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Simple Summary: p53, a critical tumor suppressor, is commonly mutated in neoplasia, including
colorectal cancer. To devise anti-cancer strategies targeting p53, it is crucial to understand the myriad
cell-specific regulatory mechanisms in the p53 signaling pathway, and how these same regulatory
mechanisms may be evaded by p53 mutants. This review focuses on colorectal cancer and considers
the regulatory mechanisms underlying the actions of wild type p53 protein, emphasizing discoveries
made in the last decade. We focus on the role of mouse double minute 2 homolog (MDM2), which
modulates p53 protein levels by targeting p53 for protein degradation; other MDM2-independent
mechanisms are also discussed. These regulatory mechanisms are further examined in the context
of p53 missense mutants, which can evade canonical regulation. Lastly, we consider potential
strategies for therapeutic targeting of p53 mutant-bearing cancers in preclinical testing or early-phase
clinical trials.

Abstract: The role played by the key tumor suppressor gene p53 and the implications of p53 mutations
for the development and progression of neoplasia continue to expand. This review focuses on
colorectal cancer and the regulators of p53 expression and activity identified over the past decade.
These newly recognized regulatory mechanisms include (1) direct regulation of mouse double minute
2 homolog (MDM2), an E3 ubiquitin-protein ligase; (2) modulation of the MDM2-p53 interaction; (3)
MDM2-independent p53 degradation; and (4) inhibition of p53 nuclear translocation. We positioned
these regulatory mechanisms in the context of p53 missense mutations, which not only evade
canonical p53 degradation machinery but also exhibit gain-of-function phenotypes that enhance
tumor survival and metastasis. Lastly, we discuss current and potential therapeutic strategies directed
against p53 mutant-bearing tumors.

Keywords: degradation; colorectal cancer; p53; MDM2; negative feedback

1. Introduction

Worldwide, colorectal cancer (CRC) remains in the top five most prevalent and lethal
cancers [1]. In sporadic CRC, the most common form, loss of p53 function is a critical
step in the adenoma-to-adenocarcinoma transition; p53 mutations are detected in 55–60%
of non-hypermutated and ~20% of hypermutated CRC [2,3]. As p53 controls important
cellular functions, including cell cycle checkpoints and senescence, under normal phys-
iological circumstances its expression is tightly regulated. However, the contribution of
p53 mutation to tumorigenesis is more than simply a result of loss of p53 function. Some
p53 mutations exhibit gain-of-function properties that ‘supercharge’ tumor growth and
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metastasis. Adding to this complexity is the observation that p53 network regulation varies
between cell types. To devise effective therapeutic strategies to target p53, it is crucial to
gain a comprehensive understanding of p53 dysregulation. In this review, we examined
post-translational regulatory mechanisms underlying p53 homeostasis, focusing on discov-
eries made in the last decade and shedding light on how p53 mutants escape regulatory
controls in the context of CRC. Unless otherwise specified, the information reported here
is based on CRC laboratory models and clinical data. We conclude by discussing gaps in
knowledge and how what we know now can be applied to develop therapeutic strategies
directed against p53 mutants. To aid the reader, we summarize new modulators of the p53
pathway in Table A1.

1.1. Post-Translational Regulation of p53 Expression

Commonly referred to as the “guardian of genomes”, p53 controls the cell cycle,
senescence, and apoptosis, although non-canonical functions in oxidative phosphorylation,
epithelial–mesenchymal transformation, and modulation of the tumor microenvironment
are reported [4]. The p53 protein is a 393-amino acid tumor suppressor divided into
several domains: an N-terminal transactivation domain, a central DNA-binding domain,
a tetramerization domain, and a lysine-rich C-terminal domain. Tetramerization enables
p53 to bind to downstream promoters. The lysine-rich C-terminal domain is the site of
key post-translational modifications including ubiquitination. In response to genotoxic
stress, p53 can be activated via phosphorylation at Ser-15 by ATM and CHK; activated p53
forms tetramers to bind target genes [4]. Intranuclear p53 levels determine cell fate and are
regulated by the combination of post-translational modification, proteasomal degradation,
and nuclear translocation. More recently, p53 levels were found to oscillate throughout the
cell cycle without cell arrest under non-stress conditions, a feature thought to maintain its
high sensitivity to cellular DNA damage [5,6]. Transcriptional regulation of p53 expression,
beyond the scope of the present review, was reviewed elsewhere [7].

1.2. Murine Double Minute 2 (MDM2) Regulation

E3 ligases mediate polyubiquitination of a substrate and target it for proteasomal
degradation. The most important E3 ligase regulating p53 levels is MDM2. The non-
redundancy of this property of MDM2 is evidenced by observing pan-p53 activation in
multiple tissues of MDM2 knockout (KO) mice, which results in diffuse apoptosis and
embryonic lethality [8]. The MDM2 KO phenotype can only be rescued by concomitant p53
KO. To study the function of MDM2 in adult animals, investigators introduced a tunable
p53 expression system (p53ERTAM). The important functional domains of MDM2 include
the N-terminus domain, which binds to both the N- and C-terminus regions of p53 [9–11],
and the C-terminus domain, which contains a RING finger motif that carries out the E3
ligase function and a central zinc finger/acidic domain that serves as an allosteric binding
site that modulates p53-MDM2 interaction [12,13]. As shown in Figure 1, MDM2 regulates
p53 function in at least two ways: At high MDM2 levels, MDM2 polyubiquitinates p53
and targets it for proteasomal degradation, whereas at low MDM2 levels, p53 is mono-
ubiquitinated, resulting in its cytoplasmic translocation. The latter action inhibits p53’s
transactivation function via spatial exclusion [14,15]. MDM2 expression is induced by p53
itself; myriad mechanisms regulating MDM2 activity are discussed below.
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TRIM67, MDM4, and ZER-p52 modulate MDM2 function; (iii) USF1 facilitates translocation of the 
MDM2/p53 complex into the cytoplasm for degradation; (iv) MDM2-independent p53 degradation 
via CHIP, Pirh2, COP1, and the USP7-FAM188B complex; and (v) MDM2 transcriptional upregula-
tion by p53 via a negative feedback loop. Decreased p53 levels promote CRC progression. 

1.4. Modulation of MDM2 Functions via Its Acidic Domain 

Figure 1. Key molecules involved in post-translational regulation of wild-type p53. Post translational
regulation of p53 involves several distinct mechanisms, including (i) direct interaction with mouse
double minute 2 homolog (MDM2), which stimulates proteasomal degradation; (ii) PHD3, TRIM67,
MDM4, and ZER-p52 modulate MDM2 function; (iii) USF1 facilitates translocation of the MDM2/p53
complex into the cytoplasm for degradation; (iv) MDM2-independent p53 degradation via CHIP,
Pirh2, COP1, and the USP7-FAM188B complex; and (v) MDM2 transcriptional upregulation by p53
via a negative feedback loop. Decreased p53 levels promote CRC progression.

1.3. MDM2/4 Homodimers

MDM4 (or MDMX) shares homology with MDM2, including a RING domain. MDM4/X
was initially thought to have overlapping function with MDM2, but using kidney and
breast cancer cell lines, Wang et al. [16] showed MDM4 actually modulated MDM2. In
the DNA damage response, MDM4 binds MDM2, thereby enhancing MDM2’s ability
to poly- rather that mono-ubiquitinate p53. In homeostasis, MDM4 appears to facilitate
translocation of the MDM2/p53 complex into the cytoplasm for proteasomal degradation.
However, following genotoxic exposure in a human CRC cell line, MDM4 dissociates from
the MDM2/4 complex and instead binds to and stabilizes HIPK2. HIPK2 then induces
p53Ser46 phosphorylation, which induces p53-mediated apoptosis [17]. With less severe
genotoxic exposure, MDM2 degrades HIPK2 and p53 remains inactive [18].
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1.4. Modulation of MDM2 Functions via Its Acidic Domain

The regulatory property of the zinc finger/acidic domain in MDM2 was first recog-
nized from a series of MDM2 aberrant splicing mutants bearing wild-type p53 [19]. This
central domain binds to basic peptides such as p14ARF (p19ARF in mice) [20], E2F1 [21], and
ribosomal proteins (L5, L11, L23) [13], thereby inhibiting MDM2-induced p53 degradation.
Interestingly, p19ARF and ribosomal proteins (RP) inhibit MDM2 function via different
mechanisms. Using a missense mutant MDM2C305F that loses the ability to bind RP but
retains binding to p19ARF and its E3 ligase function in an APC-null mouse background, it
was shown that c-Myc upregulation due to loss of APC increases RP L5 and L11 expression
and predisposes animals to CRC [22].

Prolyl hydroxylase 3 (PHD3) is a novel MDM2 regulator (Figure 1(ii)). PHD3, origi-
nally known for targeting hydroxylating hypoxia-inducible factor 1a (HIF-1a) for degra-
dation, has additional substrates including MDM2. Xu et al. [23] showed that PHD3
overexpression inhibited MDM2 activity by binding to its zinc finger/acidic domain and
increased p53 protein levels. Notably, this is independent of PHD3 hydroxylase activity.
PHD3 overexpression results in p53-dependent downregulation of CRC stem cell properties
in vitro; however, its in vivo effects require further investigation.

1.5. Acidic Domain-Independent Regulators of MDM2-p53 Interaction

TRIM67 is a new tripartite motif (TRIM) family protein capable of modulating p53
levels (Figure 1(ii)). TRIM protein members possess a RING domain that, among other
cellular functions, permits the protein to act as an E3 ligase. The tumor suppressive roles of
TRIM proteins were previously hypothesized but unproven. To identify potential TRIM
protein(s) with tumor suppressive properties, Wang et al. [24] undertook a systemic search
for epigenetic modification of TRIM genes using the TCGA database. They discovered
the promoter of TRIM67 was uniquely hypermethylated and suppression of TRIMP67
expression correlates with poor CRC outcomes. Additionally, TRIM67 levels are lower
in tumors than adjacent nontumor tissues. In two CRC-induction models, ApcMin/+ and
azoxymethane (AOM)-treated mice, homozygous loss of TRIM67 predisposed animals to
tumorigenesis. Using p53 truncation mutants, these investigators found TRIM67 binds to
the C-terminus of p53 and disrupts MDM2-p53 binding. In a positive-feedback loop, p53
also increases TRIM67 expression. Overexpressing TRIM67 does not stabilize p53 mutants
((mutp53) R273H, P309S, S241F), and mutp53s do not increase TRIM67 expression.

ZER6 is another recently discovered oncogene with two isoforms, p52 and p71 via
alternative splicing. Initially recognized as a regulator of p21, a downstream effector of
p53, ZER6 overexpression is associated with better CRC outcomes. Further investigation
using human HCT116 CRC cells revealed that the ZER6-p52 isoform suppresses p21
expression by downregulating p53 at the translational level. ZER6-p52 binds to both p53
and MDM2 (Figure 1(ii)), thereby stabilizing the p53-MDM2 complex and resulting in p53
degradation [25]. Nutlin-3, a small molecular inhibitor of MDM2 that stabilizes wild-type
p53, outcompetes the enhancing effect of ZER6-p52 on p53-MDM2 complex [25,26]. It is
not known if ZER6-p52 preserves modulating capacity against mutp53s.

Another means of modulating the p53-MDM2 interaction is competition for the p53
binding site on MDM2. Beta-lactamase-like protein (LACTB), a novel modulator, acts in this
manner. Related to bacterial penicillin-binding B, LACTB is ubiquitously expressed in mam-
malian tissue cytoplasm and mitochondria. Early studies focused primarily on the effects of
LACTB in the inflammatory response; its link to CRC, neuroblastomas, and breast cancer
only emerged in recent years. In CRC, LACTB downregulation is associated with a poor
prognosis [27]. LACTB suppresses tumor growth by competing with MDM2 for binding
at the C-terminus of p53 in HCT116 and HCT8 CRC cell lines. Loss of LACTB expression
in cancer is generally due to epigenetic silencing rather somatic mutation. Notably, loss of
LACTB does not impact CRC in the context of p53 null or p53-mutant phenotypes [27].

Upstream Stimulating Factor-1 (USF1) also emerged as a novel regulator of the p53
pathway (Figure 1(iii)). A ubiquitous cytoplastic protein with a bHLH domain, USF1 was
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previously considered a stress sensor and transcriptional regulator. Using B16 melanoma
cell line and mouse fibroblasts, Bouafia et al. [28] were the first to show USF1 binds to
p53 during genotoxic stress and prevents the MDM2-p53 interaction, thereby stabilizing
p53 and permitting its nuclear translocation. Co-immunoprecipitation assays revealed
that USF1 and MDM2 interact separately with p53, suggesting mutually exclusive interac-
tions. Elevated USF1 expression levels are associated with a poor CRC prognosis [29,30].
Unlike other stress-induced transcription factors that regulate p53 stability (e.g., YY1,
ATF3, TAFII31), USF1 is expressed constitutively and may play a more prominent role in
regulating p53 during genotoxic stress [28]. Precisely how mutp53s interact with USF1
remains undetermined.

1.6. Modulation of MDM2 Protein Stability

MDM2 self-ubiquitination can regulate its levels; MDM2 de-ubiquitination prolongs its
half-life and consequently reduces p53 protein levels. USP7 (previously known as HAUSP), a
deubiquitinase, interacts with MDM2 [31]. USP7 also binds p53 directly; Brooks et al. used a
H1299 cell culture model to show USP7 binding to p53 or MDM2 is mutually exclusive [31].
FAM188B binds to USP7 and destabilizes the USP7-p53 interaction, thereby promoting p53
ubiquitination and degradation (Figure 1(iv)). Deletion of FAM188B decreases CRC cell (HCT-
116, SW620, and HT-29) xenograft growth, and, in the TCGA dataset, FAM188B expression
levels are inversely correlated with CRC survival [32]. How FAM188B expression is regulated
remains unknown. Targeting USP7 in cancer has been considered. However, it is important
to understand that while MDM2 KO can be rescued by p53 ablation, USP7 KO cannot be
rescued the same way, suggesting USP7 regulates additional critical substrates [33]. Small
molecule USP7 inhibitors alone fail to inhibit p53 degradation fully and, for tumor suppression,
require synergy with a MDM2 inhibitor [34]. Regardless, these findings reveal the therapeutic
potential of small-molecule mimics of FAM188B. It remains unclear if USP7 can engage
mutp53s. A new USP7 inhibitor with sub-nanomolar potency and specificity against multiple
cancer cell lines appears ineffective against tumors harboring p53 hotspot mutants [35].

1.7. Transcriptional and Post-Transcriptional Regulation of MDM2

Activated p53 binds to the MDM2 promoter and drives MDM2 expression, allowing
for negative feedback of the p53 pathway. As reviewed by Zhao et al. [36], estrogen
receptors, Ras, and MYCN are additional transcriptional regulators of p53. MDM2 is also
regulated by microRNAs [37]. Mdm2 possesses an exceptionally long 3’-UTR that can
be the target of many miRNAs. Two miRNA clusters—miR-194-2-192 and miR-215-194-
1—were the first shown to regulate CRC cell MDM2 mRNA [38]. Additional miRNAs
capable of regulating MDM2 expression in CRC and other cancers include miRNA-143 [39],
145 [40], 605-5p [41], 17-3p [42], 193a-5p, and 146a-5p [43].

1.8. Novel MDM2 Regulator with an Undefined Mechanism

Other novel regulators of MDM2 are emerging, but their molecular mechanisms are yet
to be fully dissected. An example is Inhibitor of Differentiation and DNA-binding protein 1
(ID1), a HLH family protein that regulates cell differentiation. A correlation between ID1
and MDM2 expression was first reported in esophageal cancer [44]. Recently, ID1 was found
to be in the downstream signal cascade of Leukemia Inhibitory Factor (LIF), overexpressed
in CRC [45]. LIF induces STAT3 activation, which drives ID1 expression; higher expression
of the ID1 axis increases MDM2 levels, thereby promoting p53 degradation, although how
ID1 increases MDM2 protein requires further clarification.

1.9. Other p53-Degrading E3 Ligases: Beyond MDM2
1.9.1. Co-Chaperone Carboxyl Terminus Hsp70/90 Interacting Protein (CHIP)

The network of Hsp70, Hsp90, and their co-chaperones regulate p53 stability and
activity via the protein folding quality-control mechanism. Hsp70 promotes p53 unfolding
and proteasomal degradation, specifically by interacting with the DNA-binding domain. In
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contrast, Hsp90 promotes DNA-binding domain folding and enhances p53 DNA-binding
capability [46–48]. Several mutp53s are associated with Hsp90, resulting in enhanced stabil-
ity [49,50]. CHIP is a tetratricopeptide repeat-containing protein with E3 ligase activity that
also interacts with Hsp70 and Hsp90 C-terminal domains. Comparison between cells har-
boring different mutp53s showed that conformational mutp53 (R175H) exhibits prolonged
association with Hsp70, targeting mutp53 for proteasomal degradation, whereas wild-type
p53 only binds transiently to Hsp70 [50]. CHIP overexpression enhances degradation of
both forms of p53, whereas CHIP KO has opposite effects. This “triage” role of CHIP [51] is
largely controlled by Hsp90. Hsp90 binds to the MDM2-p53-Hsp70-CHIP complex, thereby
suppressing CHIP activity and preventing p53 degradation until substrates achieve a proper
conformation [50]. Some mutp53s are terminally misfolded, leading to their prolonged asso-
ciation with Hsp90 and extending their stability. Additional modulatory factors such as Hop
and BAG1 that may contribute to Hsp90-CHIP interaction were reviewed elsewhere [52].

More recently, CHIP was found capable of degrading mutp53 via autophagy in trans-
genic models, a mechanism that may not apply to properly folded mutp53 variants in-
cluding R173H and R243W [53]. CHIP also ubiquitinates Mortalin-2, a Hsp70 family
protein overexpressed in cancer that suppresses p53 nuclear translocation [54]. UBSXN2A,
a ubiquitin-like protein, was shown to promote mortalin-2 degradation by CHIP and, in
turn, liberate p53 from Mortalin-2 to translocate into the nucleus and induce growth arrest
and apoptosis in CRC cells [54,55].

1.9.2. Pirh2

Pirh2 is another p53-specific E3 ligase that facilitates p53 degradation. In contrast
to MDM2, Pirh2 binds to aa 100-300 of p53 [56]. Pirh2’s contribution to p53 degradation
appears less important as, unlike MDM2 KO, Pirh2 KO is not embryonic lethal. Recently,
Pirh2 was shown to contribute to the growth of hormone-driven pro-oncogenesis in colonic
epithelial cells by reducing p53 levels [57].

1.9.3. COP1

COP1, another E3 ligase thought to mediate p53 degradation, was reviewed else-
where [58]. There are no reports linking COP1 expression to CRC tumorigenesis and its
expression does not appear to have prognostic value in CRC (gene data available from
v20.proteinatlas.org) [29,59].

1.10. Post-Translational p53 Modifications

Since p53 was discovered in 1979, a wealth of knowledge has accrued regarding
how post-translational modifications such as acetylation, ubiquitination, phosphorylation,
methylation, sumoylation, and neddylation determine p53 half-life and activity [4]. The
p53 N-terminal domain contains multiple phosphorylation sites; p53 phosphorylation
results in its activation and binding to downstream promoters, as well as resistance to
MDM2-mediated degradation. In contrast, the C-terminal domain is enriched with post-
translational modification sites for ubiquitination, acetylation, and methylation, setting
up competition between different regulatory mechanisms. For example, lysines in the p53
C-terminal domain are not only subject to ubiquitination but also to other post-translational
modifications including acetylation. The p53 acetylation promotes tumor suppression
without activation of apoptosis [60]. The p300/CBP acetylates the C-terminal domain,
preventing MDM2 binding to p53 [61,62]. In an opposing effect, at least in CRC cancer cells,
Jumonji domain-containing 6 (JMJD6) competes to hydroxylate the same lysine-rich domain
in the p53 C-terminal domain, thereby preventing acetylation of these same residues [63].
Hydroxylation promotes p53 interaction with MDM4/X, which recruits MDM2 to facilitate
p53 degradation. Acetylation of p53 can also be reversed by deacetylases such as the
sirtuin family. A nucleus-localizing sirtuin family protein, SIRT1 directly deacetylates p53
protein and decreases p53 transcriptional function [64,65]; however, p53 also regulates
SIRT1 expression via the miR34a-5p axis in CRC [66].
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While ubiquitination is commonly associated with proteasomal degradation, it can also
modulate p53 function in other cellular processes [67]. For example, Msl2, WWP1, Ubc13,
and E4F1 mediate degradation-independent ubiquitination, typically outside the MDM2
binding sites. Interestingly, ubiquitination at some of these degradation-independent sites
protects p53 against MDM2-mediated degradation.

Recently, a regulatory role for tumor necrosis factor receptor-associated factor 6 (TRAF6)
was identified in the p53 pathway beyond its classic role in immunoregulation. Zhang
et al. [68] showed that TRAF6, a non-conventional E3 ligase, inhibited p53-mediated tumor
suppression during genotoxic stress via an intriguing, two-step mechanism: (1) TRAF6 sup-
presses cytosolic p53 mitochondrial translocation via K63 ubiquitination thereby suppressing
apoptosis and (2) TRAF6 ubiquitinates p53 at K24, thereby facilitating p53 engagement
with p300, p53 acetylation, and anti-apoptotic upregulation of p21. High TRAF6 expression
correlates with a poor prognosis following chemoradiation therapy for CRC [68].

1.11. The p53 Regulation by Subcellular Localization

p53 must be physically present in the nucleus to bind to target gene promoters and
activate tumor suppressive programing. Spatial exclusion from the nucleus suppresses
downstream p53 signaling. In the absence of cell stress, p53 localizes to the cytoplasm by
associating with anchor proteins [69]. Another molecular mechanism that achieves spatial
exclusion is exporting p53 out of the nucleus, a strategy employed by MDM2 in addition to
its E3 ligase function.

TRIM28 (ATDC) also regulates p53 function via spatial exclusion. TRIM28, which
sequesters p53 in the cytoplasm without degradation [70], is implicated in growth hormone-
mediated nuclear p53 suppression. In addition to growth hormone-associated suppression
of Pirh2-mediated p53 degradation, TRIM28 creates a “permissive” oncogenic environment
in the colon [57]. Sho et al. showed in CRC cells that Tip60 inhibition can contribute to the
anti-apoptotic effect of TRIM28 [71].

2. Regulation of Gain-of-Function p53 Mutant Expression

Loss of p53 function is a hallmark of cancer development, specifically in the CRC
adenoma-to-carcinoma transition. Many p53 mutations result in loss of functional proteins
(74–80%) [72], but some result in proteins with gain of function (GOF), i.e., with novel
activities [73,74].

The importance of GOF phenotypes first became apparent when mutp53 expression in
a p53-null cell line displayed oncogenic properties [75]. Later, individuals with germline p53
missense mutations (Li–Fraumeni Syndrome) were found to have earlier cancer onset and
shorter survival compared to those with germline p53 null mutants [76,77]; these findings
were supported by similar observations in animal models [78]. Oncogenic phenotypes
can be abolished if mutp53 expression is suppressed or ablated in vivo [79]. These GOF
mutations enhance cell proliferation, increase colony formation, and promote cell invasion
and migration, angiogenesis, and chromatin remodeling.

GOF mutants often arise from accumulation of missense mutations in tumor cells [80–82].
Malignant transformation is believed to be triggered by DNA damage, at least in the R175
mutants [80]. Similar to wild-type p53, MDM2 appears capable of regulating mutp53, as
evidenced by enhanced mutp53 levels when mutp53-bearing animals are crossed with
MDM2 KO mice [82]. The assumption is that mutp53 cannot trigger the same downstream
pathway as wild-type p53, including induction of MDM2; consequently, low MDM2
abundance results in increased mutp53 stability. Indeed, mutp53 mice subjected to ROS,
radiation, and DNA-damaging chemotherapy stabilized mutp53 protein, resulting in earlier
tumor onset and shorter survival [83]. A recent report demonstrates that some mutp53s
can bind to the central zinc finger/acidic domain of MDM2, thereby directly inhibiting its
E3 ligase activity—another mechanism prolonging mutp53 half-life [84].

Although p53 GOF mutants have survival advantages, loss of heterozygosity (LOH)
permits GOF mutants to reach their full malignant potential. Approximately 93% of
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human cancers lose wild-type p53 through loss of heterozygosity [85], and its mechanistic
importance was best seen in stabilizing nuclear localization of mutp53 [85–87]. Using a
R270H mutant in murine intestinal organoid models, Nakayama et al. demonstrated that
wild-type p53 suppressed the mutp53 phenotype; LOH enhances the metastatic capability
of tumors by increasing mutp53 stability and nuclear localization [88].

Studies tend to generalize mutp53s, but they are functionally diverse and could
have varying prognostic values. In a compilation of survival analysis of several cancer
types, including CRC, from a combined dataset of The Cancer Genome Atlas (TCGA) and
MSKCC bladder cancer dataset (JCO, 2013), totaling 2916 cases, Xu et al. [89] examined how
individual p53 hotspot mutations affect outcomes in human cancer. Survival outcomes
appear similar between structural, contact, and nonsense mutations. Surprisingly, survival
outcome also did not differ significantly between wild-type p53 and mutp53. When the
survival outcomes of individual GOF mutations were compared to nonsense mutation
using Kaplan–Meier survival analyses, patients with R248 and R282 mutations-bearing
tumors had a significantly worse prognosis. These findings were validated in a separate
dataset. To identify the mechanism contributing to the worse prognosis associated with
R248 and R282 mutations, Xu et al. performed gene enrichment analysis on the CRC dataset
in TCGA (n = 224 [3]). They showed that, unlike the two intensely studied p53 mutations,
R175H and R273H, R248Q/W and R282W mutations shared 52 commonly enriched genes:
The shared pathways center around cytochrome p450 CYP3A4, an important gene for
drug metabolism. CYP3A4 expressions were elevated in tumors bearing R248Q/W and
R282W p53 mutations; enhanced tumor resistance to chemotherapy is likely to explain
worse survival outcomes.

3. Therapeutic Strategies against p53 Mutants

Tumor dependence (addiction) on mutp53 GOF led to targeted therapy to suppress
mutp53 expression by protein degradation (Figure 2), transcriptional suppression, and
conversion to wild-type p53 phenotype. Novel immunotherapies leveraging neoantigens
in mutp53 are also emerging. These approaches are discussed below.
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Figure 2. Therapeutic strategies against p53 mutants (mutp53). Mutp53 promotes CRC progression,
whereas reactivation and decreased mutp53 suppress CRC. Mutp53 inactivation of p53 target genes (i)
can be reversed by (ii) reactivating wild-type p53 with PRIMA-1, APR-246, and ZMC-1 or augmenting
mutp53 degradation with (iii) chemotherapy to increase Pirh2 expression, (iv) inhibiting HSP90, and
(v) increasing MDM2 expression.
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3.1. Promoting mutp53 Protein Degradation
3.1.1. Increasing MDM2 Expression

As reviewed above, mutp53 accumulation has been attributed to impaired negative
feedback between MDM2 and mutp53. MDM2 can bind and ubiquitinate mutp53, although
with decreased efficiency compared to wild-type p53 [90,91]. Augmenting MDM2 expres-
sion is believed to degrade mutp53 and suppress tumor growth, but a recent study by
Yang et al. revealed that mutp53 (R175H, G245S, R248Q, R273H, D281G) inhibits MDM2
activity [84]. In addition, desired depletion of mutp53 in tumors or generalized depletion
of wild-type p53 in normal tissues are difficult to achieve. The other concern is that a
global increase in MDM2 expression may have an untoward effect on normal tissues and
inadvertently promote tumorigenesis. The feasibility of this strategy has yet to be tested in
the clinic.

3.1.2. Stabilizing MDM2-mutp53 Complex

Theoretically, small molecules can be designed to target the abovementioned MDM2
modulators via an agonist or antagonist mechanism. However, few, if any, are in preclinical
testing, and to our knowledge, none have been evaluated for colorectal cancer.

3.1.3. Hsp90 Inhibition

Mutp53 subtypes exploit protein folding machinery such as Hsp90 to increase their
half-life, and the inadvertent activation of stress responses to misfolded proteins also en-
hances malignant cell survival. Of the six p53 mutation “hot spots” (R175, G245, R248,
R249, R273, R282), nearly all demonstrate prolonged engagement with the Hsp90 complex
compared to wild-type p53, suggesting they are prone to protein misfolding [50]. Gel-
danamycin (Figure 2(iv)) is a first-generation Hsp90 inhibitor that shows great efficacy in
diverting p53 conformation mutants toward the Hsp70-CHIP complex to promote their
degradation [48]. However, despite antitumor efficacy, geldanamycin is plagued with
adverse effects, most notably hepatotoxicity [92]. Geldanamycin analogues with reduced
toxicity have been engineered (e.g., 17-AAG), but they have low oral bioavailability [93].

Newer generations of non-geldanamycin-derived Hsp90 inhibitors emerged in the
last decade. Ganetespib, an early agent in this class, is 50-fold more potent than 17-AAG
at inhibiting Hsp90 [79], with improved solubility and reduced toxicity [94]. TAS-116,
another novel agent, is orally active and selective against cytoplasmic Hsp90. Although
TAS-116 monotherapy shows limited antitumor effect [95], TAS-116 plus nivolumab, an
immune checkpoint inhibitor, demonstrates an augmented treatment response against
microsatellite-stable (MSS) CRC compared to TAS-116 monotherapy [96].

HDAC6 regulates Hsp90 expression and its associated protein machinery; inhibition
of HDAC6 hyperacetylates Hsp90, thereby abolishing Hsp90 binding to its partners [97].
SAHA, a HDAC inhibitor explored as an alternative method of inhibiting Hsp90, demon-
strates preferential toxicity to mutp53-expressing cells [98].

3.1.4. Pirh2 Upregulation

Another approach to promote mutp53 degradation is with arsenic trioxide, which
induces Pirh2 expression and promotes proteasomal degradation of mutp53s [99,100]
(Figure 2(iii)). Mutp53s susceptible to Pirh2-mediated regulation include R175H, R248W,
H179Y/R282W, and R273H. Arsenic trioxide is commonly evaluated as part of combination
therapy, e.g., with Gemtuzumab ozogamicin in previously untreated acute promyelocytic
leukemia (NCT01409161) or with itraconazole in advanced basal cell cancer (NCT02699723).
In 2010, a phase 1 trial of 5-fluorouracil, leucovorin, and arsenic trioxide for refractory CRC
established a safe dose [101], but no phase 2 trial is currently registered on clinicaltrials.gov.

clinicaltrials.gov
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3.2. Conversion of mutp53 to Wild-Type p53

Selective secondary mutations in the C-terminal domain of mutp53 can restore proper
protein folding in the transactivation domain and DNA-binding domains, thereby restoring
wild-type p53 characteristics [102–104]. Small synthetic peptides with similar allosteric
stabilization properties targeting the C-terminal domain of mutp53 can also restore the wild-
type p53 phenotype. A search for small molecules with the abovementioned properties
yielded PRIMA-1 and its analog PRIMA-1Met (also known as APR-246). PRIMA-1 and
APR-246 (Figure 2(ii)) are prodrugs of the active compound methylene quinuclidinone
(MQ), which forms covalent bonds with cysteines in mutp53, restoring wild-type-like
sequence-specific binding and inducing tumor apoptosis [105–107]. Their clinical efficacy
remains unknown. A highly anticipated phase 1b/2 clinical trial combining APR-246
with carboplatin for the treatment of recurrent high-grade ovarian cancer (NCT02098343)
was completed in April 2019, but no results have been reported. Other trials evaluating
combined APR-246 and azacitadine for various hematologic malignancies (NCT03931291,
NCT04214860, NCT03745716, NCT03588078) are ongoing, with at least one in phase 3.

Zinc metalochepaeron-1 (ZMC-1; NSC319726), another compound capable of reac-
tivating mutp53 (Figure 2(ii)), was discovered in a drug screen using an NCI60 tumor
cell line panel [108]. ZMC-1 promotes zinc binding with mutp53, thereby stabilizing its
folding and restoring transcriptional activity. Its reactivation efficacy is limited to the
R175H mutation, currently the third most common p53 hot spot mutation; however, other
defective zinc-binding mutants such as C176, C242, C238, H179, and M237 may also be
restored by ZMC-1 [109].

3.3. Restoring Downstream p53 Pathways

Sidestepping the dysfunctional mutp53 and directly remediating p53 downstream
signaling is another attractive strategy. The p63/p73 belongs to pathways downstream
of p53 and shares structural and functional similarity to wild-type p53, capable of tumor
suppression. However, p63/p73 does not interact with wild-type p53. In contrast, some
mutp53s (such as R270H) do bind to and exert dominant negative effects on p63/p73 [110].
A small molecule RETRA was shown to inhibit mutp53-p73 complex formation, thereby
restoring the tumor suppressive function of native p73 in mutp53-bearing cells while
sparing normal cells [111].

Activating Transcription Factor 3 (ATF3) is another druggable target that can restore
p53 downstream pathway. ATF3, a stress-induced transcription factor, is known to compete
with MDM2 for p53, thus preventing ubiquitination of wild-type p53 [112]. However, more
recently, ATF3 was also shown to prevent mutp53 (R175H and R273H) from binding to
p63 in CRC cell lines, thereby restoring the p53 downstream pathway [113]. Inhibiting
Hsp90 restores ATF3 expression and confers tumor suppression [114]. Antitumor actions of
Hsp90 inhibition could stem from the synergetic effects of increased mutp53 degradation
and ATF3 upregulation. Patulin, a fungal toxin, can also increase ATF3 expression in
colorectal cancer cell lines and induce cell apoptosis, possibly via reactive oxygen species
signaling [115].

3.4. Targeting p53 Mutant Neoantigen for Immunotherapy

Other emerging strategies against mutp53s-bearing tumors, albeit ‘out of the box’
compared with the abovementioned strategies, aim to exploit the immunogenicity of
mutp53s. The hypothesis is that once antibodies and/or tumor-infiltrating lymphocytes
(TIL) recognize p53 neoantigens on the MHC complex, either direct or indirect immune
response can be elicited to eliminate mutp53-expressing cells. Although anti-mutp53
autoantibodies can be detected in the serum of individuals with cancer, high antibody
titers correlate with poor prognosis instead of improved outcome [116–119]. The lack
of protective efficacy in anti-mutp53 autoantibody was attributed to improper antibody
targeting to the amino and carboxyl termini of mutp53 instead of the central mutation
hotspot [118]. Using a large phage library screen, Hsiue et al. [120] identified an antibody
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that uniquely recognizes mutp53 (R175H) but not wild-type p53. They cloned this specific
antigen binding site into one end of a novel bi-specific antibody for drug targeting, and
incorporated antigen specificity for T cell-CD3 complex on the other end of the antibody
to elicit host lymphocytic immune response. In vivo efficacy of this bi-specific antibody
was evaluated against a mutp53-bearing myeloma cell line (KMS26) implanted in mice
with a reconstituted human immune system. The bi-specific antibody suppressed tumor
growth but expectedly requires the presence of human T cells. This exciting finding awaits
confirmation in clinical trials. Along the same design rationale, in the hope of identifying
TCR specific for mutp53 neoantigen and also to expand TIL for cell-based therapy, an
ongoing NCI study [121] seeks to identify tumor-infiltrating lymphocytes that recognize
mutp53 neoantigens. The field of immunotherapy holds great promise as it specifically
directs cytotoxicity at cancers. Since hotspot mutations change p53 structure, it is likely
other hotspot mutations will exhibit unique antigens that can be targeted immunologically.
Potential limitations include the high cost of drug development and testing, side effects
resulting from immune activation, and the likely constraints in individuals with germline
p53 mutations.

4. Conclusions and Future Directions

Despite nearly five decades of p53 research, new insights in the role of mutp53 in
tumor pathogenesis continue to emerge. Novel p53 regulators contribute to the increasingly
complex p53 regulatory network, but some are context-dependent and not all contribute
to CRC progression. Different mutp53s evade regulation via various mechanisms; some
demonstrate gain-of-function phenotypes that augment tumor aggressiveness. Identifying
strategies to circumvent mutp53 expression is the goal of p53-targeted therapy. This is
especially critical in tumors demonstrating addiction to mutp53 GOF. Other promising
approaches include exploiting mutp53 neoantigens for immunotherapy. However, many
key issues in the regulation of wild-type and mutp53s in the context of CRC remain
unanswered. For example, what are the predominant regulatory mechanisms for each
p53 mutant? What methods can predict them? Sporadic CRC commonly harbors multiple
mutations. How do mutp53s synergize with other mutated pathways? Understanding the
synergism may identify additional targets for therapeutic intervention. Lastly, leveraging
next-generation sequencing, such as single-cell RNAseq, of individual CRC may help tailor
therapies targeting the p53–MDM2 axis.
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Appendix A

Table A1. Newly identified modulators of the p53 pathway.

Gene Mechanism Effect on Wild-Type
p53 Levels

HIPK2 When bound by MDM4,
phosphorylates/activates p53 [17] Increase

PHD3 Inhibits MDM2 via binding to the acidic
domain [23] Increase

TRIM67 Disrupts p53-MDM2 binding [24] Increase

ZER6-p52 Stabilizes p53-MDM2 complex [25] Decrease

LACTB Competes with MDM2 for p53 binding [27] Increase

USF1 Competes with MDM2 for p53 binding [28] Increase

FAM188B Binds to USP7 and inhibits its p53
deubiquitination [32] Decrease

LIF/STAT3/ID1-axis Increases MDM2 expression [45] Decrease

UBSXN2 Increases Mortalin-2 degradation, thereby
liberating p53 [54] Increase

JMJD6 Increases p53-MDM4-MDM2 interaction [63] Decrease

TRAF6 Suppresses mitochondrial translocation of
p53, and enhances p53 acetylation [68] Decrease

TRIM28 Inhibits p53 nuclear translocation [70] Decrease

miR-194-2-192 cluster,
miR-215-194-1 cluster,

miR-143, miR-145,
miR-605-5p, miR-17-3b,

miR-193a-5p,
miR-146a-5p

Increase MDM2 mRNA degradation [38] Increase

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Giannakis, M.; Mu, X.J.; Shukla, S.A.; Qian, Z.R.; Cohen, O.; Nishihara, R.; Bahl, S.; Cao, Y.; Amin-Mansour, A.; Yamauchi, M.;

et al. Genomic Correlates of Immune-Cell Infiltrates in Colorectal Carcinoma. Cell Rep. 2016, 15, 857–865. [CrossRef] [PubMed]
3. Cancer Genome Atlas, N. Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012, 487, 330–337.

[CrossRef]
4. Hafner, A.; Bulyk, M.L.; Jambhekar, A.; Lahav, G. The multiple mechanisms that regulate p53 activity and cell fate. Nat. Rev. Mol.

Cell. Biol. 2019, 20, 199–210. [CrossRef]
5. Loewer, A.; Batchelor, E.; Gaglia, G.; Lahav, G. Basal dynamics of p53 reveal transcriptionally attenuated pulses in cycling cells.

Cell 2010, 142, 89–100. [CrossRef]
6. Batchelor, E.; Mock, C.S.; Bhan, I.; Loewer, A.; Lahav, G. Recurrent initiation: A mechanism for triggering p53 pulses in response

to DNA damage. Mol. Cell 2008, 30, 277–289. [CrossRef]
7. Saldana-Meyer, R.; Recillas-Targa, F. Transcriptional and epigenetic regulation of the p53 tumor suppressor gene. Epigenetics 2011,

6, 1068–1077. [CrossRef]
8. Ringshausen, I.; O’Shea, C.C.; Finch, A.J.; Swigart, L.B.; Evan, G.I. Mdm2 is critically and continuously required to suppress lethal

p53 activity in vivo. Cancer Cell 2006, 10, 501–514. [CrossRef]
9. Thut, C.J.; Goodrich, J.A.; Tjian, R. Repression of p53-mediated transcription by MDM2: A dual mechanism. Genes Dev. 1997, 11,

1974–1986. [CrossRef]
10. Oliner, J.D.; Pietenpol, J.A.; Thiagalingam, S.; Gyuris, J.; Kinzler, K.W.; Vogelstein, B. Oncoprotein MDM2 conceals the activation

domain of tumour suppressor p53. Nature 1993, 362, 857–860. [CrossRef] [PubMed]
11. Poyurovsky, M.V.; Katz, C.; Laptenko, O.; Beckerman, R.; Lokshin, M.; Ahn, J.; Byeon, I.J.; Gabizon, R.; Mattia, M.; Zupnick, A.;

et al. The C terminus of p53 binds the N-terminal domain of MDM2. Nat. Struct. Mol. Biol. 2010, 17, 982–989. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1016/j.celrep.2016.03.075
http://www.ncbi.nlm.nih.gov/pubmed/27149842
http://doi.org/10.1038/nature11252
http://doi.org/10.1038/s41580-019-0110-x
http://doi.org/10.1016/j.cell.2010.05.031
http://doi.org/10.1016/j.molcel.2008.03.016
http://doi.org/10.4161/epi.6.9.16683
http://doi.org/10.1016/j.ccr.2006.10.010
http://doi.org/10.1101/gad.11.15.1974
http://doi.org/10.1038/362857a0
http://www.ncbi.nlm.nih.gov/pubmed/8479525
http://doi.org/10.1038/nsmb.1872


Cancers 2022, 14, 219 13 of 16

12. Dai, M.-S.; Jin, Y.; Gallegos, J.R.; Lu, H. Balance of Yin and Yang: Ubiquitylation-mediated regulation of p53 and c-Myc. Neoplasia
2006, 8, 630–644. [CrossRef] [PubMed]

13. Lindström, M.S.; Jin, A.; Deisenroth, C.; White Wolf, G.; Zhang, Y. Cancer-Associated Mutations in the MDM2 Zinc Finger Domain
Disrupt Ribosomal Protein Interaction and Attenuate MDM2-Induced p53 Degradation. Mol. Cell. Biol. 2007, 27, 1056–1068.
[CrossRef]

14. Nie, L.; Sasaki, M.; Maki, C.G. Regulation of p53 nuclear export through sequential changes in conformation and ubiquitination.
J. Biol. Chem. 2007, 282, 14616–14625. [CrossRef] [PubMed]

15. Li, M.; Brooks, C.L.; Wu-Baer, F.; Chen, D.; Baer, R.; Gu, W. Mono- versus polyubiquitination: Differential control of p53 fate by
Mdm2. Science 2003, 302, 1972–1975. [CrossRef]

16. Wang, X.; Wang, J.; Jiang, X. MdmX protein is essential for Mdm2 protein-mediated p53 polyubiquitination. J. Biol. Chem. 2011,
286, 23725–23734. [CrossRef]

17. Mancini, F.; Pieroni, L.; Monteleone, V.; Luca, R.; Fici, L.; Luca, E.; Urbani, A.; Xiong, S.; Soddu, S.; Masetti, R.; et al.
MDM4/HIPK2/p53 cytoplasmic assembly uncovers coordinated repression of molecules with anti-apoptotic activity during
early DNA damage response. Oncogene 2016, 35, 228–240. [CrossRef]

18. Rinaldo, C.; Prodosmo, A.; Mancini, F.; Iacovelli, S.; Sacchi, A.; Moretti, F.; Soddu, S. MDM2-regulated degradation of HIPK2
prevents p53Ser46 phosphorylation and DNA damage-induced apoptosis. Mol. Cell 2007, 25, 739–750. [CrossRef] [PubMed]

19. Bartel, F.; Taubert, H.; Harris, L.C. Alternative and aberrant splicing of MDM2 mRNA in human cancer. Cancer Cell 2002, 2, 9–15.
[CrossRef]

20. Weber, H.O.; Samuel, T.; Rauch, P.; Funk, J.O. Human p14(ARF)-mediated cell cycle arrest strictly depends on intact p53 signaling
pathways. Oncogene 2002, 21, 3207–3212. [CrossRef]

21. Elliott, M.J.; Dong, Y.B.; Yang, H.; McMasters, K.M. E2F-1 up-regulates c-Myc and p14(ARF) and induces apoptosis in colon
cancer cells. Clin. Cancer Res. 2001, 7, 3590–3597. [PubMed]

22. Liu, S.; Tackmann, N.R.; Yang, J.; Zhang, Y. Disruption of the RP-MDM2-p53 pathway accelerates APC loss-induced colorectal
tumorigenesis. Oncogene 2017, 36, 1374–1383. [CrossRef]

23. Xu, Y.; Gao, Q.; Xue, Y.; Li, X.; Xu, L.; Li, C.; Qin, Y.; Fang, J. Prolyl hydroxylase 3 stabilizes the p53 tumor suppressor by inhibiting
the p53-MDM2 interaction in a hydroxylase-independent manner. J. Biol. Chem. 2019, 294, 9949–9958. [CrossRef]

24. Wang, S.; Zhang, Y.; Huang, J.; Wong, C.C.; Zhai, J.; Li, C.; Wei, G.; Zhao, L.; Wang, G.; Wei, H.; et al. TRIM67 Activates p53 to
Suppress Colorectal Cancer Initiation and Progression. Cancer Res. 2019, 79, 4086–4098. [CrossRef] [PubMed]

25. Huang, C.; Wu, S.; Li, W.; Herkilini, A.; Miyagishi, M.; Zhao, H.; Kasim, V. Zinc-finger protein p52-ZER6 accelerates colorec-
tal cancer cell proliferation and tumour progression through promoting p53 ubiquitination. EBioMedicine 2019, 48, 248–263.
[CrossRef]

26. Vassilev, L.T.; Vu, B.T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic, Z.; Kong, N.; Kammlott, U.; Lukacs, C.; Klein, C.; et al. In
Vivo Activation of the p53 Pathway by Small-Molecule Antagonists of MDM2. Science 2004, 303, 844. [CrossRef]

27. Zeng, K.; Chen, X.; Hu, X.; Liu, X.; Xu, T.; Sun, H.; Pan, Y.; He, B.; Wang, S. LACTB, a novel epigenetic silenced tumor suppressor,
inhibits colorectal cancer progression by attenuating MDM2-mediated p53 ubiquitination and degradation. Oncogene 2018, 37,
5534–5551. [CrossRef] [PubMed]

28. Bouafia, A.; Corre, S.; Gilot, D.; Mouchet, N.; Prince, S.; Galibert, M.D. p53 requires the stress sensor USF1 to direct appropriate
cell fate decision. PLoS Genet. 2014, 10, e1004309. [CrossRef]

29. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

30. The Human Protein Atlas—Expression of USF1 in Colorectal Cancer. Available online: https://www.proteinatlas.org/ENSG000
00158773-USF1/pathology/colorectal+cancer (accessed on 13 February 2021).

31. Brooks, C.L.; Li, M.; Hu, M.; Shi, Y.; Gu, W. The p53—Mdm2—HAUSP complex is involved in p53 stabilization by HAUSP.
Oncogene 2007, 26, 7262–7266. [CrossRef]

32. Choi, E.S.; Lee, H.; Sung, J.Y.; Lee, C.H.; Jang, H.; Kim, K.T.; Kim, Y.N.; Kim, H.P.; Goh, S.H. FAM188B enhances cell survival via
interaction with USP7. Cell Death Dis. 2018, 9, 633. [CrossRef] [PubMed]

33. Kon, N.; Kobayashi, Y.; Li, M.; Brooks, C.L.; Ludwig, T.; Gu, W. Inactivation of HAUSP in vivo modulates p53 function. Oncogene
2010, 29, 1270–1279. [CrossRef] [PubMed]

34. Tavana, O.; Sun, H.; Gu, W. Targeting HAUSP in both p53 wildtype and p53-mutant tumors. Cell Cycle 2018, 17, 823–828.
[CrossRef] [PubMed]

35. Schauer, N.J.; Liu, X.; Magin, R.S.; Doherty, L.M.; Chan, W.C.; Ficarro, S.B.; Hu, W.; Roberts, R.M.; Iacob, R.E.; Stolte, B.; et al.
Selective USP7 inhibition elicits cancer cell killing through a p53-dependent mechanism. Sci. Rep. 2020, 10, 5324. [CrossRef]

36. Zhao, Y.; Yu, H.; Hu, W. The regulation of MDM2 oncogene and its impact on human cancers. Acta Biochim. Biophys. Sin. 2014, 46,
180–189. [CrossRef]

37. Hoffman, Y.; Pilpel, Y.; Oren, M. microRNAs and Alu elements in the p53–Mdm2–Mdm4 regulatory network. J. Mol. Cell Biol.
2014, 6, 192–197. [CrossRef]

38. Pichiorri, F.; Suh, S.S.; Rocci, A.; De Luca, L.; Taccioli, C.; Santhanam, R.; Zhou, W.; Benson, D.M., Jr.; Hofmainster, C.; Alder, H.;
et al. Downregulation of p53-inducible microRNAs 192, 194, and 215 impairs the p53/MDM2 autoregulatory loop in multiple
myeloma development. Cancer Cell 2010, 18, 367–381. [CrossRef]

http://doi.org/10.1593/neo.06334
http://www.ncbi.nlm.nih.gov/pubmed/16925946
http://doi.org/10.1128/MCB.01307-06
http://doi.org/10.1074/jbc.M610515200
http://www.ncbi.nlm.nih.gov/pubmed/17371868
http://doi.org/10.1126/science.1091362
http://doi.org/10.1074/jbc.M110.213868
http://doi.org/10.1038/onc.2015.76
http://doi.org/10.1016/j.molcel.2007.02.008
http://www.ncbi.nlm.nih.gov/pubmed/17349959
http://doi.org/10.1016/S1535-6108(02)00091-0
http://doi.org/10.1038/sj.onc.1205429
http://www.ncbi.nlm.nih.gov/pubmed/11705881
http://doi.org/10.1038/onc.2016.301
http://doi.org/10.1074/jbc.RA118.007181
http://doi.org/10.1158/0008-5472.CAN-18-3614
http://www.ncbi.nlm.nih.gov/pubmed/31239268
http://doi.org/10.1016/j.ebiom.2019.08.070
http://doi.org/10.1126/science.1092472
http://doi.org/10.1038/s41388-018-0352-7
http://www.ncbi.nlm.nih.gov/pubmed/29899406
http://doi.org/10.1371/journal.pgen.1004309
http://doi.org/10.1126/science.1260419
https://www.proteinatlas.org/ENSG00000158773-USF1/pathology/colorectal+cancer
https://www.proteinatlas.org/ENSG00000158773-USF1/pathology/colorectal+cancer
http://doi.org/10.1038/sj.onc.1210531
http://doi.org/10.1038/s41419-018-0650-6
http://www.ncbi.nlm.nih.gov/pubmed/29795372
http://doi.org/10.1038/onc.2009.427
http://www.ncbi.nlm.nih.gov/pubmed/19946331
http://doi.org/10.1080/15384101.2018.1456293
http://www.ncbi.nlm.nih.gov/pubmed/29616860
http://doi.org/10.1038/s41598-020-62076-x
http://doi.org/10.1093/abbs/gmt147
http://doi.org/10.1093/jmcb/mju020
http://doi.org/10.1016/j.ccr.2010.09.005


Cancers 2022, 14, 219 14 of 16

39. Yang, F.; Xie, Y.Q.; Tang, S.Q.; Wu, X.B.; Zhu, H.Y. miR-143 regulates proliferation and apoptosis of colorectal cancer cells and
exhibits altered expression in colorectal cancer tissue. Int. J. Clin. Exp. Med. 2015, 8, 15308–15312.

40. Feng, Y.; Zhu, J.; Ou, C.; Deng, Z.; Chen, M.; Huang, W.; Li, L. MicroRNA-145 inhibits tumour growth and metastasis in colorectal
cancer by targeting fascin-1. Br. J. Cancer 2014, 110, 2300–2309. [CrossRef] [PubMed]

41. Kazemi Nezhad, S.R. MiR-605-5p is a Potential Tumour Suppressor microRNA in Colorectal Adenocarcinoma. Biomark. J. 2020, 6,
68. [CrossRef]

42. Lu, D.; Tang, L.; Zhuang, Y.; Zhao, P. miR-17-3P regulates the proliferation and survival of colon cancer cells by targeting Par4.
Mol. Med. Rep. 2018, 17, 618–623. [CrossRef]

43. Noorolyai, S.; Baghbani, E.; Aghebati Maleki, L.; Baghbanzadeh Kojabad, A.; Shanehbansdi, D.; Khaze Shahgoli, V.; Mokhtarzadeh,
A.; Baradaran, B. Restoration of miR-193a-5p and miR-146 a-5p Expression Induces G1 Arrest in Colorectal Cancer through
Targeting of MDM2/p53. Adv. Pharm. Bull. 2020, 10, 130–134. [CrossRef] [PubMed]

44. Hui, C.M.; Cheung, P.Y.; Ling, M.T.; Tsao, S.W.; Wang, X.; Wong, Y.C.; Cheung, A.L. Id-1 promotes proliferation of p53-deficient
esophageal cancer cells. Int. J. Cancer 2006, 119, 508–514. [CrossRef] [PubMed]

45. Yu, H.; Yue, X.; Zhao, Y.; Li, X.; Wu, L.; Zhang, C.; Liu, Z.; Lin, K.; Xu-Monette, Z.Y.; Young, K.H.; et al. LIF negatively regulates
tumour-suppressor p53 through Stat3/ID1/MDM2 in colorectal cancers. Nat. Commun. 2014, 5, 5218. [CrossRef]

46. Boysen, M.; Kityk, R.; Mayer, M.P. Hsp70- and Hsp90-Mediated Regulation of the Conformation of p53 DNA Binding Domain
and p53 Cancer Variants. Mol. Cell 2019, 74, 831–843.e4. [CrossRef]

47. Dahiya, V.; Agam, G.; Lawatscheck, J.; Rutz, D.A.; Lamb, D.C.; Buchner, J. Coordinated Conformational Processing of the Tumor
Suppressor Protein p53 by the Hsp70 and Hsp90 Chaperone Machineries. Mol. Cell 2019, 74, 816–830.e7. [CrossRef] [PubMed]

48. Esser, C.; Scheffner, M.; Hohfeld, J. The chaperone-associated ubiquitin ligase CHIP is able to target p53 for proteasomal
degradation. J. Biol. Chem. 2005, 280, 27443–27448. [CrossRef]

49. Helmbrecht, K.; Zeise, E.; Rensing, L. Chaperones in cell cycle regulation and mitogenic signal transduction: A review. Cell Prolif.
2000, 33, 341–365. [CrossRef]

50. Li, D.; Marchenko, N.D.; Schulz, R.; Fischer, V.; Velasco-Hernandez, T.; Talos, F.; Moll, U.M. Functional inactivation of endogenous
MDM2 and CHIP by HSP90 causes aberrant stabilization of mutant p53 in human cancer cells. Mol. Cancer Res. 2011, 9, 577–588.
[CrossRef] [PubMed]

51. Stankiewicz, M.; Nikolay, R.; Rybin, V.; Mayer, M.P. CHIP participates in protein triage decisions by preferentially ubiquitinating
Hsp70-bound substrates. FEBS J. 2010, 277, 3353–3367. [CrossRef] [PubMed]

52. Paul, I.; Ghosh, M.K. The E3 ligase CHIP: Insights into its structure and regulation. Biomed. Res. Int. 2014, 2014, 918183. [CrossRef]
53. Maan, M.; Pati, U. CHIP promotes autophagy-mediated degradation of aggregating mutant p53 in hypoxic conditions. FEBS J.

2018, 285, 3197–3214. [CrossRef] [PubMed]
54. Sane, S.; Hafner, A.; Srinivasan, R.; Masood, D.; Slunecka, J.L.; Noldner, C.J.; Hanson, A.D.; Kruisselbrink, T.; Wang, X.; Wang, Y.;

et al. UBXN2A enhances CHIP-mediated proteasomal degradation of oncoprotein mortalin-2 in cancer cells. Mol. Oncol. 2018, 12,
1753–1777. [CrossRef]

55. Sane, S.; Abdullah, A.; Boudreau, D.A.; Autenried, R.K.; Gupta, B.K.; Wang, X.; Wang, H.; Schlenker, E.H.; Zhang, D.; Telleria,
C.; et al. Ubiquitin-like (UBX)-domain-containing protein, UBXN2A, promotes cell death by interfering with the p53-Mortalin
interactions in colon cancer cells. Cell Death Dis. 2014, 5, e1118. [CrossRef]

56. Leng, R.P.; Lin, Y.; Ma, W.; Wu, H.; Lemmers, B.; Chung, S.; Parant, J.M.; Lozano, G.; Hakem, R.; Benchimol, S. Pirh2, a p53-induced
ubiquitin-protein ligase, promotes p53 degradation. Cell 2003, 112, 779–791. [CrossRef]

57. Chesnokova, V.; Zonis, S.; Zhou, C.; Recouvreux, M.V.; Ben-Shlomo, A.; Araki, T.; Barrett, R.; Workman, M.; Wawrowsky,
K.; Ljubimov, V.A.; et al. Growth hormone is permissive for neoplastic colon growth. Proc. Natl. Acad. Sci. USA 2016, 113,
E3250–E3259. [CrossRef]

58. Marine, J.C. Spotlight on the role of COP1 in tumorigenesis. Nat. Rev. Cancer 2012, 12, 455–464. [CrossRef]
59. The Human Protein Atlas—Expression of COP1 in Colorectal Cancer. Available online: https://www.proteinatlas.org/ENSG000

00143207-COP1/pathology/colorectal+cancer (accessed on 14 February 2021).
60. Reed, S.M.; Quelle, D.E. p53 Acetylation: Regulation and Consequences. Cancers 2014, 7, 30–69. [CrossRef] [PubMed]
61. Li, M.; Luo, J.; Brooks, C.L.; Gu, W. Acetylation of p53 inhibits its ubiquitination by Mdm2. J. Biol. Chem. 2002, 277, 50607–50611.

[CrossRef] [PubMed]
62. Kannan, S.; Partridge, A.W.; Lane, D.P.; Verma, C.S. The Dual Interactions of p53 with MDM2 and p300: Implications for the

Design of MDM2 Inhibitors. Int. J. Mol. Sci. 2019, 20, 5996. [CrossRef]
63. Wang, F.; He, L.; Huangyang, P.; Liang, J.; Si, W.; Yan, R.; Han, X.; Liu, S.; Gui, B.; Li, W.; et al. JMJD6 promotes colon carcinogenesis

through negative regulation of p53 by hydroxylation. PLoS Biol. 2014, 12, e1001819. [CrossRef] [PubMed]
64. Brooks, C.L.; Gu, W. How does SIRT1 affect metabolism, senescence and cancer? Nat. Rev. Cancer 2009, 9, 123–128. [CrossRef]

[PubMed]
65. Rifai, K.; Idrissou, M.; Daures, M.; Bignon, Y.J.; Penault-Llorca, F.; Bernard-Gallon, D. SIRT1 in Colorectal Cancer: A Friend or

Foe? OMICS J. Integr. Biol. 2018, 22, 298–300. [CrossRef] [PubMed]
66. Win, S.; Min, R.W.; Chen, C.Q.; Zhang, J.; Chen, Y.; Li, M.; Suzuki, A.; Abdelmalek, M.F.; Wang, Y.; Aghajan, M.; et al. Expression

of mitochondrial membrane-linked SAB determines severity of sex-dependent acute liver injury. J. Clin. Investig. 2019, 129,
5278–5293. [CrossRef]

http://doi.org/10.1038/bjc.2014.122
http://www.ncbi.nlm.nih.gov/pubmed/24642628
http://doi.org/10.36648/2472-1646.6.2.68
http://doi.org/10.3892/mmr.2017.7863
http://doi.org/10.15171/apb.2020.017
http://www.ncbi.nlm.nih.gov/pubmed/32002372
http://doi.org/10.1002/ijc.21874
http://www.ncbi.nlm.nih.gov/pubmed/16506209
http://doi.org/10.1038/ncomms6218
http://doi.org/10.1016/j.molcel.2019.03.032
http://doi.org/10.1016/j.molcel.2019.03.026
http://www.ncbi.nlm.nih.gov/pubmed/31027879
http://doi.org/10.1074/jbc.M501574200
http://doi.org/10.1046/j.1365-2184.2000.00189.x
http://doi.org/10.1158/1541-7786.MCR-10-0534
http://www.ncbi.nlm.nih.gov/pubmed/21478269
http://doi.org/10.1111/j.1742-4658.2010.07737.x
http://www.ncbi.nlm.nih.gov/pubmed/20618441
http://doi.org/10.1155/2014/918183
http://doi.org/10.1111/febs.14602
http://www.ncbi.nlm.nih.gov/pubmed/29953728
http://doi.org/10.1002/1878-0261.12372
http://doi.org/10.1038/cddis.2014.100
http://doi.org/10.1016/S0092-8674(03)00193-4
http://doi.org/10.1073/pnas.1600561113
http://doi.org/10.1038/nrc3271
https://www.proteinatlas.org/ENSG00000143207-COP1/pathology/colorectal+cancer
https://www.proteinatlas.org/ENSG00000143207-COP1/pathology/colorectal+cancer
http://doi.org/10.3390/cancers7010030
http://www.ncbi.nlm.nih.gov/pubmed/25545885
http://doi.org/10.1074/jbc.C200578200
http://www.ncbi.nlm.nih.gov/pubmed/12421820
http://doi.org/10.3390/ijms20235996
http://doi.org/10.1371/journal.pbio.1001819
http://www.ncbi.nlm.nih.gov/pubmed/24667498
http://doi.org/10.1038/nrc2562
http://www.ncbi.nlm.nih.gov/pubmed/19132007
http://doi.org/10.1089/omi.2018.0006
http://www.ncbi.nlm.nih.gov/pubmed/29584552
http://doi.org/10.1172/JCI128289


Cancers 2022, 14, 219 15 of 16

67. Brooks, C.L.; Gu, W. p53 regulation by ubiquitin. FEBS Lett. 2011, 585, 2803–2809. [CrossRef]
68. Zhang, X.; Li, C.F.; Zhang, L.; Wu, C.Y.; Han, L.; Jin, G.; Rezaeian, A.H.; Han, F.; Liu, C.; Xu, C.; et al. TRAF6 Restricts p53

Mitochondrial Translocation, Apoptosis, and Tumor Suppression. Mol. Cell 2016, 64, 803–814. [CrossRef]
69. Nikolaev, A.Y.; Li, M.; Puskas, N.; Qin, J.; Gu, W. Parc: A Cytoplasmic Anchor for p53. Cell 2003, 112, 29–40. [CrossRef]
70. Yuan, Z.; Villagra, A.; Peng, L.; Coppola, D.; Glozak, M.; Sotomayor, E.M.; Chen, J.; Lane, W.S.; Seto, E. The ATDC (TRIM29)

protein binds p53 and antagonizes p53-mediated functions. Mol. Cell. Biol. 2010, 30, 3004–3015. [CrossRef]
71. Sho, T.; Tsukiyama, T.; Sato, T.; Kondo, T.; Cheng, J.; Saku, T.; Asaka, M.; Hatakeyama, S. TRIM29 negatively regulates p53 via

inhibition of Tip60. Biochim. Biophys. Acta 2011, 1813, 1245–1253. [CrossRef]
72. Bouaoun, L.; Sonkin, D.; Ardin, M.; Hollstein, M.; Byrnes, G.; Zavadil, J.; Olivier, M. TP53 Variations in Human Cancers: New

Lessons from the IARC TP53 Database and Genomics Data. Hum. Mutat. 2016, 37, 865–876. [CrossRef]
73. Bisio, A.; Ciribilli, Y.; Fronza, G.; Inga, A.; Monti, P. TP53 mutants in the tower of babel of cancer progression. Hum. Mutat. 2014,

35, 689–701. [CrossRef]
74. Freed-Pastor, W.A.; Prives, C. Mutant p53: One name, many proteins. Genes Dev. 2012, 26, 1268–1286. [CrossRef] [PubMed]
75. Dittmer, D.; Pati, S.; Zambetti, G.; Chu, S.; Teresky, A.K.; Moore, M.; Finlay, C.; Levine, A.J. Gain of function mutations in p53. Nat.

Genet. 1993, 4, 42–46. [CrossRef]
76. Bougeard, G.; Sesboue, R.; Baert-Desurmont, S.; Vasseur, S.; Martin, C.; Tinat, J.; Brugieres, L.; Chompret, A.; de Paillerets, B.B.;

Stoppa-Lyonnet, D.; et al. Molecular basis of the Li-Fraumeni syndrome: An update from the French LFS families. J. Med. Genet.
2008, 45, 535–538. [CrossRef]

77. Zerdoumi, Y.; Aury-Landas, J.; Bonaiti-Pellie, C.; Derambure, C.; Sesboue, R.; Renaux-Petel, M.; Frebourg, T.; Bougeard, G.;
Flaman, J.M. Drastic effect of germline TP53 missense mutations in Li-Fraumeni patients. Hum. Mutat. 2013, 34, 453–461.
[CrossRef] [PubMed]

78. Yan, W.; Liu, G.; Scoumanne, A.; Chen, X. Suppression of inhibitor of differentiation 2, a target of mutant p53, is required for
gain-of-function mutations. Cancer Res. 2008, 68, 6789–6796. [CrossRef]

79. Alexandrova, E.M.; Yallowitz, A.R.; Li, D.; Xu, S.; Schulz, R.; Proia, D.A.; Lozano, G.; Dobbelstein, M.; Moll, U.M. Improving
survival by exploiting tumour dependence on stabilized mutant p53 for treatment. Nature 2015, 523, 352–356. [CrossRef]

80. Lang, G.A.; Iwakuma, T.; Suh, Y.A.; Liu, G.; Rao, V.A.; Parant, J.M.; Valentin-Vega, Y.A.; Terzian, T.; Caldwell, L.C.; Strong, L.C.;
et al. Gain of function of a p53 hot spot mutation in a mouse model of Li-Fraumeni syndrome. Cell 2004, 119, 861–872. [CrossRef]

81. Olive, K.P.; Tuveson, D.A.; Ruhe, Z.C.; Yin, B.; Willis, N.A.; Bronson, R.T.; Crowley, D.; Jacks, T. Mutant p53 gain of function in
two mouse models of Li-Fraumeni syndrome. Cell 2004, 119, 847–860. [CrossRef]

82. Terzian, T.; Suh, Y.A.; Iwakuma, T.; Post, S.M.; Neumann, M.; Lang, G.A.; Van Pelt, C.S.; Lozano, G. The inherent instability of
mutant p53 is alleviated by Mdm2 or p16INK4a loss. Genes Dev. 2008, 22, 1337–1344. [CrossRef] [PubMed]

83. Suh, Y.A.; Post, S.M.; Elizondo-Fraire, A.C.; Maccio, D.R.; Jackson, J.G.; El-Naggar, A.K.; Van Pelt, C.; Terzian, T.; Lozano, G.
Multiple stress signals activate mutant p53 in vivo. Cancer Res. 2011, 71, 7168–7175. [CrossRef]

84. Yang, L.; Song, T.; Cheng, Q.; Chen, L.; Chen, J. Mutant p53 Sequestration of the MDM2 Acidic Domain Inhibits E3 Ligase Activity.
Mol. Cell. Biol. 2019, 39, e00375-00318. [CrossRef] [PubMed]

85. Parikh, N.; Hilsenbeck, S.; Creighton, C.J.; Dayaram, T.; Shuck, R.; Shinbrot, E.; Xi, L.; Gibbs, R.A.; Wheeler, D.A.; Donehower,
L.A. Effects of TP53 mutational status on gene expression patterns across 10 human cancer types. J. Pathol. 2014, 232, 522–533.
[CrossRef] [PubMed]

86. Nakayama, M.; Oshima, M. Mutant p53 in colon cancer. J. Mol. Cell Biol. 2019, 11, 267–276. [CrossRef] [PubMed]
87. Alexandrova, E.M.; Mirza, S.A.; Xu, S.; Schulz-Heddergott, R.; Marchenko, N.D.; Moll, U.M. p53 loss-of-heterozygosity is a

necessary prerequisite for mutant p53 stabilization and gain-of-function in vivo. Cell Death Dis. 2017, 8, e2661. [CrossRef]
[PubMed]

88. Nakayama, M.; Hong, C.P.; Oshima, H.; Sakai, E.; Kim, S.J.; Oshima, M. Loss of wild-type p53 promotes mutant p53-driven
metastasis through acquisition of survival and tumor-initiating properties. Nat. Commun. 2020, 11, 2333. [CrossRef]

89. Xu, J.; Wang, J.; Hu, Y.; Qian, J.; Xu, B.; Chen, H.; Zou, W.; Fang, J.Y. Unequal prognostic potentials of p53 gain-of-function
mutations in human cancers associate with drug-metabolizing activity. Cell Death Dis. 2014, 5, e1108. [CrossRef]

90. Haupt, Y.; Maya, R.; Kazaz, A.; Oren, M. Mdm2 promotes the rapid degradation of p53. Nature 1997, 387, 296–299. [CrossRef]
91. Lukashchuk, N.; Vousden, K. Ubiquitination and Degradation of Mutant p53. Mol. Cell. Biol. 2008, 27, 8284–8295. [CrossRef]
92. Supko, J.G.; Hickman, R.L.; Grever, M.R.; Malspeis, L. Preclinical pharmacologic evaluation of geldanamycin as an antitumor

agent. Cancer Chemother. Pharmacol. 1995, 36, 305–315. [CrossRef]
93. Egorin, M.J.; Zuhowski, E.G.; Rosen, D.M.; Sentz, D.L.; Covey, J.M.; Eiseman, J.L. Plasma pharmacokinetics and tissue distribution

of 17-(allylamino)-17-demethoxygeldanamycin (NSC 330507) in CD2F1 mice1. Cancer Chemother. Pharmacol. 2001, 47, 291–302.
[CrossRef]

94. Proia, D.A.; Bates, R.C. Ganetespib and HSP90: Translating Preclinical Hypotheses into Clinical Promise. Cancer Res. 2014, 74,
1294. [CrossRef]

95. Shimomura, A.; Yamamoto, N.; Kondo, S.; Fujiwara, Y.; Suzuki, S.; Yanagitani, N.; Horiike, A.; Kitazono, S.; Ohyanagi, F.; Doi, T.;
et al. First-in-Human Phase I Study of an Oral HSP90 Inhibitor, TAS-116, in Patients with Advanced Solid Tumors. Mol. Cancer
Ther. 2019, 18, 531. [CrossRef] [PubMed]

http://doi.org/10.1016/j.febslet.2011.05.022
http://doi.org/10.1016/j.molcel.2016.10.002
http://doi.org/10.1016/S0092-8674(02)01255-2
http://doi.org/10.1128/MCB.01023-09
http://doi.org/10.1016/j.bbamcr.2011.03.018
http://doi.org/10.1002/humu.23035
http://doi.org/10.1002/humu.22514
http://doi.org/10.1101/gad.190678.112
http://www.ncbi.nlm.nih.gov/pubmed/22713868
http://doi.org/10.1038/ng0593-42
http://doi.org/10.1136/jmg.2008.057570
http://doi.org/10.1002/humu.22254
http://www.ncbi.nlm.nih.gov/pubmed/23172776
http://doi.org/10.1158/0008-5472.CAN-08-0810
http://doi.org/10.1038/nature14430
http://doi.org/10.1016/j.cell.2004.11.006
http://doi.org/10.1016/j.cell.2004.11.004
http://doi.org/10.1101/gad.1662908
http://www.ncbi.nlm.nih.gov/pubmed/18483220
http://doi.org/10.1158/0008-5472.CAN-11-0459
http://doi.org/10.1128/MCB.00375-18
http://www.ncbi.nlm.nih.gov/pubmed/30455251
http://doi.org/10.1002/path.4321
http://www.ncbi.nlm.nih.gov/pubmed/24374933
http://doi.org/10.1093/jmcb/mjy075
http://www.ncbi.nlm.nih.gov/pubmed/30496442
http://doi.org/10.1038/cddis.2017.80
http://www.ncbi.nlm.nih.gov/pubmed/28277540
http://doi.org/10.1038/s41467-020-16245-1
http://doi.org/10.1038/cddis.2014.75
http://doi.org/10.1038/387296a0
http://doi.org/10.1128/MCB.00050-07
http://doi.org/10.1007/BF00689048
http://doi.org/10.1007/s002800000242
http://doi.org/10.1158/0008-5472.CAN-13-3263
http://doi.org/10.1158/1535-7163.MCT-18-0831
http://www.ncbi.nlm.nih.gov/pubmed/30679388


Cancers 2022, 14, 219 16 of 16

96. Kawazoe, A.; Yamamoto, N.; Kotani, D.; Kuboki, Y.; Taniguchi, H.; Harano, K.; Naito, Y.; Suzuki, M.; Fukutani, M.; Shima, H.;
et al. TAS-116, an oral HSP90 inhibitor, in combination with nivolumab in patients with colorectal cancer and other solid tumors:
An open-label, dose-finding, and expansion phase Ib trial (EPOC1704). J. Clin. Oncol. 2020, 38, 4044. [CrossRef]

97. Kramer, O.H.; Mahboobi, S.; Sellmer, A. Drugging the HDAC6-HSP90 interplay in malignant cells. Trends Pharmacol. Sci. 2014, 35,
501–509. [CrossRef] [PubMed]

98. Li, D.; Marchenko, N.D.; Moll, U.M. SAHA shows preferential cytotoxicity in mutant p53 cancer cells by destabilizing mutant p53
through inhibition of the HDAC6-Hsp90 chaperone axis. Cell Death Differ. 2011, 18, 1904–1913. [CrossRef] [PubMed]

99. Yan, W.; Zhang, Y.; Zhang, J.; Liu, S.; Cho, S.J.; Chen, X. Mutant p53 protein is targeted by arsenic for degradation and plays a role
in arsenic-mediated growth suppression. J. Biol. Chem. 2011, 286, 17478–17486. [CrossRef] [PubMed]

100. Yan, W.; Jung, Y.S.; Zhang, Y.; Chen, X. Arsenic trioxide reactivates proteasome-dependent degradation of mutant p53 protein in
cancer cells in part via enhanced expression of Pirh2 E3 ligase. PLoS ONE 2014, 9, e103497. [CrossRef]

101. Ardalan, B.; Subbarayan, P.R.; Ramos, Y.; Gonzalez, M.; Fernandez, A.; Mezentsev, D.; Reis, I.; Duncan, R.; Podolsky, L.; Lee, K.;
et al. A phase I study of 5-fluorouracil/leucovorin and arsenic trioxide for patients with refractory/relapsed colorectal carcinoma.
Clin. Cancer Res. 2010, 16, 3019–3027. [CrossRef] [PubMed]

102. Nikolova, P.V.; Wong, K.B.; DeDecker, B.; Henckel, J.; Fersht, A.R. Mechanism of rescue of common p53 cancer mutations by
second-site suppressor mutations. EMBO J. 2000, 19, 370–378. [CrossRef]

103. Brachmann, R.K.; Yu, K.; Eby, Y.; Pavletich, N.P.; Boeke, J.D. Genetic selection of intragenic suppressor mutations that reverse the
effect of common p53 cancer mutations. EMBO J. 1998, 17, 1847–1859. [CrossRef]

104. Wieczorek, A.M.; Waterman, J.L.; Waterman, M.J.; Halazonetis, T.D. Structure-based rescue of common tumor-derived p53
mutants. Nat. Med. 1996, 2, 1143–1146. [CrossRef] [PubMed]

105. Bykov, V.J.; Zache, N.; Stridh, H.; Westman, J.; Bergman, J.; Selivanova, G.; Wiman, K.G. PRIMA-1(MET) synergizes with cisplatin
to induce tumor cell apoptosis. Oncogene 2005, 24, 3484–3491. [CrossRef]

106. Bykov, V.J.; Issaeva, N.; Shilov, A.; Hultcrantz, M.; Pugacheva, E.; Chumakov, P.; Bergman, J.; Wiman, K.G.; Selivanova, G.
Restoration of the tumor suppressor function to mutant p53 by a low-molecular-weight compound. Nat. Med. 2002, 8, 282–288.
[CrossRef] [PubMed]

107. Omar, S.I.; Tuszynski, J. The molecular mechanism of action of methylene quinuclidinone and its effects on the structure of p53
mutants. Oncotarget 2018, 9, 37137–37156. [CrossRef]

108. Yu, X.; Vazquez, A.; Levine, A.J.; Carpizo, D.R. Allele-specific p53 mutant reactivation. Cancer Cell 2012, 21, 614–625. [CrossRef]
109. Li, H.; Zhang, J.; Tong, J.H.M.; Chan, A.W.H.; Yu, J.; Kang, W.; To, K.F. Targeting the Oncogenic p53 Mutants in Colorectal Cancer

and Other Solid Tumors. Int. J. Mol. Sci. 2019, 20, 5999. [CrossRef] [PubMed]
110. Zhang, J.; Sun, W.; Kong, X.; Zhang, Y.; Yang, H.J.; Ren, C.; Jiang, Y.; Chen, M.; Chen, X. Mutant p53 antagonizes p63/p73-mediated

tumor suppression via Notch1. Proc. Natl. Acad. Sci. USA 2019, 116, 24259–24267. [CrossRef]
111. Kravchenko, J.E.; Ilyinskaya, G.V.; Komarov, P.G.; Agapova, L.S.; Kochetkov, D.V.; Strom, E.; Frolova, E.I.; Kovriga, I.; Gudkov,

A.V.; Feinstein, E.; et al. Small-molecule RETRA suppresses mutant p53-bearing cancer cells through a p73-dependent salvage
pathway. Proc. Natl. Acad. Sci. USA 2008, 105, 6302–6307. [CrossRef]

112. Yan, C.; Lu, D.; Hai, T.; Boyd, D.D. Activating transcription factor 3, a stress sensor, activates p53 by blocking its ubiquitination.
EMBO J. 2005, 24, 2425–2435. [CrossRef]

113. Wei, S.; Wang, H.; Lu, C.; Malmut, S.; Zhang, J.; Ren, S.; Yu, G.; Wang, W.; Tang, D.D.; Yan, C. The activating transcription factor 3
protein suppresses the oncogenic function of mutant p53 proteins. J. Biol. Chem. 2014, 289, 8947–8959. [CrossRef]

114. Hackl, C.; Lang, S.A.; Moser, C.; Mori, A.; Fichtner-Feigl, S.; Hellerbrand, C.; Dietmeier, W.; Schlitt, H.J.; Geissler, E.K.; Stoeltzing,
O. Activating transcription factor-3 (ATF3) functions as a tumor suppressor in colon cancer and is up-regulated upon heat-shock
protein 90 (Hsp90) inhibition. BMC Cancer 2010, 10, 668. [CrossRef] [PubMed]

115. Kwon, O.; Soung, N.K.; Thimmegowda, N.R.; Jeong, S.J.; Jang, J.H.; Moon, D.O.; Chung, J.K.; Lee, K.S.; Kwon, Y.T.; Erikson,
R.L.; et al. Patulin induces colorectal cancer cells apoptosis through EGR-1 dependent ATF3 up-regulation. Cell Signal. 2012, 24,
943–950. [CrossRef] [PubMed]

116. Peyrat, J.P.; Bonneterre, J.; Lubin, R.; Vanlemmens, L.; Fournier, J.; Soussi, T. Prognostic significance of circulating P53 antibodies
in patients undergoing surgery for locoregional breast cancer. Lancet 1995, 345, 621–622. [CrossRef]

117. Preudhomme, C.; Vanrumbeke, M.; Detourmignies, L.; Facon, T.; Lepelley, P.; Soussi, T.; Fenaux, P. Very low incidence of p53
antibodies in adult non-Hodgkin’s lymphoma and multiple myeloma. Br. J. Haematol. 1998, 100, 184–186. [CrossRef] [PubMed]

118. Schlichtholz, B.; Legros, Y.; Gillet, D.; Gaillard, C.; Marty, M.; Lane, D.; Calvo, F.; Soussi, T. The immune response to p53 in
breast cancer patients is directed against immunodominant epitopes unrelated to the mutational hot spot. Cancer Res. 1992, 52,
6380–6384. [PubMed]

119. Zalcman, G.; Trédaniel, J.; Schlichtholz, B.; Urban, T.; Milleron, B.; Lubin, R.; Meignin, V.; Couderc, L.-J.; Hirsch, A.; Soussi, T. Prognostic
significance of serum p53 antibodies in patients with limited-stage small cell lung cancer. Int. J. Cancer 2000, 89, 81–86. [CrossRef]

120. Hsiue, E.H.-C.; Wright, K.M.; Douglass, J.; Hwang, M.S.; Mog, B.J.; Pearlman, A.H.; Paul, S.; DiNapoli, S.R.; Konig, M.F.; Wang,
Q.; et al. Targeting a neoantigen derived from a common TP53 mutation. Science 2021, 371, eabc8697. [CrossRef]

121. Malekzadeh, P.; Pasetto, A.; Robbins, P.F.; Parkhurst, M.R.; Paria, B.C.; Jia, L.; Gartner, J.J.; Hill, V.; Yu, Z.; Restifo, N.P.; et al.
Neoantigen screening identifies broad TP53 mutant immunogenicity in patients with epithelial cancers. J. Clin. Investig. 2019, 129,
1109–1114. [CrossRef]

http://doi.org/10.1200/JCO.2020.38.15_suppl.4044
http://doi.org/10.1016/j.tips.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25234862
http://doi.org/10.1038/cdd.2011.71
http://www.ncbi.nlm.nih.gov/pubmed/21637290
http://doi.org/10.1074/jbc.M111.231639
http://www.ncbi.nlm.nih.gov/pubmed/21454520
http://doi.org/10.1371/journal.pone.0103497
http://doi.org/10.1158/1078-0432.CCR-09-2590
http://www.ncbi.nlm.nih.gov/pubmed/20501625
http://doi.org/10.1093/emboj/19.3.370
http://doi.org/10.1093/emboj/17.7.1847
http://doi.org/10.1038/nm1096-1143
http://www.ncbi.nlm.nih.gov/pubmed/8837616
http://doi.org/10.1038/sj.onc.1208419
http://doi.org/10.1038/nm0302-282
http://www.ncbi.nlm.nih.gov/pubmed/11875500
http://doi.org/10.18632/oncotarget.26440
http://doi.org/10.1016/j.ccr.2012.03.042
http://doi.org/10.3390/ijms20235999
http://www.ncbi.nlm.nih.gov/pubmed/31795192
http://doi.org/10.1073/pnas.1913919116
http://doi.org/10.1073/pnas.0802091105
http://doi.org/10.1038/sj.emboj.7600712
http://doi.org/10.1074/jbc.M113.503755
http://doi.org/10.1186/1471-2407-10-668
http://www.ncbi.nlm.nih.gov/pubmed/21129190
http://doi.org/10.1016/j.cellsig.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22230687
http://doi.org/10.1016/S0140-6736(95)90523-5
http://doi.org/10.1046/j.1365-2141.1998.00516.x
http://www.ncbi.nlm.nih.gov/pubmed/9450808
http://www.ncbi.nlm.nih.gov/pubmed/1423285
http://doi.org/10.1002/(SICI)1097-0215(20000120)89:1&lt;81::AID-IJC13&gt;3.0.CO;2-I
http://doi.org/10.1126/science.abc8697
http://doi.org/10.1172/JCI123791

	Introduction 
	Post-Translational Regulation of p53 Expression 
	Murine Double Minute 2 (MDM2) Regulation 
	MDM2/4 Homodimers 
	Modulation of MDM2 Functions via Its Acidic Domain 
	Acidic Domain-Independent Regulators of MDM2-p53 Interaction 
	Modulation of MDM2 Protein Stability 
	Transcriptional and Post-Transcriptional Regulation of MDM2 
	Novel MDM2 Regulator with an Undefined Mechanism 
	Other p53-Degrading E3 Ligases: Beyond MDM2 
	Co-Chaperone Carboxyl Terminus Hsp70/90 Interacting Protein (CHIP) 
	Pirh2 
	COP1 

	Post-Translational p53 Modifications 
	The p53 Regulation by Subcellular Localization 

	Regulation of Gain-of-Function p53 Mutant Expression 
	Therapeutic Strategies against p53 Mutants 
	Promoting mutp53 Protein Degradation 
	Increasing MDM2 Expression 
	Stabilizing MDM2-mutp53 Complex 
	Hsp90 Inhibition 
	Pirh2 Upregulation 

	Conversion of mutp53 to Wild-Type p53 
	Restoring Downstream p53 Pathways 
	Targeting p53 Mutant Neoantigen for Immunotherapy 

	Conclusions and Future Directions 
	Appendix A
	References

