856 Mini-Reviews in Medicinal Chemistry, 2008, 8, 856-868

Small Molecules Targeting p53 to Improve Antitumor Therapy
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Abstract: Small molecules targeting p53 represent an emerging group of potentially useful agents for the improvement of
antitumor therapy. These modulators include agents that activate wild-type p53 or reactivate mutant p53 and inhibitors of
p53 functions. Preclinical evidences support the interest of combination strategies with conventional antitumor agents.
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INTRODUCTION

The tumor suppressor protein p53 is a transcription factor
which regulates cellular response to diverse forms of stress
through a complex network that monitors genome integrity
and cell homeostasis [1-3]. Activated p53 induces the tran-
scription of multiple target genes leading to cell cycle arrest,
DNA repair, apoptosis, senescence, or differentiation. Cell
cycle arrest and apoptosis are the most relevant responses to
DNA damage. The p53 pathway utilizes G1/S and G2/M
checkpoint mechanisms to arrest cell cycle progression, thus
preventing propagation of DNA damage while cells attempt
to repair it. However, if the damage is too severe, activation
of the p53 pathway results in apoptotic cell death to avoid
the division of cells with unrepaired DNA and possible ma-
lignant transformation.

The interest of pharmaceutical research in p53 is due to
the fact that p53 is the most frequently altered protein in hu-
man cancer. Approximately 50% of human malignancies
harbor p53 gene mutations or deletions that disable its tumor
suppressor function [4,5]. Moreover, in wild-type p53 tu-
mors, increased levels of p53 negative regulators are a fre-
quent event implicated in the control of p53 function. One of
such regulators is the murine double minute-2 gene (MDM2),
which controls p53 activity and stability [6-8].

The role of p53 in tumor response to cytotoxic treatment
could vary depending on activation of distinct functions and
specific molecular context. Wild-type p53 appears a major
determinant of DNA damage-induced apoptosis and loss of
p53 function in tumors is associated with an unfavorable
prognosis in many forms of cancer [9-11]. In principle,
wilde-type p53 tumors should be more sensitive to treatment
through the induction of apoptosis, whereas p53 inactivation
should result in drug-resistance. However, due to impairment
of p53-dependent apoptosis (e.g., through overexpression of
B-cell leukemia 2, Bcl-2), wild-type p53 could act as sur-
vival factor accounting for the prolonged treatment-induced
arrest, aimed at facilitating DNA repair. Inactivation of p53
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during tumor progression could render cells less capable of
DNA repair and more sensitive to drug-induced mitotic ca-
tastrophe.

In tumors that lack p53-dependent apoptosis but retain
p53-dependent growth arrest, pS3 inactivation is expected to
sensitize to DNA-damaging treatment via induction of mi-
totic catastrophe.

Therefore, p53 represents an important target for drug
development. In principle, both activation and inhibition of
p53 by small molecules has been exploited for improvement
of cancer treatment. The former approach is expected to con-
tribute to more efficient tumor cell killing by restoring p53
function, while the latter one should improve treatment out-
come by reducing tissue injury by transient reversible con-
version of normal tissues to a p53-deficient state. In addition,
approaches incorporating molecules targeting p53 functions
in combination with different conventional anticancer drugs
have been proposed and are under preclinical evaluation. To
date, no small molecules targeting p53 have reached clinical
development.

Several classes of low molecular weight molecules able
to modulate p53 functions have been reported, Fig. (1).

CHEMICAL ACTIVATORS OF P53

Among the approaches aimed at modulating the p53-
dependent processes, gene therapy using pS3 expression vec-
tors has widely been explored, but the success has been lim-
ited by a number of drawbacks of delivery systems [12,13].
Thus, it appears of great interest the search for small mole-
cules targeting p53.

The pharmacological activation of p53 by small mole-
cules aimed at restoring its tumor suppressor function has
been explored, using: a) inhibitors of p53-MDM?2 binding, b)
activators of mutant p53, ¢) inhibitors of ubiquitin ligase and
d) inhibitors of histone deacetylase.

Inhibitors of pS3-MDM2 Binding

There is a major interest in exploiting p53-MDM?2 inter-
action to induce p53 accumulation and to enhance its
proapoptotic function, because MDM?2 is a negative regula-
tor of p53 by promoting its ubiquitination [6-8]. This ap-
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Fig. (1). Scheme of pharmacological dissection of p53 activities. The mechanisms of action of both small molecules activators and inhibitors
of p53 are reported. PFTaa, anti-apoptotic PFT; PFTat, anti-transactivation PFT; p53*, activated p53.

proach for activation of p53 was stimulated by the definition
of the hydrophobic p53-binding pocket on MDM2 (http://
www.rcsb.org, PDB code 1YCR). The inhibitors of the p53-
MDM2 interaction belong to different structural categories
which are reported in Fig. (2) [14,15].

In an attempt to interfere with the MDM2 regulation on
p53, the use of small molecules appears a promising strategy.
The natural fungal cyclic nonapeptide chlorofusin was iden-
tified by screening a library of microbial extracts [16]. Also
peptides which mimic p53 were synthesized to inhibit the
p53-MDM2 interaction [17], but none of these molecules
appeared a good candidate for clinical trials. The major
drawback of chlorofusin and mimetic peptides was the low
oral bioavailability.

In principle, the most desirable way to inhibit the p53-
MDM2 interaction should be the use of small molecules that
can selectively bind to the p53-MDM?2 interface, thus allow-
ing release of the negative regulator, p53 accumulation in
cell nuclei and p21V*"" induction. Among such molecules,
chalcones are the first reported low molecular weight inhibi-
tors of the p53-MDM2 interaction. However, the chalcone
derivatives exhibit low potency and specificity [18-20]. Syc7
and NSC279287 were identified using computer-aided de-
sign based on crystal structure data. Syc7 induced p53 accu-
mulation, but its cytotoxicity appeared independent of p53
gene status [21]. The sulfonamide derivative NSC279287,
showed a relatively weak inhibition of p53-MDM2 binding
[22].

Another compound targeting the p53-MDM?2 interaction
is RITA (reactivation of p53 and induction of tumor cell
apoptosis), identified by screening small-molecule com-

pounds from the NCI library for ability to suppress cell
growth in a p53-dependent manner using the isogenic pair of
pS53-proficient and -deficient HCT116 colon cancer cells
[23,24]. In spite of the high cytotoxic potency in cells with
wild-type p53, the mechanism by which RITA interferes
with p53-MDM2 binding has not been fully understood.
Overall, the small molecules described above have shown
modest potency, lack of selectivity and inadequate pharma-
cological properties.

Spiro-oxoindoles and cis-imidazolines are the most po-
tent inhibitors of the p53-MDM?2 interaction and their po-
tency correlate with the capability to inhibit cell growth.
Among the generated compounds, the cis-imidazoline ana-
logues (nutlins), first described in 2004, represent a promis-
ing class due to their potency and selectivity towards the
p53-MDM2 complex, Fig. (2) and Fig. (3) [25]. Preclinical
studies in cell systems and in tumor xenografts support their
therapeutic interest for treatment of wild-type p53 tumors. A
promising feature of the compounds appears the lack of sig-
nificant toxicity on normal cells, in which late and reversible
inhibition of proliferation after long-term exposure to high
concentrations was documented [25].

Nutlins are synthetic cis-imidazoline analogues identified
using a high-throughput and computer modelling appro-
aches, in which different libraries of chemicals were tested
for capability of binding to the hydrophobic cleft of the p53-
MDM?2 complex. The rationale for such screening came
from structural studies of the p53-MDM2 complex, which
suggested the possibility of disrupting p53-MDM2 binding.
Indeed, the compounds were shown to displace the recombi-
nant p53 protein from the complex, with ICsy values around
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100 nM. As a consequence of binding inhibition, functional
p53 is made available for triggering cellular effects [25].

Although the best candidate molecules, designated as
nutlin 1, nutlin 2 and nutlin 3 — (£)4-[4, 5bis-(4-chlorophenyl)-
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2-(2-isopropoxy-4-methoxy-phenyl)-4, 5-dihydro-imidazole-
1-carbonyl]piperazin-2-one - were initially synthetized as
racemic compounds, studies using Biacore’s surface plasma
resonance technology have lead to the selection of active
enantiomers. Indeed, nutlins have been proved to interact

N
S
b

R;
Ry R,
(>f
NN @O\
\_<O
—
0
O}N N—""on 4@*0\
o .
O Ly
a
N/_\N—O\\S @CF&
NIV
0 d

%NC}N% cr,

W*Nofg\)LN/\/\%N CF;

@)

Fig. (3). Cis-imidazoline inhibitors of p53-MDM?2 interaction. The most active compounds are reported.
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with the hydrophobic cleft of MDM2, with nutlin 3 enanti-
omer a exhibiting the highest affinity. In fact, its ICsy value
was around 0.1 uM, 150-fold lower than that of enantiomer b
[25-27].

The mode of binding of nutlins to MDM2, determined
according to the crystal structure of the MDM2-compound
complex, supports that nutlins mimic the interaction of p53
because the scaffold of the antagonist reproduces features of
the helical backbone of the p53 peptide. Indeed, the cis-
imidazoline structure can be regarded as a molecular scaffold
that directs three groups into the pockets usually occupied by
the p53 aminoacids (Phel9, Trp23 and Leu26) (http:/www.
rcsb.org, PDB code 1YCR) [25]. In particular, the resolution
of the crystal structure of MDM2-nutlin2 (http://www.rcsb.
org, PDB code 1RV1) indicates that one bromophenyl moi-
ety sits deeply in the Trp23 pocket, the other bromophenyl
group occupies the Leu26 pocket, and the ethyl ether side
chain directs towards the Phel9 pocket. In an attempt to im-
prove the inhibitory potency, many compounds have been
synthesized. In general, the new analogues fall in two cate-
gories, a) N-unsubstituted imidazolines and b) N-substituted
imidazolines, Fig. (3) [14]. Although both series of deriva-
tives appear active in reducing the p53-MDM2 interaction,
the N-substituted compounds exhibited the best activity. This
observation indicates the importance of a substituent in this
position that appears critical in favouring the interaction with
MDM2. In this regard, a forth aminoacid (Leu22) has been
proposed to be important for p53-MDM2 binding [28]. X-ray
data indicate that Leu2?2 is partially solvent exposed, as op-
posed to the main triad aminoacids, which are buried inside
the binding pocket (http://www.rcsb.org, PDB code 1YCR).
Thus, the introduction of polar substituents mimicking this
moiety opened the way for further potency optimization, and
N-substituted cis-imidazolines bearing polar groups could
explain the increased potency in comparison to N-
unsubstituted derivatives. In fact, none of them is more po-
tent than nutlin 3, Fig. (3) [14].

The analysis of the cellular effects of nutlins in tumor
cells has documented an activation of the p53 pathway in
wild-type p53 cells, in the absence of p53-dependent re-
sponses typical of genotoxic agents i.e., lack of p53 phos-
phorylation [29,30]. Nutlins cause a dose-dependent increase
in p53, p21VA*" and MDM2 levels [30]. The increase in p53
levels is due to a post-translational mechanism (i.e., reduced
degradation) and does not involve up-regulation of gene ex-
pression. The effect on MDM?2 itself is a rebound of the tran-
scriptional activation by p53, that activates also an auto-
regulatory feedback loop helping to switch off pS3 at the end
of the response. In different cell systems, nutlins consistently
induce p53-dependent cell cycle arrest with depletion of the
S-phase fraction of cells and accumulation in G1 and G2
phases, together with triggering of p53-mediated apoptosis.

Many efforts have been performed in the search for more
active compounds and recently, a spiro-oxindole derivatives
named MI-63 has been found to be as potent as nutlin 3 [28].

The drug discovery effort resulted in the identification of
a large number of chemically diverse small molecules capa-
ble of disrupting the p53-MDM2 interaction [14,15]. The
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specificity of the target inhibition and the precise mechanism
of action remain to be elucidated in several cases (e.g., chal-
cones) [18,19,20].

Small Molecules Activators of Mutant p53

There are several types of small molecules that restore
the p53 function. Here we focus on PRIMA-1 (p53-reacti-
vation and induction of massive apoptosis) and MIRA-1
(mutant p53 reactivation and induction of rapid apoptosis),
which act on mutant p53 protein. Since many tumors carry
P53 mutations, the reactivation of p53-specific DNA binding
is crucial to sensitize cells to p53-mediated apoptosis and
strategies targeting mutant p53 should result in improvement
of clinical outcome [31]. The great majority of p53 muta-
tions in tumors are missense point mutations in the DNA
binding core domain, thereby altering protein folding and
abolishing specific DNA binding of p53.

Small molecules identified by a chemical library screen-
ing have shown anticancer properties through restoration of
the DNA binding activity of a mutant p53 [32]. The com-
pound PRIMA-1 induces mutant p53-dependent apoptosis
and inhibits in vivo tumor growth [33]. Recently, the
maleimide analogues MIRA-1, have been reported to induce
apoptosis in human tumors by restoring the normal function
of mutant p53, Fig. (4) [31]. Although structurally unrelated,
PRIMA-1 and MIRA-1, have similar activity profiles [31,33-
35]. The compounds appear to affect mutant p53 through
different mechanisms. PRIMA-1 induces expression of Heat
Shock Protein 90 (HSP90) and enhances its binding to mu-
tant p53, indicating that HSP90 mediates mutant p53 refold-
ing [36]. Redox effects are apparently involved in the action
of MIRA-1. The maleimide group contained in MIRA-1 po-
tentially reacts with thiol and amino groups of the proteins.
A reactive 3-4 double bond in the maleimide group has been
proposed to be required for activity. Since the core domain
of human p53 contains 10 cysteine residues, it is conceivable
that covalent modification of these residues plays a role in
conformational rescue leading to restoration of p53 functions
[37,38]. Modification of cysteine residues has been proposed
to inhibit disulfide bond formation and promote proper p53
folding. However, the mechanism of action of MIRA-1 and
derivatives remains to be clarified.

Recently, a series of thiopyridine triazine derivatives was
reported as promising p53 activators [39,40]. Although inter-
esting, the mechanisms undergoing their action remain to be
elucidated.

Stabilization of Wild-Type p53: Ubiquitin Ligase Inhibi-
tors and Histone Deacetylase Inhibitors

Another approach to stabilize p53 cellular levels is by
protecting p53 from MDM2-mediated ubiquitylation with
ubiquitin ligase inhibitors. Small molecules, such as ben-
zenesulfonamides, urea and imidazolone derivatives, inhibit
E3 ligase activity of MDM2, thus preventing p53 ubiquityla-
tion, Fig. (4) and Fig. (1) [41]. Another set of compounds,
including 5-deazaflavin, have been found to inhibit MDM2
autoubiquitylation, thus leading to the activation of p53 func-
tion allowing the stabilization of both MDM?2 and p53 [42].
The compounds only increase the amount of MDM2 and p53
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but not that of other proteins, indicating that they are specific
for E3 activity of MDM2.

Another crucial post-traslational modification of p53 is
the acetylation process [43-48]. Acetylation of lysine resi-
dues at the C-terminal DNA binding regulatory domain of
p53 by histone acetyltransferase (HAT) activates the expres-
sion of pS53-target genes, whereas, histone deacetylase
(HDAC) enzymes, which deacetylate p53, reduce p53 capa-
bility to transactivate target genes. Interestingly, MDM2 can
promote p53 deacetylation by recruiting a separate complex
containing HDAC [49]. Because lysine residues acetylated in
p53 overlap with those that are ubiquitinated, p53 acetylation
serves to promote protein stability. Unacetylated lysines then
are ubiquitinated by MDM2, which ultimately leads to the
disruption of p53.

Molecules that modulate pS53 acetylation have been found
to promote stability of the protein. In particular, small mole-
cules inhibitors of HDAC increase the activation of p53 tar-
get genes, Fig. (4). HDAC inhibitors induce different effects
in tumor cells, including growth arrest and cell death through
diverse modes (apoptosis, autophagy, mitotic catastrophe
and senescence) [50].

The main structural classes of available HDAC inhibitors
include a) short-chain fatty acids (e.g., butyrates), b) hydrox-
amic acids (e.g., trichostatin A, TSA; suberoylanilide hy-
droxamic acid, SAHA), c) cyclic peptides and d) ben-
zamides.

Phase I/II clinical trials with different HDAC inhibitors
are ongoing and SAHA has been approved by FDA for the
treatment of cutaneous T-cell lymphoma [50].

Other agents which could stabilize wild-type p53 have
been identified. CP31398, a potent agent effective in vitro,
exhibits significant antitumor activity [51]. Its mechanism of
action is still unclear.

CHEMICAL INHIBITORS OF P53

Under some circumstances, the inhibition of p53 function
may have therapeutic implications (e.g., chemoprotection of
normal cells from apoptosis under acute stress conditions).
Pifithrins (PFTs) are a new class of chemical inhibitors
among which pifithrin-a, (PFT-a, 2-(2-imino-4,5,6,7-tetra-
hydrobenzothiazol-3-yl)-1-(4-methylphenyl)ethanone)  has
emerged as a leading compound, Fig. (5). PFT-a was iso-
lated by screening of a chemical library in a cell-based sys-
tem for its ability to reduce p53-dependent transactivation,
and has been suggested to be effective in suppressing the
side-effects of cancer treatment. In fact, although p53-
mediated apoptosis is important for tumor suppression, it
may contribute to side effects of therapy such as myelosup-
pression [52]. PFT-a reduces the activation of p53-regulated
genes, including cyclin G, p21™*"', 14-3-3-6 and MDM2
and protects from genotoxic stress associated with cancer
treatment [53], including apoptosis induced by a variety of
stimuli in normal cells (i.e., doxorubicin-induced apoptosis
in heart; camptothecin-, ischemia-, and dopamine-induced
apoptosis in neurons; cisplatin-induced apoptosis in cochlear
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and vestibular hair cells; and endotoxin-induced apoptosis in
liver tissue) [54-58]. The antiapoptotic effect of PFT-a is
p53-dependent and involves suppression of caspase activa-
tion [57-62]. In neuronal cells, caspase inhibition by PFT-a
correlates with suppression of mitochondrial dysfunction
[63-66]. A direct inhibition of p53 translocation to mito-
chondria was found in kidney cells as a result of PFT-a ac-
tion [67,68]. PFT- a lowers the levels of nuclear p53, but not
those of cytoplasmic p53 protein after DNA damage
[53,54,58,67-69]. These observations indicate that PFT-a
might modulate the nuclear import/export (or both) of p53
and/or decrease stability of nuclear p53. Besides, it was
shown that PFT-a caused an increase in diameter of func-
tional nuclear pore [70]. Although the molecular mechanism
through which these effects are achieved remains to be elu-
cidated, PFTs could act by disrupting the hydrophobic inter-
action which drives p53-dimers association in stable tetram-
ers [71].

A condensation product of PFT-a, from which water is
spontaneously eliminated giving a ring closure, is referred to
as pifithrin-p (PFT-, 2-p-tolyl-5, 6, 7, 8-tetrahydrobenzo[d]-
imidazo[2,1-b]thiazole), Fig. (5). Although less soluble, it is
more stable than PFT-a in tissue culture medium and some
of the inhibitory effects previously ascribed to PFT-a could
be due to PFT-B or to a combination of the two compounds
[72]. Since the conversion of PFT-a proceeds via an in-
tramolecular cyclization reaction involving the imine and
carbonyl groups, modification of the carbonyl function has
been useful in synthesizing stable analogues of PFT-a exhib-
iting higher solubility [73]. Recently, a class of analogues
belonging to the PFT-o and PFT-B bearing an exacyclic
aromatic ring instead of a saturated ring was reported [74].
The aromatic analogues of PFT-f were highly active,
whereas this modification in the aromatic PFT-a series dra-
matically diminished the activity. In addition, the absence of
substituents at the N-position of the iminothiazole heterocy-
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cle of PFT-a reduces the activity of the derivatives [75],
while the introduction of lipophilic substituents (e.g., diethy-
lamino, pyrrolidinyl, methoxy), large aromatic groups (e.g.,
phenyl) or chloro in para position of the phenyl ring showed
similar and even greater activity than PFT-o, Fig. (5)
[74,75]. Novel PFT-o analogues bearing different substitu-
ents on the methylene group on acetophenone moiety were
reported. Some of these PFTs were more potent p53 inhibi-
tors than the reference compound PFT-a [76]. In particular,
the CN substitute derivative which also bears a metoxy
group in para position of the phenyl ring has been found to
be very active, Fig. (5). In addition, the introduction of an
oxazole instead of a thiazole ring increases the potency of
the PFT-a [75]. The most active PFT derivatives are reported
in Fig. (5).

PFT-a and PFT-B act on p53 activities leading to inhibi-
tion of both apoptosis and growth arrest, Fig. (1). Growth
arrest is mediated by activation of transcription of p53-
responsive genes involved in cell cycle checkpoint control,
such as p21"*"" and 14-3-3-6. Apoptosis is triggered in most
radiosensitive organs, such as thymus, by translocation of
p53 into mitochondria and, in part, through transactivation of
pro-apoptotic genes, such as Bax, Noxa or p53-upregulated
modulator of apoptosis (PUMA), Fig. (1) [77]. Thus, differ-
ent branches of the p53 pathway can be targeted separately
by developing new classes of p53 inhibitors that are specific
against either apoptotic or growth arrest functions of p53.
This possibility has been recently supported by isolation of
two new classes of PFTs [78]. These molecules can inhibit
p53-dependent apoptosis in the absence of effects on p53-
dependent transactivation and growth arrest (anti-apoptotic
PFT series) or, on the other hand, can block p53-dependent
transactivation without affecting p53-mediated apoptosis
(anti-transactivation PFT series). Anti-apoptotic PFTs showed
radio- and chemo -protective properties in vivo, while anti-
transactivation PFTs may be used in combination with radio-
and chemotherapy to sensitize tumors to treatment, Fig. (1)
[78].

Among the anti-apoptotic PFTs, pifithrin-u (PFT-p, 2-
phenylethynesulfonamide) was recently discovered as a se-
lective inhibitor of mitochondrial branch of the p53 path-
ways, Fig. (5) and Fig. (1) [78]. PFT-u inhibits p53 binding
to mitochondria by reducing its affinity to antiapoptotic pro-
teins Bcl-xL and Bcl-2 but has no effect on p53-dependent
transactivation. PFT-p has a high specificity for p53, protects
cells from apoptosis and has been found to protect mice from
doses of radiation that cause a lethal hematopoietic syn-
drome [78].

DRUG COMBINATION STRATEGIES TO IMPROVE
CANCER THERAPY

In the search for more efficacious and less toxic antitu-
mor therapy, p53 has long been a exploitable target. In this
context, combination studies including molecules which tar-
get p53 functions with different conventional anticancer
drugs have been proposed.

Nutlin 3 has been reported to synergize with Tumor Ne-
crosis Factor oo (TNF-a) in lung cancer cells [79]. The com-
bination treatment decreases cell viability in a p53-dependent
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manner and strikingly inhibits the expression of Intercellular
Adhesion Molecule 1 (ICAM-1) and Monocyte Chemotactic
Protein-1 (MCP-1), which are involved in cancer cell inva-
sion and metastasis. Thus, nutlin 3 has been proposed for
lung cancer therapy [79]. Increased apoptosis and cell cycle
arrest is observed following concomitant administration of
nutlin and radiation in wild-type p53 lung cancer cells. The
combination has also been found to decrease the ability of
endothelial cells to form vasculature [80].

Since deletions and/or mutations of the p53 gene occur in
only 5-10% of acute myeloid leukemia (AML) [81], recom-
binant Tumor Necrosis Factor o -Related Apoptosis-Indu-
cing Ligand (TRAIL) and nutlin 3 have been combined in
AML cell system [81]. The simultaneous combination of
TRAIL and nutlin 3 results in caspase-dependent cleavage of
p21™VA"! and sensitization to apoptosis as a consequence of
concomitant activation of extrinsic and intrinsic apoptotic
pathways.

The pharmacological activation of the p53 pathway with
nutlin 3 in Hodgkin lymphoma-derived cell lines leads to
apoptosis induction and sensitizes the cells to other antican-
cer drugs. In particular, nutlin 3 synergizes with conven-
tional chemotherapeutics and/or inhibitors of p53-indepen-
dent survival pathways such as the HSP90 inhibitor gel-
danamycin, thus providing an attractive option for combina-
tion therapy in patients with Hodgkin lymphoma [82].

Although p53 mutations are rare in B-cell chronic lym-
phocytic leukemia (CLL), MDM2 overexpression is a fre-
quent event resulting in p53 dysfunction. Nutlin 3 has been
found to synergize with doxorubicin, chlorambucil, and
fludarabine in these cells and, interestingly, the synergistic
apoptotic effect was maintained in fludarabine-resistant cells
[83,84].

Nutlins have been proposed to have utility in protecting
normal proliferating tissues during antimitotic chemotherapy
of tumors expressing mutant p53 [30]. Since normal cells
possess wild-type functional p53, pretreatment with nutlins
can arrest their proliferation and protect them from the toxic-
ity of paclitaxel. As expected, cancer cells bearing mutant
pS3 are insensitive to nutlins but sensitive to paclitaxel-
induced apoptosis because taxanes can activate pS53-inde-
pendent apoptosis [30]. This response is not a general feature
since combination of nutlin and paclitaxel on mutant p53
MDA-MB-435 cells increases mitotic arrest and induces
massive apoptosis. In contrast, the MDM?2 antagonists,
through activation of p53 pathway, may have a protective
effect from mitotic inhibitors in wild-type p53 HCT116 and
RKO colon cancer cells [85].

Cytosolic sequestration of hyperubiquitinated wild-type
pS53 is one of the several mechanisms that attenuate p53
function in neuroblastoma. Nutlin 3 has been observed to
synergize with camptothecins by inducing p53 relocalization
from the cytoplasm to the nucleus and promoting
reactivation of p53 transcriptional and apoptotic function by
inducing p53 deubiquitination [86].

Synergistic interaction has been observed between
PRIMA-1 and adriamycin, cisplatin or flutarabine [31,87].
The effect appears to result from enhanced expression of
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mutant p53 induced by chemotherapeutic drugs [31].
PRIMA-1 synergizes with adriamicyn in breast cancer, espe-
cially in cells with aberrant p53 function [36]. The restora-
tion of the functions of p53 via PRIMA-1 has been found to
reduce the migration, invasion and metastasis of breast can-
cer MDA-MB-231 cells by reducing the expression of the
chemokine (C-X-C motif) receptor 4 (CXCR4) [88].

HDAC inhibitors have been reported to increase the cyto-
toxicity of several antitumor agents, including DNA-
damaging agents which are known to activate p53 [89].
These synergistic combinations may have potentially clinical
relevance. However, due to the pleiotropic effects of HDAC
inhibition, the synergistic interaction could not be ascribed
solely to modulation of p53 function.

TSA has been found to improve the efficacy of 5-
fluorouracil, paclitaxel and SN38 in gastric cancer cell lines
[90]. In addition, simultaneous treatment with TSA and
doxorubicin increases cell death in androgen-receptor posi-
tive prostate cancer cells [91]. This synergistic effect of TSA
has been ascribed to the up-regulation of p53. Pretreatment
with TSA or SAHA increases the killing efficiency of VP-
16, ellipticine, doxorubicin and cisplatin in human cancer
cell lines of different tissue origin. Interestingly, the sensiti-
zation has been found in D54 cells, a brain tumor cell line
intrinsically resistant to topoisomerase II inhibitors, and cor-
related with markedly induction of p53, p21V*F!) and
Growth Arrest and DNA Damage 45 protein (GADDA45)
levels [92].

The growth arrest function of p53 may have a protective
effect against the cytotoxicity of a number of antitumor
agents. On this basis, some combination strategies with the
use of PFT have been designed. Recent evidence indicates
that p53 is involved in androgen signaling in prostate cancer
cells [93]. PFT-a reduces the transactivation of androgen-
dependent protein expression mediated by p53 in prostate
cancer cells, suggesting a possible use of PFTs during the
androgen dependent growth of prostate cancers.

Particularly relevant are the results observed by combin-
ing topotecan with PFT-o in human glioblastoma cells [94].
Topoisomerase I has been found to be degraded upon topote-
can treatment in p53 wild-type U87 cells but not in p53-
deficient U138 cells, indicating that a wild-type protein is
important for DNA damage repair leading to camptothecin
resistance. PFT-a has been observed to synergize with topo-
tecan by attenuating topoisomerase I degradation in wild-
type p53 cells and reversing the resistance phenotype.

Exposure of astrocytic glioma U87MG cells to PFT-a
before BCNU and temozolomide (cytotoxic drugs that are
modestly helpful in the treatment of aggressive astrocytic
gliomas) attenuates p53-mediated induction of p21™**! pro-
tein resulting in sensitization of glioma cells to these drugs
[95].

PFT-o has been found to overcome Ara-C resistance in a
murine BXH-2 strain AML cell lines which exhibited an
aberrant p53 protein. PFT-a induces apoptosis in both Ara-
C-sensitive and -resistant cell lines, and decreases Ara-C
resistance in cells with either normal or mutant p53. Thus,
PFT-a could be useful in treatment of relapsed AML [96].
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PFT-a was found to enhance chemosensitivity by a mecha-
nism independent of p53 and involving p38 MAPK deregu-
lation of Eukaryotic translation Initiation Factor 4E (elF-4E)
phosphorylation [97]. In colangiocarcinoma KMCH cells,
which contain a functionally inactivating p53 mutation and
increased levels of initiation factor elF-4E, PFT-a proved to
be active in enhancing chemosensitivity to gemcitabine in an
elF-4E dependent manner. Moreover, modulation of elF-4E
phosphorylation is an attractive therapeutic target for inter-
vention in cancer treatment since this initiation factor is
overexpressed in many cancers [98].

These observations, indicating a synergistic interaction in
p53 defective cells, support a complex mechanism of action
of PFTs, involving also p53-independent mechanisms.

CONCLUSIONS

Despite the remarkable progress in understanding p53
functions, there are still many issues that need to be ad-
dressed before defining the therapeutic value and applica-
tions of p53 modulators. Although preclinical efforts on
these small molecules are growing, the discovery and devel-
opment of p53 modulators as therapeutic agents are still lim-
ited by the non-enzymatic nature of p53 as drug target. The
best known p53 inhibitors belong to the emerging category
of small-molecule modulators of protein-protein interaction
targeting p53 protein or components of the p53 pathway. The
development of pharmacological agents of this category is
more problematic than the conventional enzyme inhibitors.
A rational approach to optimize p5S3 modulators is still lim-
ited by a lack of detailed structural information concerning
its interaction with other cellular proteins. The most promis-
ing modulators of p53 function appear MDM?2 antagonists
and the transcriptional inhibitors of p53. The possible appli-
cations of such modulators are quite different. Indeed, on the
basis of different functions of p53 in response to various
cytotoxic stresses, it may be useful to activate p53 or to in-
hibit its functionality, depending on the nature of cytotoxic
injury and on the biological context.

The p53-MDM2 interaction has been validated as a novel
therapeutic target. The available evidence supports the thera-
peutic interest of p53 activation by p53-MDM2 antagonists.
In particular, the discovery of the nutlins strongly suggests
that the p53-MDM?2 interaction can be successfully manipu-
lated with small molecules. Early studies with the nutlins
have indicated that MDM2 antagonists may be effective as
single agents if tumor cells possess wild-type p53 and rela-
tively intact down-stream p53 signaling. In addition, nutlins
appear to be effective in synergizing with different antitumor
agents, thereby providing the rationale for novel combination
approaches.

Due to the high frequency of mutation of the p53 gene
observed in tumors, the compounds capable of reactivating
the DNA binding activity of mutated p53 appear very inter-
esting. However, these molecules have a low grade of speci-
ficity for p53. Indeed, their mechanism of action likely in-
volves thiol and amino groups, which are widely represented
in the cells.

The role of ubiquitin ligase inhibitors and HDAC inhibi-
tors in reducing tumor growth is less specific, since they act
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not only on p53. In this context, particularly relevant are
HDAC inhibitors, which act by inducing chromatin remodel-
ing and favoring gene expression. HDAC inhibitors are very
active in reducing tumor growth and some of them have been
approved for clinical treatment.

The understanding that the apoptotic and growth arrest
functions of p53 can be targeted separately by developing
specific pS3 inhibitors has opened new perspectives. In this
regard, PFT-p represents the first reported compound able to
inhibit p53-dependent apoptotic pathways and is emerging as
a promising chemoprotective molecule. There is a need for
new PFTs targeting only the growth arrest branch of the p53
pathways since they are expected to sensitize tumor cells
when used in combination with radio- and chemo-therapy.
To date, no molecules with such specificity are available.
Relevant to this point is the observation that in contrast to
their chemoprotection activity (e.g., reduction of side effects
of chemo- and radiotherapy), PFTs could be useful in poten-
tiate cancer cell killing mediated by different antitumor
agents.

It is important to underline that the inhibition of p53 by
PFTs in cell treated with DNA damaging agents and bearing
wild-type p53 reduces apoptosis, while increases chromoso-
mal aberration [99]. In addition, Lin and coworkers reported
the suppression of high-fidelity double-strand break repair in
mammalian cells treated with PFTs [100]. Thus, the tempo-
rary suppression of the function of p53 by PFTs aimed at
increasing the survival of normal cells should be a promising
approach to reduce the side-effects of cancer therapy but, the
surviving cells could be genetically modified by genotoxic
drugs and consequently the risk of secondary tumors may be
increased.

In conclusion, since p53 has no enzymatic activity, the
design of small molecules targeting p53 requires approaches
more sophisticated than those used for inhibitors of catalytic
activity of enzyme target. In addition to problems of target
selectivity, the cell-based assay technologies (e.g., effects on
intracellular signal transduction pathways, including intracel-
lular protein translocation) may generate obvious difficulties
in the interpretation of the mechanism of action of p53
modulators. It is well known that several cytotoxic agents or
stress conditions can modulate p53 activity. Moreover, as
observed with HDAC inhibitors, other non-specific agents,
including redox modulators, may influence p53 function.

In spite of the complexity of methodological approaches,
the relevance of p53 function supports its interst as a thera-
peutic target.
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ABBREVIATIONS
Bcl-2 =
PUMA
HSP90

B-cell leukemia 2

p53-upregulated modulator of apoptosis
Heat Shock Protein 90

Beretta et al.

TNF-a = Tumor Necrosis Factor o

ICAM-1 = Intercellular Adhesion Molecule 1

MCP-1 = Monocyte Chemotactic Protein-1

TRAIL = Tumor Necrosis Factor a-Related Apopto-
sis-Inducing Ligand

GADD45 = Growth Arrest and DNA Damage 45
protein

elF-4E = Eukaryotic translation Initiation Factor 4E

CXCR4 = Chemokine (C-X-C motif) receptor 4

PFT = Pifithrin

MDM2 = Murine double minute 2

AML = Acute myeloid leukemia

CLL = B-cell chronic lymphocytic leukemia

RITA = Reactivation of p53 and induction of tumor
cell apoptosis

PRIMA-1 = p53-reagtivation and induction of massive
apoptosis

MIRA-1 = Mutant p53 reactivation and induction of
rapid apoptosis

TSA = Trichostatin A

SAHA = Suberoylanilide hydroxamic acid

HAT = Histone acetyltransferase

HDAC = Histone deacetylase.
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