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Abstract
A large fraction of human tumors carry p53 mutations, which allow tumor initiation and
progression; furthermore, it is now clear that restoration or reactivation of wild-type p53 function
prompts rapid elimination of tumors. The discovery and design of compounds that reactivate or
enhance the p53 pathway has resulted in the identification of promising drug candidates that have
now entered clinical trials for anti-cancer strategies. However, some of these agents appear to
elicit undesirable toxic effects on normal cells and tissues and therefore are restricted in the dose
that can be applied in tumors. In this Review, we discuss the concerns about and promise of these
p53 activators and propose ways to expand and optimize screening strategies to identify such
molecules.

INTRODUCTION
The p53 tumor suppressor protein serves as a genome guardian and has been intensively
studied for nearly 30 years (1, 2). It functions mainly as a transcription factor by binding to
specific DNA sequences and by transactivating or repressing a large group of target genes
(3–5). These downstream targets of p53 regulate the pathways of cell cycle arrest, apoptosis,
and DNA repair to maintain a dynamic equilibrium between cell growth and arrest in
response to factors including DNA damage, hypoxia (oxygen deprivation), and a deficiency
of growth factors or nutrients (4, 6, 7).

The gene encoding p53, TP53, is the most frequently inactivated tumor suppressor gene in
human malignancies; its inactivation is beneficial for tumor survival (8, 9). On this basis,
restoration of wild-type p53 activity seems to be one of the most attractive goals for a
successful tumor therapy. In the clinic, the functional status of p53 has been associated with
the prognosis, progression, and therapeutic response of tumors (10). Tumor cells containing
wild-type p53 are usually more sensitive to radiotherapy or chemotherapy than those bearing
mutant p53. However, recent findings have yielded unexpected insight about the incidence
of selective pro-survival effects of wild-type p53 in cancer cells, in which it might confer a
selective advantage that antagonizes cancer therapy (11–14). Moreover, there is a major
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concern about developing p53 activators as cancer therapeutics, because activating p53
might not only impose on tumor growth but would also lead to harmful effects in normal
cells and tissues. Nevertheless, all these characteristics make p53 an important molecular
target for tumor suppression and reconstitution of p53 function in tumors may provide a new
form of cancer therapy. In view of the importance of of cell death/apoptosis on therapy
outcome, strategies to restore apoptotic p53 pathways in tumor cells have been thoroughly
pursued in recent years.

THE BRIGHT SIDE OF p53 IN CANCER THERAPEUTICS
Cells are continuously subjected to conditions and stimuli that can result in genotoxic stress,
including oxidative metabolism and irradiation. Thus, the ability to detect and repair
consequent DNA damage is a critical function of normal cells. Failure to efficiently repair
DNA damage can ultimately result in malignant transformation. Induction of a cell cycle
arrest (a transient or permanent block of cell proliferation) or the activation of cell death
pathways in response to genotoxic stress comprises the major arms of the survival-death axis
governed by p53. Because of these biological properties, inactivation of wild-type p53 is a
crucial step in tumor development and progression, reflected by the high incidence of TP53
mutations in a variety of human cancer types.

p53 is normally expressed at low levels so that it does not disrupt the cell cycle or cause the
cell to undergo untimely death. Such low concentrations are achieved through the operation
of a negative feedback loop consisting of wild-type p53 and the MDM2 gene and its
product. MDM2 is a p53 transcriptional target whose product ubiquitinates p53, thus
marking it for proteosome-mediated degradation (15–17). However, p53 is stabilized and
accumulates upon stresses such as DNA damage or oncogene activation, resulting in cell
cycle arrest, senescence, and/or cell death through transactivation of its target genes,
including those encoding p21 (which promotes cell cycle arrest) and the pro-apoptotic
proteins Bax (Bcl-2-associated protein), PUMA (p53 up-regulated modulator of apoptosis),
and Noxa (phorbol-12-myristate-13-acetate-induced protein 1) (4, 6) (Fig. 1). Because the
downstream targets that have been identified play a critical role in the p53 tumor
suppression response, these targets should be a major avenue for therapeutic intervention in
p53 activation in cancer cells.

It has also been demonstrated that in a substantial percentage of human tumors, p53 is
inactivated by MDM2 overexpression and/or amplification (18). Furthermore, it is well
established that MDMX/MDM4—a nonredundant homolog of MDM2—also regulates p53
and is overexpressed in many cancers (15, 19). However, unlike MDM2, MDMX expression
is not regulated by p53 and its product lacks intrinsic ubiquitin ligase activity; thus, it is not
an essential part of the negative feedback loop described above. However, MDMX forms
heterodimers with MDM2, which enhances the ability of MDM2 to induce p53 degradation
(16, 17). Interrupting the interactions between p53 and its negative regulators such as
MDM2 to activate or stabilize p53 is a promising therapeutic strategy for the treatment of
cancers retaining wild-type p53.

Tumors that carry mutations in TP53 often overexpress mutant p53, resulting in increased
resistance to conventional chemotherapy and radiotherapy as compared with cells that do
not overexpress mutant p53. This finding indicates that such mutant p53 provides a certain
selective advantage for tumor development—an oncogenic gain-of-function phenotype.
Tumor cells containing mutant p53 should become sensitive to chemotherapy upon
restoration of the wild-type p53 pathway (Fig. 1). This makes mutant p53 an attractive target
for selective cancer therapy that would not affect normal cells, because normal cells do not
contain mutant p53.
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THE DARK SIDE OF p53 IN CANCER THERAPEUTICS
p53 in normal tissue

DNA damage-induced cell death through the action of chemotherapeutic drugs is the most
widely used strategy in cancer therapy. However, selectivity remains a great concern
because most such drugs kill both cancer cells and the surrounding normal cells, which is an
important cause of the side effects of cancer chemotherapy that severely limit current
treatment regimes. Although the key to successful anti-cancer therapies is to target critical
nodes that are required for the survival of cancer cells, such therapies should not be harmful
to normal cells.

The idea of restoring wild-type p53 pathways (apoptosis and cell cycle arrest) by inhibiting
proteosomal degradation of p53 (for example, via MDM2 inhibition) is a promising
therapeutic strategy (20). So far, the identification of small molecules that either (i) inhibit
the E3 ligase activity of MDM2 or (ii) can occupy the hydrophobic p53-binding pocket/cleft
in MDM2 is quite feasible (20, 21). These MDM2 inhibitors all cause tumor regression
through cell death in xenograft models, although it is unclear how such molecules would
affect healthy cells and tissues in humans.

p53 as a guardian of cancer cells
Wild-type p53 can commit cancer cells to a survival path in response to stress such as DNA
damage (11, 12, 22). Survival-promoting activities of wild-type p53 include the induction of
a broad range of cellular responses, including cell cycle regulation, facilitation of DNA
repair pathways, the maintenance of the cellular redox state, and activation of genes with
anti-apoptotic activities (13, 14). The major role of p53 is to guard normal cells against
malignant transformation and to protect the genome under stress conditions. For example,
p53 can directly participate in repair processes by binding to DNA and resolving abnormal
DNA structures or by activating p53 target genes that are involved in the regulation of DNA
repair (23). Because of its functions in DNA repair and cell cycle regulation, wild-type p53
might also function as a “guardian” in cancer cells to promote cancer cell survival in the
presence of stress, thereby raising the view that wild-type p53 activity may not always be
helpful in preventing tumorigenesis. Indeed, some cases, the retention of wt-p53 has been
shown to protect cancers from some forms of cytotoxic chemotherapy and so can be
associated with a poor response to treatment (24). Moreover, the use of p53 inhibitors has
been proposed for chemoprotection of normal cells since much of the toxicity seen in
response to conventional genotoxic chemotherapies is due to the activation of p53, thus
inhibition of p53 in normal cells may protect them from cell death (25, 26). More recently,
accumulating evidence indicated that p53 engages potent pro-survival pathways which are
critical for maintenance of a normal, healthy cell/tissue but may contribute to tumor cell
survival against cytotoxic damage (2, 13, 14, 27). A growing number of p53-induced
survival genes have been identified, which function through several diverse mechanisms (2,
12, 22, 28, 29). Numerous p53 downstream or interacting target proteins function to inhibit
apoptosis, including genes involved in DNA repair, cell cycle control, metabolism, oxidative
stress response, transcription, growth factors and receptors etc (2, 13, 14). It is clear that wt-
p53 is not only a powerful proapoptotic inducer in response to cytotoxic stress but also a
potent inducer of cell cycle arrest, protecting tumor cells from further excessive damages.
While the responses of cancer cells to p53 seem more complicated than we previously
thought, such genes or pathways toward p53-induced pro-survival in cancer cells may be
used as new targets for the development of cancer therapeutics.
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DEVELOPMENT OF p53 ACTIVATORS AS THERAPEUTIC DRUGS
Challenges ahead

Recent genetic studies in mouse models [involving three tumor types (lymphoma, sarcoma,
and hepatocellularcarcinoma)] have shown that reactivation of the p53 pathway in tumors
with inhibited p53 activity is an exceptionally effective intervention (30–32). Such a
reactivation process appears to be feasible because the p53 protein is usually highly
expressed in tumors, although it may be functionally inert. However, from a conventional
drug discovery point of view, p53 is a challenging target: it doesn’t offer the accessibility of
a receptor-ligand interaction or an enzyme active site. Instead, it is a homotetrameric
transcription factor with complicated protein-protein interactions, rendering it as an
“undruggable” target. Researchers must therefore overcome this challenge, as well as
identify the means to manipulate this target appropriately in its environment to achieve the
desired therapeutic efficacy with minimal toxicity. Nevertheless, recent advances in drug
discovery and progress in technology development are complementing the last 30 years of
p53-based research and are creating a realistic expectation that tumor specific p53
restoration therapies are approaching a level at which they could be used for clinical
applications.

Targeting the wild-type p53 pathway
Several approaches have been undertaken to restore wild-type p53 function. Initially, tumor
therapy based on exogenous wild-type p53 expression via gene therapy was exploited.
Adenovirus-based gene therapy, involving introduction of a functional copy of TP53 into
tumors by local injection at the tumor site, killed a high percentage of cancer cells but also
resulted in high toxicity, partially because of strong bystander effects (such that neighboring
cells were killed because of signals originating from the tumor cells) (33). In addition,
obvious problems with this approach are the inability to infect every cell in the tumor with
virus as well as a lack of stability for the newly synthesized functional p53 protein.

More recently, the use of small molecules for endogenous p53 activation, in tumors
retaining a wild-type p53 gene, was intensively investigated (Fig. 1). The majority of these
efforts were based on the assumption that subtle variation of p53 protein levels could affect
the threshold of the tumor cell tolerance for apoptotic signals. Therefore, compounds
modulating the stability of wild-type p53 through inhibition of its negative regulators would
be expected to induce cancer cell death effectively. The best-known naturally occurring p53
inhibitor is its own downstream target MDM2 (17, 34, 35). In past years, several strategies
for tumor therapy have been developed to increase p53 activity by neutralizing MDM2
function at different levels. Vassilev and colleagues (20) identified a group of small
molecules that target the MDM2-p53 interaction. These imidazoline derivatives, designated
Nutlins, specifically bind and dissociate MDM2 from p53, thereby rescuing p53 from
degradation and inducing cell cycle and apoptosis (20). In vivo experiments also showed a
significant antitumor effect of Nutlins (36).

The benzodiazepenes and the spiro-oxidole based compounds are another class of small
molecules that have been found to target the p53-MDM2 interaction (37, 38). These
experiments led to the preclinical development of TDP665759 and MI-319, which disrupt
the binding of MDM2 to p53 in vitro and suppress the growth of tumor cells both in vitro
and in vivo. Both compounds limit tumor growth without causing major toxicity in the
surrounding tissue, although they induce low levels of p53 by increasing its stability in
normal cells, which doesn’t seem to be sufficient for the activation of the apoptotic cascade
(39).
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Considering the speed of current drug discovery efforts, the development of optimized
analogs that target the p53-MDM2 interaction will likely occur in the very near future.
However, this strategy is also associated with several potential problems. Because MDM2 is
a classical p53 target gene and is part of an inducible feedback loop that inhibits the p53
pathway, MDM2 targeting compounds will eventually cause the induction of their own
target (that is, MDM2) and will thus limit their own efficacy. In addition, the use of MDM2
targeting compounds may be problematic in tumors expressing high levels of mutant p53.
Given the pro-oncogenic impact of several mutations in the p53 molecule, releasing these
mutants from the effects of MDM2-mediated degradation may actually promote further
tumorogenesis (40).

One of the key regulators of the p53 pathway is another member of the MDM2 family of
proteins, MDMX. Although MDM2 and MDMX share homology in their p53 binding
domain, Nutlin-like compounds fail to efficiently affect MDMX, which will form a
heterodimer with MDM2 and thereby stimulate the degradation of p53. Therefore, a general
consensus is emerging that an effective induction of wild type p53 in tumors could be
achieved successfully by the simultaneous inhibition of MDM2 and MDMX. Recently, the
identification of the first MDMX inhibitor, SJ172550, was published (41) and although its
molecular mechanism of action is not completely clear yet, initial data indicate moderate
success in combination with the MDM2 inhibitors in mouse cancer models.

SIRT1 and 2 are two members of the nicotinamide adenine dinucleotide-dependent class III
histone deacetylases (42). It is well established that acetylation of p53 at Lys382 enhances
DNA binding of p53. Therefore, SIRT1 deacetylation of Lys382 in the p53 protein has a
negative effect on p53 activity, establishing SIRT1 as yet another possible target for
modulation of the p53 pathway (43). Indeed, a p53-based phenotypic screen indentified a
class of small molecules called tenovins, which are potent inhibitors of SIRT1 and 2 as
shown later through a yeast genetic screen and subsequent enzymatic assays (44). Tenovins
rapidly increased accumulation of acetylated p53 both in vitro and in vivo and represent a
previously unknown class of p53-activating agents that can be further developed for clinical
use.

In another attempt to activate the p53 pathway through stabilization of the wild-type p53
protein, a small molecule referred to as RITA (reactivation of p53 and induction of tumor
cell apoptosis) was discovered and found to directly bind p53 at the N terminus and prevent
degradation (45). Whether this is the only mechanism by which RITA increases p53 activity
in cells is still controversial, as there is evidence that RITA can bind to multiple proteins and
activate the DNA damage response pathway independently of p53 (46).

The rapid advances in the understanding of the p53 pathway in recent years have allowed
the identification of number of targets suitable for drug discovery (as described above) that
should function as modulators of the intact wild-type p53 pathway (Fig. 1). However, a
number of identified non-genotoxic compounds might be expected to induce p53 in normal
tissues as well, and their therapeutic index (a value that compares the amount of drug that
causes a therapeutic effect to the amount that is toxic, therefore, will depend strictly on the
difference in p53 concentrations between normal and cancer cells as well as on the level of
p53 induction (47). Thus, new approaches for the modulation of wild-type p53 signaling are
vitally needed. Furthermore, as we gain a better understanding of p53 signaling pathways,
additional p53-linked targets can be identified and validated for future therapeutic studies.
An intense fresh look at the p53 pathway should result in both (i) new cell-based screens for
the identification of small molecule modulators of selected p53 targets that will control p53-
mediated cell fate decisions such as reversible growth arrest, apoptosis, senescence, or
survival and (ii) target-based biochemical screens for the development of small molecule
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protein-protein interaction inhibitors (Fig. 2). In many of these cases, the p53 system, as
challenging as it is, might become the unprecedented model for the invention and
development of a variety of new drug discovery approaches.

Targeting mutant p53: reactivation by small molecules
Around half of all human tumors overexpress a nonfunctional mutant p53 that accumulates
to high concentrations in tumor cells (8, 10, 21). Because of these high p53 concentrations,
restoration of the function of such mutant p53 proteins would be an extremely efficient
strategy for selective elimination of tumor cells. A small molecule targeting mutant p53
should not affect wild-type p53 in normal cells because it is already properly folded and
because of its low concentrations, owing to continuous degradation by MDM2 in the
absence of stress. However, activating mutant p53 with small molecules appears to be an
even greater challenge than activating wild-type p53, mainly because of the wide range of
mutant proteins that are expressed in tumors, which might exhibit different structural
alterations. Notably, about 95% of the cancer-associated mutations occur in the thermally-
unstable central core DNA binding domain of the protein and result in further destabilization
of the structure, abrogation of DNA binding, and impairment of the p53 response (48).
Therefore, it is reasonable to postulate that small molecules that bind specifically to the
mutant DNA binding domain and stabilize p53 in its active biological conformation—in
effect, functioning as chaperones could potentially rescue wild-type p53 function
independently of the exact mutation present (49).

Early progress has demonstrated the feasibility of this approach: antibodies that bind the p53
C terminus (pAb421) and a synthetic peptide (p53C) derived from the C-terminal domain
showed a stimulatory effect on the DNA binding of several proteins with mutations in the
central DNA binding domain (at residues His175, Ala143, and Ser249) as well as induction of
apoptosis in cancer cells expressing such contact mutants (50). However, the challenges that
are associated with peptide or protein stability and transport into cancer cells are preventing
this approach from being tested clinically. Therefore, in recent years several screening
attempts for mutant p53 reactivating compounds have been carried out using either protein
binding assays or cell–based assays involving mutant p53-containing tumor cells (Fig. 2).
New compounds targeting mutant p53 have been identified using both types of screening
assays (Fig. 1). CP-31398, identified by Pfizer through an in vitro p53 stabilization assay,
showed promising initial pre-clinical results in p53 mutant and null cells (51). Subsequent
analysis, however, revealed that the mechanism of action of this compound is not based on
direct binding with p53 but instead is mediated by an interaction with DNA (52).

Another compound that was identified, WR1065, is the active metabolite of amifostine (a
drug that controls some side effects of radiation therapy and chemotherapy and has been
reported to restore completely or partially the transcriptional activity of p53 mutant proteins
by a yet unknown mechanism (53). Similarly, a cell-based screening assay—involving a
Saos-2 cell line (derived from a human osteosarcoma that was engineered to express
arg273his mutant p53—yielded PRIMA-1 and MIRA-1 (a more potent second generation
analog), two small molecules capable of selective induction of apoptosis in cells expressing
mutant p53. These compounds were shown to induce expression of p53 target genes such as
those encoding p21, MDM2, and/or PUMA and inhibit tumor growth in vivo in mice (54).
Extensive characterization of these compounds revealed that they form adducts with thiols
in the mutant p53 core domain (55). How this covalent modification drives the equilibrium
between mutant and wild-type conformations toward the native conformation, however, is
an open question that needs a clear answer before full clinical development is possible.

Another approach used structural data and took advantage of computational techniques. In
this case, the crystal structure of a version of the p53 protein that contained a Tyr220 →
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Cys220 mutation was determined and found to include a binding pocket. This finding
allowed an in silico screening of interacting molecules and led to the identification of a
small molecule, PhiKan083, that fits into the pocket and stabilizes the mutant core domain
in the wild-type conformation (56).

Very recently, a p53 DNA binding assay identified the small molecule SCH529074, which
promotes the DNA binding activity of mutant p53 in cell-free systems, induces apoptosis in
tumor cells, and reduces tumor growth in a xenograft model (57). The very early preclinical
data with this compound are encouraging and are paving the way for the pharmacological
optimization of this compound.

Thus, mutant p53 reactivation by small molecules is a rapidly evolving approach with great
potential for the development of new anti-cancer drugs. As described above, several drug
discovery strategies have been undertaken; some, including biochemical screening, crystal
structure-guided molecular design, and in silico screening, are based on target engagement
by p53 (Fig. 2). A recently developed methodology, based on the direct binding of a target
protein to small molecules chemically immobilized on a glass slide, called a small molecule
microarray (SMM), may offer an advantage for future efforts. This method offers high-
throughput screening at a very low cost (58). The remaining p53-associated drug discovery
strategies, as described in this Review, were cell-based assays. These approaches offer the
advantage of selecting for in vivo activity; identification of the drug target, however, can be
challenging (Fig. 2). Considering the complicated and problematic nature of the p53
pathway as a drug target, a combination of screening approaches—for example, target-based
biochemical assays (such as SMM) and cell-based phenotypic approaches—may be the
optimal way to identify small molecules with clear biological functions and known
mechanisms of action that are poised for optimization via comprehensive medicinal
chemistry. All of these approaches may provide the basis for the rational design of more
efficient and selective anti-cancer drugs that restore and enhance the p53 pathway.
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Fig 1. Modulating the p53 pathway with small molecules
Wild-type p53 is activated by a variety of stressors, including DNA damage, oncogene
expression, nutrient starvation, oxidative stress, and depletion of ribonucleotide
triphosphates (used in RNA synthesis). (A) Small molecules that target MDM2 and block
p53 binding stabilize p53. (B) SJ172550 targets the p53 binding pocket of MDMX, also
promoting p53 stabilization. (C) Tenovin-6 inhibits the protein deacetylase activity of SIRT.
Acetylation results in the stabilization of p53 and interferes with MDM2-mediated
degradation. (D) RITA binds to p53 and interferes with the interaction of MDM2 and p53,
activating p53 function. (E) Small molecules designed to bind transcriptionally inert mutant
p53 proteins stabilize the core domain, restore the native state, and eventually enable
binding to DNA.
CREDIT: C. BICKEL/SCIENCE TRANSLATIONAL MEDICINE

Mandinova and Lee Page 12

Sci Transl Med. Author manuscript; available in PMC 2013 September 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2. Strategies for identifying activators of the p53 response
(A) Cell-based screening. In this approach, small molecules are tested for their ability to
activate p53 pathways in cultured cells. Activation can be detected by measuring
endogenous levels of transcripts from p53 target genes or by using various reporter systems.
In this second method, the promoter of a p53 target gene is placed upstream of a gene
encoding a product that can be easily monitored, such as the enzyme luciferase (luc). Cell-
based screening will identify compounds with certain biological activity but with an
unknown direct target molecule. (B) Target-based screening. In this approach, p53 protein
activators are sought in vitro. Specific methods include the following: (i) Direct protein
binding assays, such as the SMM assay. In this example, a library of small molecules is
assembled on a microarray and the ability of p53 to bind the molecules is tested. Here, p53
binding is detected by a set of antibodies. (ii) Forward structural design, in which the
structures of mutant versions of p53 are analyzed and molecules are designed to interact
with relevant regions of these structures. (iii) Direct DNA binding assays, in which
molecules that allow mutant p53 to bind DNA are sought. Such methods will enable the
identification of compounds with a defined molecular mechanism.
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