stress and p53 activation.

CELL TYPE AND ONCOGENE ACTIVITY
DETERMINE APOPTOSIS SENSITIVITY

Highly proliferative cell types such as hemato-

poietic cells, germ cells, and intestinal crypt cells

in the mouse are most susceptible to p53-me-

diated apoptosis. Apoptosis occurs whether p53
is activated by ionizing irradiation (thus ac-

companied by DNA damage signaling) or by

eliminating MDM2 without additional stress
(Ringshausen et al. 2006). The latter scenar-

io underscores the dominance of cell-intrinsic

properties in apoptosis sensitivity to p53 under
physiological setting. This leads to the notion

that p53 prevents tumor development by elim-

inating damaged cells that have high prolifera-
tion potential. Radiation-sensitive tissues in the

mouse express high levels of p53 protein and

mRNA compared with radioresistant tissues,
suggesting that developmental and tissue-spe-

cific regulation of p53 promoter determines

apoptosis sensitivity (MacCallum et al. 1996;
Komarova et al. 1997). Ironically, much more

attention has been directed to studying post-

translational regulation of p53 stability because
it is the major mechanism of p53 induction

after stress in cell culture, whereas in normal

tissues the p53 promoter may be a more impor-
tant arbitrator of life and death.

In addition to the control of p53 expression

by cell type and proliferation status, oncogenic
signaling lowers the apoptotic threshold by di-

rect transcription activation or repression of

Bcl2 family proteins, several of which are targets
of E2F1 (Croxton et al. 2002;Hershko andGins-

berg 2004). A hardwired connection between

cell proliferation and apoptosis provides a safe-
guard against damaged, potentially malignant

cells. The decisive role of oncogene activity was

illustrated by the dramatic conversion of p53-
mediated arrest to apoptosis after ectopic ex-

pression of E2F1 in mouse fibroblasts (Wu

and Levine 1994).

THE ROLES OF ARREST AND APOPTOSIS
IN TUMOR SUPPRESSION

Numerous studies have investigated the roles of

cell-cycle arrest and apoptosis in tumor sup-
pression by p53, as these are the most intuitive

antitumor mechanisms. As we discuss experi-

ments performed in different mouse models,
it is noteworthy that the term “tumor suppres-

sion” was used to describe at least three different

Cell-Cycle Arrest and Apoptotic Functions of p53

Cite this article as Cold Spring Harb Perspect Med 2016;6:a026104 7

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

 on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


activities: (1) inhibition of spontaneous tumor

development in normal mice, (2) delaying the
progression of tumors in mice expressing acti-

vated oncogenes, and (3) inducing regression of

tumors that are fully developed. Such classifica-
tion will be helpful in reconciling some seem-

ingly conflicting results.

The p53-null mice are prone to develop
spontaneous thymic lymphomas. The ability

of thymocytes to undergo apoptosis after irra-

diation or etoposide treatment was dependent
on p53, suggesting that apoptosis is involved in

suppressing thymic lymphomas (Clarke et al.

1993). Another early finding that implicated a
role of p53-mediated apoptosis in tumor sup-

pression was observed in the choroid plexus

brain tumors induced by SV40 T antigen mu-
tant defective for p53 binding. Unlike wild-type

T antigen that induced rapid-growing tumors,

the Tantigen mutant without p53-binding do-
main induced slow-growing tumors with fre-

quent apoptosis. Deletion of p53 in the mutant

T antigen tumors resulted in rapid growth and
reduced apoptosis, suggesting that p53 limits

tumor expansion by inducing apoptosis (Sy-

monds et al. 1994).
More recent studies attempted to use p53

mutants with selective functional defects to ad-

dress the role of apoptosis in tumor suppres-
sion. Most p53 core domain mutations identi-

fied in human tumors completely abrogate both

cell-cycle and apoptosis activities. However,
several p53 mutants found in tumors or the

germline of Li–Fraumeni patients have partial

transcriptional activity. These mutants (e.g.,
R175P, E180K, and R181L) fail to activate

apoptosis targets but retain p21 induction, sug-

gesting an important role of apoptosis in block-
ing tumor development in the human setting

(Rowan et al. 1996; Schlereth et al. 2010).

When the human-derived p53 mutations
were introduced into the mouse germline,

the p53-R172P (equivalent of human R175P)

mutant mice were largely protected from spon-
taneous thymic lymphomas, suggesting that

apoptosis was not needed for tumor suppres-

sion (Liu et al. 2004). However, p53-R172P
only provided partial protection against Em-

Myc-induced B-cell lymphoma, suggesting that

apoptosis was important in this context (Post

et al. 2010). The p53-E177Rmutant (equivalent
to human E180R) is deficient in cooperative

DNA binding and does not induce apoptosis,

but remains able to induce cell-cycle arrest, sen-
escence, and regulate metabolic target genes.

The p53-E177R mice were also quite well pro-

tected from spontaneous thymic lymphomas,
and tumors that arose in other organs often

remained benign, suggesting that apoptosis

is not needed to suppress thymic lymphoma
(Timofeev et al. 2013). Therefore, the pattern

that emerges from these findings is that protec-

tion from spontaneous thymic tumor develop-
ment does not require the full spectrum of p53

activities.

Genetic analysis using p53 missense mu-
tants are not without caveats. Although certain

p53 mutants may show severe defects in apo-

ptosis without losing cell-cycle arrest, in reality
all p53 activities are inevitably compromised to

various degrees by the mutation. Therefore, it is

unlikely that a clean separation of apoptosis and
cell-cycle functions can be achieved using p53

point mutants. To this end, a different strategy

showed that when apoptosis was blocked in the
Em-Mycmousemodel by expression of Bcl2, the

selection pressure to inactivate p53 during lym-

phoma development was eliminated, arguing
that in this model apoptosis by p53 is important

for blocking tumor progression (Schmitt et al.

2002). Furthermore, Em-Myc-induced lympho-
maswere accelerated by knockout of Puma, sug-

gesting that p53 blocks lymphoma development

through apoptosis (Garrison et al. 2008).
p53-mediated premature senescence, which

is a form of permanent cell-cycle arrest, is a

potent antitumor mechanism in cells that are
resistant to apoptosis. This effect was illustrated

by blocking the apoptosis pathway in Myc-

induced lymphoma with Bcl2. Treatment of
established lymphomas with cyclophospha-

mide caused p53-dependent senescence and

tumor regression (Schmitt et al. 2002). Restora-
tion of normal p53 expression in hepatocellular

carcinomas induced by activatedH-rasV12mu-

tant caused tumor regression by senescence and
immune clearance (Xue et al. 2007). Restoring

p53 expression in sarcomas that developed in

J. Chen
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the absence of p53 also led to senescence and

tumor regression (Ventura et al. 2007; Wang
et al. 2011). The results suggest that p53-medi-

ated cell-cycle arrest and senescence are effective

mechanisms for inducing regression of estab-
lished tumors.

p53-MEDIATED TUMOR SUPPRESSION
WITHOUT APOPTOSIS AND ARREST

Despite the established dogma, recent studies

produced surprising evidence that p53 can sup-
press spontaneous tumor development without

inducing apoptosis and cell-cycle arrest. A study

identified three p53 acetylation sites (K117,
K161, and K162) that are important for the

transactivation of classic p53 target genes such

as p21 and Puma. The p533KR mice showed de-
fects in both apoptosis and cell-cycle arrest, but

were free of early-onset tumors. The p533KR

mutant retains the ability to regulate target
genes involved in energy metabolism and anti-

oxidant response (Li et al. 2012). In a different

mouse model, p5325,26 transactivation domain
mutant with significant deficiency in regulating

the canonical targets also retained tumor sup-

pression function (Brady et al. 2011). Micro-
array analysis identified a group of genes that

remained responsive to p5325,26. These genes are

involved in signaling, DNA repair, and cyto-
skeletal function and may mediate the activity

of p5325,26. Furthermore, p53 was able to block

spontaneous tumor development in the p21/
Puma/Noxa triple knockout mouse, showing

that efficient cell-cycle arrest and apoptosis are

not needed for preventing the development of
spontaneous tumors (Valente et al. 2013).

SUPPRESSION OF TUMOR INITIATION
AND PROGRESSION REQUIRE DIFFERENT
p53 ACTIVITIES

The seemingly conflicting observations de-

scribed above can be reconciled if the phenotype
of tumor suppression is divided into twounique

activities: (1) suppression of tumor initiation,

and (2) suppression of tumor progression. The
mouse models suggest that the noncanonical

p53 activities in metabolism, antioxidant re-

sponse, andDNA repair are sufficient to prevent

the appearance of spontaneous thymic tumors
(presumably a model of tumor initiation). In

contrast, suppression of Myc-induced lympho-

mas (a model of tumor progression) requires
p53 apoptosis or cell-cycle arrest functions.

Although the exact initiating events in spon-

taneous tumor development are unknown, it is
likely to include some of the following: (1) met-

abolic fluctuation from internal and external

stress, (2) epigenetic reprogramming of gene ex-
pression caused by metabolic shift, (3) reactive

oxygen species generation and DNA damage,

and (4) activation of the first cancer-driving
oncogene. The noncanonical p53 activities re-

tained by p533KR or p5325,26 may be sufficient

to regulate homeostasis and prevent the epige-
netic/genetic changes that lead to abnormal

proliferation, thus blocking the initiation of

spontaneous tumors. For this phenotype, the
apoptosis and arrest functions of p53 are dis-

pensable becausemalignant cells neverappeared

in these animals. In contrast, tumor models
expressing activated oncogenes have bypassed

the early initiation steps and pose more severe

challenges with rapidly growing tumors. The
apoptosis and arrest functions of p53 may be

necessary for stopping the rapid expansion of

established tumors (Fig. 1).
Consistent with this hypothesis, p53 is able

to prevent spontaneous thymic lymphoma in

the p21/Puma/Noxa triple-null mice. In con-
trast, deletion of Puma alone in Myc-induced

lymphomas accelerated tumor growth. Feeding

p53-null mice with the antioxidant NAC was
also sufficient to prevent the appearance of thy-

mic lymphomas, consistent with the notion

that p533KR blocks spontaneous thymic lym-
phoma through regulating antioxidant genes

(Sablina et al. 2005; Li et al. 2012). Inhibition

of aerobic glycolysis and other cancer-specific
metabolic changes are promising strategies for

cancer therapy. Whether the metabolic activity

of p53 alone is able to induce regression of es-
tablished tumors remains to be determined.

However, the results from Em-Myc-induced

lymphomas suggest that the entire spectrum
of p53 activities may be needed to suppress

such tumors.
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THERAPEUTIC INDUCTION OF p53
APOPTOSIS AND ARREST FUNCTIONS

Animal studies showed that the apoptosis
and senescence activities of p53 are potent in-

ducers of tumor regression. A significant frac-

tion of human tumors express wild-type p53
that is functionally compromised by binding

to MDM2 or MDMX. The development of

MDM2 inhibitors raised hope that stabilizing
p53 in tumors may produce beneficial thera-

peutic effects. However, MDM2 inhibition pre-

dominantly led to reversible cell-cycle arrest in
cell culture and a mouse colon tumor model

(Tovar et al. 2006; Huang et al. 2009; Rigatti

et al. 2012). To address this limitation, several
studies showed that combining MDM2 inhibi-

tor with DNA-damaging drugs resulted inmore

efficient apoptosis. A synthetic-lethal screen

found that depletion of Met kinase or ATM co-

operates with Nutlin to induce apoptosis (Sul-
livan et al. 2012). These findings suggest that it

may be possible to identify new drug targets to

selectively promote p53-mediated apoptosis.
An alternative strategy has been proposed to

take advantage of the reversible cell-cycle arrest

by MDM2 inhibitors. Blocking normal cells in
G1 phase can protect them from drugs that tar-

get dividing cells (Carvajal et al. 2005; Kranz

and Dobbelstein 2006). More than 50% of hu-
man tumors express mutant p53 and are not

expected to respond to MDM2 inhibitors. For

these patients, the MDM2 inhibitors may be
useful for protecting normal tissues from che-

motherapy toxicity by inducing arrest, while

leaving their p53-defective tumors open to at-
tack by the S/M phase-specific cancer drugs.

However, for this strategy to be practical, the

Normal 
Premalignant 

growth 

Malignant growth,

metastasis 

p53 

Initiation Progression 
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DNA repair 
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Figure 1. p53 induces different target genes to block different stages of tumor development. Metabolic/anti-
oxidant/DNA repair genes reduce the chance of spontaneous tumor initiation by maintaining homeostasis,
reducing mutation rates, blocking epigenetic changes, and promoting DNA damage repair. When tumors pass
the initiation step, tumor progression is blocked by apoptosis/cell-cycle arrest/senescence activities.
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MDM2 inhibitors must display low toxicity to

normal cells. The p53ERTAM mouse model
showed that in the absence of MDM2, p53 is

spontaneously activated and induces apoptosis

in radio-sensitive organs (Ringshausen et al.
2006). Somatic knockout of MDM2 also causes

apoptosis in both radio-sensitive and radio-in-

sensitive tissues, resulting in organ damage and
rapid death (Zhang et al. 2014). Clinical trials

of MDM2 inhibitor RG7112 encountered tox-

icities consistent with the effects of p53 activa-
tion in the hematopoietic system, suggesting

that the observations in mice may also be appli-

cable to humans (Ray-Coquard et al. 2012).
Clinical tests of additional classes of MDM2

inhibitors will be needed to determine the level

of on-target toxicity in humans, and identify a
safe therapeutic window.

Given the potential toxicity from MDM2

inhibition, targeting MDMXmay provide a saf-
er alternative. MDMX knockout in the mouse

embryo causes growth arrest instead of apopto-

sis (Parant et al. 2001). Somatic MDMX knock-
out has less toxicity to many tissues, although

apoptosis was still observed in certain cell types

(Grier et al. 2006; Valentin-Vega et al. 2009).
Reactivation of p53ERTAM in MDMX-null

mice induces less tissue damage and does not

cause rapid death, suggesting that MDMX in-
hibitors may have lower systemic toxicity (Gar-

cia et al. 2011). Therefore, certain tumors that

are addicted to MDMX, such as retinoblasto-
mas or melanomas may be ideal targets for

MDMX-specific inhibitors (Laurie et al. 2006;

Gembarska et al. 2012). The current generation
of MDM2 inhibitors does not specifically target

MDMX (Khoo et al. 2014). The development

of MDMX-specific inhibitor has not been suc-
cessful, suggesting unexpected complexities of

MDMX structure that require further study.

CONCLUDING REMARKS

The ability of p53 to induce cell-cycle arrest and
apoptosis has significant antitumor potential

that can be exploited for cancer treatment.

However, cell-cycle arrest by p53 may also im-
pede treatments with mitosis-targeting drugs,

which may contribute to the absence of a gen-

eral correlation between p53 mutation status

and cancer-treatment response. Importantly,
p53-mediated apoptosis and potential toxicity

to normal organs demand significant attention

as specific MDM2 inhibitors enter clinical trial.
The future success of p53-targeted therapies will

require better understanding of how p53 apo-

ptosis and cell-cycle functions are regulated, de-
veloping the ability to selectively manipulate

these responses and identifying the subsets of

tumors that are most likely to respond to p53
activation with apoptosis or senescence.

The study of p53 tumor-suppressive mech-

anisms affirmed the important roles of cell-
cycle arrest and apoptosis in preventing tumor

progression and inducing regression of estab-

lished tumors, but also suggested that the non-
canonical p53 functions in metabolism and

antioxidant response are sufficient for inhibit-

ing spontaneous tumor initiation. Therefore, it
will be important to further investigate the

mechanisms of such “nontoxic” p53 activities,

and whether the effects can be mimicked phar-
macologically for the purpose of cancer preven-

tion or treatment.
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