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Tumor suppressor p53 plays a pivotal role in tumor sup-
pression. p53 is the most frequently mutated gene in
cancer. As a transcription factor, pS3 mainly exerts its role
in tumor suppression through transcriptional regulation of
its downstream target genes. Thus, pS3 and its target genes
form a complex p53 signaling pathway to regulate a wide
variety of biological processes to prevent tumorigenesis.
Recent studies have revealed that in addition to apoptosis,
cell cycle arrest and senescence, p53’s functions in the regu-
lation of energy metabolism and anti-oxidant defense con-
tribute significantly to its role in tumor suppression.
Studies further show that many tumor-associated mutant
p53 proteins not only lose tumor suppressive functions of
wild-type p53, but also gain new oncogenic activities that
are independent of wild-type pS3, including promoting
tumor cell proliferation, survival, metabolic changes,
angiogenesis, and metastasis, which are defined as mutant
p53 gain-of-function. The frequent loss of wild-type p53
function and the gain-of-function of mutant p53 in human
tumors make p53 an extremely attractive target for cancer
therapy. Different strategies and many small-molecule
drugs are being developed for the p53-based tumor
therapy. Here, we review the mechanisms of p53 in tumor
suppression and gain-of-function mutant p53 in tumor de-
velopment, as well as the recent advances in the develop-
ment of the pS3-based tumor therapy.

Keywords ~ tumor suppressor; p53; mutant p53; gain-of-
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Received: November 10, 2013 Accepted: November 26, 2013

Introduction

p53 is a key tumor suppressor [1-3]. p53 is the most fre-
quently mutated gene in human tumors. p53 mutations occur
in almost every type of tumor and in over 50% of all tumors.
p53 mutations are found in ~30%-50% of lung, esopha-
geal, colorectal, head and neck, and ovarian cancers, and in
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~5% of leukemia, sarcoma, melanoma, testicular cancer,
and cervical cancer [4,5]. In those cancers with low p53 mu-
tation rates, p53 is often inactivated by alternative mechan-
isms. For instance, p53 is often inactivated and degraded by
human papillomavirus E6 protein (HPV-E6) in cervical
cancer [6,7]. MDM2 (mouse double minute 2 homolog), the
most critical p53 negative regulator, is frequently amplified
and/or overexpressed in sarcoma, which leads to the degrad-
ation of p53 protein [8]. It was estimated that around 80% of
human tumors have dysfunctional p53. Germline p53 muta-
tions are the cause of Li—Fraumeni syndrome, a hereditary
cancer predisposition syndrome [9]. p53 knockout in mice
leads to the development of tumors, including lymphomas
and sarcomas, at young ages [10]. As a transcription factor,
pS3 transcribes its target genes to regulate various cellular
biological processes, including cell cycle arrest, apoptosis,
senescence, energy metabolism, and anti-oxidant defense, to
prevent tumorigenesis [1—3]. Interestingly, majority of p53
mutations found in human tumors are missense mutations,
which usually result in the expression of full-length mutant
pS3 proteins. Recent studies have demonstrated that many
tumor-associated mutant p53 proteins not only lose tumor
suppressive functions of wild-type p53, but also gain new
oncogenic functions that are independent of wild-type p53,
including promoting tumor cell proliferation, anti-apoptosis,
angiogenesis, metastasis, and metabolic changes, which are
defined as mutant p53 gain-of-function [11,12]. In this
review, we present an overview of the mechanisms of p53 in
tumor suppression as well as the gain-of-function oncogenic
activities of mutant p53 in cancers.

The p53 Signaling Pathway

As a transcription factor, p53 mainly exerts its function
through transcriptional regulation of its target genes. Under
the non-stressed condition, the p53 protein is maintained at a
low level in cells by the proteasome degradation pathway.
MDM2, an E3 ubiquitin ligase, is the most critical negative
regulator for p53 [13,14]. In response to a wide variety of
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Figure 1. p53 transactivates its target genes to regulate various cellular biological processes for tumor suppression In normal unstressed cells, the
p53 protein is maintained at a low level in cells by its negative regulators, such as MDM2. In response to a wide variety of stress signals, activated p53
transcriptionally regulates the expression of its target genes to regulate various cellular biological processes, including apoptosis, cell cycle arrest,
senescence, energy metabolism, anti-oxidant defense, and autophagy, to exert its role as a tumor suppressor.

stress signals, including DNA damage, ribonucleotide deple-
tion, nutritional starvation, hypoxia, and oncogene activation,
p53 is stabilized through post-translational modifications by
a wide variety of enzymes. These enzymes include kinases,
phosphatases, acetyltransferases, deacetylases, ubiquitin
ligases, deubiquitinases, methylases, and sumoylases [2,3].
Once activated, pS3 binds to a specific DNA sequence,
termed the p53-responsive element, in its target genes to
regulate their expression. p53-responsive element is com-
posed of RRRCWWGYYY (spacer of 0—21 nucleotides)
RRRCWWGYYY, where R is a purine, Wis Aor T, and Y
is a pyrimidine [15]. Through the transcriptional regulation
of its target genes, p53 regulates a wide range of cellular bio-
logical processes to maintain genomic integrity and prevent
tumor formation, including cell cycle arrest, apoptosis, sen-
escence, energy metabolism, anti-oxidant defense, autop-
hagy, etc. (Fig. 1).

Tumor Suppressive Functions of p53

Among these cellular biological processes regulated by p53,
apoptosis, cell cycle arrest, and senescence have been
widely accepted as the main mechanisms for p53’s tumor
suppressive function. Apoptosis is the most intensively
studied function of p53. It was first reported in mouse thy-
mocytes in response to irradiation [16,17]. Since then the
pS53-dependant apoptosis has been reported in a wide range
of cells in response to many different stress signals. Once
activated by these stress signals, p53 transcriptionally
induces a group of target genes involved in apoptosis, in-
cluding PUMA (p53 up-regulated modulator of apoptosis),
Bax (BCL2-associated X protein), Noxa (PMAIP1), PIG3
(tumor protein p53 inducible protein 3), Killer/DRS (tumor
necrosis factor receptor superfamily, member 10b), Fas (Fas
cell surface death receptor), Perp (p53 apoptosis effector
related to PMP-22), and pS3AIP1 (tumor protein p53 regu-
lated apoptosis inducing protein 1), leading to apoptosis
[18]. Among these p53 targets involved in apoptosis, the

PUMA seems to play a more crucial role since only loss of
PUMA displays similar apoptotic changes as loss of p53 in
irradiated T-lymphocytes in mouse models [19]. Recent
studies have shown that p53 can also regulate apoptosis
through a transcription-independent pathway. In response to
stress, a fraction of the p53 protein translocates to mitochon-
dria, where p53 interacts with anti-apoptotic Bcl-xL and
Bcl-2 to inhibit their functions, resulting in the release of
cytochrome ¢ from the mitochondria, and thereby induces
apoptosis [20,21].

Another extensively studied function of p53 is to induce
cell cycle arrest. In response to various stress signals, p53
transactivates some special target genes, resulting in cellular
growth arrest at different cell cycle checkpoints to prevent
the propagation and accumulation of DNA damage and muta-
tions. It is well-established that p53 can induce G1 arrest
through transcriptional induction of p21, a cyclin-dependent
kinase inhibitor [22,23]. pS3 was also reported to transcrip-
tionally activate GADDA45 (growth arrest and DNA-Damage-
inducible 45) and 14-3-30 (tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein, sigma
polypeptide), which in turn leads to G2 arrest [24,25]. The
temporary G1 or G2 arrest induced by stress, especially mild
stress signals, allows cells to survive until damage has been
repaired or stress signals have been removed.

Inducing senescence is another important function of p53.
Many DNA-damaging agents used in chemotherapy can ac-
tivate pS3 and induce senescence. Interestingly, it was re-
cently reported that reactivation of p53 in p53-deficient
tumors completely represses tumor growth through senes-
cence in a mouse liver tumor model [26]. However, the
mechanism by which p53 induces senescence is not as clear
as the mechanisms for apoptosis and cell cycle arrest. Many
senescence signals activate p53, which in turn transactivates
p21 and induces p53-dependent senescence. Recently,
PAI-1 (plasminogen activator inhibitor-1) was reported to
be another p53 target gene involved in the p53-dependent
senescence [27].
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In addition to apoptosis, cell cycle arrest, and senescence,
recent studies have revealed some additional mechanisms
for p53 in tumor suppression, including regulation of cellu-
lar metabolism, anti-oxidant defense, autophagy, and
microRNAs (miRNAs) [3,28]. Recently, metabolic changes
have been regarded as a hallmark of tumor cells, which
could be a key contributor to tumorigenesis [29,30]. p53
up-regulates mitochondrial oxidative phosphorylation and
down-regulates glycolysis in cells to maintain the homeosta-
sis of energy metabolism. p53 transcriptionally induces its
target SCO2 (synthesis of cytochrome c oxidase 2), AIF
(apoptosis-inducing factor), and p53R2 (ribonucleotide re-
ductase M2 B) to maintain the mitochondrial integrity and
promote mitochondrial oxidative phosphorylation [31-33].
p53 also induces the expression of mitochondrial glutami-
nase GLS2 to promote oxidative phosphorylation [34]. At
the same time, p53 reduces glucose uptake through repres-
sing the expression of GLUTI, 3, and 4 (glucose transporter
1, 3, and 4) [35,36]. Furthermore, p53 transcriptionally
induces TIGAR (TP53-inducible glycolysis and apoptosis
regulator) and Parkin (parkin RBR E3 ubiquitin protein
ligase) to inhibit glycolysis [37,38]. p53 was also reported to
bind to and reduce the activity of glucose-6-phosphate de-
hydrogenase, a rate-limiting enzyme in the pentose phos-
phate pathway, to down-regulate glucose metabolism [39].

Recent studies also showed that p53 protects cells from
oxidation by reducing intracellular reactive oxygen species
(ROS), a major cause of DNA damage and genetic instabil-
ity, which contributes greatly to p53’s role as a tumor sup-
pressor [40,41]. pS3 deficiency in cells and mouse tissues
results in the elevation of intracellular ROS levels, which in
turn leads to the increased DNA oxidation and mutation
rates in cells. These effects can be substantially reversed by
ectopic expression of Sestrins, p53 targets involved in anti-
oxidant defense, in p53 deficiency cells. Furthermore,
dietary supplementation with anti-oxidant N-acetylcysteine
prevents the early onset tumors in p53 knockout mice
[40,41]. To exert its anti-oxidant function, p53 transcription-
ally induces a group of anti-oxidant genes, including sestrins
1/2, TIGAR, GPX1, ALDH4, GLS2, and Parkin, especially
under conditions of non-stress or low stress, to reduce the
intracellular levels of ROS and prevent DNA damage
induced by ROS [42,43].

Autophagy is an important cellular catabolic process char-
acterized by the formation of double-membrane autophago-
somes around cytoplasmic components targeted for
degradation, such as long-lived proteins and old/damaged
organelles. Recently, it has been suggested that autophagy
may play a dual role in tumorigenesis; autophagy plays an
important role in maintaining genomic stability and tumor
prevention in normal cells and tissues, whereas autophagy
can promote tumor cell survival and tumor progression in
tumors [44]. p53 has been reported to promote autophagy
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through different mechanisms, which may contribute to the
role of p53 in tumor prevention. p53 promotes autophagy
through inhibition of the mTOR (mammalian target of rapa-
mycin) pathway, which is a critical negative regulator of
autophagy [45]. p53 also induces the expression of several
genes, including DRAM (DNA-damage regulated autop-
hagy modulator 1), PUMA, ISG20L1 (interferon-stimulated
exonuclease gene 20 kDa-like 1), and Ei24 (etoposide-
induced 2.4), to promote autophagy [46—48]. Interestingly,
p53 was also reported to inhibit autophagy under certain
circumstances. For example, cytoplasmic p53 inhibits autop-
hagy without activation of p53 target genes in some types of
cells [49]. Similarly, tumor-associated mutant forms of p53,
especially those located in the cytoplasm, were also reported
to inhibit autophagy [50] (Fig. 1).

In addition to transcriptional regulation of protein-coding
genes, recent studies have shown that p53 can transcription-
ally regulate the expression of miRNAs as a new mechanism
for p53 to exert its tumor suppressive functions [51,52].
miRNAs are a class of small (20—25 nucleotide) non-coding
RNAs, which play a key role in the post-transcriptional regu-
lation of gene expression. miRNAs bind to the 3’-untranslated
regions (3’-UTRs) of target mRNAs, leading to the inhib-
ition of translation and degradation of mRNAs. The miR-34
family members, miR-34a/b/c, were the first group of miRNAs
that were identified as direct p53 target genes [53—55]. p53
regulates the expression of miR34-a/b/c through direct bind-
ing to the p53-responsive elements in their promoters. miR-34
family members repress the expression of several targets
involved in the regulation of cell cycle, cell proliferation,
and survival, including cyclin E2, CDK4/6, and BCL2.
Ectopic expression of miR-34 family members promotes
p53-mediated apoptosis, cell cycle arrest, and senescence
[53—55]. Since then, a group of miRNAs has been reported
to be directly induced by p53, including miR-145, miR-107,
miR-192/194/215, miR-15a/16-1, miR-215, and let-7, to
mediate the function of p53 in regulating different biological
processes, including cell cycle arrest, senescence, apoptosis,
metabolism, mesenchymal—epithelial transition, and differ-
entiation [51,52]. In addition to the transcriptional regulation
of specific miRNAs, p53 also promotes the post-transcriptional
maturation of specific miRNAs. It has been reported that p53
promotes the Drosha-mediated processing of certain miRNAs,
including miR-16-1, miR-143, and miR-145, which display
the growth-suppressive function in cells. This function of p53
is mediated by the interaction of p53 with Drosha, and fur-
thermore, this interaction requires p68 and p72 [56]. Further-
more, p53 affects the miRNA target selection by regulating
RNA-binding proteins, such as RBM38 (RNA-binding-
motif protein 38), which competes with miRNAs for binding
to 3’-UTRs of mRNAs of target genes [57].

With the identification of more and more functions of p53,
an important question has been raised: which function(s) is
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crucial for p53’s role in tumor suppression. Many studies
have been carried out to address this question, and many inter-
esting observations have been made. However, so far, there is
no clear answer to this question, and some observations even
appear to be contradictory. For instance, while it is well-
established that p21 plays a critical role in mediating p53’s
role in inducing cell cycle arrest in response to stress, unlike
pS53-null mice, p21-null animals are not prone to early onset
tumorigenesis [23], suggesting that the function of p53 in in-
ducing cell cycle arrest does not contribute significantly to its
role in tumor suppression. Disruption of apoptosis by Bcl-2
overexpression or loss of PUMA promoted Ep-myc-induced
lymphomagenesis in mice [58,59]. However, the Bcl-2
transgenic or PUMA knockout mice were not as tumor-
prone as p53 knockout mice [60], suggesting that inducing
apoptosis alone cannot mediate the tumor suppressive func-
tion of p53. Mice expressing a mutant pS3 (pS3R172P) defi-
cient for p53-mediated apoptosis but not cell cycle arrest and
senescence were resistant to early onset tumorigenesis [61—
63]. Mice expressing p53(25,26), a mutant p53 which con-
tains two mutations at codons 25 and 26 and is deficient
for cell cycle arrest and apoptosis but not senescence,
retained the ability to inhibit KrasG12D-induced lung car-
cinogenesis [64]. Interestingly, pS3 mutations in three acetyl-
ation sites (K117R+K161R+K162R) in mice impaired the
p53-mediated apoptosis, cell cycle arrest, and senescence;
however, these mutations did not affect the activities of p53
to regulate energy metabolism and ROS production in mice
[65]. Notably, these mice did not develop early onset lymph-
omas as p53 knockout mice, suggesting that the regulation
of energy metabolism and ROS production by p53 contri-
butes significantly to the role of p53 in tumor suppression
[65]. While it is still unclear which function(s) of p53 is
critical for p53 in tumor suppression, these findings sug-
gested one possibility that p53 might exert its role as a tumor
suppressor with distinct mechanisms in different contexts,
including different types of tissues and cells, different
genetic background and microenvironment of cells, and in
response to different types of stress signals.

It still remains largely unclear how p53 selectively regu-
lates different groups of target genes and initiates different
cellular responses to exert its tumor suppressive function in
different types of cells and tissues in response to different
stress signals. Interestingly, recent studies have reported that
a group of proteins are involved in modulating the selection
of p53 target genes. For instance, hCAS/CSE1L (human cel-
lular apoptosis susceptibility protein) was reported to associ-
ate with the promoters of a subset of p53 target genes, such
as pro-apoptotic PIG3, but not p21. This effect is achieved
through the regulation of histone methylation and chromatin
modification of p53 target genes by hCAS/CSEIL [66].
ASSP1 and ASSP2 (apoptosis-stimulating of p53 proteins
1 and 2) bind to p53 protein and selectively stimulate the

binding of p53 to the promoters of p53 target genes involved
in apoptosis, such as PIG3 and Bax. This effect was not
observed for p53 target genes involved in cell cycle arrest,
such as p21, although the mechanism is unclear [67]. Hzf
(hematopoietic zinc finger), a zinc-finger protein, directly
interacts with the DNA-binding domain of p53, and preferen-
tially induces p53 target genes involved in cell cycle arrest,
such as p21 and 14-3-3c. In response to prolonged stress
signals, Hzf is degraded by the proteasome degradation
pathway, which in turn leads to the transcriptional activation
of p53 targets involved in apoptosis, such as Bax, Noxa, and
Perp [68]. SLUG (snail family zinc finger 2) is induced by
p53 and antagonizes p53-mediated apoptosis triggered by
DNA damage. SLUG exerts this protective role by repressing
pS3 target PUMA, a pro-apoptotic protein [69]. In addition,
lincRNA-p21, a large intergenic non-coding RNA (lincRNA)
was recently reported to serve as a repressor in pS3-dependent
transcriptional responses, which is mediated through the
physical association with hnRNP-K [70]. This interaction is
required for proper genomic localization of hnRNP-K at
repressed genes and regulation of pS53-mediated apoptosis.
Future studies will further elucidate the precise mechanism by
which p53 selectively regulates different cellular responses
and coordinates these responses in different contexts to exert
its role as a tumor suppressor.

Gain-of-Function of Mutant p53 in Cancers

Majority of tumor suppressor genes, such as RB
(retinoblastoma-associated protein), APC (adenomatous
polyposis coli), and VHL (Von Hippel-Lindau tumor sup-
pressor), are frequently inactivated by deletion or truncation
mutations in tumors, resulting in the decreased or loss of ex-
pression of their proteins. Interestingly, the majority of p53
mutations in human cancer are missense mutations, which
usually result in the expression of full-length mutant p53
proteins. Although p53 mutations have been found in all
coding exons of the p53 gene, the majority of the missense
mutations are clustered in exons 4-—9, which is a p53
DNA-binding domain, resulting in the loss of DNA-binding
activity of mutant p53. Furthermore, ~25% of p53 muta-
tions occur at six ‘mutational hotspots’ in the DNA-binding
domain of p53, including residues R175, G245, R248,
R249, R273, and R282 [5,71]. When wild-type and mutant
p53 alleles exist in a heterozygous status in tumor cells,
mutant pS3 can block the function of wild-type p53 through
the dominant negative effect. However, p53 mutations are
usually followed by loss of heterozygosity in human cancer,
leading to the deletion or mutation of the rest wild-type p53
allele. While wild-type p53 protein is kept at a low level in
cells by the proteasome degradation pathway under non-
stressed conditions, mutant p53 protein usually accumulates
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to a high level in tumors, and the underlying mechanisms
are not fully understood [11,12].

It has been well-documented that many tumor-associated
mutant p53 proteins not only lose their tumor suppression
functions, but also gain new oncogenic functions, which is
termed the gain-of-function of mutant p53. The first evi-
dence came from the findings that transfection of mutant
p53 in p53-null tumor cells greatly increased the tumorigen-
icity of those cells in nude mice [72,73]. Since then, by
ectopic expression of mutant p53 in p53-null tumor cells or
by knockdown of endogenous mutant p53 in tumor cells that
have lost the wild-type p53 allele, many studies have demon-
strated different gain-of-function activities of mutant p53, in-
cluding promoting cell proliferation, anti-apoptosis, metabolic
changes, migration, invasion, angiogenesis, and metastasis
[11,12,74,75]. Recently, the gain-of-function oncogenic ac-
tivities of mutant p53 were also clearly demonstrated in two
mutant p53 knock-in mouse models. Mice expressing
R172H or R270H mutp53 (equivalent to human R175H and
R273H, respectively) develop an altered spectrum of tumors
and more metastatic tumors compared with p53~'~ mice
[76,77].

Mechanisms of Mutant pS3 Gain-of-Function

Recent studies have proposed the following several mechan-
isms by which mutant p53 gains new oncogenic activities in
tumor cells (Fig. 2).

Mutant p53 interacts with p63 and p73

p63 and p73 are two structural and functional homologs of
p53 [78]. p63 and p73 bind to and activate many p53 target
genes, and mediate cell cycle arrest, apoptosis, and senes-
cence in response to stress. p63 and p73 were shown to form
homotetramers and heterotetramers with each other, but they
do not form heterotetramers with wild-type p53. Interestingly,
several forms of mutant p53 were reported to interact with
p63 and p73 through their DNA-binding domains to inhibit
the transcriptional activities of p63 and p73 [79,80]. The inter-
action between mutant p53 and p63/p73 are related with
many aspects of the gain-of-function of mutant p53, such as
chemoresistance, migration, invasion, and metastasis.

Mutant p53 binds to transcription factors to regulate
their functions

It has been reported that mutant p53 can interact with other
transcription factors and be recruited to their binding sites to
modulate the expression of their target genes. For example,
mutant p53 has been shown to interact with transcription
factor NF-Y, and up-regulate the expression of NF-Y target
genes [81]. Mutant p53 was also reported to bind to vitamin
D receptor (VDR) and be recruited to VDR-regulated genes
to modulate their expression [82]. In addition, mutant p53
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enhances spl transcriptional activity when it interacts with
spl at the consensus spl responsive elements in the
HIV-LTR [83]. Recently, mutant p53 was reported to interact
with SREBP (sterol regulatory element-binding protein)
family of transcription factors to regulate the expression of
genes in the mevalonate pathway to disrupt tissue architec-
ture in breast cancer cells [84].

Mutant p53 interacts with proteins to change their
function

Mutant p53 can form complex with some other proteins and
affect their functions, which contributes to the gain-of-
function of mutant p53. For example, mutant p53 interacts
with MRE11, a DNA nuclease required for homologous re-
combination DNA repair. The interaction between mutant
p53 and MRE11 promotes genomic instability and tumor
progression [85]. In addition, mutant p53 interacts with and
co-localizes with PML (promyelocytic leukemia) protein,
activating mutant p53 transcriptional activity in cells [86].
Mutant p53 was also reported to interact with topoisomerase
1, which maintains DNA topology, resulting in hyper-
recombination and genomic instability [87]. Prolyl isomerase
Pinl1, which regulates conformational changes of proteins to
affect protein stability and activity, was reported to be an
additional mutant p53-binding protein. Pinl cooperates with
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Figure 2. Models of proposed mechanisms for mutant p53
gain-of-function Recent studies have suggested the following several
mechanisms for mutant p53 gain-of-function. (A) Mutant p53 decreases
transcriptional activities of p63 and p73 by binding to p63 and p73. (B)
Mutant p53 regulates transcription of genes by interacting with other
transcription factors. (C) Mutant p53 binds to DNA to regulate gene
expression. (D) Mutant p53 interacts with other proteins to regulate their
functions. (E) Mutant p53 influences the expression and processing of
miRNAs.
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mutant p53 in Ras-dependent transformation. In breast
cancer cells, Pinl enhances the oncogenic activity of mutant
p53 to promote aggressiveness through mutant p53-dependent
inhibition of p63 and induction of a mutant p53 transcrip-
tional program [88].

Mutant p53 binds to DNA to alter gene expression

Like wild-type p53 which functions as a transcription factor,
mutant p53 has been reported to up-regulate or down-
regulate a number of genes involved in different aspects of
tumorigenesis, including Myc, Fos, PCNA, IGF1R, EGRI1,
NF-kB2, BCL-xL, IGF2, VEGFA, etc. [74]. Through the
transcriptional regulation of these genes, mutant p53 pro-
motes proliferation, anti-apopotosis, inflammation, and
angiogenesis. The ability of mutant p53 to bind directly to
DNA appears to be important for mutant p53 in regulating
transcription of these genes. However, unlike wild-type p53,
which is a DNA sequence-specific transcription factor, no
defined mutant p53-responsive element has been character-
ized so far. Interestingly, it has been reported that mutant
p53 binds directly to DNA in a DNA structure-selective
mode. For instance, mutant p53 has a high affinity for
nuclear matrix attachment regions, which are highly AT-rich
regions that mediate structural organization of the chromatin
and often adopt non-B DNA conformations [89,90]. Further-
more, mutant p53 was shown to bind selectively and with
high affinity to non-B DNA [91].

Mutant p53 regulates miRNAs

Recent studies also demonstrated that mutant p53 regulates
miRNAs, contributing to its gain-of-function. Mutant p53
induces or represses the expression of certain miRNAs to
gain new oncogenic activities. For instance, mutant p53 dir-
ectly binds to the promoter of miR-130b and inhibits its tran-
scription [92]. As a negative regulator of ZEB1, miR-130b
promotes epithelial-mesenchymal transition and cancer cell
invasion in endometrial cancer [92]. Mutant p53 induces
miR-155 to drive invasion in breast cancer. MiR-155
represses the expression of zinc-finger transcriptional repres-
sor ZNF652, which represses the expression of proteins that
promote invasion and metastasis, such as TGFB1/2, EGFR,
and SMAD?2 [93]. Mutant p53 binds to the miR-27a promoter
region and represses its expression. Since EGFR is a direct
target of miR-27a, through repressing miR-27a, mutant p53
promotes a sustained EGF-induced ERKI1/2 activation,
thereby promoting cell proliferation and tumorigenesis [94].
Furthermore, mutant p53 induces miR-128-2, which targets
E2FS5, to enhance chemoresistance in lung cancer cells [95].
In addition to regulating the expression of miRNAs, mutant
p53 also affects the processing of miRNAs. For example,
mutant p53 inhibits the processing of pri-miRNAs by Drosha,
and thereby decreases the levels of certain mature miRNAs in
cells, including miR-16-1, miR-143, and miR-145 [56]. These

miRNAs have been shown to negatively regulate cell cycle
and cell proliferation. In addition, mutant p53 was also
reported to suppress DICER1 expression through binding and
inactivation of p63 [96] (Fig. 2).

p53 and Cancer Therapy

The p53 signaling pathway is estimated to be dysfunctional
in ~80% of human tumors through mutations and other
mechanisms, which makes p53 an extremely attractive target
for cancer therapy. Numerous studies have shown that reacti-
vation of p53 is detrimental for cancer cells. For instance,
re-expression of wild-type p53 in p53-deficient cancer cells
leads to apoptosis or senescence in cultured cells. In mouse
models, re-introduction of wild-type p53 into p53-deficient
tumors leads to tumor regression [26,97], whereas re-
introduction of wild-type p53 into mutant p53-harboring
tumors suppresses tumor growth [98]. Tremendous efforts
have been made to develop the p53-based cancer therapy
during the past decade. Several strategies have been devel-
oped, including ectopic expression of wild-type p53, activa-
tion of dysfunctional wild-type p53, destabilization or
inactivation of mutant p53, and reactivation of mutant p53 in
tumors.

p53-based gene therapy

Adenovirus-mediated p53 gene transfer to treat non-small
cell lung carcinoma was first reported in 1996 [99]. Due to
the consideration of biosafety, the replication-defective re-
combinant adenovirus expressing pS3 (rAd-p53) was devel-
oped later, which has a better transduction efficiency and
lower toxicity. The rAd-p53, under the brand name of gendi-
cine, has been approved for clinical use for the treatment of
head and neck cancer in China [100].

Small molecules that activate wild-type pS53 function

As a key negative regulator for p53, MDM2 is frequently
amplified and/or overexpressed in various tumors, which
leads to the dysfunction of p53. Through binding to the
pocket of MDM2 to block the interaction between MDM?2
and p53, a non-genotoxic small-molecule Nutlin-3 has been
developed, which can inhibit MDM?2 and activate wild-type
p53 in tumor cells. Nutlin-3 induces p53-mediated cell cycle
arrest, apoptosis, and other antitumor activities in various
cultured tumor cells and xenograft tumors in mice in a wild-
type pS53-dependent manner [101]. Nutlin-3 is currently
being tested in phase 1 clinical trail. MI-219 is another
small-molecule MDM2 inhibitor. It can disrupt p53-MDM?2
binding, leading to the activated p53 signaling and suppres-
sion of tumor growth in animal models [102]. Small-
molecule RITA was reported to bind to p53, which disrupts
the binding of p53 with its negative regulators, including
MDM2. It has been shown that RITA can activate p53
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signaling and suppress tumor growth in vivo [103].
CP-31398 was reported to be another small molecule that
stabilizes the wild-type p53 and enhances its transcriptional
activity in cells [104]. However, a recent study reported that
CP-31398 causes toxicity in liver and other tissues in animal
models, suggesting the necessity to modify the structure of
CP-31398 to reduce its toxicity [105].

Small molecules that inactivate or destabilize mutant p53
Mutant p53 is frequently accumulated to high levels in
tumors and displays gain-of-function oncogenic activities.
Therefore, inactivation or destabilization of mutant pS3 is
being developed as an important strategy for cancer therapy.
Recent studies showed that HDAC6/Hsp90 signaling plays
an important role in stabilizing mutant p53 in tumor cells.
Inhibition of HDACG6 or Hsp90 has been shown to destabil-
ize mutant p53 in cancer cells and decrease tumorigenicity
of cancer cells. In addition, SAHA, a HDAC inhibitor, was
shown to destabilize mutant p53 in tumor cells [106,107]. A
small-molecule RETRA has been reported to inhibit the
mutant pS3—p73 interaction, and thereby releases p73 and
restores p73’s function in transcriptional activation [108].
RETRA was shown to transactivate p53 target genes in
mutant pS3-bearing tumors and prevent the growth of xeno-
graft tumors in mice [108].

The reactivation of wild-type function in mutant p53
Recent studies have also led to the identification of a class of
small molecules that converts mutant p53 proteins into
forms that exhibit wild-type p53 functions, thereby allowing
p53 to induce cell cycle arrest or apoptosis in cancer cells.
PRIMA-1 is such a molecule that can restore sequence-
specific DNA binding and convert mutant p53 conformation
to wild-type, thereby leading to the transactivation of p53
target genes. PRIMA-1 was reported to sensitize cancer cells
to chemotherapy and inhibit tumor growth in vivo [109]. The
PRIMA-1 analog APR-246 is being tested in phase I clinical
trials in liver or prostate cancer patients [110]. In addition to
its function to stabilize and activate wild-type p53,
CP-31398 can also restore DNA-binding activity and there-
fore the wild-type p53 function to mutant p53 to inhibit
tumor cell growth in culture and tumor growth in animal
models [111]. Recently, an allele-specific p53-reactivating
compound NSC-319725 was identified, which can restore
the wild-type structure and function to the R175H mutant
p53. This compound induces extensive apoptosis in R172H
mutant p53 knock-in mice and inhibits the growth of xeno-
graft tumors containing R175H mutant p53 in mice [112].

Conclusion

p53 has been one of the most extensively studied proteins
since its discovery. In this review, we focused on the
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functions of wild-type p53 and its gain-of-function mutants
in cancer. In addition to the well-known functions of p53 in
inducing cell cycle arrest, apoptosis, and senescence, recent
studies have revealed additional novel functions of p53 in
tumor suppression, including the regulation of metabolism
and anti-oxidant defense. However, it still remains largely
unclear how p53 selectively and/or coordinately regulates
these functions to exert its role in tumor prevention and
tumor therapy in different types of tissues and cells.
Although the hypothesis of gain-of-function of mutant p53
has existed almost since the beginning of p53 research, only
in recent years, tremendous efforts have been made to dem-
onstrate that mutant p53 promotes tumorigenesis through
regulating many different aspects of oncogenetic processes.
However, the underlying mechanisms for mutant p53
gain-of-function are not fully understood. Furthermore, it is
unclear how different forms of mutant p53 impact upon
tumorigenesis. Further understanding the mechanisms of
p53 in tumor suppression and mechanisms of gain-of-
function of mutant p53 in tumor development will provide
novel targets and approaches for cancer therapy. As our
understanding of p53 continues to grow, future studies on
p53 will lead to the development of cancer-specific p53-
based therapy and novel chemicals to significantly improve
cancer therapy.
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