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Abstract
Cancer is a leading cause of death worldwide. Targeted therapies aimed at key
oncogenic driver mutations in combination with chemotherapy and radiother-
apy as well as immunotherapy have benefited cancer patients considerably.
Tumor protein p53 (TP53), a crucial tumor suppressor gene encoding p53, reg-
ulates numerous downstream genes and cellular phenotypes in response to
various stressors. The affected genes are involved in diverse processes, includ-
ing cell cycle arrest, DNA repair, cellular senescence, metabolic homeostasis,
apoptosis, and autophagy. However, accumulating recent studies have contin-
ued to reveal novel and unexpected functions of p53 in governing the fate of
tumors, for example, functions in ferroptosis, immunity, the tumor microenvi-
ronment andmicrobiomemetabolism. Among the possibilities, the evolutionary
plasticity of p53 is the most controversial, partially due to the dizzying array of
biological functions that have been attributed to different regulatorymechanisms
of p53 signaling. Nearly 40 years after its discovery, this key tumor suppressor
remains somewhat enigmatic. The intricate and diverse functions of p53 in reg-
ulating cell fate during cancer treatment are only the tip of the iceberg with
respect to its equally complicated structural biology, which has been painstak-
ingly revealed. Additionally, TP53mutation is one of themost significant genetic
alterations in cancer, contributing to rapid cancer cell growth and tumor pro-
gression. Here, we summarized recent advances that implicate altered p53 in
modulating the response to various cancer therapies, including chemotherapy,
radiotherapy, and immunotherapy. Furthermore, we also discussed potential
strategies for targeting p53 as a therapeutic option for cancer.
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1 BACKGROUND

Cancer is a group of diseases characterized by abnor-
mal and uncontrolled cellular growth, primarily caused
by genetic mutations [1, 2]. These mutations, known as
“drivers”, have the ability to initiate tumor formation and
provide selective advantages to cells in comparison to

protein of p53; ATG12, autophagy related 12; ATM, ataxia-telangiectasia
mutated; ATO, arsenic trioxide; ATR, ATM- and Rad3-related kinase;
AURKA, aurora kinase A; BAK, bcl2 antagonist/killer 1; BCL, B cell
lymphoma/leukemia; BECN1, beclin 1; BRCA1, breast cancer 1 protein;
BubR1, budding uninhibited by benzimidazole 1-related 1; CAF,
cancer-associated fibroblast; CAR-T, chimeric antigen receptor T; CBP,
CREB-binding protein; CC, chemotactic cytokine; CCLE, cancer cell
line encyclopedia; CDDP, cisplatin; CDK, cyclin-dependent kinase;
CDKN1A, cyclin-dependent kinase inhibitor 1A; CDX, cell-derived
xenograft; CDX, cell line derived xenograft; CHIP, Hsc70-interacting
protein; CHK1/2, checkpoint kinase 1/2; CIRT, carbon ion radiotherapy;
CK2, casein kinase II; COP1, constitutive photomorphogenic 1;
COVID-19, coronavirus disease 2019; CRD, C-terminal regulatory
domain; CRM1, chromosomal region maintenance 1; CSC, cancer stem
cell; CTD, C‑terminal domain; CTM, chetomin; CXC, C-X-C Motif
Chemokine Receptor 4; CYP3A4, CYP450 enzyme 3A4; CYP450,
cytochrome P450; DAB2IP, disabled homolog 2 interacting protein;
DBD, DNA-binding domain; DC, dendritic cells; dCK, deoxycytidine
kinase; DDR, DNA damage response; DNE, dominant negative effect;
DRAM1, damage-regulated autophagy modulator 1; DSB, DNA
double-strand break; DYRK2, dual specificity tyrosine phosphorylation
regulated kinase 2; E2F1, E2 promoter binding factor 1; EBRT, external
beam radiation therapy; ECM, extracellular matrix; EFNB2, ephrin‑B2;
EGFR, epidermal growth factor receptor; EMA, European Drug
Administration; EMT, epithelial-mesenchymal transition; ERK,
extracellular signal-regulated kinase; ESC, embryonic stem cell; ESCC,
esophageal squamous cell carcinoma; ETS1, E26 oncogene homolog 1;
ETS2, E26 transformation-specific proto-oncogene 2; FBXW7, f-box and
WD repeat domain containing 7; GADD45, growth Arrest and DNA
Damage-inducible 45; GB, glioblastoma; GEMM, genetically engineered
murine model; GI, gastrointestinal; GLS2, glutamine synthase 2; GLUT1,
glucose transporter 1; GOF, gain of function; H. pylori, Heliobacter
pylori; HAT, histone acetyltransferase; HDAC6, histone deacetylase 6;
HIF, hypoxia-inducible factor; HIPK2, homeodomain-interacting
protein kinase 2; HLA, human leukocyte antigen; hMMP-13, human
matrix metalloproteinase-13; HPV, human papillomavirus; HSP, heat
shock protein; IAA, isoamylamine; IARC, International Agency for
Research on Cancer; ICD, immunogenic cell death; ID4, Inhibitor of
DNA-binding 4; IFN, Interferon; IFN-β, interferon-β; iIL-1, interleukin 1;
IL, Interleukin; iPSC, induced pluripotent stem cell; iPSC, induced
pluripotent stem cells; IR, Ionizing radiation; IRF, IFN regulatory factor;
KAT, lysine acetyltransferase; KMT, lysine methyl transferase; KO,
knockout; KO, knockout; LC, Local tumor control; LDH, lactate
dehydrogenase; Lgr5, leucine-rich-repeat-containing G-protein-coupled
receptor 5; LRPPRC, leucine-rich pentatricopeptide repeat-containing
protein; LSD1, lysine-specific demethylase 1; LSD1, lysine-specific
demethylase 1; MAFF, musculoaponeurotic fibrosarcoma oncogene
homolog F; MCM4, minichromosome maintenance 4; MCT,
monocarboxylate transporter; MDM2, murine double minute 2; MDR,
multidrug resistance; MDR1, multidrug resistance gene 1; MDS,
myelodysplastic syndromes; MDSC, myeloid-derived suppressor cell;
MEF, mouse embryonic fibroblast; MET, mesenchymal-epithelial
transition factor; MHC, major histocompatibility complex; MLL1, mixed

neighboring cells [3]. The genes that harbor these driver
mutations are referred to as “cancer driver genes”. The
mutant proteins encoded by these genes affect various
essential cellular functions. Furthermore, the discovery
of these driver mutations has led to the development of
targeted anticancer therapy and the search for genomic
biomarkers to predict prognosis and therapeutic responses
in cancer.

lineage leukemia 1; MLL2, mixed lineage leukemia 2; MMPs, Matrix
metalloproteinases; MOF, males absent on the first; MOZ, monocytic
leukemia zinc finger protein; MRN, Mre11-Rad50-NBS1; mTOR,
mammalian target of rapamycin; Mut-p53, mutant p53; MVA, modified
vaccinia Ankara; MVAp53, modified vaccinia Ankara vaccine encoding
WT p53; NES, nuclear export signal; NF-Y, nuclear factor Y; NF-κB,
nuclear factor-κB; NHE, Na+/H+ exchanger; NK, natural killer; NK,
natural killer; NSCLC, non-small cell lung cancer; OD, oligomerization
domain; p53BP1, p53 binding protein 1; PAH, polycyclic aromatic
hydrocarbons; PARP1, poly (ADP-ribose) polymerase-1; PCNA,
proliferating cell nuclear antigen; PD-1, programmed cell death protein
1; PDGFRb, PDGF receptor b; PD-L1, programmed death-ligand 1; PDX,
patient-derived xenograft; PDX, patient derived xenograft; PGC-1a,
Peroxisome proliferator-activated receptor gamma coactivator-1 alpha;
PIAS, protein inhibitor of activated stat; PKC, protein kinase C; PKM2,
pyruvate kinase M2; PLK1, polo-like kinase 1; PLK4, polo-like kinase 4;
PML, promyelocytic leukemia protein; PML-RARα, promyelocytic
leukemia-retinoic acid receptor α; PPMID, phosphatase protein
phosphatase magnesium-dependent 1; PRD, proline-rich domain;
PRMT5, protein arginine N-methyl transferase 5; PSA, prostate-specific
antigen; PTMs, posttranslational modifications; PTX, paclitaxel; RB1,
retinoblastoma protein 1; RCP, Rab-coupling protein; ROCK,
Rho-associated coiled-coil kinase; RRM2b, ribonucleotide reductase
small subunit B; RT, radiotherapy; SCLC, small cell lung cancer; SCO2,
synthesis of cytochrome C oxidase 2; SDF-1, stromal cell-derived
factor-1; SEN1/2, single dominant gene 1/2; siRNA, small interfering
RNA; SLMP53-2, (S)-tryptophanol-derived oxazoloisoindolinone 2;
SMYD2, SET and MYND domain-containing protein 2; snoRNA, small
nucleolar RNA; SNP, single-nucleotide polymorphism; SOCS1,
suppressor of cytokine signaling 1; SOD1, superoxide dismutase 1;
SREBP, sterol regulatory element binding proteins; STAT1, signal
transducer and activator of transcription 1; STAT3, signal transducer and
activator of transcription 3; SUMO, small ubiquitin-like modifier;
SWI/SNF, switch/sucrose non-fermentable; T3SS, type III secretion
system; TAD, N-terminal transactivation domain; TAM,
tumor-associated macrophage; TCGA, The Cancer Genome Atlas; TCR,
T cell receptor; TCR-m, T cell receptor mimic; TD, tetramerization
domain; TDP-43, transactive response DNA binding protein of 43 kDa;
TF, transcription factor; TIGAR, TP53-induced glycolysis and apoptosis
regulator; TIL, tumor-infiltrating lymphocytes; TIME, tumor immune
microenvironment; TK1, thymidine kinase 1; TLR, Toll-like receptor;
TME, tumor microenvironment; Topors, TOP1 binding
arginine/serine-rich protein; TRIM69, tripartite motif 69; TSC2,
tuberous sclerosis complex subunit 2; ULBP1, UL16-binding protein 1;
UMD, Universal Mutation Database; UREB1, UBA And WWE Domain
Containing E3 Ubiquitin Protein Ligase 1; US FDA, United States Food
and Drug Administration; USF1, upstream transcription factor 1; VDAC,
voltage-dependent anion-selective channel; VEGF, vascular endothelial
growth factor; WIP, WASP interacting protein; WT, wild-type; WT,
wild-type; YAP, yes-associated protein; YAP1, Yes-associated protein 1;
ZEB-1, zinc-finger E-box binding homeobox 1.
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The tumor suppressor p53 acts as amajor barrier against
cancer initiation and progression. Biochemically, p53 func-
tions primarily as a sequence-specific transcription factor
(TF) capable of binding to defined DNA sequences within
the genome (called p53 response elements or p53-binding
sites) and activating the transcription of adjacent genes
as well as more distant genes that are regulated by
enhancers with p53-binding sites [4]. In addition, p53 can
repress the transcription of a large subset of genes, usu-
ally by indirect mechanisms [5]. Notably, p53 is regulated
by many critical endogenous protein factors, including
murine double minute 2 (MDM2)/human double minute
2 (HDM2), p53-induced RING-H2 (Pirh2), Dicer, ADP-
ribosylation factor-binding protein 1 (ARF-BP1), silent
information regulator sirtuin 1 (SIRT1), CREB-binding
protein (CBP)/E1A-binding protein (p300) and JNK, via
posttranslationalmodifications such as ubiquitination and
phosphorylation [5–7]. The activity of the E3 ubiquitin
ligase MDM2, one of the most common negative regula-
tory factors of p53, causes p53 to be extremely unstable,
with a half-life of only 6-40 minutes, maintaining low p53
protein levels in normal unstressed cells through consti-
tutive proteasomal degradation [8]. In contrast, the loss of
p53-induced apoptosis and cell cycle arrest in cancer cells
resulting from MDM2 upregulation by gene amplification
may result in chemotherapy and radiotherapy (RT) fail-
ure and a poor prognosis [9]. Additionally, Pirh2 possesses
ubiquitin-protein ligase activity, which can induceMDM2-
independent p53 ubiquitination and degradation to inhibit
its transactivation activity [10].
Mutations in the tumor protein p53 (TP53) gene, which

abrogate the tumor suppressor activities of its encoded pro-
tein p53, are the most common single gene alterations in
human cancers and are recognized as driving events in
various types of tumors [11–13]. Consequently, attempting
to restore the functionality of p53 in tumors has become
a therapeutic strategy. The ability of such restoration to
trigger cancer cell death was first documented decades
ago [14]. However, most of these efforts have had limited
success: very few small-molecule drug development ini-
tiatives have reached late-stage clinical trials, and none
have been approved by the EuropeanDrug Administration
(EMA) or the United States Food and Drug Administra-
tion (US FDA) [14]. These failures are probably partially
because p53, as a nuclear TF, does not possess typical
drug target features and has therefore long been consid-
ered undruggable and because the main consequence of
TP53 mutations is loss of its tumor suppressor function
as well as endowment of gain of functions (GOFs) that
contributes tomalignant cancer progression [15].However,
several promising approaches toward p53-based cancer
therapy, including chemotherapy, RT and immunotherapy,
have recently emerged. In addition, gene therapy strategies

that fall under the broad category of cancer immunother-
apy are also experiencing a revival, with the expectation
that such “personalized” drugswill have fewer undesirable
side effects. This revival is due to the emergence of novel
approaches that may make targets druggable through the
incorporation of new insight into p53’s new functions and
the improved understanding of the mechanisms of action
and modes of drug delivery [5].
Given its role in multiple diverse pathways and biolog-

ical outcomes [16], p53 is appropriately subject to tight
regulation [17], because too little p53 activity or an aber-
rant p53 status (such as p53 mutation) can result in tumor
development [18], whereas too much p53 activity or an
aberrant p53 status induces indiscriminate cell cycle arrest
[19] and cell death [20, 21]. For example, both experimen-
tal and clinical studies have shown that the activation
of endogenous wild type (WT) p53 is vital to RT- and
chemotherapy-induced cytotoxicity, while p53 inactiva-
tion has been associated with resistance or insensitivity
to treatment [22, 23]. In addition, cancer immunotherapy
regimens have recently generated great enthusiasm owing
to their unprecedented success in several types of cancer.
This review highlighted recent progress in understanding
how p53 differentially regulates cell fate in response to dif-
ferent stress stimuli during cancer treatment. It explored
the different ways in which p53 alterations can promote
cell survival. It highlights the recent understanding of
p53’s interaction with regulators of cellular communica-
tion, such as the tumor microenvironment (TME) and
microbiome. We also discuss the potential of combining
p53-based treatment with newly developed cancer thera-
pies like chemotherapy, radiotherapy and immunotherapy
to improve cancer treatments. Furthermore, it provides
insights into the current state of the development of p53
pathway modulators and the challenges faced during pre-
clinical and clinical development of new small-molecule
drug targets.

2 ORIGIN, HISTORY, AND
PROGRESSION OF THE P53 SIGNALING
PATHWAY

In 1979, over 40 years ago, p53 was first discovered in
complex with the SV40 large T antigen in virally trans-
formed cells [24, 25]. TP53 was initially classified as an
oncogene, possibly because initial studies inadvertently
used a mutated p53 cDNA. However, in 1989, further stud-
ies showed that p53 inhibited the growth of cultured cells
and oncogenic transformation, and it was thus reclassified
as a tumor suppressor [26, 27]. Subsequently, numerous
relevant studies have confirmed that p53 is not an onco-
gene, although mutation of the TP53 tumor suppressor
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gene is the most common genetic alteration in cancers.
Almost 1,000 alleles have been identified in various human
tumors [28]. While virtually all p53 mutations are thought
to compromise WT p53 activity, the prevalence and recur-
rence of missense TP53 alleles has prompted countless
studies aimed at understanding the function of the result-
ing mutant (mut)-p53 proteins. In addition, in vivo studies
of p53-null mice have corroborated the in vitro data: while
p53-null mice were developmentally normal, they ulti-
mately developed tumors with nearly 100% penetrance
[19]. Over the past two decades, studies have gradu-
ally revealed the structure, function and role of p53 in
tumorigenesis and tumor development [17, 29, 30]. Along
with the first successful elucidation of the crystal struc-
ture of the p53-DNA complex in 1994 [31], the function
of p53 was gradually revealed: p53 functions as a TF
induced by various stimuli that in turn induces cell cycle
arrest, apoptosis and senescence [21]. These distinct stress
responses are regulated by subsets of p53 target molecules,
including p21, p53 up-regulated modulator of apoptosis
(Puma), Tiger and plasminogen activator inhibitor 1 (PAI-
1), which respond to different p53-activating conditions
[32]. Mechanistically, p53 is a versatile stress-responsive
TF that functions alone or in cooperation with other
factors. Upon activation, p53 tetramers bind in a sequence-
specific manner to DNA response elements consisting
of two decametric half-site motifs with the general form
RRRCWWGYYY (R = A, G; W = A, T; Y = C, T) separated
by 0-13 base pairs [33]. After binding to DNA, p53 activates
a range of biological cellular events, as well as the E3 ligase
MDM2, to create a negative feedback loop that ultimately
leads to its degradation [16, 17, 21, 32, 34–36]. Although the
majority of mutations occur in the DNA-binding domain
(DBD) and many structural mutations affect p53’s DNA-
binding capacity, there aremutants that are known to bind
to DNA. It seems to largely explain the role of p53 in tumor
formation [37].
In addition, new insights into the occurrence of hotspot

mutations and the resulting biological consequences in
tumor development are offered by the following three
main differences [12]. Some studies support three distinct
but perhaps not necessarily mutually exclusive mecha-
nisms by which different p53 mutants impact cancer:
first, they lose the ability to execute WT p53 functions
to varying degrees; second, they act as dominant neg-
ative inhibitors of WT p53-mediated tumor-suppressive
programs; and third, they may gain oncogenic functions
that go beyond mere p53 inactivation [38, 39]. Among the
possibilities, the GOF hypothesis is themost controversial,
partially due to the dizzying array of biological functions
that have been attributed to differentmut-p53 proteins [12].
Owing to disruption of the p53-MDM2 negative feedback
loop, many p53 mutants are stabilized, allowing them to

engage in aberrant interactions with other cellular fac-
tors, potentially altering their functions and leading to
GOF phenotypes [12, 40–42]. However, the potential GOF
effects of p53mutants have been a topic of debate for nearly
30 years. The p53 protein mutations that may result in
the largest GOF effect was first discovered by Levine and
colleagues, who showed that ectopic expression of certain
TP53 mutant alleles can activate the expression of mul-
tidrug resistance (MDR) reporter genes [43], whereas WT
alleles cannot [7, 44–47]. Later, two other groups found
that although mice engineered to harbor germline mis-
sense mutations (R175H and R273H) succumbed to cancer
at a rate similar to that of p53-null mice, they exhibited a
broader tumor spectrum and a higher incidence of metas-
tasis [48, 49]. These datawere considered decisive evidence
of a GOF effect.
Considering the unassailable position of TP53 among

cancer “driver” genes, one would expect that this tumor
suppressor would be the most sought-after target for anti-
cancer therapies. However, the relevance of p53 to clinical
oncology has lagged behind its reputation as a key player
in tumorigenesis. Major milestones in research efforts to
therapeutically target mut-p53 include the initial demon-
stration of its dominant negative and GOF effects, which
provided important insights into the mechanistic basis
underlying the tumorigenic capacity of mut-p53 [50–55].
Collectively, the identification of temperature-sensitive
mutations and secondary site suppressormutations, which
indicated that mut-p53 can be refolded into a WT confor-
mation and thus function as a tumor suppressor [56, 57],
along with the evidence indicating that antibodies against
the C‑terminus of WT p53 promote its DNA‑binding activ-
ity (and might have the same effect on p53 variants) and
that peptides derived from the p53 C‑terminal domain
(CTD) can restore wild‑type function to mut-p53 [58–60],
form the basis for the development of small molecules that
could targetmut-p53 [58]. Experimental therapeutic strate-
gies predicated on the p53 status were, however, initially
focused on targeting cells without functional p53 [61]. For
example, early approaches relied on the synthetic lethal
interaction between loss of p53 function and inhibition of
protein kinase C (PKC), with the use of the oncolytic virus
ONYX-15 to selectively kill cancer cells with inactive p53
[62, 63]. Moreover, attempts have beenmade and are ongo-
ing in China to directly reintroduce WT p53 into cancer
cells via gene therapy approaches, despite a multitude of
challenges, including the possibility that reconstitutedWT
p53 is subject to the dominant negative effect (DNE) of
endogenous mut-p53 [29].
In parallel to the abovementioned efforts, reactivation of

the p53 pathway in cancers with TP53mutations (account-
ing for ∼50% of all human cancers) has been the focus of
intense research. In addition, pharmacologically superior
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“stable peptides”, small synthetic proteins that are locked
into their bioactive conformation through the site-specific
introduction of a hydrocarbon brace (chemical staple), can
rescue WT p53 by inhibiting its interaction with MDM2
and MDM4 and are being developed for this purpose
[64, 65]. These molecules will probably benefit patients
with tumors harboring WT p53, provided that their phar-
macological properties can be optimized to diminish the
occurrence of adverse effects. However, such treatments
are expected to be detrimental in patients with tumors
harboring mut-p53, because the resulting elevated level of
mut-p53 is expected to exacerbate the DNE or GOF effects
to promote tumor growth and therapeutic resistance [66].
Hence, caution is required when considering the use of
these targeted p53 reactivators.
In particular, the restoration of WT functions in cells

withmut-p53 has been pursued vigorously.Multiple agents
with this ability have been identified, with CP-31398 being
the first to be demonstrated in 1999 [64]. Since then, only
two such drugs, namely, PRIMA-1met and arsenic trioxide
(ATO, also known as Trisenox), have reached clinical tri-
als. The small molecule PRIMA-1met has been discovered
to bind to thiol groups located in the core domain of mut-
p53 and stabilize the WT conformation [67]. PRIMA-1met
is currently being evaluated in phase III clinical trials and
was approved by the US FDA in 2019 for the treatment of
myeloid syndrome. ATO is an US FDA-approved drug to
treat acute promyelocytic leukemia (APL) that is character-
ized by the expression of promyelocytic leukemia-retinoic
acid receptor α (PML-RARα) fusion protein [68, 69]. In
2021, Chen et al. [70] demonstrated that ATO rescued
p53 activity from structural mut-p53 through promotion of
p53 folding by covalently binding to multiple cysteines in
p53. Currently, several clinical trials to examine the effects
of ATO on inhibiting p53-mutated cancers myelodysplas-
tic syndromes (MDS), acute myeloid leukemia (AML),
refractory solid tumors, recurrent and metastatic ovar-
ian and endometrial cancer) are underway (NCT03855371,
NCT04869475, NCT04489706, and NCT04695223) [71].
However, the outcomes of these studies have not yet been
reported. Zinc is crucial for the correct folding and func-
tion of p53. Metal chaperones play a role in increasing
the concentration of intracellular zinc ion, which facili-
tates the binding of zinc ions to mut-p53 [72]. This binding
leads to a conformational shift towards the WT struc-
ture. These compounds appear to restore WT p53 activity
on mut-p53 to varying degrees, but fall far short of the
expected results of converting all mut-p53 molecules to
a fully “WT-like” state [12, 14]. Another molecular ther-
apeutic strategy is based on the function of molecular
chaperones that can drive the correct folding and stabi-
lization of misfolded or improperly folded proteins, which
in turn can be expressed to perform their functions. To

date, researchers have identified two compounds based on
this effect, namely, chetomin (CTM) and (S)-tryptophanol-
derived oxazoloisoindolinone 2 (SLMP53-2), which can
indirectly induce a conformational shift of p53 to the
WT conformation by interacting with heat shock protein
(Hsp40) andHsp70, respectively, and then exert antitumor
effects, as shown in vivo [14, 18]; however, these com-
pounds remain in the experimental stage and have not
entered clinical trials.
While the tumor suppressor functions of p53 have

long been recognized, the contribution of p53 to numer-
ous other aspects of disease and physiology is only now
being appreciated [34]. In the last decade, new regulatory
functions of p53 have been revealed, including its partic-
ipation in tumor cell energy metabolism [73], microbial
metabolism [74, 75] and ferroptosis [76], normal cell repair
processes, and whole-genome evolution [77]. However,
there are still many challenges as well as perspectives in
future research, which will hopefully be addressed, mainly
through the following points. (1) What are the biophysical,
biochemical, and atomic details underlying the actions of
p53 alone and in complex with MDM2/MDMX? (2) Is p53
clinically druggable? (3) Can p53 activity be analyzed by
imaging in cells, tissues, and even animals? (4) Is p53 a
metabolic regulator, a guardian of the genome, or both in
all cells and tissues? (5) What levels of p53 expression are
enough and too high? (6) Can artificial intelligence (AI)
be used to model the biological function of p53 in cells or
in vivo? (7) Do p53 molecules in different cells or tissues
physiologically communicate with one another in vivo,
and if so, how? In addition, as the key molecule in can-
cer therapy that is mutatedmore frequently than any other
protein, p53 is called the “proverbial holy grail” for targeted
drugs. Although dozens of p53-targeting compounds have
been reported in recent decades, the scientific challenges
of restoring p53 function and targeting p53, which has no
pocket and no logical targeting strategy, have remained
unmet. Therefore, based onwhether the continuous devel-
opment of these research techniques and methods can
overcome this bottleneck, there will be a groundbreak-
ing era for p53 research that will usher in a revolutionary
breakthrough. With the emergence of modern biotech-
nologies and AI, this limitation is expected to be overcome
in the future (Figure 1).

3 VARIOUSMODELS OF P53
REGULATION IN RESPONSE TO
DIFFERENT STRESS SIGNALS

Originally, p53 was called “the guardian angel of the
genome”, because it was found to be activated in response
to various types of genotoxic stress, including DNA

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12520 by C

ochraneC
hina, W

iley O
nline L

ibrary on [03/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 SONG et al.

F IGURE 1 History of the p53 signaling pathway and the road to targeting p53, with remaining challenges. This timeline shows the major
breakthroughs that have fueled ongoing efforts to target mut-p53 for anticancer therapy. Further perspectives: the future of p53 research.
Several remaining challenges: (1) What are the biophysical, biochemical, and atomic details underlying the actions of p53 alone and in
complex with MDM2/MDMX? (2) Is p53 clinically druggable? (3) Can p53 activity be analyzed by imaging in cells, tissues, and even animals?
(4) Is p53 a metabolic regulator, a guardian of the genome, or both in all cells and tissues? (5) What levels of p53 expression are enough and too
high? (6) Can Al be used to model these features in cells or in vivo? (7) Do p53 molecules in different cells or tissues physiologically
communicate with one another in vivo, and if so, how? Data were retrieved from and based on [7, 12, 14, 605]. WT, wild type; LFS,
Li-Fraumeni syndrome; DN, dominant negative; GOF, gain of function; AI, Artificial Intelligence; TP53, tumor protein p53;miRNA,
microRNAs; siRNA, small interfering RNA

damage [78]. Later research showed that p53 functions
as a central hub to manage a broad range of cellu-
lar stresses, both endogenous and exogenous [79]. These
stresses include oncogene activation, telomere erosion,
ribosomal stress, and hypoxia [7, 21, 80]. such as onco-
gene activation, telomere erosion, ribosomal stress, and
hypoxia. Once activated, it can regulate many cellular pro-
cesses, such as cell cycle arrest, DNA repair, apoptosis,
ferroptosis, immunity, senescence, autophagy, and pyrop-
tosis or necroptosis, to promote cell survival or limit the
malignant transformation of cells. In addition to its role
in cancer suppression, p53 also participates in the modula-
tion of cellmetabolism (Figure 2).Moreover, accumulating
data indicate transcription-independent roles of p53. The
functions of p53 range far beyond managing DNA dam-
age [7, 16]. Considering these observations, p53 should be
regarded not as a simple “guardian of the genome” but as
an all-powerful “guardian of the cell” [16].

3.1 Roles of p53 posttranslational
modifications in tumorigenesis

Since p53 plays many vital roles in cell fate, its functional
regulation is of crucial importance. There are many layers
ofmechanisms thatmodulate p53 expression and function.
For example, p53 can be regulated at the genetic level, by
alterations such asmutation [81] or single-nucleotide poly-
morphisms (SNPs) [82]; at the post-transcriptional level,
by mechanisms such as epigenetic inhibition of p53 tran-
scription [83]; at the transcriptional level, by mechanisms
such as alternative splicing [84]; and at the protein level,

by processes such as protein folding [85] and localization
[86]. p53 contains many conserved sites that can con-
tribute to p53 regulation by undergoing a multitude of
covalent posttranslational modifications following geno-
toxic stress, including phosphorylation, modification with
ubiquitin and other ubiquitin-like proteins, acetylation,
methylation, glycosylation, SUMOylation, hydroxylation,
O-GlcNAcylation, ADP-ribosylation and peptidyl-prolyl
cis-trans isomerase NIMA-interacting 1 (PIN1)-mediated
prolyl isomerization [87], leading to enhanced protein
stability and nuclear translocation [87, 88].
Moreover, p53 contains an array of amino acids sub-

ject to various kinds of posttranslational modifications
[88], which are concentratedmainly in the tetramerization
domain (TD) and CTD. The earliest discovered character-
istic of individual modifications of p53 is the redundancy
of many amino (N)-terminal and carboxyl (COOH, C)-
terminal modifications, which is characterized by either
the flexible correspondence between the enzymes and
the modifications or the subtle effects exerted by muta-
tion of a single site [89, 90]. This can be explained by
either the complementarity among the modifications or
the additive or synergistic performance of the modifica-
tions. Both mechanisms indicate the importance of the
crosstalk among the modifications. To date, more than
222 different post-translational modifications (PTMs) on
99 residues of endogenous p53 have been detected by mass
spectrometry analysis [91]. These modification types have
some common features. (1) Multiple sites: each modifica-
tion type can occur on many different amino acids, and
some amino acids can be modified by different chemi-
cal groups. (2) Multiple functions: the functions of the
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SONG et al. 7

F IGURE 2 The multiple functions of p53 regulators in response to cellular stress signals. In response to a specific stress or a combination
of stresses, p53 signaling can be activated in cells. Proteins activated by stress signals then activate p53-mediated transcription of genes whose
protein products are involved in a range of downstream cellular processes, as well as genes involved in positively or negatively regulating p53
and/or p53-dependent transcription, resulting in downstream responses as well as the generation of feedback loops. The p53 transcriptional
network contains target genes that regulate diverse cellular processes, including apoptosis, cell cycle arrest (including senescence), autophagy,
DNA repair, metabolism, immunity, and cell death (ferroptosis, pyroptosis and necroptosis). Data were retrieved from and based on [16, 18,
201]. PML, promyelocytic leukemia;ASPP1, apoptosis stimulating of p53 protein 1; PUMA, p53 upregulated modulator of apoptosis; ASPP2,
apoptosis stimulating of p53 protein apoptosis stimulating of p53 protein 2; SIRT1, silent information regulator sirtuin 1; CBP, CREB-binding
protein; iASSP, Inhibitory Member of the ASPP (Apoptosis-stimulating protein of p53); Wip1, wild-type p53-induced phosphatase-1; MDM2,
Mouse double minute 2; MDMX, Mouse double-minute 4; CDKN1A, cyclin-dependent kinase inhibitor 1A; IL-2, Interleukin-2; BTG2, B-cell
translocation gene 2; GADD45A, growth arrest and DNA damage protein 45A; CCNE1, cyclin E1; SFN, stratifin; XPC, xeroderma
pigmentosum group C; DDB2, damage-specific DNA-binding protein 2; PCNA, proliferating cell nuclear antigen; POLH, DNA polymerase
Eta; RRM2B, ribonucleotide reductase regulatory TP53 inducible subunit M2B; PAI1, plasminogen activator inhibitor 1; miR34α, microRNA
34 alpha; NOXA, phorbol-12-myristate-13-acetate; BAX, bcl-2-associated X protein; APAF1, apoptotic protease-activating factor 1; TRIAP1,
TP53-regulated inhibitor of apoptosis 1; PD-1, programmed cell death 1; INF-α/β, interferon alpha/beta; SAP-1, saposin-like protien-1; ATG10,
autophagy-related 10; DRAM1, damage-regulated autophagy modulator 1; PRKAB1, protein kinase AMP-activated non-catalytic subunit beta
1; FOXO3, forkhead box O3; TIGAR, TP53-induced glycolysis and apoptosis regulator; GLS, glutaminase; FUCA1, α-l-fucosidase 1; PANK1,
pantothenate kinase 1; ALOX12, arachidonate 12-lipoxygenase; IPLA2β, independent phospholipase A2β; SLC7A11, solute carrier family 7
member 11; GPX4, glutathione peroxidase 4; ACSL4, Acyl-CoA synthetase long-chain family member 4; NRF, nuclear respiratory factor

modifications are site-, type- and context-dependent, and
the same modification may have disparate effects at dif-
ferent sites; however, different modifications can exert
similar effects. (3) Reversibility: for each modification,
there is also at least one corresponding enzyme that
removes themodification. (4)Widespread crosstalk: modi-
fications can influence the effects of modifications at other
sites. The basic action mechanisms of these modifica-
tions include affecting p53 stability and localization, caus-
ing protein conformational changes, providing interacting
partner docking motifs, and altering local electrostatic

forces [92]. These features and modes are reiterated in
Figure 3.

3.1.1 Phosphorylation of p53 is a critical
modification guiding its regulation of apoptotic
cell fate

Among the abovementioned modifications, modifications
on specific residues, particularly phosphorylation and
acetylation, contribute to the ability of p53 to differentially
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8 SONG et al.

F IGURE 3 Overview of PTMs at various sites of p53 and their regulatory functions. (A) The major sites of p53 modifications
(phosphorylation, ubiquitination, SUMOylation, neddylation, acetylation, methylation, O-GlcNAcylation, ADP-ribosylation, hydroxylation,
and β-hydroxybutyrylation) are plotted. (B) Different colors are used to differentiate distinct modification types. Representative functions of
some modifications are indicated. Data were retrieved from and based on [88, 90, 122]. TAD, transactivation domain; PRR, proline-rich region;
DBD, DNA-binding domain; OD, oligomerization domain; CRD, C-terminal regulatory domain; USP7/10, ubiquitin-specific protease 7/10;
OGT, O-linked N-acetylglucosamine transferase

activate cell cycle arrest or apoptosis genes [93]. For exam-
ple, p53 contains an array of serine (S)/threonine (T)
phosphorylation sites that span the entire protein but are
concentrated in the N-terminal transactivation domain
(TAD) and the C-terminal regulatory domain (CRD) [90]
(Figure 3A). As early as 1992, Hupp et al. [58] reported
that casein kinase II (CK2) can phosphorylate p53 at a
C-terminal site to promote its DNA binding. In addition,
p53 is usually phosphorylated at S15, which is located
in 2 TADs of the p53 structure. Several kinases, includ-
ing ataxia-telangiectasia mutated (ATM) kinase, ATM-
and Rad3-related (ATR) kinase, and checkpoint kinase
1/2 (CHK1/2), can phosphorylate p53 at these sites. Phos-
phorylation can also stimulate associations between p53
and histone acetyltransferases (HATs)/lysine acetyltrans-
ferases (KATs), which are crucial for the stability and
activation of p53 [94]. For instance, phosphorylation of
S15 can also trigger a series of other p53 phosphoryla-
tion events that contribute to p53 induction and activation,
showing that S15 phosphorylation is a key event in p53
activation and stabilization [95]. It has been reported that
phosphorylation of S15 leads to the dissociation of MDM2
from p53, which increases the stability of p53 [96]. In addi-
tion, ATM and ATR can phosphorylate p53 on S20, which
mediates p53 stabilization in response to genotoxic stress,
and ionizing radiation (IR) and ultraviolet (UV) irradiation
can induce DNA damage to promote this process [97].
In addition, the functions of p53 range from “stressor”

and “guardian” to “killer” depending on the type of post-
translational N-terminal phosphorylation. The function of
S46 phosphorylation in p53 is closely related to the killer
function of p53 in inducing apoptosis, and this residue can

be phosphorylated by numerous candidate kinases, such
as homeodomain-interacting protein kinase 2 (HIPK2),
p38 and dual specificity tyrosine-phosphorylation regu-
lated kinase 2 (DYRK2) [98, 99]. The coactivators CBP
and its paralog p300 play vital roles in gene transcription
regulation via various mechanisms, including acetylat-
ing histones to remodel chromatin [100, 101]. Initially,
p300/CBP was shown to bind to p53 to promote its tran-
scriptional activity [102]. For instance, the interactions
between p53 and MDM2 or p300/CBP are regulated by
various phosphorylation events in the N-terminus of p53,
which lead to simultaneous binding of one monomer of
p300/CBP to tetrameric p53 to mediate p53-dependent
transactivation in response to genotoxic stress [103, 104].
p53 cooperates with apoptosis stimulating protein of p53
(ASPP) to bind to and cooperate with p300, selectively reg-
ulating the apoptotic function of p53 [105, 106]. The role
of N-terminal phosphorylation is to regulate the interac-
tion between p53 and its inhibitor MDM2 or coactivators
p300/CBP, and growth factor-mediated phosphorylation
coordinates physiological and developmental signaling
[107, 108]. These results suggest that the transcriptional
coactivator p300/CBP is an important player in activating
p53.

3.1.2 Acetylation of p53 is involved in the
fine tuning of cellular responses to genotoxic
stress

Lysine (K) acetylation of histones is a critical epigenetic
modification that influences histone structure and gene
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SONG et al. 9

expression [109]. The first example of protein acetylation
was reported on histones in 1964 [110]. Over the following
30 years, lysine acetylation was also discovered in non-
histone proteins, such as HMG-1 [111] and tubulin [112].
However, nonhistone protein acetylation received little
attention until the discovery of p53 acetylation in 1997
[104, 113–115]. Acetylation of p53 is an important post-
translationalmodification that is essential for its activation
and occurs via a reversible enzymatic process [116–118].
The same lysine residues in the C-terminus of p53 can be
modified by either acetylation or ubiquitination (similar
to neddylation and methylation), and these modifications
are mutually exclusive and have different effects on p53
regulation [119–122].
Six p53 lysine residues within the CRD (K370, K372,

K373, K381, K382, and K386) can be targeted by MDM2
[90]. These modifications lead to activation of the tran-
scriptional activation activity of p53 and boost its stability.
p300/CBP are transcriptional coactivator proteins that play
a dual role in regulating p53 function. For example, the
interaction between p300 and either p53 or E2 promoter
binding factor 1 (E2F1) has a significant impact on early
cell cycle progression, suggesting a critical role for p300
in cooperation with the pathways of growth arrest regu-
lated by E2F and p53 [123]. In addition, the 6 modification
sites (K370, K372, K373, K381, K382, and K386) facilitate
the ubiquitination of p53 by MDM2, which decreases the
p53 level in the presence of genotoxic stress [124]. Similar
to MDM2 and Pirh2, Dicer is usually considered a major
cellular ribonuclease that post-transcriptionallymodulates
gene expression by processingmicroRNAs (miRNAs) [125]
and small interfering RNAs (siRNAs) [126]. Unexpectedly,
upon binding of unacetylated p53, Dicer is recruited to
the promoters of p53 target genes, where it represses p53-
mediated transcriptional activation [127]. Moreover, p53
acetylation in the C-terminal region, which contains target
residues for ubiquitination, protects it from degradation.
K320, located in the TD, can be acetylated by P300/CBP-
associating factor (PCAF) after DNA damage, and this
acetylation is beneficial for cell survival, as it boosts the
expression of p53-controlled cell cycle arrest-related tar-
get genes, such as cyclin-dependent kinase inhibitor 1A
(CDKN1A, commonly called p21) [128, 129].
Uniquely, K120-acetylated p53 accumulates in mito-

chondria,which is thought to negatively regulate apoptosis
by affecting the BAK/Mcl-1 interaction [130]. Located in
the p53 DBD, another extensively studied p53 acetylation
site is K120 on the DBD, which is catalyzed by 3 members
(Tip60, males absent on the first [MOF], and monocytic
leukemia zinc finger protein [MOZ]) of the MYST HAT
family. Tip60 acetylates p53 at K120 to selectively induce
the expression of proapoptotic genes (like PUMA and Bax),

but not cell cycle arrest genes [131]. In addition, K120 and
K164 are located in the p53 DBD, the most common region
for p53 mutations in malignant solid tumors, indicating
that they might be connected to the function of p53 in can-
cer [132]. K120mutationwas found inEwing’s sarcoma and
esophageal squamous cell carcinoma (ESCC) cells, while
a K164 mutation was discovered in glioblastoma (GBM)
[133] and bladder carcinoma [134]. These data indicate
the key role of p53 acetylation in its tumor suppressor
activity.

3.1.3 p53 methylation contributes to its
tumor suppressor activity

Lysine and arginine (R) residues in p53 can be methy-
lated, and recent accumulating studies have shown that
p53 methylation occurs during the DNA damage response
(DDR) [135–137]. Additionally, some lysines on p53 can
also be methylated. It was found that firstly reported
the methylation of p53 lysine at K372by SET7/9 [138].
This modification can stabilize p53 and restrict it in the
nucleus. Meanwhile, it is also associated with enhanced
transcription of some target genes like p21 [139]. Recently,
methylation of p53 has emerged as an important modifi-
cation that affects its function in various processes, such
as cell cycle arrest, DNA repair, senescence, apoptosis,
and tumorigenesis [139]. Whether p53 is activated or sup-
pressed depends on the location of the modification and
the number of methyl groups attached [140]. Protein argi-
nine N-methyl transferase 5 (PRMT5) was first shown to
methylate p53 at several arginine residues (R333, R335,
and R337) in the TD [135]; these modifications specifically
control the functions of p53 in cell cycle arrest and are
suggested to inactivate p53 during lymphomagenesis [141,
142]. Three different lysinemethyl transferases (KMTs) can
monomethylate p53, and at least 2 KMTs can di-methylate
p53 [143].
Mono-methylation of p53 by SET and MYND domain-

containing protein 2 (SMYD2) at K370, which was shown
to repress p53-mediated transactivation, decreases the
binding of p53 to the promoters of its target genes, such
as p21 [144]. Mono-methylation at K372 by SET7/9 boosts
the activation of p53 downstream target genes, but mono-
methylation of K370 by SET8 inhibits p53 transcriptional
activity [145, 146]. Interestingly, lysine-specific demethy-
lase 1 (LSD1) selectively removes this secondmethyl group,
thus inhibiting p53 function by disrupting the association
of p53 with p53 binding protein 1 (53BP1), which con-
tributes to these effects [147, 148]. Thus, p53 contributes
to maintaining DNA methylation homeostasis and clonal
homogeneity, which may benefit its anticancer activity.
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10 SONG et al.

3.1.4 Localization of p53 via p53
SUMOylation

Most antiapoptotic functions of p53 are performed in
the nucleus, especially under steady-state conditions [149,
150]. p53 is normally SUMOylated at a single site, K386, by
protein inhibitor of activated stat (PIAS) family members
and TOP1 binding arginine/serine-rich protein (Topors)
[151, 152]. When the C-terminal nuclear export signal
(NES) of p53 is masked by its unmodified C-terminal
region, p53 remains in the nucleus. Moreover, SUMOy-
lation of p53 releases it from the chromosomal region
maintenance 1 (CRM1) Huntington-EF3-PP2A subunit-
HEAT9 loop to disassemble the transport complex and
promote the translocation of p53 to the cytoplasm [153].
Thus, the nuclear export of p53 can facilitate cellular prolif-
eration through the loss of its growth inhibitory function.
Cytosolic p53 performs a non-transcriptional function by
interacting with B cell lymphoma/leukemia (BCL)-2 and
then counteracting the antiapoptotic function [154]. In
addition, p53-Bcl-2 binding depends on p53 SUMOylation
[155], and an abundance of cytoplasmic p53 is clinically
associated with poor prognosis and disease progression to
hormone-resistant status [156].

3.1.5 Ubiquitination and neddylation

Ubiquitin is a 76-amino acid small protein with a molec-
ular mass of ∼8.5 kDa. After a hierarchical cascade
of enzymatic reactions, which are catalyzed by an E1
ubiquitin-activating enzyme, an E2 ubiquitin-conjugating
enzyme, and an E3 ubiquitin ligase, ubiquitin can be
transferred to specific substrates, resulting in monoubiq-
uitinated or polyubiquitinated substrates via a process
named ubiquitination [157]. The major role of this modifi-
cation is to target substrates for proteasomal degradation;
however, ubiquitination can also regulate protein local-
ization, protein activity, and protein-protein interactions
(PPIs) [158, 159]. Ubiquitination plays a vital role in p53
regulation. The first report about p53 ubiquitination came
from the Howley laboratory in 1993 and showed that the
oncogenic human papillomavirus (HPV)-16 E6 protein and
the E6-AP complex could ubiquitinate p53 [160].
MDM2 is themajor E3 ubiquitin ligase and negative reg-

ulator of p53. MDM2 can modify p53 at six lysine residues
within the CTD (K370, K372, K373, K381, K382, and K386)
[161]. High levels of MDM2 activity promote the polyu-
biquitination and nuclear degradation of p53 (Figure 3A),
whereas low levels induce its mono-ubiquitination and
nuclear export [162]. However, in the cytoplasm, p53 can
perform transcription-independent roles [163]. Interest-
ingly, MDM2 itself is a transcriptional target of p53. Thus,

p53 and MDM2 can form a double-negative regulatory
loop [164, 165]. Notably, MDM2 can also inhibit p53 tran-
scriptional functions by directly binding to p53 at the
target DNA site. The E3 ligase activity-lacking homolog of
MDM2,MDMX (orMDM4), can dimerizewithMDM2 and
strengthen this inhibition [88]. In addition toMDM2, other
E3 ligases can target p53. Tripartite motif 69 (TRIM69)
can interact with p53 and induce its ubiquitination [166].
During tumorigenesis, TRIM69 expression is inhibited,
leading to p53 activation and cataract formation. Another
TRIM family member, TRIM59, is upregulated in gas-
tric cancer [167]. TRIM59 interacts with p53 and induces
its ubiquitination and degradation, thus promoting gas-
tric carcinogenesis. In addition, UBA And WWE Domain
Containing E3 Ubiquitin Protein Ligase 1 (UREB1), con-
stitutive photomorphogenic 1 (COP1), Hsc70-interacting
protein (CHIP) and Pirh2 directly ubiquitinate p53 to tar-
get it for proteasomal degradation [168, 169]. In addition,
2 other ubiquitin-like proteins, named SUMO and neural
precursor cell expressed developmentally downregulated
protein 8 (NEDD8), can be conjugated to p53 lysines via a
mechanism similar to that of ubiquitination [170, 171]. The
2 related processes are named SUMOylation and neddy-
lation. Unlike ubiquitination, however, SUMOylation and
neddylation seem can affect p53 stability or localization
[171]. For example, PIAS family members and Topors can
SUMOylate p53 at K386 to prevent the access of p300 to
this C-terminal lysine [151, 172], which inhibits the tran-
scriptional activation function of p53. Neddylation of p53
by MDM2 (at K370, K372, and K373) or FBXO11 (at K320
and K321) inhibits p53 transcriptional activation activity
[173, 174].

3.1.6 Other modifications

p53 can also undergo other modifications in addition
to those mentioned above. O-GlcNAcylation of p53 at
S149 promotes its stabilization and activity upon DNA
damage [175, 176]. This modification is associated with
decreased T155 phosphorylation and stabilizes p53 in a
ubiquitination-dependent manner. When DNA damage
occurs, poly (ADP-ribose) polymerase-1 (PARP-1) medi-
ates the ADP-ribosylation of p53 to respond to the stress.
However, this regulation of p53 by PARP1 is damage type-
dependent [176]. In 2018, p53 was found to be hydroxylated
at proline (P) 359 by PHD3 [177]. P359 hydroxylation
forms a binding site for USP7/10, which can deubiquiti-
nate p53 to increase its stability [178, 179]. Recently, Liu
et al. [180] identified three novel sites for β-hydroxylation
in p53 (K120, K319, and K370), which is catalyzed by
CBP. β-hydroxylation of p53 reduces its acetylation and
the expression of its downstream genes p21 and PUMA,

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12520 by C

ochraneC
hina, W

iley O
nline L

ibrary on [03/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SONG et al. 11

thus weakening p53-dependent cell growth arrest and
apoptosis.
Asmentioned previously, p53 hasmultiple sites thatmay

be subject to different types of modifications, which raises
questions about the relative importance ofmodifications at
individual sites in regulating p53 function (Figure 3B). In
most cases, the impact of moving to a location is not signif-
icant. There is a large interaction between these changes,
and they can be classified according to several criteria.
These include homogeneous modification strands (where
one modification affects another modification of the same
type) and heterogeneous modification strands (chains
between different modification types), as well as nar-
row modification strands (where one modification affects
another in its local area). And deleted modification strings
(strings with a certain distance between modifications),
and cooperativemodification crosstalk (where onemodifi-
cation promotes or enhances the effect of another) versus
antagonistic modification crosstalk (where one modifica-
tion antagonizes the effect of another). Examples of these
different crosstalk types are depicted in Figure 3.
Many proteins are involved in the regulation of p53mod-

ifications, including modification writers, readers, and
erasers. However, there may be regulators that have yet
to be discovered. It is important to understand how these
proteins are regulated during various physiological and
pathological processes. Answering these questions will
provide insights into the functional mechanisms of p53
and improve clinical applications of targeting p53 modi-
fication pathways. Currently, there are several promising
small molecules targeting the p53 modification pathway
to treat diseases. Targeting this pathway is difficult due to
its complexity, but there are many suitable enzymes that
can be targeted. In addition, p53 mutations are common
in a variety of diseases, especially cancer. Some muta-
tions disrupt normal changes, such as the K120 mutation,
which eliminates acetylation [181]. On the other hand,
some mutations can lead to new changes. Targeting the
post-translational modification (PTM) pathway may help
regulate cellular stress responses in mut-p53 [122]. How-
ever, this area remains poorly understood and requires
more attention. We hope that future studies will iden-
tify additional drug candidates targeting WT and mut-p53
modification pathways.

3.2 p53 dynamics in response to
multiple stress stimuli

The dynamics of p53 expression combined with the sta-
bility of the target mRNA influence the dominant gene
networks in the response to genotoxic stress. Researchers
have recently found that IR induced a pulsed pattern of p53

expression, whereas UV irradiation induced a sustained
pattern of p53 activation. The pulsed pattern of p53 induc-
tion tended to result in nonlethal and reversible outcomes
for the cell, whereas the sustained pattern resulted in cell
death or senescence [182, 183]. The p53-activatingmolecule
nutlin-3a can convert the radiation-associated pulsed p53
pattern into a sustained expression pattern, which changes
the cell survival outcome associated with the pulsed
pattern into a senescence outcome [184]. Moreover, pro-
longed challengewith low-dose doxorubicin (Dox) triggers
sequential p53 pulses. Upon exceeding an effective thresh-
old, proapoptotic genes are transactivated, resulting in
a terminal pulse that induces apoptosis at a rate com-
parable to that of acute high-dose treatment [47]. Thus,
these studies collectively suggest that the pattern of p53
expression plays a role in determining whether apopto-
sis or cell cycle arrest occurs in response to a given stress
(Figure 4).
Another fundamental question is whether p53 pulses

cause dynamic expression of its target genes, impacting
cell fate [47, 185]. Hafner and colleagues systematically
analyzed the pattern of p53 DNA binding and the tran-
scriptome changes accompanying DNA damage-induced
p53 oscillation [185–188]. Surprisingly, DNA binding of p53
revealed a pulsatile pattern that was uniform across all
genomic loci; however, identical p53 oscillation activated
target genes that exhibited multiple distinct expression
dynamics, indicating that posttranscriptional mechanisms
are responsible for the differences in gene expression
dynamics [77, 189]. Indeed, a recent study demonstrated
that the different decay rates of target mRNAs resulted in
p53 oscillation-associated target gene expression dynamics
in the form of either a pulsatile or sustained p53 level [189].
This finding suggests that p53 pulses coordinate target
gene dynamics to determine cell fate [190, 191].

4 STRUCTURE AND
CHARACTERISTICS OFMUT-P53 IN
CANCERS

TP53 is located on the short arm of human chromosome
17 (17p13.1) and consists of 11 exons and 10 introns. WT p53
has 393 amino acid residues. The categories of p53 muta-
tions and their characteristics affect how p53 performs its
major function as a homo-tetrameric TF with a multido-
main structure. p53 contains 6 major domains, namely, 2
intrinsically disordered N-terminal TADs, a proline-rich
domain (PRD), a central DBD upstream of a TD, and an
intrinsically disordered CRD (Figure 5A); by binding to
p53-responsive elements located in target gene promoters
or enhancers, p53 can enable the expression of multiple
genes to govern the regulation of the fate of normal and
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12 SONG et al.

F IGURE 4 p53 dynamics are interpreted by a network of target genes. (A) Depending on mRNA stability and the timing between p53
pulses, p53 target genes may show different extents of oscillatory and increasing dynamics. mRNA decay rates can therefore act as a filter for
p53 expression dynamics. (B) The dynamics of p53 accumulation are stimulus dependent. In response to DNA double strand breaks caused by
IR, p53 accumulates in pulses of uniform amplitude and duration, the number of which depends on the extent of damage. Similar pulses are
observed during normal proliferation due to spontaneously occurring endogenous damage. In contrast, the amplitude and duration of p53
accumulation upon UV radiation increases gradually with the damage dose. High doses of chemotherapeutic drugs like etoposide or cisplatin
leads to monotonic increases in p53 levels, while low doses induce oscillatory dynamics. Data were retrieved from and based on [21, 606]. UV,
ultraviolet; IR, ionizing radiation

cancer cells [79]. In addition to the full-length formdubbed
p53, the TP53 gene encodes at least 3 isoforms, named
as Δ40p53, Δ133p53, and Δ160p53 (Figure 5A). These iso-
forms differ from full-length p53 at their N- or C-terminal
regions, however, most maintain the central DBD [84,
192]. Several mechanisms have been proposed to explain
presence of p53 isoforms, including alternative splicing,
employment of alternative promoters, use of alternative
translation start sites and proteolytic cleavage [84, 192].
At least some isoforms have been shown to modulate the
activities of the full-length p53 protein, i.e., they were
reported to either enhance or inhibit its actions [192]. For
example, the Δ40p53 isoform was found to form oligomers
with full-length p53 and increase its transactivation ability,
while Δ133p53 was reported to rescue cells from full-length
p53-induced apoptosis [84]. Few of the reported activities
of the p53 isoforms, however, have been confirmed across
different tumor types. Thus, based on current evidence, it
is difficult to generalize with respect to ascribing a specific

role to any of the p53 isoforms. However, TP53 mutations
occur in over 50%of human cancers [193]. In addition,mut-
p53 not only exhibits loss of the tumor suppressor function
of WT p53 but also acquires new functions that contribute
to the progression of malignant tumors [194]. TP53 muta-
tions have been found in both germline (associated with
Li-Fraumeni syndrome) and sporadic contexts through-
out the gene [49], which predispose patients to a variety
of early-onset cancers, including breast cancer, sarcomas,
brain tumors, and adrenal cortical carcinomas. Somatic
TP53 mutations contribute to sporadic cancers, such as
ovarian cancer, breast cancer, colorectal cancer, head and
neck cancer, and lung cancer [195]. More importantly,
mutations in TP53 are correlated with poor prognosis in
malignancies of the breast, bladder, and hematopoietic
system [196]. Furthermore, the TP53 mutation spectrum
differs among tumors. The various types ofTP53mutations
have been the subject of recent comprehensive reviews
[197, 198].
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SONG et al. 13

F IGURE 5 p53 structural domains, with an overview of the most frequent TP53mutations by tumor site, variant effects and patterns in
human cancers. (A) Each p53 domain and its isoform is a target of different PTMs (alone or concomitant) that regulate p53 function. p53
interacts directly with different PTM enzymes, transcriptional cofactors, and other nuclear or cytoplasmic proteins (examples associated with
a p53 interacting domain are shown in the white boxes) that modulate p53 function. (B) Graph showing the relative frequency of TP53
missense mutations per codon (DBD-encoding codons are highlighted in faded blue boxes, residues 94-292). Highlighted in purple is codons
175, 245, 248, 249, 273, and 282 (the hotspots with the highest mutation frequencies), and codons 280 and 220. (C) The pie (right) charts show
the different tumor-derived mutation types (variant effect and variant pattern) reported in the IARC TP53Mutation Database. (D) The bar
chart shows that the frequency of TP53 mutations in tumor tissue samples from over 10,000 cancer patients and These codons code for amino
acid residues critical for p53 structure and function. (Graph constructed with GraphPad 8 and data from the IARC TP53 Database, R20, July
2019). FS, frameshift; NA, not applicable; IARC, International Agency for Research on Cancer; TAD, transactivation domain; PRR,
proline-rich region; DBD, DNA-binding domain; OD, oligomerization domain; CRD, C-terminal regulatory domain; PTM, posttranslational
modification

4.1 Mut-p53 types and their spectrum in
cancers

The main types of TP53 mutation are missense muta-
tions, truncation mutations, in-frame mutations, and

splice mutations, among which missense mutations result
in single amino acid substitutions, which can confer
GOF activity during tumorigenesis [199]. Notably, approx-
imately 80% of missense mutations are clustered in the
regions of TP53 that encode the central DBD of p53,
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14 SONG et al.

with several recurring hotspot mutations having been
observed [200] (Figure 5B). The most common hotspot
missense mutation sites are R175, G245, R248, R249, R273,
and R282; such mutations account for ∼25% of all TP53
mutations and have high clinical significance [201, 202]
(Figure 5B). In contrast, mutations outside of the DBD
are more likely to be nonsense or truncation mutations
(∼67%) than missense mutations [203, 204]. In addition,
beyond the acquisition of a TP53 mutation in one allele,
the second allele is lost in most tumors by deletion or copy
neutral loss of heterozygosity [79, 205]. Analysis of the
International Agency for Research onCancer (IARC)TP53
Mutation Database (https://tp53.isb-cgc.org) showed that
most substitution mutations were G-to-A transitions, fol-
lowed byC-to-T transitions (Figure 5C). Proteins harboring
these hotspot missense mutations can usually be classi-
fied as contact mutants (R248Q and R273H), which make
direct contact with DNA, or structural mutants (R175H,
G245S, R249S, and Y220C), in which the structure of the
DNA-binding interface ismaintained [75, 206].More inter-
estingly, not all mutations have equivalent effects. For
example, contact mutants have a lower affinity for p63 or
p73 than conformational mutants [207, 208]. Mutations in
theN-terminal TADresult in truncated forms of p53,which
can activate apoptotic target genes [209]. However, most
mutations occur in the DBD of WT p53 and lead to its
functional inactivation. Different single amino acid sub-
stitutions of the same residue also have different effects.
For example, the p53 R175Cmutant induces both cell cycle
arrest and apoptosis, and the p53 R175P mutant induces
only cell cycle arrest, whereas the p53 R175D mutant loses
both functions [11, 210]. It is important to be reminded that
low frequency of p53mutation result from a deactivation of
p53 by othermeans in such cancer types, such as p53muta-
tion N236S increases collagen contraction and upregulates
Cancer-associated fibroblasts-associated markers, includ-
ing C-X-C motif chemokine ligand 12 (CXCL12), fibroblast
growth factor 10 (FGF10), and alpha-smooth muscle actin
(α-SMA), thereby promoting tumor progression through
targeted activation of the signal transducer and activator
of transcription 3 (STAT3) signaling pathway [211]. Addi-
tionally, HPV inhibiting p53 function through the E6 and
E7 viral oncoprotein [212, 213]. In addition, TP53mutation
may increase the structural instability of p53 and expose
adhesion sequenceswrapped in its hydrophobic core to the
protein surface, which drives the formation of p53 aggre-
gates [214]. Aggregates of mut-p53 have been detected in
high-grade serous ovarian, colorectal, and prostate can-
cers and result in loss of the tumor-suppressive function of
WT p53 or GOF to promote tumor development [214, 215].
More importantly, mut-p53 can co-aggregate with p63 and
p73, preventing p63 and p73 from entering the nucleus to
perform transcriptional regulatory functions [216].

On the other hand, several lines of evidence suggest that
the TP53 mutational spectrum differs among tumors [217,
218]. TP53 mutations are prevalent in tumors [219], but
different tissues and organs have different TP53 mutation
spectra [220, 221]. TP53 mutations were commonly found
in the colorectum (43.28%), head and neck (42.51%), esoph-
agus (41.21%), female genital org (38.64%), lung (37.23%),
skin (34.73%), pancreas (34.67%), stomach (32.38%), liver
(31.20%), nervous system (27.02%), urinary tract (26.87%),
breast (22.80%), soft tissues (21.27%), lymphnodes (19.34%),
male genital org (16.38%), bones (14.43%), endocrine glands
(14.40%) in the IARCTP53MutationDatabase (Figure 5D).

4.2 Mechanisms of mut-p53 GOF in the
cancer process

The majority of TP53 mutations found in cancers lead to
a loss of the ability to bind to specific DNA sequences and
activate the transcription of p53 target genes and thus loss
of tumor suppressive function. However, it is worth noting
that approximately one-third of cancer-associatedmutants
still retain some level of p53 transcriptional function,
although it may be limited or altered [222]. Additionally,
these mutations often block tetramerization, translating
into loss of function (LOF) with p53 mutations in the
oligomerization domain (OD). p53 proteins with muta-
tions in the DBD exhibit diverse degrees of functionality
and, consequently, different pathological relevance [199]
(Figure 6). In addition to being critically associated with
LOF, p53 mutations in the DBD commonly occur in a
single allele. Thus, stage I tumors are heterozygous, car-
rying both WT p53 and mut-p53 alleles [29]. Although
WT p53 is still expressed, the DNE of mut-p53 over WT
p53 is observable and can be explained by the forma-
tion of hetero-tetramers (a WT p53 dimer plus a mut-p53
dimer) without transcriptional activity [11]. WT p53 and
mut-p53 share the majority of regulatory factors but have
different roles. Regulation of the molecular chaperone
machinery has been found to be essential for the sta-
bility of both mut-p53 and WT p53 in various studies.
In fact, stabilization of mut-p53 is a prerequisite for its
oncogenic GOF phenotype. The hyperstability of mut-
p53 in cancer cells had previously been explained by the
lack of a negative feedback loop between mut-p53 and
MDM2 [11, 199]. However,mice engineered to expressmut-
p53 proteins, either with or without the WT allele, were
found to show high levels of mut-p53 protein expression
only in tumors, not in normal tissues [12]. In addition,
in a mouse model with mutated p53 response elements
in the MDM2 P2 promoter, p53 was still degraded, sug-
gesting that the MDM2-p53 negative feedback loop is
dispensable for p53 stability [182]. Therefore, in malignant
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SONG et al. 15

F IGURE 6 Functional activities of mut-p53 in cancers. (A) In general, p53 mutations lead to loss of DNA-binding ability and
impairment of the p53 response (loss of function, LOF). (B) A DNE of mut-p53 over WT p53 occurs through the formation of hetero-tetramers
and supramolecular aggregates with WT p53 [18]. (C) Mut-p53 GOF activities impact multiple hallmarks of cancer cells, affecting chromatin
structure, transcriptional regulation, and miRNA biogenesis; shaping the proteome; and rewiring tumor cell metabolic pathways. The
impacts also encompass cytoplasmic functions and cell-extrinsic effects, namely, effects on the TME and the inflammatory response.
Oncogenic GOF of mut-p53, driving tumor development and dissemination, relies on direct interactions of mut-p53 with transcription factors
(TFs, dark boxes) or cofactors and other protein effectors (orange boxes), altering their enzyme activity to induce cell stemness (blue boxes),
or on transcriptional modulation of target genes (light boxes). Data were retrieved from and based on [8, 62, 72]. LOF, loss of function; GOF,
gain of function; DNE, dominant negative effect; TF, transcription factor; HIF-1, hypoxia-inducible factor-1; mut-p53, mutant p53; TME,
tumor microenvironment; WT, wild-type; miRNA, microRNA

cells, there must be additional mechanism(s) to stabilize
mut-p53. For instance, mut-p53 binds to diverse TFs and
cofactors, such as nuclear factor Y (NF-Y), p73, nuclear
factor erythroid 2-related factor 2 (NRF2), and E26 avian
erythroblastosis virus transcription factor-1 (Ets-1), and
augments the transcription of their target genes (Figure 6).
Along with tumor progression, loss of heterozygosity is
commonly observed and is associated with GOF result-
ing from sporadic or inherited p53 mutations. GOF can
be manifested through interactions of mut-p53 with vari-
ous TFs or cofactors, including nuclear factor-κB (NF-κB),
NRF2, hypoxia-inducible factors (HIFs), and p300/CBP.
For instance,mut-p53 hetero-oligomerizes with p63 or p73,
blocking their tumor suppressor activity by suppressing

their transcriptional activity or inducing the transcription
of noncanonical genes [79].
Severalmechanismshave been proposed to contribute to

mut-p53GOFactivity, which is involved inmultiple biolog-
ical processes: cell proliferation, cell stemness, metabolic
reprogramming, inflammation, gut microbiome home-
ostasis, angiogenesis, genomic instability, autophagy, inva-
sion/metastasis, and chemoresistance or radio-resistance
(Figure 6). Activation of the mut-p53 transcription com-
plex significantly induces the expression ofmultiple genes,
which in turn plays critical roles in cell metabolism,
tumorigenesis andmany other processes. In addition,mut-
p53 interacts with other cellular pathways and regulates
various biological processes.
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16 SONG et al.

4.2.1 Induction of cell proliferation by
mut-p53

p53 plays a critical role in suppressing cancer cell pro-
liferation through different mechanisms, such as cell
cycle arrest, senescence, and apoptosis [75]. In contrast,
mut-p53 disrupts cell cycle control, leading to enhanced
proliferation. Indeed, the idea that p53 GOF accelerates
cell proliferation is well established [45, 223]. In studies
aimed at understanding the mechanism leading to accel-
erated proliferation, it was shown that tumor-derived p53
mutants interact physically with the master cell cycle reg-
ulator NF-Y. These protein complexes can increase DNA
synthesis in response to DNA damage through aberrant
upregulation of NF-Y cell cycle-related target genes, such
as cyclin/CDK1 kinase complexes [224]. It is worth men-
tioning that these genes are clustered with other cell cycle
control genes and that the set is annotated as a “prolifer-
ation cluster” [225]. In a subsequent study, it was found
that mut-p53 interacts with yes-associated protein (YAP)
and that together, they form a complex with NF-Y, which
then interacts with the regulatory regions of the cyclin A,
cyclin B and CDK1 genes [226]. This event was further
established in a genome-wide analysis showing that p53
with GOF recognizes the promoters of the genes encod-
ing cyclin A (i.e., CCNA2), which is necessary for origin
firing, and CHK1, which is required for preventing repli-
cation fork collapse, and transcriptionally activates their
expression in a cell cycle-dependent manner by occupying
their upstream regulatory sequences [227].
Mut-p53 was also found to trigger the activation of non-

coding effectors, such as the circular RNA circPVT1 and
miR-497-5p, leading to uncontrolled proliferation through
abnormal enhancement of the expression of cell cycle
regulatory genes. This effect is regulated through the mut-
p53/YAP/TEADcomplex via its regulatory region [228]. On
the other hand,mut-p53was shown to suppress the expres-
sion of miR-27a, resulting in augmented cell proliferation
due to enhanced epidermal growth factor receptor (EGFR)
signaling, resulting in activation of the extracellular signal-
regulated kinase (ERK) pathway [229]. In addition, various
mut-p53 forms were shown to bind and activate STAT3,
leading to increased invasion and tumor growth in col-
orectal cancer [230]. In addition to affecting signaling
pathways, mut-p53 was shown to regulate different chro-
matin regulators, including the methyltransferases mixed
lineage leukemia 1 (MLL1) and mixed lineage leukemia
2 (MLL2) and the acetyltransferase MOZ. This regulation
was shown to globally affect histone modifications and to
promote the proliferation of cancer cells [231]. Thus, it may
be concluded that mut-p53 not only affects cell signaling
and the transcription of specific genes but also may under-
lie the global chromatin changes in cancer cells, which
facilitate their malignant phenotype.

4.2.2 Mediation of cell metastasis and
invasion by mut-p53

p53 plays a crucial role in suppressing cancer cell migra-
tion, invasion, and metastasis [232–234]. In contrast, pro-
moting cancer metastasis is a well-known GOF activity
of mut-p53. Mice with knock-in of p53 mutants, such as
R273H and R175H, develop larger numbers of metastatic
tumors than p53−/− mice, providing clear evidence of the
role of mut-p53 in promoting tumor metastasis in vivo
[48, 49]. Mut-p53 has been reported to promote metastasis
through differentmechanisms.One importantmechanism
is the promotion of epithelial-mesenchymal transition
(EMT). Mut-p53 transcriptionally represses miR-130b to
upregulate ZEB1, a key EMT-related TF, to promote EMT
and cancer cell invasion [235].Mut-p53 also promotes EMT
andmetastasis by upregulating the EMT-related TF Twist1
[236] and interacting with the p53 family member p63 to
form a complex with Smad2 in order to activate TGF-β sig-
naling, which is essential for EMT [237]. In addition to
EMT, other mechanisms include the modulation of cell
motility and the extracellular matrix (ECM). For instance,
mut-p53 promotes metastasis by regulating SUMOylation
of the small GTPase Rac1 to induce its activation, which
plays a vital role in cell motility and cancer metastasis
[39].Mut-p53 promotes tumor cell invasion andmotility by
enhancing the interaction between integrin A5b1 and Rab-
coupling protein (RCP), an essential regulator of endocytic
trafficking, which in turn promotes the recycling of EGFR
and the protein tyrosine kinase mesenchymal-epithelial
transition factor (MET) [238, 239]. Mut-p53 also promotes
RCP-dependent endocytic trafficking in neighboring can-
cer cells via exosome secretion, leading to the deposition
of a highly pro-invasive ECM [240]. Mut-p53 sequesters
p73, preventing it from forming a complex with NF-Y, thus
activating PDGF receptor b (PDGFRb) signaling to pro-
mote pancreatic cancer metastasis [241]. In addition, in
the R172H mut-p53 knock-in mouse model, R172H mut-
p53 was found to promote tumor metastasis through an
interaction with the TF E26 transformation-specific proto-
oncogene 2 (ETS-2), inducing the expression of a cluster of
small nucleolar RNAs (snoRNAs) [242] and upregulating
the Pla2g16 phospholipase, which catalyzes the conver-
sion of phosphatidic acid into lysophosphatidic acid and
free fatty acid, both of which are implicated in metastasis
[243].

4.2.3 Mediation of genomic instability via
mut-p53

Genomic instability is a hallmark of cancer. While p53,
as a guardian of the genome, plays a critical role in
maintaining genomic stability, mut-p53 GOF promotes
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SONG et al. 17

genomic instability, including chromosomal and ampli-
fication instability [244]. For instance, fibroblasts from
Li-Fraumeni syndrome patients harboring missense p53
mutations, including R175H, undergo S-phase reentry after
exposure to spindle depolymerizing agents that disrupt
mitotic spindles, leading to the generation of polyploid
cells; in contrast, S-phase reentry is blocked in p53-
null fibroblasts [245]. Ectopic expression of mouse R172H
(equivalent to human R175H) mut-p53 in p53-null pri-
mary mouse mammary epithelial cells leads to significant
centrosome amplification and an increased frequency of
aberrant mitosis [246]. In the pancreatic ductal adenocar-
cinoma mouse model, expression of R172H mut-p53 and
KRAS (G12D) cooperatively lead to the development of
invasive and metastatic carcinomas with a high degree of
genomic instability manifested by nonreciprocal translo-
cations without apparent telomere erosion [247]. Proper
DDR and DNA repair functions are crucial for main-
taining cellular genomic stability. Mut-p53 can induce
genomic instability by impairing theDDR andDNA repair.
R248W and R273H mut-p53 can bind to the nuclease
Mre11 and prevent the association of the Mre11-Rad50-
NBS1 (MRN) complex with DNA double-strand breaks
(DSBs), which in turn impairs ATM activation and the
DDR [248]. Mut-p53 interacts with the E2F4 and binds to
the promoter regions of breast cancer 1 protein (BRCA1)
and RAD17 checkpoint clamp loader component (RAD17),
critical proteins involved in DNA DSB repair, to repress
BRCA1 and RAD17 expression and impair DNA repair
[249]. Mut-p53 was also reported to enhance the associ-
ation of the DNA repair protein PARP1 with chromatin
and increase the levels of the nuclear replication proteins
minichromosome maintenance 4 (MCM4) and proliferat-
ing cell nuclear antigen (PCNA), which in turn impairs
DNA repair and simultaneously promotes DNA replica-
tion to cause genomic instability [250]. In addition, other
mechanisms have been suggested to contribute to the
role of mut-p53 GOF activity in inducing genomic insta-
bility. For example, the p53 family member p73 plays a
vital role in the spindle assembly checkpoint by directly
interacting with budding uninhibited by benzimidazole 1-
related 1 (BubR1), a spindle assembly checkpoint protein
crucial for proper centrosome maintenance and chromo-
somal stability, to enhance its ability to phosphorylate
downstream checkpoint effectors [251]. Since mut-p53 can
bind to p73 and inhibit its transcriptional activity [207],
mut-p53 may impair BubR1 function, leading to a defec-
tive spindle assembly checkpoint and aneuploidy [244].
Mut-p53 also promotes the formation of cell-in-cell struc-
tures via live-cell engulfment, which interferes with the
division of host cells to result in genomic instability
[252].

4.2.4 Fueling of cell de-differentiation and
stemness by mut-p53

p53 promotes differentiation and suppresses the prolifer-
ation of stem cells, acting as a barrier to the formation
of cancer stem cells (CSCs). In contrast, mut-p53 exhibits
GOF activity to regulate de-differentiation processes and
facilitate CSC maintenance [253]. It was reported that
bone marrow mesenchymal stem cells in Li-Fraumeni
syndrome patients are tumorigenic and can induce sar-
comagenesis [254]. Similarly, accumulation of mut-p53
in progenitor-like cells in subventricular zone-associated
areas of the brain leads to gliomagenesis [255]. Mut-p53
enhances the expression of colorectal CSC markers (e.g.,
CD44, leucine-rich-repeat-containing G-protein-coupled
receptor 5 [Lgr5], and aldehyde dehydrogenase [ALDH])
by binding to the CD44, Lgr5 and aldehyde dehydrogenase
1A1 (ALDH1A1) promoter sequences in colorectal cancer
cells [256]. Mut-p53 promotes the proliferation and growth
of CSC-like cells. In addition, it increases the expres-
sion of CSC markers (CD133, CD44, and YAP/TAZ) in
GB and breast cancer cells by regulating WASP interact-
ing protein (WIP), which in turn stabilizes YAP/TAZ [38].
Mut-p53 also promotes aberrant self-renewal of leukemic
cells. Hematopoietic stem and progenitor cells exhibit this
phenotype even before their transformation via upregula-
tion of fork head box protein H1 (FoxH1), a TF involved in
the regulation of stem cell-associated genes [257].

4.2.5 Regulation of cellular metabolic
reprogramming by mut-p53

Metabolic reprogramming is a hallmark of cancer that
meets the demands for energy and macromolecules to
support the rapid growth and proliferation of cancer
cells. While p53 plays a critical role in maintaining
metabolic homeostasis in normal cells, mut-p53 GOF pro-
motes metabolic reprogramming in cancer cells [73, 258].
Enhanced aerobic glycolysis (namely, the Warburg effect)
is the most well-characterized metabolic change in cancer
cells. WT p53 has been reported to inhibit the War-
burg effect in cancer cells by transactivating target genes
required for oxidative phosphorylation, such as synthe-
sis of cytochrome C oxidase 2 (SCO2) [259], as well as
genes such as TP53-induced glycolysis and apoptosis regu-
lator (TIGAR) and Parkin, to negatively regulate glycolysis
[112–114]. In contrast, mut-p53 enhances glucose uptake
and glycolysis by promoting the trafficking of glucose
transporter 1 (GLUT1) to the plasma membrane through
activation of the small GTPase RhoA and its direct down-
stream kinase Rho-associated coiled-coil kinase (ROCK),
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which promotes tumorigenesis, both in cultured cancer
cells and in R172H mut-TP53 knock-in mice [260]. Mut-
p53 also promotes glycolysis by enhancing the expression
of the glycolytic enzyme hexokinase 2 (HK2) and the
phosphorylation of pyruvate kinase M2 (PKM2) [261, 262].
Mut-p53 activates the mevalonate pathway by binding
to and activating the sterol regulatory element binding
proteins (SREBP) TFs, which induces the expression of
genes in the mevalonate pathway [263]. Mut-p53 enhances
nucleotide synthesis by cooperating with ETS2 to activate
multiple nucleotide metabolism genes, such as ribonu-
cleotide reductase small subunit B (RRM2b), Deoxycy-
tidine kinase (dCK), and thymidine kinase 1 (TK1), to
promote tumorigenesis [264]. In addition, mut-p53 binds
to and activates peroxisome proliferator-activated receptor
gamma coactivator-1 alpha (PGC-1α), a master regulator
of mitochondrial biogenesis and oxidative phosphoryla-
tion, enhancingmitochondrial function to promote cancer
metastasis [265]. p53 codon 72 polymorphism (R72 or P72)
influences p53 activity and is associated with cancer risk
and longevity [266, 267]. Interestingly, PGC-1α activation
bymut-p53 is impacted by codon 72 polymorphism; cancer
cells with the R72 variant of mut-p53 show more marked
increases in PGC-1α function, mitochondrial function and
metastatic capability [265]. Moreover, in breast and lung
tumors, stem cell-like transcription patterns were found
to coincide with the abolishment of WT p53 and the pres-
ence of p53mutations [268]. These data are consistent with
the observation that WT p53 suppressed the reprogram-
ming of mouse embryonic fibroblasts (MEFs) into induced
pluripotent stem cells (iPSCs) [269–273]. Moreover, mut-
p53 GOF enhanced the reprogramming efficacy and the
tumorigenicity of the reprogrammed cells [274].

4.2.6 Inhibition of the TME and immune
responses by mut-p53

Cancer cells actively shape a permissive microenviron-
ment for cancer progression. Accumulating evidence has
shown that mut-p53 remodels the TME and promotes the
adaptation of cancer cells to the microenvironment [275].
Mut-p53 affects the expression of various secreted pro-
teins to remodel the TME. For instance, mut-p53 activates
PKC to increase vascular endothelial growth factor (VEGF)
expression to promote angiogenesis [276]. Mut-p53 forms a
complex with E2F1 and binds to the promoter of inhibitor
of DNA-binding 4 (ID4) to induce its expression, which
in turn enhances the expression of the pro-angiogenic
factors interleukin-8 (IL-8) and growth-related oncogene-
alpha (GRO-α) to promote angiogenesis [277]. Mut-p53
binds to the lncRNA MALAT1 to promote the association
of MALAT1 with chromatin and induce VEGF expression

in breast cancer cells [278]. Mut-p53 induces the release
of a pro-invasive secretome into the TME through inter-
action with p63 [279]. Mut-p53 facilitates premetastatic
niche formation by releasing exosomes to promote inte-
grin trafficking, which enhances the deposition of a highly
pro-invasive ECM [240]. Furthermore, mut-p53 forms a
complexwith hypoxia-inducible factor-1 (HIF-1) that binds
to the switch/sucrose non-fermentable (SWI/SNF) chro-
matin remodeling complex and induces the expression
of a selective subset of hypoxia-responsive genes. Thus,
mut-p53 enhances the HIF-1-mediated expression of cer-
tain ECM components, including type VII collagen and
laminin-c2, to promote the adaptation of cancer cells
to hypoxia in the TME [280]. In addition, mut-p53 pro-
tects cancer cells from the tumor-suppressive effects of
interferon-β (IFN-β) secreted by cancer-associated fibrob-
lasts (CAFs) through suppressor of cytokine signaling 1
(SOCS1)-mediated inhibition of signal transducer and acti-
vator of transcription 1 (STAT1) phosphorylation [281].
The status of p53 in cancer cells profoundly impacts
the immune response, resulting in various outcomes
that can impede or support cancer development [282]. It
was reported that the expression of mut-p53 in human
lung cancer correlates with increased programmed death-
ligand 1 (PD-L1) expression, which may help to identify
patients responsive to checkpoint inhibitors targeting PD-
L1 [283]. nuclear factor-κB (NF-κB) plays a key role in
regulating the immune response to chronic inflamma-
tion. Mut-p53 activates NF-κB signaling by promoting the
nuclear translocation of p65 or inhibiting the expression
of the tumor suppressor disabled homolog 2 interacting
protein (DAB2IP) [284, 285]. R273Hmut-p53 transcription-
ally represses interleukin-1 receptor antagonist (aIL-1Ra)
to sustain IL-1b signaling [286]. In addition, p53 muta-
tions (e.g., R248W) increase exosome secretion of miR-
1246 to reprogram macrophages into tumor-supporting
macrophages [287]. Thus, through themut-p53GOFmech-
anism, cancer cells can reprogrammacrophages and other
myeloid subsets to support cancer development.

4.2.7 Endowment of resistance to cancer
therapy by mut-p53

p53 induces apoptosis, cell cycle arrest, senescence, and
other biological processes to mediate the response of can-
cer cells to therapies. In contrast, mut-p53 GOF has been
reported to promote therapeutic resistance in cancer [288,
289]. Enhanced drug efflux through upregulation of ATP-
binding cassette (ABC) transporters that move drugs out
of cells is an essential mechanism of multidrug resistance.
While p53 suppresses the expression of the ABC trans-
porter adenosine triphosphate-binding cassette subfamily
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Bmember 1 (ABCB1), mut-p53 GOF results in induction of
ABCB1 expression to mediate the ATP-dependent efflux of
drugs from cells to promote chemoresistance [290]. Mech-
anistically, mut-p53 is recruited to the ABCB1 promoter
by interacting with E26 oncogene homolog 1 (ETS1) to
activate ABCB1 transcription [291]. Mut-p53 interacts with
NF-Y to induce the expression of ephrin-B2, a ligand of
the ephrin receptor tyrosine kinases, which in turn upreg-
ulates the expression of the ABC transporter adenosine
triphosphate (ATP)-binding cassette efflux transporter G2
(ABCG2) to promote chemoresistance [292]. Cytochrome
P450 (CYP450) family members are critical enzymes in
drug metabolism, mediating the process of drug oxi-
dation. Specific forms of mut-p53 (e.g., R282W) induce
CYP450 enzyme 3A4 (CYP3A4) expression to promote
resistance to several chemotherapeutic drugs metabolized
by CYP3A4 [293]. Mut-p53 also promotes chemoresistance
by inhibiting apoptosis and autophagy. Mut-p53 binds to
p63 and p73 and represses their transcriptional activity
to inhibit apoptosis induced by chemotherapeutic agents
[207, 294]. Mut-p53 interacts with AMPK-α to inhibit
AMPK signaling, in turn activating mammalian target
of rapamycin (mTOR) to suppress autophagy [295]. Fur-
thermore, mut-p53 suppresses autophagy by forming a
complex with the p50 subunit of NF-κB, which binds to
the promoter of the autophagy-related gene autophagy
related 12 (ATG12) to suppress its expression [296].Mut-p53
also regulates miRNA expression to promote chemoresis-
tance. For instance, R175Hmut-p53 induces the expression
of miR-128-2, which targets the TF E2F5 to upregulate
p21, inhibit apoptosis and confer resistance to chemother-
apeutic agents [297]. Furthermore, some forms of mut-p53
(e.g., R175H) downregulate miR-223 expression in cancer
cells to induce chemoresistance by binding to the miR-223
promoter to reduce its expression via the transcriptional
repressor zinc-finger E-box binding homeobox 1 (ZEB-1),
which in turn increases stathmin-1 expression. This onco-
protein confers chemoresistance partially by regulating
microtubule dynamics [298].

4.2.8 Suppression of autophagy via mut-p53

Autophagy is widely recognized as a significant biologi-
cal event that plays a role in both cancer cell proliferation
and drug responses. Thorough analysis of the scientific lit-
erature reveals the reciprocal interplay between mut-p53
and autophagy regulation. The current accepted view is
that mut-p53 suppresses autophagy. This viewwas initially
illustrated by studying the effects of overexpressing 22 dif-
ferent p53 mutant variants on autophagy in p53-null colon
cancer cells [299]. Reintroduction of various p53 mutants,
such as A161T, S227R, E258K, R273H/L, and R273L but not

p53 P151H and R282W, showed a strong association with
efficient suppression of basal macro-autophagy. Reintro-
duction of other mutants, such as P98S, K120D, V143A,
R175C, R175D, and R175H, exhibited weaker suppressive
effects or even increased macro-autophagy in certain con-
texts [300]. This finding led to the realization that certain
p53 mutants may have negative effects on autophagy. A
common characteristic of p53 mutants is their cytoplasmic
localization, which is likely accompanied by LOF to pro-
mote transactivation-dependent stimulation of autophagy
[301]. Supporting finding, it was later discovered that mut-
p53inhibits the formation of autophagic vesicles and their
fusion with lysosomes by repressing the transcription of
key downstream p53-responsive autophagy-related genes,
including beclin 1 (BECN1), damage-regulated autophagy
modulator 1 (DRAM1), and ATG12, as well as tuberous
sclerosis complex subunit 1 (TSC2), single dominant gene
(SEN1/2), and p-AMPK, resulting in blockade of autophagy
[300]. It is important to note that both deletion and mis-
sense mutations of p53 can substantially interfere with
mTOR signaling, while an increased association of Rheb
with lysosomal membranes promotes mTORC1 complex
activity [300].

4.2.9 Triggering of angiogenesis via mut-p53

Angiogenesis plays a critical role in both physiological
homeostasis and disease pathogenesis. It is defined as the
formation of new blood vessels from preexisting vessels
and has been characterized as an essential process for
tumor cell proliferation and viability. Mut-p53 also pro-
motes angiogenesis. In breast cancer, mut-p53 and E2F1
bind to the promoter of ID4 and enhance its expression.
ID4 further binds to and stabilizes the mRNAs of IL-8 and
GRO-α, which are pro-angiogenic factors [64]. In 2005, it
was reported that mut-p53 could upregulate the activity
of NF-κB [59], a TF that plays a critical role in inflamma-
tory responses and cancer development [65]. DiMinin et al.
[285] reported that in lung and breast cancer cell lines,
mut-p53 augments the induction of NF-κB expression in
response to tumor necrosis factor-alpha (TNFα), thereby
promoting cancer progression. Cooks et al. [284] further
discovered that mut-p53 prolongs the activation period
of NF-κB triggered by TNFα. Therefore, mice expressing
mut-p53 are prone to developing inflammation-associated
colon cancer [66]. Mut-p53 can also promote the genera-
tion of an inflammatory TME by regulating the level of
secreted IL-1 receptor antagonist (sIL-1Ra). Mut-p53 but
not WT p53 binds to the promoter of sIL-1Ra with the
corepressor musculoaponeurotic fibrosarcoma oncogene
homolog F (MAFF) and suppresses sIL-1Ra expression
to induce angiogenesis. Therefore, the production of the
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20 SONG et al.

pro-inflammatory cytokine IL-1β is not antagonized by
sIL-1Ra [67].

5 CELL-AUTONOMOUS AND
NON-AUTONOMOUS EMERGING
FUNCTIONS OF P53 IN THE TME

The activation of p53 and its role in inducing apoptosis and
senescence is widely recognized as a crucial mechanism
for suppressing tumors, known as the autonomous mech-
anism. However, recent evidence suggests that p53 also
suppresses tumorigenesis by influencing the function and
environment of transformed cells, referred to as the non-
cell autonomous mechanism of tumor suppression [302,
303]. These include the following 2 main aspects: one is
that p53 governs the immune response of the TME; the
other is that microbiome meets cancer development in
which p53 serves as a good matchmaker (Figures 7,8).

5.1 TME

The TME is composed of various components, such as
blood vessels, immune cells, CAFs, signaling molecules
(cytokines and chemokines), and the ECM surrounding
the tumor [304]. These components play a crucial role
in tumor development, progression, and regulate tumor
immune responses [305]. In recent years, significant scien-
tific evidence has demonstrated the crucial role of mut-p53
or WT p53 in altering the secretion of proteins and sig-
naling molecules. This section aims to highlight recent
findings that the p53 tumor suppressor pathway is involved
in crucial aspects of tumor immunology and in homeo-
static regulation of TME immune responses (Figure 7).
Specifically, we will focus on the impact of mut-p53 pro-
teins on cancer invasion and metastasis through 4 main
mechanisms: (1) modulation of the ECM components,
(2) secretion of pro-inflammatory and immunomodula-
tory interleukins and cytokines, (3) modification of the
extracellular pH, and (4) regulation of the communication
between tumor and stromal cells.

5.1.1 ECM

Cancer metastasis is a leading cause of death in cancer
patients. This phenomenon involves a plethora of events
resulting in ECM degradation, which allows tumor cells
to invade the surrounding tissue and generate metas-
tases [306]. Matrix metalloproteinases (MMPs), specifi-
cally MMP-2 and MMP-9 [307], are secreted or trans-
membrane enzymes that play key roles in the cancer

invasion process by degrading multiple components of the
ECM, including laminin, collagen, and fibrous proteins
[308]. The role of mut-p53 in ECM remodeling is mul-
tifaceted, including cancer progression, metastasis, and
the physiology and pathology of a wide range of diseases.
Notably, the activity of metalloproteinases is regulated by
the issue inhibitors of metalloproteinases (TIMPs) fam-
ily, which consists of 4 members (TIMP 1-4) that have
been reported to play important roles in cellular processes,
such as cell differentiation, proliferation, and apoptosis
[309]. It has been found that mut-p53 protein can inhibit
the transcription of TIMP-3, which in turn will lead to
an increase in the activity of secreted MMP in the ECM,
resulting in tumor invasion and metastasis [310]. Interest-
ingly, Novo et al. [311] found that in human melanoma
cells expressing mut-p53 protein, reintroduction of WT
p53 overcomes the GOF activity of mut-p53 and reduces
cancer cell invasion into the ECM by inhibiting MMP-
2 secretion. Furthermore, these results highlight the role
of the intact WT p53 signaling pathway in preventing
metastasis through distinct mechanisms involving ECM
remodeling. In addition to cancer progression andmetasta-
sis as mentioned above, p53 proteins have been implicated
in a variety of physiopathologic conditions. For example,
mut-p53 causes dysregulation of the expression of human
matrixmetalloproteinase-13 (hMMP-13), a gene encoding a
collagenase involved in the degradation of type IV collagen
in the ECM, and plays a crucial role in the pathogenesis of
rheumatoid arthritis [312]. Furthermore, it has been found
that bothMMPandmut-p53 expression are elevated in ges-
tational trophoblastic diseases [313]. It is ostensible that
there is an interaction between these two. Overall, these
findings emphasize the potential role of mut-p53 in cancer
invasion and metastasis as well as other pathological con-
ditions through ECM remodeling, thus representing a hot
topic for in-depth mut-p53-related research.

5.1.2 Chemokines and cytokines

Numerous epidemiologic and experimental studies have
addressed the observation that many neoplastic diseases
are characterized by a relevant inflammatory component.
Thus, the crosstalk between the inflammatory microen-
vironment and tumor cells has been demonstrated to
be pivotal for cancer development, and for that reason,
inflammation is considered one of the hallmarks of cancer
[314]. The major players that are recruited into the TME
when inflammation occurs constitute inflammatory cells
and several biochemical inflammatory mediators, includ-
ing cytokines, chemokines, interleukins, and enzymes,
which strongly influence tumor development and progres-
sion. Chemokines are inflammatory effectors that belong
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F IGURE 7 The role of p53 and mut-p53 in the TME during cancer development. The TME contains blood vessels, immune cells, CAFs,
signaling molecules, including cytokines and chemokines, and the ECM that surrounds the tumor. The p53 tumor suppressor pathway plays a
crucial role in tumor immunology and regulating immune responses in the TME. However, there is a contrasting function between p53 and
mut-p53. Mut-p53 inhibits immune plasticity and promotes tumor progression by regulating key molecules in the TME. These molecules
include ECM remodeling, pro-inflammatory and immune-regulatory cytokine secretion, vascularity, and metabolism. Mut-p53 contributes to
cellular non-autonomous effects and has a pro-tumorigenic role. On the other hand, normal p53 facilitates the expression of various immune
signaling molecules, such as TLR3, ULBP2, IRFs, and CD4+, which are involved in the immunogenicity of cancer cells. This suggests that
normal p53 may have potential oncogenic effects. Data were retrieved from and based on references [13, 206, 400]. ULBP2, UL16-binding
protein 2; MMP, matrix metalloproteinase; DC, dendritic cell; MDSC, myeloid-derived suppressor cell; CAF, cancer-associated fibroblast;
ECM, extracellular matrix; TLR3, Toll-like receptor 3; IRF, interferon regulatory factor; MHC, major histocompatibility complex; ISG,
interferon-stimulated gene; IRF, Interferon regulatory factor; TME, tumor microenvironment; NK, natural killer; VEGF, vascular
endothelial-derived growth factor

to the wide family of cytokines and can be classified into
chemotactic cytokines (CC), cysteine-X-cysteine (CXC), X-
cysteine (XC) and cysteine-X-3-cysteines (CX3C) based on
their biochemical and functional features. Usually, during
the inflammatory process, chemokines can be induced by
other cytokines and are secreted by tumor or stromal cells
to regulate the directional migration of leukocytes toward
the site of inflammation [315]. Multiple studies have
thoroughly established that chemokines have oncogenic
effects. Indeed, they can promote tumor cell growth, tumor
invasion, and metastasis in several cancer types [315–317].
It has been reported that chemokines can increase the
metastatic potential of cancer cells by mediating their
directional migration to specific distal sites, similar to the
mechanism by which they control leukocyte migration
[318]. In addition, they can induce the expression of MMPs
and collagenases to degrade the ECM [319, 320]. WT p53

has recently been reported to inhibit both angiogenesis
and cell motility by mechanistically repressing the tran-
scription of CXC chemokines; specifically, CXCL12 [321],
CXCL4 [322], CXCL5, and CXCL8 [323] have been found
to be downregulated by WT p53. These findings under-
score how impairment of WT p53 function might induce
a pro-inflammatory phenotype through de-repression of
chemokine transcription, therefore contributing to can-
cer invasion and metastasis. Indeed, mut-p53 proteins,
unlike their WT counterparts, enhance cancer cell motil-
ity by upregulating the expression of CXCL5, CXCL8, and
CXCL12 through an NF-κB-dependent pathway, highlight-
ing a further molecular mechanism by which mut-p53
proteins exhibit oncogenic activity [323]. Indeed, NF-
κB family members play pivotal roles in immunity and
inflammation and have been reported to be key tran-
scriptional regulators of chemokine expression [324–326].
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22 SONG et al.

F IGURE 8 The roles of p53 and mut-p53 in the microbiome in cancer development. The gut microbiota switches the activity of p53
mutants from tumor-suppressive to oncogenic. In addition, other tissues and organs, such as brain, skin, and stomach, different microbiotas
can mediate changes in p53 activity and thus participate in the development of different disease processes. Specifically, H. pylori-mediated
dysregulation of USF1 and affects the protein stability of p53 and the DDR, leading to genetic instability in gastric epithelial cells. In addition,
epidermal cell-derived Salmonella enterica also binds protein AvrA to promote cell proliferation, differentiation, and inhibit cell-cycle arrest
via JAK/STAT, Wnt/β-catenin, or acetyltransferase-targeted p53 pathway, collectively resulting in tumorigenesis. Data were retrieved from
and based on references [361, 607] and [363]. USF1, upstream stimulatory factor 1; STAT3, signal transducer and activator of transcription 3;
TCF-4, transcription factor 4; T3SS, type III secretion system; T4SS, type IV secretion system; JAK, Janus kinase; TLRs, Toll-like-receptor
genes; DDR, DNA damage response; H. pylori, Helicobacter pylori; IAA, isoamylamine

Furthermore, recent studies have shown that mut-p53 pro-
teins induce a pro-inflammatory phenotype through both
activation of theNF-κBpathway [327] and induction ofNF-
κB2 gene expression [188, 328]. Interestingly, some reports
have revealed an alternativemechanism bywhichmut-p53
proteins upregulate chemokine expression, showing that
they can directly bind to the CXCL1 or GRO1 promoter in
SW480 colon cancer cells to activate the transcription of
these genes, thus resulting in enhancement of the onco-
genic potential of mut-p53 [329]. These studies support
the existence of different mechanisms utilized by mut-
p53 proteins to modulate the expression of inflammatory
chemokines in order to maintain the inflammatory status
of the TME, thus contributing to the promotion of tumor
invasion and metastasis.
In addition to p53’s ability to play a role in chemokines,

it is also involved in the regulation of cytokines. For exam-
ple, IL-1, which is normally secreted by stromal cells and
infiltrating leukocytes during inflammation and immune
response, has been suggested to be pleiotropic in cancer
and is closely associated with malignant transformation,
growth, invasion, and metastasis of tumors [330]. It has
been found that sIL-1Ra has been identified as a novel
target gene for mut-p53 inhibition in various cancer cell
lines found to have different p53 mutants [286]. sIL-1Ra

is a specific antagonist of the pro-inflammatory cytokine
IL-1 that can bind to both type I and type II IL-1 recep-
tors without transmitting any stimulatory signals, thus
acting as a physiological inhibitor of IL-1 [331]. It has also
been demonstrated that mut-p53 protein binds to the sIL-
1Ra promoter and recruits the transcriptional co-repressor
MAFF through PPIs, promoting the generation of a malig-
nant pro-inflammatory TME [332]. This finding further
supports the existence of a functional link between sIL-
1Ra and mut-p53 proteins, emphasizing the impact of the
pro-inflammatory phenotype on cancer progression. It also
suggests that pharmacological inhibition of IL-1 may pro-
vide a promising therapeutic strategy for tumors carrying
mutations in the TP53 gene.

5.1.3 Vasculature, metabolism, and immune
aspects

Cancer is also characterized by dramatic metabolic alter-
ations. The Warburg effect, or the preferential use
of aerobic glycolysis for ATP production, is a well-
known metabolic shift that occurs in cancer cells [314,
333]. Overall, accumulating evidence indicates that an
acidic microenvironment increases tumor malignancy by
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promoting proliferation, chemoresistance, and invasion
[334, 335]. Recently, it has been clearly demonstrated
that mut-p53 proteins stimulate the Warburg effect in
both cultured cells and mut-p53 knock-in mice [260],
unlike WT p53, which suppresses glycolysis and the War-
burg effect through transcriptional regulation of genes
involved in energy metabolism, including SCO2, TIGAR,
glutamine synthase 2 (GLS2), and Parkin [259, 336, 337].
This metabolism-related oncogenic function of mut-p53
proteins occurs mostly via the promotion of GLUT1
translocation to the plasma membrane through activation
of RhoA/ROCK signaling, thus resulting in increased glu-
cose uptake and, consequently, increased glycolytic rate
and lactate production in cancer cells [260]. Overall, these
findings finally establish that mut-p53 proteins play a
crucial role in the promotion of the Warburg effect in can-
cer cells, a phenomenon that, through both stimulation
of lactate production and a reduction in the extracellu-
lar pH, makes the TME suitable for cancer cell invasion
and tumor dissemination. Therefore, counteracting spe-
cific bio-elements involved in TME, acidification might
be considered a valuable therapeutic strategy against can-
cer cells bearing TP53 gene mutations in order to prevent
the metastatic process, the main cause of death in cancer
patients.
Several studies have also attributed a critical role in

tumor-stroma interactions to mut-p53 proteins [13, 275,
338]. Addadi et al. [339] clearly showed that mut-p53 pro-
teins exert an indirect oncogenic effect when expressed
by stromal cells, providing a selective advantage to adja-
cent cancer cells. They observed that MEFs expressing
R172H mut-p53 promoted the growth of tumors derived
from PC3 epithelial cancer cells significantly more than
p53-knockout (KO) MEFs. Interestingly, the same authors
and others revealed that expression of R172H mut-p53 in
MEFs or reintroduction of the human hotspot R175Hmut-
p53 protein in p53-null MEFs increased the secretion of the
oncogenic chemokines stromal cell-derived factor-1 (SDF-
1)/CXCL12 and CXCL1, proposing a novel mechanism by
which stromal mut-p53 may promote tumor growth [321,
340]. Tumor angiogenesis is a hallmark of cancer and is
critical for tumor growth, proliferation, and metastasis.
It is characterized by the formation of abnormal, tortu-
ous, and poorly organized vesselswith altered permeability
within the tumor tissue [314, 341, 342]. The ability to
promote tumor angiogenesis, stimulating the release of
pro-angiogenic soluble mediators in the tumor stroma,
has also been ascribed to mut-p53 proteins [302, 321].
Fontemaggi et al. [277] established that the effect of mut-
p53 proteins on tumor angiogenesis is opposite to that of
WTp53;mut-p53 directs the transcriptional activity of E2F1
when bound to the regulatory region of ID4, a member of
the ID family of proteins with a role in neovascularization

[277, 343]. They found that ID4 participates in posttran-
scriptional stabilization of the pro-angiogenic cytokines
IL-8 and GRO-α, resulting in increased angiogenic poten-
tial of cancer cells [277, 343–345]. Moreover, numerous
studies have addressed the role of mut-p53 proteins in
the induction of the pro-angiogenic extracellular media-
tor VEGF to sustain angiogenesis and cancer growth; in
this regard, a significant direct correlation between mut-
p53 protein expression and VEGF expression has been
observed in human breast cancer [346]. Moreover, it has
been reported that exogenous expression of mut-p53 pro-
teins in NIH3T3 fibroblasts can induce VEGF production
[276]. Intriguingly, Narendran et al. [347] showed that
expression of mut-p53 proteins in bone marrow stromal
cells can increase both the expression and secretion of
VEGF in the tumor stroma, which supports the growth
of leukemic cells through both paracrine and autocrine
mechanisms.
In addition, a glycoprotein enzyme called prostate-

specific antigen (PSA), which belongs to the kinin-
releasing enzyme family, has been found in serum, and
pancreatic agglutinin-like proteins are commonly used as
serological or tissue tumor markers for the early detec-
tion of prostate cancer. PSA is a glycoprotein enzyme
that belongs to the family of kallikreins, chymotrypsin-
like proteins commonly used as serological or tissue tumor
markers for the early detection of prostate cancer [348].
Downing et al. [349] reported a strong correlation between
the expression of mut-p53 proteins and increased PSA
serum levels, which are generally associated with more
aggressive cancer features in mouse models of prostate
cancer. Moreover, PSA transcription has been demon-
strated to be strongly repressed by WT p53, while in
contrast, mut-p53 proteins have been shown to stimulate
the gene transcription and secretion of the biomarker PSA
in cancer cells [350]. In that study, various p53 mutants
(F134L, M237L, and R273H) were introduced into LNCaP
prostate cancer cells to inactivate endogenous WT p53.
Exogenous expression of all mut-p53 proteins in cancer
cells has been observed to be strongly related to enhanced
levels of PSA mRNA as well as to increased PSA pro-
tein secretion and activity compared with those in the
WT p53-expressing cancer cells used as controls. Fur-
thermore, increased PSA serum levels have been found
in mice bearing tumors derived from mut-p53-expressing
cells comparedwith those inmice implantedwithWT p53-
expressing control cells. These in vitro and in vivo results
strongly suggest that the PSA level may be a tissue-specific
indicator of WT or mut-p53 expression in prostate cancer
[349]. Other proteases belonging to the kallikrein super-
family of serine proteases (for instance, kallikrein-6) have
been observed to be upregulated in the secretome of some
cancer cells lacking functional WT p53 [351]. These results

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12520 by C

ochraneC
hina, W

iley O
nline L

ibrary on [03/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



24 SONG et al.

should prompt further studies devoted to the discovery of
additional mut-p53-related serum biomarkers to provide
novel diagnostic, prognostic and therapeutic tools for use
in cancer patients harboring TP53 gene mutations.

5.2 Microbiome

In recent years, a growing body of research evidence has
shown that the microbiota is strongly associated with can-
cer and even plays a key role in cancer development and
metastasis. For example, it has been shown that most solid
tumors contain bacteria, which are mostly “intracellular
bacteria” present in cancer cells [352]. These bacteria may
be tumor-specific, with different types of bacteria found
in different types of tumors. In a recent study, it has been
shown for the first time that a variety of unique “intracel-
lular bacteria” present in breast cancer tissues play a key
role in tumor metastasis and colonization [353], which is
a major breakthrough in the traditional theory of tumor
metastasis. In addition, another study demonstrated for
the first time that a variety of unique “intracellular bac-
teria” present in breast cancer tissues play a key role in
tumor metastasis and colonization, which is also a major
breakthrough in the traditional theory of tumormetastasis
[354]. In addition to bacteria, another group of microbial
fungi are also prevalent in different tumors, and they are
closely associated with tumor metastasis and reduced sur-
vival of cancer patients [355]. Although the gut microbiota
has been at the forefront of research, a number of recent
studies have shown that a variety of tumors coexist with
the microbiota, and with studies confirming the preva-
lence of fungi, similar to the gut flora, in tumor tissues
of 35 different cancer types, there is also a growing recog-
nition that the polymorphic microbiome, as a hallmark
of cancer, has a profound impact on tumor progression
and response to anticancer therapies [354, 356]. Whereas
p53 is likewise closely linked to the microbiota, a growing
body of evidence emphasizes the interaction between the
microbiome and TP53 in human cancer. For example, in
lung cancer, results from a comprehensive study showed
microbiome-gene and microbiome-exposure interactions
in squamous cell carcinoma lung cancer tissues [357]. In
addition, TP53 mutations are more prevalent in smokers,
and TP53-mutant tumors are more abundant in Mas-
silia and Acidovorax, which are also capable of affecting
DNA damage recombination and repair pathways through
degradation of polycyclic aromatic hydrocarbons (PAH)
and lead to genetic alterations that occur in tumor cells
and promote cancer progression [358]. In addition, some
reports suggest that microbiota impair p53 tumor suppres-
sor activity through mRNA instability in cancer patho-
physiology. For example, some researchers have found

that Enterobacteriaceae alleviate the selective pressure for
p53 cancer-causing mutations and shape the genomic
evolution of cancer through (Toll-like receptor 4) TLR4
repression of p53 [359]. In colorectal cancer, mut-p53 were
found to have contrasting effects in different segments
of the gut: in the distal gut, mut-p53 had the expected
oncogenic effect; however, in the proximal gut and in
tumor organoids, it had a pronounced tumor-suppressive
effect [360]. It has been shown that p53 mutants, such as
R270H and R175H, play a tumor-suppressive role in the
upper gastrointestinal (GI) tract by inhibiting the activa-
tion ofWnt/β-catenin signaling [361]. In the distal intestine
(colon), where gut microbes are present in a higher den-
sity, gallic acid released from bacteria appears to switch
the activity of p53 mutants to oncogenic, abrogating their
capability of antagonizing Wnt signaling [360].
Additionally, Heliobacter pylori (H. pylori) suppresses

homologous recombination (HR), an error-free DNA dam-
age repair pathway, while promoting non‑homologous
end‑joining (NHEJ), an error-prone pathway, both of
which are for DSBs [362]. Increasing evidence high-
lights that H. pylori can induce the degradation of p53
to interfere with the DDR process [363]. Specifically, H.
pylori-secreted cytotoxin-associated gene A (CagA) inter-
acts with apoptosis-stimulating protein of p53 (ASPP2), a
protein activating p53 following DNA damage and con-
sequently triggering apoptosis, and relocates it to an
area near the plasma membrane, which confines p53 to
the cytoplasm and consequently results in the MDM2-
mediated proteasome-involved degradation of p53 [364].
More importantly, the degradation of p53 would increase
the resistance of infected cells to apoptosis, thereby
enhancing the colonization of H. pylori and predisposing
these epithelial cells to cancerous transformation [364]. On
the other hand, H. pylori also is a major risk factor for
gastric cancer. Specifically, Helicobacter pylori-mediated
dysregulation of upstream transcription factor 1 (USF1)
impairs p53 protein stability and DNA damage response,
leading to genetic instability [363]. Apart from H. pylori,
epidermal cell-derived Salmonella enterica also impairs
DNA damage and induces genetics/epigenetics alteration.
type III secretion system (T3SS) of Salmonella enterica can
bind the effector protein AvrA and cyclomodulin-like pro-
tein typhoid toxin, promoting tumorigenesis genetically
and epigenetically, through genotoxin-mediated mutage-
nesis [365]. Specifically, AvrA promotes cell proliferation
and differentiation and inhibits cell cycle arrest via the
JAK/STAT, Wnt/ β-catenin or acetyltransferase-targeted
p53 pathway, collectively resulting in tumorigenesis [366,
367]. To sum up, cancer-promoting bacteria may partici-
pate in the process of oncogenesis through a variety of dif-
ferent molecular pathways, and several main mechanisms
are summarized here (Figure 8).
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6 THERAPY RESISTANCEMEDIATED
BY ALTERED P53

6.1 Chemotherapy

Resistance to anticancer drugs is the major obstacle
to curative cancer therapeutics. Mutations in p53 and
p53 variants play important roles in cellular sensitivity
and resistance to antitumor drugs, such as cisplatin, 5-
Fluorouracil (5-FU), temozolomide (TMZ), Dox, paclitaxel
(PTX), etoposide and carfilzomib. Induction of apoptosis
is one of the most important functions of p53, and dis-
ruption of this function promotes tumor chemoresistance
[201]. p53-based drug resistance is strongly associated with
the chemical properties of the drug, the biological func-
tion or pathway of the drug disrupted, the cellular target
of the drug, the genomic instability of the tumor, and
the degree of tumor differentiation. Although substantial
advances have recently been made in the treatment of
cancer, chemotherapeutic drugs remain a primary com-
ponent of most current cancer therapies. However, drug
resistance, and often multidrug resistance, is the primary
reason for the failure of clinical chemotherapy. In addition,
chemotherapy induces numerous cellular responses, such
as apoptosis, autophagy, and senescence.
For example, WT p53 can induce apoptosis through

mitochondrial and Fas-mediated apoptotic pathways [154,
368]. As shown in Figure 9, WT p53 induces oligomer-
ization of Bax, bakuchiol (BAK), and voltage-dependent
anion-selective channel (VDAC), increases the permeabil-
ity of the outer mitochondrial membrane, and promotes
the release of cytochrome C [369]. Chemotherapeutic
agents such as 5-FU and oxaliplatin sensitize colorectal
cancer cells carrying WT p53 to FAS-mediated apopto-
sis [370]. In contrast, the p53 R175H, L194F, R249S, and
R280K mutants lose the ability to activate the formation
of BAX/BAK lipid membrane pores and alter the VDAC
multimerization state, which inhibits apoptosis in can-
cer cells [368]. In osteosarcoma, the p53 R273H mutant
reduces the expression of pro-caspase-3, resulting in failure
of chemotherapeutic agents such as methotrexate and Dox
to induce apoptosis [371]. In colon cancer,mut-p53 does not
bind to the PUMA promoter to activate its transcription,
facilitating apoptosis evasion by tumor cells and reduc-
ing sensitivity to 5-FU [372]. Furthermore, in tumor cells
lacking functional p53, various chemotherapeutic agents
can cause apoptosis by inducing the expression of p73
[373]. However,mut-p53 can inactivate p73 in colon cancer,
and downregulation of mut-p53 enhances chemosensitiv-
ity [373]. In colorectal cancer, mut-p53 activates ephrin‑B2
(EFNB2) in response to DNA damage, while silencing
EFNB2 increases the sensitivity of cancer cells to 5-FU
[292]. Additionally, studies have shown that high expres-

sion of multidrug resistance gene 1 (MDR1) is significantly
correlated with chemoresistance in different cancers. For
instance, in colon cancer and osteosarcoma, mut-p53
specifically upregulates MDR1 expression by interacting
with Ets-1, which leads to chemoresistance [291]. In col-
orectal cancer, 5-FU promotes the expression of p53 [374].
However, in contrast to WT p53, mut-p53 cannot inhibit
leucine-rich pentatricopeptide repeat-containing protein
(LRPPRC) expression after DNA damage, resulting in an
increase in MDR1 transcription, which finally leads to
chemoresistance [375]. Therefore, these results indicate
that p53, whether present or mutated, plays a crucial
role in regulating chemotherapy resistance of tumor cells
(Figure 9).

6.2 RT

6.2.1 p53 turns up the heat for RT
sensitization

As a master regulator of cellular homeostasis, p53 has
been shown to be involved in the control of DNA
damage-induced apoptosis. Loss or malfunction of this
p53-mediated apoptotic pathway has been proposed as
one mechanism by which tumors become resistant to
chemotherapy or radiation. Systemic p53-based cancer
therapeutics result in efficient expression of functional
WT p53, sensitizing tumors to chemotherapy and RT.
This is a novel strategy combining current molecular
medicine approaches with conventional chemotherapy
and RT for cancer treatment. Tumor cells adapt to permit
uncontrolled growth and survival by developing onco-
gene or non-oncogene “addiction”, which renders them
highly dynamic and evasive in their responses to treatment
(Figure 10).
Stressors that activate p53 do not always result in the

same outcome. For example, although different doses of a
single DNA-damaging agent, such as the chemotherapeu-
tic drug Dox, can activate p53, the outcome is completely
variable. p53 activation by low-dose Dox results in cell
survival, whereas higher doses produce more widespread
cell death. Similarly, cells have evolved elaborate mech-
anisms (checkpoints) to monitor genomic integrity to
ensure the high-fidelity transmission of genetic informa-
tion [376]. Cells harboring defects in checkpoint pathways
respond inappropriately to DNA damage, which in turn
may increase the rate of cancer development [377]. IR
leads to DSBs, which activate DNA damage checkpoints to
initiate signaling, ultimately leading to a binary decision
between cell death and cell survival [378–380]. In addition,
exposure to radiation may contribute to blockade of the
G1/S transition, resulting in S-phase arrest. In theory, G1/S
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26 SONG et al.

F IGURE 9 Schematic representation of the mechanism of mut-p53 in the response to chemotherapy. The expression of mut-p53 is
positively correlated with increased resistance to chemotherapy in different cancers. Data were retrieved from and based on reference [201].
MDR1, multiple drug resistance 1; VDAC, voltage-dependent anion channel; WT, wild type; mut-p53, mutant p53; BAK, bcl2 antagonist/killer
1; Bax, bcl-2-associated X protein

arrest allows cells exposed to radiation more time to per-
form DNA damage repair [381–383]. For example, several
groups have reported the increased sensitivity of mut-p53
tumor cells to chemotherapy [372] and RT [384]. A series
of elegant studies demonstrated that the p38 MAP kinase-
MAPKAP kinase-2 (MK2) signaling node complements
the well-established ATM-Chk2 and ATR-Chk1 nodes that
converge on the cell cycle regulator Cdc25 during the DDR
[385, 386]. The mechanism by which p38-MK2 regulates
the DDR in a mut-p53-dependent manner was shown to
act through the G1/S and G2/M checkpoints, resulting in
synthetic lethality [387].
In addition, previous studies have indicated that p53, a

crucial TF that has also been recognized as a vital check-
point protein, functions mainly through transcriptional
control of target genes that regulate cell fate and lead to
diverse responses to radiation in mammalian cells [388,
389], especially by monitoring G1 and G2/M checkpoints
[390]. G1 arrest is associatedwith the p53 status. G1 arrest is
related to p53 status. Loss of G1/S arrest and synchronized
mitotic selection after radiation are demonstrated in can-

cer cells expressing WT p53 [391]. Some researchers have
found that p53 is phosphorylated and regulated by a series
of proteins [392]. First, BRCA1 is phosphorylated at 2 sites,
S1423 and S1524, based on regulation by ATM/ATR. Then,
ATM/ATR are activated by phosphorylation of BRCA1 to
phosphorylate p53 at S15. Consequently, phosphorylated
p53 functions in monitoring G1/S arrest by inducing p21,
which is reported to be a CDK inhibitor. Compare the dif-
ferences in the G1 phase population of colon cancer cells
with p53+/+ and p53−/- genotypes after irradiation. The
results showed that in p53−/- cancer cells, the G1 popu-
lation was significantly reduced at the same time. [393].
It has also been determined that Krüppel-like factor 4
(KLF4) mediates p53 activation to control G1/S arrest fol-
lowing irradiation, indicating that the regulatory role of
p53 in the radiation response in cancer cells is complex
and that p53 is a key factor in the process [393]. Thus,
recovery or activation of p53 could be a strategy for over-
coming the effects of radiation. On the other hand, recent
research has suggested that ATM is activated to phospho-
rylate p53 to facilitate its binding to f-box and WD repeat
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SONG et al. 27

F IGURE 10 Schematic representation of the multiple mechanisms that regulate p53 activity and cell fate in response to RT. Mut-p53
can regulate the response to RT through various mechanisms. In most cases, expression of mut-p53 leads to radioresistance. However, in
certain contexts, mut-p53 expression can have no effect on or even promote radiosensitivity. Data were retrieved from and based on reference
[20, 191, 398]. EMT, epithelial-to-mesenchymal transition; ATM, ataxia-telangiectasia-mutated kinase; ROS, reactive oxygen species; TF,
Transcription factor; ATR, ataxia-telangiectasia and Rad3 related; RT, radiotherapy; mut-p53, mutant p53; PUMA, p53 up-regulated modulator
of apoptosis; NOXA, phorbol-12-myristate-13-acetate; CDK1, cyclin-dependent kinase 1; CDK2, cyclin-dependent kinase 1; CDK2,
cyclin-dependent kinase 2; WEE1, Wee1-like protein kinase; HIF-2, hypoxia inducible factor-2; SDH-5, succinate dehydrogenase-5; Ub,
ubiquitin; DSB, DNA double-strand break; MRN, MRE11-RAD50-NBS1; NBS1, Nijmegen breakage syndrome 1; NRF2, nuclear factor
erythroid 2-related factor 2; HSF1, heat shock factor 1; mdm2, murine double minute 2; FBXW7, f-box and WD repeat domain containing 7

domain containing 7 (FBXW7), leading to p53 ubiquiti-
nation and proteasomal degradation. Biologically, FBXW7
inactivation sensitizes cancer cells to radiation and etopo-
side (VP-16) by stabilizing p53 to induce cell cycle arrest
and apoptosis [394].
In addition, post-irradiation, ATM phosphorylates both

NBS1 (nijmegen breakage syndrome 1) and Chk2, leading
to S-phase checkpoint activation. Ultimately, the distinct
steps of DNA replication are suppressed [395]. Regulation
of the S-phase checkpoint is complex and involves multi-
ple pathways; thus, determining whether cancer cells are
dependent on one, both, or neither of these intra-S-phase
checkpoints in response to radiation is necessary. G2/M
arrest prevents cells from entering the M (mitosis) phase
when DSBs are present [396]. Although several questions
remain to be addressed, current evidence suggests that p53-
mediated regulation of the RT response in tumors shows a

Yin-Yang balance. The “dark side” (Yin), which includes
inhibition of cancer cell development and a desirable RT
response, comprises the effects of p53 on cancer cells them-
selves and its functions as a cellular “guardian angel”. This
side is associated with DNA damage signaling, as well
as coordinating DNA DSBs for recognition of the target
cell as a response stressor. These features provide a dis-
tinct opportunity to combine p53-targeted therapies with
current radiotherapies to develop more effective cancer
treatments (Figure 10).

6.2.2 Mut-p53 augments radio-resistance

The p53 mutational spectrum differs among cancers of
the colon, lung, esophagus, breast, liver, brain, reticu-
loendothelial tissues, and hemopoietic tissues [397]. p53
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28 SONG et al.

mutations increase resistance to IR. Mouse and human
tumors of diverse origins frequently harbor somatically
acquired mutations or rearrangements of the p53 gene or
loss of one or both copies of the gene. Although theWT p53
protein is believed to function as a tumor suppressor gene,
the mechanism by which p53 mutations lead to neoplastic
development is unclear [398]. WT p53 has been postulated
to play a role in DNA repair, suggesting that the expres-
sion of mutant forms of p53 might alter cellular resistance
to the DNA damage caused by γ-radiation [399]. Moreover,
p53 is thought to function as a cell cycle checkpoint after
irradiation, also suggesting that mut-p53 might change the
cell proliferation response to radiation. Transgenic mice
expressing 1 or 2 mutant alleles of p53 were used to test
this prediction. Some results showed that expression of
both mutant variants of the mouse p53 gene significantly
increased the resistance of diverse hematopoietic cell lin-
eages to γ-radiation. These observations provide direct
evidence that p53 mutations affect the cellular response
to DNA damage, either by enhancing DNA repair pro-
cesses or possibly by increasing cellular tolerance to DNA
damage [399, 400]. The association of p53 mutations with
increased radio-resistance suggests possible mechanisms
through which alterations in the p53 gene might lead to
oncogenic transformation [401].
In diffuse intrinsic pontine gliomas, mutations in p53

are a major driver of increased radiation resistance, with
mut-p53-carrying patients less responsive to irradiation
and relapsing earlier after RTwith aworse prognosis [402].
O’Connor et al. [403] studied the response to radiation
based on the p53 status in 60 different cancer cell lines.
In contrast to cells carrying WT p53, most tumor cells
carrying mut-p53 did not exhibit induction of protein p21
(CIP1/WAF1), growth Arrest and DNA Damage-inducible
45 (GADD45), and MDM2 mRNA expression or G1 arrest
after γ-irradiation, resulting in radio-resistance [403]. In
bladder cancer, IR can induce tumor cells carryingWT p53
to undergo G1 arrest and apoptosis, resulting in increased
radio-sensitivity. In contrast, this phenomenonwas not sig-
nificantly observed in tumor cells carrying mut-p53 [404]
(Figure 10). Some studies have demonstrated that mut-
p53 loses the ability to induce G1 arrest after γ-irradiation
[405]. In GB, clonogenic survival assays showed that U87
cells carrying WT p53 and T98 cells carrying mut-p53
exhibited essentially identical sensitivity to fractionated
RT. However, cells carrying WT p53 exhibited accelerated
senescence in response to IR [406]. In ovarian cancer, cells
carrying WT p53 are very sensitive to irradiation, which
leads to p53 accumulation after irradiation, whereas cells
carryingmut-p53 show varying degrees of radio-resistance,
and p53 accumulation does not occur after irradiation
[407]. In head and neck cancer [408], hepatocellular carci-
noma [409], cervical cancer [410], and endometrial cancer

[411], cells carryingmut-p53 are alsomore resistant to radi-
ation. Furthermore, in transgenic mice carrying mut-p53,
the resistance of various hematopoietic cell lineages to γ-
irradiation was found to be increased, and overexpression
of the p53 R193P or A135V mutants increased the radio-
resistance of mouse hematopoietic cells, as determined by
the survival rate of 45%-57% [412]. Notably, the relation-
ship betweenmut-p53 and radiosensitivity is controversial,
as some studies suggested that mut-p53 may affect or
increase radiosensitivity. [413]. For instance, Kawashima
et al. [413] introduced the p53 R273H mutant into immor-
talized human fibroblasts and found that cells carrying
the p53 R273H mutant had higher radio-sensitivity than
cells not expressing p53 after X-ray irradiation. Rat lung
embryonic epithelial cells carrying mut-p53 display signif-
icantly lower survival after γ-irradiation at doses of 2 to
12 Gy than those carrying WT p53, suggesting that muta-
tions in p53 increase sensitivity to IR [414]. Interestingly,
cells expressing p53 mutants with mutations at different
sites are differentially sensitive to RT [415]. For example,
osteosarcoma cell lines with p53 mutations at codons 175,
244, 245, 273, and 282 were found to be radio-resistant after
γ-irradiation treatment. In addition, mutations in codons
123, 195, and 238 boost radio-sensitivity compared to that
in cells harboring WT p53, while mutations at codons
130, 143, 157, 168, 277, 280, and 286 lessen radio-sensitivity
[415]. Radio-sensitivity is also affected by phosphorylation.
Lung cancer cells harboring the p53 S15A and S46A muta-
tions are radiosensitive, whereas cells with the p53 S15D,
S20A, and S20D mutations are less radio-sensitive [416].
Furthermore, Tada et al. [417] used a sensitive yeast func-
tional assay to determine the status of p53 in a trial of
36 patients with GBM treated with RT and revealed that
patients with mut-p53 had a longer regrowth-free period
after treatment. However, WT p53 effectively abrogates
IR-induced autophagy and activates apoptosis to regu-
late radio-sensitivity in lung cancer, while the p53 R175H
mutant has no effect on radio-sensitivity [418]. Thus, fur-
ther research is needed to determine the link between
mut-p53 and the response to RT, which is of great clinical
significance for the treatment of patients.

6.3 Immunotherapy

Cancer immunotherapy regimens have recently generated
great enthusiasm, owing to their unprecedented success
in several types of cancer. The renaissance of cancer
immunotherapy is also kindling renewed interest in p53-
based strategies, mainly those aimed at increasing the
ability of the immune system to recognize and eradi-
cate cancer cells that harbor deregulated p53 [206]. The
expectation that such strategies might be effective is based
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largely on the observation that cancer cells that har-
bor TP53 missense mutations often overexpress p53 and
might therefore be expected to display greater amounts
of p53-derived peptides on their surfaces through major
histocompatibility complex (MHC) molecules [14].
One major caveat, however, is that although the abun-

dance ofmut-p53 proteins in cancer cells is driven partially
by increased transcription of p53 mRNA and subsequent
protein translation, it is duemainly to the inefficient degra-
dation of mut-p53 by the ubiquitin-proteasome system
[419]. Tumor cells elicit immunogenic responses due to
“hotspot” mut-p53 epitopes (such as p53-derived peptides
as a neoantigens) produced via proteasomal degradation
of intracellular protein and presented by MHC. How-
ever, studies performed over the past two decades raise
hope that p53-based immunotherapy may eventually gain
clinical relevance (Figure 11).
Broadly speaking, overexpression of missense mut-p53

proteins in cancer cells is expected to increase the presen-
tation of various peptides derived from regions throughout
the p53 protein. Although at least some of these pep-
tides might be shared with WT p53, the selectivity of the
immune system for cancer cells depends on the very low
expression level of p53 in normal cells. The feasibility of
this approach is supported by the observation that the T
cell response to p53 expression is not restricted by nat-
ural self-tolerance [420]. However, the assumption that
healthy cells will not be affected is risky. Indeed, differ-
entiated cells may express extremely low amounts of p53
mRNA and hence synthesize hardly any p53 protein, but
this assumptionmay not hold for rapidly proliferating nor-
mal progenitor cells, in which TP53 mRNA expression is
more substantial [421].

6.3.1 p53-based vaccines

Vaccination attempts aimed at enhancing cellular immu-
nity against cancer cells that contain highly excessive
amounts of p53 were initiated in the 1990s [422–424].
The sequences of the peptides used in those attempts
were derived from regions of the WT p53 protein that
are rarely mutated in cancers and thus are shared with
cancer-associated mut-p53. However, selectivity for can-
cer cells was achieved because normal cells possess very
low amounts of p53 and thus are not expected to be
recognized and attacked by the immune system of the
vaccinated host. Subsequently, a synthetic long peptide
(SLP) vaccine comprising ten overlapping peptides from
the WT p53 sequence (collectively representing amino
acids 70-248), administered by 2 injections at a 3-week
interval, was shown to elicit a T cell response predomi-
nated byCD4+ T cells inmetastatic colorectal cancer [425].

Adverse events were relatively mild: toxicity was limited
to grades 1/2 and was observed mostly at the vaccination
site [425]. In patients with ovarian cancer, p53 immuno-
genicity was potentiated by low-dose cyclophosphamide
treatment before SLP vaccination [426]. However, a clin-
ical trial failed to show a benefit of SLP vaccination over
historical control approaches [426]. A modified vaccinia
Ankara (MVA) vaccine encoding WT p53 (MVAp53) was
also tested in early-phase clinical trials in patients with
refractory GI cancer and ovarian cancer and was found
to induce CD8+ and CD4+ T cell responses in 6 and 5,
respectively, of the total of 11 responding patients [427, 428].
Importantly, patients who exhibited an immune response
after p53 vaccination had significantly longer progression-
free survival times than patients with no CD8+ T cell
expansion [427]. Further clinical trials using the MVAp53
vaccine in combination with the anti-programmed cell
death protein 1 (anti-PD-1) antibody pembrolizumab are
currently ongoing (NCT03113487 and NCT02432963). In
a complementary approach, autologous dendritic cells
(DCs) were modified to display p53 peptides via MHC
class I and II molecules [429]. This DC-p53 vaccine trig-
gered a p53-specific immune response in 16 of the 28
patients with SCLC treated [430]. Importantly, of the 21
patients who received secondary chemotherapy after p53
vaccination, 13 showed an objective clinical response [431].
Disappointingly, a phase II randomized trial of PTX (pacli-
taxel) following treatment with the DC-p53 vaccine or
control revealed no difference in the overall response rate
[432].
The success of mRNA vaccination during the coro-

navirus disease 2019 (COVID-19) pandemic raises new
hopes for the development of a p53 mRNA vaccine.
Notably, this avenue has already been explored. Remark-
ably, after the introduction of autologous TP53 mRNA-
transfected DCs into patients with breast cancer, 13 of 18
patients with tumors expressing high levels of p53 dis-
played a p53-specific interferon-γ (IFN-γ) T cell response in
vitro; this was in striking contrast to the p53-specific IFN-
γ T cell response in healthy donors and in patients with
breast cancer with low p53 expression (1 of 10 and 2 of 18,
respectively) [433]. This approach is likely to see a revival
with the recent advances in methodologies.

6.3.2 p53-based adoptive cell transfer (ACT)

ACT is one category of cancer immunotherapy and has
marked clinical benefits in patients with advanced can-
cers, such as metastatic melanoma [434, 435]. For patients
with metastatic melanoma, the response rate is ∼50%,
and some patients have achieved very long-term remis-
sion [435]. There are several types of ACT. One type is
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30 SONG et al.

F IGURE 11 A framework for exploiting the immunogenicity of p53-based cancer immunotherapies. Tumor cells carrying mut-p53 or
apoptotic bodies can be engulfed by APCs. MHC II molecules on APCs present mut-p53-derived neoantigens to CD4+ T cells, which help B
cells to produce antibodies against the neoantigens. Most tumor cells express MHC I molecules, which self-present mut-p53-derived
neoantigens. CD8+ T cells are activated through interactions between MHC I molecules and TCRs. Activated CD8+ T cells (cytotoxic T cells)
can attack tumor cells. TILs, comprising mostly CD8+ T cells and NK cells, can be isolated from tumors, expanded to a large number ex vivo,
and infused back into the same patient to attack the tumors. TCRs specific for mut-p53-neoantigens can be cloned and packaged into viral
particles to generate either TCR-T cells or CAR-T cells, which are infused back into the same patient. Cancer cells carrying mut-p53 can be
targeted with immunotherapy using mut-p53-specific TILs or TCR-T cells. At the protein level, the DNA-binding and transcriptional
functions of mut-p53 can be restored using small molecule reactivators that stabilize the protein in its active biological conformation. At the
gene level, TP53mutations can be repaired using CRISPR/Cas9 gene editing approaches such as HDR, base editing and prime editing. Data
were retrieved from and based on reference [14, 206, 282]. HDR, homology-directed repair; HLA, human leukocyte antigen; PBL, peripheral
blood lymphocyte; TCR, T cell receptor; TIL, tumor-infiltrating lymphocyte; APC, antigen-presenting cell; mut-p53, mutant p53; MHC, major
histocompatibility complex; NK, natural killer; CAR-T, chimeric antigen receptor T; TAM, tyro3, axl, and mertk; Treg, regulatory T cells;
MDSC, myeloid-derived suppressor cells; DC, dendritic cells; APC, activated protein C
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called tumor-infiltrating lymphocytes (TIL)-ACT; in this
method, T cells are isolated from cancer patients, propa-
gated in large quantities ex vivo, and then infused back into
the same patients to attack the tumor (Figure 11). Another
type of ACT is T cell receptor (TCR)-ACT. In TCR-ACT,
TCRs are cloned from T cells that recognize a small pep-
tide released from tumor cells called tumor antigen. The
cloned TCRs are packaged into a retrovirus, lentivirus,
or Sleeping Beauty transposon system (a baculovirus sys-
tem), which are subsequently used to transduce T cells.
These engineered T cells (TCR-T cells) can then specifi-
cally target tumor cells andmediate tumor regression after
being reinfused into the patient. The third type of ACT is
chimeric antigen receptor-T (CAR-T) cell therapy. CAR-T
cells are different fromTCR-T cells in that the TCR inCAR-
T cells is engineered to contain both antigen binding and
T cell stimulation modules (and is thus chimeric). Three
CAR-T cell therapies have received US FDA approval for
treating B cell precursor acute lymphoblastic leukemia,
relapsed or refractory large B cell lymphoma, and relapsed
or refractory mantle cell lymphoma.
A critical step in generating effective TCR-T or CAR-T

cells is to clone/engineer a TCR that is highly specific for
tumor neoantigens. Neoantigens are antigens derived from
mutated proteins in tumor cells. Due to their high expres-
sion levels in tumors, p53 mutants are good candidates for
neoantigen production. In 1979, Linzer et al. [25] found that
sera from mice with transformed tumors had antibodies
against endogenous p53. This was the first report showing
that the p53 protein is immunogenic and can activate the
CD4+ T (T helper) cell response. Later studies showed that
both human and murine WT p53 and certain p53 mutants
exhibit immunogenicity and can activate CD8+ T cells
(cytotoxic T cells) [436–438], although these studies were
performed under non-endogenous conditions. Whether
endogenous mut-p53 in human tumors can activate T cell
responses and whether peptides containing p53 mutations
are immunogenic remain unclear.
A recent study investigating the immunogenicity of p53

mutants in 140 patients with different tumor types found
that endogenous p53 mutants can trigger CD4+ (helper)
and CD8+ (cytotoxic) T cell responses [439]. In addition,
isolated TILs and TCR-engineered T cells recognized can-
cer cell lines that endogenously expressed p53 mutants.
Although this study did not show whether these TILs
and TCR-engineered T cells had therapeutic benefits in
tumor regression, it demonstrated that endogenous p53
mutants in human tumor cells are immunogenic and
marked the first step for mut-p53-based ACT approaches.
Notably, not every peptide containing a TP53 mutation is
immunogenic, probably due to the sequence requirement
for neoantigens. However, peptides containing the hotspot
mutations R175H, Y220C, G245S, R248Q, R248W, and R282

were shown to activate T cell responses, albeit with a wide
range of frequencies [439].
Going forward, it is conceivable that a collection of

TCRs could be cloned and used to recognize neoantigens
derived from certain immunogenic TP53 mutants. This
collection of TCRs could then be either used in TCR-ACT
or engineered for use in autologous or allogeneic CAR-
T cell therapy. There are several phase I clinical trials
evaluating the safety and efficacy (response rate) of anti-
p53 TCR-engineered lymphocytes in metastatic tumors
(for example, NCT00393029 andNCT00496860). However,
whether these engineered lymphocytes have the clinical
benefit of inhibiting tumor growth is unclear [440].

6.3.3 p53-based specific antibodies

Other p53-based immunotherapeutic approaches are also
emerging. T cell receptor mimic (TCR-m) antibodies, also
called TCR-like antibodies, are a potential strategy to target
intracellular proteins. These antibodies, usually generated
by phage display library screening or hybridoma screening,
recognize epitopes presented byMHC class I molecules on
the cell surface, similar to the process by which such epi-
topes are recognized by T cells via their TCRs, enabling
the recognition of peptides derived from intracellular pro-
teins. Accordingly, researchers developed a novel TCR-m
antibody that recognized a p53-derived epitope presented
selectively by MHC class I molecules on cancer cells
but not on normal peripheral blood mononuclear cells
[441]. Importantly, this p53 TCR-m antibody elicited tumor
regression in mice carrying breast cancer xenografts. Simi-
larly, a p53-specific TCR-like antibody designated P1C1TM
was generated. Although designed on the basis of a WT
p53 peptide, P1C1TMelicited selective antibody-dependent
cellular cytotoxicity toward cancer cells that harbored sev-
eral different p53 mutations, presumably owing to their
high p53 protein abundance. As an additional therapeu-
tic advantage, P1C1TM also facilitated drug delivery into
p53-mutated cancer cells via antibody-drug conjugates
[442].
An alternative approach relies on the idea that pep-

tides that contain the mutated amino acid of a p53
missense mutant act as neoantigens when presented by
MHCmolecules. The extensive diversity of TP53missense
mutations in human cancers indicates a wealth of poten-
tial neoantigens. Immune responses elicited against such
neoantigens are specific to cancer cells harboring these
particular mutations and do not endanger rapidly prolifer-
ating normal cells. The attractiveness of mut-p53-derived
peptides as targets for cancer-specific immunotherapy has
long been noted [443]. Recent work has confirmed that
mut-p53 proteins may give rise to neoantigens that are
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presented by MHC molecules and activate a mut-p53-
specific immune response [439, 444, 445]. Notably, the
peripheral blood of cancer patients who mounted a TIL
response to mut-p53-derived neoantigens also contained
mut-p53-specific reactive T cells, raising hope that such
peripheral blood T cells might be used for adoptive cell
therapy in patients with tumors harboring the same TP53
mutation [446].
Bispecific antibodies are a very promising approach

to cancer immunotherapy [447]. Indeed, an engineered
single-chain mut-p53-based bispecific antibody recogniz-
ing a neoantigen derived from the p53 (R175H) hotspot
mutant and the TCR-CD3 complex was recently gener-
ated [448]. Usually, the low density of such neoantigens
on the surface of cancer cells hinders their elimination by
the immune system. However, by binding with high affin-
ity to both the mut-p53-R175H peptide-human leukocyte
antigen (HLA) complex on cancer cells and the TCR-CD3
complex on T cells, this bispecific antibody overcame the
paucity of neoantigen presentation and selectively redi-
rected T cells to recognize cancer cells presenting the
mutant peptide. This resulted in marked selective cytotox-
icity against mut-p53-expressing cancer cells both in vitro
and in vivo [448]. This approach and additional mut-p53-
selective immunotherapeutic approaches are likely to gain
increasing popularity in the coming years.

6.3.4 p53-based regulation of immune
response in TME

Beyond the targeted attempts to develop p53-specific
immunotherapeuticmodalities, recent studies have under-
scored a broader connection between p53 and cancer
immunotherapy. Indeed, the p53 status in cancer cells can
affect the immune landscape in the TME [46, 282]. Specif-
ically, functional WT p53 in cancer cells tends to favor a
cancer-suppressive TME, whereas loss of WT p53 tilts the
balance toward a more cancer-supportive TME. Further-
more, some missense mut-p53 proteins, as part of their
GOF activities, may further limit the ability of the immune
system to attack cancer cells. For example, WT p53 can
reduce the level of PD-L1 indirectly via upregulation of
miR-34a [449] and induce the expression of the natural
killer (NK) cell-activating ligands UL16-binding protein
1 (ULBP1) and ULBP2. These 2 transcriptional effects of
WT p53, mediated by its direct binding to the correspond-
ing target genes [450], respectively render cancer cells
more susceptible to attack by cytotoxic T cells and NK
cells. Moreover, through regulation of cytokine expres-
sion, WT p53 can exert antitumor effects by changing
the composition of the tumor immune microenvironment
(TIME) [451]. Interestingly, by the use of several MDM2

inhibitors, several studies have reported that p53 activa-
tion orchestrates a tumor-suppressive microenvironment
through activation of endogenous retroviruses, leading to
increased IFN-γ signaling and sensitizing the tumor to
immune checkpoint inhibitors [452]. Conversely, by alter-
ing the secretion of cytokines, as well as the physical
properties of the TME, hotspot p53mutantsmay exert GOF
effects on the TIME that go beyond themere impact ofWT
p53 loss [287, 453]. Hence, the p53 status of a tumor could
be important for patient management decisions related to
immunotherapy.
Notably, noncancerous cells in the TME retain WT

p53. Hence, drugs that boost p53 activity may also aug-
ment the non-autonomous cancer-suppressive functions
of p53 in the TME, as exemplified by nutlin-3a treat-
ment of stromal fibroblasts [321]. Similarly, enhancement
of p53 activity in immune cells may contribute directly to
a tumor-suppressive TIME. This phenomenon was shown
by a study in which the MDM2 inhibitor APG-115 exerted
antitumor effects in WT p53- and mut-p53-expressing syn-
geneic models of hepatoma and colon carcinoma [454].
The effects in mut-p53-expressing tumors were attributed
to the ability of APG-115 to promote M1macrophage polar-
ization, presumably through modulation of endogenous
WT p53. Notably, M1 macrophages promote a cancer-
inhibitory TIME, as opposed to M2 macrophages, which
are associated with a more tumor-protective TIME. In
contrast, CD4+ T cell activation and CD8+ T cell infil-
tration rely on the activation of p53 in cancer cells.
Reassuringly, compared to each treatment alone, the com-
bination therapy with APG-115 and a PD-L1 inhibitor
conferred enhanced antitumor immunity, but this effect
was abolished in Trp53-KOmice, further underscoring the
importance of p53 activation in the TME [454]. A combina-
tion of APG-115 and pembrolizumabwas tested in a clinical
trial (NCT03611868) in patients with metastatic melanoma
and advanced-stage solid tumors and demonstrated good
tolerability and preliminary indications of antitumor activ-
ity [455]. Moreover, beneficial effects of combining p53
activation with immunotherapy were also observed with
gene therapy modules, including nanoparticles [456] and
adenovirus-p53 [457]. Given the great interest in can-
cer immunotherapy, further studies on such combination
treatments will most certainly continue and intensify.
Although p53 has a well-established function as the

“guardian of genome integrity”, it has also been implicated
in an increasing number of homeostatic stress responses,
including those involving aspects of innate and adaptive
immunity, as described above. These studies are still at a
relatively early stage, but p53may eventually be considered
a “guardian of immune integrity”. Notably, accumulating
evidence indicates that other tumor suppressor genes may
have similar functions.
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7 TARGETING P53 FOR EFFECTIVE
CANCER THERAPY

TP53 is the most frequently mutated gene in tumors, with
mutations leading to not only loss of function but also GOF
that promotes tumor progression and metastasis. Because
of the tumor-specific status of the mut-p53 protein and
the differences between normal and tumor cells, p53 is a
promising target for cancer therapy. Potential therapeu-
tic strategies include (1) approaches to activate WT p53,
(2) approaches to reactive mut-p53, and (3) approaches to

eradicate cells with mut-p53. However, there are very few
drugs targeting p53 in phase I to phase III clinical trials
(Figure 12, Table 1).

7.1 Approaches to activate WT p53

7.1.1 MDM2 and MDMX inhibitors

MDM2 and MDMX are major negative regulators of p53.
MDM2 orMDMX deletion in mice causes early embryonic

F IGURE 1 2 Strategies for targeting mut-p53 and WT p53 in cancer cells. Pharmacological approaches for targeting WT and mut-p53 in
cancer cells are focused on small molecules (upper panel). Small molecules targeting WT p53 activation by binding to p53 (such as RITA),
inhibition of MDM2/MDMX (such as the MDM2 inhibitor nutlin-3 and the dual inhibitor ALRN6924), and posttranslational modifications
(such as TENOVIN) have been developed. Small molecules targeting mut-p53 via restoration of p53 function (such as PRIMA-1), degradation
of mut-p53 via activation of MDM2 (such as 17AAG and NSC59984) or disruption of the mut-p53-p73 interaction (such as RETRA) have been
developed. Activation of p73 upregulates p53 target gene expression and induces cell death. Biotherapeutic approaches are based on gene
transfection and genomic modifications (bottom panel). p53 is transduced into cancer cells via an adenovirus (such as rADp53) to replace
mut-p53 and thus upregulates p53 signaling. Genomic editing approaches (such as CRISPR) are used to restore WT p53 or delete mut-p53 in
cancer cells. A bispecific antibody with a mut-p53-specific peptide and ALH ligands promotes the recognition and killing of p53-mutant
tumor cells by T cells as an anticancer immunotherapeutic strategy. Data were retrieved from and based on reference [11, 14, 18, 79]. MDM2,
Mouse double minute 2; MDMX, Mouse double-minute 4; Hsp40/70/90, heat shock protein 40/70/90; Ub, ubiquitin. RITA, reactivating p53
and Inducing Tumor Apoptosis; RETRA, Reactivation of Transcriptional Reporter Activity; 17AAG, 17-(allylamino)-17-
demethoxygeldanamycin; WT, wild-type; PRIMA-1, p53 reactivation and induction of massive apoptosis-1; ALH, N-acyl homoserine lactone;
rADp53, recombinant human p53 adenovirus; CHIP, hsp70-interacting protein; PUMA, P53 up-regulated modulator of apoptosis; NOXA,
phorbol-12-myristate-13-acetate-induced protein 1
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lethality, which is completely rescued by p53 deletion, sug-
gesting that the main functions of these two proteins are
to inhibit p53 [458–460]. In cancer cells carrying WT p53,
theMDM2 andMDMXgenes are frequently overexpressed
through either gene amplification or transcriptional upreg-
ulation [461, 462]. Therefore, MDM2 and MDMX are good
drug targets for cancer treatment, and small-molecule
inhibitors of the MDM2-p53 PPI to reactivate the function
of p53 have been developed as a novel approach for therapy
in cancers with WT p53.
Nutlin-3a, developed by Roche, was the first identified

MDM2 inhibitor. Nutlin-3a binds to MDM2 in the p53
interaction domain and blocks their interaction, result-
ing in p53 accumulation and increased transcriptional
activity. Nutlin-3a has been shown to induce cell cycle
arrest and apoptosis in cancer cells in vitro and xenograft
tumors in vivo [463]. Studies by other groups have shown
that Nutlin-3a has p53-independent effects on cells. For
example, p73, retinoblastoma protein 1 (RB1), and E2F1
are degraded by MDM2 [464–466]. Nutlin-3a has demon-
strated efficacy in killing cancer cells in vitro, but its
poor pharmacological properties have hindered its further
clinical development. RG7112 (RO5045337) is a second-
generation Nutlin-3a compound developed by Roche and
tested in clinical trials [467]. Compared with Nutlin-3a,
RG7112 has a lower half maximal inhibitory concentration
(IC50) in tumor cells and ismore selective forMDM2 [468].
Two registered phase I therapeutic trials (NCT00623870
and NCT00559533) to determine the maximum tolerated
dose of RG7112 in hematology and advanced solid tumors
have been completed. However, RG7112 has not yet entered
phase II or phase III clinical trials.
Currently, RG7388 (RO5503781, NCT03158389) is prob-

ably the most potent and selective Nutlin-3a derivative
[469]. It was found to inhibit the growth of SJSA1 human
osteosarcoma xenograft tumors (with WT p53) at a dose
approximately 4 times lower than that of RG711242 [469].
Currently, there are 15 registered clinical trials of RG7112
either as monotherapy or in combination with other anti-
cancer agents. The most advanced clinical trial of RG7112
is a phase III trial (NCT02545283) in patients with relapsed
or refractory AML, in which patient recruitment is com-
plete. The results of this trial are expected in the near
future [470]. The primary aim of this trial is to evaluate the
effect of RG7112 in combination with the chemotherapeu-
tic drug cytarabine compared with cytarabine alone on the
overall survival of patients with WT p53. Other companies
or institutes have also developed MDM2 inhibitors, such
as AMG232 (Kartos Therapeutics), SAR405838 (MI-77301,
Sanofi), and MK-8242 (SCH-900242, Merck) [471]. These
MDM2 inhibitors are also being evaluated in clinical trials
for various types of cancers either alone or in combination
with other agents.

Similar to MDM2, MDMX has also attracted consider-
able attention for inhibitor development, although fewer
MDMX inhibitors have been identified to date. Most ear-
lier efforts were devoted to designing stapled peptides to
inhibit MDMX activity. Stapled peptides generally have
an α-helical structure and a hydrocarbon bond (staple)
between two nonadjacent amino acid residues. These
hydrocarbon-stapled peptides have shown biological activ-
ity toward inhibiting PPIs [472]. Stapled peptides can
target PPIs with greater specificity than small-molecule
compounds because of their ability to bind to large PPI
surfaces. In addition, stapled peptides do not generate
toxic metabolic intermediates during their degradation,
as most small-molecule compounds do. Therefore, sta-
pled peptides offer a new therapeutic intervention. A
highly specific stapled peptide (stabilized alpha helix of
p53, SAH-p53-8) to inhibit the MDMX-p53 interaction has
been designed [473]. SAH-p53-8 was found to activate p53
in MDMX-dependent cancer cells and induce apoptosis
in vivo. It also inhibited tumor growth in a xenograft
model established with JEG-3 cells. However, later studies
showed that SAH-p53-8 binds with high avidity to serum,
a property limiting its entry into tumor cells and thus its
further clinical development [474, 475]. Based on a dif-
ferent peptide sequence, a dual-stapled peptide inhibitor
of MDM2 and MDMX named ALRN-6924 was invented.
ALRN-6924 simultaneously inhibits MDM2 and MDMX
and has shown a promising antitumor effect in several
xenograftmodels with overexpression ofMDM2 orMDMX
[476]. This dual inhibitor is being evaluated in 5 phase
I and phase II clinical trials for AML and several solid
tumors [14]. Additionally, recent work has found that com-
bined use of inhibitors of MDM2 and phosphatase protein
phosphatase magnesium-dependent 1 (PPMID) further
enhances p53-dependent transcriptional activation, which
in turn induces cell death and halts tumor growth in mice
[477].

7.1.2 Side effects of MDM2 and MDMX
inhibitors

One interesting observation about MDM2 and MDMX
inhibitors is that reactivation of p53 by these inhibitors is
generally well tolerated by most normal tissues, although
these tissues also express WT p53 [478]. In both xenograft
mousemodels and clinical trials, most normal tissues have
seemed to have a higher threshold for p53-induced killing
than tumor tissues [479]. This observation is supported
by studies using genetically engineered murine models
(GEMMs) in which WT p53 expression is restored in p53-
defective tumor cells by genetic approaches [479–481]. In
these whole-animal studies, restoration of WT p53 was
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found to be well tolerated in normal tissues. The reason
that WT p53 tumors are more sensitive to p53 reactiva-
tion than most normal tissues is incompletely understood.
One possible explanation is that although the TP53 gene is
intact in WT p53 tumors, the activity of the p53 pathway
is dysregulated. The survival signaling pathways in these
tumor cells are thus significantly reprogrammed in such a
way that confers addiction to downregulation of p53 activ-
ity. Therefore, p53 reactivation disrupts the reprogrammed
survival pathways and causes cell death. The other possible
explanation is that p53 has non-cell autonomous func-
tions. In tumor settings, p53 activation affects the functions
of tumor-infiltrating immune cells and/or stromal cells,
which affect tumor growth. A third possible explanation
is that p53 reactivation preferentially kills rapidly pro-
liferating cells, such as cancer cells and certain blood
cells. Indeed, the most common side effect of the MDM2
inhibitor RG7112 observed in clinical trials is hematolog-
ical toxicity [482, 483]. Understanding the mechanism(s)
underlying the preferential p53 activation in cancer cells
may facilitate the development of better inhibitors with
increased specificity and decreased side effects.

7.2 Approaches to reactive mut-p53

As a result of its overexpression, mut-p53 also possesses
toxic GOF properties that can propagate and cause mal-
functions in other important proteins and pathways that
regulate the cell cycle [484]. Considering the above fac-
tors, mut-p53 is an important pharmacological target, and
the past two decades have seen considerable dedication
to the development of small molecules aiming to restore
WT function in mut-p53 [217, 485–489]. In particular, tar-
geting mut-p53 specifically allows for a more selective
approach in treating cancer cells, which in turn reduces the
potential risk of side effects and toxicity in healthy tissues.
The development of small molecules has utilized various
mechanistic strategies, such as protein refolding through
cysteine modification, protein stabilization, modulation of
protein aggregation, and zinc chelation. These strategies
will be discussed in detail below. [11, 14, 397].

7.2.1 Protein refolding via cysteine
modification

Cysteine reactivity plays an important role in many bio-
logical functions, including oxidatively controlled protein
folding, and thus, thiol modification is a frequent target for
medicinal chemists [490, 491]. CP-31398 is the first small
molecule proven to reactivate mutant p53 (Figure 12). An
earlier study reported that CP-31398 restores the native

p53 conformation in cells with mut-p53, allowing tran-
scriptional activation and slowing tumor progression in
xenograft models [64]. Subsequent mechanistic studies
revealed that the reactive double bond could function
as a Michael acceptor. That is, it can participate in the
Michael reaction, the conjugate addition of carbanions
to α- and β-unsaturated aldehydes, ketones, carboxylic
acids, esters, nitro compounds, and the like. At least part
of its mechanism involves modification of p53 cysteine
residues to promote refolding [492, 493]. CP-31398 is still
being investigated in preclinical studies, but it has not
advanced to clinical trials partially due to notable reports
of p53-independent activities andmultiple off-target effects
[217]. A structurally related compound, STIMA-1, was later
identified in a cell-based screen and is reported to act
like a Michael acceptor to modify cysteines in an open
pocket located in the DBD of p53 [492, 494]. Biological
studies revealed that STIMA-1 has more potent activity
toward mut-p53 in cancer cell lines than does CP-31398
in terms of activating apoptosis [217, 486]. PRIMA-1 and
its more potent methylated analog PRIMA-1Met (com-
monly referred to as APR-246; Figure 12) were discovered
using a screen; these compounds restored WT function in
the p53 mutants R175H and R273H and inhibited tumor
growth in xenograft mice [495]. According to reports on
APR-246′s mechanism of action, when hydrolyzed, it is
converted to the active Michael acceptor methylene quin-
uclidinone (MQ), which covalently binds cysteine residues
in p53, specifically Cys124 and Cys277, and facilitates its
refolding into the active conformation [67]. APR-246 was
the first p53-reactivating small molecule to enter clin-
ical development and is currently in phase II clinical
studies [485]. Bykov et al. [496] a demonstrated that the
maleimide-derived molecule MIRA-1 also can reactivate
DNA binding and preserve the active conformation of
mutant p53 protein in vitro and restore transcriptional
transactivation to mutant p53 in living cells. This com-
pound was chosen for further derivatization due to its
selective activity toward cancer cells withmut-p53 (R273H)
over those with WT p53 and its ability to upregulate p53
target genes and restore apoptotic activity. Similar to APR-
246, MIRA-1 functions via Michael addition to covalently
bind cysteines and promote protein refolding. Computa-
tional studies have shown that this compound primarily
targets an open pocket in p53 between loops L1 and L3,
which contain Cys124, Cys135, and Cys141 as potential tar-
gets [494]. Interestingly, the 3,4 double bond is imperative
for its activity, as the analogMIRA-2 also displaysmut-p53-
dependent activity, whereas the saturated analogs (such
as MIRA-A) are inactive [496]. Despite its initial promise,
however,MIRA-1 exhibited high cytotoxicity in normal cell
lines, demonstrating a mut-p53-independent mechanism
[497].
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7.2.2 Restoring the zinc-binding ability of
mut-p53

Zinc is crucial to the structural stability of p53 and plays a
major role in preserving its folded structure and facilitat-
ing its DNA binding [498]. At physiological temperatures,
mutants that perturb the zinc-binding site and result in apo
(zinc-free) p53 are primarily unfolded, are prone to aggre-
gation, and result in loss of sequence-specific DNAbinding
[499]. Interesting reports have demonstrated that manipu-
lation of intracellular zinc concentrations can change the
structure and function of p53, alluding to the reversible
nature of the protein’s folding [500]. Specifically, Hain-
aut et al. [501] demonstrated that the addition of zinc
chelators to cells and cell lysates to deplete p53 of zinc
reduces its ability to be recognized by WT-specific anti-
bodies and increases its recognition by a mutant-specific
antibody. This process can be reversed by supplementing
the cell culture medium with ZnCl2. In fact, Puca et al.
[502] showed that treatmentwith ZnCl2 restores native p53
folding and WT transcriptional activity in zinc binding-
defective mutants. While high concentrations of ZnCl2
can be harmful to the cell [503], this finding highlights
the potential clinical applications of restoring zinc-binding
ability in mut-p53. This group has since designed a series
of fluorescent zinc-curcumin complexes that restore the
native folding conformation and induce functional activa-
tion in zinc binding-deficient p53 mutants (such as R175H
and R273H) [504, 505]. Substantial research attention has
been devoted to the design of small molecules that act
as metallochaperones to restore native zinc binding in
mut-p53 [500].
In addition, given that insufficient levels of zinc result

in protein misfolding and impaired DNA binding, the first
criterion is that a metallochaperone must increase the
intracellular level of Zn2+ to repopulate themetal-depleted
mut-p53 site [506]. Blanden et al. [500] revealed features
that are critical when designing zinc metallochaperones
for mut-p53. While the majority of intracellular zinc is
bound to cytosolic Zn-binding proteins, the concentration
of the pool of “free Zn2+” is estimated to be in the nanomo-
lar to picomolar range [507]. However, reports have also
demonstrated that excess zinc induces p53 misfolding via
the binding of zinc to non-native amino acids located near
the zinc-binding site [508]. In addition, in 2018, the US
FDA approved arsenic trioxide (As2O3) to treat APL. Simi-
lar to Zn2+, the arsenic ion coordinates to thiolate groups of
cysteines, and As2O3 exerts its anti-APL effects by replac-
ing Zn2+ with As3+ in the RING domain of PML-RARα,
a protein chimera with oncogenic function [509]. In 2021,
Chen et al. [70] reported that As2O3 rescued multiple p53
hotspot mutants, including R175H, R248Q, R175L, G245S,
and R249S. ATO was identified in a multitier screen for
compounds that were likely to bind to multiple cysteine

residues, such as PML-RARα. It was hoped that the arsenic
ion would bind to the same residues as Zn2+ but with
higher affinity, and in the case of p53, increase its thermo-
dynamic stability while allowing it to remain functional.
Surprisingly, arsenic did not displace zinc but was instead
found to bind in a second, buried pocket in the DBD com-
posed of 3 non-zinc-coordinating cysteine residues (C124,
C135, and C141) and M133. These findings suggest a mode
of action similar to that of PC14586 but applicable to a vari-
ety of mutants and not just Y220C. ATO has been shown
to be synergistic with decitabine in vitro [510], and a phase
I clinical trial is currently underway in which the 2 agents
are being tested in high-risk MDS patients with mut-p53
(NCT03855371).

7.2.3 Multifunctional ligand design

Structuralmutations in theDBDof p53 destabilize the local
environment, causing protein unfolding and aggregation.
An estimated 30% of p53 mutants are temperature sensi-
tive, with the protein unfolded and inactive at physiologi-
cal temperatures yet exhibiting the native conformation to
induce functional DNA binding and transcriptional activ-
ity upon a decrease to subphysiological temperatures [511,
512]. Thus, researchers have proposed that smallmolecules
that selectively bind to the folded conformation with
respect to unfolded conformations should shift the equilib-
rium toward a folded and active WT protein conformation
[511]. In one of the most common thermally unstable
mutants, p53-Y220C, the substitution of a large tyrosine
to a smaller cysteine creates an open cavity at the surface
of the protein, lowering its stability and causing unfolding
of 80% of the DBD [513, 514]. Baud et al. [515] generated
a library of small molecules that target the mutation-
induced cavity of p53-Y220C to increase its stability and
restore WT function. By in silico methods and fragment-
based screening, the first such compound discovered was
PhiKan083. This compound, featuring a carbazole core,
exhibited moderate binding affinity (150 mmol/L) to the
p53-Y220C mutant and thermally stabilized the protein by
increasing its melting temperature [516]. PhiKan7088 also
exhibited modest binding affinity within the p53-Y220C
mutant activity (140 mmol/L) and was shown to refold
mut-p53 in experiments with conformation-specific anti-
bodies, aswell as activate p53-dependent apoptosis and cell
cycle arrest [517].

7.2.4 Modulating mut-p53 aggregation

Amyloidogenic proteins are prone to endogenous mis-
folding and prion-like conversion from a soluble, folded
protein into alternative oligomeric and fibrillar structures

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12520 by C

ochraneC
hina, W

iley O
nline L

ibrary on [03/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SONG et al. 41

[518–520]. Proteins characterized by this feature include
amyloid-β, tau, transactive response DNA binding protein
of 43 kDa (TDP-43), and superoxide dismutase 1 (SOD1),
and these proteins contribute to a wide range of diseases,
including Alzheimer’s disease [521, 522] and amyotrophic
lateral sclerosis (ALS) [523].
Mut-p53 aggregates are not only characterized by LOF

but also have been extensively characterized to pos-
sess toxic GOF properties by self-propagating and cross-
reacting with other proteins to further enhance aggre-
gation [216, 524]. Most notably, mut-p53 aggregates can
coaggregate with homologous proteins such as p63 and
p73 to form amyloid oligomers and fibrils and thereby
inhibit the function of the p53 proteins, which has led
to the classification of p53 mutant-based cancers as an
amyloid disease [525, 526]. This classification of p53 as
an amyloidogenic protein, however, is relatively recent,
and important information elucidating the detailed mech-
anisms of p53 aggregation and GOF effects remains to be
discovered [527]. Thus, this classification is often over-
looked by cancer and amyloid researchers alike, and the
field thus remains in relative infancy [527]. However, the
involvement of p53 aggregates in cancer development has
been well documented, and amyloid aggregates have been
identified in patient biopsies of various cancers and are
associated with more aggressive and invasive tumors [214,
528, 529]. This highlights the importance and need for
small molecules aimed at disrupting p53 aggregation and
preventing its GOF effects. A recent seminal study involv-
ing not a small molecule but a small cell-penetrating
peptide sequence, ReACp53, pioneered the concept that
modulating p53 aggregation is a viable option for restor-
ing p53 function. The peptide sequence of ReACp53 closely
mimics that of the aggregation-prone region encompass-
ing amino acids 252-258 with the LTIITLE sequence in p53
and reduces the aggregation of p53 in cells, thereby allevi-
ating its toxic GOF effects. This effect was found to result in
upregulation of p63 expression, lead to functional rescue of
the p53mutants R175H andR248Q via induction of apopto-
sis, and decrease tumor proliferation in xenograft models
[214].

7.3 Approaches to eradicate cells with
mut-p53

Numerous studies have elucidated the roles of p53 in
tumor progression since its discovery 40 years ago. How-
ever, mutant forms of the tumor suppressor p53 not only
lose their tumor-suppressive properties but also frequently
acquire tumor-promoting properties [25]. The develop-
ment of p53-targeted drugs is particularly difficult because
the agent must specifically target mut-p53 in cancer cells

while having no effect on normal cells harboring WT p53
[530]. Additionally, multiple p53 mutations result in vari-
ous mut-p53 protein structures that are difficult to target
[63]. The major therapeutic strategies targeting p53 can be
classified into multiple categories based on the p53 status
that they target: strategies that restore WT p53 functions
and those that eradicate mut-p53 [531–534] (Figure 12 and
Table 2).

7.3.1 Mut-p53 degradation agents

One important strategy for targeting p53 mutants is to
reduce their stability. This strategy is based on the con-
cept of oncogene addiction. Oncogene addiction is the
phenomenon in which some cancer cells, despite their
complex genetic and epigenetic alterations, rely on a sin-
gle oncogene or small set of oncogenes for survival or
growth [535]. As described above, certain p53 mutants are
pro-oncogenic [531, 536, 537]. In cancer cells addicted to
mut-p53, a reduction in mut-p53 levels causes the death
of these cells. The stability of mut-p53 is enhanced by
heat shock proteins (HSPs), such as HSP90 and HSP70,
and their cofactor histone deacetylase 6 (HDAC6) [538,
539]. Binding of the HSP complex prevents the degra-
dation of mut-p53 mediated by the ubiquitin E3 ligases
MDM2 and CHIP [540, 541]. HSP inhibitors such as gel-
danamycin have been shown to destabilize mut-p53 [542].
Treating xenograft mice carrying germline p53 R172H or
R248Q mutations with the HSP90 inhibitor ganetespib or
alvespimycin (17DMAG) plus SAHA (a histone deacety-
lase inhibitor) significantly extended the life span of these
mice, suggesting that HSP inhibition is a feasible strategy
to targetmut-p53 [543, 544]. HSP inhibition has been inves-
tigated in clinical trials, although to date, none of the tested
HSP inhibitors have received US FDA approval [543, 544].
Notably, HSPs have many clients in addition to mut-p53.
Indeed, the stability of WT p53 is also regulated by HSPs.
Therefore, HSP inhibition has pleiotropic effects on cancer
cells [545], and the p53 mutation status alone may not be
a good predictor of the clinical benefits of HSP inhibitors.
As described above, MDM2 inhibitors are being evaluated
in clinical trials to inhibit WT p53 tumors. However, the
role ofMDM2 in the degradation ofmut-p53 creates a chal-
lenge for the use of these inhibitors, because they may
promote tumorigenesis and/or metastasis in tumors car-
rying mut-p53. This idea was supported by the findings of
a study by Terzian et al. [546]. Using a GEMM of the p53
R172H mutant (in humans), they found that MDM2 dele-
tion in the context of R172H mutant expression promoted
tumorigenesis and metastasis. It would be intriguing to
investigate in future clinical trials whether prolonged
treatment with MDM2 inhibitors leads to the selection
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of p53 mutant clones that exhibit greater aggressiveness
compared to WT p53 clones.

7.3.2 Gene therapy

Since most cancer cells have a defective p53 signaling
pathway, a straight forward concept is the transduction
of WT p53 back into cancer cells. The reconstituted WT
p53 will then lead to tumor regression. This concept led to
the development of a recombinant adenovirus expressing
WT p53 (rAd5-p53; Gendicine™), which received approval
by the Chinese Food and Drug Administration in 2003
for treating head and neck carcinoma [378]. Reports also
showed clinical benefits of Gendicine™ in other types of
cancers [530]. Gendicine™ is often cited as the first gene
therapy. A similar virus (Advexin) developed by Intro-
gen Therapeutic, Inc, however, failed to receive approval
from the US FDA in 2008. Recently, another similar ade-
novirus expressing p53 (Ad-p53), developed by MultiVir, is
in a clinical trial in combination with immune checkpoint
inhibitors for recurrent ormetastatic head and neck cancer
(NCT03544723).
Another type of viral gene therapy related to p53 is

oncolytic adenoviruses. Several DNA viruses encode onco-
proteins that inactivate p53, such as polyomavirus SV40
large T-antigen, adenovirus E1B, andHPV. Amutant aden-
ovirus called ONYX-015, in which the E1B gene is deleted,
was developed in an attempt to specifically kill tumor
cells carrying defective p53 (mutated or deleted) [63]. The
rationale behind ONYX-015′s putative specificity for p53-
defective cancer cells is that it will rapidly amplify in these
cells and eventually lyse the cells due to the cell cycle arrest
and apoptosis defects caused by p53 functional deficiency
[547].On the other hand, in cancer cells or normal cells car-
ryingWTp53, the virus cannot efficiently replicate because
WT p53 elicits stress responses and limits the spread of the
virus. Notably, the specificity of ONYX-015 for killing can-
cer cells with defective p53 remains controversial. Some
reports have supported the concept of selectivity, while
others have shown thatONYX-015 kills cancer cells regard-
less of the p53 status [63, 532–534, 548]. Some reports have
even shown the opposing finding that p53 is required for
the cytotoxic effects of ONYX-015 [548, 549]. The clinical
development of ONYX-015 was suspended due to financial
reasons. However, a similar oncolytic adenovirus called
H101 was approved by the Chinese FDA in 2005 to treat
head and neck cancer [550], but like rAd5-p53, H1010 has
not received clinical approval for cancer treatment outside
of China.
In theory, reintroduction of WT p53 may also inhibit

certain tumors carrying the WT p53 gene. As described
above, although these tumors have intact p53, the activ-

ity of the p53 pathway may be dysregulated, for example,
through overexpression of its negative inhibitors MDM2
and MDMX. A common issue for virus-based gene ther-
apies targeting p53 is delivery efficiency. Since not every
cell in a tumor is virally transduced, tumor relapse is very
common after treatment [550].
Although intact p53 is present in some cancers, this

tumor suppressor is still inhibited via variousmechanisms.
MDM2 is the major negative regulator of p53, preventing
p53 from entering the nucleus, reducing its DNA-binding
ability, and promoting its proteasomal degradation [29, 30].
Genetic amplification is the most frequent genomic alter-
ation of MDM2 and was first found in soft tissue sarcoma
[31]. Amplification and overexpression of MDM2 were
mutually exclusive with p53 mutation [32]. el-Deiry et al.
[33] discovered that MDM2 overexpression involved intact
p53 across numerous cancer types in a study using The
Cancer Genome Atlas (TCGA) database. Thus, inhibiting
MDM2 expression in cancers with WT p53 is an intriguing
therapeutic strategy that has been successfully applied in
clinical settings (Table 1). Since the discovery of a class of
cis-imidazoline analogs called nutlins (e.g., nutlin-3a) that
inhibit p53-MDM2 binding, MDM2 inhibitors have been
extensively studied as a targeted treatment for patients
withWT p53 [12, 34]. Nutlin-3a, a preclinical drug, inhibits
tumor growth by reactivating WT p53, either alone or
in combination with other therapies [35–37]. Due to the
promising results of in vitro studies, clinical trials were
conducted to assess the efficacy and safety of RG7112
(RO5045337), a derivative of nutlin-3a [38].

7.3.3 Synthetic lethality of p53 loss

As described above, targeting the GOF activities of p53
mutants is extremely challenging due to the diverse and
context-dependent mechanisms of these GOF activities.
Another strategy is to exploit synthetic lethality mecha-
nisms in cancer cells carrying TP53 mutations. The basis
of synthetic lethality is that cancer cells develop 2 com-
pensatory survival pathways. Removal of either pathway
does not kill the cell while simultaneous deletion of the
two pathways (synthetic) causes cell death (lethality) [551].
A clinically proven example of synthetic lethality in can-
cer treatment is the use of PARP inhibitors in BRCA1-
or BRCA2-defective breast and ovarian cancers. PARP is
involved in repairing single-strand breaks [552]. When
PARP is inhibited, single-strand breaks progress to DSBs.
In cells with BRCA1 and BRCA2 proficiency, these DSBs
are repaired by BRCA1 and BRCA2, and the cells sur-
vival. However, in cells with defective BRCA1 and BRCA2,
unrepaired DSBs result in cell death [553]. Therefore, syn-
thetic lethality is extremely useful for exploiting the loss
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of a tumor suppressor, and synthetic lethality screens have
been performed in cancer cells with TP53 mutations or
deletions. In a study using a computational approach in the
NCI-60, TCGA, and cancer cell line encyclopedia (CCLE)
datasets, candidates showing synthetic lethality with p53
loss were identified, for example, polo-like kinase 1 (PLK1),
polo-like kinase 4 (PLK4), CDK1, CDK16, mTOR, and
aurora kinase A (AURKA) [554]. In an RNAi kinomics via-
bility screen in head and neck squamous cell carcinoma
cells, several kinases, such as Wee1-like protein kinase
(WEE1), AURKA, and FYN, were found to be syntheti-
cally lethal with p53 [555]. The WEE1 inhibitor MK-1775
was selected for further preclinical studies and showed
activity both as a single agent and in combination with
cisplatin in p53-mutated head and neck tumors [556].
Phase I and II clinical trials using another WEE1 inhibitor,
AZD1775, either as a monotherapy or in combination
with gemcitabine, cisplatin, or carboplatin, have shown
clinical benefits in patients with advanced solid tumors
[557]. Although these phase I and II trials were completed
in 2015, no registered phase III clinical trial has been
initiated.
As cancer genomes are extremely genetically and epi-

genetically heterogeneous, the genes synthetically lethal
with p53 are likely cell type- and tissue type-dependent.
Due to throughput limitations, most synthetic lethality
screens have been performed in limited panels of cell lines.
Therefore, whether the hits from these screens are cell
type-specific remains unclear. Thus, future screens using
more diverse cell lines are needed to identify genes with
more general synthetic lethality with p53.

8 CONCLUSIONS AND FURTHER
PERSPECTIVES

Although constant progress is being made towards better
p53-based cancer therapy, many challenges remain, and
the search for efficient and selective drugs that will even-
tually be able to enter the clinic is still ongoing. One of
the major challenges in targeting protein reactivation is
the lack of a well-established mechanism. Additionally,
the smooth surface structure of the protein makes it diffi-
cult to identify drug targeting pockets, with the exception
of Y220C [558]. This lack of drug targeting capability is
a significant obstacle. Furthermore, drug resistance is a
common issue with p53-based therapies, as is the case
with other antitumor therapies. Empirical-based knowl-
edge on p53 mutations is limited, and its heterogeneity
(WT, structural, DNA contacting, and others) contributes
to tumorigenesis [12]. Current drugs targetingmutated p53
only address specific mutation types, leading to off-target
effects. The accumulation of p53 in normal tissues can lead

to toxic side effects, which is one of the main reasons why
it is challenging to develop p53 as a drug [190].
For p53-targeted therapy, several other factors also need

to be considered. First, TP53mutations are heterogeneous,
and not all mutations are equal. Therefore, a one-drug-
fits-all approach may not be feasible for targeting TP53
mutations. Hence different TP53 mutations may require
different p53-targeting drugs [14]. Second, p53-based drugs
are unlikely to enter the clinic as single therapies. Many
studies have attempted to identify promising combina-
tions of related drugs, such as simultaneous blockade of
the MDM2-p53 pathway and the p53-Bcl-2 pathway, that
may have synthetic lethal mechanisms [559]. In addition,
as discussed earlier in the article, combining p53 activa-
tion with chemotherapy, RT, and immunotherapy is also
appealing. Such combined treatments might reduce the
required doses and may even overcome resistance in some
instances.
Another concern arises from the fact that the in vivo test-

ing of p53-based drugs is performed primarily in mouse
models. Although mouse models remain a standard tool
for drug discovery, many differences exist between mice
and humans, including interspecies differences in the
sequences of the p53, MDM2, and MDM4 proteins, as
well as differences in the p53 signaling pathway. Advanced
experimental methodologies, such as organoid cultures
[560] and other ex vivo models (such as cell line derived
xenograft [CDX] and patient derived xenograft [PDX]) [71,
560, 561], which are expected to become increasingly useful
in bypassing these interspecies differences, provide a theo-
retical basis for accelerating the translation of p53-targeted
drugs to the clinic. The complete structure of p53 in com-
plex with various DNA targets and partner proteins is yet
to be determined. However, certain p53 mutants cannot be
expressed, and therefore their structures are not available,
which limits the potential for structure-based drug design.
Fortunately, advances in cryo-electron microscopy and AI
offer promising avenues for further research andwill likely
provide a structural basis for future studies of p53 and the
development of drugs that target it. Similarly, in recent
years, gene editing technologies, such as mRNA vaccines,
CRISPR-Cas9, and viral infections, have played a crucial
role in disease treatment. For example, the development of
mRNA vaccines in recent years has revolutionized cancer
treatment. It is believed that in the future, vaccine strate-
gies developed based on p53 mRNA may bring significant
benefits in immunotherapy. However, further research is
still required to uncover novel functions about p53 in the
TIME. To sum up, these strategies can be used to correct
mutations in the TP53 gene, which may prove to be an
effective option for future cancer treatment.
For decades, there has been a lack of effective progress

in the development of drugs targeting p53, and p53 was
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once considered to be an undruggable target. With sev-
eral technological advances, many undruggable targets are
becoming druggable. The high frequency of TP53 muta-
tions in human cancers suggests that drugs targeting p53
have the potential to revolutionize cancer treatment. How-
ever, due to our limited understanding of human biology
and the intricate processes that occur within cancer cells
after drug administration, there are still many unanswered
questions that require further exploration. For example: (1)
What are the biophysical, biochemical, and atomic details
underlying the actions of p53 alone and in complex with
MDM2/MDMX? (2) Is p53 clinically druggable? (3) Can p53
activity be analyzed by imaging in cells, tissues, and even
animals? (4) Is p53 a metabolic regulator, a guardian of the
genome, or both in all cells and tissues? (5) What levels
of p53 expression are enough and too high? (6) Can AI be
used to model the biological function of p53 in cells or in
vivo? (7) Do p53molecules in different cells or tissues phys-
iologically communicate with one another in vivo, and if
so, how? As the most frequently mutated protein in can-
cer therapy, p53 is often referred to as the “proverbial holy
grail” for targeted drugs. However, recent developments
in KRAS inhibition offer some hope. Like p53, KRAS has
been deemed difficult to target due to repeated failures, but
exciting progress has been made in this area. The recent
US FDA approval of a specific KRAS(G12C) inhibitor has
raised hopes that other challenging targets [562, 563], such
as p53, may also achieve success in the future.
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