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Abstract: The ubiquitination pathway and proteasomal degradation machinery dominantly regulate
P53 tumor suppressor protein stability, localization, and functions in both normal and cancerous
cells. Selective E3 ubiquitin ligases dominantly regulate protein levels and activities of p53 in a large
range of physiological conditions and in response to cellular changes induced by exogenous and
endogenous stresses. The regulation of p53’s functions by E3 ubiquitin ligases is a complex process
that can lead to positive or negative regulation of p53 protein in a context- and cell type-dependent
manner. Accessory proteins bind and modulate E3 ubiquitin ligases, adding yet another layer of
regulatory control for p53 and its downstream functions. This review provides a comprehensive
understanding of p53 regulation by selective E3 ubiquitin ligases and their potential to be considered
as a new class of biomarkers and therapeutic targets in diverse types of cancers.
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1. Introduction

In mammalian cells, p53 protein is at the hub of a plethora of regulatory and signaling pathways
that are crucial for cell-fate control. With 393 amino acids, p53 protein contains a complex set of
domains. p53 has a transactivation domain (TAD) located at the N-terminus of protein that is further
subdivided into two homologous subdomains, TAD1 (residues 1-40) and TAD2 (residues 41-61),
followed by a proline-rich region (residues 63-94) [1]. The central domain is a DNA-binding domain
(residues 94-292) which allows p53 to bind double-stranded target DNA. The variable binding
affinity of p53 to response elements in promoters of p53 target genes allows p53 the specificity
required for its functions [2]. The DNA-binding domain includes most of the cancer mutations
found in human tumors [3]. The C-terminal region includes two domains: (1) The tetramerization
domain (residues 325-356), which allows p53 to form a reversible tetramer structure. The presence
of the tetramerization domain is essential for p53 binding to DNA and proteins as well as p53’s
post-translational modifications and degradation [4]; (2) The C-terminal negative regulatory domain
(CTD) of p53 is a natively unfolded region. CTD binds to single-stranded DNA (at the DNA end site)
in contrast to the DNA-binding domain, which binds to the internal DNA site [5].

The transcriptional activity of p53 is important for several classical functions of p53 such as
senescence, cell-cycle progression, apoptosis, and DNA repair. However, the tumor suppressor function
of p53 goes beyond the above classical functions activated during DNA damage or hyperproliferative
signals. Metabolic reprogramming, autophagy, stemness, invasion, and metastasis as well as
communication within the tumor microenvironment are other cellular processes that are modulated
by p53 transcription-dependent and -independent functions [6]. In addition to tumor suppression in
cancer cells, recent studies underscore p53’s critical roles in normal homeostasis, metabolism, fertility,
and differentiation in normal cells [7]. Subcellular localization of p53 is one of the critical factors
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that balances the tumor suppressor functions of p53 in non-cancerous cells versus cancerous cells [8].
Nuclear localization of p53 increases upon stress [9]. Phosphorylation of sites at the N-terminus of
P53 and inhibition of murine double minute (Mdm)2 are two key factors in this nucleocytoplasmic
translocalization [10].

An extreme set of regulations is necessary to control p53 under physiological and pathological
conditions. Posttranslational modifications (PTMs) play a central role in regulating the tumor suppressor
functions of p53 [11]. PTMs such as N-terminus phosphorylation of p53 positively affect p53’s
tumor suppressor functions following stresses [11]. On the other hand, particular PTM-types are
rewired in cancer cells to antagonize the tumor suppressor functions of wild-type (WT) p53 during
tumor progression. In fact, suppression of p53’s functions through PTMs commonly happens in
approximately 50% of cancer patients who retain WT-p53. The other half of cancers harbor p53
mutations that eliminate p53’s normal functions [12].

The development of strategies that can restore the tumor suppression and apoptotic functions
of WT-p53 is a key therapeutic goal [13]. Increased levels of active WT-p53 tumor suppressor gene
expression in cancer are particularly important for determining chemotherapeutic agent efficacy [14,15].
Despite numerous biological and chemical strategies focused on p53 recovery in tumor cells, the current
anti-cancer drugs induces WT-p53 through DNA damage mechanisms. As a result, patients face several
unwanted and often life-threatening side effects associated with these cytotoxic agents. Therefore,
it is critical that we develop treatments for non-genotoxic restoration of WT-p53 function in human
tumors in a more selective and tolerable manner. This review focuses on four E3 ubiquitin ligases
that selectively and dominantly target p53 in tumors. We will systematically explain the molecular
mechanisms by which p53 activity is controlled by these selected E3 ubiquitin ligases and their potential
for developing into effective drug regimens.

2. Murine Double Minute (Mdm)2/Mdm4, a Dominant E3 Ligase of p53

E3 ubiquitin-protein ligase Mdm?2 is the master negative regulator of the p53 tumor suppressor
protein. In normal cells, the presence of Mdm?2 is necessary to maintain the p53 protein at the basal
level by regulating its ubiquitination and degradation by the 26S proteasome. Upon cellular stresses,
the binding affinity of Mdm2 to p53 significantly decreases, resulting in p53 stabilization [16,17].
Mdm? is also a transcriptional target of p53, creating a feedback loop that regulates both the
levels and activity of p53 protein as well as expression of Mdm?2 [18]. Besides ubiquitination and
proteasomal degradation of p53 protein, Mdm?2 inhibits p53’s transcriptional activity, an essential
tool in the tumor suppressor functions of p53 [19,20]. Mdm2 has a p53 binding domain in the
N-terminus and a RING domain in the C-terminus that functions as an E3 ubiquitin ligase. Binding the
N-terminal of Mdm? to p53 protein impedes the transcriptional activities of p53 [20]. Simultaneously,
the C-terminus RING domain with intrinsic ubiquitin E3 ligase activity enables Mdm?2 to recruit
E2 ubiquitin-conjugating enzyme(s), which facilitate p53 ubiquitination and degradation by the
proteasome complex [21]. Mdm?2-dependent ubiquitination of p53 is a complex process, since low
levels of Mdm? are responsible for monoubiquitination and nuclear export of p53, while high levels
of Mdm2 mediate polyubiquitination of p53 for nuclear degradation [20,22,23]. Overexpression of
Mdm?2 turns this E3 ubiquitin ligase into an oncoprotein in both p53-dependent and p53-independent
manners [24,25]. Tumorigenic functions of overexpressed Mdm? facilitate tumor metastasis and
progressive forms of the disease in many human tumors including osteosarcomas, breast, prostate,
and colon cancers [26-32]. Mdm?2 and the therapeutic benefits of its inhibition have turned Mdm?2 into
a potential targeted therapy [33]. Several small-molecule Mdm?2 inhibitors are under intense study
by many labs or have entered clinical trial, such as nutilin-3 [34-37]. A better understanding of the
regulation of Mdm? is essential to developing novel and more effective cancer therapeutic strategies
that can target Mdm?2 in cancer cells while leaving normal cells intact [38,39].

As a main negative regulator of p53 [40], Mdm?2 is fine-tuned by a group of protein partners that
bind to Mdm?2 in a context- and cellular-dependent manner. One of these protein partners is Mdm4
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(Mouse double minute 4 or Mdmx) [41]. Mdm4 is an Mdm2 homolog with a RING domain located
in the N-terminus of protein. Mdm4 oligomerizes to and increases Mdm2’s E3 ligase activity [42,43].
Oligomerization of Mdm2/Mdm4 enables Mdm2 to more efficiently regulate p53 activity [44].
Therefore, antagonists that are able to simultaneously inhibit both Mdm?2/Mdm4 could have higher
therapeutic success [45]. The regulatory roles of the Mdm2/Mdm4 complex during p53 turnover
is further altered by two other E3 ligases, constitutive photomorphogenesis protein (COP1) and
p53-induced protein with a RING-H2 domain (Pirh2). The interplay among Mdm?2, Mdm4, Pirh2, and
COP1 blocks ubiquitination of Mdm2 by Mdm4 and inhibits Mdm?2 self-ubiquitination. In addition,
these two E3 ubiquitin ligases synergistically function with the Mdm2/Mdm4 complex to inhibit p53’s
activities, including p53-mediated transcriptional activity [46].

ARF (alternative reading frame) tumor suppressor protein (p144RF) is an alternate reading frame
protein product of the CDKN2A locus. The p14*RF is Mdm?2’s partner and negatively regulates Mdm?2
activity. By binding to Mdm?2, p142RF increases the degradation of Mdm2, resulting in stabilization
and reactivation of p53 protein. p14*RF-dependent stabilization of p53 is an important aspect of
the function of p14ARF as a tumor suppressor protein, particularly in terms of cell cycle arrest [47].

4ARF jncreases nuclear localization of Mdm?2,

Besides promoting Mdm?2 proteasomal degradation, p1
suggesting stress signals use multidirectional pathways to regulate p53 function [48]. Both in vitro and
in vivo experiments have shown that the upregulation of p144RF is important for the p53-mediated
stress response to activation of oncogenes [48-50]. While upregulation of p14ARF and its binding to

4ARF anticancer contributions

Mdm? in response to oncogenic stresses suggest an important role for p1
of p14ARF in human cancer are not significant based on current evidence [51]. Certainly more studies
are required to understand the tumor suppressor functions of p144RF in human tumors.

While ARF’s function reverses the tumorigenic effects of Mdm?2, another E3 ubiquitin ligase,
Sival, binds and ubiquitinates p144RF protein for proteasomal degradation. In fact, Sival is capable
of promoting cell cycle progression and cell proliferation in a p144RF /p53-dependent manner [52].
Recently, Park et al. reported that the Casitas B-cell lymphoma-b (Cbl-b) E3 ubiquitin ligase can target
and inactivate Sival, resulting in reactivation of p53 tumor suppressor functions in an ARF-dependent
manner [53]. This finding was observed in acute myeloid leukemia. Thus, modulation of the E3 ligase
activity of Cbl-b could be an effective strategy for reactivation of p53 proteins in hematologic cancers.
It remains to be determined whether Cbl-b can elicit positive regulation of p53 by inhibiting Sival in
solid tumors.

TRIM28 (Tripartite motif-containing 28), also known as KAP-1 (KRAB-associated protein 1), has
several domains, including a conserved domain for RING finger B box and a leucine zipper « helical
coiled-coil region. TRIM28 binds to Mdm?2 through the coiled-coil domain of TRIM28 and the central
acidic domain of Mdm?2. By binding to Mdm2, TRIM28 promotes ubiquitination and proteasomal
degradation of p53. Silencing of TRM28 promotes p53 transcriptional activity and its downstream
activities, including DNA damage response and apoptosis. The above results indicate TRM28 is
Mdm?2’s binding partner and it negatively regulates p53 tumor suppressor functions. Interestingly,
AREF proteins compete with TRIM28 in Mdm?2 binding, resulting in reduction of Mdm2-TRIM28
interaction [54]. Another member of the TRIM family is TRIM13, also known as ret finger protein
2 (RFP2), which forms a complex with Mdm?2 protein. By binding to Mdm?2, TRIM13 increases
ubiquitination and proteasomal degradation of Mdm?2 in vitro and in vivo. In fact, upregulation of
TRIM13 following irradiation leads to the elevation of ionizing radiation-induced apoptosis partly
mediated by TRIM13-dependent stabilization of p53 [55]. TRIM19, also known as promyelocytic
leukemia (PML), is a tumor suppressor protein that potentiates p53 activities. TRIM19 binds and
sequesters Mdm?2 protein, resulting in stabilization of p53 in the nucleus. In fact, the TRIM19/Mdm?2
complex accumulates in the nucleolus in an ARF-independent manner following DNA damage.
Interestingly, the presence of another protein called nucleolar protein L11 is necessary for nuclear
localization of TRIM19. In the absence of nucleolar protein L11, TRIM19 is unable to localize to nucleoli
and binds to Mdm?2 following a DNA damage signal [56]. The cellular senescence-inhibited gene
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(CSIG), also known as ribosomal L1 domain-containing 1 (RSL1D1), is another nucleolar protein
that binds to the Mdm2 RING finger domain and suppresses Mdm2-dependent ubiquitination and
proteasomal degradation of p53 in cellular response to nucleolar stress [57]. While TRIM19 functions as
a negative regulator of Mdm?2 protein, a mammalian MAP (mitogen-activated protein) kinase, BMK1
(big MAP kinase 1), interferes with the interaction between PML and Mdm2, resulting in suppression
of p53 activities [58].

In addition to several cytoplasmic and nuclear regulatory proteins, the p53-Mdm?2 circuitry is
subject to complex regulation by microRNAs (miRNAs). A good example is human hepatocellular
carcinoma (HCC) where miR-122%, the complementary strand of liver-specific microRNA-122, targets
and inhibits Mdm?2 followed by elevated p53 protein levels and the inhibition of tumor growth in
both ex vivo and animal models. Levels of miR-122* are reduced in HCC, suggesting miR-122*
dominantly contributes to the tumor suppression activity mediated by p53 [59]. Pichiorri et al.
completed a comprehensive study related to the role of microRNAs 192, 194, and 215 on the p53/Mdm2
autoregulatory loop. Their results indicate that p53-induced microRNAs 192, 194, and 215 lead to the
degradation of Mdm2 mRNA and, consequently, significant reduction of Mdm?2 protein levels. More
interestingly, they showed a significant inverse correlation between miR-192 expression and Mdm?2
mRNA in multiple myeloma samples. Furthermore, increased expression of microRNAs 192, 194, and
215 in multiple myeloma cells either from multiple myeloma patients or from cell lines increase the
therapeutic action of MI-219 [60] or Nutlin-3a [61], two non-genotoxic activators of p53 in both in vitro
and in vivo models [62].

Another inhibitor of Mdm2 is snoRNA (small nucleolar RNAs)-derived miRNA50, miR-605.
The miR-605 suppresses Mdm?2 through post-transcriptional repression following stress. By offsetting
the Mdm?2 negative-feedback loop, miR-605 allows stabilization of p53 and facilitates p53’s function in
response to stress [63]. The microRNA-18b (miR-18b) is another non-coding RNA of ~22 nucleotides
that functions in melanoma where miR-18b, acting as a tumor suppressor, interferes with the
Mdm2-p53 pathway and reactivates p53 protein [64]. It is noteworthy that miR-18b expression
induces the opposite phenotype in breast cancer cells by promoting cell proliferation, migration, and
invasion [51].

In addition to Mdm2, Mdm4 is a target for miRNAs. One example is miR-191, which downregulates
Mdm4 expression, resulting in p53 activation and a significant delay in ovarian carcinoma progression
and tumor-related death [65]. In acute myeloid leukemia (AML) with NPM1 mutations, miR-10a
positively interferes with the p53 machinery through inhibition of Mdm4 [66]. The miR-661 targets
and downregulates both Mdm2 and Mdm4, resulting in elevation of p53 activity and inhibition of cell
cycle progression. Depending on the status of p53 (wild-type versus mutant forms of p53), low or high
levels of miR-661 expression could have opposite outcomes in different tumors [67]. The presence of
miR-34a in liver cancer [68], miR-887 in prostate cancer [69], and let-7 in brain cancer [70] are other
examples where miRNA can negatively regulate Mdm4. A comprehensive list of microRNAs that can
regulate Mdm?2 and Mdm4 was reviewed by Vijayakumaran et al. and Hoffman et al. [71,72].

Another negative regulator of Mdm2 is 14-3-30, which is downregulated in transformed mammary
carcinoma cells. Induced by p53 following DNA damage, 14-3-30 is involved in cell cycle checkpoint
control and increases stabilization of p53 and antagonizes the tumorigenic functions of Mdm2 by
blocking Mdm?2-mediated p53 ubiquitination and nuclear export [73]. USP2a (ubiquitin-specific
cysteine protease 2a) is a deubiquitinating enzyme that can deubiquitinate Mdm?2 and positively
increase Mdm?2’s functions in cells. Interestingly, USP2a has no deubiquitinating activity towards
p53 [74].

Similar to AREF, the ribosomal protein L11 binds to a central region in Mdm?2. By binding to
Mdm?2, the ribosomal protein L11 (RPL11) blocks Mdm2-mediated p53 ubiquitination and degradation,
resulting in activation of p53’s downstream tumor suppressor activities, including cell cycle arrest [75].
Zheng et al. showed RPL11 binds to Mdm?2 and induces conformational changes in both proteins. The
RPL11-Mdm?2 complex blocks Mdm2-dependent inactivation of p53 in cells. By inhibiting Mdm?2,
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RPL11 functions as a tumor suppressor protein [76]. Interestingly, PICT1 (protein interacting with
carboxyl terminus 1, also known as GLTSCR2), a nucleolar protein necessary in embryogenesis events
and ES cell survival, binds to RPL11. In the absence of PICT1, RPL11 is able to bind to Mdm?2 and blocks
Mdm2-mediated ubiquitination of p53, indicating PICT1 can be a potent regulator of the Mdm?2-p53
pathway by binding and retaining RPL11 in the nucleolus. Experiments at the cellular level indicated
that depletion of PICT1 in the presence of functional P53 leads to accumulation of p53 and reduction
of cell growth. The tumorigenic function of PICT2 was further confirmed when Sasaki et al. found that
human tumors with low expression of PICT1 present better prognoses [77].

Sui et al. showed a transcription factor Yin Yang 1 (YY1) binds directly to Mdm?2 and p53. In fact,
YY1 facilitates Mdm2-p53 interaction to stimulate p53 ubiquitination and degradation. Similar to
other scenarios described above, the p144RF tumor suppressor protein interferes with Mdm2-YY1
interaction, reversing the negative effects of YY1 on p53 stability. As a potential cofactor for Mdm?2,
YY1 may have a potential role in tumorigenesis [78]. Another Mdm?2 activator is AKT recruited by
survival signals. It has been shown that AKT can lead to activation of Mdm?2, resulting in inactivation
of p53 and inhibition of p53-dependent apoptosis [79].

While Mdm?2 directly targets p53, it can promote conjugation of NEDDS8 (neural precursor cell
expressed, developmentally down-regulated 8) to p53 resulting in NEDDylation of p53 in vitro and
in vivo. NEDDylation of p53 through Mdm2-NEDDS8 pathway suppresses p53’s transcriptional activity.
By binding to NEDDS8, Mdm?2 increases its NEDDylation which can lead to Mdm2 suppression [80].

Altogether, the above evidence (summarized in Figure 1A,B) indicates the complexity of
Mdm2-Mdm4-dependent regulation of p53 in both physiological and pathological conditions.
The above evidence indicates that multiple changes can occur in the Mdm-p53 pathway during cancer
progression that positively or negatively impact patient survival. Identification of these individual
factors and their alterations in different stages of tumors will certainly be beneficial for treatment
strategy decisions and effective targeted therapy.

Mdm?2 and its interaction with diverse protein partners (illustrated in Figure 1) indicate that
the activity of Mdm?2 occurs under a complex regulatory network that ultimately modulates the
ubiquitination and proteasomal degradation of p53 in a cell-context-dependent manner. In addition to
these partners, two other distinct regulatory mechanisms influence the Mdm2/p53 axis under normal
and pathological conditions. One of these mechanisms is the protein level of Mdm?2 in cells. While a low
level of Mdm?2 is able to monoubiquitinate p53 and induce nuclear export of p53, a high level of Mdm?2
leads to p53’s polyubiquitination and nuclear degradation [20]. The second mechanism is triggered
when monoubiquitinated p53 moves to the cytoplasm and recruits another set of proteins called
polyubiquitin ligase (E4) enzymes [81]. The presence of E4 enzymes in the cytoplasmic compartment
is essential for polyubiquitination of p53 for downstream proteasomal degradation. The p300 and
CREB (cAMP-response element-binding protein)-binding protein (CBP) are two ubiquitination factors
with both E3 and E4 activities required for endogenous p53 polyubiquitination and the proteasomal
degradation of p53 in unstressed cells. Both p300 and CREB are exclusively cytoplasmic and absent in
nuclear extracts [82,83]. Another E3 and E4 ubiquitin ligase is E4B (UBE4B), which binds to p53 and
Mdm?2 and promotes ubiquitination and proteasomal degradation of p53, resulting in the inhibition
of p53-dependent transactivation and apoptosis. UBE4B particularly overexpresses in human brain
tumors and leads to inactivation of p53 [84].
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Figure 1. Regulation of murine double minute (Mdm)2 protein, a key E3 ubiquitin ligase of p53
tumor suppressor protein. By binding to p53, Mdm2 promotes ubiquitination of p53. The presence of
Mdm4 and its binding to Mdm?2 enhances ubiquitination and proteasomal degradation of p53. Basic
research and clinical data indicate the important oncogenic role of both Mdm2 and Mdm4 in diverse
types of tumors. However, direct inhibition of Mdm?2 and Mdm4 in cancer cells has produced mixed
results, particularly in animal models. The activity of either Mdm?2 or Mdm4 is modulated with several
regulatory proteins expressed as part of oncogenic events. Elevation or reductions of these positive
and negative regulators have been reported in different cancers. Understanding the role of Mdm2’s
and Mdm4’s regulators in different grades of human tumors can open a new therapeutic window for
a subset of cancer patients. Panels A and B illustrate the proteins and microRNA partners of Mdm?2
and Mdm4 proteins, respectively. Induction of gene expression or protein activation is shown by red
arrows and inhibition of gene expression or block protein activity is shown by T-bars. Cbl-b, Casitas
B-cell lymphoma-b; RPL11, ribosomal protein L11; COP1, constitutive photomorphogenesis protein 1;
Pirh2, p53-induced protein with a RING-H2 domain; ARF, alternative reading frame (pl4ARF) ; NEDDS,
neural precursor cell expressed, developmentally down-regulated 8; USP2a, Ubiquitin-specific cysteine
protease 2a; PICT1, protein interacting with carboxyl terminus 1.

3. Constitutive Photomorphogenesis Protein 1 (COP1) and P53 Regulation

The E3 ubiquitin ligase constitutive COP1, also known as RFEWD2 protein, is a RING finger protein.
Besides the N-terminal RING finger, COP1 has an internal coiled-coil domain and WD40-repeat
domains [85,86]. This E3 ligase expresses abundantly in different tissues, including tumor tissues,
and contributes to development, cell survival, cell growth, and tumorigenesis [87-91]. COP1 binds to
P53 and promotes p53 turnover by targeting it for proteasomal degradation in a ubiquitin-dependent
fashion. Importantly, COP1-dependent degradation of p53 occurs independently of the Mdm?2 or Pirh2
E3 ubiquitin ligases [92]. In addition, expression of wild-type COP1 or COP1 mutant lacking the RING
domain in Saos-2 cells, a primary osteosarcoma cell line, showed COP1 and not the COP1ARING can
reduce p53-dependent transactivation. In fact, overexpression of COP1 suppresses p53’s effects on
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cell cycle arrest and apoptosis medicated through p21 and BAX proteins, respectively [92]. Silencing
of endogenous COP1 in human bone osteosarcoma epithelial cells (U20S), a primary osteosarcoma
cell line with wild-type p53 and H1299, a p53-null human non-small cell lung carcinoma, revealed
the absence of COP1 arrest cell cycle in a p53-dependent manner [92]. The above evidence strongly
suggests that COP1 functions as an oncogene protein in selective cancer cells, resulting in tumor
progression. However, COP1 is also a dominant E3 ubiquitin ligase for c-Jun, a proto-oncogene in
several cancers, including invasive breast cancer [93-95]. Therefore, depending on COP1’s target, this
E3 ubiquitin ligase can serve as a tumor suppressor or an oncogene in different cancer types. Further
experiments by Dornan et al. showed COP1 can regulate the steady-state level of p53 protein and alter
P53 transactivation activity of the p21 in unstressed cells [92]. More importantly, silencing of COP1
leads to sensitization of U20S cells to ionizing-radiation-induced cell death. Co-silencing of COP1 and
Pirh2 or COP1 and Mdm?2 by siRNA enhances p53 half-life 3.5-fold and 6-fold, respectively. These latter
results indicate that COP1 and two other E3 ubiquitin ligases of p53, particularly Mdm?2, could have a
synergistic effect on p53 stability and function as well as its downstream pathways. The synergistic
function of COP1 and Mdm2 on p53 may be related to the location of COP1 and Mdm?2 in two different
cellular compartments [92]. A set of experiments conducted in hepatocellular carcinoma (HCC) cells
and an orthotopic mouse xenograft model of HCC showed that silencing of COP1 blocks HCC cell
proliferation by targeting several common molecular pathways, including p53 [96]. While the above
evidence highlight COP1’s tumorigenic roles in a p53-dependent manner, a set of studies completed by
Migliorini et al. found COP1 has no significant effect on p53’s degradation [97]. The authors suggested
that the COP1-p53 interaction may be important in certain cell types or in response to selected types
of stresses [87]. More studies are needed to explain these opposing results related to the function of
COP1 in cancer cells.

In another set of studies, Su et al. showed COP1 protein levels significantly decrease upon
DNA damage in a 14-3-30-dependent manner. Significantly, 14-3-30 promotes auto-ubiquitination of
COP1 after DNA damage in an Mdm2-independent manner. The same group examined the effect of
14-3-30 on COP1 tumorigenesis effect in a xenograft mouse model. In vivo experiments conducted
by Su et al. showed that overexpression of COP1 increases tumor growth in HCT-116 colon cancer
xenografts, indicating COP1 has a tumorigenic role in colon cancer through suppression of the p53
tumor suppressor pathway. More interestingly, co-expression of 14-3-3¢ reverses COP1-promoted
tumorigenicity in a xenograft mouse model of colon cancer [98].

Overexpression of COP1 was shown in several solid tumors, including breast and ovarian cancer
tissues, measured by immunohistochemistry. Overexpressed COP1 in these tumors functions as a
dominant anti-p53 protein by destabilization of p53 as well as suppression of its transactivation
functions. More studies are needed to determine whether targeting of COP1 or its negative
regulator 14-3-3c can have an effective therapeutic benefit in selective types of cancer (summarized
in Figure 2A) [91,98]. One potential candidate is p28, a 28 amino-acid (aa) cell-penetrating
peptide derived from azurin. Azurin is a redox protein secreted from the opportunistic pathogen
Pseudomonas aeruginosa [99]. P28 binds to p53 [100] using p53’s DNA binding domain and inhibits
COP1’s binding to p53, resulting in stabilization of p53 and subsequent inhibition of cancer cell growth
independent of an Mdm2 pathway [101].

4. Pirh2 (p53-Induced Protein with a RING-H2 Domain) and p53 Regulation

Pirh2, also called ring finger and CHY (conserved cysteine and histidine involved in the binding
of one zinc atom) zinc finger domain-containing 1 (Rchy1), is an E3 ubiquitin ligase that has three
distinct zinc fingers: the CHY-type, the CTCHY-type (located at the C-terminus of the CHY-type), and
a RING finger domain [102]. Pirh2 physically binds to p53 (residues 82-292) [102], which is distinct
from Mdm?2'’s binding site (residues 1-51 as well as the C-terminus of p53) [103-105]. By binding to
p53, Pirh2 promotes ubiquitination and decreases the level of p53 protein in cells. In contrast, silencing
of endogenous Pirh2 expression leads to elevation of p53. The Pirh2-dependent ubiquitination and
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degradation of p53 suppress p53 tumor suppressor function, including transactivation and growth
inhibition [102]. A set of studies using NMR spectroscopy revealed that p53 binds to both the N- and
C-terminal domains of Pirh2. The C-terminal domain of Pirh2 binds to the tetramerization domain
(TET) of p53, which can be enhanced by a weak interaction between the N-terminus domain of Pirh2
and the p53 DNA binding domain. By binding to the TET domain, Pirh2 preferably ubiquitinates the
tetrameric form of p53 in vitro and in vivo, suggesting that Pirh2 can effectively downregulate the
transcriptional active form of p53 in the cell [106].

While Pirh2 targets and ubiquitinates p53 independently of Mdm?2, current evidence indicates
that Pirh2 and Mdm2 could simultaneously bind to a single p53 protein and efficiently enhance its
ubiquitination [46,107]. Like the Mdm2-p53 feedback mechanism, Pirh2 gene expression is regulated
by p53, indicating the presence of a feedback mechanism that regulates p53 protein levels and
functions [102]. It has been shown that Tip60 (Tat-interactive protein of 60 kDa) binds to Pirh2
and increases the half-life of Pirh2 protein in a COS-7 (CV-1 in Origin with SV40 genes) fibroblast-like
cell line. Further studies will determine whether Tip60 can stabilize Pirh2 in cancer cells and if Tip60
alteration can change the development of tumors both in vitro and in vivo [108].

A set of in vivo experiments showed the level of p53 proteins is mildly affected in Pirh2-deficient
mice. However, Pirh2 deficiency leads to higher p53 levels in response to DNA damage in several
tissues. Whole-body irradiation of Pirh2~/~ mice or irradiation of Pirh2 knockout cells leads to
elevation of p53, p53’s downstream target proteins, and apoptosis, in comparison to WT mice [109]. In
addition to p53, Hakem et al. showed Pirh2 binds and mediates the ubiquitination and proteasome
degradation of c-Myc, an oncoprotein frequently overexpressed in various human cancers, including
lung, breast, and ovarian cancer [110]. Development of solid tumors such as sarcoma in Pirh2*/~
and Pirh2~/~ mice as well as double knockout p53~/~ and Pirh2~/~ mice indicates that Pirh2 can
function as a tumor suppressor protein (summarized in Figure 2B).

While Pirh2 directly targets and inhibits p53, it also binds to the Axin—-HIPK2 complex, which
is involved in p53 activation through phosphorylation of p53 at Ser 46. The inhibitory effect of
Pirh2 on the Axin—-HIPK2 complex depends on the level of DNA damage. In cells treated with
sublethal doses of doxorubicin or ultra-violet (UV) radiation, Pirh2 blocks Axin-induced p53 activation
by competing with HIPK2 for binding to Axin. With a lethal dose of UV or doxorubicin, cells
overexpress another regulatory protein called Tip60. Tip60 binds to Axin and suppresses formation
of the Pirh2-Axin complex. A generated Axin-Tip60-HIPK2-p53 complex in the presence of a lethal
dose of genotoxic factors allows full activation of p53, resulting in p53-dependent apoptosis [111].
Interestingly, Sho et al. reported that overexpression of TRIM29 enhances degradation and alters
subcellular localization of Tip60, resulting in the abrogation of p53 acetylation mediated by Tip60.
By suppressing p53, TRIM29 promotes cell growth, suppresses apoptosis, and triggers transforming
activity. Upregulation of TRIM29 by UV irradiation suggests that TRIM29 can function as an oncogene
by reversing Tip60-dependent activation of p53 [112].

A recent study completed by Yang et al. reported that a microRNA named miR-100 can enhance
ubiquitination and proteasomal degradation of p53 protein in poorly differentiated gastric cancer
cells while non-cancerous gastric cells remain intact. Their results indicate that knocking down
miR-100 reduces the expression of Pirh2, a key E3 ubiquitin ligase for p53 ubiquitination in gastric
cancer cells, resulting in stabilization and upregulation of p53 in gastric cancer cells and activation
of p53’s downstream apoptosis pathway. Further studies by Yang et al showed Pirh2 is not a direct
target for miR-100. In fact, miR-100 suppresses expression of RNF114B, which functions as an E3
ubiquitin ligase for Pirh2. RNF144B binds and ubiquitinates Pirh2 for proteasomal degradation.
Taken together, the above studies indicate that miR-100 can indirectly trigger ubiquitination and
proteasomal degradation of the p53 tumor suppressor protein in poorly differentiated gastric cancer
via the miR-100-RNF144B-Pirh2-p53 pathway in both in vitro and in vivo models [113].

The ability of Pirh2 to negatively regulate the protein levels of p53 and c-Myc plus upregulation [114,115]
and downregulation [109] of Pirh2 and its regulators in different types of solid tumors (summarized in
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Figure 2B) suggests Pirh2 may have a dual function during tumorigenesis as an oncoprotein and tumor
suppressor protein in tissue-, stress-, and grade-dependent manners. The subcellular localization of
Pirh2 could be another factor for its dual function, as reported for other proteins such as p27<iP! [116].

A

14-3-3c
1
p28 peptide —|J_ J_

c-Jun

' miR-100 |—] RNF144B

R

1l 1
o
!

HIPK2 |——>FvAl)

Figure 2. COP1 and Pirh2, tumor promoter and tumor suppressor. COP1 (A); and Pirh2 (B) serve as
E3 ubiquitin ligases of p53. Overexpressed COP1 or Pirh2 can function as oncoproteins for the p53
tumor suppressor protein. On the other hand, COP1 and Pirh2 target and ubiquitinate c-Jun and c-Myc
oncogenes, respectively. This dual function indicates COP1 and Pirh2 have a putative role in tumor
development in tissue- and grade-dependent manners. Similar to Mdm2, COP1 and Pirh2 are regulated
with their partners. It needs to be determined whether these regulators can switch the function of
these two proteins from tumor suppressor to oncoprotein during tumor growth. Induction of gene
expression or protein activation is shown by red arrows and inhibition of gene expression or block
protein activity is shown by T-bars. Tip60, Tat-interactive protein of 60 kDa.

5. Co-Chaperone Carboxyl Terminus Hsp70/90 Interacting Protein (CHIP) E3 Ubiquitin Ligase

CHIP (Co-Chaperone Carboxyl Terminus Hsp70/90 Interacting Protein) is a 35 kDa E3 ubiquitin
ligase that has three important domains: (1) a tetratricopeptide repeat (TPR) located in the N-terminus;
(2) a U-box domain located in the C-terminus; and (3) a charged coiled-coil domain located in the
central of protein [117]. CHIP uses the TPR domain to interact with Hsc70-Hsp70 and Hsp90 while
its C-terminal U-box domain provides E3 ubiquitin ligase activity. Through interaction with E2
enzymes of the Ubc4/5 family, CHIP induces ubiquitination and proteasomal degradation of p53
protein [118]. While overexpression of CHIP leads to proteasomal degradation of p53 and attenuation
of p53-transcription activities, silencing of CHIP protein stabilizes p53 in the U20S osteosarcoma
cancer cell line [118]. CHIP induces degradation of WT-p53 and a mutant form of p53 (R175H).
Cooperation of CHIP and Hsc70 is necessary for p53 degradation [118]. A molecular docking and
dynamics (MD) simulation suggested that p53’s DNA binding domain is the interaction site for Hsp70
interaction [119], and mutation in this domain increases the affinity of p53 to Hsp70 in comparison to
the DNA binding domain of the wild-type molecule [120]. Stankiewicz et al. confirmed that CHIP
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preferentially ubiquitinates Hsp70-bound p53 as one of its common substrates [121]. In fact, treatment
of cells with geldanamycin, a specific inhibitor of Hsp90, enhances the degradation of WT and mutant
forms of p53 [118], suggesting that association of CHIP with Hsp70 and Hsp90 has two different
outcomes for p53 stability [122]. In another study, Muller et al. showed that mutant p53 proteins are
preferentially associated with Hsp70 and CHIP to be ubiquitinated for proteasomal degradation in the
absence of Hsp90. This study revealed a complex coordination between Hsp70, Hsp90, and CHIP when
they regulate the stability of different p53 mutant proteins [122]. Positive regulation of mutant forms
of p53 by Hsp90 was further confirmed when Li et al. showed that inactivation of endogenous Mdm?2
and CHIP by Hsp90 leads to stabilization of mutant p53 proteins in cancer cells [123]. The relationship
between Hsp90, mutant forms of p53, and CHIP became clearer when Wang et al. showed mutant
P53 proteins are selectively downregulated by CHIP in cancer cells treated with an Hsp90 inhibitor,
gambogic acid [124], in a ubiquitin-proteasome-dependent manner [125] (summarized in Figure 3A).

A HSP90

Ubiquitination and
proteasomal
degradation of p53

Ubiquitination and
proteasomal

Figure 3. Control of p53 tumor suppressor protein by co-chaperone carboxyl terminus Hsp70/90
interacting protein (CHIP) E3 ubiquitin ligase. CHIP is a U-box-dependent E3 ubiquitin ligase.
Association with chaperone proteins such as Hsp70/Hsc70 (A) or mitochondrial heat shock protein
Mortalin-2 (C) allows CHIP to efficiently ubiquitinate p53 for proteasomal degradation. The present
data indicate that Hsp90’s chaperone activity can inhibit CHIP /Hsp70-Hsc70-dependent degradation
of p53 (wild-type and mutant forms). Thus, there is precise balance between the p53 degradation and
the p53 stabilization maintained by CHIP-Hsp70-Hsc70 and Hsp90 under physiological and stress
conditions. A similar inhibitory function was reported for UBXN2A protein, a ubiquitin-like (UBX)
domain-containing protein, which binds and inhibits CHIP-mortalin degradation of p53 in cancer cells.
CHIP also binds to the death-associated protein Daxx in a stress-dependent manner. The CHIP-Daxx
interaction blocks phosphorylation of serine 46 in p53, which is necessary for activation of p53’s
downstream apoptosis pathways (B). Blocking phosphorylation of p53 allows the CHIP-Daxx complex
to interfere with the proteotoxic stress response of cells and maintain cell survival. Induction and
inhibition of post-translational modification is shown by red arrows and black T-bars, respectively.
Question mark indicates further research will be necessary to clarify the interactive and inhibitory
effects of CHIP-Daxx complex.

In response to stress, CHIP binds to the Daxx (death domain-associated) protein. CHIP-Daxx
interaction blocks phosphorylation of serine 46 in p53, resulting in inhibition of the p53-dependent
apoptotic cascade (summarized in Figure 3B) [126]. On the other hand, CHIP offers different functions
in senescent cells. According to Sisoula et al., CHIP moves to the nucleus in senescent cells and leads
to a significant downregulation of p53. The CHIP-dependent degradation of p53 in senescent cells is
enhanced in the presence of a Hsp90 inhibitor. The authors concluded that CHIP may play a dominant
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role in p53 regulation during senescence [127]. Finally, it has been shown that negative regulation
of p53 protein by CHIP is not specific to cancer cells. It has been reported that hypoxia-dependent
downregulation of CHIP proteins leads to the accumulation of p53 in heart tissue after myocardial
infarction. Targeting the p53 level and its downstream apoptotic effects through the CHIP E3 ubiquitin
ligase could therefore have a therapeutic advantage for the treatment of myocardial infarction [128].

A recent finding reported by Parrales et al. shows blocking of mevalonate-5-phosphate by statins
or mevalonate kinase knockdown allows CHIP to mediate nuclear export, ubiquitination, and
proteasomal degradation of mutant p53. Statin or mevalonate kinase knockdown interferes with
mutant p53’s binding to the Hsp40 protein DNAJA1, resulting in destabilization of mutant p53 by
CHIP [129]. This study further highlights the therapeutic potential of CHIP in tumors with mutant
p53 status.

Evidence in the literature indicates CHIP can function independently of Hsp90 and Hsp70 proteins.
Rosser et al. showed the presence of an intrinsic chaperone activity in CHIP protein allows CHIP
proteins to selectively target nonnative proteins following heat stress [130]. Tripathis et al. showed
CHIP is able to restore the WT form and reduce the mutant form of p53 in cells under stress. Their
results suggest that CHIP can function as a chaperone protein for WT p53 under physiological
conditions as well as the resurrection of p53 mutant forms into a folded native state following cell
stresses [131].

In addition to Hsp70/Hsc70 proteins, CHIP binds to another member of the Hsp70 protein
family called mortalin-2, a mitochondrial Hsp70 protein and a dominant oncoprotein in several solid
tumors [132]. It has been suggested that the mortalin-CHIP complex could mediate proteasomal
degradation of selective substrates, including p53 [133,134]. We were able to show that UBXN2A,
a ubiquitin-like ubiquitin-regulatory X (UBX) domain-containing protein, binds to mortalin-2 and
releases p53 [135]. Overexpression of UBXN2A rescues downregulation of p53 in HEK293 cells
overexpressing CHIP [136], indicating UBXN2A can negatively affect mortalin-2 /CHIP-dependent
degradation of p53 (summarized in Figure 3C).

6. Discussion

It has been well accepted that p53 plays an essential role in human tumorigenesis [6,137]. Current
studies indicate that p53 and its network allow p53 to function beyond its primary tumor suppressor
function, including metabolic regulation [138]. Dysregulation of p53 affects the hallmarks of cancer,
including resisting apoptosis and sustaining cell proliferation as well as activating migration and
invasion [139]. Commonly, the normal function of p53 is compromised in tumor cells as a result of
somatic mutations or protein inactivation [140]. The p53 mutations are dependent on cancer type and
range from 10% in hematologic cancers [141] to 50%-70% in solid tumors such as ovarian [142] and
colorectal [143] cancers. Inactivation of p53 by post-translational mechanisms is responsible for almost
50% of tumors carrying WT-p53 protein [11].

A significant body of literature indicates that the recovery of p53’s tumor suppressor functions is
a potential and effective strategy for cancer treatment [43]. The side effects generated by chemotherapeutic
drugs have encouraged researchers to look for a new generation of drug that can reactivate p53
without inducing DNA damage [144]. Understanding the regulatory mechanisms involved in p53
post-translational modifications can reveal new target therapies with lower side effects and higher
potency toward cancer cells. The regulation of p53 is a complex network of diverse pathways.
However, it is clear that the ubiquitin-proteasome pathway is one of the main factors in p53 regulation
during tumor development [145-147]. Further understanding the biological significance of the
ubiquitin—-proteasome pathway, particularly the E3 ubiquitin ligases in p53 stability and function, can
lead to more accurate prognostic markers associated with the clinical course of selected tumors and
the development of new drugs that can improve patients’ survival rates. In this review, we discussed
four major E3 ubiquitin ligases that suppress p53 in different types of tumors (Figure 4 and Table 1).
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Figure 4. Schematic diagram showing the functional domains of the p53 tumor suppressor protein.
Majority of P53 mutations found in human cancers are present in the DNA-binding domain. In addition
some mutations are located in the tetramerization domain. SH3, Src homology 3 (SH3) domains; NLS,
nuclear localization signal; NES, nuclear export signal.

Table 1. P53’s interaction sites with the four E3 ubiquitin ligases discussed in this review. Mdm?2,
COP1, Pirh2 and Hsp70-CHIP distinct binding sites in the p53 protein allow these E3 ligases to often
synergistically inhibit p53’s activities. * Current evidence shows that p53 uses the DNA binding domain
to bind to the Hsp70-CHIP complex. The mutant form of p53 shows greater binding affinity to Hsp70.
See the main text for details and related references. aa, Amino acid.

UniProt Protein . Length o1 . Class of E3
D Symbol Protein Names (aa) Binding Site on p53 Ubiquitin Ligase
Mouse double . o
Q00987 Mdm?2 minute 2 homolog 491 1-51 aa and C-terminus RING-flr.lger.cor.ltammg
(Mdm2) E3 ubiqutin ligase
Constitutively Regions within the RING-finger containing
Q8NHY2 COP1 photomorphogenic 1 731 DNA-binding domain E3 ubiqutin ligase
. p53-induced 82-292 aa and the RING-finger containing
Q96PM>5 Pirh2 RING-H2 protein 261 tetramerization domain E3 ubiqutin ligase
C-terminus of DNA binding domain in U-box-containine E3
QYUNE7 CHIP Hsc70-interacting 303 p53, Hsp70 and CHIP Ox-contamning
protein complex * ubiqutin ligase

More importantly, we highlighted the regulatory proteins that target these E3 ubiquitin ligases
positively and negatively in cancer cells. Certainly, activation of p53’s E3 ubiquitin ligases and
their regulatory proteins are cancer and stage dependent (Table 2). While this review provides
comprehensive information about these four E3 ubiquitin ligases, further investigation is necessary to
determine the level of these E3 ligases and their regulators in individual tumors in a grade-dependent
manner. A complete expression profile of these E3 ligases and their regulators in patients before and
after chemotherapies can open new directions for understanding the progression of tumors and the
prognostic and therapeutic values of p53’s E3 ubiquitin ligases.

Table 2. This table summarizes the four major E3 ubiquitin ligases and the status of p53 (wild-type
and mutant forms) discussed in this review. See the main text for details and related references.
Understanding the correlations between these E3 ubiquitin ligases and the tumor suppressor functions
of p53 in different types of tumors will have prognostic and therapeutic implications for a new
generation of anti-cancer drugs.

E3 U}quultln Human Tumor Type P53 Status
Ligase
Dominantly in soft tissue tumors, osteosarcomas, breast, prostate, colon Primarily
Mmd2 . .
cancers and esophageal carcinomas Wild-type
Breast adenocarcinomas, ovarian adenocarcinomas, hepatocellular carcinoma Primarily
Copl . .
(HCCQ), pancreatic cancer and colorectal cancer Wild-type
Pirh2 Hepatocellular carcinoma, clear cell renal cell carcinoma, lung neoplasms Pr.lmarlly
Wild-type
CHIP Non-small cell lung cancer and pancreatic cancer Primarily mutant

forms in tumors
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As direct inhibition of the proteasome complex in solid tumors failed to provide significant clinical
benefit [148], a deeper understanding of the role of E3 ubiquitin ligases in the regulation of p53 will
provide valuable information for the development of effective anti-cancer drugs in a specific subset of
solid tumors with WT-p53.
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