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Genomic instability, a hallmark of cancer, is a direct consequence of the inactivation of the tumor suppressor protein p53.
Genetically modified mouse models and human tumor samples have revealed that p53 loss results in extensive chromosomal
abnormalities, from copy number alterations to structural rearrangements. In this perspective article we explore the multifaceted
relationship between p53, genomic stability, and epigenetic control, highlighting its significance in cancer biology. p53 emerges as
a critical regulator of DNA repair mechanisms, influencing key components of repair pathways and directly participating in DNA
repair processes. p53 role in genomic integrity however extends beyond its canonical functions. p53 influences also epigenetic
landscape, where it modulates DNA methylation and histone modifications. This epigenetic control impacts the expression of genes
involved in tumor suppression and oncogenesis. Notably, p53 ability to ensure cellular response to DNA demethylation contributes
to the maintenance of genomic stability by preventing unscheduled transcription of repetitive non-coding genomic regions. This
latter indicates a causative relationship between the control of epigenetic stability and the maintenance of genomic integrity in
p53-mediated tumor suppression. Understanding these mechanisms offers promising avenues for innovative therapeutic strategies
targeting epigenetic dysregulation in cancer and emphasizes the need for further research to unravel the complexities of this
relationship. Ultimately, these insights hold the potential to transform cancer treatment and prevention strategies.
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FACTS

● p53 safeguards genomic stability by participating in DNA
repair and epigenetic regulation.

● In cancer, p53 inactivation elicits extensive genomic instability
with an evident preferred order of genomic aberrations.

● Loss of p53 creates susceptibility to epigenetic perturbations,
leading to genomic instability.

● Gain-of-function p53 mutants can manipulate epigenetic
regulators and modify the chromatin landscape.

OPEN QUESTIONS

● What are the individual contributions of p53-mediated
epigenetic regulation and DNA repair mechanisms to its
tumor-suppressive functions?

● How does p53-mediated metabolic regulation influence the
complex interplay between epigenetics and genomic stability?

● Can we decipher the specific p53-dependent DNA repair
pathways to formulate targeted therapies and capitalize on
vulnerabilities?

● Is it possible to transform our understanding of the interplay
between p53, genomic integrity, and epigenetics into
diagnostic or prognostic tools for personalized cancer
management?

INTRODUCTION
Inactivated in approximately half of all human cancers, the tumor
suppressor protein TP53 (hereafter p53) plays a crucial role in
maintaining genomic stability [1, 2]. The p53 gene comprises 11
exons, spanning ~20 kilobases and encodes a protein consisting of
393 amino acids [3]. This protein serves as a transcription factor,
activating or repressing the expression of a myriad of target genes
involved in diverse cellular processes [4]. The intricate orchestration
of p53 tumor-suppressive functions relies on a finely tuned balance
of its synthesis, posttranslational modification, stabilization, and
degradation [5]. In normal, unstressed conditions, the levels of p53
protein are generally attenuated by the actions of MDM2, the
dedicated ubiquitin ligase targeting p53. MDM2 binds to p53 in its
transactivation domain regions, immediately impacting on its
transcriptional activity and promoting it for proteasomal degrada-
tion [6, 7]. However, in response to cellular stress, such as DNA
damage or oncogenic signaling, p53 is activated through a complex
series of post-translational modifications, including phosphoryla-
tion, acetylation, and sumoylation, which disrupt its interaction with
MDM2. Consequently, p53 levels increases, and through binding to
specific DNA consensus sequences p53 executes its critical tumor-
suppressive functions [8].
While it is well-accepted that the cooperation of a range of cell-

autonomous and nonautonomous functions underlies p53 tumor
suppression capacity, the ability to prevent genomic instability
and preserve quality of the genetic information appears a primary
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role for p53 [9]. Induction of p53-dependent cell cycle arrest,
apoptosis, or senescence, in response to DNA damage was
postulated to be the main process for suppressing mutagenesis
and tumor development [10, 11]. The importance of these
mechanisms, however varies depending on the cell type and
oncogenic lesions and other non-canonical processes appear
essentially involved in its genomic stability regulations [12, 13].
Genomic instability in cancer emerges from multiple, substan-

tially different, processes [14]. These include defects in DNA repair,
epigenetic alterations, and aberrant mitosis. Recent evidences
have implicated p53 in several of these processes, accounting for
potential alternative mechanisms underlying the genomic instabil-
ity observed in p53 mutated cancers [15]. Errors in mitosis can
result in chromosome missegregation, chromosomal rearrange-
ments, and aneuploidy, which are main cause of genomic
evolution of cancers [16, 17]. In response to DNA damage, p53
can induce the arrest of cellular proliferation, allowing cells time to
repair damaged DNA and preventing further proliferation of
damaged cells, thus avoiding the propagation of mutations.
Epigenetic alterations involve modifications to the structure and
function of DNA without involving effective mutagenesis. These
alterations influence gene expression as well as regulation of
heterochromatin regions impacting on genomic instability [18].
DNA repair mechanisms playdirect crucial regulations in prevent-
ing mutagenesis. Defects in these repair mechanisms produce
upon DNA damage accumulation of genetic alterations promoting
mutagenesis.
Collectively, defects in DNA repair, epigenetic alterations, and

aberrant mitosis contribute from alternative directions to genomic
instability, promoting initiation and progression of cancer. In this
perspective we will summarize the recent evidence implicating
p53 in these processes, pointing out the importance of its role in
the coordination of quality controls mechanisms to ensure
genomic integrity. Specifically, within this, we explore the
postulation that a close interplay between p53 control of genomic
integrity and epigenetic regulations exists. A deeper under-
standing of these mechanisms, their interplay and their interac-
tions with p53 inactivation might support development of
alternative strategies to target p53 deficient tumors, converting
genomic instability into a cancer vulnerability. The delineation of
the underlying causes of p53 associated genomic instability can
also support preventive measures for cancer.

P53 LOSS AND GENOMIC INSTABILITY: A CLOSE
RELATIONSHIP
In human cancers, when p53 is defective or absent, cells continue
to divide uncontrolled, giving rise to the cells with extensive
genomic abnormalities [19]. These aberrations might include
single nucleotide variants, polyploidies, large-scale structural re-
arrangements that in some cases, could resemble chromotrypsis.
Compelling in vivo evidence supporting the idea that genomic
instability is one of the primary drivers of the tumorigenesis in the
absence of p53 comes from various studies on p53 deficient mice
[15]. For example, tumors derived from p53+/− heterozygous
mice, in which the wild-type allele has been deleted, displayed a
higher frequency of chromosomal copy number alterations
compared to tumors that retained one copy of the p53 allele
[20]. Using whole genome sequencing, it has been observed a
number of large-scale copy number changes in Myc lymphomas
driven by the knockdown of p53 [21]. Mice deficient for p53 are
developmentally normal but susceptible to spontaneous tumors
[22]. Similarly in the T-cell lymphomas from p53 knockout mice
have shown very high rate of gene copy number variations,
including chromotrypsis-like events and alteration of the genes
that have been identified as known drivers of the T-cell
lymphomas in humans, including PTEN, CDK6, or RB [23]. Likewise,
in humans, upon analyzing TCGA cancer types, a substantial

number of tumors carrying p53 mutations exhibited significantly
higher levels of copy number changes in the p53 mutant cancer
group compared to their wild-type p53 counterparts. This
extensive chromosomal instability was strongly correlated with
increased amplification of well-known oncogenes and/or deletion
of tumor suppressor genes (such as RB1 and PTEN) [24]. Notably,
increase in structural variants, such as deletions and duplications,
in metastatic tumors have been strongly linked to p53 mutations
across different types of cancer [25, 26]. Altogether, this supports
the notion that p53-deficient cancers have chromosomal instabil-
ity, rather than single nucleotide (or small DNA segment)
instability.
A recent study utilizing genetically modified mouse models and

human tumor samples of pancreatic cancer has revealed that the
absence of Trp53 absence does not simply lead to “genetic chaos”
but can instead drive accumulation of non-random genetic events
from pre-malignant to full-blown tumors [27]. In this study in the
context of pancreatic cancer authors have shown that the earliest
event after p53 inactivation are deletions in certain pathways that
are essential for malignant initiation (e.g., TGF-b signaling,
chromatin remodeling, axon guidance). This is followed by
polyploidy and as a tumor progresses there is gradual accumula-
tion of gains and amplifications, such as Myc, Kras, or GATA6
(Fig. 1). This research highlights the importance of continuous and
ordered chromosomal instability throughout tumor progression.
Similarly, it has been shown in gastric cancers that p53 loss
induces aneuploidy, marked by the ordered copy number and
structural variations changes [28]. Gaining a deeper understanding
of the progression of genetic lesions and how they fictionally
contribute to malignancy, will have significant implications for
developing effective treatments and strategies for cancer
prevention.

P53-MEDIATED DNA REPAIR
Cancer is caused by the gradual accumulation of genetic
mutations through different mechanisms, such as epigenetic
modifications and DNA repair. In order to secure normal
performance and preserve genome integrity, cells have acquired
a set of the DNA damage repair mechanisms, as nucleotide
excision repair, base excision repair, mismatch repair, homologous
recombination, and non-homologous end-joining. It has been
known already for more than 30 years that p53 acting as the
“guardian of the genome” has a critical role in maintaining
genome integrity [2]. Upon DNA damage or oncogene activation,
p53 transcriptionally controls essential components of the various
DNA damage repair machineries, including Msh2, XRCC4, Rad51,
Polk, Ercc5, Mgmt, Ku86, Xpc, Ddb2, or Gadd45α [29, 30].
Moreover, it is known that p53 directly controls different forms
of DNA repair [9] (Fig. 2).
In the last decade, numerous examples have emerged about

the importance of p53 in modulating DNA repair mechanisms to
promote tumor suppression. Identifying the molecular mechan-
isms underlying p53 function in tumor suppression is crucial for
understanding cancer development, and genetically modified
mouse models have provided a useful tool for advancing this
research question. Targets of p53 that promote apoptosis, cell
cycle arrest, and cell senescence have been considered as
essential effectors of p53-mediated tumor suppression (Fig. 2).
However, mice deficient for any single one of the p53 target genes
involved in apoptosis, cell cycle arrest or cell senescence (e.g.,
Puma, Noxa, p21, or Gadd45a) fail to recapitulate the dramatic and
fully penetrant spontaneous tumor predisposition of p53-deficient
mice. Further, and remarkably, no spontaneous tumors arise in
mice lacking PUMA, Noxa, and p21, the critical mediators of p53-
induced apoptosis and G1/S cell cycle arrest/senescence [31–33].
Likewise, p53 mutants that are defective in the induction of both
apoptosis and cell-cycle arrest, or in all three responses (apoptosis,
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cell-cycle arrest, and senescence) retain tumor suppressor activity
[13, 34]. What, then are the most important p53 activities need for
tumor suppression? [9] More recently, functional genomic screens
in vivo in mouse hematopoietic cells with sensitized background
identified p53 target genes whose knock-down can promote
blood cancer development. In those pooled screenings more then
160 known p53 downstream target genes have been tested, and
genes involved in DNA repair and cell proliferation, as well as
some with poorly defined functions have been identified as most
potent hits. Interestingly, disruption of several direct p53-activated
target genes implicated in DNA damage repair, including Mlh1,
Msh2, Polk, Rnf144b, Ddit4, and FancC accelerated Myc oncogene
driven lymphomagenesis, mirroring the effect of Trp53 loss [21].
These studies indicate that effective coordination of DNA repair
plays a critical role in p53-mediated tumor suppression, particu-
larly in the context of blood cancers. Testing the importance of
DNA repair factors downstream of p53 in tumor suppression in
broader range of tissues or cancer settings will allow further
assessment of the generality of these findings.

P53-MEDIATED REGULATIONS OF DNA METHYLATION: A KEY
FOR GENOMIC INSTABILITY?
Functioning as a transcriptional factor p53 has a direct impact on
site-specific epigenetic regulations. p53 can physically interact
with DNA and histone methyltransferases. By directly binding to
DNA methyltransferases or indirectly affecting their expression,
p53 can promote DNA demethylation or inhibit de novo DNA
methylation at specific genomic loci [35, 36]. However, the
diversity of chromatin features at p53 transcription factor binding
sites does not depend on DNA methylation. Instead, a cofactor
called Trim24 interacts with p53 and unmethylated histone 3
lysine 4 (H3K4), guiding p53 to closed chromatin sites. This
connection between H3K4 methylation and p53 function reveals
how chromatin specificity is achieved through cofactors that
locally influence transcription factor activity [37].
This dynamic control of epigenetic methylation by p53

contributes to the regulation of key genes involved in cell tumor

suppressor pathways and oncogenic processes [38]. In addition to
the site-specific epigenetic regulations produced at the p53
responsive genomic site, p53 orchestrates alterations in the
metabolic landscape, instigating modifications in chromatin
structure and gene expression. Upon restoring p53 function in
cancer cells derived from KRAS-mutant mouse models of PDAC,
there is an observed augmentation in the accumulation of
α-ketoglutarate, a metabolite crucial as a critical substrate for
demethylating chromatin enzymes. The transcriptional programs
induced by p53 exhibit characteristics indicative of premalignant
differentiation, a phenomenon partially mimicked by the intro-
duction of cell-permeable α-ketoglutarate. The escalation of the α-
ketoglutarate-dependent product of cytosine demethylation,
5-hydroxymethylcytosine (5hmC), accompanies p53-triggered
tumor cell differentiation. In contrast, the transition from
premalignant to de-differentiated malignant lesions, associated
with Trp53 mutations, is marked by diminished 5hmC. Inhibition
of enzymes capable of producing α-ketoglutarate accumulation
specifically results in increased 5hmC, tumor cell differentiation,
and reduced tumor cell fitness [39]. These findings implicate α-
ketoglutarate in p53-mediated tumor suppression, suggesting that
the buildup of α-ketoglutarate in p53-deficient tumors may drive
tumor cell differentiation while counteracting cancer progression.
A close relationship between p53 function and the regulation

of epigenetic-metabolism crosstalk emerges also in the analysis of
the response of p53-deficient cells to exogenous perturbation of
DNA methylation. A recent study reported how p53 loss exposes
the cells to inability to effectively respond to DNA hypomethyla-
tion. p53 inactivation impacts the level of S-adenosylmethionine,
the major methyl-donor required for epigenetic methylation, and
its consequences on epigenetic regulation and genomic stability
[40]. Mimicking the DNA demethylation produced by various
stressors with a hypomethylating agent, p53-deficient cells
appeared to have insufficient SAM levels to preserve stability of
repressive H3K9me3 histone modification. This instability triggers
the transcription of repetitive satellite DNA due to the relaxation
of constitutive heterochromatin (Fig. 3). The aberrant transcrip-
tional control of noncoding repetitive regions results in the

Fig. 1 Loss of functional p53 is a critical factor in promoting genomic instability and contributing to cancer development. The sequence
and timing of the events in the development of genomic instability have a defined order. Schematic representation of order in genetic events
proposed to accompany the transition from normal tissue to malignancy. Created with BioRender.com (Agreement number: IR26AKIJ23).
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accumulation of an unscheduled R-loop, leading to replication
stress, transcription-replication conflicts, and chromosomal
abnormalities. S-adenosylmethionine is produced within the
one-carbon metabolism, a metabolic process that appears to be
under the control of p53. p53 transcriptionally regulates a set of
genes involved in one-carbon metabolism, including the methio-
nine transporter Slc43a2. Depletion of Slc43a2 recapitulates the
effects of p53 loss, while its reintroduction in a p53-depleted
background reverses these effects. Slc43a2 manipulation displays
altered transcriptional control of noncoding repetitive regions
with alterations of unscheduled R-loop accumulations, and
chromosomal abnormalities. Deregulation of Slc43a2 has been
associated with altered methionine metabolism and histone
methylation in cancer. Slc43a2 expression also appeared corre-
lated with p53 status, and the prognosis of pancreatic ductal
adenocarcinoma (PDAC) patients, providing clinical relevance to
these findings and opening to an intriguing correlation between
genomic instability and regulation of one-carbon metabolism [40].
Consistently, previous studies reported that in cooperation with
DNA methylation, p53 represses expression of repetitive and
transposon sequences, suggesting a link between repetitive
sequences and loss of genome integrity in p53 inactivated
tumorus [41]. Similarly, derepression of transposon elements,
such as LINE1, was observed in Drosophila lacking the p53-family
ortholog Dmp53. Dmp53 occupies 5′UTR of L1s and establishing
deposition of repressive histone marks H3K9me3 and transcrip-
tional suppression of these elements [42]. The data indicate the
existence of an evolutionary conserved mechanism of hetero-
chromatin preservation by p53, that has further evolved in

vertebrates with the co-operation of histone and DNA methyla-
tion. Consistently with this, p53-dependent R-loops were reported
to accumulate in High-risk human papillomaviruses-driven can-
cers, participating in the etiology and pathogenesis of the disease
[43]. The effective contribution of the p53-mediated control of
epigenetic stability in the tumor suppression remains however to
be determined. Intriguingly, however, accumulation of repetitive
RNAs as well as genomic instability associated cytoplasmic DNA
can trigger an indication of type I interferon response. p53
function has been indeed associated with both positive and
negative effects on the cGAS/STING-mediated induction of type I
interferon response [41, 44].
Genomic integrity and epigenetic control are directly implicated

in the regulatory processes that govern nuclear architecture [45].
Loss of p53 increases lamin B1 expression, a critical component of
the nuclear envelope. This regulation impacts chromatin accessi-
bility and gene expression in pancreatic cancer, revealing a
potential connection with p53-nuclear architecture. Remarkably,
p53-depedent changes in chromatin accessibility not only
correlate with changes in gene expression but also with high
frequencies of genomic rearrangements of these genes in
pancreatic cancer patients [46] (Fig. 3).
The intriguing relationship between genomic integrity and

epigenetics in p53 tumor suppression is ripe for further
exploration, yielding a plethora of unanswered questions. One
pivotal inquiry revolves around the extent to which p53-mediated
metabolic regulations influence epigenetic processes and geno-
mic stability. This area represents an emerging frontier in p53
research.

Fig. 2 Activation of p53 in response to stress signals initiates its transcriptional activity, leading to the activation of cellular protective
pathways. p53 binds to the DNA in a tetrameric configuration and promotes the transcription of a wide array of genes. Pictured are key p53
pathways and transcriptional targets regulated by p53 with a specific emphasis on p53-dependent DNA repair genes. BER (base excision
repair), NER (nucleotide excision repair), MMR (mismatch repair), HR (homologous recombination), NHEJ (non-homologous end-joining), DDR
(DNA damage repair) Created with BioRender.com (Agreement number: YM26AKJ2TU).
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P53-MEDIATED EPITRANSCRIPTOMIC REGULATIONS
The intricate landscape of p53-mediated cellular responses
extends beyond its roles in epigenetic regulations, encompassing
emerging realms such as the regulation of epitranscriptomics.
Epitranscriptomics refers to sum of the chemical modifications
that occur on RNA molecules, such as methylation, pseudouridyla-
tion, etc, that can dynamically regulate various aspects of RNA
function, including stability, splicing and transport [47]. Recent
advances reveal that p53 plays a role in shaping the epitran-
scriptomic landscape through dynamic interactions with RNA-
modifying enzymes and regulatory pathways. Using tandem
affinity purification/mass spectrometry to identify p53-
interacting proteins, Attardi and colleagues revealed that p53
physically interact with the epitranscriptomic writer, METTL3, thus
amplifying the p53-mediated stress responses. METTL3 is a
constituent of the m6A RNA-methyltransferase complex, that in
response to DNA damage and oncogenic signals promotes
stabilization of p53 protein and expression of target genes.
Remarkably, the tumor suppressive capacity of METTL3, assessed
in in vivo mouse transplanted cancer models, is observed only in
p53 proficient condition [48]. The interplay between p53 and key
epitranscriptomic effectors, including writers, erasers, and readers,
is still to be explored and elucidated. Epitranscriptomic regulations
have significance for regulation of genomic integrity, however
whether there is an implication for p53-mediated control of
genomic stability is still not clear [49].

P53 GAIN-OF-FUNCTION MUTANT AND EPIGENETIC
REGULATIONS
The mutations in p53 generally inactivate its tumor suppression,
leading to a loss of function effect. The largest proportion of these
mutations leads, however to expression of p53 mutant proteins

that have been postulated to exert direct pro-tumorigenic roles
via dominant negative effects as well as gain-of-function (GOF)
effects, including via regulation of cancer cells epigenetic land-
scape [50–52]. Remarkably, the largest majority of p53 GOF
mutants display alterations in their DNA binding domain, thus,
despite they have been described to still display capability to
interact with the chromatin and influence transcription, they do
not conserve the DNA binding profile of the p53 wt protein.
The p53 status has a direct impact on epigenetic pattern of

cancer cells. Cancer that preserves unmutated p53, for example,
can activate alternative epigenetic mechanisms to influence
expression of p53 downstream targets. In p53 wild-type glioblas-
toma (GBM), p53 tumor-suppressive function is hindered by the
chromatin regulator BRD8. BRD8 maintains a repressive chromatin
state at p53 target sites, preventing p53 activation and sustaining
cell proliferation. Targeting BRD8 bromodomain displaces H2AZ,
making chromatin accessible for p53 activation, leading to cell
cycle arrest and tumor suppression, presenting a potential
therapeutic avenue for p53 wt GBM [53].
While wildtype p53 appears to influence enhancer and

promoter landscape promoting regulation of its tumor suppres-
sive programs [54], gain-of-function p53 mutant proteins hijack
chromatin remodeling factors and epigenetic regulators promot-
ing content-dependent pro-tumorigenic epigenetic regulations
[55]. p53 GOF mutants have the ability to physically interact with
the promoter of methyltransferases MLL1 (also known as KMT2A),
MLL2 (also known as KMT2D), and acetyltransferase MOZ (also
known as KAT6A or MYST3) and transcriptionally upregulate them.
Thus, p53 GOF mutants modulate histone methylation and
acetylation across the entire genome [56] (Fig. 4a). Moreover,
p53 mutant R273H displays ability to influence hypoxic gene
expression profile by facilitating recruitment of SWI/SNF chroma-
tin remodeling complex on the hypoxic responsive elements

Fig. 3 p53 is a critical factor in controlling the epigenetic integrity of constitutive heterochromatin, preventing genomic instability. Cells
lacking functional p53 display altered metabolic status, including a reduction in S-Adenosyl-Methionine (SAM) levels. The reduced availability
of SAM impairs the cell’s ability to respond to epigenetic perturbations, as SAM is an essential precursor for the reactions catalyzed by multiple
methyl-transferases (MT) that control DNA and histone methylation. The consequential effect of this deregulation is epigenetic instability of
constitutive heterochromatin and transcription of repetitive sequences within these genomic regions. Uncontrolled transcription of repetitive
sequences disrupts replication progression, leading to genomic instability. Modified from Panatta et al. [40].
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[55, 57]. p53R270H-dependent transcriptomic analysis and chroma-
tin accessibility (ATAC-seq) profiling uncovered a molecular
connection between p53-driven drug tolerance and epigenetic
regulations in pancreatic cancer [58]. p53R270H (mouse version of
p53R273H) selectively finely tunes chromatin accessibility, shaping a
transcriptional program and affecting drug tolerance in cancer
cells. In particular the tyrosine kinase receptor MST1r, whose
chromatin accessibility and transcription are regulated in a
p53R270H-mediated fashion, and significantly impacts drug
response, mimicking the p53R270H-dependent phenotype. MST1r
expression is associated with p53 mutant status and aggressive
pancreatic cancer clinical features in patient analysis (Fig. 4b, c).
Given that late-stage pancreatic cancer plasticity primarily arises
from epigenetic mechanisms, this study proposed that mutant
p53 contributes to the acquisition of a lethal phenotype by finely
adjusting the chromatin landscape.
In esophageal squamous cell carcinoma the GOF mutant

p53R172H upregulates the colony-stimulating factor-1 (CSF-1)
driving the lung metastatisation process. Cleavage Under Targets
and Release Using Nuclease sequencing (CUT&RUN-seq) for
H3K27ac, an active enhancer and promoter marker, in p53R172H/
− and p53+/+ cells revealed that more than 2000 genomic loci
differentially enriched for this histone acetylation between the
two conditions. H3K27ac was found enriched in the CSF-1
genomic locus, which also displayed enrichment in p53R172H

occupancy. The increase in H3K27ac fostered an interaction
between bromodomain-containing domain 4 (BRD4) and p53-
R172H to regulate Csf-1 transcription (Fig. 4d). Thus, pharmaco-
logical inhibition of BRD4 was suggested as a vulnerability of
p53R172H expressing cancers [59]. Intriguingly, however a recent
study showed that depletion by CRISPR/Cas9 of 12 distinct p53
mutants, known for their reported GOF effects displayed no
discernible effects on the proliferation and response to che-
motherapeutic agents in 15 human cancer cell lines and
organoids, nor any effect in the capability of these cell lines to
growth in vivo and colonize mouse organs [60]. The significance of
the GOF effects mediated by the p53 mutant proteins remains,
therefore, still highly debated [61].

CONCLUSIONS
p53, regarded as the guardian of the genome, occupies a central
position in the intricate interplay between cancer epigenetics and
the maintenance of genomic integrity. Its multifaceted role
encompasses both global and site-specific regulations within the
cellular landscape. One critical consequence of p53 inactivation is
the significant escalation of genomic instability, with an accumu-
lation of a plethora of genetic abnormalities, spanning from single
nucleotide variants to polyploidies and large-scale structural
rearrangements, often resembling chromothripsis. However, p53

Fig. 4 Mutant p53 alters the epigenetic landscape of cancer cells via multiple mechanisms. a The interaction between mutant p53 and
ETS2 has been demonstrated to enhance the expression of epigenetic regulators, namely, MOZ, MLL1, and MLL2. The upregulation of these
regulators is implicated in promoting tumor growth. b, c The interaction of mutant p53 with the SWI/SNF chromatin remodeling complex,
involving HIF-1 or alternative unidentified transcriptional factors, induces the expression of genes that contribute to therapy resistance,
microenvironment remodeling, and tumor progression. d Mutant p53 recruitment by BRD4 to the Csf-1 promoter, highly enriched in H3
Lysine 27 Acetylation, results in the induction of its expression, thereby promoting metastasis.
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influence is not confined to DNA repair; it extends to epigenetics.
It exerts control over DNA methylation and histone modifications,
influencing the expression of genes vital for tumor suppression
and oncogenic processes, as well as controlling critical part of the
chromosome landscape, such as constitutive and facultative
heterochromatin. This dynamic control of DNA methylation
contributes to the regulation of key genes involved in preserving
genomic stability. We argue that at the heart of p53 tumor-
suppressive functions lie genomic integrity maintenance and
epigenetic regulations, thus highlining the previously introduced
thought-provoking concept of “p53 as the guardian of the
epigenome” [38, 62]. The intricate connection between p53 roles
in genomic integrity and epigenetics initiates a profound field of
research and discussion. Understanding how p53 actions in DNA
repair and epigenetic regulation intersect provides vital insights
into the complex processes driving cancer development [63].
These insights hold the promise of innovative therapeutic

strategies targeting epigenetic dysregulation in cancer and tumor
specific DNA repair dependencies to preferentially kill cancer cells.
At the same these concepts follow also the fascinating avenue of
developing predictive tools based on epigenetic modifications to
predict disease risk [64]. An additional emerging aspect is the role
of p53 in epitranscriptomic regulations and their significance for
the regulation of genomic integrity. Unraveling the intricacies of
p53 involvement in epitranscriptomics would expand our under-
standing of p53 function and open new avenues for therapeutic
interventions. Finally, the full extent of the significance of p53 GOF
mutants remains unclear. A promising avenue for gaining insights
into this matter could be achieved through a systematic
assessment of how neomorphic p53 proteins react to physiolo-
gical context-specific pressure. This approach not only responds to
emerging evidence, indicating that understanding cancer pro-
gression requires delineating how extrinsic factors cooperate with
oncogenic mutations [65–67], but also holds potential for reaching
a consensus on the specific contentious issue of the p53 GOF
effects. Once again, in these aspects, the interplay between
genetics (specifically p53 mutational status) and existing micro-
environmental signals emphasizes the potential importance of
epigenetics in shaping our understanding of this complex issue.
Hence, the crosstalk between p53, epigenetics, and genomic
stability stands as an important axis to explore in our quest to
unravel the bases of cancer and develop more effective
treatments and preventive measures.

REFERENCES
1. Riley T, Sontag E, Chen P, Levine A. Transcriptional control of human p53-

regulated genes. Nat Rev Mol Cell Biol. 2008;9:402–12.
2. Lane DP. Cancer. p53, guardian of the genome. Nature. 1992;358:15–16.
3. Chillemi G, Kehrloesser S, Bernassola F, Desideri A, Dotsch V, Levine AJ, et al.

Structural evolution and dynamics of the p53 proteins. Cold Spring Harb Perspect
Med. 2017;7:a028308.

4. Fischer M. Census and evaluation of p53 target genes. Oncogene.
2017;36:3943–56.

5. Boutelle AM, Attardi LD. p53 and tumor suppression: it takes a network. Trends
Cell Biol. 2021;31:298–310.

6. Oliner JD, Pietenpol JA, Thiagalingam S, Gyuris J, Kinzler KW, Vogelstein B.
Oncoprotein MDM2 conceals the activation domain of tumour suppressor p53.
Nature. 1993;362:857–60.

7. Barak Y, Juven T, Haffner R, Oren M. mdm2 expression is induced by wild type
p53 activity. EMBO J. 1993;12:461–8.

8. Klein AM, de Queiroz RM, Venkatesh D, Prives C. The roles and regulation of
MDM2 and MDMX: it is not just about p53. Genes Dev. 2021;35:575–601.

9. Thomas AF, Kelly GL, Strasser A. Of the many cellular responses activated by
TP53, which ones are critical for tumour suppression? Cell Death Differ.
2022;29:961–71.

10. Villunger A, Michalak EM, Coultas L, Mullauer F, Bock G, Ausserlechner MJ, et al.
p53- and drug-induced apoptotic responses mediated by BH3-only proteins
puma and noxa. Science. 2003;302:1036–8.

11. Michalak EM, Villunger A, Adams JM, Strasser A. In several cell types tumour
suppressor p53 induces apoptosis largely via Puma, but Noxa can contribute. Cell
Death Differ. 2008;15:1019–29.

12. Valente LJ, Aubrey BJ, Herold MJ, Kelly GL, Happo L, Scott CL, et al. Therapeutic
response to non-genotoxic activation of p53 by Nutlin3a is driven by PUMA-
mediated apoptosis in lymphoma cells. Cell Rep. 2016;14:1858–66.

13. Brady CA, Jiang D, Mello SS, Johnson TM, Jarvis LA, Kozak MM, et al. Distinct p53
transcriptional programs dictate acute DNA-damage responses and tumor sup-
pression. Cell. 2011;145:571–83.

14. Ganini C, Amelio I, Bertolo R, Bove P, Buonomo OC, Candi E, et al. Global mapping
of cancers: the Cancer Genome Atlas and beyond. Mol Oncol. 2021;15:2823–40.

15. Eischen CM. Genome stability requires p53. Cold Spring Harb Perspect Med.
2016;6:a026096.

16. LoMastro GM, Holland AJ. The emerging link between centrosome aberrations
and metastasis. Dev Cell. 2019;49:325–31.

17. Levine MS, Holland AJ. The impact of mitotic errors on cell proliferation and
tumorigenesis. Genes Dev. 2018;32:620–38.

18. Janssen A, Colmenares SU, Karpen GH. Heterochromatin: guardian of the gen-
ome. Annu Rev Cell Dev Biol. 2018;34:265–88.

19. Livingstone LR, White A, Sprouse J, Livanos E, Jacks T, Tlsty TD. Altered cell cycle
arrest and gene amplification potential accompany loss of wild-type p53. Cell.
1992;70:923–35.

20. Venkatachalam S, Shi YP, Jones SN, Vogel H, Bradley A, Pinkel D, et al. Retention
of wild-type p53 in tumors from p53 heterozygous mice: reduction of p53 dosage
can promote cancer formation. EMBO J. 1998;17:4657–67.

21. Janic A, Valente LJ, Wakefield MJ, Di Stefano L, Milla L, Wilcox S, et al. DNA repair
processes are critical mediators of p53-dependent tumor suppression. Nat Med.
2018;24:947–53.

22. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr, Butel JS,
et al. Mice deficient for p53 are developmentally normal but susceptible to
spontaneous tumours. Nature. 1992;356:215–21.

23. Dudgeon C, Chan C, Kang W, Sun Y, Emerson R, Robins H, et al. The evolution of
thymic lymphomas in p53 knockout mice. Genes Dev. 2014;28:2613–20.

24. Donehower LA, Soussi T, Korkut A, Liu Y, Schultz A, Cardenas M, et al. Integrated
analysis of TP53 gene and pathway alterations in the Cancer Genome Atlas. Cell
Rep. 2019;28:1370–84.e1375.

25. Martinez-Jimenez F, Movasati A, Brunner SR, Nguyen L, Priestley P, Cuppen E,
et al. Pan-cancer whole-genome comparison of primary and metastatic solid
tumours. Nature. 2023;618:333–41.

26. Tang Q, Su Z, Gu W, Rustgi AK. Mutant p53 on the path to metastasis. Trends
Cancer. 2020;6:62–73.

27. Baslan T, Morris JPT, Zhao Z, Reyes J, Ho YJ, Tsanov KM, et al. Ordered and
deterministic cancer genome evolution after p53 loss. Nature. 2022;608:795–802.

28. Karlsson K, Przybilla MJ, Kotler E, Khan A, Xu H, Karagyozova K, et al. Deterministic
evolution and stringent selection during preneoplasia. Nature. 2023;618:383–93.

29. Williams AB, Schumacher B. p53 in the DNA-damage-repair process. Cold Spring
Harb Perspect Med. 2016;6:a026070.

30. Aubrey BJ, Strasser A, Kelly GL. Tumor-suppressor functions of the TP53 pathway.
Cold Spring Harb Perspect Med. 2016;6:a026062.

31. Valente LJ, Gray DH, Michalak EM, Pinon-Hofbauer J, Egle A, Scott CL, et al. p53
efficiently suppresses tumor development in the complete absence of its cell-
cycle inhibitory and proapoptotic effectors p21, Puma, and Noxa. Cell Rep.
2013;3:1339–45.

32. Christophorou MA, Ringshausen I, Finch AJ, Swigart LB, Evan GI. The pathological
response to DNA damage does not contribute to p53-mediated tumour sup-
pression. Nature. 2006;443:214–7.

33. Vitale I, Pietrocola F, Guilbaud E, Aaronson SA, Abrams JM, Adam D, et al.
Apoptotic cell death in disease-current understanding of the NCCD 2023. Cell
Death Differ. 2023;30:1097–154.

34. Li T, Kon N, Jiang L, Tan M, Ludwig T, Zhao Y, et al. Tumor suppression in the absence
of p53-mediated cell-cycle arrest, apoptosis, and senescence. Cell. 2012;149:1269–83.

35. Peterson EJ, Bogler O, Taylor SM. p53-mediated repression of DNA methyl-
transferase 1 expression by specific DNA binding. Cancer Res. 2003;63:6579–82.

36. Mello SS, Flowers BM, Mazur PK, Lee JJ, Muller F, Denny SK, et al. Multifaceted role
for p53 in pancreatic cancer suppression. Proc Natl Acad Sci USA.
2023;120:e2211937120.

37. Isbel L, Iskar M, Durdu S, Weiss J, Grand RS, Hietter-Pfeiffer E, et al. Readout of
histone methylation by Trim24 locally restricts chromatin opening by p53. Nat
Struct Mol Biol. 2023;30:948–57.

38. Levine AJ, Greenbaum B. The maintenance of epigenetic states by p53: the
guardian of the epigenome. Oncotarget. 2012;3:1503–4.

39. Morris JPT, Yashinskie JJ, Koche R, Chandwani R, Tian S, Chen CC, et al. alpha-
Ketoglutarate links p53 to cell fate during tumour suppression. Nature.
2019;573:595–9.

A. Janic et al.

7

Cell Death & Differentiation



40. Panatta E, Butera A, Mammarella E, Pitolli C, Mauriello A, Leist M, et al. Metabolic
regulation by p53 prevents R-loop-associated genomic instability. Cell Rep.
2022;41:111568.

41. Leonova KI, Brodsky L, Lipchick B, Pal M, Novototskaya L, Chenchik AA, et al. p53
cooperates with DNA methylation and a suicidal interferon response to maintain
epigenetic silencing of repeats and noncoding RNAs. Proc Natl Acad Sci USA.
2013;110:E89–98.

42. Tiwari B, Jones AE, Caillet CJ, Das S, Royer SK, Abrams JM. p53 directly represses
human LINE1 transposons. Genes Dev. 2020;34:1439–51.

43. Templeton CW, Laimins LA. p53-dependent R-loop formation and HPV patho-
genesis. Proc Natl Acad Sci USA. 2023;120:e2305907120.

44. Ghosh M, Saha S, Li J, Montrose DC, Martinez LA. p53 engages the cGAS/STING
cytosolic DNA sensing pathway for tumor suppression. Mol Cell.
2023;83:266–80.e266.

45. Schwartz M, Hakim O. 3D view of chromosomes, DNA damage, and transloca-
tions. Curr Opin Genet Dev. 2014;25:118–25.

46. Panatta E, Butera A, Celardo I, Leist M, Melino G, Amelio I. p53 regulates
expression of nuclear envelope components in cancer cells. Biol Direct.
2022;17:38.

47. Deng X, Qing Y, Horne D, Huang H, Chen J. The roles and implications of RNA
m(6)A modification in cancer. Nat Rev Clin Oncol. 2023;20:507–26.

48. Raj N, Wang M, Seoane JA, Zhao RL, Kaiser AM, Moonie NA, et al. The Mettl3
epitranscriptomic writer amplifies p53 stress responses. Mol Cell.
2022;82:2370–84.e2310.

49. Ciesla M, Ngoc PCT, Muthukumar S, Todisco G, Madej M, Fritz H, et al. m(6)A-
driven SF3B1 translation control steers splicing to direct genome integrity and
leukemogenesis. Mol Cell. 2023;83:1165–79.e1111.

50. Ortiz GJ, Lozano G. SNPing away at mutant p53 activities. Genes Dev.
2018;32:195–6.

51. Aubrey BJ, Janic A, Chen Y, Chang C, Lieschke EC, Diepstraten ST, et al. Mutant
TRP53 exerts a target gene-selective dominant-negative effect to drive tumor
development. Genes Dev. 2018;32:1420–9.

52. Xiong S, Chachad D, Zhang Y, Gencel-Augusto J, Sirito M, Pant V, et al. Differential
gain-of-function activity of three p53 hotspot mutants in vivo. Cancer Res.
2022;82:1926–36.

53. Sun X, Klingbeil O, Lu B, Wu C, Ballon C, Ouyang M, et al. BRD8 maintains
glioblastoma by epigenetic reprogramming of the p53 network. Nature.
2023;613:195–202.

54. Sullivan KD, Galbraith MD, Andrysik Z, Espinosa JM. Mechanisms of transcrip-
tional regulation by p53. Cell Death Differ. 2018;25:133–43.

55. Pfister NT, Fomin V, Regunath K, Zhou JY, Zhou W, Silwal-Pandit L, et al. Mutant
p53 cooperates with the SWI/SNF chromatin remodeling complex to regulate
VEGFR2 in breast cancer cells. Genes Dev. 2015;29:1298–315.

56. Zhu J, Sammons MA, Donahue G, Dou Z, Vedadi M, Getlik M, et al. Gain-of-
function p53 mutants co-opt chromatin pathways to drive cancer growth. Nature.
2015;525:206–11.

57. Amelio I, Mancini M, Petrova V, Cairns RA, Vikhreva P, Nicolai S, et al. p53 mutants
cooperate with HIF-1 in transcriptional regulation of extracellular matrix com-
ponents to promote tumor progression. Proc Natl Acad Sci USA.
2018;115:E10869–E10878.

58. Zampieri C, Panatta E, Corbo V, Mauriello A, Melino G, Amelio I. p53 mutations
define the chromatin landscape to confer drug tolerance in pancreatic cancer.
Mol Oncol. 2022;16:1259–71.

59. Efe G, Dunbar KJ, Sugiura K, Cunningham K, Carcamo S, Karaiskos S, et al. p53
gain-of-function mutation induces metastasis via Brd4-dependent Csf-1 expres-
sion. Cancer Discov. 2023;13:2632–51.

60. Wang Z, Burigotto M, Ghetti S, Vaillant F, Tan T, Capaldo BD, et al. Loss-of-
function but not gain-of-function properties of mutant TP53 are critical for the
proliferation, survival and metastasis of a broad range of cancer cells. Cancer
Discov. 2024;14:362–79.

61. Kennedy MC, Lowe SW. Mutant p53: it’s not all one and the same. Cell Death
Differ. 2022;29:983–7.

62. Levine AJ, Berger SL. The interplay between epigenetic changes and the p53
protein in stem cells. Genes Dev. 2017;31:1195–201.

63. Levine AJ. Exploring the future of research in the Tp53 field. Cell Death Differ.
2022;29:893–4.

64. Butera A, Smirnova L, Ferrando-May E, Hartung T, Brunner T, Leist M, et al.
Deconvoluting gene and environment interactions to develop an “epigenetic
score meter” of disease. EMBO Mol Med. 2023;15:e18208.

65. Gorelick AN, Sanchez-Rivera FJ, Cai Y, Bielski CM, Biederstedt E, Jonsson P, et al.
Phase and context shape the function of composite oncogenic mutations. Nat-
ure. 2020;582:100–3.

66. Qin X, Cardoso Rodriguez F, Sufi J, Vlckova P, Claus J, Tape CJ. An oncogenic
phenoscape of colonic stem cell polarization. Cell. 2023;186:5554–68.e5518.

67. Ramos Zapatero M, Tong A, Opzoomer JW, O’Sullivan R, Cardoso Rodriguez F, Sufi
J, et al. Trellis tree-based analysis reveals stromal regulation of patient-derived
organoid drug responses. Cell. 2023;186:5606–5619.e5624.

ACKNOWLEDGEMENTS
We would like to thank the members of the Amelio and Janic laboratories for helpful
discussions. We would like to apologize to the many authors whose work we could
not cite due to space restrictions.

AUTHOR CONTRIBUTIONS
IA and AJ conceived and wrote the manuscript; EA prepared the figures and helped
write the draft.

FUNDING
This work has been supported by the DFG to IA (TRR353, subproject A05
“Investigating the Basis of Cell Death Decisions Mediated by p53 Mutants”), the
Carl Zeiss Stiftung to IA (Endowed Professorship, #15972218, 2022-2027; Prisma
Program, #P2022-5-003 2022-2023), by the cooperation between Carl Zeiss Stiftung
and German Scholars Organization with the Fund for international researchers to IA
(#15978021, 2022-2024). Open Access funding enabled and organized by Projekt
DEAL.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Ana Janic or
Ivano Amelio.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

A. Janic et al.

8

Cell Death & Differentiation

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Decoding p53 tumor suppression: a crosstalk between genomic stability and epigenetic control?
	Facts
	Open questions
	Introduction
	p53 loss and genomic instability: a close relationship
	p53-mediated DNA�repair
	p53-mediated regulations of DNA methylation: a key for genomic instability?
	p53-mediated epitranscriptomic regulations
	p53 gain-of-function mutant and epigenetic regulations
	Conclusions
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




