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Simple Summary: p53 is best known for its tumour suppressive functions mediated through reg-
ulation of an extensive-gene regulatory network. Here we review progress in our understanding
of the complex role that p53 plays in controlling expression of cell-death regulatory pathways; how
paradoxically, this may be important for cellular and organismal survival in response to homeostatic
stress; the potential impact on the response to p53 activating therapies; and the ways that this might
be exploited in cancer types for which maintaining wild-type p53 is beneficial.

Abstract: The p53 tumour suppressor is best known for its canonical role as “guardian of the genome”,
activating cell cycle arrest and DNA repair in response to DNA damage which, if irreparable
or sustained, triggers activation of cell death. However, despite an enormous amount of work
identifying the breadth of the gene regulatory networks activated directly and indirectly in response
to p53 activation, how p53 activation results in different cell fates in response to different stress
signals in homeostasis and in response to p53 activating anti-cancer treatments remains relatively
poorly understood. This is likely due to the complex interaction between cell death mechanisms in
which p53 has been activated, their neighbouring stressed or unstressed cells and the local stromal
and immune microenvironment in which they reside. In this review, we evaluate our understanding
of the burgeoning number of cell death pathways affected by p53 activation and how these may
paradoxically suppress cell death to ensure tissue integrity and organismal survival. We also discuss
how these functions may be advantageous to tumours that maintain wild-type p53, the understanding
of which may provide novel opportunity to enhance treatment efficacy.

Keywords: p53; cell death; apoptosis; targeted therapy

1. Introduction

In order to survive, all multi-cellular organisms must undergo cell death. This process
occurs during both embryonic development and in the mature adult when cells that become
obsolete, irreversibly damaged or potentially harmful to the organism are eliminated in
an active and controlled manner. The dedicated molecular machinery responsible for
executing such physiological or ‘programmed’ cell death pathways must therefore be
tightly regulated to maintain homeostasis and avoid aberrant initiation of terminal cell
fates. Indeed, dysregulation of cell death has been linked to the pathogenesis of various
diseases such as cancer, neurodegenerative disorders and autoimmune and inflammatory
conditions [1]. Therapeutically exploiting aberrations in the initiation and propagation
of cell death is therefore of immense clinical importance, hence research in this area
has been extensive although not yet exhaustive as new, regulated forms of cell death
continue to be identified and explored. Some 12 distinct cell death programs have now
been described which include canonical apoptosis as well as emerging pathways such as
necroptosis, ferroptosis, and pyroptosis [2]. Whilst diverse with respect to their activatory
stimuli and the core molecular components that disseminate and execute the death signal,
all of these pathways aim to achieve the same end-goal—the regulated destruction and
removal/recycling of the cell. Importantly, it is increasingly clear that differences in
the ‘choice’ of cell death mechanisms, has wider implications than just the individual
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cell itself, since signaling to the local microenvironment is often necessary to prevent
the spread of damage and restore overall homeostasis [3]. For example, the release of
damage-associated molecular patterns (DAMPs) from cells succumbing to infection or
undergoing serious stress alerts and alters signaling in nearby cells to facilitate clearance
and preserve the function of the surrounding tissue [4]. Even the historically immune
inert, non-inflammatory process of apoptotic cell death has recently been shown to result
in actively secreted metabolites that modulate specific gene programs in neighbouring
cells [5]. Thus, committing a cell to death should be a carefully considered, deliberate act
which balances both the consequences for an individual cell or the organism as a whole.

This is particularly evident in the context of oncogenesis wherein resistance to cell
death is recognised as a hallmark event in cancer initiation and progression [6,7]. Failure to
eliminate cells which have undergone neoplastic transformation results in the expansion
and survival of malignant cell populations which, without intervention, is often to the
detriment of the entire organism. Thus, survival mechanisms must be put in place which
through the activation of programmed cell death, paradoxically ensure survival. In this
respect, the transcription factor and prominent tumour suppressor p53 is often hailed
as a master regulator of cell fate. In the 40 years since its discovery, intensive studies of
the p53 response and the plethora of genes it regulates has been shown to elicit effects
across many of the most fundamental cellular pathways and regulatory networks that
govern homeostasis throughout the body [8–11]. However, in its best described role as
a “guardian of the genome”, p53 plays a central role in regulating the response to DNA-
damage by balancing the activation of cell-cycle arrest and DNA-damage repair to promote
cell survival versus activating apoptosis and cell death [12]. This ensures that potentially
harmful DNA aberrations are not potentiated through cellular replication which ultimately
suppresses tumour development. So vital is this role that inactivation or suppression of
certain functions of p53 is thought to be a prerequisite in most, if not all, human cancers.
Extensive mapping of tumour DNA, facilitated by the explosion of routine next generation
sequencing (NGS) techniques, has revealed that around 50% of all tumours harbour a
mutation in the TP53 gene (which encodes the p53 protein), making it the most frequently
mutated gene in human cancer [13]. Mutational inactivation of the wild-type tumour
suppressive function of p53 is highly effective, however it is not the only means by which
p53 activity is abrogated. Tumour cells retaining wild type p53 expression employ myriad
mechanisms to disrupt p53 signalling upstream and/or downstream of its activation, many
of which are now targetable [14,15]. Reactivating the tumour suppressive functions of p53,
particularly those in favour of cell death, is therefore a highly attractive therapeutic strategy
which has already shown clinical promise. It is therefore perhaps surprising that tumours
retaining wild-type p53 in many cases do not necessarily have better outcomes in response
to treatment modalities such as chemo- and radiotherapy. This review aims to discuss
the role of activated p53 in mediating cell death, strategies which cancer cells employ to
deregulate this process and the therapeutic potential and challenges of harnessing p53
activation to promote cell death and tumour regression.

2. p53—A Tumour Suppressive Transcription Factor

The tumour suppressor p53 functions as a sequence-specific transcription factor which
binds to the regulatory regions of target genes in order to induce their expression and
control cell fate [11,16,17]. Canonical “wild-type” p53 (also denoted TAp53α) is the most
extensively studied p53 isoform of which 9 have been reported [18]. Encoded by the TP53
gene, wild-type p53 is expressed as a 393 amino acid peptide composed of several distinct
domains (Figure 1). Two tandem transactivation domains (TAD1 and TAD2) are present at
the p53 N-terminus which bind both positive (p300/CBP) and negative (MDM2/MDMX)
regulators of its transcriptional activity and protein stability [19]. Such proteins typically
enact their regulatory effects through the addition or removal of post-translational modifi-
cations, an abundance of which are found within the lysine-rich C-terminal domain. The
immediately adjacent proline rich domain (PRD) has been implicated in regulating the
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apoptotic function of p53 [20]. The main core of the p53 protein contains the DNA-binding
domain (DBD), which consistent with its function as a tumour suppressive transcription
factor, is the site most frequently mutated in cancer [21,22]. In order to efficiently bind to
DNA at specific target sites, p53 must first form a homo-tetrameric structure which is facili-
tated by the oligomerisation domain (OD) and to some extent the C-terminal domain (CTD).
The putative DNA binding motif responsible for the recruitment of p53 to particular target
genes is known as a p53 response element (p53RE) and is comprised of two decameric half
sites of the consensus sequence RRRCWWGYYY (R = G/A; W = A/T; Y = C/T) separated
by a spacer of between 0 and 13 base pairs [23,24]. Typically, a gene-proximal p53RE
located within 2.5 kb of the transcriptional start site is necessary for the transactivation of
so-called ‘direct’ p53 targets, although binding also frequently occurs within the first intron.
How p53REs enable the discrimination and activation of specific genomic targets to induce
particular p53-driven cell fates has been an area of intense research. Indeed, numerous
computational, biochemical and multi-omic approaches have been employed in efforts to
more robustly examine the sequence and context specificity of p53REs and correlate direct
binding with gene expression and cell fate [25–29].
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Figure 1. p53 structure and post-translational modification. Schematic representation of distinct p53
domains and the key post- translational modifications which have been shown to regulate p53 activity;
transactivation domain (TAD1 and TAD2), proline-rich domain (PRD), DNA-binding domain (DBD),
oligomerisation (OD), and the C-terminal domain (CTD). Created with BioRender.com (accessed on
15 May 2021).

An emerging concept is that high affinity p53REs are well conserved across species and
are present at cell cycle arrest genes (e.g., CDKN1A/p21) whilst lower affinity, evolutionary
divergent p53REs are found at pro-apoptotic genes (e.g., BAX/BAX) [30,31]. However, the
underlying molecular mechanisms which dictate p53 binding at distinct p53REs remain
poorly defined. Conserved G/C residues at positions 4, 7, 14, and 17 of the p53RE mediate
tetrameric p53 binding at specific genomic targets with mismatches in the core ‘CWWG’
typically resulting in lower binding affinity [32,33]. Interestingly, such mismatches have
been reported in both high- and low-affinity targets and indeed the number of mismatches
within a specific p53RE is not simply predictive of differential affinity. In a recently
described model, alterations in the p53RE nucleotide code at positions 3, 8, 13, and 18
create a specific DNA shape that is sensed by two p53 DNA contact residues (Lys120 and
Arg248) resulting in differential p53 interactions and a change in conformation [34,35]. This
facilitates p53 binding to specific high- and low-affinity p53REs which modulates target
gene expression and cell fate when manipulated in vivo [35]. However, in addition to
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sequence specificity, the functional state of the DNA, chromatin and p53 itself (in terms of
post-translational modification) and indeed the cell type and mechanism of p53 activation
also play important roles in determining downstream target activation and subsequently
cell fate [36–39]. Importantly, efforts to comprehensively map p53REs may be encumbered
by their frequent occurrence in respective, often methylated regions (which can be hard
to map genomically with short read technologies) of the genome driven by proliferation
of LINE elements [40]. The emerging importance of p53 and such elements in repressing
retrotransposons during development and the potential vulnerability this imposes in p53
deficient cancers requires further study of the non-canonical role of p53 binding to these
“dark” regions of the genome [41–43].

Interestingly, distal p53 binding sites have also been identified in regions such as
enhancers which adds a growing degree of complexity when trying to correlate p53 binding
with direct gene expression (reviewed in [11]). Moreover, whether p53 can function as both
a direct activator and repressor of transcription has been an area of intense study and debate.
Recent large-scale meta-analyses of published ChIP-seq and gene expression data have
aimed to reconcile this paradigm [26,27,44], with a generally emerging concept that p53
functions as a direct transcriptional activator with resulting target gene expression acting
to indirectly repress transcription in a p53-dependent manner [45]. Thus, p53 activation
can result in the direct and indirect regulation of multiple signalling pathways which
regulate almost all aspects of cell fate. This includes canonical activation of cell-cycle arrest,
DNA-repair, senescence, and apoptosis as well as emerging roles in autophagy, metabolism
and the immune response.

These meta-analyses identify a core of ~500 protein-coding genes as being directly
regulated by p53-mediated transcriptional promoter activation; although exploration of
how p53 affects a larger spectrum of genes in a tissue specific manner through interactions
with enhancers and non-functional regions of the genome through pioneer factor activity
is an area of intensive investigation [11]. Direct transactivation leads to the upregulation of
well-established p53 targets such as CDKN1A (p21), MDM2 (MDM2), and BBC3 (PUMA),
the functions of which have been extensively mapped and studied (reviewed in [46]). How-
ever, as our understanding of novel protein interactions and cellular pathways increases,
the roles of even the most renowned p53 targets, as well as those yet to be fully explored,
continue to be expanded and defined. Thus, the transcriptional activation of p53 targets
likely spans a multitude of both distinct and overlapping cellular pathways which are
regulated in a context dependent manner (i.e., cell type and stimuli). Indeed, in terms of its
ability to induce cell death, p53 is canonically recognised as a master regulator of apoptosis.
However, with the discovery and characterisation of novel forms of regulated cell death,
diverse roles for established p53 induced targets as well as new p53 transcriptional targets
continue to be identified.

Nonetheless, the canonical tumour suppressive functions of p53 are still heavily
intertwined with its long-established role in activating apoptotic cell death. Whilst this
involves transcriptional upregulation of direct activators of apoptosis—such as PUMA,
NOXA, and BAX—numerous studies have also described transcription-independent roles
for p53 in facilitating apoptotic cell death. However, simply activating p53 does not
immediately condemn a cell to apoptotic cell death as a host of regulatory proteins are
simultaneously regulated in order to prevent unnecessary commitment to this terminal
and, largely, irreversible fate.

3. Apoptosis and Beyond

In mammalian cells, apoptosis is induced by two distinct, yet ultimately converg-
ing signalling pathways known as the extrinsic (death-receptor-mediated) and intrinsic
(mitochondrial-mediated) apoptotic pathways (Figure 2) [47]. Activation of intrinsic apop-
tosis occurs in response to a diverse range of intracellular stimuli including oncogenic stress,
DNA-damage, nutrient-deprivation and ROS generation. This leads to the transcriptional
and post-transcriptional upregulation of the BH3-only, pro-apoptotic members of the BCL-2
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family proteins (BIM, BID, PUMA, NOXA, BMF, BAD, BIK and HRK) [48,49]. Increased
expression of these pro-apoptotic proteins overcomes the anti-apoptotic threshold set by
pro-survival members of the BCL-2 family (BCL-2, BCL-XL, BCL-W, MCL-1 and A1/BFL1)
in order to activate the mitochondrial pore forming proteins BAX and BAK [49,50]. BAX
and BAK (and also BOK) are multi-BH domain containing members of the BCL-2 family
which, upon oligomerisation, are responsible for mitochondrial outer membrane permeabi-
lization (MOMP) [51]. MOMP is often deemed the ‘point of no return’ in terms of cell death
activation as the subsequent apoptosome-mediated (cytochrome c/Apaf-1/Caspase-9)
activation of the executioner caspases-3 and -7 results in the widespread destruction of
the cell and its contents [52,53]. In contrast, extrinsic apoptosis is mediated by extra-
cellular signalling molecules which act as ligands for membrane spanning members of
the tumour necrosis factor receptor (TNFR) super family known as death receptors [54].
Upon ligand-induced receptor clustering, death receptors such as TNFR1, TRAIL-R1/DR4,
TRAIL-R2/DR5 and CD95/Fas recruit intracellular adaptor molecules (such as FADD
and TRADD) through death domain (DD) specific interactions which ultimately leads to
the formation of death inducing signalling complexes (DISCs) [55–57]. Such complexes
contain the initiator procaspases, procaspase-8 and procaspase-10 [58–60], which bind to
the adapter molecules via homotypic death effector domain (DED) interactions in order
to become catalytically active [61]. Regulation of procaspase-8 activation at the DISC is
determined by its critical regulator, FLIP (CFLAR) [48]. Three isoforms of FLIP are found
in humans—FLIP long (FLIPL), FLIP short (FLIPS) and FLIP raji (FLIPR) [62–64]. Due to
their truncated c-terminus, FLIPS and FLIPR are bona fide inhibitors of procaspase activity.
In contrast, FLIPL has been described as a pseudo-caspase which can either promote or
inhibit procaspase-8 activation based on its relative recruitment to the DISC [65]. In so
called ‘type I’ cells activation of caspase-8 at DISCs can directly lead to the induction of cell
death through direct effector caspase-3 and -7 activation, however in ‘type II’ cells, signal
amplification via the mitochondria is necessary in order to fully activate apoptosis [66].
This involves crosstalk between both the extrinsic and intrinsic apoptotic pathways which
is facilitated by caspase-8 and caspase-10 mediated proteolytic cleavage of the BH3-only
protein, BID, leading to MOMP and ultimately cell death [67].
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Given that apoptosis is driven by both intra- and extra-cellular stress signals, p53
is able to transcriptionally upregulate the expression of target genes and proteins in-
volved in both the extrinsic and intrinsic apoptotic signalling pathways (Figure 2) [68,69].
Key components of the extrinsic apoptotic pathway, the death receptors TRAIL-R2/DR5
and Fas, are well-established direct p53 transcriptional targets upregulated in response
to various p53 activatory stress stimuli [70,71]. However, the physiological importance
of such death-receptor upregulation is somewhat controversial in terms of their direct
cell-death inducing properties. Typically, p53 activation resulting from DNA-damage
inducing agents (such as UV-radiation or chemotherapy) does not require extrinsic/death-
receptor pathway activation in order to induce cell death [72]. The upregulation of Fas and
TRAIL-R2/DR5 may, however, serve to sensitise cells to killing by proximal or recruited
death-receptor-ligand-expressing immune cells. To this end, studies have demonstrated
that chemotherapy-induced, p53-mediated TRAIL-R2/DR5 upregulation sensitises cells
to recombinant ligand binding which facilitates the induction of cell death [73,74]. Thus,
p53-mediated death receptor upregulation may enhance the response to cytotoxic damage
by priming the cells for elimination by TRAIL or FasL expressing immune effector cells.
Interestingly, our recent work identified FLIP as a direct p53 target whose expression is
increased as an early response to p53 stabilisation [75]. Sufficiently high levels of the
long isoform of FLIP, FLIPL abrogates the function of caspase-8, rendering cells insen-
sitive to extrinsically derived stimuli [65,76]. This seemingly paradoxical role of p53 in
transcriptionally regulating the expression of both pro- and anti-apoptotic members of
the extrinsic apoptotic pathway may have important roles in preventing cell death en
masse whilst simultaneously priming cells for death in response to specific stimuli. Indeed,
knock-down of FLIPL sensitises cells to p53 induced apoptosis. In the first instance this is
driven in a TRAIL-R2/DR5 dependent manner, however, subsequent p53-mediated PUMA
upregulation in the absence of FLIPL facilitates the activation of intrinsic apoptosis [75].

Indeed, p53 plays a pivotal role in regulating the transactivation of multiple tar-
gets involved in the activation of the intrinsic apoptotic pathway [68]. This includes the
BH3-only proteins PUMA and NOXA, as well as the mitochondrial pore forming protein,
BAX [77–80]. Additionally, in response to DNA damage, p53 also transcriptionally up-
regulates the expression of the apoptosome adapter, Apaf-1, which facilitates executioner
caspase activation following MOMP [81,82]. However, the relative contribution of these
canonical p53 targets to the induction of p53-dependent apoptosis appears to be quite com-
plex. For example, in the presence of p53 overexpression or in response to p53-activating,
DNA-damage-inducing agents loss of PUMA expression abolishes p53-dependent apop-
tosis, indicating that PUMA is an essential mediator of the p53-dependent apoptotic
response [83,84]. However, simultaneous loss of both PUMA and NOXA in response to
γ-radiation or drug-induced p53 activation confers more resistance to apoptosis than loss of
PUMA alone [77,85]. Conversely, NOXA has been reported as the more essential mediator
of UV-radiation-induced apoptosis [86], suggesting that a certain degree of redundancy
may exist whereby the critical mediators of the p53 response may vary based on cell type
and stimuli. Moreover, whilst BAX and Apaf-1 unquestionably regulate p53-dependent
apoptosis, the critical nature of these proteins in the overall apoptotic response means that
other measures are in place to regulate their expression in the absence of p53. This has been
demonstrated as mice thymocytes lacking p53 display normal levels of BAX and Apaf-1
and undergo apoptosis to a similar degree [87]. Therefore, the p53-induced expression of
these targets may serve to enhance the sensitivity of the p53-dependent apoptotic response
rather than essentially contributing to this process [69].

Interestingly, a non-transcriptional role for p53 in the regulation of intrinsic apoptosis
has also been proposed wherein p53 can directly bind to and activate BAX at the mitochon-
drial membrane to induce MOMP and cell death [88]. Additionally, studies have suggested
that following genotoxic activation p53 can translocate to the cytoplasm and sequester
anti-apoptotic members of the BCL-2 family such as BCL2, BCL-XL, and MCL-1 in order to
liberate pro-apoptotic BAX, BAK, and BIM repression [89,90]. Thus, the transcriptional-
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dependent and -independent roles of p53 in the intrinsic apoptotic pathway likely operate
in concert to ensure the prompt and efficient induction of cell death. Importantly, the role of
p53 in cell death has recently been shown to extend beyond the conventional induction of
apoptosis. Novel functions in non-canonical cell death pathways—such as necroptosis, fer-
roptosis, and pyroptosis—are beginning to emerge which highlight alternative, potentially
targetable mechanisms for p53-induced tumour suppression [91].

In contrast to the relatively immune inert, non-inflammatory processes of apoptosis,
necrosis represents an immune stimulatory, inflammatory form of what was originally
considered ‘accidental’ cell death induced by extreme perturbations of the cellular milieu.
However, regulated activation of this pathway is now known to occur in the form necrop-
tosis [2]. Activated in response to TNF and FasL, necroptosis is dependent on the function
of two related kinases, receptor-interacting protein kinase-1 (RIPK1) and -3 (RIPK3) [92].
Accumulation of an intracellular complex containing RIPK1, FADD, and procaspase-8
results in the recruitment and subsequent auto-phosphorylation of RIPK3. Phosphorylated
RIPK3 activates MLKL (mixed lineage kinase domain pseudo-kinase) which oligomerises
to form pores in the cell membrane, disrupting ion flux and resulting in inflammation
and immunogenic cell death [92,93]. Importantly, low levels of cellular IAPs (inhibitor
of apoptosis proteins) and caspase-8 inactivation are required to propagate necroptotic
signalling [94]. As previously mentioned, p53-activation induces the expression of FLIPL
which when present at sufficient levels can block caspase-8 activation and thus may con-
tribute to the regulation of necroptosis [75]. Additionally, in response to DNA-damage
and ROS generation p53 reportedly transactivates cathepsin Q and directly interacts with
cyclophilin D (cypD); both of which contribute to necroptotic cell death [95,96]. Indirect
regulation of RIPK1 and RIPK3 via the p53 induced necrosis-related factor (NRF)-miR873
interaction has also been recently identified [97]. Thus, the role of p53 in necroptosis contin-
ues to be explored as the immunogenic nature of necroptotic cell death may be beneficial
to enhance immune-mediated clearance of tumour cells.

Ferroptosis is described as a regulated form of cell death which is dependent on intra-
cellular microenvironment perturbations such as iron availability and ROS generation and
is characterised by the accumulation of lipid peroxides [2]. Various studies have demon-
strated that p53 can regulate the induction of ferroptosis through different mechanisms and
that is likely an important component of p53′s tumour suppressive function [98,99]. Specif-
ically, p53-mediated transactivation of SAT1 or GLS2 expression or inhibition of SLC7A11
expression result in increased levels of lipid peroxides and ROS required for ferroptotic cell
death, whilst p53-mediated activation of p21 or inhibition of DPP4 suppresses ferroptosis.

Pyroptosis is an inflammatory form of regulated cell death morphologically charac-
terised by cell swelling and membrane perforation and molecularly by inflammosome-
induced caspase-1 mediated gasdermin-D (GSDMD) cleavage or caspase-3 mediated
gasdermin-E (GSDME) cleavage [2,100]. Activation of NOD-like receptors (NLRP1, NLRP3,
NLRC4) initiates pyroptotic signalling in response to bacterial infection and other stresses,
in order to facilitate pathogen clearance and enhance the innate immune response [100]. In
a model of lung cancer, p53 was reported to directly bind to and activate NLRP3 thus pro-
moting pyroptosis [101]. Moreover, p53 has also been reported to transactivate caspase-1
and members of the gasdermin family [102,103]. However, the precise functional role of
p53 in pyroptosis remains to be fully determined.

In addition, p53 has an extensive role in regulating cellular metabolism and autophagy
(reviewed in [104,105]). Autophagy is an indispensable mechanism through which non-
transformed cells maintain metabolic homeostasis by implementing protein quality control
and recycling molecular machinery [106]. A complex interplay exists between autophagy
and p53 whereby autophagy suppresses p53 and p53 activates autophagy [105]. The
context dependent nature of this relationship has major implications for the resulting cell
fate as autophagy typically promotes cell survival rather than cell death. However, in
particular genetic and environmental contexts autophagy can also result in cell death [107].
Truly autophagy-dependent cell death is molecularly distinct from apoptosis and directly
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involves components of the autophagic machinery [2]. Nonetheless, considerable overlap
also exists whereby the activation of autophagy leads to the regulation of apoptotic cell
death in which p53 is thought to play an instrumental role [108]. Nuclear p53 transcrip-
tionally upregulates a number of targets involved in autophagy such as DRAM1 and
ULK1 [109,110]. DNA damage-regulated autophagy modulator (DRAM), upregulated
by stress-activated p53, is a lysosomal protein with prominent roles in the autophagic
response and promoting apoptosis [109,111]. Moreover, the p53 transcriptional targets
PUMA and BAX have also been implicated in the induction of autophagy which contributes
to apoptosis [112]. Conversely, cytoplasmic p53 reportedly facilitates the degradation of Be-
clin1/BECN1, a critical mediator of autophagy, thus p53 can also repress this process [113].
Whether p53-induced autophagy contributes to tumour suppression or survival appears to
be entirely context dependent, as inhibiting autophagy can both promote and suppress the
p53-mediated apoptotic response [108,111,114].

4. Immunogenicity of Cell Death

Emerging evidence has revealed that p53 also plays an important role in immunity,
that is mediated at least in part, by its ability to induce cell death (Figure 2) (reviewed
in [115,116]). Many viruses, including those associated with tumour development, acti-
vate a number of different cellular stress signals that stimulate a cell-death-inducing p53
response. Thwarting this ‘innate’ immune response is essential for the survival of the
virus, thus just as cancer cells must circumvent p53 activation, so too must the infected
cells. Indeed, many of the discoveries elucidating the anti-cancer functions of p53 have
stemmed from research into the capacity for tumorigenic viruses to inactivate p53 [115].
Burgeoning literature support the critical role of p53 in modulating immunity and inflam-
mation and have been extensively reviewed [117,118]. For example, p53 has been shown to
have important functions in modulating the interferon response, cytokine production, TLR
function and in immune checkpoint regulation. Key targets involved in such pathways
include interferon (IFN) regulatory factor 5 (IRF5), IRF9, IFN-stimulated gene 15 (ISG15),
toll-like receptor 3 (TLR3), and CC chemokine ligand 2 (CCL2), all of which contribute to
the p53-mediated immune response [119–123].

Therefore, in order to escape p53-mediated immune detection and to avoid triggering
p53-induced cell death, many tumour-associated and non-tumour associated pathogens
have developed efficient yet often quite complex mechanisms for regulating p53 activity.
The human papilloma virus (HPV), for example, utilises the viral E6 and E7 proteins to
abuse host machinery and dysregulate p53 activity by enhancing p53 protein degradation
and disrupting its association with the DREAM complex, respectively [124,125]. Ultimately,
in cases of high-risk HPV infection (which accounts for some 70% of cervical cancers) this
leads to aberrant cell-cycle regulation and malignant transformation. Similarly, the gastric
cancer associated bacterium, Helicobacter pylori (H. pylori) dampens the p53 response in
order to propagate infection [126]. Equipped with oncogenic CagA (cytotoxin-associated
gene A), H. pylori can promote degradation of p53 through complex CagA-p53 related
mechanisms (Figure 2). This includes binding of CagA to the p53 activatory protein ASPP2
(apoptosis-stimulating protein of p53), resulting in the inhibition of p53-mediated tran-
scription and the induction of its proteasomal degradation [127]. Enhanced proteasomal
degradation of p53 is also mediated by increased phosphorylation of Akt and MDM2 in H.
pylori infected cells [128]. In contrast, certain pathogens are known to require functional p53
or even to disparately regulate p53 activity throughout their lifecycle in order to survive.
This strategy is observed for viruses such as HIV-1 (human immunodeficiency virus) in
which attenuation of p53 dampens the initial anti-viral response whilst subsequent activa-
tion of p53 facilitates the dissemination of the viral infection [129,130]. This complicated
interplay between p53 and the microbiome is further exemplified by the recent finding that,
in particular regions of the gut, bacteria-released gallic acid can actively switch mutant p53
function from tumour-suppressive to oncogenic by interfering with its ability to abrogate
Wnt signalling [131]. Dysregulation of the myriad mechanisms that normally control p53
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activity and stability have been described in response to both viral and bacterial infection
and are reviewed elsewhere [132,133].

However, upon sufficient microbial- or indeed oncogenic-stress detection, the immune-
mediated cell death, and tumour-suppressive functions of p53 become activated. Both cell-
autonomous and non-cell autonomous mechanisms have been described which modulate
the immune response following p53 activation. For example, in human cancer cells, p53
has been shown to upregulate the transcriptional expression of the natural killer (NK) cell
ligands UL16-binding protein 1 (ULBP1) and ULBP2 thus facilitating NK cell mediated
tumour clearance [134,135]. Studies have also demonstrated a role for p53 in the regulation
of major histocompatibility complex class I (MHC1) cell surface expression which is crucial
for appropriate cytotoxic T-cell function. Endoplasmic reticulum aminopeptidase 1 (ERAP1)
and transporter associated with antigen processing 1 (TAP1) are responsible for antigen
precursor trimming and loading onto MHC1 proteins are transcriptionally regulated by p53
(Figure 2) [136,137]. Defects in ERAP1 have been linked to reduced MHC1 expression and
impaired T-cell function [138], indicating that p53 contributes to the effective functioning
of this pivotal, cell autonomous mechanism of immune surveillance and T-cell killing.
Moreover, in a model of lung cancer, infection with the H1N1 influenza virus resulted in
p53 activation, ERAP1 upregulation and an increase in MHC1 expression highlighting the
innate role of p53 as a viral defence mechanism [137].

Notably, non-cell autonomous mechanisms of p53-mediated immune regulation and
tumour suppression have also been described. In addition to cell intrinsic functions such
as the activation of cell-cycle arrest and apoptosis, p53 can also activate senescence and
by extension the senescence associated secretory phenotype (SASP) [139]. Activation of
the SASP involves the production and secretion of immunomodulatory factors and inflam-
matory cytokines as well as components which modulate the extracellular matrix (ECM)
which together regulates the tumour microenvironment. This has important implications
for tumour growth and development with studies highlighting both tumour-suppressive
and tumour-permissive outcomes in response to SASP activation [139]. Importantly, in
a fibrosis-associated liver cancer model, the p53-induced SASP has been shown to mod-
ulate macrophage polarisation in favour of the M1-state thus facilitating the removal of
senescent cells and promoting an anti-tumour immune response (Figure 2) [140]. As has
previously been alluded to the p53-dependent regulation of such immuno-modulatory
factors—e.g., IFNγ and IL-6—and indeed the activation and regulation of the SASP in-
volves co-operativity with the inherently immuno-regulatory NFκB pathway.

Whilst the p53-dependent regulation of molecules involved in inflammation and
immunity is important in terms of tumour-suppression, recent evidence also suggests
that the p53 may play a critical role in the regulation of autoimmunity [141]. Indeed,
autoantibodies to p53 have been detected in patients with systemic lupus erythematosus
(SLE) and other autoimmune diseases [142]. p53 deficiency has also been closely linked
to autoimmune and inflammatory conditions in mice suggesting that wild-type p53 nor-
mally functions to prevent the inappropriate activation of an immune-mediated cell death
response [143,144]. Mechanistically, the p53-dependent transactivation of forkhead box P3
(Foxp3) has been shown to contribute to the induction of Treg cells in mice which may be
critical in suppressing autoimmunity [144].

Cell death resulting from p53 activation typically induces tolerogenic cell death which
is best exemplified by its prominent role in apoptosis [145]. Tightly packaged, so called
‘apoptotic bodies’ containing cellular debris are rapidly engulfed and discarded by neigh-
bouring cells and macrophages. This prevents exposure of immune-stimulatory and
inflammatory molecules to the surrounding tissue which could otherwise result in the de-
velopment of auto-immunity and disease [145]. Importantly, it has recently been reported
that p53 actively regulates not only the induction of apoptosis but also the post-apoptotic
clean up. Yoon et al. demonstrated that p53 regulates the expression of death domain
1 alpha (DD1α/VSIR), a transmembrane protein of the immunoglobin family [146]. In
response to radiation, the p53-dependent transcriptional upregulation of DD1α resulted
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in increased protein expression and promoted the clearance of apoptotic cells by phago-
cytes (Figure 2). DD1α expression on the surface of T-cells was also shown to result in
immunosuppression and DD1α-deficient mice were reported to spontaneously develop
autoimmunity [146]. This represents a critical node through which p53 can regulate cell-
fate in a non-cell-autonomous manner, i.e., by regulating the cell-death-induced immune
response in order to preserve tissue function. Whilst in normal circumstances this process
is critical in preventing organ damage and maintaining homeostasis, in cancer cells this
may paradoxically lead to tumour development.

Indeed, p53 has also been shown to regulate the expression of immune-checkpoint
components such as programmed death 1 (PD1/PDCD1) and programmed death ligand
1 (PD-L1/CD274) [146]. Although such studies propose that p53-mediated upregulation
of PD1/PDL-1 may constitute another means of immune escape exploited by cancer cells
retaining wild-type p53 expression (Figure 2), this may be context dependent as recent
observations suggest that p53 can also reduce anti-immunogenic PDL-1 expression [147].
This has been shown to be executed by microRNA-34a (mir34a), a well-established p53
transcriptional target and key regulator of p53-mediated tumour suppression. Mir34a
directly binds to the 3′ untranslated region of the gene encoding PDL-1, preventing its
transcriptional expression and antagonising T-cell exhaustion [147]. In contrast, higher
PDL-1 expression in p53 mutant/deficient tumours with reduced mir34a expression may
lower immunogenicity and facilitate the survival of immune-cold and potentially more
aggressive cancers.

Additionally, the p53/mir34a axis has been further implicated in preventing CD8+ T
cell exhaustion by reducing the secretion of Golgi reassembly and stacking protein 55 kDa
(G55)-dependent protein [148]. G55 is a Golgi stacking protein which contributes to secre-
tory vesicle biogenesis, the contents of which have been shown to enhance proliferation
and invasion in p53-deficient lung cancer cells by modulating the tumour microenvi-
ronment [148]. Thus, the p53-dependent, mir34a-mediated silencing of G55 expression
constitutes an important mechanism through which the emerging functions of p53 in
Golgi regulation can modulate the tumour response. Moreover, mutant p53 has recently
been shown to induce Golgi tubulo-vesiculation driving a pro-metastatic secretome which
modulates the tumour microenvironment in order to enhance tumour growth and dissemi-
nation [149].

p53 has also been shown to play a role in the release of extracellular vesicles, and in
particular exosomes, is gaining significant interest in cancer research and immunology
owing to the increasing importance of the complex interplay between cancer cells and the
tumour microenvironment [150,151]. This includes effects on adjacent cancer cells, resident
immune cells as well as cancer associated fibroblasts (CAFs) and the ECM which together
determine cancer initiation, progression, and response to treatment. In response to stress,
p53 has been shown to transcriptionally regulate TSAP6, a multi-pass transmembrane
protein that facilitates exosome secretion [150]. Exosome size and cargo are also modulated
by p53 activity with multiple anti-tumorigenic effects described. This includes regulation of
exosome dependent immune surveillance as well as repression of exosomal TP53 miRNAs
destined to inactivate p53 in CAFs [151,152].

Given the emerging complexity highlighted above, the relationship between p53,
immunity and cell death likely has many more secrets to reveal, since for example recent
data demonstrates a crucial role for the extrinsic, p53-regulated, cell death DR5/Caspase-
8/FLIP axis in amplifying cell death activated by CAR-T cells [153]. This indicates that
the balance of p53 activity in cancer cells may additionally determine how cancer cells
respond to T-cell responses that are critical for immunotherapies. Thus, determining
the way in which cells die in response to p53 activation is of critical importance from a
cancer therapeutics perspective with much still to be uncovered in the promising field of
immuno-oncology.
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5. (De)Regulation of p53-Induced Cell Death

In unstressed, non-transformed cells p53 protein levels are maintained at low, almost
undetectable levels in order to avoid aberrant activation of cell-cycle arrest and cell death. A
complex regulatory network therefore exists upstream of p53 which under basal conditions
ensures homeostasis and in response to stress stimuli rapidly facilitates p53 stabilisation
and activation. The activity of such regulatory networks, and subsequently the p53 protein
itself, is governed by an extensive array of post-translational modification (PTM) events
which have been shown to directly affect p53-induced target activation and ultimately cell
fate [39]. Not surprisingly, cancer cells have developed multiple strategies to exploit and
dysregulate key components of the p53 signalling network in order to mitigate its tumour
suppressive functions and evade cell death [154,155]. The simplest way to inactivate p53 is
to mutate and/or lose the wild-type copy of the gene, yet while this happens in more than
fifty percent of all cancers, why cancers from certain tissues or indeed molecularly defined
sub-types selectively evolve to maintain wild-type p53 and suppress activity through
altering upstream activator/repressors or downstream effectors to affect cell fate outcomes
(e.g., arrest vs. death) remains poorly understood.

The best described and dominant regulator of p53 activation is the E3-ubiquitin ligase,
mouse double minute 2 (MDM2) (Figure 3) [156,157], which binds to and inhibits the
N-terminal transactivation domain of p53. Through its E3-ligase activity MDM2 also
targets p53 for proteasomal degradation via poly-ubiquitination of multiple lysines within
the p53 CTD, thereby reducing p53 protein stability [158,159]. MDM2 binding to p53
can also suppress the transcription factor activity of p53 through competitive binding
and inhibition of activatory co-factors and by facilitating p53 nuclear export [160,161].
Importantly, MDM2 gene expression is itself under the transcriptional control of p53, thus
an auto-regulatory loop exists wherein MDM2-mediated p53 inhibition concomitantly
reduces MDM2 expression [157].
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Canonically, MDM2 functions as homodimer, although heterodimers of MDM2 and
MDMX (MDM4) also exert dominant negative effects on p53 activity [162]. MDMX is a
homologue of MDM2 which, due to its inability to form a homo-dimeric structure, does not
possess inherent E3-ligase activity. Nonetheless, MDMX can also negatively regulate p53
activity through MDM2-dependent and independent mechanisms (Figure 3) [163]. Knock-
out studies in mice have demonstrated that loss of either protein results in embryonic
lethality [164,165], highlighting the non-redundant nature of their roles. Moreover, simul-
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taneous loss of p53 has been shown to rescue this phenotype [164,165], thus establishing
the MDM2/MDMX-p53 axis as an essential regulatory mechanism which controls cell fate
during development.

This prominent role of MDM2-mediated p53 inhibition in facilitating cell survival is
frequently exploited by cancer cells in order to suppress the anti-tumour activity p53 [166].
Amplification of MDM2 has been detected in multiple tumours including sarcomas [167],
lung cancer [168] and colorectal cancer [169], moreover, MDM2 over-expression is also
linked to poor prognosis and increased chemotherapeutic resistance [170]. Furthermore, a
single nucleotide polymorphism (SNP) in the MDM2 promoter has been shown to create a
binding site for the transcription factor SP1 which increases MDM2 expression, abrogates
p53 activity and accelerates tumour development [171]. The MDM2-p53 axis plays a sen-
tinel role in sensing homeostatic and oncogenic stress. For example, ribosomal/nucleolar
stress (a rheostat for cellular homeostasis) leads to release of nucleolar RPL5/11 which
can inhibit MDM2 interaction and stabilise p53 [172]. MDM2 activity can conversely be
activated by phosphorylation upon activation of proto-oncogenes such as Akt [173].

Additionally, the MDM2-p53 axis is harnessed by the tumour suppressor p14ARF

(a nucleolar protein encoded by an Alternative Reading Frame of the INK4a/CDKN2A
locus) as a key sensor of hyperproliferative stimuli (Figure 3) [174,175]. Aberrant mitogenic
signalling and oncogenic stress lead to increased ARF expression, which results in MDM2
being sequestered in the nucleolus. In addition to MDM2 inhibition, ARF also negatively
regulates the activity of ARF-BP1 (ARF binding protein 1) which also directly binds and
ubiquitinates p53 [176]. p14ARF stabilisation and activation of p53 typically culminates in
the induction of cell-cycle arrest, however, is response to adequate stimuli cell death can
also ensue. In vivo analyses have demonstrated that ARF deficient mice are highly tumour
prone, thus this pathway represents a primary mechanism of tumour surveillance [177].
Inactivating mutation or deletion of p14ARF is frequently reported in human cancers
alongside non-mutational mechanisms such as increased gene silencing by methylation,
expression of splice variants and negative regulation by the oncogenic transcription factor
Twist1 (reviewed in [178]). Whilst loss of p14ARF function may promote oncogenesis via
p53 dysregulation, overexpression of p14ARF has also been correlated with mutant p53
expression and thus a more aggressive phenotype [179]. Utilising p14ARF expression as a
prognostic biomarker in cancer therapy has therefore been somewhat controversial [178].

Key regulators of the DNA-damage response (DDR) pathway, ataxia-telangiectasia-
mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) are critical for maintaining
genomic integrity and have a key role in regulating p53 activation through PTM [180,181].
DDR activated by double or single strand breaks is driven by ATM and ATR respec-
tively, which subsequently trigger phosphorylation of downstream kinases, checkpoint
kinase 1 and 2 (Chk1/CHEK1, Chk2/CHEK2) (Figure 3). Phosphorylation of p53 by
Chk1/Chk2 [182], or directly by ATM [180], occurs at the N-terminal transactivation do-
main and blocks the negative interaction of MDM2. Multiple residues within this region
(S15, S20, S46, and T18) undergo phosphorylation which can also be induced by other
stress-induced kinases such as HIPK2 (homeodomain-interacting protein kinase 2) [183].
While phosphorylation of S15 is often described as a nucleation event which promotes
further p53 modification, particular phosphorylation events such as S46 phosphorylation
have been shown to regulate p53 activity in favour of cell death by transcriptionally acti-
vating the pro-apoptotic mitochondrial associated gene TP53AIP1/p53AIP1 (p53-regulated
Apoptosis-Inducing Protein 1) [183,184]. Importantly, phosphorylation-induced p53 ac-
tivation can be repressed by PPM1D/WIP1 which actively dephosphorylates the p53
N-terminus thus adding an additional degree of complexity to the regulation of p53 and
its functional output (Figure 3) [185]. Nevertheless, in response to adequate stimuli/DNA
damage, p53 N-terminal phosphorylation events efficiently disrupt the binding of MDM2
to this region, leading to increased p53 stability and transcription factor activity. Addi-
tionally, the phosphorylation-dependent dissociation of MDM2 from p53 facilitates the
binding of transcriptional co-activators which play an important role in determining the
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p53 response and therefore cell fate. For example, phosphorylation of p53 enhances its
interactions with co-factors such as ASPPs (Apoptosis Stimulation of p53 protein), which
induce p53 activity on the promoter of pro-apoptotic target genes [46]. Phosphorylation
events at the TAD can also facilitate the recruitment of the acetyltransferase p300 that
promotes acetylation and thus activation of p53 transcription activity [186].

In addition to phosphorylation-specific regulation, p53 undergoes extensive acetyla-
tion mediated by acetyltransferases such as p300, CBP (CREB-binding protein) and PCAF
(p300/CBP-associated factor complex) (Figure 3) (reviewed in [187]). Moreover, acetylation
is indispensable for p53 activation [188]. p53 is rapidly acetylated in response DNA damage
and particular acetylation events have been shown to regulate p53-induced cell fate by
transcriptionally favouring the expression of genes involved in either cell-cycle arrest or
apoptosis [187]. The lysine rich CTD of p53 is highly decorated with acetylation marks
(most frequently at K370, K372, K373, K381, K382, and K386) although acetylation also
occurs within the DNA binding domain (K120 and K164) and the oligomerisation domain
(K320) [39]. CTD acetylation stabilises p53 protein expression and enhances its transcrip-
tional activity by competitively inhibiting MDM2-mediated ubiquitylation at the same
lysine residues [189]. Additionally, CTD acetylation can also inhibit protein–protein inter-
actions which in unstressed/unacetylated cells act to suppress p53 transcriptional activity.
For example, under homeostatic conditions, the positively charged, lysine-rich, p53 CTD
acts as a docking site for acidic domain containing proteins such as the proto-oncogene, SET,
leading to the formation of a p53-SET transcriptionally repressive complex [190]. However,
stress-induced acetylation of p53 lysine residues neutralises their positive charge, abolish-
ing the CTD interaction with SET and promoting p53 activation [190]. Interestingly, whilst
p53 acetylation at eight key lysine residues within the CTD is said to be indispensable
for its overall tumour suppressive function, particular acetylation events have also been
shown to regulate the p53 response in favour of either cell-cycle arrest or cell death. Studies
have demonstrated an important role for K320 acetylation in the regulation of cell-cycle
arrest [191], whereas acetylation of lysine K120 by the acetyltransferase Tip60 is crucial
for p53-dependent apoptosis and dispensable for cell-cycle arrest [192,193]. Importantly,
multiple de-acetylases (histone deacetylases 1, 2, and 3 (HDAC1/2/3) and SIRT1) actively
counteract the acetyltransferase activity of p53 co-activators and can therefore inhibit p53
transcriptional activity and tumour suppressive functions [194,195].

Importantly, cancer cells frequently dysregulate the processes which govern p53 post-
translational modification in order to attenuate its tumour suppressive functions [155].
This can occur through loss of function mutations or deletions in ATM/ATR, or their
downstream pathway components, which perturbs p53 phosphorylation and activation
in response to DNA damage and significantly increases the likelihood of tumour progres-
sion [196]. Moreover, given the importance of acetylation in regulating the expression
and activity of p53, as well as facilitating the formation of euchromatin and enabling
transcription factor binding to underlying DNA targets, it is perhaps not surprising that
cancer cells frequently overexpress HDACs as a means of attenuating tumour suppressive
transcriptional functions of wild-type p53 [197] (Figure 3). Overexpression of the Class
I-specific nuclear HDACs (HDAC1, HDAC2, and HDAC3) has been associated with poor
prognosis in multiple myeloma [198] and in colorectal cancer where Class-I HDAC ex-
pression has been described as an independent prognostic factor [199]. Moreover, high
expression of HDAC1 has also been shown to correlate with gastrointestinal tumour pro-
gression and poor prognosis [200]. HDAC1 is notably recruited by MDM2 in order to
deacetylate and destabilise p53 expression resulting in a diminished transcriptional and
tumour suppressive response [201]. Similarly, HDAC2 has been shown to regulate p53
activity in response to ionising radiation wherein p53-dependent survivin downregula-
tion, mediated by HDAC2-downregulation-induced MDM2 destabilisation, enhanced the
apoptotic response [202].
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6. Targeting p53 to Induce Cell Death

Developing therapeutic strategies aimed at reviving the latent activity of wild-type p53
in cancer cells represents an extremely valuable clinical opportunity to exploit the innate
tumour suppressive function of this fundamental cellular protein. Indeed, restoration of
p53 in various in vivo cancer models results in tumour regression highlighting the inherent
potency of this tumour suppressor and its profound role in abrogating the survival of
cancer cells [203–205]. Moreover, a more robust response to standard-of-care treatments
such as cytotoxic chemotherapy and ionising radiation is often observed in the presence of
functionally active p53. Thus, enhancing the expression and tumour suppressive activity
of wild-type p53 has the potential to significantly alter cancer progression and improve
responses to current treatments. However, as highlighted throughout this review, sub-
lethal activation of p53 may paradoxically promote tumour progression by activating
anti-apoptotic proteins, autophagy, alternative cell death pathways as well as cellular
senescence (reviewed in [206]) with tumour promoting properties that may in turn confer
resistance to p53 activating therapies such as chemotherapy. This may explain why some
tumours retain wild-type p53 expression, i.e., to exploit its pro-survival functions. Carefully
considered combination treatments targeting such mechanisms may therefore be more
effective in the treatment of cancer.

Understanding p53 dynamics, particularly at the single cell level, will be critical to this
process. A growing body of research now demonstrates that differential cell fates elicited
in response to p53 activation are determined by both the degree and duration of the p53
stimulatory signal and by the relative mRNA and protein stability of its transcriptional
targets. For example, treatment with ionizing radiation has been shown to induce pulses of
p53 protein expression and activity which facilitates the induction of DNA-repair mecha-
nisms and cell survival. In contrast, when p53 expression is sustained over longer periods
of time (e.g., following treatment with Nutlin-3A) this can lead to the irreversible activation
of senescence or indeed cell death [207]. Moreover, recent analysis has demonstrated
that a subset of cells can switch from oscillating to sustained p53 dynamics several days
after undergoing irradiation. This results from cell-cycle arrest escape in the presence of
DNA-damage which subsequently stabilises p53 expression [208]. Thus, the amplitude,
frequency, and duration of the p53 response can significantly alter the cellular outcome.

Subsequently, a threshold mechanism of cell fate regulation has been described
whereby the relative level and duration of p53 expression, and those of its transcrip-
tional targets, work in concert under certain cellular conditions and contexts to induce
cell-cycle arrest, apoptosis and other cell fates. Significant/sustained levels of p53 acti-
vation are therefore required in order to overcome the “apoptotic threshold” and induce
cell death, whereas below this threshold cells typically undergo cell-cycle arrest [209].
Interestingly, a recent study by Paek et al. has also demonstrated that although a threshold
for p53 activity must be reached in order to activate cell killing, this threshold significantly
increases over time and thus p53-induced cell fate is also regulated in a dynamic temporal
manner [210]. This process has been attributed to the treatment-induced upregulation of
negative regulators of cell death which are concomitantly induced alongside pro-apoptotic
p53 targets in response to chemotherapy [210]. Over time, the accumulation of such anti-
apoptotic proteins increases the threshold of p53 activation that is required to elicit a cell
death response and may even contribute to the emergence of resistance in response to
chemotherapeutic agents which result in fractional cell killing.

Indeed, distinct patterns of gene expression have recently been described in single-cell
transcriptome analysis of CRC cells wherein fractional cell killing was observed. Het-
erogenous DNA-damage responses within a single population of colon cancer cells treated
with 5-FU resulted in three distinct cell fates, namely apoptosis, cell-cycle checkpoint and
stress resistance, each with a corresponding gene expression profile [211]. Such analyses
highlight the need to transcriptionally and phenotypically evaluate single cells in order
to understand the distinct biology underpinning cell fate within a population in response
to chemotherapy. For example, in response to non-lethal doses of chemotherapy, such as
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during the inevitable decline in drug concentration during treatment, surviving cancer cells
have been shown to undergo senescence or re-enter the proliferating population [212,213].
These actively proliferating cells have the potential to influence tumour progression and
patient outcome, thus delineating mechanisms which regulate the senescent vs. proliferat-
ing cell fate is an area of active research. Interestingly, recent advances in this area have
proposed that the cell fate decision may be influenced by the prominent p53-induced target,
p21. In an elegant study mapping individual cell responses, Hsu et al. demonstrated that
p21 dynamics were critical in determining whether cells were fated to proliferate or senesce
after exposure to sub-lethal doses of chemotherapy [214]. Whilst both low and high levels
of p21 expression during drug treatment were linked to a senescent cell fate, intermediate
p21 levels promoted a proliferative cell fate. This “Goldilocks zone” of p21 expression,
which favours cancer cell proliferation, may be induced by current strategies aimed at
increasing p53 activity as p21 will also be concomitantly upregulated. The consequences of
such a phenomenon require immediate and further exploration and likely have important
implications for cancer progression and recurrence.

Advances in our understanding of the mechanisms which canonically regulate p53
stability and function have facilitated the development of numerous small molecules
and drugs that exploit vulnerabilities within the p53 regulatory network in tumours re-
taining wild-type protein expression [14,215]. In p53 wild-type tumours targeting the
MDM2-p53 regulatory axis has the potential to reactivate wild-type p53 and inhibit cancer
survival [216]. To this end, numerous compounds have been developed which target
MDM2 and/or MDMX, p53 and upstream regulators (reviewed in [14]). The first major
effort in the development of small molecule inhibitors of MDM2 resulted in the genera-
tion of a family of cis-imidazoline analogues termed Nutlins [217]. Nutlin-3A (the lead
compound) binds to the hydrophobic pocket of MDM2 which is normally responsible for
binding and inhibiting p53 activity. Thus Nutlin-3A stabilises p53 expression and facilitates
its transcription factor activity leading to upregulation of putative p53 targets such as the
cell-cycle arrest associated cyclin-dependent kinase inhibitor, p21, and the pro-apoptotic
BH3-only protein, PUMA [218,219]. Despite regulating both pro-arrest and pro-apoptotic
targets simultaneously, Nutlin-3A-mediated MDM2 inhibition typically results in p53-
dependent cell-cycle arrest rather than cell death, in all but MDM2-amplified tumours such
as liposarcoma [220].

In addition, the ubiquitin specific protease 7 (USP7, HAUSP) has also been the focus
of drug development owing to its role in the p53-MDM2 axis [221–223]. Inhibiting USP7
(reviewed in [19]) promotes MDM2 destabilisation and degradation [224,225] which liber-
ates the tumour suppressive function of p53. However, UPS7 inhibition can also indirectly
regulate p53 target activation; for example, inhibition of USP7 destabilises Tip60 resulting
in decreased p53 induced PUMA expression and attenuation of apoptosis [226]. Although
the use of small molecule USP7 inhibitors may therefore be context dependent, anti-cancer
efficacy has been reported in several pre-clinical models making it an attractive target in
cancer therapy.

However, when combined with agents that enhance p53 activity, small molecule
inhibition of the MDM2-p53 axis can significantly augment the p53 response in favour of
apoptotic cell death. Recent work from our lab has demonstrated that Entinostat (a Class
I-specific HDAC inhibitor) can suppress p53-induced FLIPL upregulation in response to
treatment with Nutlin-3A and chemotherapeutic agents in models of colorectal cancer [75].
In the first instance, this essentially alleviates the break on caspase-8 activation and results
in the induction of TRAIL-R2/FADD/caspase-8-dependent cell death. Interestingly, atten-
uation of p53-induced FLIPL also appears to regulate the expression of Nutlin-3A-induced
p53 transcriptional targets to promote caspase-8-independent cell death at later timepoints.
This involves a switch in p53 transactivation which results in the suppression of Nutlin-3A-
induced p21 expression and upregulation of Nutlin-3A-induced PUMA expression [75].
Enhanced PUMA expression subsequently mediated p53- and mitochondrial-dependent
apoptosis. This work highlights the multi-nodal role of p53 activation in regulating both
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the extrinsic and intrinsic apoptotic pathway and demonstrates an effective therapeutic
angle for the combined treatment of MDM2 inhibitors with HDAC inhibitors.

Unfortunately, clinical translation of the Nutlin-3A analogue RG7112 was hampered
by dose-limiting toxicities such as thrombocytopenia and neutropenia which precluded
its use in cancer treatment [216,227]. The huge potential in targeting the MDM2-p53
interaction has, however, spurred the development of more potent Nutlin derivatives such
as RG7388. This pyrrolidine compound has demonstrated enhanced efficacy at doses which
are orders of magnitude lower than those of its predecessors both in vitro and in vivo [228].
As with other MDM2 inhibitors, treatment with RG7388 effectively activates p53, leading to
the induction of cell cycle arrest or apoptosis in tumours expressing wild-type p53. Clinical
trials involving the use of RG7388 are currently ongoing with hopes for future success.
In addition, other classes of small molecule inhibitors have been developed such as the
spirooxindoles (e.g., MI773), benzodiazepinediones (e.g., TDP521252), and piperidinones
(e.g., AMG232) [229]. Differing in their structural composition and affinity for the key
residues in the MDM2 binding pocket, these compounds have also made their way into
clinical trials increasingly in combination with targeted therapies [230]. Studies which have
reported on the safety and tolerability of such compounds show promise for the use of these
agents in the clinical setting, however limited tumour-suppressive single-agent effects has
been observed [231]. This highlights the need for improved patient stratification methods
mediated by biomarker identification and predictive gene signatures which determine
sensitivity to these agents. Moreover, combination treatments which exploit vulnerabilities
induced by p53-activation or which facilitate a cell-death driven p53 response represent an
alternative clinical strategy for the use of MDM2-inhibitors. Identifying mechanisms of
resistance to the induction of cell death following treatment with MDM2-inhibitors will
enable specific targeted therapies to be utilised, alleviating blockades in the p53-induced
anti-cancer response and harnessing the full potential of these compounds.

As summarised above p53 plays a critical role in regulating the diverse pathways
that can influence cell fate decisions between life and death, circumventing p53 activation
and cell death is therefore of critical importance in oncogenesis and inevitably modulates
response to treatment. Due to the inherent cellular stresses associated with neoplastic
transformation, cancer cells may be exquisitely more sensitive to the activation of such cell
death pathways when compared to their normal cell counterparts. However paradoxically,
sub-optimal activation of p53 and cell death activating pathways in response to treatment
has potential to promote survival of at least a subset of tumour cells and potentially
influence the ability of the immune system to recognise and kill residual tumour cells.
Interestingly, this has been proposed as a means to protect normal cells from the toxicity of
DNA damaging agents such as chemo- and radio-therapy by activating non-apoptotic p53
activation using “cyclotherapy” [232,233].

In tumours retaining wild-type p53, targeted agents that stabilise p53 have shown
promise but are likely limited clinically by on target toxicities and with such exquisitely
targeted agents the spectre of loss through p53 mutation looms large. It is therefore likely
that these agents may be most effective when combined with agents that together alter
the cell death inducing threshold. For example, MDM2 inhibitors or targeted agents that
alter MDM2 activity/stability can augment chemotherapy response [210], be augmented
by inhibitors of p53 inactivators such as WIP1 [234], or by inhibitors of IAPs [235], or direct
activators of cell death such as BH3 mimetics [236]. Moreover, our work and others have
shown that combinations with epigenetic modifying agents including HDACi [75] and
bromodomain inhibitors [237] may enhance p53 induced cell death through more than
one of these mechanisms and intriguingly, bispecific small molecules targeting MDM2
with BRD4, BCL2, and XIAP present interesting strategies for wild-type p53 containing
tumours [238–240].
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7. Conclusions

It is therefore clear that the intensity and duration of p53 activation induced by
cancer treatments plays a critical role in determining cancer cell fate and with greater
understanding this may be rationally exploited to augment cancer cell death. Much is still
to be learned in terms of how the nature of p53-regulated cell death affects interaction with
the immune system, the consequence of p53 mutation or loss, and how this can be used to
inform novel treatment combinations with agents which regulate cell death and immunity.

Author Contributions: A.L., S.M., T.S.—writing, review, and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: Contributors to this review are supported by grants from the Biotechnology and Biological
Sciences Research Council (BBSRC) (AL, PI-SM)—BB/T002824/1, Health Data Research HDR-UK
grant (TS) (JHR1157-100/1230) and Cancer Research UK (CRUK) (TS, Co-PI SM) (C11884/A24387).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hotchkiss, R.S.; Strasser, A.; McDunn, J.E.; Swanson, P.E. Cell Death in Disease: Mechanisms and Emerging Therapeutic Concepts.

N. Engl. J. Med. 2009, 361, 1570–1583. [CrossRef] [PubMed]
2. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.;

et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486–541. [CrossRef]

3. Legrand, A.; Konstantinou, M.; Goode, E.F.; Meier, P. The Diversification of Cell Death and Immunity: Memento Mori. Mol. Cell
2019, 76, 232–242. [CrossRef] [PubMed]

4. Kono, H.; Rock, K.L. How dying cells alert the immune system to danger. Nat. Rev. Immunol. 2008, 8, 279–289. [CrossRef]
[PubMed]

5. Medina, C.B.; Mehrotra, P.; Arandjelovic, S.; Perry, J.S.A.; Guo, Y.; Morioka, S.; Barron, B.; Walk, S.F.; Ghesquière, B.; Krupnick,
A.S.; et al. Metabolites released from apoptotic cells act as tissue messengers. Nat. Cell Biol. 2020, 580, 130–135. [CrossRef]
[PubMed]

6. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
7. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef]
8. Lane, D.; Crawford, L.V. T antigen is bound to a host protein in SY40-transformed cells. Nat. Cell Biol. 1979, 278, 261–263.

[CrossRef] [PubMed]
9. Baker, S.J.; Markowitz, S.; Fearon, E.R.; Willson, J.K.; Vogelstein, B. Suppression of human colorectal carcinoma cell growth by

wild-type p53. Science 1990, 249, 912–915. [CrossRef]
10. Aylon, Y.; Oren, M. The Paradox of p53: What, how, and why? Cold Spring Harb. Perspect. Med. 2016, 6, a026328. [CrossRef]
11. Sammons, M.A.; Nguyen, T.-A.T.; McDade, S.S.; Fischer, M. Tumor suppressor p53: From engaging DNA to target gene regulation.

Nucleic Acids Res. 2020, 48, 8848–8869. [CrossRef]
12. Lane, D.P. p53, guardian of the genome. Nature 1992, 358, 15–16. [CrossRef]
13. Olivier, M.; Hollstein, M.; Hainaut, P. TP53 Mutations in Human Cancers: Origins, Consequences, and Clinical Use. Cold Spring

Harb. Perspect. Biol. 2010, 2, a001008. [CrossRef]
14. Sanz, G.; Singh, M.; Peuget, S.; Selivanova, G. Inhibition of p53 inhibitors: Progress, challenges and perspectives. J. Mol. Cell Biol.

2019, 11, 586–599. [CrossRef]
15. Levine, A.J. Targeting Therapies for the p53 Protein in Cancer Treatments. Annu. Rev. Cancer Biol. 2019, 3, 21–34. [CrossRef]
16. Kern, S.E.; Kinzler, K.W.; Bruskin, A.; Jarosz, D.; Friedman, P.; Prives, C.; Vogelstein, B. Identification of p53 as a sequence-specific

DNA-binding protein. Science 1991, 252, 1708–1711. [CrossRef]
17. Beckerman, R.; Prives, C. Transcriptional regulation by p53. Cold Spring Harb. Perspect. Biol. 2010, 2, a000935. [CrossRef] [PubMed]
18. Khoury, M.P.; Bourdon, J.C. The isoforms of the p53 protein. Cold Spring Harb. Perspect. Biol. 2010, 2, a000927. [CrossRef]
19. Raj, N.; Attardi, L.D. The Transactivation Domains of the p53 Protein. Cold Spring Harb. Perspect. Med. 2016, 7, a026047. [CrossRef]

[PubMed]
20. Baptiste, N.; Friedlander, P.; Chen, X.; Prives, C. The proline-rich domain of p53 is required for cooperation with anti-neoplastic

agents to promote apoptosis of tumor cells. Oncogene 2002, 21, 9–21. [CrossRef]
21. Muller, P.A.J.; Vousden, K.H. P53 Mutations in Cancer. Nat. Cell Biol. 2013, 15, 2–8. [CrossRef]
22. Muller, P.A.J.; Vousden, K.H. Mutant p53 in Cancer: New Functions and Therapeutic Opportunities. Cancer Cell 2014, 25, 304–317.

[CrossRef]
23. El-Deiry, W.; Kern, S.E.; Pietenpol, J.A.; Kinzler, K.W.; Vogelstein, B. Definition of a consensus binding site for p53. Nat. Genet.

1992, 1, 45–49. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMra0901217
http://www.ncbi.nlm.nih.gov/pubmed/19828534
http://doi.org/10.1038/s41418-017-0012-4
http://doi.org/10.1016/j.molcel.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31586546
http://doi.org/10.1038/nri2215
http://www.ncbi.nlm.nih.gov/pubmed/18340345
http://doi.org/10.1038/s41586-020-2121-3
http://www.ncbi.nlm.nih.gov/pubmed/32238926
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1038/278261a0
http://www.ncbi.nlm.nih.gov/pubmed/218111
http://doi.org/10.1126/science.2144057
http://doi.org/10.1101/cshperspect.a026328
http://doi.org/10.1093/nar/gkaa666
http://doi.org/10.1038/358015a0
http://doi.org/10.1101/cshperspect.a001008
http://doi.org/10.1093/jmcb/mjz075
http://doi.org/10.1146/annurev-cancerbio-030518-055455
http://doi.org/10.1126/science.2047879
http://doi.org/10.1101/cshperspect.a000935
http://www.ncbi.nlm.nih.gov/pubmed/20679336
http://doi.org/10.1101/cshperspect.a000927
http://doi.org/10.1101/cshperspect.a026047
http://www.ncbi.nlm.nih.gov/pubmed/27864306
http://doi.org/10.1038/sj.onc.1205015
http://doi.org/10.1038/ncb2641
http://doi.org/10.1016/j.ccr.2014.01.021
http://doi.org/10.1038/ng0492-45
http://www.ncbi.nlm.nih.gov/pubmed/1301998


Cancers 2021, 13, 3257 18 of 25

24. Funk, W.D.; Pak, D.T.; Karas, R.H.; E Wright, W.; Shay, J.W. A transcriptionally active DNA-binding site for human p53 protein
complexes. Mol. Cell. Biol. 1992, 12. [CrossRef]

25. Veprintsev, D.; Freund, S.M.V.; Andreeva, A.; Rutledge, S.E.; Tidow, H.; Pérez-Cañadillas, J.M.; Blair, C.M.; Fersht, A.R. Core
domain interactions in full-length p53 in solution. Proc. Natl. Acad. Sci. USA 2006, 103, 2115–2119. [CrossRef] [PubMed]

26. Nguyen, T.-A.T.; Grimm, S.A.; Bushel, P.R.; Li, J.; Li, Y.; Bennett, B.D.; Lavender, C.A.; Ward, J.M.; Fargo, D.C.; Anderson, C.W.;
et al. Revealing a human p53 universe. Nucleic Acids Res. 2018, 46, 8153–8167. [CrossRef] [PubMed]

27. Fischer, M. Census and evaluation of p53 target genes. Oncogene 2017, 36, 3943–3956. [CrossRef] [PubMed]
28. Wang, B.; Xiao, Z.; Ren, E.C. Redefining the p53 response element. Proc. Natl. Acad. Sci. USA 2009, 106, 14373–14378. [CrossRef]

[PubMed]
29. Verfaillie, A.; Svetlichnyy, D.; Imrichová, H.; Davie, K.; Fiers, M.; Atak, Z.K.; Hulselmans, G.; Christiaens, V.; Aerts, S. Multiplex

enhancer-reporter assays uncover unsophisticated TP53 enhancer logic. Genome Res. 2016, 26, 882–895. [CrossRef]
30. Horvath, M.M.; Wang, X.; Resnick, M.A.; Bell, D.A. Divergent evolution of human p53 binding sites: Cell cycle versus apoptosis.

PLoS Genet. 2007, 3, e127. [CrossRef]
31. Fischer, M. Mice Are Not Humans: The Case of p53. Trends Cancer 2021, 7, 12–14. [CrossRef]
32. Weinberg, R.L.; Veprintsev, D.; Bycroft, M.; Fersht, A.R. Comparative Binding of p53 to its Promoter and DNA Recognition

Elements. J. Mol. Biol. 2005, 348, 589–596. [CrossRef]
33. Kitayner, M.; Rozenberg, H.; Kessler, N.; Rabinovich, D.; Shaulov, L.; Haran, T.E.; Shakked, Z. Structural Basis of DNA Recognition

by p53 Tetramers. Mol. Cell 2006, 22, 741–753. [CrossRef]
34. Petty, T.J.; Emamzadah, S.; Costantino, L.; Petkova, I.D.; Stavridi, E.S.; Saven, J.G.; Vauthey, E.; Halazonetis, T.D. An induced fit

mechanism regulates p53 DNA binding kinetics to confer sequence specificity. EMBO J. 2011, 30, 2167–2176. [CrossRef] [PubMed]
35. Farkas, M.; Hashimoto, H.; Bi, Y.; Davuluri, R.V.; Resnick-Silverman, L.; Manfredi, J.J.; Debler, E.W.; McMahon, S.B. Distinct

mechanisms control genome recognition by p53 at its target genes linked to different cell fates. Nat. Commun. 2021, 12, 1–11.
[CrossRef] [PubMed]

36. Su, D.; Wang, X.; Campbell, M.R.; Song, L.; Safi, A.; Crawford, G.E.; Bell, D.A. Interactions of Chromatin Context, Binding Site
Sequence Content, and Sequence Evolution in Stress-Induced p53 Occupancy and Transactivation. PLoS Genet. 2015, 11, e1004885.
[CrossRef]

37. Bowen, M.E.; McClendon, J.; Long, H.; Sorayya, A.; Van Nostrand, J.L.; Wysocka, J.; Attardi, L.D. The Spatiotemporal Pattern
and Intensity of p53 Activation Dictates Phenotypic Diversity in p53-Driven Developmental Syndromes. Dev. Cell 2019, 50,
212–228.e6. [CrossRef]

38. Hafner, A.; Bulyk, M.L.; Jambhekar, A.; Lahav, G. The multiple mechanisms that regulate p53 activity and cell fate. Nat. Rev. Mol.
Cell Biol. 2019, 20, 199–210. [CrossRef]

39. Liu, Y.; Tavana, O.; Gu, W. p53 modifications: Exquisite decorations of the powerful guardian. J. Mol. Cell Biol. 2019, 11, 564–577.
[CrossRef]

40. Harris, C.R.; DeWan, A.; Zupnick, A.; Normart, R.; Gabriel, A.; Prives, C.; Levine, A.J.; Hoh, J. p53 responsive elements in human
retrotransposons. Oncogene 2009, 28, 3857–3865. [CrossRef]

41. Tavana, O.; Gu, W. p53 and DNA methylation suppress the TRAIN to cell death. Cell Cycle 2012, 12, 9–10. [CrossRef]
42. Levine, A.J.; Ting, D.; Greenbaum, B.D. P53 and the defenses against genome instability caused by transposons and repetitive

elements. BioEssays 2016, 38, 508–513. [CrossRef]
43. Tiwari, B.; Jones, A.E.; Caillet, C.J.; Das, S.; Royer, S.K.; Abrams, J.M. p53 directly represses human LINE1 transposons. Genes Dev.

2020, 34, 1439–1451. [CrossRef]
44. Andrysik, Z.; Galbraith, M.D.; Guarnieri, A.L.; Zaccara, S.; Sullivan, K.D.; Pandey, A.; Macbeth, M.; Inga, A.; Espinosa, J.M.

Identification of a core TP53 transcriptional program with highly distributed tumor suppressive activity. Genome Res. 2017, 27,
1645–1657. [CrossRef]

45. Fischer, M.; Steiner, L.; Engeland, K. The transcription factor p53: Not a repressor, solely an activator. Cell Cycle 2014, 13, 3037–3058.
[CrossRef]

46. Chen, J. The Cell-Cycle Arrest and Apoptotic Functions of p53 in Tumor Initiation and Progression. Cold Spring Harb. Perspect.
Med. 2016, 6, a026104. [CrossRef] [PubMed]

47. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef] [PubMed]
48. Giam, M.; Huang, D.C.S.; Bouillet, P. BH3-only proteins and their roles in programmed cell death. Oncogene 2008, 27, S128–S136.

[CrossRef]
49. Czabotar, P.E.; Lessene, G.; Strasser, A.; Adams, J. Control of apoptosis by the BCL-2 protein family: Implications for physiology

and therapy. Nat. Rev. Mol. Cell Biol. 2013, 15, 49–63. [CrossRef]
50. Kelly, P.N.; Strasser, A. The role of Bcl-2 and its pro-survival relatives in tumourigenesis and cancer therapy. Cell Death Differ.

2011, 18, 1414–1424. [CrossRef] [PubMed]
51. Westphal, D.; Dewson, G.; Czabotar, P.E.; Kluck, R.M. Molecular biology of Bax and Bak activation and action. Biochim. Biophys.

Acta Mol. Cell Res. 2011, 1813, 521–531. [CrossRef]
52. Zou, H.; Li, Y.; Liu, X.; Wang, X. An APAF-1·Cytochrome c Multimeric Complex Is a Functional Apoptosome That Activates

Procaspase-9. J. Biol. Chem. 1999, 274, 11549–11556. [CrossRef]
53. Danial, N.N.; Korsmeyer, S.J. Cell Death: Critical Control Points. Cell 2004, 116, 205–219. [CrossRef]

http://doi.org/10.1128/MCB.12.6.2866
http://doi.org/10.1073/pnas.0511130103
http://www.ncbi.nlm.nih.gov/pubmed/16461914
http://doi.org/10.1093/nar/gky720
http://www.ncbi.nlm.nih.gov/pubmed/30107566
http://doi.org/10.1038/onc.2016.502
http://www.ncbi.nlm.nih.gov/pubmed/28288132
http://doi.org/10.1073/pnas.0903284106
http://www.ncbi.nlm.nih.gov/pubmed/19597154
http://doi.org/10.1101/gr.204149.116
http://doi.org/10.1371/journal.pgen.0030127
http://doi.org/10.1016/j.trecan.2020.08.007
http://doi.org/10.1016/j.jmb.2005.03.014
http://doi.org/10.1016/j.molcel.2006.05.015
http://doi.org/10.1038/emboj.2011.127
http://www.ncbi.nlm.nih.gov/pubmed/21522129
http://doi.org/10.1038/s41467-020-20783-z
http://www.ncbi.nlm.nih.gov/pubmed/33473123
http://doi.org/10.1371/journal.pgen.1004885
http://doi.org/10.1016/j.devcel.2019.05.015
http://doi.org/10.1038/s41580-019-0110-x
http://doi.org/10.1093/jmcb/mjz060
http://doi.org/10.1038/onc.2009.246
http://doi.org/10.4161/cc.23324
http://doi.org/10.1002/bies.201600031
http://doi.org/10.1101/gad.343186.120
http://doi.org/10.1101/gr.220533.117
http://doi.org/10.4161/15384101.2014.949083
http://doi.org/10.1101/cshperspect.a026104
http://www.ncbi.nlm.nih.gov/pubmed/26931810
http://doi.org/10.1080/01926230701320337
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://doi.org/10.1038/onc.2009.50
http://doi.org/10.1038/nrm3722
http://doi.org/10.1038/cdd.2011.17
http://www.ncbi.nlm.nih.gov/pubmed/21415859
http://doi.org/10.1016/j.bbamcr.2010.12.019
http://doi.org/10.1074/jbc.274.17.11549
http://doi.org/10.1016/S0092-8674(04)00046-7


Cancers 2021, 13, 3257 19 of 25

54. Locksley, R.M.; Killeen, N.; Lenardo, M.J. The TNF and TNF Receptor Superfamilies. Cell 2001, 104, 487–501. [CrossRef]
55. Kischkel, C.F.; Hellbardt, S.; Behrmann, I.; Germer, M.; Pawlita, M.; Krammer, P.H.; Peter, M.E. Cytotoxicity-dependent APO-1

(Fas/CD95)-associated proteins form a death-inducing signaling complex (DISC) with the receptor. EMBO J. 1995, 14, 5579–5588.
[CrossRef]

56. Chinnaiyan, A.M.; Tepper, C.G.; Seldin, M.F.; O’Rourke, K.; Kischkel, F.C.; Hellbardt, S.; Krammer, P.H.; Peter, M.E.; Dixit, V.M.
FADD/MORT1 Is a Common Mediator of CD95 (Fas/APO-1) and Tumor Necrosis Factor Receptor-induced Apoptosis. J. Biol.
Chem. 1996, 271, 4961–4965. [CrossRef] [PubMed]

57. Muzio, M. Signalling by proteolysis: Death receptors induce apoptosis. Int. J. Clin. Lab. Res. 1998, 28, 141–147. [CrossRef]
58. Medema, J.P.; Scaffidi, C.; Kischkel, F.C.; Shevchenko, A.; Mann, M.; Krammer, P.H.; Peter, M.E. FLICE is activated by association

with the CD95 death-inducing signaling complex (DISC). EMBO J. 1997, 16, 2794–2804. [CrossRef]
59. Wang, J.; Chun, H.J.; Wong, W.; Spencer, D.M.; Lenardo, M.J. Caspase-10 is an initiator caspase in death receptor signaling. Proc.

Natl. Acad. Sci. USA 2001, 98, 13884–13888. [CrossRef]
60. Julien, O.; Wells, J.A. Caspases and their substrates. Cell Death Differ. 2017, 24, 1380–1389. [CrossRef]
61. Riley, J.S.; Malik, A.N.; Holohan, C.; Longley, D.B. DED or alive: Assembly and regulation of the death effector domain complexes.

Cell Death Dis. 2015, 6, e1866. [CrossRef] [PubMed]
62. Thome, M.; Schneider, P.; Hofmann, K.; Fickenscher, H.; Meinl, E.; Neipel, F.; Mattmann, C.; Burns, K.; Bodmer, J.-L.; Schröter, M.;

et al. Viral FLICE-inhibitory proteins (FLIPs) prevent apoptosis induced by death receptors. Nat. Cell Biol. 1997, 386, 517–521.
[CrossRef]

63. Irmler, M.; Thome, M.; Hahne, M.; Schneider, P.; Hofmann, K.; Steiner, V.; Bodmer, J.-L.; Schröter, M.; Burns, K.; Mattmann, C.;
et al. Inhibition of death receptor signals by cellular FLIP. Nat. Cell Biol. 1997, 388, 190–195. [CrossRef]

64. Krueger, A.; Schmitz, I.; Baumann, S.; Krammer, P.H.; Kirchhoff, S. Cellular FLICE-inhibitory Protein Splice Variants Inhibit
Different Steps of Caspase-8 Activation at the CD95 Death-inducing Signaling Complex. J. Biol. Chem. 2001, 276, 20633–20640.
[CrossRef] [PubMed]

65. Smyth, P.; Sessler, T.; Scott, C.J.; Longley, D.B. FLIP(L): The pseudo-caspase. FEBS J. 2020, 287, 4246–4260. [CrossRef]
66. Scaffidi, C.; Fulda, S.; Srinivasan, A.; Friesen, C.; Li, F.; Tomaselli, K.J.; Debatin, K.; Krammer, P.H.; Peter, M.E. Two CD95

(APO-1/Fas) signaling pathways. EMBO J. 1998, 17, 1675–1687. [CrossRef]
67. Slee, E.A.; Keogh, S.A.; Martin, S.J. Cleavage of BID during cytotoxic drug and UV radiation-induced apoptosis occurs down-

stream of the point of Bcl-2 action and is catalysed by caspase-3: A potential feedback loop for amplification of apoptosis-associated
mitochondrial cytochrome c release. Cell Death Differ. 2000, 7, 556–565. [CrossRef] [PubMed]

68. Haupt, S.; Berger, M.; Goldberg, Z.; Haupt, Y. Apoptosis—The p53 network. J. Cell Sci. 2003, 116, 4077–4785. [CrossRef]
69. Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A. How does p53 induce apoptosis and how does this relate to

p53-mediated tumour suppression? Cell Death Differ. 2018, 25, 104–113. [CrossRef]
70. Müller, M.; Wilder, S.; Bannasch, D.; Israeli, D.; Lehlbach, K.; Li-Weber, M.; Friedman, S.L.; Galle, P.R.; Stremmel, W.; Oren, M.;

et al. p53 Activates the CD95 (APO-1/Fas) Gene in Response to DNA Damage by Anticancer Drugs. J. Exp. Med. 1998, 188,
2033–2045. [CrossRef] [PubMed]

71. Takimoto, R.; El-Deiry, W.S. Wild-type p53 transactivates the KILLER/DR5 gene through an intronic sequence-specific DNA-
binding site. Oncogene 2000, 19, 1735–1743. [CrossRef] [PubMed]

72. Newton, K.; Strasser, A. Ionizing radiation and chemotherapeutic drugs induce apoptosis in lymphocytes in the absence of Fas or
FADD/MORT1 signaling: Implications for cancer therapy. J. Exp. Med. 2000, 191, 195–200. [CrossRef] [PubMed]

73. Zhao, J.; Lu, Y.; Shen, H.-M. Targeting p53 as a therapeutic strategy in sensitizing TRAIL-induced apoptosis in cancer cells. Cancer
Lett. 2012, 314, 8–23. [CrossRef] [PubMed]

74. Meijer, A.J.; Kruyt, F.; van der Zee, A.G.J.; Hollema, H.; Le, P.; Hoor, K.A.T.; Groothuis, G.M.M.; Quax, W.J.; de Vries, E.; De Jong,
S. Nutlin-3 preferentially sensitises wild-type p53-expressing cancer cells to DR5-selective TRAIL over rhTRAIL. Br. J. Cancer
2013, 109, 2685–2695. [CrossRef]

75. Lees, A.; McIntyre, A.J.; Crawford, N.T.; Falcone, F.; McCann, C.; Holohan, C.; Quinn, G.P.; Roberts, J.Z.; Sessler, T.; Gallagher, P.F.;
et al. The pseudo-caspase FLIP(L) regulates cell fate following p53 activation. Proc. Natl. Acad. Sci. USA 2020, 117, 17808–17819.
[CrossRef]

76. Humphreys, L.; Fox, J.P.; Higgins, C.A.; Majkut, J.; Sessler, T.; McLaughlin, K.; McCann, C.; Roberts, J.; Crawford, N.T.; McDade,
S.S.; et al. A revised model of TRAIL -R2 DISC assembly explains how FLIP (L) can inhibit or promote apoptosis. EMBO Rep.
2020, 21, e49254. [CrossRef]

77. Villunger, A.; Michalak, E.M.; Coultas, L.; Müllauer, F.; Böck, G.; Ausserlechner, M.J.; Adams, J.M.; Strasser, A. p53- and
Drug-Induced Apoptotic Responses Mediated by BH3-Only Proteins Puma and Noxa. Science 2003, 302, 1036–1038. [CrossRef]

78. Toshiyuki, M.; Reed, J.C. Tumor suppressor p53 is a direct transcriptional activator of the human bax gene. Cell 1995, 80, 293–299.
[CrossRef]

79. Nakano, K.; Vousden, K.H. PUMA, a novel proapoptotic gene, is induced by p53. Mol. Cell 2001, 7, 683–694. [CrossRef]
80. Oda, E.; Ohki, R.; Murasawa, H.; Nemoto, J.; Shibue, T.; Yamashita, T.; Tokino, T.; Taniguchi, T.; Tanaka, N. Noxa, a BH3-Only

Member of the Bcl-2 Family and Candidate Mediator of p53-Induced Apoptosis. Science 2000, 288, 1053–1058. [CrossRef]
81. Soengas, M. Apaf-1 and Caspase-9 in p53-Dependent Apoptosis and Tumor Inhibition. Science 1999, 284, 156–159. [CrossRef]

[PubMed]

http://doi.org/10.1016/S0092-8674(01)00237-9
http://doi.org/10.1002/j.1460-2075.1995.tb00245.x
http://doi.org/10.1074/jbc.271.9.4961
http://www.ncbi.nlm.nih.gov/pubmed/8617770
http://doi.org/10.1007/s005990050035
http://doi.org/10.1093/emboj/16.10.2794
http://doi.org/10.1073/pnas.241358198
http://doi.org/10.1038/cdd.2017.44
http://doi.org/10.1038/cddis.2015.213
http://www.ncbi.nlm.nih.gov/pubmed/26313917
http://doi.org/10.1038/386517a0
http://doi.org/10.1038/40657
http://doi.org/10.1074/jbc.M101780200
http://www.ncbi.nlm.nih.gov/pubmed/11279218
http://doi.org/10.1111/febs.15260
http://doi.org/10.1093/emboj/17.6.1675
http://doi.org/10.1038/sj.cdd.4400689
http://www.ncbi.nlm.nih.gov/pubmed/10822279
http://doi.org/10.1242/jcs.00739
http://doi.org/10.1038/cdd.2017.169
http://doi.org/10.1084/jem.188.11.2033
http://www.ncbi.nlm.nih.gov/pubmed/9841917
http://doi.org/10.1038/sj.onc.1203489
http://www.ncbi.nlm.nih.gov/pubmed/10777207
http://doi.org/10.1084/jem.191.1.195
http://www.ncbi.nlm.nih.gov/pubmed/10620618
http://doi.org/10.1016/j.canlet.2011.09.040
http://www.ncbi.nlm.nih.gov/pubmed/22030255
http://doi.org/10.1038/bjc.2013.636
http://doi.org/10.1073/pnas.2001520117
http://doi.org/10.15252/embr.201949254
http://doi.org/10.1126/science.1090072
http://doi.org/10.1016/0092-8674(95)90412-3
http://doi.org/10.1016/S1097-2765(01)00214-3
http://doi.org/10.1126/science.288.5468.1053
http://doi.org/10.1126/science.284.5411.156
http://www.ncbi.nlm.nih.gov/pubmed/10102818


Cancers 2021, 13, 3257 20 of 25

82. Robles, A.; Bemmels, N.A.; Foraker, A.B.; Harris, C.C. APAF-1 is a transcriptional target of p53 in DNA damage-induced
apoptosis. Cancer Res. 2001, 61, 6660–6664.

83. Yu, J.; Wang, Z.; Kinzler, K.W.; Vogelstein, B.; Zhang, L. PUMA mediates the apoptotic response to p53 in colorectal cancer cells.
Proc. Natl. Acad. Sci. USA 2003, 100, 1931–1936. [CrossRef] [PubMed]

84. Jeffers, J.R.; Parganas, E.; Lee, Y.; Yang, C.; Wang, J.; Brennan, J.; MacLean, K.H.; Han, J.; Chittenden, T.; Ihle, J.N.; et al. Puma is an
essential mediator of p53-dependent and -independent apoptotic pathways. Cancer Cell 2003, 4, 321–328. [CrossRef]

85. Michalak, E.M.; Villunger, A.; Adams, J.M.; Strasser, A. In several cell types tumour suppressor p53 induces apoptosis largely via
Puma but Noxa can contribute. Cell Death Differ. 2008, 15, 1019–1029. [CrossRef] [PubMed]

86. Naik, E.; Michalak, E.; Villunger, A.; Adams, J.; Strasser, A. Ultraviolet radiation triggers apoptosis of fibroblasts and skin
keratinocytes mainly via the BH3-only protein Noxa. J. Cell Biol. 2007, 176, 415–424. [CrossRef]

87. Rathmell, J.C.; Lindsten, T.; Zong, W.-X.; Cinalli, R.M.; Thompson, C.B. Deficiency in Bak and Bax perturbs thymic selection and
lymphoid homeostasis. Nat. Immunol. 2002, 3, 932–939. [CrossRef] [PubMed]

88. Chipuk, J.E.; Kuwana, T.; Bouchier-Hayes, L.; Droin, N.; Newmeyer, D.D.; Schuler, M.; Green, D. Direct Activation of Bax by p53
Mediates Mitochondrial Membrane Permeabilization and Apoptosis. Science 2004, 303, 1010–1014. [CrossRef]

89. Mihara, M.; Erster, S.; Zaika, A.; Petrenko, O.; Chittenden, T.; Pancoska, P.; Moll, U.M. p53 Has a Direct Apoptogenic Role at the
Mitochondria. Mol. Cell 2003, 11, 577–590. [CrossRef]

90. Yao, H.; Mi, S.; Gong, W.; Lin, J.; Xu, N.; Perrett, S.; Xia, B.; Wang, J.; Feng, Y. Anti-apoptosis Proteins Mcl-1 and Bcl-xL Have
Different p53-Binding Profiles. Biochemistry 2013, 52, 6324–6334. [CrossRef] [PubMed]

91. Ranjan, A.; Iwakuma, T. Non-Canonical Cell Death Induced by p53. Int. J. Mol. Sci. 2016, 17, 2068. [CrossRef]
92. Hitomi, J.; Christofferson, D.E.; Ng, A.; Yao, J.; Degterev, A.; Xavier, R.J.; Yuan, J. Identification of a Molecular Signaling Network

that Regulates a Cellular Necrotic Cell Death Pathway. Cell 2008, 135, 1311–1323. [CrossRef] [PubMed]
93. Sun, L.; Wang, H.; Wang, Z.; He, S.; Chen, S.; Liao, D.; Wang, L.; Yan, J.; Liu, W.; Lei, X.; et al. Mixed Lineage Kinase Domain-like

Protein Mediates Necrosis Signaling Downstream of RIP3 Kinase. Cell 2012, 148, 213–227. [CrossRef] [PubMed]
94. Berghe, T.V.; Linkermann, A.; Jouan, S.; Walczak, H.; Vandenabeele, P. Regulated necrosis: The expanding network of non-

apoptotic cell death pathways. Nat. Rev. Mol. Cell Biol. 2014, 15, 135–147. [CrossRef]
95. Tu, H.-C.; Ren, D.; Wang, G.X.; Chen, D.; Westergard, T.D.; Kim, H.; Sasagawa, S.; Hsieh, J.J.-D.; Cheng, E.H.-Y. The p53-cathepsin

axis cooperates with ROS to activate programmed necrotic death upon DNA damage. Proc. Natl. Acad. Sci USA 2009, 106,
1093–1098. [CrossRef] [PubMed]

96. Vaseva, A.V.; Marchenko, N.D.; Ji, K.; Tsirka, S.E.; Holzmann, S.; Moll, U.M. p53 Opens the Mitochondrial Permeability Transition
Pore to Trigger Necrosis. Cell 2012, 149, 1536–1548. [CrossRef] [PubMed]

97. Wang, K.; Liu, F.; Liu, C.-Y.; An, T.; Zhang, J.; Zhou, L.-Y.; Wang, M.; Dong, Y.-H.; Li, N.; Gao, J.-N.; et al. The long noncoding
RNA NRF regulates programmed necrosis and myocardial injury during ischemia and reperfusion by targeting miR-873. Cell
Death Differ. 2016, 23, 1394–1405. [CrossRef] [PubMed]

98. Jiang, L.; Kon, N.; Li, T.; Wang, S.-J.; Su, T.; Hibshoosh, H.; Baer, R.; Gu, W. Ferroptosis as a p53-mediated activity during tumour
suppression. Nat. Cell Biol. 2015, 520, 57–62. [CrossRef]

99. Kang, R.; Kroemer, G.; Tang, D. The tumor suppressor protein p53 and the ferroptosis network. Free Radic. Biol. Med. 2019, 133,
162–168. [CrossRef] [PubMed]

100. Yu, P.; Zhang, X.; Liu, N.; Tang, L.; Peng, C.; Chen, X. Pyroptosis: Mechanisms and diseases. Signal Transduct. Target. Ther. 2021, 6,
1–21. [CrossRef]

101. Zhang, T.; Li, Y.; Zhu, R.; Song, P.; Wei, Y.; Liang, T.; Xu, G. Transcription Factor p53 Suppresses Tumor Growth by Prompting
Pyroptosis in Non-Small-Cell Lung Cancer. Oxidative Med. Cell. Longev. 2019, 2019, 1–9. [CrossRef] [PubMed]

102. Gupta, S.; Radha, V.; Furukawa, Y.; Swarup, G. Direct Transcriptional Activation of Human Caspase-1 by Tumor Suppressor p53.
J. Biol. Chem. 2001, 276, 10585–10588. [CrossRef] [PubMed]

103. Fischer, M.; Grossmann, P.; Padi, M.; DeCaprio, J.A. Integration of TP53, DREAM, MMB-FOXM1 and RB-E2F target gene analyses
identifies cell cycle gene regulatory networks. Nucleic Acids Res. 2016, 44, 6070–6086. [CrossRef]

104. Vousden, K.H.; Ryan, K.M. p53 and metabolism. Nat. Rev. Cancer 2009, 9, 691–700. [CrossRef]
105. White, E. Autophagy and p53. Cold Spring Harb. Perspect. Med. 2016, 6, a026120. [CrossRef] [PubMed]
106. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12. [CrossRef]
107. Denton, D.; Xu, T.; Kumar, S. Autophagy as a pro-death pathway. Immunol. Cell Biol. 2015, 93, 35–42. [CrossRef]
108. Mrakovcic, M.; Fröhlich, L.F. p53-Mediated Molecular Control of Autophagy in Tumor Cells. Biomol. 2018, 8, 14. [CrossRef]

[PubMed]
109. Crighton, D.; Wilkinson, S.; O’Prey, J.; Syed, N.; Smith, P.; Harrison, P.R.; Gasco, M.; Garrone, O.; Crook, T.; Ryan, K.M. DRAM, a

p53-Induced Modulator of Autophagy, Is Critical for Apoptosis. Cell 2006, 126, 121–134. [CrossRef] [PubMed]
110. Gao, W.; Shen, Z.; Shang, L.; Wang, X. Upregulation of human autophagy-initiation kinase ULK1 by tumor suppressor p53

contributes to DNA-damage-induced cell death. Cell Death Differ. 2011, 18, 1598–1607. [CrossRef] [PubMed]
111. Guan, J.-J.; Zhang, X.; Sun, W.; Qi, L.; Wu, J.-C.; Qin, Z.-H. DRAM1 regulates apoptosis through increasing protein levels and

lysosomal localization of BAX. Cell Death Dis. 2015, 6, e1624. [CrossRef] [PubMed]
112. Yee, K.S.; Wilkinson, S.; James, J.; Ryan, K.M.; Vousden, K.H. PUMA- and Bax-induced autophagy contributes to apoptosis. Cell

Death Differ. 2009, 16, 1135–1145. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.2627984100
http://www.ncbi.nlm.nih.gov/pubmed/12574499
http://doi.org/10.1016/S1535-6108(03)00244-7
http://doi.org/10.1038/cdd.2008.16
http://www.ncbi.nlm.nih.gov/pubmed/18259198
http://doi.org/10.1083/jcb.200608070
http://doi.org/10.1038/ni834
http://www.ncbi.nlm.nih.gov/pubmed/12244308
http://doi.org/10.1126/science.1092734
http://doi.org/10.1016/S1097-2765(03)00050-9
http://doi.org/10.1021/bi400690m
http://www.ncbi.nlm.nih.gov/pubmed/23977882
http://doi.org/10.3390/ijms17122068
http://doi.org/10.1016/j.cell.2008.10.044
http://www.ncbi.nlm.nih.gov/pubmed/19109899
http://doi.org/10.1016/j.cell.2011.11.031
http://www.ncbi.nlm.nih.gov/pubmed/22265413
http://doi.org/10.1038/nrm3737
http://doi.org/10.1073/pnas.0808173106
http://www.ncbi.nlm.nih.gov/pubmed/19144918
http://doi.org/10.1016/j.cell.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22726440
http://doi.org/10.1038/cdd.2016.28
http://www.ncbi.nlm.nih.gov/pubmed/27258785
http://doi.org/10.1038/nature14344
http://doi.org/10.1016/j.freeradbiomed.2018.05.074
http://www.ncbi.nlm.nih.gov/pubmed/29800655
http://doi.org/10.1038/s41392-021-00507-5
http://doi.org/10.1155/2019/8746895
http://www.ncbi.nlm.nih.gov/pubmed/31737176
http://doi.org/10.1074/jbc.C100025200
http://www.ncbi.nlm.nih.gov/pubmed/11278253
http://doi.org/10.1093/nar/gkw523
http://doi.org/10.1038/nrc2715
http://doi.org/10.1101/cshperspect.a026120
http://www.ncbi.nlm.nih.gov/pubmed/27037419
http://doi.org/10.1002/path.2697
http://doi.org/10.1038/icb.2014.85
http://doi.org/10.3390/biom8020014
http://www.ncbi.nlm.nih.gov/pubmed/29561758
http://doi.org/10.1016/j.cell.2006.05.034
http://www.ncbi.nlm.nih.gov/pubmed/16839881
http://doi.org/10.1038/cdd.2011.33
http://www.ncbi.nlm.nih.gov/pubmed/21475306
http://doi.org/10.1038/cddis.2014.546
http://www.ncbi.nlm.nih.gov/pubmed/25633293
http://doi.org/10.1038/cdd.2009.28
http://www.ncbi.nlm.nih.gov/pubmed/19300452


Cancers 2021, 13, 3257 21 of 25

113. Tripathi, R.; Ash, D.; Shaha, C. Beclin-1–p53 interaction is crucial for cell fate determination in embryonal carcinoma cells. J. Cell.
Mol. Med. 2014, 18, 2275–2286. [CrossRef]

114. Scherz-Shouval, R.; Weidberg, H.; Gonen, C.; Wilder, S.; Elazar, Z.; Oren, M. p53-dependent regulation of autophagy protein LC3
supports cancer cell survival under prolonged starvation. Proc. Natl. Acad. Sci. USA 2010, 107, 18511–18516. [CrossRef] [PubMed]

115. Levine, A.J. P53 and The Immune Response: 40 Years of Exploration-A Plan for the FutureAN. Int. J. Mol. Sci. 2020, 21, 541.
[CrossRef] [PubMed]

116. Muñoz-Fontela, C.; Mandinova, A.; Aaronson, S.A.; Lee, A.M.S.W. Emerging roles of p53 and other tumour-suppressor genes in
immune regulation. Nat. Rev. Immunol. 2016, 16, 741–750. [CrossRef]

117. Miciak, J.; Bunz, F. Long story short: p53 mediates innate immunity. Biochim. Biophys. Acta 2016, 1865, 220–227. [CrossRef]
118. Agupitan, A.D.; Neeson, P.; Williams, S.; Howitt, J.; Haupt, S.; Haupt, Y. P53: A Guardian of Immunity Becomes Its Saboteur

through Mutation. Int. J. Mol. Sci. 2020, 21, 3452. [CrossRef]
119. Mori, T.; Anazawa, Y.; Iiizumi, M.; Fukuda, S.; Nakamura, Y.; Arakawa, H. Identification of the interferon regulatory factor 5 gene

(IRF-5) as a direct target for p53. Oncogene 2002, 21, 2914–2918. [CrossRef]
120. Munoz-Fontela, C.; Macip, S.; Martínez-Sobrido, L.; Brown, L.; Ashour, J.; García-Sastre, A.; Lee, S.W.; Aaronson, S.A. Transcrip-

tional role of p53 in interferon-mediated antiviral immunity. J. Exp. Med. 2008, 205, 1929–1938. [CrossRef]
121. Huang, Y.-F.; Wee, S.; Gunaratne, J.; Lane, D.; Bulavin, D.V. Isg15 controls p53 stability and functions. Cell Cycle 2014, 13,

2199–2209. [CrossRef] [PubMed]
122. Taura, M.; Eguma, A.; Suico, M.A.; Shuto, T.; Koga, T.; Komatsu, K.; Komune, T.; Sato, T.; Saya, H.; Li, J.-D.; et al. p53 Regulates

Toll-Like Receptor 3 Expression and Function in Human Epithelial Cell Lines. Mol. Cell. Biol. 2008, 28, 6557–6567. [CrossRef]
[PubMed]

123. Hacke, K.; Rincon-Orozco, B.; Buchwalter, G.; Siehler, S.Y.; Wasylyk, B.; Wiesmüller, L.; Rösl, F. Regulation of MCP-1 chemokine
transcription by p53. Mol. Cancer 2010, 9, 82. [CrossRef] [PubMed]

124. Martinez-Zapien, D.; Xavier Ruiz, F.; Juline Poirson, J.; André Mitschler, A.; Ramirez, J.; Forster, A.; Cousido-Siah, A.; Murielle
Masson, M.; Vande Pol, S.; Podjarny, A.; et al. Structure of the E6/E6AP/p53 complex required for HPV-mediated degradation of
p53. Nature 2016, 529, 514–545. [CrossRef] [PubMed]

125. Fischer, M.; Uxa, S.; Stanko, C.; Magin, T.M.; Engeland, K. Human papilloma virus E7 oncoprotein abrogates the p53-p21-DREAM
pathway. Sci. Rep. 2017, 7, 1–11. [CrossRef]

126. Wei, J.; Nagy, T.A.; Vilgelm, A.; Zaika, E.; Ogden, S.R.; Romero–Gallo, J.; Piazuelo, M.B.; Correa, P.; Washington, M.K.; El–Rifai, W.;
et al. Regulation of p53 Tumor Suppressor by Helicobacter pylori in Gastric Epithelial Cells. Gastroenterology 2010, 139, 1333–1343.
[CrossRef]

127. Buti, L.; Spooner, E.; Van der Veen, A.G.; Rappuoli, R.; Covacci, A.; Ploegh, H.L. Helicobacter pylori cytotoxin-associated gene A
(CagA) subverts the apoptosis-stimulating protein of p53 (ASPP2) tumor suppressor pathway of the host. Proc. Natl. Acad. Sci.
USA 2011, 108, 9238–9243. [CrossRef]

128. Shu, X.; Yang, Z.; Li, Z.-H.; Chen, L.; Zhou, X.-D.; Xie, Y.; Lu, N.-H. Helicobacter pylori Infection Activates the Akt–Mdm2–p53
Signaling Pathway in Gastric Epithelial Cells. Dig. Dis. Sci. 2015, 60, 876–886. [CrossRef]

129. Greenway, A.L.; McPhee, D.A.; Allen, K.; Johnstone, R.; Holloway, G.; Mills, J.; Azad, A.; Sankovich, S.; Lambert, P. Human
Immunodeficiency Virus Type 1 Nef Binds to Tumor Suppressor p53 and Protects Cells against p53-Mediated Apoptosis. J. Virol.
2002, 76, 2692–2702. [CrossRef]

130. Izumi, T.; Io, K.; Matsui, M.; Shirakawa, K.; Shinohara, M.; Nagai, Y.; Kawahara, M.; Kobayashi, M.; Kondoh, H.; Misawa, N.;
et al. HIV-1 viral infectivity factor interacts with TP53 to induce G2 cell cycle arrest and positively regulate viral replication. Proc.
Natl. Acad. Sci. USA 2010, 107, 20798–20803. [CrossRef]

131. Kadosh, E.; Snir-Alkalay, I.; Venkatachalam, A.; May, S.; Lasry, A.; Elyada, E.; Zinger, A.; Shaham, M.; Vaalani, G.; Mernberger,
M.; et al. The gut microbiome switches mutant p53 from tumour-suppressive to oncogenic. Nat. Cell Biol. 2020, 586, 133–138.
[CrossRef] [PubMed]

132. Aloni-Grinstein, R.; Charni-Natan, M.; Solomon, H.; Rotter, V. p53 and the Viral Connection: Back into the Future. Cancers 2018,
10, 178. [CrossRef] [PubMed]

133. Zaika, A.I.; Wei, J.; Noto, J.M.; Peek, R.M. Microbial Regulation of p53 Tumor Suppressor. PLoS Pathog. 2015, 11, e1005099.
[CrossRef]

134. Textor, S.; Fiegler, N.; Arnold, A.; Porgador, A.; Hofmann, T.G.; Cerwenka, A. Human NK Cells Are Alerted to Induction of p53 in
Cancer Cells by Upregulation of the NKG2D Ligands ULBP1 and ULBP2. Cancer Res. 2011, 71, 5998–6009. [CrossRef] [PubMed]

135. Heinemann, A.; Zhao, F.; Pechlivanis, S.; Eberle, J.; Steinle, A.; Diederichs, S.; Schadendorf, D.; Paschen, A. Tumor Suppressive
MicroRNAs miR-34a/c Control Cancer Cell Expression of ULBP2, a Stress-Induced Ligand of the Natural Killer Cell Receptor
NKG2D. Cancer Res. 2012, 72, 460–471. [CrossRef] [PubMed]

136. Zhu, K.; Wang, J.; Zhu, J.; Jiang, J.; Shou, J.; Chen, X. p53 induces TAP1 and enhances the transport of MHC class I peptides.
Oncogene 1999, 18, 7740–7747. [CrossRef]

137. Wang, B.; Niu, D.; Lai, L.; Ren, E.C. p53 increases MHC class I expression by upregulating the endoplasmic reticulum aminopepti-
dase ERAP1. Nat. Commun. 2013, 4, 2359. [CrossRef]

http://doi.org/10.1111/jcmm.12386
http://doi.org/10.1073/pnas.1006124107
http://www.ncbi.nlm.nih.gov/pubmed/20937856
http://doi.org/10.3390/ijms21020541
http://www.ncbi.nlm.nih.gov/pubmed/31952115
http://doi.org/10.1038/nri.2016.99
http://doi.org/10.1016/j.bbcan.2016.03.001
http://doi.org/10.3390/ijms21103452
http://doi.org/10.1038/sj.onc.1205459
http://doi.org/10.1084/jem.20080383
http://doi.org/10.4161/cc.29209
http://www.ncbi.nlm.nih.gov/pubmed/24844324
http://doi.org/10.1128/MCB.01202-08
http://www.ncbi.nlm.nih.gov/pubmed/18779317
http://doi.org/10.1186/1476-4598-9-82
http://www.ncbi.nlm.nih.gov/pubmed/20406462
http://doi.org/10.1038/nature16481
http://www.ncbi.nlm.nih.gov/pubmed/26789255
http://doi.org/10.1038/s41598-017-02831-9
http://doi.org/10.1053/j.gastro.2010.06.018
http://doi.org/10.1073/pnas.1106200108
http://doi.org/10.1007/s10620-014-3470-2
http://doi.org/10.1128/JVI.76.6.2692-2702.2002
http://doi.org/10.1073/pnas.1008076107
http://doi.org/10.1038/s41586-020-2541-0
http://www.ncbi.nlm.nih.gov/pubmed/32728212
http://doi.org/10.3390/cancers10060178
http://www.ncbi.nlm.nih.gov/pubmed/29866997
http://doi.org/10.1371/journal.ppat.1005099
http://doi.org/10.1158/0008-5472.CAN-10-3211
http://www.ncbi.nlm.nih.gov/pubmed/21764762
http://doi.org/10.1158/0008-5472.CAN-11-1977
http://www.ncbi.nlm.nih.gov/pubmed/22102694
http://doi.org/10.1038/sj.onc.1203235
http://doi.org/10.1038/ncomms3359


Cancers 2021, 13, 3257 22 of 25

138. Yan, J.; Parekh, V.V.; Mendez-Fernandez, Y.; Olivares-Villagómez, D.; Dragovic, S.; Hill, T.; Roopenian, D.C.; Joyce, S.; Van Kaer, L.
In vivo role of ER-associated peptidase activity in tailoring peptides for presentation by MHC class Ia and class Ib molecules. J.
Exp. Med. 2006, 203, 647–659. [CrossRef]

139. Coppé, J.-P.; Desprez, P.-Y.; Krtolica, A.; Campisi, J. The Senescence-Associated Secretory Phenotype: The Dark Side of Tumor
Suppression. Annu. Rev. Pathol. Mech. Dis. 2010, 5, 99–118. [CrossRef] [PubMed]

140. Lujambio, A.; Akkari, L.; Simon, J.; Grace, D.; Tschaharganeh, D.F.; Bolden, J.E.; Zhao, Z.; Thapar, V.; Joyce, J.A.; Krizhanovsky, V.;
et al. Non-Cell-Autonomous Tumor Suppression by p53. Cell 2013, 153, 449–460. [CrossRef]

141. Fierabracci, A.; Pellegrino, M. The Double Role of p53 in Cancer and Autoimmunity and Its Potential as Therapeutic Target. Int. J.
Mol. Sci. 2016, 17, 1975. [CrossRef]

142. Kuhn, H.-M.; Kromminga, A.; Flammann, H.T.; Frey, M.; Layer, P.; Arndt, R. p53 autoantibodies in patients with autoimmune
diseases: A quantitative approach. Autoimmunity 1999, 31, 229–235. [CrossRef]

143. Zheng, S.-J.; Lamhamedi-Cherradi, S.-E.; Wang, P.; Xu, L.; Chen, Y.H. Tumor Suppressor p53 Inhibits Autoimmune Inflammation
and Macrophage Function. Diabetes 2005, 54, 1423–1428. [CrossRef]

144. Kawashima, H.; Takatori, H.; Suzuki, K.; Iwata, A.; Yokota, M.; Suto, A.; Minamino, T.; Hirose, K.; Nakajima, H. Tumor Suppressor
p53 Inhibits Systemic Autoimmune Diseases by Inducing Regulatory T Cells. J. Immunol. 2013, 191, 3614–3623. [CrossRef]

145. Green, D.R.; Ferguson, T.; Zitvogel, L.; Kroemer, G. Immunogenic and tolerogenic cell death. Nat. Rev. Immunol. 2009, 9, 353–363.
[CrossRef]

146. Yoon, K.W.; Byun, S.; Kwon, E.; Hwang, S.-Y.; Chu, K.; Hiraki, M.; Jo, S.-H.; Weins, A.; Hakroush, S.; Cebulla, A.; et al. Control of
signaling-mediated clearance of apoptotic cells by the tumor suppressor p53. Science 2015, 349, 1261669. [CrossRef]

147. Cortez, M.A.; Ivan, C.; Valdecanas, D.; Wang, X.; Peltier, H.J.; Ye, Y.; Araujo, L.; Carbone, D.P.; Shilo, K.; Giri, D.K.; et al. PDL1
Regulation by p53 via miR-34. J. Natl. Cancer Inst. 2015, 108. [CrossRef] [PubMed]

148. Tan, X.; Shi, L.; Banerjee, P.; Liu, X.; Guo, H.-F.; Yu, J.; Bota-Rabassedas, N.; Rodriguez, B.L.; Gibbons, D.L.; Russell, W.K.; et al. A
protumorigenic secretory pathway activated by p53 deficiency in lung adenocarcinoma. J. Clin. Investig. 2021, 131. [CrossRef]
[PubMed]

149. Capaci, V.; Bascetta, L.; Fantuz, M.; Beznoussenko, G.V.; Sommaggio, R.; Cancila, V.; Bisso, A.; Campaner, E.; Mironov, A.A.;
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