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TP53 is the most frequently mutated gene in human cancer. Functionally, p53 is activated by a host
of stress stimuli and, in turn, governs an exquisitely complex anti-proliferative transcriptional pro-
gram that touches upon a bewildering array of biological responses. Despite themany unveiled fac-
ets of the p53 network, a clear appreciation of how and in what contexts p53 exerts its diverse
effects remains unclear. How can we interpret p53’s disparate activities and the consequences
of its dysfunction to understand how cell type, mutation profile, and epigenetic cell state dictate
outcomes, and how might we restore its tumor-suppressive activities in cancer?
p53: The Textbook View
p53 was discovered during the peak of tumor virus research as

a 53 kD host protein bound to simian virus 40 large T antigen in

virally transformed cells (Lane and Crawford, 1979; Linzer and

Levine, 1979). First classified as an oncogene, subsequent

work established that wild-type p53, encoded by TP53, sup-

presses growth and oncogenic transformation in cell culture

(Finlay et al., 1989) and that inactivating TP53 mutations are

common in human tumors (Baker et al., 1990). In many cancers,

TP53 mutation is linked to poor patient prognosis (Olivier et al.,

2010). Consistent with its action as a tumor suppressor, TP53

mutations are a hallmark of a hereditary cancer predisposition

disorder known as Li-Fraumeni syndrome (Malkin et al., 1990),

and Trp53 knockout mice develop tumors at high penetrance

(Donehower et al., 1992).

p53 is a sequence-specific DNA binding protein that regulates

transcription (reviewed in Laptenko and Prives, 2006). The p53

protein consists of two N-terminal transactivation domains fol-

lowed by a conserved proline-rich domain, a central DNA bind-

ing domain, and a C terminus encoding its nuclear localization

signals and an oligomerization domain needed for transcriptional

activity. Consistent with the importance of p53-mediated tran-

scription in tumor suppression, the vast majority of tumor-

derived TP53 mutations occur in the region encoding p53’s

DNA binding domain. In normal cells, p53 protein is maintained

at low levels by a series of regulators including MDM2, which

functions as a p53 ubiquitin ligase to facilitate its degradation

(Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997).

However, p53 is stabilized in response to various cellular

stresses, including DNA damage and replication stress pro-

duced by deregulated oncogenes. Mechanisms leading to p53

activation can be stimulus dependent: for example, DNA dam-

age promotes p53 phosphorylation, blocking MDM2-mediated

degradation (Shieh et al., 1997), whereas oncogenic signaling in-

duces the ARF tumor suppressor to inhibit MDM2 (Pomerantz

et al., 1998; Quelle et al., 1995; Zhang et al., 1998).

The best-understood functions of p53 focus on its ability

to promote cell cycle arrest and apoptosis. Indeed, seminal
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studies from the early 1990s showed that p53 is crucial for a

reversible DNA damage-induced G1 phase checkpoint (Kastan

et al., 1991) that is mediated, in part, by its ability to transcrip-

tionally activate the p21 cyclin-dependent kinase inhibitor gene

(el-Deiry et al., 1993; Harper et al., 1993), presumably facili-

tating DNA repair prior to further cell division. In some circum-

stances, p53 induces cellular senescence, a stable if not

permanent cell cycle arrest program that also involves the reti-

noblastoma (RB) gene product (Serrano et al., 1997; Shay et al.,

1991). p53 can also promote apoptosis (Clarke et al., 1993;

Lowe et al., 1993; Yonish-Rouach et al., 1991), relying on the

induction of pro-apoptotic BCL-2 family members whose ac-

tion facilitates caspase activation and cell death (Miyashita

et al., 1994). Why p53 promotes cell cycle arrest in some cell

types and apoptosis in others is incompletely understood

(see below).

The settings in which p53 can be activated to arrest or elimi-

nate pre-malignant cells have guided current thinking as to

why p53 is such a potent tumor suppressor. On one hand, its

ability to arrest or eliminate cells after DNA damage suggests

that it might prevent cancer by preventing the accumulation of

oncogenic mutations (Livingstone et al., 1992; Yin et al., 1992).

In this model, p53 loss indirectly promotes cancer by increasing

the number of mutations in surviving daughter cells. On the other

hand, the ability of p53 to halt the proliferation in response to

aberrant oncogene expression suggests a role in limiting the

consequences of oncogenic mutations. Here, p53 loss directly

enables cancer development by allowing oncogene-expressing

cells to proliferate unabated, explaining why TP53 mutations

cooperate with oncogenes in transformation (Lowe et al., 1994;

Serrano et al., 1997). In both models, p53 acts as the ‘‘guardian

of the genome’’ to limit the deleterious consequences of muta-

tion (Lane, 1992). Although this historic view provides a basic

conceptual framework as to why TP53 mutations are so

common in human tumors, more recent work paints a much

more nuanced picture of p53 action that highlights its context-

dependent regulation and the broadly diverse consequences

of its activation.
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Revisiting the Guardian of the Genome
Upon DNA damage, p53 is activated to promote either the elim-

ination or repair of damaged cells, ultimately reducing their risk of

propagating mutations. DNA damage response (DDR) kinases

phosphorylate p53, driving cell-cycle arrest, senescence, or

apoptosis (reviewed in Williams and Schumacher, 2016). Addi-

tionally, p53 stimulates DNA repair by activating target genes

that encode components of the DNA repair machinery, and

p53-null cells are defective in certain DNA repair activities

in vitro (Williams and Schumacher, 2016).

While TP53 mutation can correlate with patterns of single-

nucleotide variants and specific co-mutated genes, what is

striking is that the association between TP53 mutation and

copy-number variation (CNV) is strong and universal in a pan-

cancer analysis (Ciriello et al., 2013). Also, cancers harboring

TP53 mutations are typically aneuploid, with gross changes in

numbers of whole chromosomes (Ciriello et al., 2013). Various

biological explanations for this association have been proposed,

but one mechanism contributing to this relationship is the ability

of p53 to regulate processes in G2/M transitions (reviewed in

Vitre and Cleveland, 2012). For example, p53 loss dysregulates

the spindle assembly checkpoint by derepressing MAD2, lead-

ing to an increased rate of chromosome missegregation and

tetraploidization (Schvartzman et al., 2011). In the context of

tetraploid cells, p53 loss leads to an increased rate of multipolar

mitoses and subsequent chromosome missegregation (Vitale

et al., 2010).

In an alternative but non-mutually exclusive explanation, p53

can restrict chromosomal instability through its ability to cull

cells at risk of aberrant mitoses, particularly following centro-

some amplification and/or telomere dysfunction (Eischen,

2016; Lanni and Jacks, 1998). Extra centrosomes lead to Hippo

pathway upregulation that, in turn, activates p53 by inhibiting

MDM2 (Aylon et al., 2006; Ganem et al., 2014). Accordingly,

TP53 mutations are also associated with whole genome

doubling events in human tumors (Dewhurst et al., 2014). Addi-

tional studies suggest that p53-deficient cells are better at

tolerating proteomic stress produced by aberrant gene dosage

(Tang et al., 2011), yet others suggest that p53-mediated cull-

ing of aneuploid cells is more efficient against structural aneu-

ploidy than whole chromosome imbalances, implicating the

role of DDR in response to chromosome shearing (Soto et al.,

2017). Hence, it appears that the absence of p53 both facili-

tates the accumulation and permits the survival of aneu-

ploid cells.

p53 also appears to suppress a particular type of chromo-

some shattering and rearrangement event known as chromo-

thripsis. Cells that bypass replicative senescence after p53

and RB inactivation can proliferate despite telomere erosion

(Hayashi et al., 2012). Failing this checkpoint, telomere dysfunc-

tion initiates chromosome breakage-fusion-bridge cycles that

contribute to chromothripsis (Maciejowski et al., 2015). Although

the extent to which chromothripsis fosters tumorigenesis re-

mains an open question, the phenomenon is significantly

more prevalent in tumors harboring TP53 mutations (Rausch

et al., 2012).

An unanticipated way in which p53 helps maintain genomic

integrity is by suppressing the mobilization of retrotranspo-
sons, which are latent virus-derived genetic elements whose

aberrant expression can lead to mutagenesis through their

mobilization and re-insertion throughout the genome (re-

viewed in Levine et al., 2016). Experimental activation of

mobile elements in Drosophila induces DNA double-strand

breaks and p53-mediated apoptosis (Wylie et al., 2014) that

could, in principle, reduce their mutagenic effects. However,

the association between p53 mutation and retrotransposon

expression is more than simply a culling effect: indeed, p53

binding to target sites within LINE elements and other trans-

poson sequences are associated with their downregulation

(Chang et al., 2007). p53-mediated repression is dependent

on epigenetic silencing of retrotransposon loci and not

apoptosis, and derepressed retrotransposons are competent

for reintegration into the genome (Leonova et al., 2013; Wylie

et al., 2016), promoting mutagenesis (Tubio et al., 2014).

Genomic analyses have revealed that retrotransposon mobili-

zation is common in human cancers (Ting et al., 2011; Tubio

et al., 2014). While the precise impact remains to be deter-

mined, there is a significant association between repetitive

element expression and p53 status in mouse and human tu-

mors (Wylie et al., 2016).

The immediacy with which p53 cooperates with oncogenes to

transform cells indicates that genomic instability is not abso-

lutely required for tumor initiation (Lowe et al., 1994; Serrano

et al., 1997). Still, the genomic instability fueled by p53 loss en-

ables acquisition of additional driver events with the potential

to accelerate transformation, metastasis, and drug resistance

(reviewed in McGranahan and Swanton, 2017). Just as species

diversity in an ecosystem is associated with its robustness, sub-

clonal diversity, not the total number of mutations in a tumor,

dictates the resilience of a cancer cell population to changing

conditions and challenges. In this regard, p53 inactivation may

be unique in its ability to both promote genomic instability (by

increasing the rate of new variants) and permit the survival of a

wider pool of genetic configurations (decreasing the likelihood

of extinction of variants). Together, these observations raise

the possibility that p53 inactivation contributes to intratumoral

heterogeneity.

p53 Controls a Broad and Flexible Network
As if regulating genome integrity, cell cycle arrest, and apoptosis

were not enough functions for a single gene, an ever-growing

body of work suggests that p53 also controls additional ‘‘non-

canonical’’ programs that contribute to its effects (Figure 1). As

examples, p53 can modulate autophagy, alter metabolism,

repress pluripotency and cellular plasticity, and facilitate an

iron-dependent form of cell death known as ferroptosis (re-

viewed in Aylon and Oren, 2016). Even basal levels of p53 can

reinforce multiple other tumor suppressive networks (Pappas

et al., 2017). Given extensive past research, it is surprising that

there is no clear and simple answer to the question of what

exactly p53 does and how. Nevertheless, a take-home message

is that the p53 response is remarkably flexible and depends on

the cell type, its differentiation state, stress conditions, and

collaborating environmental signals.

The varied functions of p53 are anchored in its ability to control

distinct sets of its many target genes (Figure 1). For example,
Cell 170, September 7, 2017 1063



Figure 1. The p53 Network
Awide variety of regulators govern the activity of p53 (top), which, in turn, controls many distinct biological processes (bottom). Each node represents a gene and
each line represents an interaction. Direct p53 inputs are indicated as blue lines and direct p53 outputs are indicated as red lines. Noticeably, p53 controls effector
processes by activating multiple target genes. Downstream pathways are highly interconnected (gray lines). Interactions are annotated as positive (arrow),
negative (T-bar), or modifying (solid circle).
observations that cell cycle arrest and apoptosis are associated

with upregulation of p21 or pro-apoptotic Bcl-2 proteins, respec-

tively, obscure the fact that the global transcriptional response

to p53 activation includes many other potential modifiers of

outcome.Historically, geneshavebeen implicated asp53 targets

if p53 binds the locus and the mRNA is induced. More recently,
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Global Run-On Sequencing has improved specificity by enabling

detection of nascent transcripts induced upon p53 activation (Al-

len et al., 2014). The nature of p53 targets identified in this anal-

ysis provides strong confirmation that non-canonical processes

including ROS control, tissue remodeling, autophagy, and meta-

bolism are bona fide processes controlled by p53 (Figure 1).



Efforts to identify a universal set of p53 target genes have

invariably failed. Meta-analyses from 16 genome-wide datasets

revealed that only about 60 genes were implicated as common

targets (Fischer, 2017). It is noteworthy that these surveys

involved a restricted number of different cell types and employed

distinct methods for p53 induction. However, a central theme is

that cellular context and various stimuli incite transcription of

qualitatively different sets of genes, not just different levels of

the same set of genes. It seems naive to expect that oncogene

activation in different tissues (for example, KRAS activation in

colon, pancreas, and lung) would precipitate an identical p53

transcriptional response. Moreover, one would not presume a

priori that the p53 output generated by DNA damage would

exactly mirror the gene expression signature elicited by onco-

gene activation, even in a single cell type. Despite data indicating

that p53 can, in principle, control a wide variety of biological pro-

cesses (reviewed in Olivos and Mayo, 2016), the physiological

settings inwhich one ormore processes predominate are incom-

pletely understood and deserve more systematic study.

Cellular metabolism is one non-canonical p53-controlled pro-

cess that has received much attention (reviewed in Kruiswijk

et al., 2015). The collection of metabolic target genes controlled

by p53 affect many individual processes: p53 is reported to in-

crease glutamine catabolism, support anti-oxidant activity,

downregulate lipid synthesis, increase fatty acid oxidation, and

stimulate gluconeogenesis (Kruiswijk et al., 2015). Depending

on the cell type, p53 can also have opposing effects on the

samemetabolic processes. For example, in breast and lung can-

cer cells, p53 inhibits glycolysis by attenuating glucose uptake

(Zhang et al., 2013) or repressing the expression of glycolytic en-

zymes (Kim et al., 2013). By contrast, in muscle cells, p53 in-

duces glycolytic enzymes (Kruiswijk et al., 2015). Likewise, p53

typically increases (Stambolsky et al., 2006) but can also restrict

(Jiang et al., 2013; Wang et al., 2013) flux through the tricarbox-

ylic acid (TCA) cycle. Taken at face value, these results imply that

p53 can regulate different aspects of metabolism that produce

distinct, or even opposite, biochemical and phenotypic out-

comes. Here again, specific contextual factors have yet to be

identified.

While it is often assumed that each p53 effector function is a

standalone process, there is increasing evidence that cross-

talk between separate input and output pathways is more

important than previously recognized (Figure 1, gray lines).

For example, p53-driven cellular senescence may be sup-

ported by activation of autophagy (Young et al., 2009). Alter-

ations in p53 control of metabolism undoubtedly contribute to

apoptosis, autophagy, and ferroptosis (Gao et al., 2016). In

some settings, p53-mediated processes can apparently be

antagonistic: autophagy has the potential to delay apoptosis

by reducing levels of PUMA (Thorburn et al., 2014). However,

in contexts where p53 fails to repress glycolysis, autophagy

is not efficiently engaged and apoptosis is favored (Duan

et al., 2015). In these examples, interaction between distinct

biochemical processes controlled by p53 elicits different bio-

logical outcomes.

The mechanistic basis underlying the ability of p53 to induce

different biological outputs remains unclear. On one hand, p53

can induce qualitatively different programs that produce different
biological outcomes depending on cell type and stimulus. One

proposed mechanism for qualitatively modulating biological

p53’s effects involves stimulus-dependent post-translational

modifications (PTMs) that can alter p53 affinity for different target

genes; for example, phospho-p53 (S46) or acetyl-p53 (K120)

stimulates apoptosis, whereas PRMT5-methylated p53 acti-

vates p21more readily than apoptotic genes (reviewed in Kumari

et al., 2014). Additionally, PTMs such as SUMOylation, glyco-

sylation, and prolyl isomerization occuring throughout the

p53 protein can modify protein stability, and also influence

target gene bias (Kumari et al., 2014). Moreover, one post-trans-

lational modification may enhance acquisition of another, un-

locking additional layers of regulation of protein stability,

protein-protein interaction, and biasing DNA binding toward

select target genes.

p53 induction can yield either a steady signaling output or one

that can oscillate in discrete waves; remarkably, the kinetics of

its expression, independent of maximal p53 protein levels, can

determine cell fate in response to genotoxic stress (reviewed in

Stewart-Ornstein and Lahav, 2017). p53 activation kinetics can

be translated into target gene bias owing to differences in p53

binding and dissociation rates at distinct target loci. Here, the

p21 promoter is sensitive to short pulses of p53 activity whereas

the pro-apoptotic p53 target FAS is not; consequently, a short

pulse drives proliferative arrest but a sustained signal induces

apoptosis (Espinosa et al., 2003; Gomes and Espinosa, 2010a;

Morachis et al., 2010). Perhaps certain p53-driven stress re-

sponses instigate a short-term repair and salvage program

that, if necessary, reaches a tipping point that progresses to

cellular self-destruction.

On the other hand, several factors influence how the cell

interprets p53 activation. For instance, cell lineage may be a

large determinant in the nature of a hypothetical tipping point be-

tween alternative cell fates. First, cell-type- and -state-specific

chromatin modifications may make particular genes more or

less accessible to p53 transactivation (Su et al., 2015). For

instance, CTCF insulates the PUMA locus from repressive his-

tone modifications under certain conditions, governing whether

PUMA is expressed and apoptosis occurs (Gomes and Espi-

nosa, 2010b). In embryonic stem cells (ESCs), p53 can be

induced to bind to the p21 promoter, but p21 is not efficiently

activated, dependent on cell-type-specific repressive histone

H3K27me3 marks at the locus (Itahana et al., 2016). Second,

the p53 target spectrum can be altered by cooperation or antag-

onismwith other transcription factors, such as FOXO andNF-kB,

whose levels and occupancy are also context dependent (Cooks

et al., 2014; Eijkelenboom and Burgering, 2013). Finally, the

same transcriptional output may have different effects depend-

ing on the state of the cell. ATM signaling protects cells from

p53-mediated apoptosis, not by changing p53-driven transcrip-

tional output but by blocking autophagy, thus maintaining mito-

chondrial homeostasis and suppressing ROS levels (Sullivan

et al., 2015).

Collectively, these observations imply that p53 response is not

merely an ‘‘on-off’’ switch; to the contrary, cell fate is a result of a

rich palette of p53-driven stress responses. Clearly, p53 is

embedded in a densely populated and interconnected network

of regulators and effectors (Figure 1) that permit a flexible p53
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Figure 2. Investigating Mechanisms of Tumor Suppression
Defining the mechanism of p53-mediated tumor suppression has been inter-
rogated in several ways: (A) knocking out p53 target genes and assessing
tumor formation, (B) mutating p53 itself, such that it can activate some targets
but not others, and (C) reconstituting p53 in p53-deficient cancer and deter-
mining the cell fate.
response coordinated to fit cell type and conditions at the time of

activation. In short, cellular context (cell type, epigenetic state,

tissue microenvironment, activating signal) is central to both

the biochemical aspects of p53 activity as well as the biological

outcome of a p53 response.

Putting Tumor Suppression in Context
By definition, tumor-suppressor genes regulate processes that

limit inappropriate cell expansion and whose inactivation facili-

tates tumor initiation or progression. Given the many processes

that p53 controls, which of its effector functions are critical for

tumor suppression has been the topic of much debate. Senes-

cence and apoptosis can clearly be detected in tumors and

when these processes are activated, they are certainly tumor

suppressive. Still, a recent body of work suggests that apoptosis

and senescence can be dispensable for tumor suppression and

that, in some settings, other non-canonical p53 functionsmay be

more critical (Valente et al., 2013). There is no consensus view on

which p53-dependent process is most important.

The only relevant metric of ‘‘tumor suppression’’ is whether a

gene impairs the onset or progression of tumors arising in vivo.

In this regard, the p53 knockout mouse is a powerful model

that develops thymic lymphoma (and sometimes sarcoma) at

complete penetrance (Donehower et al., 1992). To address

which p53 function(s) is crucial for tumor suppression, mutant

strains have been produced in an attempt to isolate specific
1066 Cell 170, September 7, 2017
p53 functions and the resulting animal cohorts monitored for

tumors over time. If the ablation of a p53-driven function allows

for tumorigenesis, the underlying process is crucial for the

tumor-suppressive activity of p53. If it does not, it is deemed

dispensable. However, it bears consideration that thymic lym-

phoma rarely occurs in people, including Li-Fraumeni patients,

so the requirements for suppressing this unusual cancer do

not necessarily extend to other systems.

One line of investigation has compared tumor onset and pa-

thology between mice harboring knockouts of p53 target genes

versus p53 itself (Figure 2A). For example, mice deficient for p21,

Puma, and Noxa do not develop thymic lymphoma, hinting that

p53-mediated cell cycle arrest and apoptosis might be dispens-

able for tumor suppression (Valente et al., 2013). Still, p53 target

genes may already be expressed at basal levels so, for example,

p53-null cells are by no means p21 null. Consequently, this

approach could overestimate the contribution of a particular

p53 effector to the null phenotype. Conversely, since multiple

effectors mediate most p53 outputs, mouse strains deficient

for individual p53 effector genes do not fully disable the associ-

ated p53 effector program (e.g., p21 loss does not completely

disable p53-mediated cell cycle arrest). Hence, this approach

may underestimate the contribution of the targeted process to

tumor suppression. Changes in feedback loops and compensa-

tory mechanisms arising as a consequence of manipulating the

pathway may further complicate the interpretation of such

studies (Sullivan et al., 2012).

Another approach isolates p53 effects through separation-of-

function mutants that selectively retain or lose the ability to

regulate certain subsets of p53 target genes and activities

(Figure 2B). For example, the tumor-derived p53R175P and

p53E180R alleles show defects in apoptosis while retaining the

capability to provoke cell cycle arrest, so that mice harboring

the equivalent mutations display extended tumor-free survival

compared to p53-null animals (Liu et al., 2004). Furthermore,

the tumors that do arise in these mice exhibit far less CIN than

p53-null tumors, indicating that different p53 mutants may

impinge selectively on downstream effector pathways (Liu

et al., 2004). Alternatively, engineered structure-function mu-

tants that disrupt p53 transcriptional domains or are defective

in being acetylated can separate key p53 functions, at least

in vitro (Jiang et al., 2015). While these studies reinforce the

importance of p53-mediated transcription for tumor suppression

(Brady et al., 2011; Jiang et al., 2011), they do not pinpoint a sin-

gle key process (Jiang et al., 2015).

Although such structure-function approaches are compelling,

they also have caveats. Mutant p53 proteins can be more or less

stable than the wild-type protein (Brady et al., 2011) and thus

differential phenotypes may reflect quantitative as well as quali-

tative effects. Most structure-function mutants have been char-

acterized in only a limited number of cell types, and given context

dependencies, it cannot be assumed that these results extrapo-

late to tumorigenesis in all tissues. Perhaps these caveats

explain why technically sound studies have failed to converge

on a common mechanism or theme.

Several studies have circumvented the issues surrounding the

manipulation of individual functions peripheral to p53: rather than

measuring tumor onset upon p53 loss, they instead take



advantageofmouse strains harboring ‘‘switchable’’ p53 alleles to

reawaken endogenous p53 in established tumors (Figure 2C). In

all situations examined, p53 restoration produces a marked anti-

tumor response, the nature of which depends on the model em-

ployed (Martins et al., 2006; Ventura et al., 2007; Xue et al., 2007).

In Myc-expressing B cell lymphomas, this response is massive

apoptosis; in liver carcinomas and sarcomas, the response is

senescence. In other contexts, p53 reactivation can trigger

cellular differentiation and a loss of self-renewal (Messina et al.,

2012). Although the consequences of p53 reactivation in an es-

tablished cancer may not reflect the same processes lost during

tumorigenesis, these studies reinforce the notion that the p53

response varies depending on context.

So then, what are the most important p53 activities needed for

tumor suppression? Certainly, the above caveats preclude

generalities without considering context specificity. Indeed,

the importance of context is readily observed in mouse studies

demonstrating that Puma suppression approaches p53 loss

in driving Myc-induced lymphomagenesis but not in pro-

moting thymic lymphoma (Garrison et al., 2008; Hemann et al.,

2004). Embracing this notion should enable the identification

of tumor-specific modes of tumor suppression and pave the

way for restoring the most relevant p53 functions in individual

tumors.

The Origins of p53
How and why did the p53 network evolve? Most tumors arise

after reproductive age, implying that TP53 did not evolve to pre-

vent cancer. Moreover, given the diverse outputs of the p53

network, it seems surprising that neonatal p53-null mice seem

initially normal. Genes that resemble TP53 by sequence similar-

ity and induction by DNA damage are found in simple inverte-

brates (including choanoflagellates, sea anemone, and worms)

that are not susceptible to cancer (Lane et al., 2010a, 2010b;

Pearson and Sánchez Alvarado, 2010). Like mammalian p53,

these genes induce apoptosis in response to stress but, in

contrast, are expressed principally in germline stem cells.

Perhaps protection of the germline is central and evolved further

to suppress tumors in the soma at advanced age (Wylie

et al., 2014).

Beyond the germline, a closer look at p53 and the conse-

quences of its disruption indicate that it has important roles in

embryonic development. Fundamentally, multicellularity is a

compromise among the cells of complex organisms. The most

proliferative individuals outcompete populations of single-cell

organisms, while multicellular organisms require cellular cooper-

ation, at the expense of competition, to maintain coordinated,

specialized functions. The need for cooperation starts in embry-

onic development, where p53 restricts expansion of individual

‘‘cheater’’ cells, observed in chimeric blastocysts upon p53

knockdown (Dejosez et al., 2013) and following positive selection

of spontaneous TP53mutations detected in commonly used hu-

man ES lines (Merkle et al., 2017). Tight regulation of DNA

methylation by DNMT and TET family enzymes requires p53

and it appears that epigenetic disorder contributes to this clonal

heterogeneity in p53-deficient ESC colonies (Tovy et al., 2017).

Inactivation of p53 rescues cultured cells from apoptosis caused

by DMNT1 deficiency and subsequent genomic demethylation,
supporting the notion that p53 can sense and respond to pertur-

bations in the epigenome (Jackson-Grusby et al., 2001).

Other than its familiar role in restricting inappropriate clonal

outgrowth, p53 also regulates target genes that fulfill specific

biological requirements in development, such as LIF, which is

required for efficient mammalian embryo implantation (Feng

et al., 2011). Trp53 knockout mice exhibit a variety of low-pene-

trance tissue-specific developmental abnormalities in the neural

tube, eyes, and testes (Danilova et al., 2008). p53 orthologs in

more primitive species can also exhibit conserved non-canoni-

cal p53 functions, such as promoting redox control and survival

(reviewed in Aylon and Oren, 2016). Moreover, the ortholog

Lvp53 is expressed in the soma in shrimp, where cross-talk

with NF-kB eliminates virally infected cells and activates innate

immunity (Li et al., 2017). Such observations are consistent

with a role for the p53 family in promoting cell survival or fighting

infection. Hence, the p53 network evolved diverse physiological

roles prior to its implementation for tumor suppression.

TP53 is a member of a broader gene family that includes TP63

and TP73 that have diverse and complementary roles. TP53 of

higher eukaryotes diverged from TP63/TP73 sometime before

the appearance of sharks (Lane et al., 2011). Since splitting

from its homologs, TP53 and its network have acquired tumor-

suppressive capabilities not shared by TP63/TP73, which

display even clearer ties to embryonic development (reviewed

in Belyi et al., 2010). Triple p53/p63/p73 knockout mice demon-

strate that the p53 family is required formesendodermal differen-

tiation (Wang et al., 2017), exemplifying how p53 can interact

with p63/p73 in redundant or cooperative ways. It seems likely

that compensation between p53 family members has masked

other roles for p53 during development.

Although thep53protein sequence itself is relatively conserved

in higher eukaryotes, domains involved in p53 regulation on the

N and C termini (Lane et al., 2011) as well as the downstream

p53 response are under continued evolutionary pressure.

Indeed, many p53 response elements exhibit surprisingly low

conservation with respect to other transcription factor recogni-

tion sites (Horvath et al., 2007; Su et al., 2015). Another way in

which thep53 network has evolved is by increasing genedosage.

That elephants have acquired up to 20 TP53 retrogenes may

explain, at least in part, how an animal with such a large body

size and relative longevity is not subject to high cancer risk (Abeg-

glen et al., 2015;Sulak et al., 2016). Amoredetailed exploration of

the factors selected and counter-selected in p53 biology over

evolutionary time has the potential to provide insight into the bio-

logical processes critical for tumor suppression.

There is substantial evidence that p53 has additional functions

in non-pathological tissue homeostasis. One illustrative example

is that p53 function appears to be intertwined with stem cell

biology and differentiation in the soma of higher organisms.

p53 restricts cellular self-renewal in various stem and progenitor

cells, especially those subject to oncogenic stress (Friedmann-

Morvinski et al., 2012; Tosoni et al., 2015; Tschaharganeh

et al., 2014; Zhao et al., 2010). Trp53-null mice consequently

have expanded numbers of tissue-specific stem cells, high-

lighting its importance in maintaining tissue homeostasis (Bon-

dar and Medzhitov, 2010; Liu et al., 2009). p53 limits cellular

plasticity (governing transition between cell states) and, at its
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extreme, the ability of somatic cells to undergo epigenetic re-

programming into induced pluripotent stem cells (Olivos and

Mayo, 2016). The iPS-promoting factors KLF4 and Oct4 repress

p53, and conversely, p53 activity antagonizes the efficiency of

iPS cell reprogramming (Menendez et al., 2010).

An application of the above principles can be seen in tissue

regeneration and the wound-healing response, which is a com-

plex process involving waves of inflammation, angiogenesis, tis-

sue regeneration, extracellular matrix (ECM) remodeling, and

fibrosis to prevent infection and resolve tissue damage. During

an initial proliferative phase of regeneration, mitogens are acti-

vated and p53 must be suppressed to allow tissue remodeling

(Charni et al., 2017). By triggering cellular senescence, p53 pro-

motes the release of secretory factors that allow resolution of

fibrosis (Krizhanovsky et al., 2008) and coordinate ECM remod-

eling (Ritschka et al., 2017). Of note, the requirement for p53 to

regulate plasticity appears to be evolutionarily conserved, which

requires the coordinated suppression and derepression of p53

during salamander limb regeneration (Yun et al., 2013).

It is intriguing that the physiological and developmental func-

tions of p53 are intertwined with the cancer-associated pheno-

type of p53 loss. Evading terminal differentiation is an essential

step in malignant transformation and p53 loss may be one route

to weaken this innate barrier to tumorigenesis. Consistent with

this notion, an embryonic stem cell-like gene signature is

observed in p53 mutant breast cancer (Mizuno et al., 2010). By

affecting differentiation, incipient TP53 mutations facilitate the

expansion of hematopoietic stem cell (HSC) clones in otherwise

healthy individuals, occasionally overtaking the entire hemato-

poietic system (Steensma et al., 2015; Xie et al., 2014). The

competitive expansion of pre-treatment p53 mutant HSC clones

is accentuated by genotoxic chemotherapy, fostering therapy-

related AML (t-AML) (Wong et al., 2015). p53 loss can even

facilitate lineage switching as a mechanism of resistance to

anti-androgen therapy in prostate cancer (Mu et al., 2017).

Furthermore, p53 action in wound healing also shapes the tumor

microenvironment. For example, the p53-driven senescence-

associated secretory phenotype (SASP) in tumor stroma can

create a tumor-suppressive immune milieu that influences the

incidence of cancer (Lujambio et al., 2013; Xue et al., 2007). In

other settings, the SASP can be tumor promoting, by inducing

epithelial-mesenchymal transition (EMT) (Laberge et al., 2012;

Ritschka et al., 2017).

It appears that evolution has selected for a delicate balance of

p53 activity, since too little p53 leads to early-onset cancer and

too much p53 exacerbates aging. Regardless, the dangers of

excess p53 are evident in pathologies beyond cancer, including

aging, ischemic injury, and degeneration (reviewed in Gudkov

and Komarova, 2010). As animals age, the cost of eliminating

potentially dangerous cells is the attrition of stem cells required

for tissue homeostasis. In an accelerated process, patients

with the heritable DNA repair deficiency syndrome Fanconi ane-

mia hyperactivate p53 in response to unresolved DNA damage

and eventually experience bone marrow failure owing to pro-

gressive HSC loss (Ceccaldi et al., 2012). Excessive p53-depen-

dent apoptosis can also drive developmental disorders of the

brain (Houlihan and Feng, 2014) and aging-associated neurode-

generative diseases, namely Alzheimer’s and Parkinson’s dis-
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eases (reviewed in Checler and Alves da Costa, 2014). As a

regulator of cell death, p53 has been implicated in the patholog-

ical response to cerebral and cardiac ischemia; p53 inhibition

has been proposed as a protective strategy in the acute phase

after injury (Gudkov and Komarova, 2010). Lastly, excessive

p53-mediated ferroptosis can trigger lethal kidney ischemia

(Friedmann Angeli et al., 2014). Collectively, the characteristics

of p53 action in normal physiology and non-cancer pathologies

shed light on additional regulatory mechanisms, downstream

functions, and possible therapeutic targets.

The Diversity of TP53 Mutational Events Produces
Distinct Functional Consequences
Just as advances in our understanding of p53 biology have

complicated, rather than simplified, our views on how TP53mu-

tations promote cancer, so has our appreciation of surprising

range of ways in which the TP53 locus is altered in tumors. The

most common and well-characterized TP53 mutations are

missense mutations in the DNA binding domain, implying that

this feature of p53 is crucial for tumor suppression. Current

dogma tends to classify p53 as either wild-type or mutant, but

TP53 mutations occur with different patterns, distinct co-muta-

tions, and in many allelic configurations that produce remarkably

interesting functional and phenotypic ramifications.

Genome sequencing of thousands of tumors has confirmed

that approximately half of all cancers harbor a TP53 mutation,

though the frequency and the distribution of mutations can

vary dramatically between tumor types (Figure 3A). Most of the

TP53 single-nucleotide variants (SNVs) observed across can-

cers are missense mutations, with 25% of those falling into 5

‘‘hotspot’’ mutations (Shirole et al., 2016). Unexpectedly, nearly

25% of TP53 mutations are nonsense or frameshift mutations

predicted to encode truncated proteins, whereas the remainder

consists of splice site SNVs and in-frame indels of unclear bio-

logical significance (Shirole et al., 2016). While several modes

to disable the second TP53 allele are possible, this typically oc-

curs through ‘‘loss of heterozygosity’’ (LOH) by segmental dele-

tion (Figure 3B). These deletions vary widely in size and occur at

a frequency that is similar to p53 SNVs (Liu et al., 2016). Nearly all

possible allelic combinations are observed such that, in reality,

only �25% of tumors harbor the canonical p53 missense muta-

tion/deletion combination (Liu et al., 2016).

Cancer genome projects have also produced interesting in-

sights into the spectrum of TP53 mutation and its association

with other somatic events. In some cancers, TP53 mutations

often co-occur with activating KRAS mutations or MYC amplifi-

cation, an observation reminiscent of age-old functional studies

demonstrating the ability of p53 loss to cooperate with onco-

genes to transform primary cells. And, as mentioned earlier,

TP53 mutations are frequently associated with high rates of

CNV, for example, as occurs in ovarian carcinoma and complex

karyotype AML (Ciriello et al., 2013).

The extensive cataloging of TP53 alterations in different set-

tings allows one to consider whether distinct alterations reflect

functional selection or simply different mutagenic processes

present during tumorigenesis. Distinct mutational signatures in

TP53 and other genes can be attributed, in part, to the specific

source of mutagenesis (Alexandrov et al., 2016). For instance,
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Figure 3. p53 Alteration Spectrum
(A) The TP53 mutation distribution for 16 cancer types with sufficient available data and frequency of TP53 alteration. Each histogram depicts the number of
mutations found at each position along the p53 protein coding sequence, with the transactivation domain (TAD), DNA-binding domain (DBD), and oligomerization
domain (OD) illustrated below. Symbol color indicates mutation type, including missense (green), nonsense (red), in-frame indels (black), or multiple mutation
types (purple). Data source: MSKCC cbio portal (Gao et al., 2013).
(B) Multiple avenues to inactivating the second allele of TP53.
the R249S mutation prevalent in hepatocellular carcimoma

arises from G-to-T transversions linked to aflatoxin exposure

and R213* mutations in melanoma are associated with the

C-to-T transition signature of UV mutagenesis (Alexandrov

et al., 2016). Characterization of mutagenic signatures has re-

vealed recurrent C-to-T mutation patterns attributed to cytidine

deaminases, such as AID and APOBEC, which are an intrinsic

source of mutagenesis with a physiological role in antibody

diversification (Alexandrov et al., 2013). Curiously, the APOBECs

can be induced by either wild-type or mutant p53 (Menendez
et al., 2017), though a clear link between p53 status and

APOBEC-mediated mutagenesis has not yet been described

(Burns et al., 2013; Shinmura et al., 2011). While epidemiology

and genome sequencing can implicate environmental or endog-

enous mutagens as responsible for particular TP53mutations, it

is difficult, if not impossible, to assess individual alleles without

direct functional studies.

In fact, experimental data emerging over the last 25 years have

hinted that certain mutant TP53 alleles have ‘‘gain-of-function’’

properties that produce phenotypes distinct from the null. The
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Figure 4. Mutant p53 Gain of Function
Several alternative mechanisms can lead to divergent phenotypes of p53
mutations: (A) wild-type, (B) loss or partial loss of function, (C) selection of
function, or (D) neomorphic/gain-of-function.
most prominent phenotype produced by such mutant proteins is

their ability to enhance invasion and metastasis, though in some

settings particular mutants enhance drug resistance, epigenetic

reprogramming, or angiogenesis (reviewed in Aschauer and

Muller, 2016). While proposed activities are diverse, an emerging

‘‘rule of thumb’’ is that tumor-derived p53 mutants oppose wild-

type p53 functions or, more explicitly, exacerbate the conse-

quences of p53 loss. In any case, the notion that not all p53 mu-

tations are functionally equivalent is further supported by the fact

that the onset and pathology of tumors in genetically engineered

mouse models and in Li-Frameni patients varies by the type of

mutant allele (Achatz and Zambetti, 2016; Olive et al., 2004; Xu

et al., 2014).

A distinct phenotype of a p53 mutant is not sufficient to define

a mutant as ‘‘gain-of-function.’’ Theoretically, p53 mutant alleles
1070 Cell 170, September 7, 2017
may reflect attenuation of function, separation of function,

or neomorphic function. Attenuation of wild-type function

(Figure 4A) can produce hypomorphs that can also yield unpre-

dictable and qualitatively different phenotypes depending on

the level of p53 suppression (Figure 4B). For instance, p53-tar-

geting shRNAs with varying knockdown efficiency display

different abilities to disrupt p53 effector functions and drive

lymphomagenesis in mice, with only complete p53 deletion

capable of instigating chromosomal instability (Hemann et al.,

2003). Loss of function is a common characteristic across all

cancer-associated p53 mutants, given the failure of most mu-

tants to induce apoptosis (Freed-Pastor and Prives, 2012).

Separation of function—whereby a p53 mutant can retain

some but not all interactions (reviewed in Muller and Vousden,

2014)—is also possible (Figure 4C), as exemplified by the

aforementioned apoptosis-deficient p53R175P allele (Liu et al.,

2004). Finally, a range of neomorphic mutant activities

(Figure 4D) has also been described (discussed below). In real-

ity, the mutations encountered in cancer acquire some combi-

nation of these independent characteristics. Although p53 mu-

tants are generally classified by their effect on structure—i.e.,

‘‘contact’’ mutants that perturb DNA binding and ‘‘conforma-

tion’’ mutants that lose proper folding—it is currently not

possible to predict precisely how a particular mutation impacts

function.

The diversity of proposed mechanisms by which mutant p53

alleles elicit their pro-oncogenic effects are a source of much

confusion in the field (Aschauer and Muller, 2016). First, some

p53 mutant proteins retain residual transactivation activity and

activate novel targets. For instance, mutant p53 is proposed

to impact chromatin states by inducing MLL1/2 and MOZ (Zhu

et al., 2015). Second, certain unstructured p53 mutants

sequester other proteins that, in some settings, enable mutant

p53 to bind p63 or p73, leading to changes in transcriptional

profiles that alter receptor tyrosine kinase signaling to promote

invasion and metastasis (Muller et al., 2013; Weissmueller

et al., 2014). Finally, in an instance of gain-of-function protein-

protein interaction, mutant p53 can cooperate with the SWI/

SNF complex to upregulate the angiogenesis regulator VEGFR2

(Pfister et al., 2015). It remains difficult to reconcile how so many

distinct yet selective protein-protein interactions can occur for

disparate mutant proteins (reviewed in Freed-Pastor and Prives,

2012).

Although it is generally assumed that TP53 truncating muta-

tions are null alleles, emerging data suggest that these too

can have neomorphic activity. Implying some selective advan-

tage, the frequency of TP53 nonsense mutations, particularly

targeting exon 6, is greater than expected by chance (Shirole

et al., 2016). At least some of these are not subject to

nonsense-mediated decay, allowing certain truncated p53 mu-

tants to promote invasion and metastasis and sustain tumor

maintenance in a manner that mirrors established gain-of-func-

tion missense mutants (Shirole et al., 2016). Provocatively, exon

6-truncated proteins mimic the structure and function of a natu-

rally occurring p53 splice variant (p53psi) that promotes cell

invasion and is transiently expressed during certain wound-

healing responses (Senturk et al., 2014), suggesting that

these mutants may represent ‘‘separation of function’’ alleles.

Foam
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Expression or mimicry of alternative splice variants may

contribute to the phenotype of other common mutations as

well (Candeias et al., 2016).

Beyond the heterogeneity produced by different p53 SNVs,

the variable extent of human chromosome 17p deletions can

produce heterogeneity in the nature and number of p53-linked

genes subject to reduced dosage during tumorigenesis.

Loss of these neighboring genes could well reflect a ‘‘passen-

ger’’ event of no functional consequence; however, 17p dele-

tions observed in human cancer often include other genes

now functionally validated as tumor suppressors. Deletions en-

gineered to be syntenic to 17p13 drive more aggressive can-

cers than simple p53 deficiency in mice by virtue of single

copy loss of multiple haploinsufficient tumor suppressors,

consistent with the negative prognostic association of 17p

deletion independent of p53 mutation that is evident in AML

(Liu et al., 2016). These observations and others underscore

the unique biology underlying CNVs and highlight the impor-

tance of dissecting these understudied events (Tschaharganeh

et al., 2016).

Collectively, our emerging understanding of the complexities

of the gamut of TP53 alterations is changing our views on how

‘‘the most frequent event in human cancer’’ promotes tumori-

genesis. While there is little doubt that the most substantial bio-

logical consequence results from inactivation of p53, it is now

clear that both TP53 mutations and 17p deletions contribute

phenotypes to cancer that go beyond p53 loss. Thus, as clinical

decision making in the future becomes increasingly based on

genomic data, the current classification of tumors as simply

‘‘p53 wild-type’’ or ‘‘p53 mutant’’ must be replaced.

Harnessing the p53 Network
The potency of p53 in tumor suppression and the high rate of p53

alteration in cancers has spurred the development of strategies

to target the p53 network in cancer therapy (Figure 5). Indeed,

the potential value of engaging p53 in an anticancer response

is clear from studies showing that, in some cases, robust re-

sponses to conventional chemotherapy can depend on wild-

type p53, and studies in mice described above document

massive tumor regressions in response to p53 reactivation

in vivo. For instance, the dramatic cures achieved by retinoic

acid and arsenic treatment of acute promyelocytic leukemia is

dependent on p53-mediated senescence (Ablain et al., 2014).

Since TP53 mutations inactivate wild-type p53 protein, they

are widely considered undruggable and, consequently, efforts

to rationally exploit p53 for therapeutic benefit have yet to reach

fruition. Nonetheless, some strategies to target mutant p53 pro-

teins, p53 regulators, or vulnerabilities created by TP53mutation

in cancer and other indications show promise.

One of the most advanced efforts to exploit our understanding

of p53 biology for cancer therapy involves efforts to inhibit

MDM2 in tumors harboring wild-type p53 (Figure 5A). Led by

the development of Nutlin (Vassilev et al., 2004), a panoply of

small-molecule and peptide inhibitors of MDM2 and MDMX

have been developed aimed at improving the properties of

first-generation inhibitors that generally act by targeting the

p53 binding site in MDM2 (reviewed in Cheok and Lane, 2017).

A number of phase I trials for MDM2 antagonists have been
completed in leukemia and liposarcoma, with neutropenia and

thrombocytopenia being prominent dose-limiting toxicities

(Andreeff et al., 2016). While these dose-escalation studies pre-

clude conclusions about drug efficacy, induction of p53 target

gene expression was observed in most p53 wild-type samples.

Moreover, a partial response occurred in 5%–10% of patients,

a promising result given that many were heavily pre-treated.

Counterintuitively, only some of these MDM2 inhibitor clinical tri-

als stratify patients by TP53 status (reviewed in Burgess et al.,

2016; Wang et al., 2011).

Flipping the situation around, MDM2 inhibitors have also been

used in efforts aimed at reducing the toxic side effects of chemo-

therapy (Figure 5B). In a strategy termed cyclotherapy, these

drugs are used to stabilize p53 and trigger a transient cell cycle

arrest in normal cells, with the intention of having no effect on the

cell cycle progression of p53 mutant tumor cells. As many cyto-

toxic drugs target actively cycling cells, this strategy is predicted

to allow use of a higher tolerable dose of chemotherapy,

enhancing efficacy against cancer cells that continue to cycle

while reducing toxicity to arrested normal cells (Cheok and

Lane, 2017). In preclinical studies, cyclotherapy protects mice

treated with Polo kinase inhibitor from dose-limiting neutropenia

(Sur et al., 2009).

One attractive therapeutic approach involves identifying

agents that cause mutant p53 to regain sufficient wild-type

p53 activity for tumor suppression (Figure 5C). Although the ther-

modynamic requirements for achieving this seem daunting,

structural studies and in silico predictions have propelled multi-

ple strategies that supply proof-of-principle for this approach,

including peptides and small molecules that stabilize unstruc-

tured mutants (Boeckler et al., 2008; Friedler et al., 2002; Yu

et al., 2012). One drug, APR-246, which is purported to reacti-

vate mutant p53 but also has off-target effects, is currently in

clinical trials (ClinVar: NCT03072043, NCT02999893) (Deneberg

et al., 2016). Other agents that directly stabilize the p53 DNA

binding domain show promise in preclinical studies (Cheok

and Lane, 2017). Drugs known as metallochaperones can facili-

tate the reincorporation of zinc into unfolded p53 proteins,

leading to a more normal confirmation and an ability to bind

DNA (reviewed in Blanden et al., 2015). Yet another approach

exploits the unexpected observation that certain p53 mutant

proteins have a penchant for aggregation into amyloid-like struc-

tures (reviewed in de Oliveira et al., 2015) that, when disrupted,

restore p53 function and reportedly trigger tumor regression in

xenograft models (Soragni et al., 2016).

While these drugs all aim to coax nativewild-type activity out of

mutant proteins, strategies to disable or suppress mutant p53

represent an underexplored alternative direction that is justified

by the observation that tumors can become ‘‘addicted’’ tomutant

p53 (Alexandrova et al., 2015). Several indirect strategies have

been proposed to destabilize mutant p53 protein, including

HSP90 inhibitors, HDAC inhibitors, and SIRT1 activators (re-

viewed in Parrales and Iwakuma, 2015). In the absence of readily

available tools to directly inhibitmutant p53 function, the opportu-

nity remains toapply existing drugs to target the underlyingmech-

anism whereby mutant p53 promotes invasion, metastasis, and

cellular survival (e.g., viaHMGCoA reductase, EGFR, or PDGFRb

inhibitors) (Aschauer andMuller, 2016;Weissmueller et al., 2014).
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Figure 5. Harnessing p53
(A) Stabilizing p53 in p53WT cancer. Nutlin and other MDM2/MDMX inhibitors (RG7112, RO5503781, SAR405838, HDM201, MK4828, AMG232, and RG7388)
allow for the accumulation and activity of p53 in cancer in which it is not mutated.
(B) Cyclotherapy. Nutlin is used to transiently arrest p53WT normal cells, while p53MUT cancer cells continue to cycle and remain vulnerable to genotoxic
chemotherapy. Sparing normal tissue allows for increased dosing and reduced toxicity.
(C) Targeting p53MUT cancer. PRIMA-1 and other agents (APR-246, RITA, PK7088, p53R3, and ZMC1) are used to support proper folding of mutant p53 and
restore wild-type-like structure and activity. p53 mutant protein is depleted through a number of indirect mechanisms including inhibition of HSP90 (17-AAG),
HDAC (SAHA), and SIRT1 (YK-3-237). The aggregation and inactivation of mutant p53 and its family members is inhibited by ReACp53. Synthetic lethal in-
teractions are dependencies in p53 mutant cancer but not in p53WT cells. p53-deficient cells have a compromised DDR, leaving then vulnerable to even further
genomic instability by inhibiting DDR-related kinases. Metabolic rewiring introduces druggable dependencies on PIP4K2, cholesterol biosynthesis/HMGCR
(statins), and IAPP (pramlinitide). Some p53 mutations can result in recognizable neoantigens, which has led to the development of mutant p53-targeted
immunotherapy. p53 ablation can also modify antigen presentation efficiency justifying the investigation of immune checkpoint inhibition, especially when
combined with other strategies.
Another way in which to attack mutant p53 directly is to

harness its potential to serve as a tumor-specific neoantigen

(Figure 5C). Mutant p53 proteins are typically expressed at

high levels and can be antigenic (Crawford et al., 1982; DeLeo

et al., 1979); furthermore, vaccination against mutant p53 can
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protect mice from cancer produced by transplanted tumors

(Roth et al., 1996). Based on this premise, peptide vaccines

(Zeestraten et al., 2013), viral vectors (van der Burg et al.,

2002), and dendritic cell vaccines (Ellebaek et al., 2012) have

entered phase I/II clinical trials. Regardless of platform,



immunotherapy has been able to induce p53-specific immune

reactions in humans, though clinical responses have yet to be

observed.

In theory, tumors that have escaped immunoediting are more

likely to contain immunogenic neoantigens. Therefore, there is

interest in combining p53 immunotherapywith so-called immune

checkpoint blockade to enhance T cell reactivity, which may be

able to translate previously observed generation of p53-specific

T cells into the desired cytotoxicity and clinical responses (Hard-

wick et al., 2014). Indeed, p53 loss can shield cancer cells from

CD8+ T cells via PD-L1 derepression, an interaction that acceler-

ates mouse models of cancer and is evident in human lung can-

cer (Cha et al., 2016; Cortez et al., 2015; Schuster et al., 2011),

yet a positive association between p53 alteration and response

to immunotherapy by PD-L1 inhibition has not been observed.

An attractive approach to targeting p53 mutant tumors is to

exploit synthetic lethality, a term describing a situation in which

gene mutation creates novel dependencies (Figure 5C). Many

previously characterized liabilities imposed by p53 mutation

converge around the DNA damage response and metabolism.

Although p53-deficient cells can evade apoptosis in the face of

DNA-damaging agents, further disabling the DDR leaves p53

mutant tumors hypersensitive to genotoxic damage (Ma et al.,

2012). Accordingly, strategies combining DNA-damaging agents

with inhibitors of DDR components ATM, CHK2, ATR, and CHK1

have been pursued (reviewed in Morandell and Yaffe, 2012).

Supporting the potential of this approach, a WEE1 inhibitor

that disables a G2 cell cycle checkpoint enhances the antitumor

activity of genotoxic chemotherapy in previously refractory p53

mutant ovarian cancer patients (Leijen et al., 2016). Also, pa-

tients with TP53 mutations have higher response rates to

extended cycles of the demethylating agent decitabine (Welch

et al., 2016). While the mechanistic basis for this observation is

not known, one plausible explanation is that wild-type cells ar-

rest in G2/M upon drug treatment, whereas p53-deficient cells

pass through the cell cycle checkpoint, resulting in severe chro-

mosomal damage and death (Nieto et al., 2004). Although exac-

erbating instability may achieve therapeutic responses, the

concern remains that mutagenesis associated with reducing

the DDR likely fuels tumor evolution and perhaps even the emer-

gence of treatment-associated cancers.

Additionally, the metabolic rewiring associated with p53muta-

tion also instills novel dependencies on druggable targets,

including PIP4K2A/B, cholesterol biosynthesis, and IAPP (Emerl-

ing et al., 2013; Freed-Pastor et al., 2012; Venkatanarayan et al.,

2015). Unlike synthetic lethal interactions related to p53 loss

of function, a side-effect of single copy chromosome 17p dele-

tions during LOH may be to expose cancers to heightened

dependence on linked essential genes such as POLR2A (Liu

et al., 2015).

Beyond cancer, pharmacological modulation of p53 is a

potentially useful and largely unexplored strategy to aid cell-

autonomous defense against infection. Pathogens evolved

around mammalian cells, selected to keep the host alive despite

the DNA damage, ROS induction, and activation of innate immu-

nity through toll-like receptors that follows infection, all of which

can be mediated by p53 (Shatz et al., 2012). Hence, p53 can act

as a suppressor of bacterial infection, leading to the concept of
pharmacological p53 activation to mitigate severe infections

(Siegl et al., 2014). Some pathogens encode components that

inhibit p53, and nutlin-based stabilization of p53 can hinder their

propagation (Kaushansky et al., 2013; Siegl et al., 2014). Conse-

quently, it may be worth considering use of MDM2 inhibitors in

cases of life-threatening multi-drug-resistant infections with no

other treatment options. However, induction of p53 is not univer-

sally conducive to combating infection, and defining its disease-

specific immune interactions will be a prerequisite for clinical

relevance of p53 in infectious diseases. Trp53�/� mice are actu-

ally more capable of recovering from bacterial pneumonia than

wild-type mice (Madenspacher et al., 2013).

Through restoring wild-type function, inhibiting mutant func-

tion, or treating a dysregulated immune system, multiple ave-

nues exist to target the p53 network in cancer. Given the

obstacles that have been encountered using these strategies

to date, further knowledge of basic p53 biology will be required

for future successful clinical applications.
Concluding Remarks
p53 has captured the fascination of cancer biologists, and its

detailed characterization has produced fundamental insights

into mechanisms of gene regulation and nature’s safeguards

against cancer. While the body of research on p53 is massive

and sometimes contradictory, it is now abundantly clear that

cellular responses to p53 activation involve a complex interplay

between activation triggers, cell lineage, and cell state. While

such context-dependent effects on p53 have stymied attempts

to generalize the mechanism of p53-mediated tumor suppres-

sion, they provide opportunities to exploit the network in cancer

cells, while avoiding deleterious consequences of manipulating

p53 in all tissues.

Despite decades of intensive research and countless discov-

eries, there remains much to learn about the roles and regulation

of p53. A challenge in the coming era of p53 research will be to

distill convergent truths assembled from comprehensive studies

and to translate knowledge of p53 into clinical application.

Indeed, the difficulties associated with exploiting p53 therapeu-

tically do not mitigate the astounding morbidity associated

with TP53 mutation. In the absence of new therapeutic

innovations, TP53 mutant cancer will lead to the deaths

of more than 500 million people alive today. New technolo-

gies, together with our ever-increasing understanding of the

complexity of p53 action and the diverse consequences of p53

mutation, will hopefully set the stage for more robust clinical

advances.
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Pomerantz, J., Schreiber-Agus, N., Liégeois, N.J., Silverman, A., Alland, L.,

Chin, L., Potes, J., Chen, K., Orlow, I., Lee, H.W., et al. (1998). The Ink4a tumor

suppressor gene product, p19Arf, interacts with MDM2 and neutralizes

MDM2’s inhibition of p53. Cell 92, 713–723.

Quelle, D.E., Zindy, F., Ashmun, R.A., and Sherr, C.J. (1995). Alternative

reading frames of the INK4a tumor suppressor gene encode two unrelated

proteins capable of inducing cell cycle arrest. Cell 83, 993–1000.

Rausch, T., Jones, D.T., Zapatka, M., Stütz, A.M., Zichner, T., Weischenfeldt,
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