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Abstract Sections
Programmed cell death is a mechanism that s crucial for numerous Introduction
physiological and pathological processes. Whereas p53-mediated p53-regulated ferroptosis

apoptosis is amajor cell death pathway in cancer, accumulating
evidenceindicates that p53 also has crucial roles in controlling different
non-apoptotic cell death (NACD) pathways, including ferroptosis,
necroptosis, pyroptosis, autophagy-dependent cell death, entotic cell S;:zggfg;:izﬁz::?h“‘ated
death, parthanatos and paraptosis, and may regulate PANoptosis,

cuproptosis and disulfidptosis. Notably, the function of p53in these

p53-regulated necroptosis

p53-regulated pyroptosis

Targeting p53-regulated
non-apoptotic cell death for

NACDs substantially contributes to its biological effects, particularly disease treatment
in cancer development and other pathological processes. In this Conclusions and future
Review, we discuss recent advances in understanding the roles perspectives

and underlying mechanisms of p53-mediated NACDs, focusing on
ferroptosis, necroptosis and pyroptosis. We discuss the complex and
distinct physiological settings in which NACDs are regulated by p53, and
potential targeting of p53-regulated NACDs for the treatment of cancer
and other human diseases. Finally, we highlight severalimportant
questions concerning p53-regulated NACDs that warrant further
investigation.
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Introduction
Sinceits discovery in1979, the transcription factor p5S3 hasbeenafocus
of intensive study’. p53 is now recognized as one of the proteins most
relevantto health, particularly owing toits potent tumour-suppressive
function, but also through its involvement in normal physiology and
inthe pathogenesis of some non-cancer diseases'. Consequently, p53
has immeasurable therapeutic value and is capturing considerable
attention from the pharmaceutical industry*>. This ‘star molecule’
status of p53 stems fromits powerful ability to regulate awide range of
functions in diverse biological processes. For example, p53 responds
to DNA damage toinduce cell-cycle arrest, apoptosis and senescence,
which were previously thought to be the major mechanisms by which
p53 suppresses tumorigenesis. However, research published in the
past few years has suggested that these three classical p53 functions
are not alwaysindispensable for p53-mediated tumour suppression*™,
Furthermore, amajor obstacle to therapeutically activating p53is the
side effects of its classical functions. Hence, discovering new functions
of p53 willnot only enhance our understanding of this crucial protein,
but also benefit the development of p53-based therapeutics.

Homeostasis in multicellular organisms requires maintaining abal-
ancebetween cell proliferation and cell death. Cell deathis acommon
andimportant biological process: well-controlled cell deathis vital for
development and other physiological processes, but dysregulated cell
death canresultin diverse diseases. Apoptosisis the best-studied type
of celldeath and was once regarded as the only mode of regulated cell
death (RCD). However, later studies have identified many new types of
RCD, such as ferroptosis, necroptosis and pyroptosis’ (Box 1). These
RCDs may share similaritiesin their underlying mechanisms and mor-
phology of dying cells, but each has unique characteristics, resulting
in both overlapping and independent physiological or pathological
functions’°, Understanding the molecular mechanisms and identify-
ing the essential regulators of these RCDs is of great importance for
fundamental research and disease treatment.

In the past decade, p53 has been found to regulate many types
of non-apoptotic cell death (NACD) pathways. In this Review, we
discuss how p53 regulates multiple NACDs, focusing on ferroptosis,

Box 1| Diverse cell death types

necroptosis and pyroptosis; we also consider other NACDs in which
p53 may be involved. Next, we discuss the therapeutic potential of
targeting p53-mediated NACD pathways in different disorders. Lastly,
we discuss notable issuesin p53-NACD research.

p53-regulated ferroptosis

Ferroptosis was identified and named by Brent Stockwell in a series
of papers published between 2003 and 2012 (refs. 11-13), as a newly
identified regulated NACD characterized by iron-dependent lipid per-
oxidation at cellular membranes (Box 2). Prior studies had observed
features and elucidated key genetic drivers of what we now understand
to be ferroptosis'*". In the past decade, ferroptosis has become the
mostintensively studied NACD type, and it is the cell death mode most
relevant to cellular metabolism, and which has been linked to age-
ing, ischaemic organinjury, neurodegenerative diseases and particu-
larly cancer'. The canonical ferroptosis pathway revolves around the
acyl-CoA synthetase long chain family member 4 (ACSL4)-glutathione
peroxidase 4 (GPX4) axis”. However, recent research has revealed crucial
non-canonical ferroptosis pathways'.

Role of p53in ferroptosis
p53isamaster regulator of the three key components of ferroptosis”’
(Fig.1and Box 2). This activity of p53 primarily stems fromits powerful
ability to regulate the cellular metabolism of diverse biomolecules,
such asamino acids, lipids, iron and reactive oxygen species (ROS)".
Solute carrier family 7 member 11 (SLC7A11; also known as
cystine/glutamate transporter) is a subunit of the cystine/glutamate
antiporter (system X.') and is responsible for importing cystine into
the cell for glutathione (GSH) synthesis. In initial reporting of p53
regulation of ferroptosis'’, p53 was found to suppress the transcrip-
tion of SLC7A11, thereby reducing GSH levels and inhibiting GPX4
activity, leading to ferroptosis induction in vitro and in vivo (Fig. 1c).
Importantly, the p53-SLC7AL11 axis can also function independently
of GPX4 inhibition. Arachidonate 12-lipoxygenase 12S type (ALOX12)
can catalyse the peroxidation of lipids at the cytoplasmic membrane
to trigger ferroptosis. However, it is sequestered from its substrates
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Cell death was observed and described as early as 1842 by Karl Vog
Today, dozens of cell death types are recognized, with apoptosis being
the best-known and most extensively studied’®. The different cell
death modes can be categorized in various ways, including according
to their trigger, mechanism and regulation, and the morphology of
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by SLC7A11. As such, the downregulation of SLC7A11 by p53 releases
ALOX12 to activate ferroptosis® (Fig. 1b,c). Notably, ALOX12 can be
specifically recruited to phosphatidic acid (PA), a type of membrane
phospholipid (PL) and asubstrate for lipid peroxidationin ferroptosis,
by interacting with pleckstrin homology like domain family Amember 2
(PHLDA2)” (Fig. 1b). Glycerol-3-phosphate acyltransferase 3 (GPAT3)
catalyses the biosynthesis of PL-containing polyunsaturated fatty acid
phosphatidicacid (PUFA-PA), thereby providing substrates for ALOX12-
mediated ferroptosis. This PHLDA2-ALOX12-PA-mediated ferroptosis
has substantial pathological relevance and can be activated without
common ferroptosis-inducing compound (FIN) treatments in both
immunodeficientandimmunocompetent mouse tumour models, thus
being as a convincing example of the tumour-suppressive effect of fer-
roptosisinanatural background. Inaddition to ALOX12, p53-mediated
SLC7Allrepression also enhances the lipoxygenase activity of ALOXE3
and ALOX15B to promote ferroptosis in glioblastoma and bladder
cancer cells, respectively?*.

Regarding the substrates for lipid peroxidation, p53 regulates
multiple lipid metabolism pathways that contribute toits ferroptosis-
promoting effect’® (Fig. 1a). For instance, p53 promotes Yesl associ-
ated transcriptional regulator (YAP1)-mediated ACSL4 upregulation,
thus enhancing the abundance of PUFAsin cellular membranes, which
induces ferroptosis in colon cancer cells***. Monounsaturated fatty
acids (MUFAs) can compete with PUFAs for incorporation into mem-
brane PL. Thus, MUFAs are potentinhibitors of ferroptosis. p53 can sup-
press the expression of stearoyl-CoA desaturase1(SCD1) toreduce the
composition of MUFAs in membrane phospholipids, thereby promot-
ing the induction of ferroptosis in hepatocellular carcinoma cells**?.
p53-induced cell-cycle arrest increases the level of PUFA-PL by decreas-
ing the expression of membrane bound O-acyltransferase domain
containing 1 (MBOATI) and epithelial membrane protein 2 (EMP2),
thereby sensitizing cells to ferroptosis in diverse cell lines?.

The execution of lipid peroxidation mainly depends onROS, iron,
and, in specific contexts, ALOXs" (Fig. 1b). Mitochondrial activity is a
major source of ROS, production of which is enhanced by p53 activa-
tion of glutaminase 2 (GLS2) expression, which fuels the tricarboxylic
acid (TCA) cycle and mitochondrial activity?**°. The resulting boost
to ferroptosis limits the growth of hepatocellular carcinoma cells.
Furthermore, the FINs erastin and RSL3 were reported to upregu-
late the expression of the long noncoding RNA (IncRNA) nuclear par-
aspeckle assembly transcript1(NEAT1),inap53-dependent mannerin
hepatocellular carcinoma cells®. NEAT1thenincreases ROS levels and
promotes ferroptosis through the NEAT1-miR-362-3p-myo-inositol
oxygenase (MIOX) axis. Inrat hearts under ischaemia/reperfusion (I/R)
stress, the level of ubiquitin specific peptidase 7 (USP7) isupregulated,
resulting in p53 de-ubiquitilation®’. The resulting stabilization of p53
activatesits target gene transferrin receptor 1(TfR1), amarker of active
ferroptosis®, which imports iron into the cell (Fig. 1b). The increased
iron level promotes cardiac ferroptosis and causes myocardial injury.
p53 regulates iron transport also independently of its activity as a
transcriptionfactor. Inhepaticstellate cells, p53 localizes to the mito-
chondria, where it binds to SLC25A28 and supports iron import into
the mitochondria*. The overload of mitochondrial iron leads to ROS
production and ferroptosis. p53 transcriptionally regulates polyam-
ine metabolism by inducing the expression of spermidine/spermine
Nl-acetyltransferase 1 (SATI)*. SAT1 expression suppresses tumour
growth by activating ALOX15-mediated ferroptosis both in vitro and
invivo.SATI knockout partially diminishes p53-triggered ferroptosis,
thereby linking polyamine metabolism with p53-mediated ferroptosis

Box 2 | Mechanism of ferroptosis

Ferroptosis is an iron-dependent regulated cell death, which

is triggered by lipid peroxidation at cell membranes™. The
morphological features of ferroptotic cells include shrunken
mitochondria, reduced mitochondrial cristae and increased
mitochondrial-membrane density. Ferroptosis primarily results

from disruptions in cellular metabolism and is modulated by three
fundamental components: the substrates for lipid peroxidation,

the executors of lipid peroxidation and the anti-ferroptosis
systems'""""”2 The substrates for lipid peroxidation are
polyunsaturated fatty acids (PUFAs), such as arachidonic acid
(C20:4) and adrenic acid (C22:4), which are incorporated into cellular
membrane phospholipids (PL). Enzymes such as acyl-CoA synthetase
long chain family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3) facilitate the assembly of PUFAs into
membrane phospholipids. Metabolic processes that elevate PL-PUFA
levels increase cellular sensitivity to ferroptosis.

Lipid peroxidation can occur through non-enzymatic Fenton
reactions or through enzymatic pathways; both ways are iron-
dependent. Many families of enzymes, including arachidonate
lipoxygenase, cyclooxygenases and cytochrome p450 catalyse the
peroxidation of PL-PUFA to PL-PUFA hydroperoxide (PL-PUFA-OOH).
These lipid peroxides can propagate oxidative damage to nearby
PL-PUFAs, amplifying the ferroptosis signal and leading to ferroptosis,
or they can be detoxified by various anti-ferroptosis systems.
Diverse metabolic enzymes can suppress ferroptosis through distinct
mechanisms. Among them, glutathione peroxidase 4 (GPX4) is a well-
characterized factor that utilizes glutathione to reduce PL-PUFA-OOH
to PL-PUFA-OH, thereby protecting cells from ferroptosis'. GPX4
activity specifically counteracts ACSL4-mediated ferroptosis.

Ferroptosis-inducing compounds (FINs) are small molecules
capable of inducing ferroptosis in vitro or in vivo through various
mechanisms, primarily by inhibiting the activity of anti-ferroptosis
systems. Some FINs inhibit GPX4 activity (for example, RSL3,

ML162 and ML210), degrade GPX4 protein (for example, FIN56),

or block cystine import by system X, (for example, erastin and IKE).
These compounds not only advance ferroptosis research, but also
hold considerable therapeutic promise in triggering ferroptosis for
cancer treatment'®.

and tumour suppression. Interestingly, ALOXS, a known p53 target
gene®, hasbeen shown to promote ferroptosis in Huntington disease®”
and bladder cancer cells®, suggesting that p53 induces ferroptosis
in these conditions through the transcriptional activation of ALOXS.
p53 influences ferroptosis also by regulating the cellular
anti-ferroptosis systems (Fig. 1c). Beyond repressing SLC7ALl1, p53
can restrict serine and cysteine synthesis by inhibiting phosphoglyc-
erate dehydrogenase (PHGDH) in melanoma cells and cystathionine
B-synthase in lung cancer cells, respectively, which may ultimately
lead to reduced GSH biosynthesis and to ferroptosis®*°. The reduced
form of vitamin K is a metabolite with antioxidant activity and has
been shown to inhibit ferroptosis*. p53 transcriptionally represses
the expression of vitamin K epoxide reductase complex subunit1like 1
(VKORCIL1), an enzyme catalysing the reduction of vitamin K into
vitamin K hydroquinone, to promote ferroptosis and suppress tumour
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growthindifferent cancer celllinesindependently of the GSH system**.
iPLA2f3 (also known as PLA2G6) removes the oxidized fatty acid chain
from membrane phospholipids to terminate lipid peroxidation and
ferroptosis. In contrast to p53-mediated promotion of ferroptosis, p53
activated by alow dose of doxorubicin (a DNA damaging drug) or nutlin
(aninhibitor of the p53-MDM2 interaction), can suppress ferroptosisin
melanomaand sarcoma cells by transcriptionally activating PLA2G6".
However, PLA2G6 activationislost when treating cells with a high dose
of doxorubicin or following a long treatment with nutlin, and the cells
die partly from ferroptosis.
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l
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These paradoxical results seem at odds with the ferroptosis-
promoting role of p53. In fact, the regulation of iPLA2p fits well with
the ‘pro-survival or pro-death’ mode of p53 activity: p53is essentially a
stress responder and a ‘guardian of the cell***, and the outcome of p53
activation varies depending on the characteristics of the stress***. Inthe
case of the p53-iPLA2p-ferroptosis axis, iPLA2[ acts as a functional
switch to dictate the consequence of the p53-elicited stress response.
This dual role of p53 potentially circumvents some of the therapeutic
concernsassociated with inducing or suppressing cell death, as p53 can
regulate the proper balance between cell survival and death.
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Fig.1| p53-regulated ferroptosis. p53 regulates all three key components of
ferroptosis through diverse mechanisms. a, Substrates for lipid peroxidation.
Monounsaturated fatty acids (MUFAs) compete with polyunsaturated

fatty acids (PUFAs) for incorporation into membrane phospholipids (PL).
Ferroptosis is promoted by p53 reducing MUFA synthesis and incorporationinto
phospholipids by inhibiting the expression of stearoyl-CoA desaturase 1(SCD1)
in hepatocellular carcinoma cells and membrane bound O-acyltransferase
domain containing 1 (MBOAT1) in diverse cell lines, respectively. Additionally,
p53 promotes the synthesis of PUFA-containing phospholipids (PL-PUFAs)

by downregulating the expression of epithelial membrane protein 2 (EMP2)
indiverse cell lines and promoting the activity of acyl-CoA synthetase long

chain family member 4 (ACSL4) in colon cancer cells. In liver cancer cells, p53
cansuppress ferroptosis by activating phospholipid transfer protein (PLTP)

and thus formation of lipid droplets, which sequester PUFAs. b, Executors of
lipid peroxidation. Ferroptosis is promoted by p53 activation of arachidonate
12-lipoxygenase 12S type (ALOX12) and ALOX15 by suppressing solute carrier
family 7 member 11 (SLC7A11) and by activating spermidine/spermine
Nl-acetyltransferase 1 (SAT1), respectively, in vitro and in vivo. p53 also increases
thelevels of reactive oxygen species (ROS) by transcriptionally activating
glutaminase 2 (GLS2) and the long noncoding RNA (IncRNA) nuclear paraspeckle
assembly transcript 1(NEAT1) in hepatocellular carcinoma cells, and boosting
the activity of SLC25A28 in hepatic stellate cells. Moreover, p53 induces the
expression of transferrin receptor 1(TfR1), which importsironinto the cell.

p53 can suppress ferroptosis by inhibiting dipeptidyl peptidase 4 (DPP4) in
colorectal cancer cells. ¢, Anti-ferroptosis systems. Ferroptosis is promoted by
pS3repression of glutathione peroxidase 4 (GPX4) through downregulating
SLC7Allinvitro andinvivoin diverse cell types, and cystathionine 3-synthase
(CBS) inlung cancer cells. p53 also inhibits vitamin K epoxide reductase
complex subunit 1like 1(VKORCIL1) in diverse cell types. p53 can suppress

ferroptosis by activating p21in fibrosarcoma cells and iPLA2(3 in melanoma

and sarcoma cells. d, p53-regulated versus GPX4-regulated ferroptosis in vivo.
GPX4 regulates canonical ferroptosis, which is enhanced by the treatment

with ferroptosis-inducing compounds such as GPX4 inhibitors. By contrast,

p53 modulates an endogenous ferroptosis response independently of
ferroptosis-inducing treatment. This ferroptosis pathway involves PL-PUFA
phosphatidic acid (PA), whose biosynthesis is catalysed by glycerol-3-phosphate
acyltransferase 3 (GPAT3). In the presence of elevated ROS, p53 promotes
ferroptosis through the pleckstrin homology like domain family Amember 2
(PHLDA2)-ALOX12 complex, a process potentially terminated by an as-yet-
unknown GPX family protein (GPX?). e, Regulation of p53-mediated ferroptosis.
In hepatocellular carcinoma, protein phosphatase 2A-B55f subunit (PP2A-B55p)
dephosphorylates mitochondrial GPX4, thereby facilitating the retrograde
movement of mitochondrial p53into the nucleus and ferroptosis induction.
Inlung cancer, the long noncoding RNA P53RRA promotes p53 accumulation
inthe nucleus by abrogating its cytoplasmic sequestration by G3BP stress
granule assembly factor 1(G3BP1), thereby activating ferroptosis. In cardiac
ischaemia/reperfusion injury, N-acetyltransferase 10 (NAT10) increase the

level of MYB binding protein 1a (MYBBP1A), which binds to p53 and enhances
p53-induced ferroptosis. In lung adenocarcinoma, GINS complex subunit 4
(GINS4) destabilizes p53 by activating snail family transcriptional repressor 1
(SNAIL), thereby inhibiting ferroptosis. Additionally, unconventional prefoldin
RPBS interactor (URI) and mex-3 RNA binding family member A (MEX3A)
promote p53 degradation to suppress ferroptosis in hepatocellular carcinoma
and ovarian cancer, respectively. In panels a-c, direct transcriptional activation
orrepression targets of p53 areindicated in blue or light purple, respectively.
GSH, glutathione; LPCAT3, lysophosphatidylcholine acyltransferase 3;

PE, phosphatidylethanolamine; PEBP1, phosphatidylethanolamine binding
protein1; PL-PUFA-OOH, PL-PUFA hydroperoxide; SFA, saturated fatty acid.

In addition to upregulating iPLA2[, there are several sporadic
reports showing that p53 caninhibit ferroptosisin certain conditions.
For example, in colorectal cancer (CRC) cells, p53 binds to and seques-
ters dipeptidyl peptidase 4 (DPP4) in the nucleus, keeping it away from
itsinteracting protein NADPH oxidase 1(NOX1)** (Fig.1b). This activity
represses DPP4-NOXI1-induced ferroptosis. In liver cancer cells, p53
negatively regulates ferroptosis by inducing the expression of phos-
pholipid transfer protein (PLTP)*. PLTP stimulates the formation of
lipid droplets, which sequester the substrate for ferroptosis-related
lipid peroxidation (Fig. 1a). Another study has shown that p53 can
delay the induction of cystine-deprivation-triggered ferroptosis
by inducing p21in a fibrosarcoma cell line, potentially protecting
the cells from nutrient deprivation®™ (Fig. 1c). These counter-examples
partly stem from the different cancer types and ferroptosis-inducing
methods used in experiments”. They also reflect the complexity and
context-dependency of p53 function'*.

Theimportance of p53-induced ferroptosisin tumour suppression
hasbeen corroborated by mouse models and human data. The p53-3KR
(Lys-to-Arg) mutant protein retains the ability to suppress SLC7All and
induce ferroptosis, which may explain why it still efficiently suppresses
tumorigenesis”. Indeed, overexpression of SLC7A11 abolishes the
ferroptosis-inducing and tumour-suppressing effect of the p53-3KR
mutant. Acetylation of human p53 at Lys101 (corresponding to mouse
Lys98) s crucial for p53-mediated SLC7All inhibition®. Further mutat-
ing p53-3KRto p53-4KR (3KR + K98R) significantly abrogates the ability
of p53 to promote ferroptosis and tumour suppression. Consequently,
p53-4KR mice develop tumours at amuch higher rate compared with
p53-3KR mice®. An African-specific SNP (p53-P47S) was found to
be impaired in its ability to suppress tumorigenesis®*. Subsequent

studies have revealed that the S47 variant is less efficient at suppressing
SLC7A11 and activating GLS2 compared with the P47 variant. p53-S47
cells have higher levels of two important antioxidants CoA and GSH™.
These differences between P47 and S47 lead to a decreased ability of
p53-S47 to induce ferroptosis and repress tumour growth. Indeed,
the p53-P47S SNP is correlated with a higher risk of breast cancer in
pre-menopausal African-American women®®,

Studying cancer-associated p53 mutants can provide more
insights into how ferroptosis contributes to p53-mediated tumour
suppression from a different angle. Mutant p53 may not only lose the
ferroptosis-inducingactivity of wild-type (WT) p53, but also gain new
and often indirect functions that suppress ferroptosis, both of which
facilitate tumour development. In lung cancer, TP53 mutation abol-
ishes the inhibition of forkhead box M1 (FOXM1)”". Increased FOXM1
confers cancer cells with resistance to ferroptosis. BTB and CNC homol-
ogy1(BACHI)isatranscriptional repressor of SLC7All. Interestingly,
p53-R175H (acommon, so-called ‘hotspot’, mutation that is equivalent
to mouse p53-R172H), but not WT p53 and other p53 hotspot mutants,
canbind to BACH1 (ref. 58). Thisinteraction abrogates the repression
of SLC7A11 by BACH1 and, therefore, reduces ferroptosis in differ-
ent cancer cells. Knockout of Bachl in Trp53%7"* mice extends the
survival time of these mice, suggesting that BACH1-dependent fer-
roptosis inhibition contributes to the oncogenic effect of p53-R172H
inmice. Intriple-negative breast cancer (TNBC), mouse p53-R172H and
p53-R245W (equivalent to human p53-R248W) protect cancer cells from
ferroptosis by upregulating two antioxidant proteins, microsomal
glutathione S-transferase 3 (MGST3) and peroxiredoxin 6 (PRDX6), in
an NFE2 like bZIP transcription factor 2 (NRF2)-dependent manner®.
Notably, depletion of either of these p53 mutantsin established TNBC
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results in tumour regression by activating ferroptosis, implying that
eliminating mutant p53 may be an effective way to treat TNBC.

Itis worthmentioning that, unlike the FIN-treatment-independent
activity of p53in promoting ferroptosis in vivo, activation of p53 alone
is insufficient to trigger ferroptosis in vitro, which is likely to be due
to the absence of in vivo stress signals in cultured cell lines". Efficient
induction of p53-mediated ferroptosis in vitro requires both p53 acti-
vation and treatment with FINs, such as GPX4 inhibitors or excessive
ROS, whichis consistent with the stress responder nature of p53. That
is, p53 can fully execute its function only with a suitable stress'***>. This
activity also aligns with the fact that tumorigenesis isaccompanied by
elevated ROS levels®®, and in this context the activation of p53 canmore
efficiently eradicate cancer cells (Fig. 1d). Unlike the p53-modulated
ferroptosis pathway, GPX4-regulated ferroptosis primarily functions
notinresponsetostress, butinaconstitutive manner, to maintain cellu-
lar homeostasis®°°2, GPX4-associated ferroptosis is enhanced by the
application of FINs to suppress GPX4 activity both in vitro and in vivo
(Fig. 1d). Therefore, to specifically focus on ferroptosis regulated by
p53 withoutdirectly manipulating GPX4 activity, aROS generator such
as tert-butyl hydroperoxide can be used, as this type of ferroptosis
primarily involves p53, but not GPX4 (refs.19-21,43).

Regulation of p53-mediated ferroptosis

Theregulation of p53 in ferroptosis is multi-faceted (Fig. 1e). Acetyla-
tion at p53 Lys351 stabilizes the protein in lung adenocarcinoma®’.
GINS complex subunit 4 (GINS4) antagonizes p53 Lys351 acetylation by
activating snail family transcriptional repressor 1 (SNAI1), which desta-
bilizes p53, thereby suppressing ferroptosis and promoting tumour
progression®. Similarly, unconventional prefoldin RPB5 interactor
(URI) and mex-3 RNA binding family member A (MEX3A) can also
promote p53 degradation, which inhibits ferroptosis and accelerates
tumour growth in hepatocellular carcinoma and in ovarian cancer,
respectively®®®*. In hepatocellular carcinoma, sorafenib treatment
causes mitochondrial GPX4 dephosphorylationby protein phosphatase
2A-B5503 subunit (PP2A-B55p), resulting in mitochondrial p53 retro-
grading into the nucleus and ferroptosis activation®. In lung cancer,
the cytosolic p53-related IncRNA P53RRA binds to G3BP stress granule
assembly factor 1 (G3BP1), which abrogates the sequestration of p53
proteinin the cytosol®. The resulting augmented level of nuclear p53
stimulates ferroptosis and tumour suppression. In cardiac I/R injury,
N-acetyltransferase 10 (NAT10) modifies and stabilizes the mRNA of
MYBbinding proteinla (MYBBP1A), whichincreases MYBBP1A protein
level”. MYBBPI1A thenbinds to p53 and enhances p53-induced ferropto-
sis. Interestingly, p53 cantranscriptionally activate NAT10 expression
upon I/R stress. Therefore, the NAT10-MYBBP1A-p53 axis forms a
positive feedback loop that amplifies ferroptosisin cardiacl/Rinjury.
In addition, iron overload in dopaminergic cells, high glucose levels
and interleukin-1f treatment in endothelial cells have been reported
toinduce p53-dependent ferroptosis®®*’.

p53-regulated necroptosis

Necroptosis was the firstidentified mode of regulated necrosis, which
was formally named in 2005 (ref. 70) (Box 1). It was initially shown
to be mediated by receptor interacting serine/threonine kinase 1
(RIPK1)", and later also by RIPK3 and mixed lineage kinase domain
like pseudokinase (MLKL), independently of caspases’. Similarly to
apoptosis, necroptosis can also be initiated by the activation of death
receptorssuch as tumour necrosis factor receptor 1(TNFR1), FAS (also
known as TNFRSF6) and TRAIL receptor1(also known as TNFRSF10A).

Nevertheless, necroptosis often occurs only when apoptosis is defi-
cient. In such cases, RIPK1is activated to interact with and activate
RIPK3. Activated RIPK3 phosphorylates MLKL, which promotes its
oligomerization and insertion into the cytoplasmic membrane, where
it forms pores that lead to necroptotic cell death’ (Fig. 2a). Additionally,
other forms of necroptosis have been reported. Necroptosis mainly
functions in inflammation, bacterial and viral infection, ischaemic
injury and cancer.

Role of p53 in necroptosis
Given that necroptosis and apoptosis share many initiating factors,
it could be reasoned that when apoptosis pathways are inhibited, p53
canswitch to promoting necroptosis instead. Although this possibility
requires more evidence to be proven, p53isindeed a master regulator
of necroptosis’ (Fig. 2a). In cardiomyocytes from a mouse model of
myocardial I/Rinjury, p53 transcriptionally induces the expression of
theIncRNA necrosis-related factor (NRF)”>. NRF functions as acompet-
ingendogenousRNAin titrating amicroRNA, miR-873, thereby relieving
itsrepression of RIPK1and RIPK3 and promoting necroptosis and myo-
cardial infarction. PUMA is a major target of p53 in inducing intrinsic
apoptosis. Interestingly, PUMA also engages in necroptosis through
asimilar mechanism: in CRC cells, treatment with the chemotherapy
drug 5-fluorouracil induces the p53-PUMA axis, which facilitates the
release into the cytoplasm of mitochondrial DNA, thereby activat-
ing Z-DNA binding protein 1 (ZBP1)-RIPK3-mediated necroptosis’.
Importantly, this PUMA-RIPK3-necroptosis axis can also invoke an
antitumour immunogenic response that enhances the therapeutic
effect of 5-fluorouracil. Inintestinal epithelial cells, heat stress induces
the phosphorylationand activation of p53, increasing the expression of
Tolllike receptor 3 (TLR3)”. TLR3 stimulates the binding between TIR
domain containing adaptor-inducinginterferon-f3 (TRIF) and RIPK3 to
induce necroptosis. Consistently, TP53knockout can block necroptosis
of intestinal epithelial cells that is triggered by heat stress.
Mitochondrial ROS (mtROS) have an important role in p53-
mediated necroptosis’’® (Fig. 2a). In acute pancreatitis, p53 down-
regulates sulfiredoxin and peroxiredoxin 3 (PRDX3), which enhances
the production of mtROS and necroptosis in pancreatic cells”.
Moreover, mtROS also drives p53 translocation to mitochondria. The
mitochondria-targeted antioxidant Mito-TEMPO blocks the mitochon-
drialaccumulation of p53 and necroptosis, suggesting that (1) mtROS
contribute tothe occurrence of necroptosis and (2) mitochondrial p53
hasaroleinnecroptosis. Both possibilities have been substantially sup-
ported. Consistent with the first possibility, mtROS promotes the for-
mation of necrosomes — complexes that contain MLKL and RIPK3 (and
RIPK1) — and the subsequent activation of necroptosis®®. The TCA cycle
and oxidative phosphorylationincrease the production of mtROS, and
RIPK3 can facilitate these processes to induce necroptosis®®%. The
ability of p53 to promote the TCA cycle and oxidative phosphorylation
may contribute to necroptosis induction’®. Supporting the second
possibility, mtROS stimulates the mitochondrial accumulation of p53,
where it binds to cyclophilin D (CypD) and opens the mitochondrial
permeability transition pore (PTP), leading to necrosis in diverse cell
types® (Fig. 2a). This mitochondrial p53-CypD-induced necrosis is
largely necroptosis®*. The RIPK1-RIPK3 complex can drive the trans-
location of dynamin-related protein 1 (DRP1) to mitochondria, which
enhances mtROS and necroptosis®***®. p53 also promotes DRP1 activity
inmitochondriaboth directly and indirectly, which may subsequently
bolster necroptosis in cardiomyocytes® . Interestingly, under oxida-
tivestress, DRP1boosts the stabilization and mitochondrial localization
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Fig.2|p53-regulated necroptosis and pyroptosis. a, Necroptosis. p53
indirectly activates receptor interacting serine/threonine kinase 1 (RIPK1)

and RIPK3 by transcriptionally activating necrosis-related factor (NRF) in
cardiomyocytes; it also increases the expression of Toll like receptor 3 (TLR3) in
intestinal epithelial cells, thereby activating the TIR domain containing adaptor-
inducing interferon-f (TRIF)-RIPK3 axis. In colorectal cancer cells, p5S3 activates
p53 upregulated modulator of apoptosis (PUMA) to release mitochondrial DNA
(mtDNA) into the cytosol, thereby activating the Z-DNA binding protein 1(ZBP1)-
RIPK3 axis. Activated RIPK3 then phosphorylates mixed lineage kinase domain
like pseudokinase (MLKL) to form poresin the cytoplasmic membrane, leading
to necroptosis. In addition, p53 can promote the production of mitochondrial
reactive oxygen species (mtROS) by activating dynamin-related protein 1 (DRP1)
in cardiomyocytes or by inhibiting sulfiredoxin (SRX) and peroxiredoxin 3
(PRDX3) in pancreatic cells. p53 also translocates to mitochondria, where it
activates cyclophilin D (CypD) in diverse cell types. Both mtROS production

and CypD activation canresultin necroptosis. b, Regulation of p53-mediated
necroptosis. In hepatocellular carcinoma, checkpoint kinase 1 (CHK1) activates
pS3toinduce necroptosis. During neuronal ischaemic stress, death associated
protein kinase 1 (DAPK1) phosphorylates p53in cortical neurons, resulting
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in p53-triggered necroptosis. G9a, AKIRIN2 and BMI1 polycomb ring finger
oncogene (BMI1) suppress necroptosis by inhibiting p53 in breast cancer cells,
cortical neurons and cone cells, respectively. ¢, Pyroptosis. p5S3 upregulates the
expression of inflammasome components NLR family pyrin domain containing 3
(NLRP3) and pro-caspase-lin diverse cell types, and ASC in non-small-cell lung
cancer (NSCLC) cells. The inflammasome activates caspase-1and facilitates

the processing of gasdermin D (GSDMD). GSDMD cleavage releasesits active
N-terminal domain (N), which forms pores in the cytoplasmic membrane, causing
pyroptosis. Additionally, p53 transcriptionally activates GSDME to promote
pyroptosis indiverse cell types. p53is also required for lipopolysaccharide (LPS)-
triggered pyroptosis in NSCLC cells. d, Regulation of p53-mediated pyroptosis.
In clear cell renal cell carcinoma, the long noncoding RNA maternally expressed 3
(MEG3) stabilizes p53 to promote pyroptosis. Conversely, sirtuin 1(SIRT1)
suppresses pyroptosis by inhibiting p53 in macrophages and liver cells. Similarly,
Blymphocyte-induced maturation protein1 (BLIMP1) represses p53, leading to
reduced pyroptosis in Leishmania donovani-infected THP-1and J774A.1cell lines.
Inpanels aand ¢, direct transcriptional activation targets of p53 are indicated in
blue. DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated
molecular patterns; TNFR1, tumour necrosis factor receptor1.

of p53 (ref. 89). Hence, p53 and DRP1 may forma positive feedback loop
to enhance necroptosis.

In certain conditions, the autophagy machinery associates with
the necrosome to promote necroptosis’’. Mitophagy is a special type
of autophagy that degrades damaged mitochondria. Theoretically,
mitophagy can protect cells from necroptosis by reducing ROS levels.
However, controversial results have beenreported regarding the role
of mitophagy in necroptosis®***2, As p53 can have a bidirectional —
either promoting or inhibitory — effect on autophagy (including
mitophagy)'®, whether and how p53 affects necroptosis through medi-
ating autophagy requires further clarification. Additionally, p53 can

be activated by metabolic stress and hypoxia', which also stimulate
necroptosis’*”*, Whether p53 has arole in metabolic-stress-associated
and hypoxia-associated necroptosis remains elusive. Furthermore,
it remains to be investigated whether p53 can inhibit necroptosis in
specific conditions.

Regulation of p53-mediated necroptosis

Many factors caninfluence p53-mediated necroptosis (Fig. 2b). Incells
of recurrentbreast cancer, the activity of the histone methyltransferase
GYaisrequired tosuppress pro-inflammatory genes™. G9a ablation acti-
vates TNF-induced necroptosis that is dependent on p53 activity and
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reduces the survival of tumour cells. Treatment of hepatocellular car-
cinomawiththe chemotherapy drugactinomycin D stimulates necrop-
tosis partly through checkpoint kinase 1 (CHK1)-activated p53, which
underlies the antitumour effect of actinomycin D. In cortical neurons,
postnatal knockout of Akirin2 triggers p53-dependent necroptosis and
neurodegeneration, which can be rescued by reducing p53 protein
levels”. Analogously, p53-induced necroptosis contributes to retinal
degenerative disease by removing cone photoreceptors and bipolar
neurons, which is repressed by BMI1 polycomb ring finger oncogene
(BMI1)°®, During neuronal ischaemic stress, death associated protein
kinase 1(DAPK1) interacts with and phosphorylates p53 Ser23in corti-
cal neurons®’. This modification facilitates both nuclear-p53-activated
apoptosis and mitochondrial-p53-triggered necroptosis’®, together
causing neuronal injury.

p53-regulated pyroptosis

Pyroptosis wasreported late in the twentieth century and was termed
in 2001 (ref.100) (Box 1). Pyroptosis is a pro-inflammatory form of
NACD regulated by gasdermin proteins. It primarily functions as an
innate immunity response to diverse types of pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs), and also has roles in organ injury and cancer'”. Canonical
pyroptosisisinitiated by the recognition of PAMPs or DAMPs by inflam-
masome sensors such as NLR family pyrin domain containing 3 (NLRP3)
(Fig.2c).NLRP3 thenrecruits the adaptor ASC (also known as PYCARD)
and pro-caspase-1to form the inflammasome, in which caspase-1is
activated. Alternatively, lipopolysaccharide (LPS) can directly acti-
vate caspase-4 and caspase-5in humans, or caspase-11in mice without
inflammasome assembly. Activated caspase-1, caspase-4, caspase-5 or
caspase-11cleave gasdermin D (GSDMD) to releaseits active N terminus
(GSDMD-N), which oligomerizes and forms pores in the cytoplasmic
membrane, eventually inducing cell death (Fig. 2c). Recent progress
indicates that alternative pathways of pyroptosis activation exist'"".

Role of p53 in pyroptosis

Therole of p53in pyroptosisisless clear thanits rolesinferroptosis and
necroptosis (Fig. 2c). p53 has been discovered to activate the expres-
sion of several pyroptosis regulators, such as NLRP3, caspase-1and
GSDME in diverse cell types'®*'°*, which may promote pyroptosis.
Consistent with these data, p53 was reported to promote pyroptosis
innon-small-cell lung cancer'®. The mRNA level of p53 positively cor-
related with those of NLRP3, ASC and caspase-1, and depletion of p53
abolished LPS-induced pyroptosis'®. In another study, actinomycin D
and nutlin-3a were used to synergistically activate p53, leading to
upregulation of pro-caspase-1and NLRP1 (ref. 106). However, no acti-
vated caspase-1was detected, which could be explained by the pos-
sibility that activated p53 establishes a primed state for pyroptosis
by increasing the levels of pyroptosis factors; pyroptosis would then
be readily induced in response to a suitable trigger. This process may
help cells prepare to respond toinfections, and thus it could be relevant
to study how p53 responds to pathogenic infection and inflammation.
Interestingly, NLRP3 could stabilize and activate p53 (refs. 107,108).
These results indicate that p53 and NLRP3 regulate each other in a
positive feedback loop, potentially enhancing NLRP3-induced pyrop-
tosis. Treatment of glioblastoma multiforme with benzimidazoles
has a tumour-suppressive effect through activation of p53 followed
by concurrent apoptosis and pyroptosis, this is likely to be because
p53-mediated cell-cycle arrest facilitates benzimidazole-triggered
pyroptosis'®’. However, the underlying mechanism requires further

elucidation. The potential for p53 to suppress pyroptosis in certain
conditions also warrants investigation.

Regulation of p53-mediated pyroptosis

Several regulators of p53 have been shown to influence p53-mediated
pyroptosis (Fig. 2d). Inmacrophages, MUFAs can bind to fatty acid bind-
ing protein4 (FABP4) and restrict the activity of the lysine deacetylase
sirtuin 1, resulting in p53 acetylation and activation®. Activated p53
then promotesinflammasome assembly and pyroptosis by increasing
the expression of ASC. Similarly, in an LPS-D-galactosamine-caused
acute liver failure mouse model, sirtuin 1inhibits both p53-induced
ferroptosis and pyroptosis through the sirtuin 1-p53-GPX4-GSDMD
pathway™. This study also reveals the crosstalk between p53-triggered
ferroptosis and p53-triggered pyroptosis. The IncRNA maternally
expressed 3 (MEG3)is able tostabilize p53 (ref.112). Inclear cell renal cell
carcinoma, MEG3 is downregulated, leading to decreased p53 level,
repressed p53-associated pyroptosis and increased cell proliferation™,
Ap53aggregationinhibitor, ReACp53, rescues the phenotypes caused
by MEG3 depletion, suggesting that triggering pyroptosis may be
an effective way to treat tumours with aggregated p53. Of note, by
activating p53, MEG3 can also promote ferroptosis'*.

In Leishmania donovani-infected THP-1and J774A.1 cell lines,
Blymphocyte-induced maturation protein1(BLIMP1) is responsible for
repressing pS3 expression, reducing ROS productionand NLRP3 activa-
tion, and repressing pyroptosis' (Fig. 2d). These results explain how
L. donovani avoids innate immunity and pyroptosis during infection,
informing the development of treatments for visceral leishmaniasis.
In an asthma mouse model, depletion of kinesin family member 23
(KIF23) suppresses inflammation and pyroptosis in bronchial epithe-
lial cells, thereby alleviating asthma symptoms'®. Interestingly, p53
levelis reduced along with KIF23 depletion. Whether the decrease in
p53level contributes to pyroptosis repression requires more investiga-
tion. Finally,KIF23is arepressed transcriptional target of p53 (ref. 117).
The pathological relevance of the p53-KIF23 negative feedback loop
isworthy of additional study.

Other modes of p53-regulated non-apoptotic
celldeath

Besides ferroptosis, necroptosis and pyroptosis, p53isinvolved in other
NACDs, such as autophagy-dependent cell death, entotic cell death,
parthanatos and paraptosis (Fig. 3), and may regulate PANoptosis,
cuproptosis and disulfidptosis.

p53-regulated autophagy-dependent cell death
Autophagy is a conserved catabolic process that degrades cytoplas-
mic materials for reuse. Autophagy begins with anisolated membrane,
which gradually expands to form a phagophore, and finally forms an
autophagosome. During this process, autophagy cargos are encap-
sulated and then delivered to lysosomes for degradation. Generally,
autophagy promotes cell survival under stress (particularly nutrient star-
vation). However, dysregulated or excessive autophagy canresultinthe
demise of a cell through autophagy-dependent cell death”®"® (Fig. 3a).
As p53 regulates autophagy through multiple mechanisms'®, it is
alsoinvolved inautophagy-dependent celldeath. When HCT116 cells are
treated with aninhibitor of sphingosine kinase 1 (SPHK1), p53 activates
autophagy-dependent cell death, which is rescued by the depletion of
two crucial regulators of autophagy, beclin 1and autophagy related 5
(ref.119). p53 also induces autophagy-dependent cell death in colon can-
cer cellsby activating BCL2 interacting protein 3 like (BNIP3L)-triggered
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Fig. 3| Other modes of p53-regulated non-apoptotic cell death. a, Autophagy-
dependent cell death. p53 transcriptionally activates BCL2 interacting protein

3 like (BNIP3L), which can induce mitophagy and trigger autophagy-dependent
celldeathin colon cancer cells. p53 also activates the expression of tumour
protein p53inducible nuclear protein 1 (TP53INP1) in diverse cell types. TP53INP1
promotes autophagy-dependent cell death by interacting with microtubule-
associated protein1light chain 3 (LC3). b, Entotic cell death. p53 transactivates
Rho-family GTPase 3 (RND3) in mitotic epithelial cells, thereby facilitating the
clearance of aneuploid cells through entotic cell death. ¢, Parthanatos. p53
activates poly(ADP-ribose) polymerase 1(PARP1) to generate poly(ADP-ribose)
(PAR) polymers, thereby facilitating the release of apoptosis-inducing factor
(AIF) from mitochondria. In the cytoplasm, AIF binds to macrophage migration
inhibitory factor (MIF), thus forming a complex that translocates into the nucleus
to cleave genomic DNA into large fragments, resulting in parthanatosin human
colorectal and breast cancer cells, and in mouse embryonic fibroblasts. p53 may
also promote parthanatos by transcriptionally inducing AIF expression. Direct
transcriptional activation targets of p53 are indicated in blue.

mitophagy'” (Fig.3a). p53 may promoteautophagy-dependent celldeath
by transcriptionally activating tumour protein p53inducible nuclear pro-
tein1(TP53INP1) indiverse celltypes'. Theantitumour drugsginsenoside
Rh4 andresveratrol activate p53 and induce autophagy-dependent cell
death in colorectal cancer cells and in lung adenocarcinoma cells,
respectively'™'?. It should be emphasized that autophagy-mediated cell
deathisnotnecessarily ‘autophagy-dependent cell death’,it may involve
other cell death modalities, such as apoptosis"® and ferroptosis'**'>.
Hence, it is crucial to distinguish which type of cell death is occurring
when p53-regulated autophagy contributes to cell demise.

p53-regulated entotic cell death
Entosisisaprocessinwhichaviable cell is engulfed by anon-phagocytic
cell, forming a cell-in-cell structure. Cytoskeleton-rearrangement-
mediated cell invasion has a vital role in entosis. Usually (but not
always), the internalized cell will die by entotic cell death” (Fig. 3b).
In mitotic epithelial cells with DNA damage, p53 promotes
entotic cell death by activating Rho-family GTPase 3 (RND3)2*'%’
(Fig.3b). This action eliminates aneuploid daughter cells to maintain
genome integrity. Interestingly, mutant p53 was also reported to pro-
mote the morphological feature of entosis — the cell-in-cell structure —
which canbe pro-tumorigenic because the internalized cell may some-
how evade cell death', In addition, p53-driven entotic cell death of

cortical progenitor cells is related to PALS1-associated microcephaly'”.

p53-regulated parthanatos

Following mild DNA damage, poly(ADP-ribose) polymerase 1(PARP1) is
activated torepair the DNA and promote cell survival. However, when
DNA damage is widespread, PARP1is overactivated and generates exces-
sive poly(ADP-ribose) (PAR) polymers, which facilitate the release of
apoptosis-inducing factor (AIF) from mitochondria. Inthe cytoplasm,
AIF binds to macrophage migration inhibitory factor (MIF), and the
AIF-MIF complex translocatesinto the nucleus to cleave genomic DNA
into large fragments, leading to parthanatos’”® (Fig. 3c).

In both human CRC and breast cancer cells, and in mouse
embryonic fibroblasts, p53 can activate parthanatos in response
to ROS-induced DNA damage by promoting the enzymatic activity
of PARPI1 (ref. 130) (Fig. 3c). In CRC, when the kinase AKT is inhib-
ited, p53 also activates parthanatos by directly interacting with
PARP1 to facilitate the polymerization of PAR, which impedes the
growth of CRC cells™. In addition, p53 may promote parthanatos by
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Fig. 4| Targeting p53-regulated non-apoptotic cell death for disease
treatment. Numerous drugs have been developed that target p53-mediated
non-apoptotic cell death pathways for the treatment of various diseases, including
cancer, organ injury, neurodegenerative disease and infections. a, Targeting
p53-regulated ferroptosis. Gambogenic acid, flubendazole, D13, olaparib and
BEBT-908 exhibit antitumour effects by activating p53-mediated ferroptosis
inmelanoma, castration-resistant prostate cancer, multidrug-resistant cancer
cells, ovarian cancer, and diverse cancer cell lines, respectively. In hepatocytes,
nutlin-3 can activate p53-driven ferroptosis to block liver stage Plasmodium
spp. infection. In folic-acid-induced acute kidney injury, a-lipoic acid mitigates
renal damage by inhibiting p53-mediated ferroptosis. In an Alzheimer disease
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mouse model, paeoniflorin represses p53-mediated ferroptosis, thereby
improving cognitive behaviours. b, Targeting p53-regulated necroptosis.
FTY720 and salinomycin suppress tumour growth by triggering p53-mediated
necroptosisin glioblastoma and glioma, respectively. In hepatocytes, curcumin
improves alcoholic liver disease through inhibiting p53-modulated necroptosis.
Cyclosporin A (CsA) holds potential for treating neurodegenerative diseases by
suppressing p53-induced necroptosis. ¢, Targeting p53-regulated pyroptosis.
In colorectal cancer cells, ginsenoside Rh3 activates p53-mediated pyroptosis,
thereby inhibiting the growth of cancer cells. In proximal tubular cells,
3-methyladenine protects against hyperuricemic nephropathy by mitigating
p53-induced pyroptosis.

transcriptionally activating AIF"? (Fig. 3c). However, there is a report
showing that, in the presence of the BRAF V60OE mutation, TP53loss
sensitizes tumour cells to parthanatos induced by an inhibitor of E26
transformation-specific (ETS)™*. Therefore, whether p53 is activated
or inhibited in parthanatos-triggered tumour suppression is likely to
be context-dependent.

p53-regulated paraptosis

Paraptosis is a caspase-independent NACD that can be induced by
many chemical compounds and various stresses, such as oxidative
stress and endoplasmic reticulum stress. The details of molecular
mechanism underlying paraptosis are still elusive. Key morphologi-
cal features of paraptosis include cytoplasmic vacuolization that are
usually associated with the swelling of the endoplasmic reticulum
and/or of mitochondria™*,

In CRC cells, ginsenoside Rh2 treatment induces both p53-
dependent apoptosis and paraptosis, together achieving an anti-
tumour effect’. Nevertheless, the exact mechanism of p53-induced
vacuole formation and paraptosis is still unknown.

Potential role of p53 in regulating PANoptosis, cuproptosis
and disulfidptosis

PANoptosis is an innate immunity inflammatory type of cell death,
whichinvolves crosstalk between pyroptosis, apoptosis and necrop-
tosis (hence PAN). As such, it has characteristics of all three cell death
modalities, but it cannot be explained by any of them alone. The
molecular mechanism of PANoptosis revolves around the formation
of diverse PANoptosomes, which are platforms that integrate pyrop-
tosis, apoptosis and necroptosis signals'®. As p53is a potent regulator
of all three, it is reasonable to speculate that p53 can also modulate
PANoptosis™.

Cuproptosis is a copper-dependent NACD. Aberrant increase
in cellular copper levels promotes the aggregation of lipoylated
proteins, particularly dihydrolipoamide S-acetyltransferase (DLAT),
inthe TCA cycle, resulting in proteotoxic stress and eventually cuprop-
totic cell death™*", Although direct evidence is lacking, p53 is thought
to have animportant role in modulating cuproptosis™°.

Disulfidptosisis aform of NACD triggered by excessive disulfides
under glucose starvationin cells with high SLC7A11 expression'"'*?, p53
may enhance cellular resistance to disulfidptosis by inhibiting SLC7A11
expression. In p53-deficient cancer cells, elevated SLC7All levels may
sensitize cells to disulfidptosis, presenting a potential therapeutic
vulnerability for treating these cancers.

Targeting p53-regulated non-apoptotic cell death
for disease treatment

Asp53-mediated NACD is associated with the pathology of diverse dis-
orders, considerable efforts have been devoted to developing therapeu-
tic agents that target p53-NACDs. In this section, we use p53-regulated
ferroptosis, necroptosis and pyroptosis as examples to demonstrate
how this approach holds great potential for clinical use (Fig. 4).

Targeting p53-regulated ferroptosis

Canceristhe mostrelevant disease for targeting ferroptosis (Fig. 4a).
Many drugs have been found to elicit p53-mediated ferroptosis to kill
cancer cells. For instance, gambogenic acid suppresses melanoma
metastasis by activating p53 to trigger ferroptosisin cells undergoing
epithelial-to-mesenchymal transition'’. Flubendazole, an antipara-
siticdrug, effectively suppressestumour growthin castration-resistant
prostate cancer by activating p53 to simultaneously induce ferrop-
tosis and cell-cycle arrest'**. D13, a triterpenoid saponin derivative,
exhibits strong efficacy in killing multidrug-resistant cancer cells by
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activating p53-regulated ferroptosis and apoptosis'*. p53-activated

ferroptosis canalso be used to treat cancer in combination with other
drugs. PARPinhibitionisless effective in treating ovarian cancer that
retains WT BRCA1and BRCA2 genes. Interestingly, astudy found that
olaparib, a PARP inhibitor, induces ferroptosis in BRCA-proficient
ovarian cancer by activating p53 (ref. 146). Co-treatment of olaparib
with FINs has a synergistic effect in eliminating these cancer cells.
A dual phosphoinositide 3-kinase (PI3K) and histone deacetylase
(HDAC) inhibitor, BEBT-908, can hyperacetylate p53 to promote
ferroptosis'’. Importantly, ferroptosis induction may establish a
pro-inflammatory tumour microenvironment that boosts immuno-
therapy. However, ferroptosis in pathologically activated neutrophils
can negatively regulate antitumour immunity®.. Therefore, itis crucial
to achieve cancer-cell-specific delivery of p53-activating drugs in
clinical practice. Additionally, ferroptosis underlies the antitumour
effect of p53 in radiotherapy'*®. Cancer cells expressing mutant p53
may beresistant to radiotherapy owingto the loss of p53-elicited fer-
roptosis, and thus FINs can be used in combination with radiotherapy
to treat these cancers.

Other than cancer, activating p53-regulated ferroptosis by nutlin-3
is beneficial for blocking the liver stage infection of Plasmodium
parasites'**° (Fig. 4a).

Whereas p53-mediated ferroptosis confers health benefits in
the aforementioned contexts, its aberrant induction in normal cells
may lead to organ injury or neurodegenerative diseases (Fig. 4a). In
these cases, ferroptosis should be avoided. Infolic-acid-induced acute
kidney injury, supplementation with a-lipoic acid effectively inhibits
p53-mediated ferroptosis, thereby mitigating renal damage'. In a
mouse model of Alzheimer disease, administration of paeoniflorin
fosters the improvement of cognitive behaviours by directly binding
to p53 and suppressing ferroptosis'*.

It isimportant to point out that most of the above-mentioned
drugsinvoking p53-mediated ferroptosis function through the repres-
sion by p53 of the canonical SLC7A11-GPX4 pathway. However, as
we have discussed, non-canonical ferroptosis pathways have vital
rolesin p53function. Thus, attention should be paid also to these non-
canonical ferroptosis pathways regulated by p53 and their therapeutic
potential.

Targeting p53-regulated necroptosis

Necroptosis can have both tumour-suppressive and tumour-promoting
effects”. However, recent studies have suggested that p53-mediated
necroptosis is primarily tumour-suppressive. It is possible that
p53-activated necroptosis cooperates with other functions of p53 to
eliminate cancer cells (Fig. 4b). In glioblastoma, theimmunomodulat-
ing drug FTY720 suppresses tumour growth by inducing necroptosis
throughaROS-c-Jun N-terminal kinase (JNK)-p53 pathway™’. Inglioma,
salinomycin mediates the translocation of p53 to mitochondria, where
it interacts with CypD and induces mitochondrial-PTP-associated
necroptosis®.

In human T cell leukaemia virus type 1-transformed adult T cell
leukaemia cells, the dihydroorotate dehydrogenase inhibitor
BAY2402234 shows therapeutic value by inducing various cell death
modes, including apoptosis, ferroptosis and necroptosis™*. Intrigu-
ingly, pS3isalsoactivated upon BAY2402234 treatment. Whether p53
contributes to BAY2402234-triggered necroptosis requires further
investigation. To treat neuroblastoma, activation of p53 may be aprom-
isingapproach™. Itwas also suggested that theinduction of necroptosis
can have anewly identified treatment effectin neuroblastoma™. Hence,

it would be interesting to investigate whether evoking p53-regulated
necroptosis can efficiently eradicate neuroblastoma cells.

Like p53-activated ferroptosis, p53-induced necroptosis can cause
damage to normal organs (Fig. 4b). For instance, p53 promotes necrop-
tosis that aggravates alcoholic liver disease’®. Curcumin improves
alcoholic liver disease by increasing the expression of NRF2, which
impedes the activity of p53. Necroptosis induced by CypD is related
to various brain diseases, such as neurodegenerative diseases. Cyclo-
sporin A (CsA) and other ligands can disrupt the CypD-p53 complex™’.
These inhibitors of mitochondrial CypD-p53 interaction may be useful
intreating diseases caused by the CypD-p53-necroptosis axis.

Targeting p53-regulated pyroptosis

In CRC, ginsenoside Rh3 simultaneously activates pyroptosis and fer-
roptosis through the signal transducer and activator of transcription 3
(STAT3)-p53-NRF2 pathway, inhibiting the growth of cancer cells"®
(Fig. 4c). p53-activated autophagy contributes to pyroptosis, which
may resultin hyperuricemic nephropathy'’. The autophagy inhibitor
3-methyladenine can effectively protect the kidney from pyroptosis
and ameliorate hyperuricemic nephropathy in proximal tubular cells
(Fig. 4c). Following Escherichia coliinfection, p53-induced cell-cycle
arrest and apoptosis may lead to pyroptosis in bovine mammary epi-
thelial cells'®. Specificinhibitors targeting p53 or pyroptosis may hold
therapeutic potential in preventing £. coli-induced bovine mastitis.
Curaxin CBLO137is a p53-activating drug. CBLO137 induces caspase-3-
GSDME-dependent pyroptosis that kills ovarian cancer cells'. This
effect depends on the accumulation of BAX, a p53 target gene, at the
mitochondrial membrane. Itis probable that the p53-BAX axis partly
underlies pyroptosis caused by CBL0O137 treatment.

In summary, currently diverse therapeutics exist that target
p53-mediated NACDs in different pathological conditions. It is hopeful
thatinthe future, more drugs with this activity will benefitindividuals
suffering from related diseases.

Conclusions and future perspectives
Over the past years, numerous insights have been gained into the mech-
anisms, regulationand therapeuticimplications of p53-regulated fer-
roptosis, necroptosis, pyroptosis and other NACDs. Nevertheless, there
are still many questions to address, a few of which we discuss below.
Conceptually, why does p53 regulate so many cell death pathways?
One possibility is that, as the guardian of the cell, p53 must efficiently
eliminate damaged cells and induction of different types of cell death can
ensure theaccomplishment of this mission. The role of p53in ferroptosis
hasbeenintensively studied. However, our understanding of the mecha-
nisms of p53 functionin other NACDs and their physiological or patho-
logical relevanceisstill rather preliminary. More efforts are required to
elucidate these issues. An intriguing point is that many p53-repressed
targets, such as SLC7A11 (ref.19), VKORCILI (ref. 42) and PHGDH?, sub-
stantially contribute to p53-modulated NACD. Research has focused
on the activated targets of p53, and more attention should be given to
therepressed targetsin NACD'. Itisimportant to note that many targets
influenced by p53 in NACDs are not direct p53 transcriptional targets.
Mechanistically, a major endeavour is to identify specific factors
that dictate the specific NACD type(s) that p53 activates in different
conditions. Stresses and other upstream signals have crucial rolesinthis
process. However, some stresses (such as DNA damage and ROS) and sig-
nalling pathways (suchas TNF and TLR pathways) can affect distinct cell
deathmodes. A pertinentissue is that certain regulatory effects of p53
on NACDs exhibit cell-type-specificity or tissue-specificity'®>. Distinct
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stresses and signals in cooperation with other cell-type-specific or
tissue-specificregulators, converge on p53to promote specific NACD(s)
in a context-dependent manner. For example, in response to acute
stresses such as DNA damage or ROS, p53 can induce both apoptosis
and ferroptosis to remove stressed cells. The question about which cell
death pathway predominates under these stress conditions is indeed
a complex one that warrants further investigation. It seems that p53
is particularly adept at inducing ferroptosis in response to oxidative
stress, as seen with tert-butyl hydroperoxide treatment in cultured
cancer cells, where p53-regulated ferroptosis may precede apoptosis
temporally**?*3, Besides apoptosis and ferroptosis, which have been
relatively well-studied, do some PTMs or cofactors of p53 specifically
affect certaintypes of cell death? Defining the regulatory mechanisms
and context-dependency of p53-mediated NACD is a prerequisite for
developing therapeutic agents targeting these pathways.

Recent research has demonstrated that distinct cell death path-
ways can interact with one another'®*'%, Given that p53-regulated cell
death pathways may share common upstream triggers or overlapping
molecular mechanisms, crosstalk among these pathways s likely. Fur-
ther exploration of this possibility will be of substantialimportancein
the future.

Therapeutically, targeting p53-NACD pathways not only supple-
ments existing clinical treatments, such as apoptosis-inducing drugsin
cancer therapy, but also holds unique advantages in some specificsitu-
ations. Itis worth noting that most of the aforementioned therapeutic
agentstarget cancer cells that are expressing unmutated p53. However,
these cancer cells often use multiple mechanisms to attenuate WT
pS3activity'®, posing challenges to achieving optimal p53 activation.
More importantly, TP53 is frequently mutated or deleted in cancers'.
Developing therapies targeting p53—-NACD in these conditions is of
invaluable importance. Unfortunately, current strategies to restore
WT p53 activity in such cancer cells are not yet fully satisfactory'>.
Combination therapies provide a promising avenue to overcome these
obstacles™**™51¢ In addition, p53-NACD pathways only partially
contribute to the therapeutic effects of the majority of the targeting
agents mentioned above. These agents also influence other functions of
p53oreveninvolve p53-independent mechanisms. Therefore, a crucial
goal remains to specifically target p53-NACD axes.

Ferroptosis, necroptosis, pyroptosis and PANoptosis are often
considered forms of immunogenic cell death, a process in which cell
death canstimulate animmune response. Inrecent years, modulating
immunity has emerged as a p53 function'*®, Determining whether
p53-regulated immunogenic cell death can contribute to local or sys-
temicimmune responses is crucial, as it may have important implica-
tions for cancer therapy, including the potential combination of p53
activation withimmunotherapy’.

It will not be a surprise if p53 is found to regulate other NACDs
in the future. Much work will be required to fully understand the
p53-NACD connection and leverage the power of p53 in these cell
death modalities for disease treatment.

Published online: 09 April 2025
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