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ARTICLE INFO ABSTRACT

Keywords: TP53 is the most commonly mutated gene in human cancer with over 100,000 literature citations in PubMed.

p53 This is a heavily studied pathway in cancer biology and oncology with a history that dates back to 1979 when

CDKN1A p53 was discovered. The p53 pathway is a complex cellular stress response network with multiple diverse inputs
PDll};a and downstream outputs relevant to its role as a tumor suppressor pathway. While inroads have been made in
miRNA understanding the biology and signaling in the p53 pathway, the p53 family, transcriptional readouts, and effects
Cell cycle of an array of mutants, the pathway remains challenging in the realm of clinical translation. While the role of
Apoptosis mutant p53 as a prognostic factor is recognized, the therapeutic modulation of its wild-type or mutant activities
Cancer remain a work-in-progress. This review covers current knowledge about the biology, signaling mechanisms in the
Therapeutics p53 pathway and summarizes advances in therapeutic development.

1. Tumor suppressor TP53: “Guardian of the Genome”

TP53 is a gene that encodes for the p53 tumor suppressor protein,
commonly referred to as the “Guardian of the Genome” [1]. Its main
biological function appears to involve the protection of the DNA integ-
rity of the cell. TP53 plays additional roles in development, aging and
cell differentiation [2]. For example, p53-nullizygous genetic models
exhibit phenotypes related to aging, pluripotency and development
characterized by early aging onset, induction of cell pluripotency and
inability of embryos undergo gastrulation, respectively [3-5]. The p53
protein is a transcription factor that controls the output of many bio-
logical processes according to the type of cellular stress signal input.
Stress signals known to activate p53 include oncogene activation, DNA
damage, and replication stress [6]. In response to these stresses, p53
undergoes post-translational modifications, promotes the transcription
of genes involved in specific cell responses according to the stress type
thereby controlling the cell’s fate [7]. Vastly studied biological processes
where p53 has been shown to play a role are cell cycle arrest, senes-
cence, DNA repair, and apoptosis (Fig. 1). Over the last few years, re-
searchers have elucidated many other pathways that p53 participates in

such as autophagy, cell metabolism, ferroptosis, and pathways that
involve the generation of reactive oxygen species. In some of these
pathways, p53 does not execute signals directly as a transcription factor,
but rather from its interaction with other proteins. For example, in
apoptosis, activation of this pathway can occur via the interaction of p53
with anti-apoptotic proteins located in the mitochondria.

1.1. The road to p53 discovery

P53 is found to be mutated in over 50% of human cancers and the
remaining of the 100% involve biological inactivation of its pathway
including MDM2 amplification, loss of p14ARF and mutations in acti-
vating kinases like ATM and Chk2 [8]. Loss of p53 pathway function
gives cancer cells a survival advantage to bypass the resolution of
oncogenic signals and DNA damage to continue abnormal proliferation.
It is not taken as a surprise that when p53 was first discovered in 1979 it
was thought to be an oncogene given that its mutated protein form was
found in abundance in many cancer tissues. Accordingly, p53 initial
discovery was found to be associated with the large T-antigen simian
virus 40 (SV40) where the introduction of this virus resulted in
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transformed malignant cells [9,10]. Early studies showed that trans-
fection of available p53 cDNA clones was found to involve cooperation
between p53 and the Ras proto-oncogene to transform primary rat
embryonic fibroblasts [11-13]. The p53 kDa protein, as referred to back
then, was uncovered by researchers a decade later (1989) to be a tumor
suppressor. Baker et al. sought to study regions of the chromosome 17p
commonly lost in colorectal cancer, the same region of the location of
the TP53 gene. The research group cloned and sequenced the remaining
allele of the 17p chromosome regions in carcinoma tumors and
compared it to the previously published p53 sequences [14-17]. Baker
et al. then elucidated that there was a T to C change at codon 143 in one
tumor and a G to C at codon 175 in a second tumor, both resulting in an
amino acid change in the p53 protein [18]. Moreover, the sequence was
compared to patients’ matched samples and their normal tissue did not
carry the observed point mutation indicating that the mutation was not
present in the patient’s germline and rather acquired specifically in the
tumor [18]. Again, the notion of mutations harbored in this region
coding for p53 challenged the concept of p53 as an oncogene and
recognized it as a tumor suppressor as a better fit. In 1992, it was first
published the p53 knockout mice were generated by microinjection of a
p53 deleted construct into mouse embryonic stem cells into mouse
blastocysts in a C57BL/6 mice background. Homozygous mice lacking
p53 surprisingly had no developmental defects, nonetheless, they had a
noticeable higher tumor burden developing tumors as early as 10 weeks,
including lymphomas and sarcomas [19]. This and many other studies
that followed [20] changed the established paradigm of p53 and then,
p53 became one of the most sought out tumor suppressor genes studied
in cancer research history.
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1.2. P53 structure and function

P53 protein structure comprises five main regions: the trans-
activation domain, proline-rich domain, DNA binding domain, tetra-
merization domain, and a regulatory domain [21]. The transactivation
domain (TAD) is located at the N-terminus and is subdivided into two
regions: TAD1 and TAD2. These domains allow the binding of p53 to
different cofactors and both are required for p53-mediated suppression
of tumorigenesis in response to stress such as acute DNA damage [22].
Nonetheless, each transactivation domain provides p53 the cofactor
binding specificity that in turn influences the cell’s ultimate response to
a particular stress. The TAD region also allows the binding of its negative
regulator MDM2 [23]. In the context of the acute DNA-damage response
and ras oncogene expression, disruption of TAD1 abolishes the wild-type
p53 response and instead, behaves like a p53-null cell albeit some genes
are still induced [22]. On the other hand, TAD2 disruption retains
similar wild-type functions capable of inducing p53 target genes p21,
Bax, Noxa, and Puma as well as the ability to induce cell cycle arrest and
apoptosis. Simultaneous deletion of TAD1 and TAD2 completely abol-
ishes p53 function resulting in a p53-null response including the
inability to induce senescence and predisposition to tumor lesions in vivo
[22]. These findings indicate TADs provide the p53 protein a level of
specificity for gene transcription, whether this holds true to in response
to other stress stimuli and in vivo cancer models remains to be
elucidated.

Next to the TADs, p53 protein structure contains a proline-rich
domain (PRD) also known as the polyproline (PP) region of repeated
PXXP sequences where P denotes proline and X is any amino acid. Like
its TAD, the PRD is dispensable for the ability of p53 to bind to DNA.
Although there is evidence that the PRD is required to efficiently
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Fig. 1. Overview of p53 activation, regulation, and transcriptional cellular response output. Cellular stresses including DNA damage, oncogene activation, hypoxia,
and replication/translation stress activate sensor proteins ATM, ATR, Chk1, Chk2, DNA-PK, and p14ARF. These kinases phosphorylate p53 leading to its stabilization,
oligomerization, and binding to the p5S3RE. P53 stability is mainly regulated by MDM2, which is also a p53-target thus forming a negative feedback loop. Further
protein modifiers and cofactors that bind to the p53 protein regulate the transcriptional activity of its target genes. This multi-step process of p53 activation ulti-
mately regulates the stress input to the appropriate biological response outcome. Created with BioRender.com.
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suppress colony formation of tumor cells in vitro [24], there are more
convincing data that deletion of the PRD does not interfere with the
ability of p53 to suppress colony formation of transformed cells and
undergo cell cycle arrest but rather cells must undergo apoptosis
[25,26]. At the transcriptional regulation level, studies have identified
this region to be important for the expression of a subset of p53 target
genes including GAS1 and PIG3 [27,28]. This region is of importance for
wild-type p53 stability as deletions in the PRD causes p53 nuclear
export, becoming prone to ubiquitination and MDM2-mediated degra-
dation. Particularly in the presence of MDM2, deletion of the PRD
domain decreases p53 transcriptional activity suggesting that deletions/
mutations in this region have deleterious consequences in wild-type p53
function [29]. PRD role was also demonstrated in vivo where its deletion
compromised thymocytes to undergo apoptosis upon irradiation [30].
Interestingly, the PRD has different consequences between the interac-
tion with MDM2 and MDM4, an MDM2-related protein and p53 negative
regulator [31]. Impaired PRD generated tumors of higher weight
compared to WT p53 mice, in the presence of MDM2 and Mdm4.
Nonetheless, simultaneous deletion of Mdm4 and p53 PRD, rescued
mouse tumor weights comparable to WT p53 mice but not in mice with
MDM2+/—. This indicated that deletion of the PRD in p53 is more
susceptible to Mdm4 deletion and that Mdm4 but not MDM2 renders
p53 transcriptionally inactive.

The central core region residue 102 to 292 contains the DNA-binding
domain (DBD) of p53. This region allows p53 to exert its function as a
transcription factor in a sequence-specific manner by the recognition of
the p53 responsive element (RE). This specific DNA sequence that p53
binds to consists of two copies separated by 0-13 bp of 5’-
RRRCWWGYYY-3' where R is a purine, C is cytosine, W can be adenine
or thymine, G is guanine and Y is a pyrimidine [32]. For a gene to be
transcriptionally regulated by p53, it must contain two copies of the 10-
bp p53 RE, and this can be located at the promoter, intron, or down-
stream of the gene. In vitro Chromatin immunoprecipitation (ChIP) as-
says studies have suggested that p53 can bind to half and three quarter
RE sites and that distance between the repeats inversely influences gene
reporter transcription assays [33]. However, evidence of many of these
new potential p53 targets expanded by the flexible definition of p53RE
has not been validated in vivo or others have reported these genes to
have the established p53 RE.

There are two other important regions at the C-terminus of the p53
protein: the tetramerization domain and the C-terminal regulatory
domain. The tetramerization domain (TD) allows four p53 proteins to
oligomerize as a tetramer allowing the appropriate protein conforma-
tion to bind to DNA for sequence recognition [34]. Deletions in this
region not only affect the ability of p53 to bind to DNA but also in-
terferes with its interaction with other proteins [35,36]. The TD has also
been shown to be necessary for p53 post-translational modifications like
phosphorylation and ubiquitination. Importantly, ubiquitination by
MDM2 returns p53 to basal levels once the stress has ceased and this
requires p53 to be at its oligomerized state [37].

The role of the C-terminus domain has been thought to be a regu-
latory domain. Early in its discovery, the conception was that it nega-
tively regulates p53 and it was not required for DNA binding [38]. It is
now understood that this region inhibits the p53 DNA binding domain
until the C-terminus regulatory domain is subjected to post-translational
modification upon stress signals [39-41]. This results in the abrogation
of the C-terminus regulatory inhibitory effect. Reported post-
translational modifications at the C-terminus regulatory domain
include acetylation and phosphorylation. The p53 cofactor, p300 has
been shown to acetylate p53 at its C-regulatory domain to facilitate p53
binding to DNA [42]. Although, binding of p300 was suggested not to be
required for p53 binding to DNA but may be needed for the transcrip-
tional initiation [43]. Post-translational modifications are required for
p53 to change from an inactive conformation to an active conformation
that will allow the DBD to bind to p53RE [44]. Another controversial
notion is that the regulatory domain transiently allows p53 to bind to
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non-specific DNA sequences [45]. Rather than binding to non-specific
DNA sequences to trigger the transcription of p53 dependent targets,
an acetylated C-terminal facilitates rapid binding of the DBD to specific
DNA sequences (p53 RE) and stabilization of p53-DNA complexes [46].
It also has been suggested that rather than facilitating the DBD binding
to p53RE, the acetylated C-terminal domain facilitates later processes
required for DNA binding once p53 has been stabilized [46]. A different
perspective has been proposed where hyperacetylation at the C-terminal
can lead to the termination of the p53 binding to DNA [46]. Along this
line, others have shown that acetylation of the C-terminal is required for
subsequent p53 phosphorylation at Thr55 to cease the p21-mediated
DNA-damage response [47]. The C-terminal also contains the nuclear
export signal as well as the nuclear localization signal both important for
P53 to exert its function as a transcription factor in the nucleus and to
export p53 to the cytoplasm for its degradation. The p53 degradation
process involves the ubiquitination at its C-terminal domain by MDM2
[46], which can occur at the nucleus [48] or following its translocation
to the cytoplasm for proteasome mediated degradation.

1.3. P53 isoforms have differential roles in cancer

The p53 protein exists in multiple isoforms as a consequence of two
promoters at the TP53 gene, post-transcriptional events such alternative
mRNA splicing and internal ribosome entry site. To date, 12 isoforms
have been recognized namely p53, p53 (B, y), A40p53 (a B, y), A133p53
(o B, v), and A160p53 (a B, v) [49]. The isoforms denote the extent of
their N-terminal deletion, and p and y have in addition deletions at the C-
terminal yet carry unique sequences due to the alternative splicing of
intron 9 [49]. P53 isoforms are expressed in normal and tumor tissue
and can be simultaneously expressed with full length p53 [50]. In gen-
eral, A isoforms have a dominant-negative effect toward full length p53
and consequently prevent p53-mediated apoptosis [50]. On the other
hand, B isoforms can enhance p53 target gene expression [50]. Specific
roles in cancer of each p53 isoform are less characterized. Nonetheless,
some of these have been shown to correlate with decreased overall pa-
tient survival (A133p53a) and progression-free survival (p53y) [51,52].

1.4. P53 regulation by post-translational modifications as determinants of
cell fate

TP53 is a highly regulated gene throughout the signal transduction
that initiates its activation until the termination of the stress response
that culminates with its degradation. Regulation of p53 activity is
necessary for the cell’s appropriate response to the stress type and the
resolution of the stress signal to avoid inhibition of cell growth under
conditions of normal cell growth. Regulation of p53 is mediated by post-
translational modifications including phosphorylation, acetylation,
ubiquitination, methylation, neddylation, glycosylation, and sumoyla-
tion [53]. In general, modifications allow p53 to become stabilized,
undergo an active conformational change, oligomerize as a tetramer,
interact with cofactors, bind to the p53RE, and to restore its normal
protein levels [53-55]. The first post-translational modification identi-
fied in p53 was phosphorylation [56-59] being Ser312 and Ser389 the
first sites recognized [60] nonetheless the role of these modifications
was not known at the time. Phosphorylation, specifically at the C-ter-
minus was then proven to be necessary for p53 sequence-specific DNA
binding [41]. Many studies have now elucidated multiple phosphory-
lated sites spanning the p53 C-terminal domain as well as sites in its N-
terminal domain with very few reported to date to occur in its DBD.
Phosphorylation sites at serine and threonine residues have been largely
reviewed and they differ on the stress type along with the cofactor
interacting with p53 [7,53,61]. Activation of kinases in response to DNA
damage, viral infection, metabolic changes have been demonstrated to
phosphorylate p53, a step required for p53 activation and transcrip-
tional orchestration of p53 target genes. The location of the phosphate
group added as well as the number of phosphate groups simultaneously
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added are relevant to the p53 response. Studies performed have reported
that phosphorylation at the human Thr18 site elicits the most prominent
response nonetheless, when all sites in the N-terminus are phosphory-
lated their effect synergizes [62]. For example, the phosphorylation at
Thrl8 increases the affinity between p53 and p300 which in turn de-
creases the interaction of p53 and MDM2 resulting in p53 release and
activation [62,63]. Moreover, when all sites in the N-terminal are
phosphorylated, the interaction between MDM2 and p53 decreases
further compared to single phosphorylation at Thr18 [62]. In addition to
the location and multiplicity of the phosphorylated sites, the stress type
results in distinct phosphorylation timing length and signatures, in the
case of multiple phosphorylated sites, their phosphorylation can be
interdependent [64]. For example, human Ser20 site is phosphorylated
upon DNA damage and shown to be necessary for transcriptional acti-
vation of p21 and MDM2 but dispensable for p53 protein stabilization
[65,66]. Human Ser15 phosphorylation by ATM and ATR contributes to
p53 stabilization by inhibiting the interaction with its negative regulator
MDM2 [67,68]. Additionally, phosphorylation at human Ser46 has been
shown to contribute to p53 mediated apoptosis [69].

Interdependent post-translational modifications are not limited
among phosphorylation sites. Phosphorylation at the N-terminus has
also been shown to be required for p300/PCAF mediated p53 acetyla-
tion at the C-terminus that in turn is required for p53 sequence-specific
DNA binding upon DNA damage [70]. Furthermore, in the context of
conformational change leading to p53 activation, oligomerization is
required for the K382 acetylation by p300 at the C-terminus [71]. This
provides additional evidence of the importance of the stepwise processes
of post-translational modification that lead to p53 activation. Acetyla-
tion of p53 has been reported at its C-terminus (K305, K370, K372,
K373, K381, K382, and K386) and few sites in its DNA binding domain
(K120 & K164). Similar to phosphorylation, acetylation of p53 occurs in
response to genotoxic and non-genotoxic stress and this is mediated by
p300/CBP/PCAF and Tip60/hMOF acetyltransferases. Moreover, acet-
ylation at the C-terminus protects from ubiquitination [71] hence pre-
venting p53 MDM2-mediated degradation and increased stabilization.
In addition, a specific p53 mediated cell fate response to acetylation sites
has been observed. Acetylation has been shown to be required for
growth arrest and apoptosis but dispensable for MDM2 induction [72].
Tip60/hMOF acetyltransferases have been shown to acetylate K120 site
in response to DNA damage and result in the transcription of genes
involved in apoptosis like Bax and Puma [73,74]. Mutation K120R
compromises the expression of apoptotic genes but not those involved in
cell cycle arrest like p21 [73,74]. This suggests that acetylation at site
K120 provides specificity towards the apoptotic pathway, presumably in
the case of DNA damage.

Acetylation and ubiquitination appear to be mutually exclusive [75].
Once p53 is acetylated p53 it is no longer susceptible to ubiquitination
[76]. While acetylation in p53 lysine residues is associated with p53’s
active conformation and transcriptional activation, ubiquitination of
p53 is responsible for p53 degradation and cellular localization. Mon-
oubiquitination of p53 triggers its nuclear export while the poly-
ubiquitination targets p53 for proteasomal degradation [77].
Ubiquitination is primarily mediated by MDM2. Nonetheless, other E3
ubiquitin ligases such as Pirh2 (p53-induced RING-H2 domain protein)
have been reported. Like MDM2, Pirh2 interacts with p53 at its trans-
activation domain. This ubiquitin ligase has a higher preference for the
tetrameric form of p53 and targets it for degradation both in vitro and in
vivo [78,79]. Other ubiquitin E3 ligases like ARF-BP1, CARP1/2, C ter-
minus of Hsc70- interacting protein (CHIP), COP1, E1B55K/E4orf6,
E4F1, E6-AP, ICPO, MSL2, MKRN1, synoviolin, Topors, TRIM2454,
Ubc13, and WWP1 have been shown to ubiquitinate p53 [80].

Lysine residues are also subjected to methylation and sumoylation.
Both of these post-translational modifications are associated with the
inhibition of p53 activity upon cellular stress. Sumoylation is mediated
by a family of small ubiquitin-related modifiers (SUMO) comprising of
SUMO-1, SUMO-2, and SUMO-3. SUMO-1 was first shown to sumoylate
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p53 at K386 and rather than decrease p53 activity, sumoylation acti-
vated p53 the transcriptional response in response to UV exposure [81].
Both MDM2 and ARF were demonstrated to mediate p53 sumoylation
and subsequent nucleolar targeting but the transcriptional consequences
were not studied [82]. SUMO-2 and SUMO-3 also mediate p53 sumoy-
lation and this leads to cell senescence upon H202 treatment [83]. On
the other hand, SUMO-1 mediated p53 sumoylation occurs at the same
K386 site in vitro and in vivo and this prevents acetylation by p300,
consequently inhibiting the p53 binding to DNA [84]. Nevertheless, if
acetylated, p53 can still undergo sumoylation resulting in a rescue of the
inhibitory DNA binding effect of sumoylation alone [84]. In the same
study, sumoylation did not interfere with p53 bound to DNA although it
stimulated the recruitment of a cofactor that resulted in the repression of
p53 transcriptional activity.

P53 arginine and lysine residues are also subjected to methylation,
neddylation, and p-hydroxybutyrylation (at lysine). These post-
translational modifications are less studied but in general, they lead to
a decrease in p53 transcriptional activity, inhibiting processes such as
apoptosis and cell cycle arrest [85,86]. Except for methylation, the
addition of a methyl group at K372 by SET9 increases p53 stability,
transcriptional activity, and expression of p53 target genes CDKN1A and
MDM2 [87]. Although methylation by Smyd2 at p53 site K370 results in
an inhibitory effect of p53 activity, dimethylation at this same site
promotes the interaction of 53BP1 binding cofactor resulting in
enhanced transcriptional activity and protein expression of puma,
MDM2, and p21 upon adriamycin treatment [88].

1.5. P53 plays a role in many biological responses

Domains of the p53 protein are subjected to post-translational
modifications and this allows p53 stabilization, oligomerization, and
transactivation. Sensor proteins such as ATM, ATR, Chk1, Chk2, HIPK2,
DNA-PK, and p14ARF are responsible for initial signal transduction
upon cellular stress resulting in p53 post-translational modifications
that lead to its activation [7]. P53 has been shown to become activated
and integrate many cellular stresses including DNA damage, oncogene
activation, hypoxia, replication/translation stress as well as cellular
metabolic changes. It is not surprising that due to the nature of all the
processes that p53 participates in, its activity is tightly controlled. P53
ultimate biological response is not only influenced by the cellular stress
type, but also by the protein modifiers/cofactors that bind to the p53
protein before executing the transcription of p53 target genes. These
protein modifiers are responsible for p53 activation through specific
post-translational modifications at key sites that provide an initial guide
for the p53 response. Cofactor recruitment at the p53 RE further regu-
lates the transcriptional outcome of p53 (Figs. 1,3). Adding to the
complexity of p53 cell stress to outcome decoding mechanism, the
cellular response is context-dependent. Thus, the response outcome is
influenced by the presence and availability of signal transducers, mod-
ifiers, and cofactors that exist in a given cell type. Moreover, p53 not
only exerts its tumor-suppressive functions through transactivational
mechanisms but also by protein-protein interactions, where proteins
also vary across cell types. An example of protein-protein interactions in
the context of the apoptotic response is the interaction of p53 with Bak
which leads to its oligomerization and consequent cytochrome c release
[89]. P53 can also interact with anti-apoptotic proteins Bcl-2 and Bcl-X|,
and this interaction results in outer membrane permeabilization fol-
lowed by cytochrome c release [90,91] Taken together, p53 appropriate
activation is essential for fine-tuning a stress signal to its corresponding
biological response outcome to prevent cancer formation.

An array of p53 mediated cellular outcomes have been characterized
including cell cycle arrest, apoptosis, DNA repair, senescence, angio-
genesis, cellular metabolism, reactive oxygen species (ROS), autophagy,
and ferroptosis. Among them, the most understood pathways are cell
cycle arrest and apoptosis, which we will focus on in greater detail.
Although several p53 target genes are activated upon cell cycle arrest
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induction, CDKN1A is the main induced gene in p53-mediated cell cycle
arrest. The CDKNIA gene codes for the p21WAT! protein, a cyclin-
dependent kinase inhibitor 1 that can directly interact and inhibit
CDK complexes resulting in cell cycle arrest [92,93]. Through the
interaction of CDK’s, p21 inhibits the phosphorylation of Rb which then
remains bound to E2Fs preventing the transcription necessary for cell-
cycle progression. Because p21 can interact with multiple CDK com-
plexes expressed throughout the cell cycle, this results in cell cycle arrest
at different cell cycle phases, although it has a higher affinity to CDK’s
involved in G1/S phase [94]. Specifically, p21 interaction with cyclin E/
CDK2 and cyclin D/CDK4 promotes Rb binding to E2F resulting in G1
arrest [95,96]. On the other hand, p21 association with cyclin B/CDK1
results in G2/M cell cycle arrest [97]. Here, p21 expression during G2/M
may serve an assembly function to activate cyclin B/CDK1 at low stoi-
chiometry [97]. Others have reported that both p21 and p27 can help
cyclin D/CDK complexes assemble at low stoichiometry while being
inhibitory at high stoichiometry [98,99]. P53 can also control the cell
cycle through transcriptional regulation and direct interaction with
PCNA and 14-3-30, thereby inhibiting DNA replication and G2/M ar-
rest, respectively [100,101]. Notably, some of these mechanisms are less
well-studied or clear. GADD45, a p53 target gene, has been shown to
arrest cells in G1/S as well as in G2/M phase [102,103]. GADD45 can
lead to cell cycle arrest in G1/S through the interaction with CR6-
interacting factor 1 (CRIF1) which promotes the inhibition of CDK2
and CDK1 complexes as well as direct inhibition of CDK1 activity G2/M
[104].

Activation of cell cycle checkpoints, as a consequence of cellular
stress results in cell cycle arrest. Checkpoint activation is triggered by
checkpoint sensors and activators of p53 including ATM and ATR, which
leads to p53 stabilization. Subsequently, p53 can halt the cell’s pro-
gression through the cell cycle in order to either activate DNA repair
pathways, cell senescence or apoptosis. If the damage is sustainable for
repair, p53 will cause cell cycle arrest to promote the transcription of
proteins that will repair the damage. The proteins involved in DNA
repair that are controlled by p53 include DDB2, PCNA, POLH, RRM2B,
and XPC [6]. The activation of these proteins allows the recruitment of
further components of the DNA repair machinery and the execution of
appropriate DNA repair pathways. If the damage is extensive and cannot
be repaired, p53 will induce the transcription of proteins involved in cell
death resulting in apoptosis. Although p53 is mostly know as a tran-
scriptional activator, studies have shown that p53 can indirectly repress
many cell cycle genes by the induction of p21 expression. The p21
protein then binds to the DREAM repressor complex which represses
genes controlled by E2Fs and CHR transcription factors [105,106].

P53 is involved in the induction of intrinsic and extrinsic mediated
apoptosis. Here, p53 transcription-dependent and independent mecha-
nisms can prompt apoptotic cell death. For example, p53 can tran-
scriptionally upregulate FAS, and DR5 which are receptors that trigger
extrinsic apoptosis [107]. Intrinsic apoptosis does not involve extracel-
lular receptors, rather the expression and interplay between members of
the BCL-2 family members located mainly in the mitochondria are
responsible for apoptosis. P53 transactivates pro-apoptotic family
members Bax, Bak, Bid, Noxa, and Puma which results in the abrogation
and/or degradation of anti-apoptotic Bcl-2 family members, MOMP, the
release of cytochrome C from the mitochondria, and activation of cas-
pases [108-110]. Alternatively, p53 can interact directly with Bcl-2
family members on the mitochondria. For example, p53 interaction
with Bax leads to Bax homo-oligomerization and pore formation in the
mitochondria outer membrane resulting in cytochrome c release [111].
Despite p53 being able to induce apoptosis in various ways, ultimately
the type of apoptosis depends on the cellular context and apoptotic
machinery available in the cell type.
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1.6. Post-transcriptional control by p53 through microRNAs (miRNAs)
induction

In addition to p53 regulating gene expression directly by binding to
genes’ p53 RE, p53 modulates gene products through the induction of
miRNAs that are controlled by p53 at the transcriptional level. MiRNAs
induced by p53 have been shown to participate in the control of protein
expression involved in cell cycle progression, senescence, apoptosis,
metastasis, angiogenesis, cellular stemness and metabolic processes
including glycolysis [112].

Several miRNAs have been reported to be transcriptionally
controlled by p53 including the miR-34 family, miR-145, miR-107, miR-
192 and miR-215 [113]. The first group of miRNAs identified to be
stimulated by p53 was the miR-34 family (miR-34a-c) which down-
regulates the expression of proteins involved in the progression of cell
cycle and stimulation of cell proliferation and survival, and immune
checkpoint including Cyclin E2, CDK4, CDK6, BCL-2, and PDL-1
[114,115]. Other miRNAs are involved in the repression of oncogenes
and response to hypoxia and angiogenesis including miR-145 and miR-
107 that regulate the expression of c-Myc oncogene and HIF-1§,
respectively [116,117]. The miR-107 is also involved in the regulation of
the G1-S cell cycle progression by controlling the expression of CDK6
and RBL2 [118]. MiR-192 as well as miR-215 are upregulated by p53
upon genotoxic stress and they regulate gene expression products that
participate in cell cycle progression at the G1 and G2-M cell cycle
checkpoints including RAD51, TOP1, MCM3, RB1, PIM1, CDC7,
MCM10, and MCM6 [119]. In addition to miRNAs that regulate cell
cycle genes, miR-205 controls cell cycle progression through E2F1
downregulation in addition to metastatic processes by LAMC1, which is
involved in cell adhesion and migration [120]. Other miRNAs regulated
by p53 involved in metastasis through the EMT process are miR-34
which targets Snaill[121] and the miR-200 family found to inhibit the
expression of ZEB1/2 [122]. P53 also regulates its own stability and
activity by inducing miRNAs that target Mdm2 and Mdmx (Mdm4)
including miR-192, miR-194, miR-215, miR-143, miR-145 and miR-34a
[123-125].

1.7. TP73 and TP63 are p53 family members

TP73 (Chr.1p36.33) and TP63 (Chr.3q28) genes that encode tran-
scription factors p73 and p63, respectively, are TP53 homologous
structures. The most conserved domain between the p53 family mem-
bers is the DNA binding domain, followed by the oligomerization
domain and the TA is the least shared domain. These resemblances allow
p73 and p63 the capability of oligomerizing, binding to canonical p53
REs, and transactivation of p53 target genes [126-128]. Thus, p73 and
p63 are also involved in anti-tumor processes such as control of cell
proliferation and apoptosis. On the other hand, the divergence between
them allows p73 and p63 to be regulated and participate in other bio-
logical processes differently from p53. For example, the variation in the
TA domain does not allow p73 to be regulated by MDM2 [129]. In
addition, p73 and p63 null mice are viable but display developmental
defects unlike p53 null mice where development is normal but there is a
spectrum of tumor malignancies [19,130,131]. This suggests that in
addition to the tumor-suppressive functions of p73 and p63, they might
have higher functional pressure towards the control of cell differentia-
tion at least during the early development process.

Unlike p53, p73 and p63 tumor-suppressive functions are not abro-
gated by mutation occurrence nor by allelic loss. Rather, the nature of
having two promoters gives rise to two proteins which can be either
tumor-suppressive (TA) or pro-tumorigenic associated (AN, lacking the
TA domain). In fact, several malignancies express the AN isoforms
[132,133]. In addition, alternative mRNA splicing events generate
different protein isoforms. TP73 has 7 TA isoforms (a, B, v, d, €, &, ) and
7 AN isoforms (AN-a, AN-p, AN-y, AN-5, AN-¢, AN-¢, AN-n)) [134]. TP63
has 5 TA isoforms (a, B, y, 8, €) and 5 AN isoforms (AN-a, AN-p, AN-y,
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AN-8, AN-g) [134]. TA-y isoforms are more similar in structure to p53
and in the case of p63 it correlates with its transcriptional activity but in
p73, TA-a is a more potent transcriptional activator and inducer of
apoptosis [135]. A key difference in the p73 and p63 structure to that of
p53 is the presence of the sterile a motif (SAM). This domain allows p73
and p63 to interact with proteins involved in developmental processes
[136].

P73 and p63 are activated upon DNA damage and other cellular
stresses such as hypoxia. Their function, like p53, is regulated by post-
translational modifications like ubiquitination, acetylation, and phos-
phorylation. Following activation, p73 and p63 form homo-tetramers,
and they can also form hetero-tetramers with each other. Some have
concluded that neither p73 or p63 form hetero-tetramers with wild-type
p53 [137], while others have shown that p73 can bind to p53 and this
interaction leads to the induction of Puma and Bax [138]. This differ-
ence might be attributable to the type of stress signal and p53 phos-
phorylated site. Nonetheless, p73 and p63 appear to be required for
apoptosis upon DNA damage in the presence of functional p53 in certain
model systems [139]. P73 can transactivate p53 target genes like Puma,
Noxa, RAD17, and p21 [128,140,141]. Similarly, p63 can upregulate
p53 target genes GADD45, PIG3, p21, and Bax [142,143]. Both p73 and
p63 can regulate genes that are unique to each transcription factor ac-
tivity and not shared with p53 [144]. There is limited information in
regards to the distinct gene regulation of each TAp73 and TAp63 iso-
forms and their role in tumorigenesis. However, it is known that each
isoform can be differentially expressed in tissues as well as having
different activity in regulating gene expression [143]. In the case of p63,
its high expression is mostly limited to the female germline [145] albeit
it is also expressed in other normal and tumor tissues at lower levels
[146]. Importantly, expression of AN isoforms is associated with inhi-
bition of tumor-suppressive function of TA isoforms. TA isoforms despite
not interacting with wild-type p53 are capable of interacting with
mutant p53 and thus resulting in inhibition of TAp73 and TAp63 tumor
suppressive functions [147].

1.8. TP53 mutations can result in a stable protein with different pro-
tumorigenic outcomes

Somatic mutations in p53 are found across a variety of cancer types
mainly in colorectal, head & neck, esophageal, female genital organs
(cervical, ovarian, uterine, vaginal & vulvar), lung and pancreas [148].
Compared to other tumor suppressors, p53 is unique as mutations can
influence its function into different outcomes: loss-of-function (LOF),
dominant-negative (DN), and gain-of-function (GOF). In addition, mu-
tations in p53 are rarely truncating mutations, and the TP53 gene is
typically not silenced by hypermethylation of the gene locus [149].
When p53 is said to have a loss-of-function it no longer performs its
regular tumor-suppressive functions including cell cycle arrest, DNA
repair, and apoptosis. Given that p53 binds as a tetramer, mutant p53
can bind and inhibit wild-type p53, if the wild-type allele is not lost
[150]. Moreover, multiple studies have shown that certain mutations in
p53 result in gain-of-function activities where p53 no longer behaves as
a tumor suppressor but rather as an oncogene. For example, some mu-
tations in p53 help cancer cells sustain proliferation, become more
aggressive allowing metastasis and resistance to chemotherapy.

TP53 GOF mutations is reflected in the clinical setting, as patients
that harbor p53 mutations in their tumors have a worse prognosis than
patients who do not have mutated p53 [151]. For example, Li-Fraumeni
syndrome (LFS) is a rare inherited disorder (frequency of 0.005-0.02%
worldwide) characterized by mutations in the TP53 gene. In this case, a
single copy of the gene predisposes patients to several malignancies even
in their early lifespan. LFS patients have a 50% chance of developing
tumors by the age of 40 and 90% by age 60 [152]. Compared to non-
carriers, LFS patients have approximately a 24-fold higher chance of
developing tumors, and this is even more penetrant in females with 93%
risk by the age of 50 [152]. Common tumors observed in LFS patients are
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breast, osteosarcomas, brain, leukemias, and adrenocortical carcinomas.
Moreover, patients carrying R248Q mutations display earlier onset
tumor development and higher tumor burden than patients with G245S/
+ or null/+ in their germline [153]. These variations feature the dif-
ferences between LOF and GOF in addition to the diversity in the
outcome of p53 mutants.

Somatic TP53 mutation frequency is higher in its DBD accounting for
approximately 95% of p53 observed mutations. Although rare, muta-
tions at the TAD and C-terminus have been reported. A total of 73% of
mutations are missense, with R175, G245, R248, R249, R273, and R282
the most commonly mutated sites and also referred to as p53’s “hotspot”
mutations [148]. These hotspot mutations have a selection frequency of
2-7%, a high frequency to occur by chance that reflects the pro-
tumorigenic advantage found in a variety of malignancies [148].

In general, p53 mutants can be classified as class [ structural mutants
and class II contact mutants. Structural mutants such as R175H, R196*,
Y220C, R245, R249S, and R282W have lower thermodynamic stability
and hence are characterized by their unfolded structure compared to the
wild-type p53 structure [154]. On the other hand, contact mutants like
R248Q, R248W, R273H, R273C, R280K, and R282W retain a folded
protein structure but the mutation at the core DBD prevents its binding
to the DNA p53RE [154]. In regards to the GOF outcome, there is no
correlation between the GOF potential and the class of mutant [155].
Nonetheless, categorization between structural and contact mutation in
p53 has yielded different approaches in therapeutic targeting. For
example, R175H and R273H mutants have been shown to be compro-
mised with Zn?* binding thus, treatment with zinc metallochaperones
can rescue the wild-type p53 structure but not in R280K mutant [156].
Knockdown of endogenous mutant p53 generated isogenic cell line
panels overexpressing different mutant p53 and in vivo knock-in models
of various p53 mutants have provided a deeper understanding of the
modus operandi spectrum of different p53 mutants [157-159]. Such
studies have highlighted that not only the site of the mutation is relevant
but the type of amino acid substitution can impact the outcome of
mutant p53 [160]. Moreover, the cellular context provides an additional
layer of complexity to mutant p53 behavioral outcomes. The vast ma-
jority of the GOF potential of mutants that have been studied are those
named as hotspot mutations albeit others to a lesser extent. GOF mutants
have the capacity to enable the cell to have more invasive and migratory
potential. In addition, mutant p53 can alter key proteins involved in the
cell cycle/DNA repair process for the cell to become highly proliferative.
For example, the association of mutant p53 and NF-Y upon DNA damage
results in the increased expression of G2/M phase regulating proteins
(Cyclin A, B1, CDK1, Cdcd25C) resulting in enhanced proliferation
[161]. Additional genes involved in cell replication that mutant p53
regulates are c-myc as well as proliferating cell nuclear antigen (PCNA)
both that result in cell proliferation and avoid apoptosis [162,163].
Through a different mechanism, mutant p53 can induce the expression
of miRNAs resulting in the silencing of genes involved in the cell cycle.
An example, the miR128-2 expression is induced by mutant p53
resulting in silencing of the cell cycle involved transcription factor E2F5
[164]. Inhibition of E2F5 by miR128-2 ultimately leads to chemo-
therapy resistance. Mutant p53 has also been shown to promote drug
resistance through enhanced transcription of the MDR1 gene although
not by binding directly to the MDR1 promoter, rather interacts and
cooperates with the ETS-1 transcription factor to promote the expression
of MDR1 and increase cell survival upon a variety of chemotherapy
agent [165,166]. MDR1 is a good example of genes that are differently
regulated between wild-type and mutant p53. In the case of wild-type
p53, MDRI is repressed by p53 [167].

There is evidence of mutant p53 regulates the transcription of genes
at the level of promoter binding, in this example, R175H p53 mutant
was shown by chromatin immunoprecipitation analysis to bind to the
EGFR1 promoter [168]. Binding to the EGFR1 promoter ultimately
provides the cell a means to escape cisplatin mediated apoptosis. Along
this line, mutant p53 avoids inducing apoptosis and enhances cell
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survival upon etoposide treatment through upregulation of NF-kB2
[169], a transcription factor that mediates expression of cell cycle and
anti-apoptotic genes. NF-xB2 upregulation by mutant p53 also enhances
epithelial-mesenchymal transition (EMT) potential through pro-
migratory effects mediated by chemokine expression [170]. In relation
to EMT, pro-angiogenesis factor VEGF-A secretion is stimulated by
mutant p53 [171].

It is evident that wild-type p53 and mutant p53 GOF have different
gene signatures that allow tumor suppression and tumorigenesis,
respectively [158]. In addition to changes at the transcriptional level,
others have reported distinct miRNA profile, proteome, and secretome
expression profiles by wild-type p53 and mutant p53 [172-175].
Collectively, these studies have underscored the involvement of mutant
p53 in promoting tumorigenesis at the transcriptional level to changes in
the tumor microenvironment (Fig. 2). Moreover, understanding the
differences in cellular regulation between wild-type p53 and mutant
p53, has yielded new downstream targets and pathways involved in
mutant p53 GOF that have been and continue to be explored for cancer
therapy.

1.9. Like wt-p53, mutant p53 undergoes post-translational modifications

Like wild-type p53, mutant p53 can be post-translationally modified
albeit the biological response outcome is different from that of wild-type
p53. Interestingly, sites commonly post-translationally modified in wild-
type p53 are rarely mutated across a variety of cancer types. This is in
part due to the common hotspot mutations in p53 that are not which are
sites post-translationally modified. Nonetheless, there are sites including
across the different p53 domains that are post translationally modified
and found to be mutated in human tumors. Post-translational modifi-
cations in wild-type p53 allows protein activation, specificity for
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cofactor interactions, binding to DNA, and transactivation selectivity of
p53 target genes towards tumor suppression. In the case of mutant p53,
post-translational modifications do not impact the ability of mutant p53
binding to specific DNA sequences for tumorigenesis functions. In fact,
to date, there is not a defined DNA sequence that mutant p53 binds to as
wild-type p53 binds to its corresponding p53 RE. Instead, mutant p53
interacts with other proteins like transcription factors and interferes
with their transcriptional program. Mutant p53 has been reported to be
phosphorylated, ubiquitylated, acetylated, and methylated. How post-
translational modifications affect mutant p53 is less defined as with
wild-type p53. Studies have reported a correlation between mutant p53
hyperphosphorylation at site Ser392 and the oncogenic potential of the
R175H mutant [176] although this appears to be cancer cell type-
dependent as hyperphosphorylation is not seen in some breast cancer
cell lines [177]. Other phosphorylation sites such as Serl5 provide
mutant p53 the interaction with other cofactors and transcription factors
to offer the GOF advantage [178]. Similarly, hyperacetylation of mutant
p53 at Lys373 and Lys382 preferentially localizes mutant p53 in the
nucleus [7,179]. In addition, cell stress signaling such as glucose re-
striction can impact mutant p53 differently than wild-type p53. In this
stress condition, mutant p53 is acetylated and results in cell metabolic
rewiring that provides cell survival advantage [180]. By contrast to
wild-type p53 were ubiquitylation targets it for degradation to control
its protein levels upon stress response resolution, mutant p53 is not
frequently found to be ubiquitylated. This is mainly due to the lack of
MDM2 gene transactivation and an absent negative feedback loop. As a
result, mutant p53 becomes highly stable in a variety of tumor types.
Nonetheless, certain types of mutant p53 can interact with MDM2 and
be targeted for degradation along through other ubiquitin ligases also
found to regulate wild-type p53 stabilization [181].
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Fig. 2. Opposing effects of wild-type and mutant p53 regulation in cancer biology. Wild-type and mutant p53 respond to a variety of cellular stresses (DNA damage,
hypoxia, metabolic stress, and oxidative stress). Their regulation occurs at the transcriptional, post-transcriptional, and post-translational level. At the transcriptional
level, wild-type p53 binds directly at p53 response elements (RE) whereas mutant p53 binds to other transcription factors (TF), example Y to regulate a gene X, as
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regulated, red color negative regulated. Created with BioRender.com.
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1.10. Mutant p53 mechanisms of destabilization

Like wild-type p53, mutant p53 is targeted for degradation through
the ubiquitin proteasome system (UPS). Several interacting E3 ubiquitin
ligases have been reported to be involved in ubiquitinating mutant p53.
MDM2 can ubiquitinate and/or direct certain types of mutant p53 for
proteasomal degradation [181,182]. Moreover, the ubiquitinated state
of mutant p53 does not necessarily correlate with its degradation rate.
For example, hyper-ubiquitinated mutant p53 remains stable but rather
affects its localization aggregating mostly in the cytoplasm rather than
in the nucleus albeit this is mutant p53 type-dependent [181]. Enhanced
stability of mutant p53 mainly results from the inability of mutant p53 to
transcriptionally regulate wild-type p53 target genes consequently it
abrogates the negative feedback loop through Mdmd2. The fact that the
interaction between mutant p53 and MDM2 is dependent on the MDM2
RING domain rather than its E3 ligase [181] suggests that other E3 li-
gases are can ubiquitinate mutant p53. This was shown to be the case for
E3 ligases Copl and CHIP but not ARF-BP1 [181]. To avoid degradation
due to its unfolded nature, mutant p53 can escape proper protein sur-
veillance by binding to heat-shock proteins (Hsp). In this scenario,
mutant p53 binds to Hsp90 leading protection from both MDM2 and
CHIP E3 ligases [183]. Interestingly, Hsp90 is upregulated across
different malignancies [184] which may be one of the reasons that
facilitate the advantage for mutant p53 stabilization and GOF.

Another alternative mechanism that controls mutant p53 protein
levels is autophagy. Macro-autophagy here on referred as autophagy is
the process of intracellular clearance upon damaged cellular compo-
nents or the need to recycle components to compensate for energy
expense and reach cellular homeostasis. Targeted cellular components
for autophagy-mediated degradation are enclosed by vesicles formed in
an orderly concerted manner ultimately fusing with the lysosome where
the cargo is degraded. Metabolic stress such as glucose restriction can
result in mutant p53 degradation through the autophagy machinery and
this appears to be dependent on p53 deacetylated status [180]. In the
case of mutant p53, degradation can occur both via autophagy and
chaperon mediated autophagy (CMA), the latter of which is independent
of vesicle formation. CMA is a selective type of autophagy process
mediated by the heat-shock cognate protein of 70 kDa (Hsc70). Sub-
strate proteins bound to Hsc70 are directed to the lysosome and inter-
nalized into the lysosomal compartment by lysosome-associated
membrane protein type 2a (Lamp-2A). Aggregated mutant p53 becomes
polyubiquitinated at K63 by CHIP followed by interaction with Hsc70
and Lamp-2A resulting in lysosomal-dependent degradation upon
metabolic stress, hypoxia, and non-active cell proliferative conditions
[185,186].

1.11. Regulation of p53 by miRNAs

Several miRNAs have been reported to silence p53 expression
directly or indirectly and p53 also regulates miRNA expression. The
distinction of miRNAs to target mutant vs wild-type p53 requires direct
targeting of the specific mutated site of the mutant p53 mRNA. To date,
the identified miRNAs have been shown to silence wild-type p53 and
none that are specific to mutant p53. In the case of mutant p53, one can
speculate that miRNAs that target key positive regulators of mutant p53
can result in mutant p53 decrease expression. Along this line, synthetic
siRNA and shRNAs oligonucleotides have been synthesized to target
specifically mutant p53 and decrease tumor growth in vivo [187,188].

2. Current p53 targeting therapies and clinical trials

Approaches to target p53 and restore the p53-pathway are ultimately
dependent on the p53 status that is wild-type p53, or mutant p53 mat-
ters as well as the type of p53 mutation. Strategies over the years have
included of p53 gene therapy, stabilization of wild-type p53/degrada-
tion of mutant p53, restoration of mutant to wild-type p53 structural
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conformation, and small molecules that restore the p53 signaling
pathway by activating downstream target of p53 even in p53-null cells
(Fig. 3). P53-null tumors benefit from p53 gene therapy, tumors
retaining both copies of wild-type p53 strategy is to target the stabili-
zation of wild-type p53 through the inhibition of p53 negative regula-
tors and both strategies can be applied to tumors that have lost one and
retained the other (p53+/ 7). The first established adenoviral gene
therapy delivering wild-type p53 called Gendicine is currently approved
in China for head and neck cancer but failed clinical trials in the USA in
2008 [189]. Similar to Gendicine, Advexin underwent Phase I-III clinical
trials and yielded a statistically significant correlation between therapy
efficiency and tumor response as well as improving patient median
survival [190]. Advexin also showed a good safety profile as a mono-
therapy and in combination with other chemotherapy agents/radio-
therapy in a variety of tumor types nonetheless, it remains to be
approved by the FDA. These replication impaired adenoviral p53 ther-
apies were proven not as effective due to their low transduction effi-
ciency in human tumors.

Several gene therapies were developed to improve transduction ef-
ficiency involving viral active replication including ONYX 015 approved
in China and H101 currently in clinical trials in China [191]. In the USA,
these therapies are not currently being pursued in clinical trials. ONYX
015 does not deliver the wild-type p53 gene but rather a mutated E1B
viral gene that was initially thought to incorporate and lyse cancer cells
that had mutated p53 [192]. Additional studies confirmed that instead,
ONYX 015 as well as similar gene therapy H101, efficiency and sensi-
tivity of viral transduction is independent of p53 status but rather de-
pends on the cell cycle phase stage [193].

The key negative regulator of p53 is MDM2 and studies dedicated to
understanding their interaction have enabled the concept of disrupting
their interaction as a therapeutic avenue which ultimately leads to wild-
type p53 stabilization. High-throughput screening and de novo design
approaches have identified MDM2 inhibitors such as nutlins (Nutlin-3),
benzodiazepinediones (TDP521252 and TDP665759), spiro-oxindioles
(MI-219) and their derivatives as well as the first MDM4/MDMX in-
hibitor SJ-172550 [194]. These strategies have proven to be effective in
treating tumors retaining at least one copy of wild-type p53. MDM2
inhibitors bind to a hydrophobic pocket in the MDM2 protein that is
responsible for interacting with p53 and have yielded positive responses
in pre-clinical studies. MDM2 antagonists have proven to be safe to
normal tissues, resulting in activation of wild-type p53 tumor-
suppressive functions and hence this approach has been extensively
pursued into clinical trial development. The first MDM2 inhibitor to
become of interest was nutlin-3a because of its selectivity towards wild-
type p53 [195]. Nonetheless, it was not pursued beyond the preclinical
setting due to its suboptimal bioavailability. Nutlin-3 analogue,
RG7112, was the first in the nutlin class of small molecules to enter
clinical trials owing to its higher efficacy [196]. RG117 underwent
Phase 1 clinical trials for the treatment of solid and hematological ma-
lignancies (clinicaltrials.gov, 2021). Phase I clinical trials in patients
with hematological malignancies showed p53 protein stabilization fol-
lowed by enhanced transcription of p53 dependent target genes [197].
Progression to Phase II trials in either type of malignancy was not fol-
lowed due to toxic side effects including neutropenia and thrombocy-
topenia [198]. Consequently, a second nutlin related compound
Idasanutlin (RG7388) was optimized [199]. Idasanutlin (RG7388)
currently in clinical trials for solid tumors and hematological malig-
nancies, showed tolerability and safety as a single agent and underwent
Phase III clinical trials in acute leukemia patients in combination with
cytarabine [200]. Idasanutlin clinical treatment in patients with acute
myeloid leukemia showed a durable response including complete
response of >12 months [201]. Clinical results for patients treated with
Idasanutlin have encouraged other Phase I/II clinical trials currently
active for leukemia, breast cancer and neuroblastoma, as a monotherapy
or in combination with other drugs including venetoclax and chemo-
therapy agents (clinicaltrials.gov, 2021).
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Fig. 3. Current p53 therapeutic strategies. Several approaches have been taken to target one of the most commonly mutated genes in tumors, p53. Unfortunately,
none of the identified drugs are approved by the FDA. Thus, the current work aims to address the unmet need of small molecules that restore the p53-pathway and its

functional signaling in tumor suppression.

MDM4/MDMX have structural similarities to MDM2 and hence a few
described MDM2 inhibitors also inhibit MDM4,/MDMX albeit not all and
with similar efficiency. Contrary to MDM2, MDM4/MDMX does not
target wild-type p53 directly since it is not an E3 ligase rather it inhibits
p53 transcriptional activity. MDM4/MDMX specific inhibitors were
recently described and have yet to enter clinical trials. Given that some
tumors can result in MDM2 inhibitor resistance due to MDM4,/MDMX
overexpression, studies combining both strategies are optimistic. KRT-
232, a dual inhibitor of MDM2 and MDM4,/MDMX has entered Phase I
clinical trials as a single therapy as well as in combination with front line
therapies in various cancer types. Another example of dual MDM2 and
MDM4/MDMX inhibitor is ALRN-6924 which functions as a p53-stapled
peptide [202]. ALRN-6924 is currently in Phasel/2 clinical trials for the
treatment of hematological malignancies and advanced solid tumors
alone or in combination with topotecan (clinicaltrials.gov, 2021).
Interestingly, MDM2 has emerged as a factor in the hyperprogression
phenotype observed with immune checkpoint therapy. Our group pub-
lished that the MDM2 inhibitor AMG-232 promotes killing of MDM2-
overexpressing tumor cells by T-cells and synergizes for T-cell killing
when combined with anti-PD1 therapy [203]. In addition to AMG-232
therapy effects, similar observations were made that T-cells more effi-
ciently killed MDM2-overexpressing tumor cells when MDM2 expres-
sion was knocked down.

Studies where the second site induced mutations to the mutant p53
restored the wild-type p53 conformation and function introduced the
concept that the mutant p53 protein structure is malleable and its
unfolded nature can be rescued to function as wild-type p53 [204].

Several screens of small molecules have identified compounds that sta-
bilize the mutant p53 among these, CP-31398, PRIMA-1 (and its meth-
ylated analog APR-246), MIRA-1, PhiKan083, PK7088, and
NSC319726/ZMC 1, and arsenic trioxide (ATO). CP31398, PRIMA-1,
MIRA-1, and APR-246 stabilize mutant p53 protein as indicated by the
enhanced recognition of the wild-type p53 specific antibody PAb1620
and loss of mutant p53 specific PAb240 [205-208]. Moreover, treatment
with these small molecules resulted in transcriptional activation of p53
target genes such as p21, DR5, PUMA ultimately leading to apoptosis
and cell cycle arrest in vitro and decreased tumor growth in vivo with
good toxicity profiles [208,209]. Recently, the small molecule ATO has
been found to stabilize mutant p53 proteins, specifically those mutants
categorized as structural mutants albeit with differences in their tran-
scriptional function restoration [210]. Pre-clinical safety profiles of
these small molecules prompted clinical trials. APR-246 is currently
undergoing Phase I-III clinical trials in hematological malignancies as
well as in solid tumors including ovarian, bladder, and non-small cell
lung cancers (clinicaltrials.gov, 2020). Particularly, APR-246 underwent
Phase I trial as a monotherapy agent and is currently in Phase III in
combination with azacytidine as well as serval other chemotherapeutic
agents (clinicaltrials.gov, 2020). Combination with azacytidine yielded
great synergy in vitro and in vivo and thus exciting results are of hope in
this trial [211]. Recently, the FDA granted “Fast Track” designation to
APR-246 (eprenetapopt). Encouraging clinical trial results have been
obtained with APR-246 in myelodysplastic syndromes (MDS) patients
with p53 mutations, having an overall response rate (ORR) of 75%, and
a 57% complete remission (CR) rate.
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PhiKan083 and PK7088 specifically restore the function of the
Y220C mutant p53, the 9th most frequent mutation. This specific mu-
tation generates a cavity in the p53 protein structure due to loss of hy-
drophobicity at the DNA core resulting in a druggable “pocket”. Like the
previously mentioned compounds, PhiKan083 and PK7088 also result in
wild-type p53 protein conformation as indicated by the PAb1620 but the
transcriptional upregulation of p53 target genes such as p21, NOXA, Bax
is more efficiently enhanced by PK7088 [212-214]. To date, PhiKan083
and PK7088 therapeutic application has not been tested in pre-clinical
models and hence their translational applicability in clinical trials has
yet to be described. NSC319726/ZMC-1 belongs to a group of zinc
metallochaperones (thiosemicarbazones). This group of small molecules
restores specifically mutations that affect the affinity of p53 binding to
zinc, which is required for wild-type p53 activity [215]. P53 mutants in
this category include hotspot mutation R175H, and treatment with
NSC319726/ZMC 1 increases intracellular Zn?* allowing p53R175H
harboring cells to be saturated with Zn?" ions resulting in the rescue of
wild-type p53 conformation, transcriptional activation, and decreased
tumor volume in vivo [216,217]. ZMC-1 showed toxicity in pre-clinical
models and was not pursued further [218]. Nonetheless, 3-AP (Triapine)
is also a zinc metallochaperones currently in Phase I-II clinical trials for
advanced and metastatic solid tumors and various hematological ma-
lignancies as well as Phase III clinical trials in cervical carcinoma all of
which are being studied in combination with other chemotherapy agents
[219]. Additionally, COTI-2 is a thiosemicarbazone derivative was
shown to be a p53 reactivator leading to apoptosis in vitro with
decreased tumor volume in vivo [220]. COTI-2 is currently undergoing
Phase I trials in various solid malignancies in combination with
cisplatin. A study reported that unlike from the other thio-
semicarbazone, it does not affect Zn?" intracellular levels [218] indi-
cating that COTI-2 is not mutant p53 specific. The involvement of the
Akt pathway was also reported to be part of COTI-2 mechanism of action
[220].

The fact that cancer cells can be “addicted” to mutant p53 and that
silencing mutant p53 results in the abrogation of the GOF downstream
effects, has prompted great interest in therapies targeting mutant p53
for degradation. Therapies targeting mutant p53 for degradation have
mainly been focused on Hsp90 inhibitors (Geldanamycin, 17-AAG,
Ganestesbip) and histone deacetylase inhibitors (Vorinostat (SAHA)
and Romidepsin). These inhibitors affect the HDAC6/Hsp90 axis where
HDAC positively regulates Hsp90, and p53 binds to Hsp90 to avoid
degradation hence acquire protein stabilization. Thus inhibitors of
HDAC’s and Hsp90 result in mutant p53 destabilization. This class of
small molecules not only result in mutant p53 degradation but also p53
transcriptional activity, apoptosis, and in vivo efficacy [221-225]. Gel-
danamycin derivative, 17-AAG (Tanespimycin), and 17-AAG hydro-
quinone hydrochloride salt derivative (IPI-504) have undergone several
clinical trials and completed Phase I- II for various hematological ma-
lignancies, breast cancer, non-small cell lung cancer, and several other
advanced malignancies and Phase III for multiple myeloma showing
anti-tumor efficacy and well-tolerated profile [226]. Deacetylase in-
hibitors Vorinostat (2006) and Romidepsin (2009) are FDA approved for
the treatment of cutaneous T cell lymphoma with a 30% and 34%
response rate, respectively [227,228]. Other small molecules that lead to
mutant p53 degradation are macroautophagy inhibitor Spautin-1 and
SIRT1 activator YK-3-237. Spautin-1 blocks macroautophagy leading to
CMA mediated mutant p53 degradation [185] whereas YK-3-237 de-
creases acetylated mutant p53 expression resulting in its decreased
protein expression presumably through a proteasomal mediated mech-
anism [229]. Pre-clinical anti-tumor effects of both of these compounds
have not been described. Despite these strategies killing mutant p53
harboring cells and not wild-type p53, affecting the stability of mutant
p53 and resulting in the induction of p53 target genes, they are not
specific to mutant p53 as HDACs have effect on other genes and proteins
[230]. Thus, they augment toxicities in normal tissues as well.

Immunotherapy is one of the most important developments in the
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fields of oncology and cancer therapeutics. It has been reported that p53
is capable of modulating innate and adaptive immune responses by
regulating the expression of Toll-like receptors and PD-L1, among other
mechanisms [114,231]. In addition to strategies where p53 pathway
restoration leads to an immune response, production of neoantigens due
to p53 mutation has been utilized to specifically promote recognition
and subsequent killing of cancer cells. Recently, a research group at
Johns Hopkins University developed a bispecific antibody that recog-
nizes a p53 ®7°H neoantigen peptide complexed to human leukocyte
antigen (HLA) [232]. Recognition of this antibody, namely H2-scDb,
activated T-cells driving T-cell mediated killing of cancer cells
harboring the p53%7°" mutant in vitro and in vivo. Despite limitations of
this bispecific antibody design towards other p53 mutations and host
immune T cells, this study highlights the importance of pursuing p53
neoantigen-based immunotherapies, a tumor suppressor that is found
mutated in over 50% of human cancers.

P73 and p63 are part of the p53 family members that can activate
genes in common with wild-type p53. With the advantage that p73 and
p63 are not commonly mutated in tumors, p53-pathway restoring
compounds through the activation of p53 family members are of inter-
est. Reactivate transcriptional activity (RETRA) mechanism of action
involves the release of p73 from mutant p53 and activating p53 target
genes p21 and puma in a p73 dependent manner [233]. Similarly, small
molecule Prodigiosin induces p21, puma, DR5, and apoptosis in a p73
dependent manner in vitro and in vivo [234]. Prodigiosin involves the
upregulation of p73 and simultaneous reduction of the ANp73 onco-
genic isoform protein levels [235]. On the other hand, NSC59984 results
in p53-pathway restoration through simultaneous upregulation of p73
and degradation of mutant p53 protein expression [236]. To date, these
p53-pathway restoring small molecules have yet to reach clinical trials.

In sum, the current approaches rely on either wild-type p53, loss of
p53, or presence of mutant p53 (some being specific to the missense
substitution). Given the complexity of the p53 mutations and resulting
LOF, DN, and GOF provides a good rationale for a general drug targeting
approach looking to restore downstream transcriptional responses.
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