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Abstract: p53 is one of the most important tumor suppressor genes that is frequently mutated in human cancers. Generally, p53 functions as a transcription factor that is stabilized and activated by various genotoxic and cellular stress signals,
such as DNA damage, hypoxia, oncogene activation and nutrient deprivation, consequently leading to cell cycle arrest,
apoptosis, senescence and metabolic adaptation. p53 not only becomes functionally deficient in most cancers, but not infrequently mutant p53 also acquires dominant negative activity and oncogenic properties. p53 has remained an attractive
target for cancer therapy. Strategies targeting p53 have been developed including gene therapy to restore p53 function, inhibition of p53-MDM2 interaction, restoration of mutant p53 to wild-type p53, targeting p53 family proteins, eliminating
mutant p53, as well as p53-based vaccines. Some of these p53-targeted therapies have entered clinical trials. We discuss
the therapeutic potential of p53, with particular focus on the therapeutic strategies to rescue p53 inactivation in human
cancers. In addition, we discuss the challenges of p53-targeted therapy and new opportunities for the future.
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1. INTRODUCTION

2. TUMOR SUPPRESSOR P53 AND CANCER

Cancer is a genetic disease that can take decades to develop through the accumulation of genetic mutations that
activate oncogenes and inactivate tumor suppressor genes.
Tumor suppressors act as “cellular guardians”, by inhibiting
cell growth pathways and/or by inducing cellular apoptosis,
consequently preventing cancer formation [1]. One of the
most important tumor suppressors is p53, which functions as
a sensor of DNA damage and other cellular and metabolic
stresses including hypoxia, oncogenic activation and nutrient
deprivation. In response to stress, p53 can induce cell cycle
arrest and subsequent DNA repair, senescence or apoptosis,
depending on the level of cellular compromise and cellular
context. If p53 is dysfunctional, some DNA damage isn’t
repaired, and this can result in genomic instability, a hallmark of cancer. Moreover cells with deficient p53 are able to
escape apoptosis pathways and proliferate indefinitely under
the selection of these cellular stresses. Thus, p53 plays a key
role in the prevention of carcinogenesis [2, 3]. Studies have
indicated that p53 is mutated in more than 50% of human
cancers. In the remaining cancers, components of p53’s protein post-translational modifications, protein stability or
p53’s signaling function is deficient [4, 5]. There is a need to
develop p53-targeted therapy as an approach to treat cancer.
In this review, we discuss the therapeutic potential of p53,
with particular focus on the therapeutic strategies to rescue
p53 inactivation in human cancer.

p53 functions as a transcription factor that is stabilized
and activated by various genotoxic and cellular stress signals, such as DNA damage, hypoxia, oncogene activation
and nutrient deprivation. A great variety of genes are now
identified as p53 target genes, whose protein products cause
multiple outcomes such as cell cycle arrest (e.g., p21 and
GADD45), apoptosis (e.g., DR5, Bax, PUMA and Noxa),
senescence (e.g., pai-1), autophagy (e.g., dram) and the adaptation of cellular metabolism (e.g. TIGAR) [6]. p53 and its
downstream pathways play a critical role in preventing tumor formation. However, p53 deficiency is a common event
occurring in patient tumors. More importantly, unlike other
tumor suppressors that only lose their function in cancer,
mutant p53 has dominant negative activity and oncogenic
function that endow cancer cells with a growth advantage
and resistance to anti-cancer therapy [7, 8]. Therefore, p53
inactivation represents a promising target and its functional
restoration is an attractive strategy for human cancer therapy.
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2.1. p53 Functional Loss in Cancers
More than 50% cancer patients harbor somatic mutations
in p53 genes and about 80% of p53 mutations are missense
mutations. Most of the p53 mutations are within the DNA
binding domain, resulting in disruption of wild-type p53
conformation (e.g., R175H, G245S, G245D and R249S) or
abolishment of its DNA contact (e.g., R248Q, R248W,
R273H, R273C and R282W) [9, 10]. Germline p53 mutations cause a rare type of cancer predisposition disorder
called Li-Fraumeni Syndrome (LFS). LFS patients often
develop a variety of cancer types with initial occurrence at a
relatively young age, including soft-tissue and bone sarcomas, breast cancer, adrenal cortical carcinoma, brain tumors
© 2014 Bentham Science Publishers
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and leukemia. Approximately 70% of families with LFS
have a mutation in the p53 gene [11]. Importantly, both somatic and germline p53 gene mutations are usually followed
by loss of heterozygosity (LOH) during tumor progression,
which results in the inactivation of the remaining wild-type
allele of p53 [12]. Functionally, due to the deficiency of cell
cycle control and apoptosis, p53-deficient cells are susceptible to malignant transformation. Beyond its classical functions to induce cel cycle arrest and/or apoptosis, p53 has
been found to play an important role in DNA repair, cell
migration and cellular metabolism. p53 deficiency in cancer
is associated with increased genomic instability and metastasis, as well as metabolic adaptation under an unfavorable
environment [13-15]. It is well known that p53 knock-out
mice develop spontaneous tumors. Donehower et al. reported
that 26 of 35 homozygote p53-deficient mice (74%) developed at least one obvious neoplasm by 6 month of age. By
contrast, p53 wild-type mice did not develop any tumors by
9 month of age [16]. In clinical studies, p53 mutation is
found to be associated with resistance to radiotherapy and
chemotherapy, poor patient survival and tumor progression
[17].
2.2. Dominant Negative Activity of Mutant p53
Unlike most tumor suppressor genes (e.g. RB, APC and
BRCA1) which are typically deleted or truncated in cancer,
the p53 gene is frequently inactivated by a single monoallelic missense mutation, and the mutant p53 protein is usually overexpressed in the full-length form in human tumors
[7]. Increasing evidence suggests that mutant p53 not only
loses its tumor suppressive function, but also has dominantnegative activity on the remaining wild-type allele [8]. In
vitro experiments have demonstrated that mutant p53 inhibits
the activity of wild-type p53, as observed in the reduced ability of wild-type p53 in binding to p53-responsive elements,
inducing endogenous target genes and growth suppression in
the presence of mutant p53 [18]. Genetic knock-in mouse
models further support the conclusions. p53+/- mice bearing
A135V p53 mutant transgene vector exhibited accelerated
tumor development as compared to p53+/- mice without the
transgene [19]. Since p53 binds to DNA as a tetramer, a potential mechanism for the dominant negative activity involves wild-type p53 proteins forming hetero-oligomers with
mutant p53 proteins, resulting in impaired DNA binding and
transcriptional activity [20, 21].
2.3. Oncogenic Properties of Mutant p53
In addition to dominant negative activity, mutant p53 acquires oncogenic properties that lead to “gain-of-function”
[7]. Initially, p53 was identified as an oncogene, as early
studies erroneously used mutant p53 sequence with oncogenic function [22]. In vitro studies have indicated that transfection of mutant p53 into p53-null cancer cells is able to
suppress the promoter of p53 target genes and decrease p53
target genes expression [23]. Down-regulation of mutant p53
by siRNA increases the expression of p53 target proteins and
suppresses cancer cell growth [24-26]. In vivo studies of p53
mutant mice (R172H and R270H) demonstrated that both
p53R172H/- mice and p53R270H/- mice developed highly aggressive carcinoma, whereas p53-/- mice only developed lymphoma and sarcoma and never developed carcinoma. Forty-
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three percent of p53R270H/- mice and 57% of p53R172H/- mice
developed multiple tumors, whereas only 32% of p53-/- mice
developed multiple tumors [27]. Clinical evidence indicates
that p53 gene mutations are associated with poor clinical
outcome in various cancer types [17]. Several mechanisms
are involved in the oncogenic activity of mutant p53. First,
mutant p53 can inhibit the function of the p53 family proteins p63 and p73 by protein-protein interaction. Increasing
evidence has demonstrated that mutant p53 is able to bind to
p63 and p73 and inhibit their function. Furthermore, it has
been found that mutant p53 only inhibits p73 and p63 when
mutant p53 is present in large excess to p63 and p73, which
typically occurs in tumors [8, 28]. Second, regulation of gene
transcription by mutant p53 is an important gain-of-function
mechanism. Mutant p53 has the ability to activate the transcription of the multidrug resistance 1 (MDR1) gene, which
causes drug resistance in mutant p53-expressing cancer cells
[29]. Besides MDR1, mutant p53 has been implicated in the
transcriptional regulation of several genes including PCNA
[30], c-myc [31], FAS [32], bcl-xl [33] and VEGF [34]. The
transcriptional regulation of these specific genes by mutant
p53 may be modulated through preferential binding to structural DNA motifs such as non-B DNA structure [35], or
through the interaction of mutant p53 with sequence-specific
transcription factors, such as SP1 [36, 37], ETS [38, 39] and
NF-Y [40]. Third, the inhibition of DNA repair pathways by
mutant p53 is another mechanism for the gain-of-function.
p53 mutants (R248W and R273H) can interact with the
Mre11-Rad5-NBS1 (MRN) complex and impair its ability to
recruit ATM kinase to DNA double-strand breaks, ultimately
leading to genetic instability [41].
3. TARGETING P53 SIGNALING FOR CANCER
THERAPY
Because of the critical role of p53 deficiency in tumorigenesis and therapy resistance, significant efforts have been
devoted to developing p53-based cancer therapies. These
approaches includes: (1), Gene therapy to restore p53 function; (2), Inhibition of p53-MDM2 interaction; (3), Restoration of mutant p53 to wild-type p53; (4), Targeting the p53
family proteins; (5), Eliminating mutant p53; (6), p53-based
vaccines (Fig. 1 and Table. 1).
3.1. Gene Therapy to Restore p53 Function
Delivery of wild-type p53 by adenovirus into cancer cells
is a direct strategy to rescue p53 activity in cancer. In vitro
and In vivo studies have demonstrated that adenoviral delivery of wild-type p53 (Ad-p53) triggers a dramatic apoptosis
and tumor regression response in various cancer types including head and neck cancer [42], lung cancer [43], prostate
cancer [44], cervical cancer [45], ovarian cancer [46] and
glioma [47]. These viruses are replication defective because
they lack certain early proteins for replication [48]. Remarkably, a previous study has shown that Ad-p53 does not
have cytotoxic effect on normal fibroblast cells. Ad-p53 enhances the radiosensitivity of tumor cells, but not normal
fibroblast cells [49]. Thus, adenovirus-delivered p53 gene
therapy has shown a safety profile. The clinical application
of Ad-p53 (Gendicine, Shenzhen Sibiono Genetech, China;
ADVEXIN, Introgen Therapeutics Inc., USA) has been
tested in phase I to IV clinical trials for the treatment of
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Fig. (1). p53 inactivation in cancer and strategies for targeting restoration of p53 function. p53 inactivation in cancer includes p53 mutation, MDM2 gene amplification, and the inhibition of transcriptional activity of p53 family proteins (p73 and p63) by interaction with mutant
p53. Strategies for targeting restoration of p53 function include (1), delivery of p53, p63 and p73 by gene-therapy; (2), inhibition of p53 and
MDM2 interaction; (3), restoration of mutant p53 to wild-type p53; (4), disruption of mutant p53 and p73 (p63) interaction; (5), eliminating
mutant p53; (6), Elevating p63/p73 level; and (7), immunotherapy of p53.

patients with recurrent malignant gliomas [50], head and
neck cancer [51], hepatocellular carcinoma [52], nasopharyngeal carcinoma [53] and ovarian cancer [54]. The
study in hepatocellular carcinoma demonstrated a significant
increase in the response rate and survival rate when patients
were treated by the combination of Ad-p53 (Gendicine) and
radiotherapy as compared to radiotherapy alone [52]. The
study in advanced nasopharyngeal carcinoma demonstrated
that Ad-p53 was safe and improved the survival rate in patients. Importantly, this study indicated that Ad-p53expressed p53 mRNA was detected in biopsies from 16 of 17
patients after injection. Upregulation of p21 and Bax and
downregulation of VEGF was observed in post-injection
tumor biopsies. Complete response rate, 5-year overall survival rate and 5-year disease-free survival rate were significantly increased in the group receiving Ad-p53 combined
with radiotherapy as compared with the group receiving radiotherapy alone [53]. The study in ovarian cancer did not
reveal any therapeutic effect of Ad-p53 [54]. Although these
results in clinical trials are promising, the limitations of this
approach are that virus is not able to infect every cancer cell
due to the limitation of virus delivery, and that host antibodies reduce adenovirus infectivity.
3.2. Inhibition of p53-MDM2 Interaction
Mdm2, an E3 ubiquitin ligase is a critical feedback regulator of p53. Mdm2, which is upregulated by p53, interacts

with p53 to promote polyubiquitination and subsequent proteasome-dependent degradation of p53 [55]. Mdm2 is frequently amplified in human cancer [56]. The transgenic mice
containing increased copies of the MDM2 gene have an increased rate of tumor formation [57]. Due to the critical inhibitory effect of MDM2 on p53, targeting the interaction of
MDM2 with p53 is a potential cancer therapeutic strategy.
The experimental screening of chemical libraries has
continued to identify an increasing number of MDM2-p53
interaction inhibitors including Nutlin 3 [58], RITA [59] and
benzodiazepinedione [60]. Nutlin 3 is a potent and selective
inhibitor of MDM2-p53 interaction. Protein crystal-structure
studies demonstrate that nutlin 3 binds to MDM2 mimicking
the crucial amino acid residues of p53 that are essential for
MDM2 binding. Nutlin 3 has been shown to effectively
block cells in G1 and G2 phases and induce apoptosis in a
wild-type p53-dependent manner. Treatment by nutlin-3a
shows effective tumor-growth inhibition and tumor shrinkage at non-toxic doses in human cancer xenograft mouse
models [58, 61]. RITA is a small-molecule compound that is
found to prevent the interaction of MDM2 with p53. RITA
activates the p53 pathway and induces p53-dependent
growth inhibition and apoptosis in tumor cells. In addition,
RITA inhibits tumor growth in SCID mice with wild-type
p53 HCT116 human tumor xenografts. In contrast to nutlin
which binds to MDM2, RITA binds to p53 thereby preventing MDM2-p53 interaction [59].
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The Agents Targeting p53 under Investigation.

Therapeutics

Mechanism

Testing Stage

Refs.

1. Genetherapy to restore p53 function
Gendicine

Delivery of wt p53 by adenovirus

Phase IV

[6]

Advexin

Delivery of wt p53 by adenovirus

Phase I/II

[6]

2. Targeting MDM2-p53 axis
Nutlin

Inhibition of p53-MDM2 interaction

Preclinical

[58]

RITA

Inhibition of p53-MDM2 interaction

Preclinical

[59]

MI-219

Inhibition of p53-MDM2 interaction

Preclinical

[65]

RG7112

Inhibition of p53-MDM2 interaction

Phase I

[67]

3. Restoration of mutant p53 to wild-type p53
PRIMA-1

Restores both DNA contact and structural p53 mutant to the wild-type conformation

Phase I/II

[70]

PhiKan083

Binds to a unique pocket in p53-mutant Y220C and stabilizes p53 mutant
Y220C

Preclinical

[73]

NSC319726

Specifically restores wild-type p53 activity of p53 mutant R175H

Preclinical

[74]

Stabilizes the core domain of mutant p53

Preclinical

[75]

Binds to DNA binding domain of mutant p53 and stabilizes mutant p53

Preclinical

[76]

Ellipticine

Restores the transcription activity of mutant p53

Preclinical

[77]

WR1065

Restores the wild-type conformation of the temperature-sensitive p53 mutant
V272M

Preclinical

[80]

Restores DNA binding of R175H and R273H p53 mutants

Preclinical

[78]

CP31398
SCH529074

p53R3

4. Targeting p53 family proteins
RETRA

Increases the p73 levels and releases p73 from Mutant p53/p73 complex

Preclinical

[87]

37AA

Binds to iASPP, resulting in the release of p73 from iASSP/p73 complex

Preclinical

[88]

5. Eliminating mutant p53
17AAG

Decreases mutant p53 by destroying the complex of mutant p53 and HSP90 to
release mutant p53 for its degradation

Preclinical

[89]

SAHA

Degrades mutant p53 by inhibition of the HDAC6-Hsp90 chaperone axis

Preclinical

[90]

A p53 synthetic long peptide vaccine

Phase I/II

[95]

A p53-modified adenovirus-transduced dendritic cell vaccine

Phase I/II

[96]

6. p53-based vaccines
p53-SLP
INGN-225

The crystal structure of the MDM2-p53 complex has
been determined [62], which provides the possibility to
screen and design inhibitors of MDM-p53 interaction using
computer-based methodologies. Computational structurebased screening has identified NSC279287 [63] and
NSC66811 [64], which disrupt the interaction between
MDM2 and p53 proteins. Structure-based de novo design
strategy has identified MI219. MI-219 is a second class of

Mdm2 inhibitors. Similar to nutlin-3, MI-219 blocks the interaction of p53 with Mdm2 by mimicking critical residues
of the p53-Mdm2 complex interface. Functionally, MI-219
activates the p53 pathway and triggers apoptosis in p53 wildtype cancer cells, but not in p53 mutant cancer cells. In a
mouse model with wild-type p53 human cancer xenografts,
MI-219 induces tumor regression with little toxicity to normal tissues [65, 66].
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The first MDM2 inhibitor that was developed in clinical
trial is RG7112 (Hoffmann-La Roche, USA). RG7112 is a
member of the nutlin family with improved potency and
pharmacological properties. RG7112 binds MDM2 with high
affinity, blocking its interactions with p53. RG7112 activates
the p53 pathway, leading to cell cycle arrest and apoptosis in
wild-type p53 expressing cancer cells. RG7112 treatment
shows the best apoptotic response observed in osteosarcoma
cells with MDM2 gene amplification. Currently, phase I
clinical trials have been conducted in patients with advanced
solid tumors, hematologic neoplasms, or liposarcomas prior
to debulking surgery. Preliminary clinical data indicate that
RG7112 appears to be well tolerated in patients and provides
initial evidence that clinical activity is consistent with targeting the MDM2-p53 interaction [67].
The key limitation of inhibitors of the p53-MDM2 interaction is that they are only effective in wild-type p53 expressing cancer cells, and have no effect in mutant p53expressing cancer cells. In addition, it is important to consider the effect of p53 overexpression on wild-type p53expressing normal cells. p53 over-expression in normal cells
may be toxic. High level expression of wild-type p53 induces cell-cycle arrest and apoptosis in sensitive tissues,
including the hematopoietic system, intestinal epithelium and
other organs with a high proliferative index [68]. The lethality imposed by p53 expression in MDM2-null mice indicates
the risk of triggering p53 in normal tissues, at least during
development [69].
3.3. Restoration of Mutant p53 to Wild-Type p53
Mutant p53 is specifically overexpressed in tumor cells,
representing a tumor-specific target. The restoration of the
overexpressed mutant p53 to wild-type p53 could result in
massive apoptosis of tumor cells. High through-put screening of chemical libraries and in silico screens with computational techniques has identified an increasing number of
small molecules that could restore wild-type function of mutant p53, including PRIMA-1 [70], MIRA-3 [71], STIMA-1
[72], PhiKan083 [73], NSC319726 [74], CP31398 [75],
SCH529074 [76], Ellipticine [77] and p53R3 [78]. The
PRIMA-1 derivative, PRIMA-1MET is the first compound to
enter the clinical development.
PRIMA-1 is a promising compound and its optimized derivative PRIMA-1MET (APR-246) has been tested in a phase
1 clinical trial. PRIMA-1 appears to specifically inhibit the
growth of p53 mutant cancer cells. PRIMA-1 rescues both
DNA contact and structural p53 mutants by restoring sequence-specific DNA binding and the wild-type p53 conformation In vitro. In vivo study has shown potent antitumor
activity of PRIMA-1 alone or in combination with cisplatin
with no apparent toxicity in lung and osteosarcoma
xenografts [70]. Recently, the human phase I trial of
PRIMA-1MET (APR-246) was completed in patients with
acute myeloid leukemia and prostate cancer. APR-246 was
well tolerated with a favorable pharmacokinetic profile.
Treatment of APR-246 in patients induced cell-cycle arrest,
apoptosis and transcription of p53 target genes NOXA,
PUMA, and BAX. One patient with acute myeloid leukemia
who had a p53 core domain mutation showed a reduction of
blast percentage from 46% to 26% in the bone marrow after
APR-246 treatment [79].

Hong et al.

PhiKan083, a carbazole derivative, was identified by in
silico analysis of the crystal structure of p53 Y220C mutant
protein using virtual screening and rational drug design.
PhiKan083 can selectively bind to a unique pocket in p53
Y220C mutant protein, and stabilize the p53 Y220C mutant.
PhiKan083 significantly increases Y220C mutant melting
temperature and slows down its rate of denaturation. The
detailed biological activity of the compound is still to be
assessed [73].
NSC319726 was identified by in silico analysis with the
NCI60 cell-line panel. The screening was designed to identify compounds with increased sensitivity in a panel of cell
lines carrying p53 mutations, relative to wild-type p53 tumor
cells. NSC319726 was found to restore wild-type p53 activity in R175H-mutant cancer cell lines. NSC31397 displays
anti-tumor activity in specific p53 R172H (equivalent to human R175H) mutant genetically engineered mice, and selectively inhibits xenograft tumor growth of R175H-mutant p53
cancer cells [75].
Additional compounds targeting mutant p53 include (a)
CP31398, which stabilizes the core domain of mutant p53
protein, increases DNA binding and transcriptional activity,
and shows anti-tumor efficacy in colon cancer and melanoma mice models [75]; (b) SCH529074, which binds to the
DNA binding domain of mutant p53, stabilizes mutant p53
and induces p53-dependent apoptosis [76]; (c) Ellipticine,
which restores the transcriptional activity of mutant p53
[77]; (d) WR1065, the active metabolite of amifostine, which
restores the wild-type conformation of the temperaturesensitive V272M p53 mutant, resulting in enhanced transcriptional induction of p21, GADD45 and MDM2, and
leading to G1 cell cycle arrest [80]; and (e) p53R3, which
restores DNA binding of R175H and R273H p53 mutants,
strongly induces DR5 expression, and sensitizes cancer cells
to TRAIL-induced apoptosis [78].
3.4. Targeting p53 Family Proteins
p53 family proteins p63 and p73 share a high degree of
sequence homology with p53 and regulate the expression of
similar genes by binding to p53 responsive elements within
gene promoters and perform similar functions to p53. p63
and p73 can functionally replace p53 [81, 82]. Like the gene
therapy using adenovirus delivered wild-type p53, the same
approach has been extended to p73 and p63. Studies have
indicated that the adenovirus mediated delivery of p63 and
p73 into tumor cells is an efficient gene therapy approach,
even better than p53-delivered gene therapy. Ad-p73 activates p21 and induces significant cell cycle arrest and apoptosis in multiple cancer cell lines. Ad-p73 sensitizes p53 mutant cancer cells to adriamycin with a higher efficiency than
Ad-p53. Importantly, Ad-p73 infection does not induce
apoptosis in human normal cells [83]. Ad-p63 induces apoptosis in osteosarcoma cells that are resistant to Ad-p53 mediated apoptosis. The apoptosis-inducing effects of Ad-p63
are also found to be greater than Ad-p53 in osteosarcoma
cells with Mdm2 amplification. Intratumoral injection of Adp63 significantly suppresses tumor growth in human osteosarcoma xenografts. p63 sensitizes osteosarcoma cells to
the chemotherapeutic agents doxorubicin and cisplatin [84].
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p73 function has been found to be inhibited by the interaction with mutant p53 [85]. Thus, although p73 expression
is up-regulated, it is likely that the increased p73 is inhibited
by interaction with the overexpressed mutant p53 in cancer
cells. Short-interfering mutant p53 (SIMP) peptides are designed based on mutant p53/p73 binding regions. Indeed,
SIMP effectively disrupts the interaction of mutant p53 with
p73 and restores p73-mediated transcriptional activity. SIMP
sensitizes mutant p53 cancer cells to adriamycin and cisplatin. Of note, the effects of SIMP are mutant p53-specific
and SIMP has no effect on wild-type p53 and p53-null cancer cells [86]. Small molecule RETRA was identified in a
cell-based screening for compounds that reactivate the transcriptional activity of p53 in mutant p53 cancer cells. RETRA activates a number of p53 target genes and selectively
inhibits the growth of p53 mutant cancer cells both In vitro
and In vivo. Mechanistically, RETRA increases p73 levels
and releases p73 from the complex of mutant p53/p73 [87].
Taken together, these studies have demonstrated that disruption of the interaction of mutant p53 and p73 is a promising
approach for effective cancer therapy.
37AA is a p53-derived peptide. The 37AA induces cell
death through binding to iASPP, a common negative regulator of p53 family members, resulting in the release of TAp73 from iASSP/TA-p73 complex. Nanoparticle delivery of
a vector expressing this peptide causes tumor regression In
vivo via p73, and tumors with p73 knockdown are resistant
to the peptide [88].
3.5. Eliminating Mutant p53
Mutant p53 acquires dominant negative activity and oncogenic function, and is highly expressed in the majority of
human tumors. Thus, targeting mutant p53 for degradation
can be explored as a therapeutic strategy to manage tumors
that depend on mutant p53 for survival. For example, therapeutic administration of p53 siRNA to cancer patients is a
promising direction. In vitro experiments have shown that
down-regulation of mutant p53 by siRNA inhibits cancer cell
growth. Small molecules that degrade mutant p53 are also
promising for cancer therapy. The molecular chaperone,
HSP90 can interact mutant p53, consequently stabilizing the
mutant p53 conformation. The inhibitor of HSP90, 17AAG
can decrease mutant p53 by destroying the complex of mutant p53 and HSP90 to release mutant p53 for its degradation
[89]. Histone deacetylase, HDAC6 is a positive regulator of
HSP90 chaperone activity by regulating HSP90 deacetylation. Histone deacetylase (HDAC) inhibitor SAHA exhibits
preferential cytotoxicity for mutant p53 human cancer cells,
due to its ability to degrade mutant p53 by inhibition of the
HDAC6-HSP90 chaperone axis [90]. Arsenic trioxide, a
drug for the treatment of acute promyelocytic leukemia, and
Gambogic acid, a Chinese medicine, are both found to degrade mutant p53 [91, 92].
3.6. p53-Based Vaccines
Besides the functional restoration of p53 activity, a totally different strategy of targeting p53 mutant tumors, p53
vaccine has entered phase I/II clinical trials. Tumor-specific
and high expression of mutant p53 in human cancers, make
p53 a promising target antigen. Wild-type p53 protein has a
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short half-life and is therefore present in very low levels in
normal cells. This differential level of p53 expression between normal and cancer cells could provide a basis for p53
immunotherapy [93]. The antibodies against p53 have been
found in patients with various types of cancer, which indicates that the human immune system can recognize and respond to tumor-associated p53 [94]. Speetjens et al. reported
a phase I/II clinical trial of a p53 synthetic long peptide (p53SLP) vaccine for the treatment of metastatic colorectal cancer. The p53-SLP vaccine was non-toxic and p53-specific Tcell responses were induced in 9 of 10 colorectal cancer patients [95]. In a phase I/II clinical trial of INGN-225, a p53modified adenovirus-transduced dendritic cell vaccine for
the treatment of small cell lung cancer was reported. INGN225 was well tolerated and a specific anti-p53 immune response was observed in 18 out of 43 (41.8%) patients.
INGN-225 appeared to sensitize SCLC to subsequent chemotherapy [96].
4. CHALLENGES OF P53 TARGETING
From a conventional point of view, p53 is a challenging
target for drug discovery. p53 does not offer the accessibility
of a receptor-ligand interaction or an enzyme active site.
Instead, it is a tetrameric transcription factor with complicated protein-protein interactions. There have been many
obstacles in the development of p53 targeted therapy. These
are some of the critical challenges:
4.1. Complexity of the p53 Pathway
p53 signaling is a complex network involving p53, the
p53 family of proteins (p63 and p73), their various isoforms,
p53 regulators (MDM2) and p53 downstream target genes,
together with numerous posttranslational modification of
p53. In human cancer, thousands of different p53 mutations
have been detected although there are common hotspots for
mutation within its DNA-binding domain. Different missense mutations in p53 could confer unique structures and
activities, and thereby produce different mutant p53 proteins.
A p53-targeted drug may only target a particular p53 mutant,
and therefore the drug may only be effective in cancer patients with a particular p53 mutant in the tumor. For example, NSC319726 selectively restores the activity of the
R175H-mutant of p53, so NSC319726 may only be effective
for the treatment of cancer patients whose tumor harbors the
R175H-mutant of p53. Clearly, it is important to know the
mechanism by which the p53 pathway is deficient in cancer
patients, to determine patient stratification for p53-targeted
therapy and to choose the right p53-targeted drug for treatment. Taken together, therapeutic targeting of the p53 pathway has various levels of complexity.
4.2. Lack of an Apoptotic Response to p53- Targeted
Therapy
p53 reactivation in tumors may only induce cell cycle arrest rather than apoptosis, which may lead to recurrence of
the tumor once the drug is withdrawn. Endogenous activation of p53 triggers apoptosis in some tumor types, with
lymphomas showing the most drastic apoptotic response.
However, in some solid tumors with a low apoptotic index,
cell cycle arrest and senescence are the most prominent re-
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sponses to p53 restoration [97]. In addition, not all tumor
cells are likely to possess sufficient stress signals to activate
a restored p53 protein. The restored p53 protein may not be
activated in a significant number of tumor cells with low
cellular stress thereby providing a mechanism of escape from
the therapy. In lung cancer mouse models, studies have
shown that p53 restoration selectively targets high-grade
tumor cells with high oncogenic stress [98, 99]. These studies have implied that, although p53 restoration will kill highgrade malignant tumor cells, low-grade tumor cells driven by
low-level oncogenic signals would presumably survive to
lead to relapse of the tumor.
4.3. Acquired Resistance to p53-Targeted Therapy
p53-targeted therapy may select for emergence of p53
therapy-resistant tumors. Martins et al. found that tumors
treated with p53 restoration therapy exhibited resistance to
p53 function. Inactivation of p19ARF is a frequent mechanism
by which tumors acquire resistance to the therapeutic impact
of p53 functional restoration [100]. In addition, p53-targeted
therapy can lead to the acquisition of somatic mutations in
the p53 gene. Aziz et al. have found that p53 wild-type cancer cells acquired mutations in the p53-DNA-binding domain
when these cells were grown in repeated nutlin treatments.
The individual clones with acquired mutations of p53 were
resistant to both apoptosis and growth arrest induced by nutlin [101].
4.4. Metabolic Adaptation to p53-Targeted Therapy
In vitro or In vivo modeling of p53-targeted therapy
evaluated p53 responses including cell cycle arrest and apoptosis. p53 function impacts highly diverse biological processes such as metabolism, angiogenesis, metastasis, stem cell
homeostasis and age. Recent evidence has shown that regulation of metabolism by p53 may not only prevent tumor formation, but also increase tumor survival. p53-mediated
metabolic adaptation may prevent the apoptotic response,
promote the long-term survival of cancer cells and increase
the risk of relapse. Thus, tumor cells could benefit from
wild-type p53 function. It was recently suggested that the
presence of wild-type p53 in primary glioblastoma could
protect tumor cells from glucose deprivation and the detrimental effects of hypoxia by restraining glycolysis [102].
Thus, p53-mediated metabolic function further complicates
therapeutic targeting of the p53 pathway.
5. NEW OPPORTUNITIES
Despite a number of challenges, some promising advances have been reported in the field. These advances could
provide new opportunities to improve p53-targeted therapy.
p53 restoration compounds, such as PRIMA-1MET, have
started to emerge in clinical trials and have the potential to
impact on therapy of cancer patients.
5.1. Personalized Selection of Potentially Efficacious p53Targeted Therapy
Due to the complexity of the p53 pathway, cancer patients could have a different p53 status and expression. The
precise therapeutic strategy in any given patient will need to
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be tailored to the mechanism by which the p53 pathway has
been disrupted. The development of a tumor p53 biomarker
profile could provide guidance for the most appropriate application of these strategies in cancer patients. For example,
if the tumor p53 biomarker profile indicates that the patient
has a tumor expressing mutant p53, treatment with a drug
that restores mutant p53 to wild-type p53 would be more
appropriate than another approach to p53 activation. In a
study of p53 gene therapy in recurrent squamous cell carcinoma of the head and neck (SCCHN), novel biomarkers predictive of p53 gene therapy efficacy that may guide individualized patient treatment were described. The tumor p53
biomarker profile classified the patients into two groups: one
group included patients with wild-type p53 or low mutant
p53 expression predicted to be favorable for p53 gene therapy and the other group included patients with high mutant
p53 expression predicted to be unfavorable for p53 gene
therapy. The study showed that patients with an unfavorable
tumor p53 profile had significantly reduced tumor response
and survival as compared with patients with a favorable tumor p53 profile. Thus, a p53 biomarker profile permits personalized selection of potentially efficacious p53-targeted
therapy for the treatment of cancer [51].
5.2. Combination Therapy
Targeting multiple signaling pathways to achieve
increased cancer cell killing is a widely accepted concept in
cancer therapy. A new opportunity to be explored is the
combination of p53-targeted therapy with conventional chemotherapeutic drugs or other molecularly targeted therapies.
Many of the chemotherapeutic drugs currently used induce
cell cycle arrest or apoptosis through activation of p53, and
therefore mutant p53 reactivation may increase the sensitivity of chemo-resistant tumors to conventional chemotherapeutic drugs. Nutlin has been shown to potentiate the p53dependent apoptosis induced by chemotherapeutic drugs
such as doxorubicin, chlorambucil, or fludarabine [103]. The
p53-targeted therapy can also produce synergistic antitumor
killing when combined with other molecularly targeted
therapy. Sullivan et al. have established a genome-wide short
hairpin RNA screen for genes that are lethal in combination
with p53 activation by Nutlin-3. The data have demonstrated
that inhibition of the ATM or the MET signaling pathways
could synergize with nutlin in inducing p53-dependent
apoptosis [104]. Cheok et al. have shown that CDK
inhibitors roscovitine and DRB synergize with nutlin-3a in
inducing p53 activity and promoting p53-dependent
apoptosis [105]. Clearly, the combination of conventional
chemotherapeutic drugs or other molecularly targeted
therapy with p53-targeted drugs may result in a synergistic
therapeutic effect.
5.3. Optimization of p53 Restoration Therapy
Restoration of p53 function may select for the emergence
of tumor cell populations that are resistant to p53 function by
abrogating p53-activating signals, i.e., loss of p19ARF or amplification of MDM2 or other mechanisms. Shchors et al.
found that sustained p53 restoration drives rapid emergence
of resistant tumor cells, however the repeated transient imposition of p53 restoration does not lead to development of
such resistance, as observed by their sensitivity to undergo
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apoptosis subsequently in response to additional rounds of
transient p53 restoration. Thus, intermittent dosing regimes
of drugs that restore wild-type p53 function may be more
efficacious than traditional chronic dosing by reducing adaptive resistance. The data make intermittent therapy worthy of
consideration in future clinical trial designs for p53-targeted
agents [106]. However, intermittent p53 restoration typically
delays, rather than stops, cancer progression. The application
of combination therapy with other anticancer strategies will
be more beneficial for patients than p53 restoration alone.
Optimization of p53 restoration therapy provides an opportunity to achieve maximal therapeutic efficacy and decrease
tumor resistance.
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