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Abstract: The p53 protein is the master regulator of cellular integrity, primarily due to its tumor-
suppressing functions. Approximately half of all human cancers carry mutations in the TP53 gene,
which not only abrogate the tumor-suppressive functions but also confer p53 mutant proteins with
oncogenic potential. The latter is achieved through so-called gain-of-function (GOF) mutations
that promote cancer progression, metastasis, and therapy resistance by deregulating transcriptional
networks, signaling pathways, metabolism, immune surveillance, and cellular compositions of
the microenvironment. Despite recent progress in understanding the complexity of mutp53 in
neoplastic development, the exact mechanisms of how mutp53 contributes to cancer development
and how they escape proteasomal and lysosomal degradation remain only partially understood. In
this review, we address recent findings in the field of oncogenic functions of mutp53 specifically
regarding, but not limited to, its implications in metabolic pathways, the secretome of cancer cells, the
cancer microenvironment, and the regulating scenarios of the aberrant proteasomal degradation. By
analyzing proteasomal and lysosomal protein degradation, as well as its connection with autophagy,
we propose new therapeutical approaches that aim to destabilize mutp53 proteins and deactivate its
oncogenic functions, thereby providing a fundamental basis for further investigation and rational
treatment approaches for TP53-mutated cancers.

Keywords: mutant p53; cancer secretome; extracellular vesicles; tumor microenvironment; MDM2;
proteasome; ubiquitination; chaperone-mediated autophagy (CMA); heat shock proteins (HSP)

1. Introduction

The p53 protein, often referred to as “the guardian of the genome”, plays a crucial
role in maintaining cellular integrity by regulating a variety of cellular processes such as
DNA repair, cell cycle arrest, apoptosis, and senescence in response to stress and DNA
damage [1,2]. As the most frequently mutated gene in human cancers, mutations in TP53
are present in approximately half of all tumors, leading to the loss of normal p53 function
and significantly contributing to cancer development and progression [2,3]. Mutant forms
of p53 not only lose their tumor-suppressive capabilities but also gain novel oncogenic
functions that actively promote cancer development, metastasis, and therapy resistance.
These gain-of-function (GOF) activities of mutant p53 (mutp53) proteins impact various
cellular pathways, leading to drastic effects on transcriptional regulation, modulation of
signaling pathways, metabolism, immune evasion, and tumor microenvironment [4–8]. The
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implications of TP53 mutations extend beyond molecular and cellular effects, influencing
clinical outcomes and responses to treatment. Patients with tumors harboring mutant
TP53 often face a poorer prognosis and a more aggressive disease course, underscoring the
urgent need for effective therapies targeting the oncogenic functions of mutp53 [9,10].

In this review, we aim to delve into the unique functional and biochemical effects of
GOF mechanisms of mutp53, exploring the most recent advances in the literature on how
these proteins regulate the intricate network of metabolic pathways and consequently alter
cancer secretome and tumor microenvironment (TME), thus leading to the progression
of tumor and metastasis. Additionally, we dissect the new and relatively less explored
fields of extracellular vesicle regulation by mutp53, which is becoming relevant in the
context of cancer associate fibroblasts (CAFs)-cancer cell communication with a drastic
impact on disease progression. Furthermore, we will critically examine the degradation
pathways that regulate mutp53 levels in cancer cells. Understanding these pathways is
crucial for identifying potential therapeutic targets that could mitigate the adverse effects
of mutp53 on cancer progression [11]. We will dissect the proteasomal and lysosomal
routes of mutp53 degradation, including the role of autophagy in this process. This
section will detail how mutp53 evasion of these degradation pathways contributes to its
stabilization and accumulation in tumors, highlighting the potential of targeting heat shock
protein (HSP) expression and posttranslational modifications to destabilize mutp53 and
suppress its oncogenic functions [12,13]. By synthesizing the current understanding and
highlighting the gaps in knowledge regarding the degradation pathways involving mutp53,
this review underscores the necessity for innovative therapeutic strategies targeting these
mutant proteins. While touching upon various cancer types to illustrate the diverse roles of
mutp53, our discussion aims to offer insights applicable across a broad spectrum of cancers,
hoping to illuminate the complex roles of mutp53 in cancer biology and pave the way for
targeted therapeutic interventions. Through this comprehensive exploration, we aspire not
only to bridge the current gaps in the understanding of mutp53’s role in cancer but also to
inspire future research that could lead to novel and more effective treatments for cancer
patients worldwide.

2. Novel Mechanisms of Mutant p53 Gain of Function (GOF)
2.1. Metabolic Regulations by Mutant p53

Mutp53 exerts complex effects on various metabolic pathways, contributing to cancer
cell survival, proliferation, and resistance to therapy. For example, mutp53 isoforms inhibit
the SESN1/AMPK/PGC-1α/UCP2 axis, leading to a pro-oxidant state that supports hyper-
proliferation, anti-apoptotic effects, and drug resistance in cancer cells. This inhibition
suggests the potential of pro-oxidant drugs in treating cancers with mutant TP53 [14]. No-
tably, mutp53 also has been shown to induce drastic changes in mitochondrial metabolism,
with more aggressive cancer phenotypes demonstrating increased mitochondrial oxidation.
This highlights the diversity in metabolic profiles in a mutp53-dependent manner, offering
insights for personalized cancer therapy [8]. Mutp53 triggers phosphorylation of PKM2 via
mTOR signaling, enhancing aerobic glycolysis, reactive oxygen species (ROS) production,
mitochondria activity, and cell proliferation while reducing autophagy, inducing chemore-
sistance and supporting the oncogenic activity of mutant p53 (Figure 1A). This connection
between mutp53 and mTOR stimulation has therapeutic implications, as inhibiting this
axis could be effective in cancers carrying mutp53 [15]. In this context, in pancreatic cancer,
mutp53 is essential for the formation and maintenance of precursor lesions and alters
metabolism to mediate the malignant potential of cancer cells. This alteration includes
promoting epithelial–mesenchymal transition (EMT) and invasion, underlining the role of
mutp53 role in pancreatic cancer progression [16].
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sight sheds light on the role of mutp53 in driving and sustaining cancer development, 
correlating with poor prognosis in certain cancers [17]. Additionally, mutp53 has been 
found to reprogram amino acid metabolism, notably by stimulating serine/glycine syn-
thesis and amino acid intake, crucial for cancer cell survival under nutrient limitations. 
This represents an adaptive metabolic response dependent on mutp53, highlighting new 
vulnerabilities in breast cancer treatment [18]. In the context of prostate cancer, the inter-
play between TMPRSS2:ERG fusion and TP53 mutation has been elucidated, with p53 
GOF mutants transactivating genes involved in pyrimidine synthesis, thereby accelerat-
ing oncogenesis [19]. 

 
Figure 1. Mutant p53’s oncogenic pathways impacting cellular metabolism and invasion. (A) How 
mutant p53 inhibits the SESN1/AMPK/PGC-1α/UCP2 axis, increasing (↑) ROS levels and cell prolif-
eration while decreasing (↓) autophagy and enhancing (↑) mitochondrial activity, contributing to 
chemoresistance. (B) The adaptive metabolic responses driven by mutant p53, including stimulation 
of amino acid biosynthesis and nucleotide biosynthesis pathways, fostering cancer cell invasiveness.  

2.2. Mutant p53 Sustains the Warburg Effect Thus Promoting Lactate Secretion 
Lactate, a byproduct of glycolysis, plays a multifaceted role in the tumor microenvi-

ronment (TME), influencing tumor response to therapies, and contributing to immune 
suppression within the TME. Studies show that lactate not only serves as a metabolic pre-
cursor and energy source but also modulates immune responses through mechanisms like 
extracellular acidification and inhibition of the mTOR pathway in immune cells [20]. 

Mutp53 has been shown to stimulate the Warburg effect, a mechanism involving en-
hanced glycolysis and lactate production. This stimulation occurs through mechanisms 
like promoting GLUT-1 translocation to the plasma membrane and affecting signaling 
pathways such as RhoA/ROCK and AKT/AMPK, thereby facilitating cancer cell survival 
and growth [21] (Figure 2). In this context, the work of Eriksson et al. has underscored 
that the various missense substitutions in TP53, leading to different mutp53 proteins, can 
distinctly alter cellular metabolism, including both glycolytic and mitochondrial oxidative 
phosphorylation pathways [22]. This variability in metabolic impact highlights the need 
for more targeted pharmacological approaches to address the specific variants of mutp53 
[22]. Importantly, this metabolic shift not only supports rapid tumor growth but also in-
fluences the secretome of cancer cells, impacting the tumor microenvironment and im-
mune evasion [23]. However, the stimulation of the Warburg effect by mutp53 not only 
enhances lactate production but also sets the stage for broader changes in the cancer cellsʹ 

Figure 1. Mutant p53’s oncogenic pathways impacting cellular metabolism and invasion. (A) How
mutant p53 inhibits the SESN1/AMPK/PGC-1α/UCP2 axis, increasing (↑) ROS levels and cell
proliferation while decreasing (↓) autophagy and enhancing (↑) mitochondrial activity, contributing to
chemoresistance. (B) The adaptive metabolic responses driven by mutant p53, including stimulation
of amino acid biosynthesis and nucleotide biosynthesis pathways, fostering cancer cell invasiveness.

Further expanding on the metabolic influence led by mutp53, recent studies have
revealed its role in nucleotide metabolism (Figure 1B). For example, mutp53 can associate
with the promoters of nucleotide metabolism genes, enhancing GTP-dependent processes
and invasiveness, and creating a dependency on nucleoside salvage pathways. This in-
sight sheds light on the role of mutp53 in driving and sustaining cancer development,
correlating with poor prognosis in certain cancers [17]. Additionally, mutp53 has been
found to reprogram amino acid metabolism, notably by stimulating serine/glycine syn-
thesis and amino acid intake, crucial for cancer cell survival under nutrient limitations.
This represents an adaptive metabolic response dependent on mutp53, highlighting new
vulnerabilities in breast cancer treatment [18]. In the context of prostate cancer, the inter-
play between TMPRSS2:ERG fusion and TP53 mutation has been elucidated, with p53
GOF mutants transactivating genes involved in pyrimidine synthesis, thereby accelerating
oncogenesis [19].

2.2. Mutant p53 Sustains the Warburg Effect Thus Promoting Lactate Secretion

Lactate, a byproduct of glycolysis, plays a multifaceted role in the tumor microen-
vironment (TME), influencing tumor response to therapies, and contributing to immune
suppression within the TME. Studies show that lactate not only serves as a metabolic
precursor and energy source but also modulates immune responses through mechanisms
like extracellular acidification and inhibition of the mTOR pathway in immune cells [20].

Mutp53 has been shown to stimulate the Warburg effect, a mechanism involving
enhanced glycolysis and lactate production. This stimulation occurs through mechanisms
like promoting GLUT-1 translocation to the plasma membrane and affecting signaling
pathways such as RhoA/ROCK and AKT/AMPK, thereby facilitating cancer cell survival
and growth [21] (Figure 2). In this context, the work of Eriksson et al. has underscored
that the various missense substitutions in TP53, leading to different mutp53 proteins, can
distinctly alter cellular metabolism, including both glycolytic and mitochondrial oxidative
phosphorylation pathways [22]. This variability in metabolic impact highlights the need for
more targeted pharmacological approaches to address the specific variants of mutp53 [22].
Importantly, this metabolic shift not only supports rapid tumor growth but also influences
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the secretome of cancer cells, impacting the tumor microenvironment and immune eva-
sion [23]. However, the stimulation of the Warburg effect by mutp53 not only enhances
lactate production but also sets the stage for broader changes in the cancer cells’ secretome,
as discussed below, which represents a direct link between altered metabolism and changes
in the tumor microenvironment.
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Figure 2. Role of mutant p53 in the enhancement of the Warburg effect and its downstream effects
on the tumor microenvironment (TME). Mutant p53 augments glucose uptake through GLUT-1
translocation and stimulates glycolytic signaling pathways including RhoA/ROCK and AKT/AMPK,
leading to increased pro-tumoral secretome production. The secretome, enriched with extracellular
vesicles, exosomes, and oncometabolites, activates cancer-associated fibroblasts (CAFs), promotes
extracellular matrix (ECM) remodeling, and induces angiogenesis, thereby facilitating tumor pro-
gression and metastasis. Additionally, mutant p53 interacts with HIF-1α to further support the
pro-tumoral secretome and enhance tumor growth and metastatic spread.

2.3. Cancer Secretome Regulation by Mutp53

As anticipated above, mutp53 proteins can significantly modify the cancer cell se-
cretome, producing extracellular vesicles (EVs), exosomes and oncometabolites, thus in-
fluencing the tumor microenvironment (TME) with cancer-associated fibroblast (CAF)
transdifferentiation, induction of angiogenesis and extracellular matrix (ECM) remodeling,
thereby supporting invasive cancer phenotypes (Figure 2). This alteration involves changes
in the secretion of enzymes modulating extracellular matrix components, inflammatory
cytokines (i.e., IL-6, IL-1β, TNFα), and factors that increase extracellular acidification
(Figure 2), crucial for the interaction between cancer and stromal cells [24]. In pancreatic
ductal adenocarcinoma (PDAC), where TP53 is mutated in about 75% of cases, mutp53
isoforms R175H and R273H distinctly affect the cell secretome. This influence extends
to cancer progression, including proliferation, chemoresistance, apoptosis, and epithelial–
mesenchymal transition (EMT). The discovery of differentially secreted proteins by these
p53 mutants, identified through advanced proteomic techniques, points to a potential
biomarker signature driven by mutp53 in PDAC [25]. Mutp53 also alters the structure of
the Golgi apparatus and function, leading to an increased release of pro-malignant factors in
the secretome. This process, mediated through the mut-p53/HIF1α/miR-30d axis, results
in enhanced vesicular trafficking and secretion (Figure 2), impacting extracellular matrix
remodeling and stromal cell activation within the tumor microenvironment. These changes
foster tumor growth and metastatic potential, highlighting the profound effect of mutp53
on the secretory behavior of cancer cells [26].
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2.4. Mutp53 Regulation of TME and Tumor-Stroma Communication via Extracellular
Vesicles (EVs)

Based on the metabolic alterations induced by mutp53, such as the Warburg effect
and secretome changes, we now explore its impact on the TME through the regulation
of extracellular vesicles (EVs). Cancer-associated fibroblasts (CAFs) in the TME play a
pivotal role in cancer progression and immune suppression by remodeling the extracellular
matrix (ECM) and secreting signaling molecules [27]. The function of CAFs is intricately
linked with EVs, which serve as crucial mediators of intercellular messages in the TME.
Extracellular vesicles (EVs), as carriers of molecular information like nucleic acids, pro-
teins, and lipids, are integral to intercellular communication in cancer, influencing steps
from tumor development to metastasis [28]. These EVs, laden with molecular signatures,
become pivotal mediators of GOF mutp53. In addition to this, mutp53, by altering cellular
metabolism, impacts the composition and function of EVs, facilitating the transfer of its
invasive properties across the TME. Mutp53 enhances cancer invasiveness by regulating
endosomal recycling and exosome production, leading to the transfer of mutp53’s invasive
characteristics to other cells and normal fibroblasts. These results in pro-invasive ECM
remodeling and potential alteration of distant organ microenvironments [29]. As mutp53
reconfigures the EV landscape, its effects extend beyond mere cell-autonomous changes.
Relevant and interesting studies showed that mutp53 proteins can be selectively sorted
into EVs, transferring GOF properties to neighboring cancer cells and macrophages, thus
promoting tumor growth and creating a supportive TME. This includes the reprogramming
of non-cancerous cells and the induction of tumor-supportive cytokines [30]. The p53
R273H mutation alters the tumor microenvironment through exosomal-micro (mi)RNAs,
influencing fibroblast activation and cytokines secretion, which, in turn, induce EMT in
cancer cells. This highlights a critical circuit involving mutp53-exosomal miRNAs and
stromal cell communication [31]. The ramifications of these interactions are profound,
illustrating a complex network of mutp53-driven communication within the TME.

Further amplifying its role, the influence of mutp53 permeates through small EVs,
affecting a broader range of cells in the TME. In a recent study by Ma et al., it has been
shown that GOF p53 protein is packaged into small EVs and transferred to fibroblasts,
leading to their transformation into cancer-associated phenotypes and enhancing tumor
growth. This transfer is mediated by heat shock protein 90 (HSP90) and reflects the intricate
tumor-stromal interactions in cancer [32]. The secretion of mutp53 via exosomes impacts
the immune microenvironment, notably by suppressing CD4+ T lymphocytes and altering
glycolysis. Targeting this exosome-mediated secretion might offer a therapeutic approach
for cancer treatment [33]. In another study, Cooks et al. showed that mutp53 cancer cells
shed miR-1246-enriched exosomes, reprogramming macrophages into a tumor-supportive
state. This process contributes to an immunosuppressive environment, underlying the
role of mutant p53 in involving the immune system to favor cancer progression [34]. The
regulatory role of mutp53 in EV production and content not only complements its effects
on tumor metabolism but also significantly impacts the TME, highlighting a multifaceted
approach of mutp53 in cancer progression.

In this paragraph, we have outlined how mutp53 drives complex metabolic reprogram-
ming, potentially leading to the secretion of various oncometabolites, including lactate and
extracellular vesicles (EVs), as well as metabolic sub-products accumulated due to impaired
autophagy. These oncometabolites, extending their influence beyond their cells of origin,
significantly impact the TME, thereby promoting processes such as tumor invasion, metas-
tasis, and migration (Figure 2). Numerous studies have demonstrated that oncometabolites
can alter cellular processes and communication, leading to notable changes in gene ex-
pression, signal transduction, and overall cellular behavior, thereby playing a crucial role
in cancer progression [35,36]. This highlights that the influence of mutp53 on metabolic
pathways might drive cancer progression through the accumulation of oncometabolites,
which exert a range of oncogenic effects. These effects span from alterations in cancer
signaling pathways and modifications in the TME that favor tumor metastasis to epigenetic
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changes. Investigating the interaction between mutp53-induced metabolic changes and the
dynamics of oncometabolite accumulation offers a promising path for novel therapeutic
strategies, particularly those targeting the metabolic vulnerabilities of tumors harboring
mutp53. This line of research is vital for advancing personalized cancer treatments.

2.5. Other Novel Mechanisms by Which Mutp53 Promotes Cancer Cell Invasion and Metastasis

Building upon our understanding of the role of mutp53 in altering the cancer cell
secretome and remodeling the TME, it is crucial to highlight its direct influence on cellular
mechanisms and signaling pathways specifically driving cell migration and invasion. This
aspect of the functionality of mutp53 proteins adds another layer of complexity to its onco-
genic repertoire, extending beyond its impact on metabolic reprogramming and secretome
alterations. For example, Madrigal et al. demonstrated that mutp53 can modulate miRNA
expression, such as the upregulation of miR-182-5p, thereby increasing cell migration and
invasion by affecting gene regulation pathways linked to these processes [37]. Similarly, in
PDAC, colorectal cancers, and glioblastoma mutp53 exhibits GOF activities by binding to
and hyperactivating STAT3, leading to enhanced tumor progression, invasion, and metasta-
sis [38,39]. Addressing the influence of mutp53 on cellular trafficking and signaling, recent
studies have elucidated how GOF mutp53 impacts endocytic trafficking and signaling
of cell surface receptors, crucial for cancer cell motility. Lakoduk et al. showed that the
upregulation of Dyn1 by mutp53 enhances the rapid recycling of EGFR and β1 integrins,
important for increased cell migration and invasion [40]. Furthermore, the interaction of the
p53R273H mutant with proteins like SQSTM1/p62 leads to the degradation of cell-junction-
associated proteins, a process that facilitates cancer cell migration [41] (Figure 3). This
mutant also affects integrin-mediated tumor-stroma interactions and tumor cell motility
by influencing the mutp53-ENTPD5 axis in N-glycoprotein biosynthesis [42]. Moreover,
the role of mutp53 in gene suppression is evident in its interaction with tumor suppressor
genes. Hotspot mutp53 variants, such as p53-R273H, are known to suppress tumor sup-
pressors like the expression of KLF6 gene, impacting E-cadherin levels and promoting cell
migration and tumor metastasis, often correlating with poorer survival outcomes in breast
cancer [43]. In non-small-cell lung cancer, the p53-R273H mutation upregulates NEU1, a
sialidase involved in cell migration, further highlighting the diverse mechanisms through
which mutp53 variants enhance cell migration and metastasis [44] (Table 1).
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Figure 3. The signaling pathways through which mutant p53 influences tumor invasion. Mutp53 acti-
vates STAT3, which is implicated in promoting tumor progression and invasion. Additionally, mutp53
regulates the recycling of EGFR and integrins, integral membrane proteins that are key facilitators of
cell migration. Mutp53 also increases Onco-miR production, induces epithelial–mesenchymal transi-
tion (EMT) and interacts with SQSTM1/p62, which plays a role in degrading cell-junction-associated
proteins, thus enabling cancer cell migration. Collectively, these pathways contribute to enhanced
tumor cell invasiveness and the metastatic potential of cancer cells.
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Table 1. Impact of distinct GOF p53 mutations in cancer: Roles, targets, and mechanisms.

Mutant p53 Proteins Role in Cancer Biological Effect Led by Mutant p53 References

p53R175H, p53R273H Induces changes enhancing
cancer aggressiveness

Triggers metabolic alterations increasing
mitochondrial oxidation [8]

p53R175H, p53R273H Enhances pro-oxidant state
and drug resistance

Inhibits the axis leading to hyper-proliferation,
anti-apoptotic effects, and drug resistance [14]

p53R273H, p53R280K Enhances glycolysis and ROS
production

Phosphorylation of PKM2 via mTOR signaling,
reduces autophagy, supports oncogenic activity [15]

p53R273H Alters metabolism promoting
EMT and invasion

Essential for precursor lesions, mediates malignant
potential through metabolic changes [16]

p53R248Q, p53R273H Enhances invasiveness and
cancer development

Associates with promoters of nucleotide
metabolism genes, enhances GTP-dependent

processes
[17]

p53R248Q, p53R273H
Stimulates synthesis crucial
for survival under nutrient

limitations

Reprograms metabolism, particularly
serine/glycine synthesis, crucial in breast cancer [18]

p53R273H, p53R280K Accelerates oncogenesis
Transactivates genes involved in pyrimidine

synthesis, associated with TMPRSS2-ERG fusion
in prostate cancer

[19]

p53R175H, p53R248Q,
p53R273H

Stimulates enhanced
glycolysis and lactate

production

Promotes GLUT-1 translocation, affects
RhoA/ROCK and AKT/AMPK signaling,
enhances cancer cell survival and growth

[21]

p53R175H, p53R248Q,
p53R273H Alters cellular metabolism

Influences both glycolytic and mitochondrial
oxidative phosphorylation pathways, impacts

metabolic diversity
[22]

p53R175H, p53R248Q,
p53R273H

Influences the secretome
impacting immune responses

Shift in metabolism influences the secretome of
cancer cells, impacting tumor microenvironment

and immune evasion
[23]

p53R175H, p53R273H Supports invasive cancer
phenotypes

Changes in secretion of enzymes, inflammatory
cytokines (IL-6, IL-1β, TNFα), and factors

increasing extracellular acidification
[24]

p53R175H, p53R273H Affects cancer progression Alters cell secretome impacting proliferation,
chemoresistance, apoptosis, EMT [25]

p53R175H, p53R273H Enhances malignant factor
release

Alters Golgi structure and function, mediated by
mut-p53/HIF1α/miR-30d axis leading to

increased pro-malignant factor release
[26]

p53R273H, others not
specified Enhances cancer invasiveness

Alters the composition and function of EVs,
facilitating the transfer of invasive properties

across the TME.
[29]

p53R273H Modifies TME, supports
tumor progression

Transferring gain-of-function properties to
neighboring cells and macrophages, thus

promoting tumor growth
[30]

p53R273H Influences ECM remodeling
and EMT

Alters the TME through exosomal-micro
(mi)RNAs that impact fibroblast activation and

cytokine secretion, promoting EMT and enhancing
tumor-stroma communication.

[31]

p53Y234C,
p53G245D,
p53I195T,

p53R248W,
p53R273H,
p53Y163C

Leads to cancer-associated
phenotypes and enhances

tumor growth

GOF p53 proteins are packaged into small EVs and
transferred to fibroblasts, mediated by HSP90,

activating pathways like Nrf2 that induce
cancer-associated transformations

[32]
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Table 1. Cont.

Mutant p53 Proteins Role in Cancer Biological Effect Led by Mutant p53 References

p53R273H

Suppresses immune
responses, notably CD4+ T

lymphocytes, and alters
glycolysis

Mutp53 secretion via exosomes impacts the
immune microenvironment [33]

p53R273H, p53R249S Reprograms macrophages
into a tumor-supportive state

Cancer cells shed miR-1246-enriched exosomes,
which reprogram macrophages, contributing to an

immunosuppressive environment
[34]

General mutp53 (specific
mutations not detailed)

Enhances cell migration and
invasion

Modulates miRNA expression, such as
upregulation of miR-182-5p, affecting gene

regulation pathways related to migration and
invasion

[37]

General mutp53 (in PDAC,
colorectal cancers,

glioblastoma)

Promotes tumor progression
and metastasis

Binds to and hyperactivates STAT3, leading to
enhanced tumor progression, invasion, and

metastasis
[38,39]

p53R273H Increases cell migration and
invasion

Enhances rapid recycling of EGFR and β1
integrins, crucial for cancer cell motility [40]

p53R273H Facilitates cancer cell
migration

Interacts with SQSTM1/p62 leading to the
degradation of cell-junction-associated proteins [41]

p53R273H,
p53R248W,
p53R248Q,
p53R280K

Affects tumor cell motility
Influences the mutp53-ENTPD5 axis in
N-glycoprotein biosynthesis, impacting
tumor-stroma interactions and motility

[42]

p53R273H Promotes cell migration and
metastasis

Suppresses tumor suppressor genes like KLF6,
impacting E-cadherin levels and promoting cell

migration and metastasis
[43]

p53R273H Enhances cell migration
Upregulates NEU1, a sialidase involved in cell
migration, highlighting diverse mechanisms

enhancing metastasis
[44]

p53R273H,
p53E258K Enhances tumor progression

Mutp53 induces MnSOD mRNA and protein
expression, enhancing aerobic glycolysis and

tumor progression through balanced ROS
production and reduced oxidative damage

[45]

2.6. Sirtuin/P53 Axis: Interplay and Potential Speculation

One of the main regulatory mechanisms of p53 transcriptional activity, stability and
accumulation in cells is represented by post-translational modifications such as phospho-
rylation, ubiquitination and acetylation [46]. An increase in the acetylation status of p53
in specific lysine residues stabilizes p53 and promotes transcription and activation of its
downstream targets suggesting p53 acetylation as an indispensable post-translational mod-
ification that regulates the activity of this tumor suppressor for the proper functioning of
the cell [47–49]. In previous decades, the discovery of the sirtuin family of proteins has
represented an important step for better understanding physiological and pathological
processes related to cancer, metabolism, inflammation, etc. Silent information regulator
2 (Sir2) proteins, or sirtuins (SIRTs), are evolutionally conserved enzyme family acting as
protein deacetylases/ADP ribosyltransferases [50]. Seven sirtuins have been identified:
SIRT1 and SIRT6 are detected in the nucleus while SIRT7 is a nucleolar sirtuin. SIRT2
is a cytoplasmatic sirtuin while SIRT3, SIRT4 and SIRT5 are mitochondrial sirtuins [51].
These proteins were first identified as class III histone deacetylase (HDAC) but their target
include also non-histonic proteins, one of them being p53. In particular, p53 is a well-known
SIRT1 target of deacetylation and p53-SIRT1 interactions inhibit p53-induced apoptosis
and senescence [52,53]. Moreover, the positive feedback loop established between p53
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and SIRT1 represses SIRT1 activity maintaining a fine mutual control in physiological
conditions [54,55]. While deacetylating and inhibiting p53 activity, SIRT1 also deacetylases
Ku70, a DNA repair factor that, once activated, favors the DNA repair process to maintain
DNA integrity and stability [56]. For their nuclear localization, SIRT6 and SIRT7 have also
been investigated to unravel their putative interaction with p53 but the results so far are
contradictory and need further investigations. In recent years, the association between
mitochondrial SIRT3 and p53 signaling has been investigated. In their study, Zhang et al.
demonstrated that SIRT3 inhibits cell proliferation in hepatocarcinoma cell lines, reducing
MDM2-mediated p53 degradation [57]. If the study of the interactions between sirtuins and
wild-type p53 is still full of gaps that need to be filled, the study of the interactions between
mutp53 and sirtuins is even more lacking [58]. Less is known about the connection between
sirtuins and mutp53, but several studies confirm that mutp53 is regulated by acetylation at
K382 [59,60]. In their study, Yi et al. demonstrated that YK-3-237, a SIRT1 activator, inhibits
the proliferation of Triple-negative breast cancer cell lines by reducing the levels of mutp53
in a SIRT1-dependent manner and enhancing mRNA expression of PUMA and NOXA
with consequent PARP-dependent apoptotic cell death. Furthermore, this small molecule
contributes to G2/M arrest accompanied by a decrease in mtp53 [61]. Furthermore, as
previously reported, the acetylation status of p53 determines its transcriptional activity that,
in turn, is reflected in the transcription of p53-responsive genes [53,62]. In the same way,
acetylation affects the activity of mutp53 [63,64]. Tang et al. demonstrated that mutp53
expression levels decreased in small-cell lung cancer cells overexpressing SIRT3 due to
increased mutp53 ubiquitination and emphasizing the involvement of SIRT3 in the degra-
dation of mutp53 through the ubiquitin proteasome pathway [65]. Other recent evidence
underlines the importance of the SIRT3/mutp53 axis in cancer development. Experiments
performed on melanoma cell lines demonstrated that mutp53 induces MnSOD mRNA
and protein expression creating a positive regulation of MnSOD activity that, in turn,
enhances aerobic glycolysis and results in tumor progression, fueled by a balanced ROS
production [45]. MnSOD in fact represents one of the most important targets of SIRT3 in
mitochondria where its activity reduces oxidative damage [66]. In their work, Torrens-Mas
et al. in fact, demonstrated that mutp53 promotes MnSOD deacetylation activating its
enzymatic activity in order to control ROS levels and create a supportive microenvironment
for tumor growth. In this context, mutp53 increases SIRT3 and MnSOD activity to maintain
ROS levels below a cytotoxic threshold that can enhance cancer development without
inducing damage to macromolecules or cellular organelles [45]. Taken together, these data
indicate a role of sirtuins in mutp53 regulation that, however, needs further investigation.
Since more than 50% of human cancers are characterized by mutations of p53, mutp53
represents a potential target of anti-cancer intervention and Sirtuins could be considered
an important tool for mutp53 regulation through its inactivation or degradation. Natural
or synthetic compounds with regulatory effects on SIRTs’ activity represent an important
approach and a potential therapeutic intervention in cancer development inhibition. Along-
side well-known compounds such as resveratrol, honokiol, etc. [67], new synthetic and
more specific SIRT activators were synthetized in order to enhance the antitumoral activity
of some sirtuins such as mitochondrial SIRT3 [68,69]. Furthermore, new studies revealed
that nanostructures such as polyethylene glycol-coated liposomes loaded with flavonoids
can modulate sirtuins activity and, in this way, SIRT3/p53 axis or SIRT1 activity [70–72].
Therefore, such new sirtuin modulators and promising nanotherapy-based approaches
could pave the way toward an effective mutp53 modulation.

3. Mechanisms of Mutp53 Degradation
3.1. Mutant p53 Degradation: The Proteasomal Route

Differently from wtp53, mutp53 proteins often accumulate to very high levels in hu-
man cancers because they may acquire a misfolded and partially denatured conformation
with a high tendency to form micro- and macro-aggregates [2] that cannot undergo pro-
teasomal degradation [73]. The hyperstability of mutp53 proteins is at the basis of cancer
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progression through the gain-of-function (GOF) mechanism. Given the high mutational
frequency of p53 in cancer and the GOF activity, mutp53 has become an attractive target for
cancer therapies [74]. And mutp53 destabilization is considered a promising therapeutic
strategy for cancers carrying mutp53 although, currently, no drugs targeting mutp53 are
available for cancer treatment in clinics [75]. Therefore, it is crucial to better understand the
mechanisms underlying mutp53 accumulation in order to trigger its degradation.

Several mechanisms such as those proteasome- or autophagy-mediated have been shown
to trigger mutp53 degradation. It is well known that the proteasome and macroautophagy
(herein as autophagy) regulate the half-life of many proteins [76] including wild-type p53 [77].
While the proteasome predominantly targets short-lived ubiquitinated proteins, autophagy
mainly degrades long-lived misfolded proteins, intracellular aggregates or damaged or-
ganelles. In addition, cross-talk between autophagy and the ubiquitin proteasome system
(UPS) exists, as blockage of one pathway can lead to activation of the other [78]. One of the
mechanisms that induce mutp53 stabilization is the inhibition of MDM2 ubiquitin ligase activ-
ity. Studies from genetically engineered mouse models (i.e., R172H mutp53-knockin mice),
together with in vitro studies, demonstrated that MDM2 can effectively degrade mutp53
in normal tissues but not in tumor tissues [79,80]. Furthermore, MDM2 deletion of R172H
mutp53 in knock-in mice results in mutp53 accumulation in normal tissues, which in turn
promotes tumor development and reduced mouse life span [81]. Tumors develop specific
mechanisms to impair MDM2-mediated mutp53 degradation, leading to mutp53 accumula-
tion [81–84]. For instance, components of the Hsp90 chaperone machinery, a stress-induced
system that supports cancer cell survival by counteracting protein misfolding and toxic aggre-
gation [85], bind to mutp53 and inhibit MDM2 ubiquitin-protein isopeptidase ligase function
by concealing the ARF-binding site on MDM2, leading to mutp53 accumulation [86]. The
system includes Hsp90, Hsp70 and other co-chaperones such as Hsp40/DNAJA1. Both Hsp40
and CHIP interact with Hsp70, which cooperates with HSP90 in stabilizing mutp53 [13]. Thus,
Hsp40/DNAJA1 inactivates CHIP, protecting mutp53 from CHIP-mediated degradation [87]
(Figure 4). This mechanism can be disrupted by statins, cholesterol-lowering drugs, that, by
reducing the level of mevalonate-5-phosphate in the mevalonate pathway (MVP), induce
CHIP-mediated degradation of mutp53 [87]. Accordingly, c-Myc inhibition has been shown to
reduce the expression of mevalonate kinase (MVK), a molecule belonging to the mevalonate
pathway, and reduce mutp53 stability [88].
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heat shock proteins HSP90 and HSP70, along with HSP40, stabilize mutp53, preventing its ubiquitination
and degradation. HSP90 inhibits MDM2 activity. The co-chaperone protein CHP further ubiquitinates
mutp53, enhancing its degradation. HSP40 directly impairs CHIP activity. TRIM21 directly targets
mutp53 for ubiquitination and proteasomal degradation, counteracting its accumulation in tumor cells.
Impairment of MDM2, CHIP and TRIM activity leads to increased mutp53 stability.

Recently, a new mechanism for mutp53 degradation via proteasome has been uncov-
ered. The authors, by screening for specific mutp53-interacting proteins, identified human
tripartite motif 21 (TRIM21) as a critical E3 ubiquitin ligase of mutp53 [89] (Figure 4). They
found that TRIM21 directly interacts with mutp53 but not wild-type p53 and that TRIM21
deficiency in cancer cells promotes mutp53 accumulation and GOF in tumorigenesis. These
results are supported by the finding that TRIM21 is frequently downregulated in some
human cancers, including colorectal and breast cancers, and low TRIM21 expression is
associated with poor prognosis in patients with cancers carrying mutp53 [89].

3.2. Mutant p53 Degradation: The Lysosomal Routes

Beyond macroautophagy (herein as autophagy), micro- (MI) and chaperone-mediated
autophagy (CMA) pathways, are key components of the cellular machinery that play impor-
tant roles in lysosome-mediated protein degradation [90]. Autophagy is a multistep process
that involves the sequential formation of a double-membrane structure, the phagophore,
that ultimately fuses with lysosomes to degrade sequestered cargos via the activity of hydro-
lases in autolysosomes [91]; MI involves the direct uptake of cargo material by the lysosomal
or vacuolar membrane [92]; CMA selects proteins with a pentapeptide motif related to
KFERQ that is recognized by the heat shock cognate 71 kDa protein (Hsc70 (also known as
HSPA8)) and co-chaperones, forming a chaperone complex that enables the translocation of
the cargo protein into the lysosomal lumen via binding the lysosomal receptor, lysosome-
associated membrane protein 2A (LAMP-2A) [93,94]. Certain mutp53 proteins have been
shown to be degraded through autophagy but also to regulate autophagy [90]. For instance,
glucose restriction in multiple cancer types, bearing the p53R175H, R280K mutants, was
shown to induce p53 mutant deacetylation, routing it for degradation via autophagy [64,95].
In agreement, inhibition of autophagy with chemical inhibitors or by downregulation of
the essential autophagic genes ATG1/Ulk1, Beclin-1 or ATG5, results in mutp53R175H and
R280K stabilization, conversely, overexpression of Beclin-1 or ATG1/Ulk1 leads to p53 mu-
tant depletion [11] (Figure 5). In order to trigger mutp53 degradation through autophagy,
several classes of small molecules that promote this catabolic process have been tested.
Some of them include the curcumin-based zinc compound (Zn(II), curcumin compounds
and capsaicin (8-methyl-N-vanillyl-6-noneamide), which have been shown to deplete the
expression of p53RH175 and p53R273H mutants [96–98], Gambogic acid, a pro-apoptotic
molecule that promotes the autophagy-mediated p53R280K and p53S241F degradation [99],
inhibition of MKK3, a dual protein MAP kinase, which reduces p53R273H mutant pro-
tein levels through ER stress-induced autophagy [100], the cruciferous-vegetable-derived
phenethyl isothiocyanate (PEITC), which triggers p53R175H, R273H, R248Q mutant degra-
dation [101], and histone deacetylases inhibitors (HDACi), which stimulate autophagy and
degrade p53R172H, R248Q, R280K mutants [102]. Degradation of mutp53 proteins leads to
the reduction of GOF; however, sometimes it also reactivates the wild-type p53 function,
restoring cancer cell sensitivity to cytotoxic agents [96,103,104] (Figure 5).



Biomolecules 2024, 14, 649 12 of 24

Biomolecules 2024, 14, x FOR PEER REVIEW 12 of 25 
 

a dual protein MAP kinase, which reduces p53R273H mutant protein levels through ER 
stress-induced autophagy [100], the cruciferous-vegetable-derived phenethyl 
isothiocyanate (PEITC), which triggers p53R175H,R273H,R248Q mutant degradation 
[101], and histone deacetylases inhibitors (HDACi), which stimulate autophagy and 
degrade p53R172H,R248Q,R280K mutants [102]. Degradation of mutp53 proteins leads to 
the reduction of GOF; however, sometimes it also reactivates the wild-type p53 function, 
restoring cancer cell sensitivity to cytotoxic agents [96,103,104] (Figure 5). 

 
Figure 5. Mutant p53 degradation by autophagy. Activation (↑) of autophagy by different conditions 
(summarized in the blue rectangle) induces mutp53 degradation (purple small circles) leading to 
reduction (↓) of GOF; sometimes, degradation of mutp53 reactivates the wild-type function. 
Inhibition of autophagy by different mechanisms (summarized in the red rectangle) impairs mutp53 
degradation. 

Cells respond to blockage of the proteasome by up-regulating autophagy, whereas 
inhibition of autophagy under nutritional deprivation conditions has been shown to 
activate chaperone-mediated autophagy (CMA) [94] (Figure 6A). Thus, CMA is maximally 
activated in response to stressors such as prolonged starvation, exposure to toxic 
compounds, or oxidative stress [105]. In the study by Vakifahmetoglu-Norberg et al., the 
authors show that suppression of macroautophagy, in confluent cells, promoted the 
degradation of mutant p53 through CMA. The authors demonstrate that mutant but not 
wild-type p53 bound both Hsc70 and LAMP-2A, chaperoning mutp53 to the lysosomes 
[106] (Figure 6B). Several mutant p53 proteins, including P98S, P151H, A161T, R175C, 
R175D, R175H, L194F, S227K, S227R, G245C, R248L, R248W, E258K, R273H, R273L, 
R280K, and R28W, have been shown to be targeted by CMA in cancer cells and in in vitro 
experiments with ectopic overexpression of p53 mutants [106,107]. We have recently 
shown that ER stress activation induced CMA which contributed to lysosomal mutp53 
degradation [108]. The findings suggest that activating CMA-mediated mutant p53 
degradation may be more efficacious than treatment with targeted mutant p53 specific 
reactivating small molecules, along with the fact that the activation of CMA was not or 
less effective on wild-type or p53 null expressing cancer cells [106]. 

High LAMP-2A levels have been shown to correlate with a predisposition of CMA, 
whereas silencing of LAMP-2A blocks the degradation of proteins via the CMA pathway 
[109]. Transcriptional control of LAMP-2A expression was shown to be under the control 
of the NFE2L2/NRF2 (nuclear factor erythroid 2-related factor 2 (NRF2) [110], the master 
regulator of the oxidative response. Interestingly, NRF2 has been shown to interact with 
mutp53R280K contributing to selective activation of NRF2 downstream transcriptional 
program [111]. This cross-talk suggests that mutant p53 proteins might contribute to CMA 
activation through NRF2-mediated LAMP-2A transactivation. However, to date, the role 
of CMA in tumorigenic conditions is not well defined and there are no direct 
pharmacological CMA activators for cancer cells. 

Other mechanisms that trigger protein degradation are microautophagy (MI), a 
process that induces lysosome-dependent protein degradation following recognition of 
proteins harboring a KFERQ-like motif by the molecular chaperone HSC70 [112], and 
chaperone-assisted lysosomal degradation pathway CASA (chaperone-assisted selective 

Figure 5. Mutant p53 degradation by autophagy. Activation (↑) of autophagy by different conditions
(summarized in the blue rectangle) induces mutp53 degradation (purple small circles) leading to
reduction (↓) of GOF; sometimes, degradation of mutp53 reactivates the wild-type function. Inhibition
of autophagy by different mechanisms (summarized in the red rectangle) impairs mutp53 degradation.

Cells respond to blockage of the proteasome by up-regulating autophagy, whereas
inhibition of autophagy under nutritional deprivation conditions has been shown to activate
chaperone-mediated autophagy (CMA) [94] (Figure 6A). Thus, CMA is maximally activated
in response to stressors such as prolonged starvation, exposure to toxic compounds, or
oxidative stress [105]. In the study by Vakifahmetoglu-Norberg et al., the authors show that
suppression of macroautophagy, in confluent cells, promoted the degradation of mutant
p53 through CMA. The authors demonstrate that mutant but not wild-type p53 bound
both Hsc70 and LAMP-2A, chaperoning mutp53 to the lysosomes [106] (Figure 6B). Several
mutant p53 proteins, including P98S, P151H, A161T, R175C, R175D, R175H, L194F, S227K,
S227R, G245C, R248L, R248W, E258K, R273H, R273L, R280K, and R28W, have been shown to
be targeted by CMA in cancer cells and in in vitro experiments with ectopic overexpression
of p53 mutants [106,107]. We have recently shown that ER stress activation induced CMA
which contributed to lysosomal mutp53 degradation [108]. The findings suggest that
activating CMA-mediated mutant p53 degradation may be more efficacious than treatment
with targeted mutant p53 specific reactivating small molecules, along with the fact that
the activation of CMA was not or less effective on wild-type or p53 null expressing cancer
cells [106].
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Figure 6. Degradation pathways for mutant p53. (A) Schematic representation of the balance
between the different degradative routes and the stabilization/degradation of mutp53. Blocking (↓)
of the proteasome upregulates (↑) autophagy while reduction of autophagy activates (↑) chaperone-
mediated autophagy (CMA). (B) Activation (↑) of CMA by different conditions (in the blue rectangle),
triggers mutp53 binding to both Hsc70 and LAMP-2A, chaperoning mutp53 to the lysosomes for
degradation. The potential effect (?) of mutp53 degradation by microautophagy (MI) or chaperone-
assisted selective autophagy (CASA) through Hsc70 is also shown.

High LAMP-2A levels have been shown to correlate with a predisposition of CMA,
whereas silencing of LAMP-2A blocks the degradation of proteins via the CMA path-
way [109]. Transcriptional control of LAMP-2A expression was shown to be under the
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control of the NFE2L2/NRF2 (nuclear factor erythroid 2-related factor 2 (NRF2) [110], the
master regulator of the oxidative response. Interestingly, NRF2 has been shown to interact
with mutp53R280K contributing to selective activation of NRF2 downstream transcriptional
program [111]. This cross-talk suggests that mutant p53 proteins might contribute to CMA
activation through NRF2-mediated LAMP-2A transactivation. However, to date, the role of
CMA in tumorigenic conditions is not well defined and there are no direct pharmacological
CMA activators for cancer cells.

Other mechanisms that trigger protein degradation are microautophagy (MI), a process
that induces lysosome-dependent protein degradation following recognition of proteins
harboring a KFERQ-like motif by the molecular chaperone HSC70 [112], and chaperone-
assisted lysosomal degradation pathway CASA (chaperone-assisted selective autophagy),
which also requires the involvement of HSC70. Since the amino acid sequence of p53
contains KFERQ-like motifs that are recognizable by HSC70, it is plausible that the mutant
p53 protein might be targeted by MI or CASA (Figure 6B). However, it is currently not
known whether wild-type and/or mutp53 proteins are targeted and degraded by these
pathways. At the moment, it is also unclear if the distinct tendency of mutp53 proteins to
misfold or aggregate may affect the susceptibility for recognition by the different degra-
dation pathways and targetability. Another important aspect to be considered is whether
endoplasmic reticulum (ER) stress and UPR activation can affect mutp53 degradation in
cancer cells that display a high level of basal stress, considering that ER stress is strongly
interconnected with the activation of autophagy and/or CMA [113]. A recent study showed
that in conditions in which autophagy is activated during ER stress the degradation of
mutp53 mainly occurs through this route and Ire1 alpha UPR sensors are involved in such
an effect [114].

3.3. Autophagy Regulation by Mutant p53 and Its Impact on TME

Autophagy, a self-degradative process crucial for maintaining cellular homeostasis,
plays a complex dual role in cancer [115]. Autophagy aids in both the survival of tumor cells
under stress and acts as a tumor suppressor through the elimination of damaged organelles
and proteins. The intricate involvement of autophagy in cancer underscores its importance
in both tumor progression and suppression [116]. Notably, autophagy is closely intertwined
with TME, particularly in metastasis and EMT. It helps tumor cells adapt to microenvi-
ronmental changes and avoid anoikis, enhancing their invasive capabilities [117,118]. In
melanoma, for instance, the deletion of the autophagy-related gene Ambra1 leads to ac-
celerated tumor growth and increased metastasis [119]. It is well established that mutp53
proteins can exert their oncogenic functions by inhibiting cell death autophagy, thus pro-
moting cancer cell proliferation and resistance to apoptosis. This can be achieved through
the suppression of key autophagy-related proteins and pathways, such as BECN1, DRAM1,
ATG12, and AMPK, while stimulating the mTOR signaling pathway [120]. In this frame
of studies, mutp53 has been shown to bind directly to the AMPKα subunit, inhibiting
AMPK activation and consequently autophagy, further enhancing the oncogenic potential
of mutp53 [121]. The localization of p53 mutants in the cytoplasm plays a crucial role
in autophagy inhibition. Indeed, certain p53 mutants that localize predominantly to the
cytoplasm have been found to effectively repress autophagy, further linking the cellular
distribution of p53 to its impact on autophagic processes and cancer progression [122].

3.4. Targeting HSP Expression and Posttranslational Modifications to Destabilize Mutp53

It is now quite evident that the aberrant accumulation of mutp53 represents an
Achille’s hill of cancer cells addicted to mutp53 high expression levels and thus reducing
its stability represents a promising avenue from the therapeutic point of view. Also consid-
ering that there are few possibilities to directly inhibit the oncogenic functions of mutp53,
as reported for other “undruggable” oncogenes [123,124]. The reduction in HSP expression
as well as the inhibition of their capacity to interact and stabilize mutp53 may be a strategy
to destabilize mutantp53 proteins.
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HSPs, classified into six families based on molecular weight, include small HSPs (e.g.,
HSP27), HSP40, HSP60, HSP70, HSP90, and HSP110. Each family comprises several mem-
bers with different subcellular localizations and functions [125]. Among those, the most
studied in the context of mutp53 are HSP90 and HSP70, which exist in diverse isoforms, dif-
ferently involved in the folding, stabilization, and degradation of numerous client proteins,
including mutp53 [126]. Whereas wtp53 transiently interacts with HSPs, several mutant
p53 proteins have been shown to stably associate with those molecules, being one of the
underlying mechanisms leading to mutp53 accumulation [127]. The dependency of mutp53
on HSPs has been acknowledged since 1996 [128], when it was shown that the binding
of HSP90 to the DNA binding domain (DBD) of mutp53 inhibits E3 ligases MDM2 and
CHIP, preventing mutp53 proteasomal degradation [128]. Mutp53 GOF strongly relies on
stabilization mediated by the Hsp90/Hsp70/Hsp40 chaperone mechanism, which protects
mutant p53 from being degraded by ubiquitination of MDM2 and other E3 ligands [13,129]
(Figure 4). Interestingly, as often observed in nature, a feedback loop regulates the equi-
librium between HSP90 and mutp53. Indeed, if HSP90 prevents mutp53 degradation,
the latter gives back the favor to HSP90, activating heat shock factor 1 (HSF1), the main
transcription factor regulating HSP expression, via enhanced receptor tyrosine kinase (Her2,
EGFR) signaling, increasing the expression of HSP90 [130] (Figure 6). As mutp53 can acti-
vate HSF1, this effect results in the transcription not only of HSP90 but also of other HSPs,
including HSP70 and HSP27, whose hyperexpression, as for HSP90, is detected in most
cancers. Regarding HSP70, and in particular its inducible form HSP72, it has been reported
that it contributes to mutp53 stabilization, not only by cooperating with HSP90 [126] but
also with the co-chaperones BAG1 and HSP40 [131] (Figure 6). The positive feed-forward
loop with HSP90 has been reported for either conformational or DNA contact mutant p53
proteins (i.e., R273H, R175H, R280K) that, through this interplay, reinforce their oncogenic
signaling. It has been recently reported that the cross-talk between mutp53 and HSP90
sustains the interplay occurring between two other molecules involved in cancer survival,
NRF2 and p62/SQSTM1, with important implications on the anti-oxidant response and
response to therapies [132,133].

Furthermore, it has been reported that HSP70, (a term by which we will hereafter
refer to the inducible form HSP72), forms aggregates with MDM2, inhibiting MDM2-
mediated ubiquitination and degradation of mutp53 (R175H) and promoting its aggregation
and stabilization [13] (Figure 7). Romeo et al. recently investigated the role of HSP70
in pancreatic cancer cells carrying different p53 mutations and showed that the HDAC
inhibitors Valproic Acid (VPA) and Tricostatin (TSA) downregulate HSP70 and through
this mechanism reduced mutp53 expression level [134]. However, the role of HSP70
remains controversial, as another study has shown that a compound capable of increasing
the interaction between HSP70 and mutp53 restores the wtp53 conformation in mutp53-
bearing hepatocarcinoma cells [135], similar to what has been reported for small molecules
that activate Hsp40 [136]. Hsp70 and DNAJB1 (another member of the HSP40 family)
may also increase the local unfolding of both wild-type and mutant p53-DNA binding
domain, an effect counteracted by HSP90 [126]. Regarding co-chaperones of the BAG
family, besides cooperating with HSPs, as in the case of BAG1, other members, such as
BAG2 and BAG5, have been reported to directly sustain mutp53 expression by binding
to it and preventing the interaction with CHIP and MDM2 [75] (Figure 6). These findings
suggest that the interplay between HSP90, HSP70, BAGs, HSP40 and mutp53 is far from
being fully understood. Even more controversial is the role of HSC70, the constitutive form
HSP70, also named HSP73. Indeed, if on the one hand, Hsc70, together with Hsp40, Hop
and ATP, contributes to forming a stable complex with Hsp90 and with the conformational
mutant p53R175H [137], on the other hand, HSC70/HSP90-association with this mutp53
may promote the binding to CHIP and target mutp53 for proteasomal degradation [138].
Accordingly, previous studies have shown that by binding to the carboxyl termini of Hsc70
and Hsp90, CHIP induces the ubiquitination of other chaperone-bound client proteins and
together with Ubc4/5 family E2 enzymes promotes the degradation of client proteins via
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the proteasome [139]. Last but not least, binding HSC70 to mutp53 can bring it to lysosomes
to be degraded via CMA, as mentioned in the previous paragraph [106]. Regarding HSP40,
in particular the DNAJA1 isoform, in addition to behaving as a co-chaperone with HSP90,
supporting the stabilization of mutp53, it can prevent proteasomal degradation of misfolded
or conformational mutp53 and DNAJA1 inhibition induces mutp53 folding and wtp53
reactivation [140]. Recently, a new molecule, compound 7-3, was identified which, by
reducing the expression level of DNAJA1, depleted conformational mutp53 [141], further
highlighting the key role of this co-chaperone in the stabilization of mutp53.
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Figure 7. Interaction of mutant p53 with molecular chaperones and co-chaperones that regulate its
stability within the cell. Heat shock proteins HSP90 and HSP70, along with co-chaperone HSP40
and BAG family members BAG1, BAG2, and BAG5, are depicted binding to mutp53 to stabilize and
prevent its degradation. Mutp53 contributes to increasing the HSP90 expression through the HSF1
transcription factor. On the other hand, HSP70 blocks the MDM2 function and BAG2 and 5 block the
CHIP activity. These interactions contribute to increased mutp53 protein stability.

Regarding the small HSP27, whose hyperexpression and role in cancer cell survival
has been largely demonstrated [142], it is known to interact with wtp53 [143] but if it could
regulate mutp53 expression is not completely clarified, although its overexpression seems
to deplete mutp53 rather than stabilizing it [144]. In a recent study it was shown that,
although downregulated by a c-Myc inhibitor, HSP27 did not contribute to the reduction
of mutp53 expression level induced by such a treatment [88]. Even less known is the role
of HSP110 in the regulation of mutp53 stability, also because no specific inhibitors for this
HSP are yet commercially available. However, it is important to note that in addition to
employing small molecules that directly inhibit HSPs, such as 2-phenylethynesulfonamide
(PES) for HSP70, geldanamycin for HSP90, or compound 7-3 for HSP40, we can also
alter the activity of HSPs by inducing post-translational modifications (PTMs) of these
proteins. This represents a promising strategy to interfere with the capacity of HSPs to
regulate mutp53 stability. Given the complex pattern of PTMs and the importance that
they play in regulating HSP functions, the term “chaperone code” has been created for
some HSPs such as HSP70 and HSP90 [145,146]. For example, phosphorylation of HSP70
mediated by ERK1/2 has been shown to increase its folding capacity [147]. Furthermore,
C-terminal phosphorylation of Hsp70 as well of Hsp90, by CK1, CK2 and GSK3-β, favor the
binding to HOP while preventing that to CHIP, facilitating the protein folding over protein
ubiquitin-mediated degradation, two opposite functions that these HSPs may play [148].
Also, the phosphorylation of HSP90 by PKA may positively influence its interaction with
mutp53 [149] (Figure 8). Considering that HSP70 and HSP90 can be phosphorylated at
different residues, the impact of this PTM on their function remains still incomplete and
the same also applies to the kinases and phosphatases that regulate HSP phosphorylation.
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molecules or by post-translational modifications.

Among PTMs, acetylation and methylation have also been reported to regulate HSP
activity, and interestingly, these PTMs could influence or be influenced by their phosphory-
lation changes. Therefore, understanding how to manipulate PTMs may offer a promising
opportunity to compromise the ability of HSPs to stabilize oncogenic molecules, including
mutp53. However, it is not easy to understand how to carry this out, since, for example, the
intensity of HSP70 acetylation, mediated by the acetyltransferase ARD1, appears to vary in
a time-dependent manner in stressed cells, resulting in a different outcome on regulating its
binding to the co-chaperones CHIP and HOP, which regulate the balance between folding
and degradation of HSP70 client proteins [150]. Furthermore, as mentioned above for
phosphorylation, acetylation can have a different impact on HSP70 function, depending
on the lysine undergoing acetylation, the cellular context, and the agents that mediate
acetylation/deacetylation [145,150].

Studying the impact of HSP acetylation on the stability of mutp53 has mainly focused
on HSP90 [133], which can be acetylated on several residues [133]. Acetylation of HSP90
by the HDAC6 inhibitor vorinostat (SAHA) has been shown to impair its ability to stabilize
mutp53, highlighting that the deacetylated state is critical for HSP90 function [151,152]
(Figure 8). Furthermore, FK228, a class I HDAC inhibitor, has been reported to impair the
stabilizing capacity of HSP90 as it induces the acetylation of Hsp70 and reduces cooperation
between the two HSPs [153]. Given the importance of HSP70/HSP90 cooperation in the
stabilization of mutp53, it is plausible to hypothesize that FK228 could reduce mutp53
expression. In addition to acetylation, farnesylation may regulate HSP function, as in the
case of HSP40/DNAJA1 which, following this PTM may more efficiently sustain mutant
p53 stability and oncogenesis [154]. Indeed, the mevalonate pathway playing a key role
in inducing such posttranslational modification can block E3 ubiquitin ligase CHIP and
its-mediated degradation of mutant p53 (Figure 8) [87]. The methylated or nonmethylated
state can also influence the chaperoning activity of HSP70 and HSP90. Indeed, when
dimethylated by SETD1A, HSP70 changes its localization from cytoplasmic to nuclear [155]
while HSP90 methylation induced by SMYD2 promotes its dimerization and chaperone
complex formation (Figure 8) [156]. Investigating the impact of HSP methylation on mutp53
stabilization may unveil new strategies to interrupt the criminal alliance between these
proteins. Moreover, it should be considered that the expression of HSP may be influenced
by DNA methylation of their promoters or other genomic regions as well as by methylation
of histones, because the latter may also undergo acetylation, sometimes at the same lysine
residues [157]. This suggests that epigenetic changes may strongly affect the expression and
function of HSPs and therefore may have a crucial influence on mutp53 expression, holding
great promise in the treatment of cancers carrying p53 mutations. However, to make this
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complicated story even more complicated, HSPs can themselves induce epigenetic changes,
for example, HSP90 has been shown to strongly influence histone methylation [158].

4. Conclusions and Perspectives

In summary, this work extensively explored the contribution of mutp53 to cancer
cell invasion and metastasis and its central role in the disease’s pathogenesis. Based on
our thorough review of the literature, the functions of the mutp53 protein are not limited
to the DNA damage response and cell cycle control. Furthermore, the interaction of
mutp53 with sirtuins is an interesting new aspect of p53 biology that affects the oncogenic
role and stability/degradation of this protein. The recent literature has revealed the
deep involvement of GOF mutp53 in various signaling pathways, significantly increasing
the aggressiveness, mobility, and invasiveness of cancer cells. Additionally, cooperation
with metabolic reprogramming, the cancer secretome, and mutual interdependence with
the TME has established an oncogenic network that not only nourishes the growth of a
malignant tumor but also becomes a niche in which malignant cells grow, survive, and
avoid treatment. Hence, the emerging roles of mutp53 in modulating aspects of cancer
biology demonstrate a molecular promiscuity that transforms a genomic guardian into a
promoter of malignancy. The altered network of pathways suggests that mutp53 acts as a
master regulator within the adaptive landscape of tumor cells, creating new opportunities
for targeted therapeutic interventions. In this context, the insights from recent studies
provide a solid foundation for creating new drugs that allow selective degradation of
mutp53 or suppression of its oncogenic activity, which ultimately may restore normal p53
tumor-suppressive function and increase cancer cell sensitivity to treatment (Table 2).

Table 2. Treatments leading to mutp53 degradation.

Mutant p53 Proteins Agents/Compounds References

p53R175H, p53R273H
curcumin-based zinc compound (Zn(II),

curcumin compounds and capsaicin
(8-methyl-N-vanillyl-6-noneamide)

[96–98]

p53R280K, p53S241F Gambogic acid [99]

p53R273H
inhibition of MKK3 reduces mutp53

levels through ER stress-induced
autophagy

[100]

p53R175H, R273H,
R248Q

cruciferous-vegetable-derived phenethyl
isothiocyanate (PEITC), [101]

p53R172H, R248Q,
R280K histone deacetylases inhibitors (HDACi) [102]

P98S, P151H, A161T, R175C, R175D,
R175H, L194F, S227K, S227R,

G245C, R248L, R248W, E258K,
R273H, R273L, R280K, R28W

Stimulation of CMA by macroautophagy
inhibition or by inducing ER stress [106–108]

R273H, R175H, R280K HSP90 inhibition [129]

p53R280K, p53R273K, p53L194F,
p53R175H, p53P223L HSP90, HSP70 acetylation [152,153]

p53 R280K, p53 R273H, p53 M237I,
p53 R249S, p53 R175H, p53 L194F
p53 V157F, p53 R249S p53 R213Q

Mevalonate pathway
inhibitors [87]

Expanding upon the therapeutic targeting of mutp53 presents a compelling target
for therapeutic intervention. This interaction holds the potential not only to restore the
tumor-suppressive function of p53 but also to facilitate the degradation of its mutant forms,
which could be pivotal in re-sensitizing cancer cells to treatment. Precision in discriminat-
ing between mutant and wild-type forms of p53 is crucial. This precision relies on a deep
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understanding of mutp53’s unique conformational structures and their specific binding
affinities. The advent of sophisticated screening methods and structure-based drug design
holds promise for the creation of novel therapeutics, such as allosteric modulators, that
could either restore wild-type p53 function or specifically target mutp53 for degradation.
Advances in understanding the degradation pathways for mutp53, including autophagy,
the proteasome, and lysosome-associated routes, have revealed new therapeutic avenues.
Our review spotlights the intricate roles of chaperones like HSP90 and co-chaperones
such as BAG proteins in stabilizing and folding mutp53, suggesting that targeting these
interactions with inhibitors could undermine mutp53’s stability, facilitating its degradation.
Likewise, bolstering the ubiquitin-proteasome system to efficiently identify and dismantle
mutp53 through the manipulation of E3 ligases and deubiquitinating enzymes is an entic-
ing approach. Additionally, the evolving narrative of autophagy’s reciprocal regulation
by mutp53 introduces both complexity and potential. The consideration of autophagy
inducers, which may clear mutp53 aggregates and re-sensitize resistant cancer cells to
chemotherapy, is rapidly gaining scientific traction. Moreover, targeting the metabolic
susceptibilities engendered by mutp53 might yield combination metabolic therapies that
selectively impair cancer cells harboring this mutant protein. The future of mutp53-targeted
therapies could be revolutionized by exploiting computational biology, capable of modeling
mutp53 interaction networks [159], with experimental pharmacology. Insights into the
post-translational modifications that govern chaperone interactions with mutp53 open up
innovative avenues to influence these complex molecular relationships. These advance-
ments pave the way toward a future where targeting mutp53, once a daunting challenge,
becomes a pivotal element in personalized cancer therapy development.
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