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Abstract: Background. In the majority of human cancers, the
tumor suppressor activity of p53 is impaired because of muta-
tional events or interactions with other proteins (ie, MDM2). The
loss of p53 function is responsible for increased aggressiveness
of cancers, while tumor chemoresistance and radioresistance
are dependent upon the expression of mutant p53 proteins.

Methods. Review of the literature indicates that p53 acts pri-
marily as a transcription factor whose function is subject to a
complex and diverse array of covalent post-translational modifi-
cations that markedly influence the expression of p53 target
genes responsible for cellular responses such as growth arrest,
senescence, or apoptosis. The ability of p53 to induce apoptosis
in cancer cells is believed essential for cancer therapy.

Results. Numerous data indicate that p53 dependent apopto-
sis is a relevant factor in determining the efficacy of anticancer
treatments. Thus, the development of new strategies for restora-
tion of p53 function in human tumors is considered an important
issue. Two main approaches for restoration of p53 function have
been pursued that impact anticancer treatments: (a) de novo
expression of wild-type p53 (wt-p53) through gene therapy and
(b) identification of small molecules reactivating wt-p53 function.

Conclusions. The extensive body of knowledge acquired
has identified manipulations of p53 signaling as a relevant issue
for successful therapies. In this context, the recognition of p53
status in cancer cells is significant and would help considerably
in the selection of an appropriate therapeutic approach. p53
manipulations for cancer therapy have revealed the need for
specificity of p53 activation and ability to spare body tissues.
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Furthermore, the promising results obtained by using molecules
competent to reactivate wt-p53 functions in cancer cells provide
the basis for the design of new molecules with lower side effects
and higher anti-tumor efficiency. The reexpression and reactiva-
tion of p53 protein in human cancer cells would increase tumor
susceptibility to radiation or chemotherapy enhancing the effi-
cacy of standard therapeutic protocols. ©2007 Wiley Periodi-
cals, Inc. Head Neck 29: 272-284, 2007

Keywords: p53; apoptosis; MDM2; gene therapy; small mole-
cules

P53 protein was identified in SV40 transformed
cells where it is associated with Large T Antigen,’
and TP53 was initially believed to be an oncogene.
Subsequently, TP53 was found mutated in differ-
ent human tumors,? and its protein product was
reported to act as a tumor suppressor.® The obser-
vations that Li-Fraumeni, a syndrome predispos-
ing to cancer, was associated with TP53 germline
mutations,? and that 7P53 knockout mice sponta-
neously developed cancers at a young age® added
support to the oncosuppressive action of p53.

p53 (Figure 1) is a powerful transcription fac-
tor whose function is essential in preventing inap-
propriate cell proliferation and in maintaining ge-
nome integrity following genotoxic stress.® The
protein has a short half-life, and its expression
level in normal conditions is low. In response to
cellular stress, such as DNA damage, hypoxia,
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FIGURE 1. Features of human p53. Chromosomal localization of the p53 gene and schematic representation of the domains carried
in the p53 protein: -transcriptional activation (aa 1-62); -prolin rich (aa 63-97); -sequence specific DNA binding (aa 102-292); tetra-
merization (aa 323-356); -and regulation (aa 362—-393). Hot-spot missense mutations are reported: DNA binding defective (R273H;
R248W), and structural mutations (R175H, G245S, R249S, and R282W). [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

oncogene overexpression, or viral infection, the
half-life and expression level of p53 rise, and
extensive post-translational modifications occur
that also increase its sequence-specific DNA bind-
ing activity.” p53 through its N-terminus domain
activates more than 300 different promoter ele-
ments,® thus modulating the expression of several
target genes involved in a number of cellular proc-
esses, such as cell cycle arrest, senescence, and ap-
optosis. Apoptosis is an evolutionary conserved
process through which the organisms remove
abnormal cells, and the conventional antineoplas-
tic treatments exploit this process to overcome tu-
mor proliferation thus providing successful thera-
pies.

This review, after a detailed description of the
molecular mechanisms through which p53 regu-
lates apoptosis, will focus on the developments of
new strategies for restoration of p53 function and
their impact on treating cancer.

p53 AND APOPTOSIS

Apoptotic pathways have been thoroughly dis-
sected in different organisms, and several regula-
tory molecules including p53 have been identified.
The molecular mechanisms through which the
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wild-type p53 (wt-p53) regulates apoptosis in
mammalian cells are not totally elucidated.
Indeed, wt-p53 is primarily a nuclear protein, but
it might function outside the nucleus through pro-
tein-protein interaction. Several reports indicate
that wt-p53 modulates apoptosis through its tran-
scriptional-dependent and -independent activity.’

p53 Transcriptional-Dependent Apoptosis. In mam-
malian cells 2 distinct apoptotic pathways (extrin-
sic and intrinsic) have been defined, and wt-p53 is
a major player in both (Figure 2). In Table I (see
refs. 10-24) are listed the most relevant wt-p53
target genes involved in these pathways. The list
includes genes responsible for death receptor sig-
naling such as Fas/CD95, DR4, DR5,!%!! and
genes directly affecting the apoptotic machinery
such as various pro-apoptotic Bcl2 family mem-
bers (Bax, PUMA, Noxa, Bid), Caspase-6, Apaf-1,
PIDD, and other pro-apoptotic effectors with less
defined roles as PERP and p53AIP (reviewed in
ref. 25).

Upon cellular stress (DNA damage and others),
p53 is subjected to a complex and diverse array of
covalent post-translational modifications: phospho-
rylation, acetylation, ubiquitylation, sumoylation,
methylation, and neddylation. These modifications,

HEAD & NECK—DOI 10.1002/hed  March 2007 273



Extrinsic
pathway

e-FLIP—]

Intrinsic
pathway

Cytocrome-C Smac/Diablo
Omi/Htra2

*Apotosome’

FIGURE 2. The apoptotic pathways. The extrinsic pathway is triggered by the activation of death receptors (Fas/CD95, DR4, and
DRS5) upon interaction with their respective ligands (FasL, and TRAIL). Once activation occurs, death receptors form the “Death Induc-
ing Signaling Complex” (DISC) that recruits, via the adaptor molecule Fas Associated Death Domain Protein (FADD), multiple procas-
pase-8 molecules resulting in caspase-8 activation. This signal in some cell types is sufficient to trigger apoptosis. In other cells types,
caspase-8 interacts with the mitochondrial pathway activating the BH3-only protein Bid that leads to cytochrome-c release. Negative
regulators of this pathway are cellular FLICE-like inhibitory protein (c-Flip), a degenerate caspase homologue that can be recruited by
FADD blocking the caspase-8 activation; DcR1 and DcR2 antiapoptotic decoy-receptors that missing the cytoplasmic death domain
compete with DR4 and DR5 blocking the TRAIL-induced apoptosis. The intrinsic pathway is used extensively in response to extracellu-
lar cues and internal insults as DNA damage. These diverse response pathways converge on the mitochondria altering the balance
between pro-apoptotic (Bax/Bak) and anti-apoptotic (Bcl2/BclXL) proteins. The dominance of pro-apoptotic Bax/Bak proteins, induced
by BH3-only proteins (Puma; Noxa) and p53, increased the mitochondrial permeability and releasing apoptogenic factors: cytochrome-
c and Apaf-1 once in the cytoplasm form the apoptosome complessing and activating procaspase-9 molecules; Diablo/Second mito-
chondria-derived activator of caspase (Smac) and Omi/high temperature requirement protein A2 (HTRAZ2) inhibit the cytosolic inhibitor
of apoptosis proteins (IAP). The extrinsic and intrinsic pathways converge at the level of caspase-3 activation, which trigger a multitude
of subprograms resulting in apoptosis. p53 target genes are shown in yellow. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 1. p53 apoptotic target genes.*

References
Death receptor pathways
DR4 (death receptor 4) 10
DR5 (death receptor 5) 11
DcR1 (decoy receptor 1) 12
DcR2 (decoy receptor 2) 13
FAS/CD95 14
Apoptotic effectors machinery
NOXA 15
PUMA (p53 upregulated 16
modulator of apoptosis)
BID (BH3 interacting 17
domain death agonist)
BAX (BCL2-associated x protein) 18
Procaspase-6 19
APAF-1 (apoptotic protease 20, 21
activating factor-1)
PIDD (p53 induced protein 22
with a death domain)
PERP (p53 apoptosis 23
effector related to PMP-22)
P53AIP1 (p53-regulated 24

apoptosis-inducing protein 1)

*The list is not exhaustive

by adding functional groups to the protein, mark-
edly influence the expression of p53 target genes,
which regulate cellular responses such as cell cycle
arrest, senescence, and apoptosis. Phosphorylation
and acetylation usually drive p53 transcriptional
activation as a result of stabilization, accumulation,
and activation of the protein in the nucleus.
Although several different approaches have been
used to define the p53 apoptotic programs, we still
lack a comprehensive molecular understanding of
p53 target genes in the apoptotic process, and dif-
ferent mechanisms have been postulated for their
selective activation.?®?” Initially, a quantitative
model has been proposed,?® based on the presence
of promoters whose activation requires high levels
of p53. Indeed, low and high affinity p53 binding
sites were revealed in promoters involved in apo-
ptosis and cell cycle arrest, respectively. However,
recent analysis of chromatin-immunoprecipitation
in cells challenged with DNA damage only partially
supported this model. The data reported indicate
that some pro-apoptotic target genes (eg, PUMA)
are regulated by high affinity binding sites, sug-
gesting that the decision to undergo apoptosis also
depends on other events. Accordingly, a second
model has suggested that p53 selectively activates
the transcription of pro-apoptotic target genes upon
interaction with transcriptional co-activators, such
as p300/CREB-binding protein (p300/CBP), junc-
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tion-mediating and regulatory protein (JMY), and
apoptosis-stimulating protein of p53 (ASPP). The
p53/p300/CBP protein complex, through histone
acetylation and chromatin remodeling, allows
selective transcription of p53-dependent apoptotic
genes,?® whereas the JMY protein,® cooperating
with p300, enhances the ability of p53 to induce
the expression of genes as BAX. ASPP family pro-
teins,3! through direct interaction with p53, en-
hance the affinity of p53 for promoters of apoptotic
target genes such as BAX and p53-induced gene 3
(PIG3), but not of other target genes (MDM2,
cyclin G, or p21). Interestingly, accumulating evi-
dence indicates that p53 interaction with histone
deacetylases (HDAC1) and the transcriptional
co-repressor mSin3a®? or with hDaxx,?® provides
a molecular mechanism for p53-dependent tran-
scriptional repression (Figure 3).

p53 Transcriptional-Independent Apoptosis. It has
been reported that in some tumor cell lines, inhib-
itors of mRNA and protein synthesis (eg, actino-
mycin D, cycloheximide) block the transcription of
p53-target genes®® but do not affect p53-depend-
ent apoptosis. These observations suggested an
alternative pathway, transcriptional-independent,
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FIGURE 3. Model of cell cycle and apoptosis regulation by
p53. Upon different cellular stress, such as DNA damage, p53
became activated through a complex network of post-transla-
tional modifications. These modifications allow p53 to interact
with different transcription cofactors that help p53 to activate its
downstream target inducing apoptosis or cell cycle arrest. Inter-
action of p53 with cofactors such as p300/CBP or p300/JMY or
ASSPs proteins promotes the specific transcription of apoptotic
target genes. Interestingly, p53 interacting with others cofactors
can repress the transcription of target genes; this is the case of
hDaxx, which interacts with p53 to induce the repression of
CDKN1A transcription, which encodes p21 protein, enhancing
the apoptotic response. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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through which p53 can induce apoptosis. Studies
corroborating this hypothesis revealed that, upon
DNA damage, p53 localizes to the mitochondria
and triggers a rapid apoptotic response that occurs
before the activation of p53-target genes.?® More-
over, immune-precipitation experiments in irradi-
ated thymocytes demonstrated that, upon localiza-
tion in the mitochondria, p53 through its DNA
binding domain physically interacts with the BCL-
XL and BCL2 anti-apoptotic proteins; this interac-
tion releasing pro-apoptotic BH-3 proteins (BAK,
BAX) induces mitochondrial permeabilization and
apoptosis.>®

Studies undertaken to assess the functional
role of polymorphism at codon 72 (Pro72/Arg72)
also added evidence on p53 transcriptional-inde-
pendent apoptotic (TIA) activity. Indeed, deletion
of the proline-rich domain, where codon 72 is
localized, abolishes p53 apoptotic function but
maintains p53 transacting activity.?” Dumont
et al®® by studying the apoptotic response in cell
lines overexpressing either variants Pro72 or
Arg72, reported that the Arg72 variant induced
more efficiently TTIA. This effect might be ascribed
to a more efficient shuttling of this variant from
the nucleus to the mitochondria because of its
higher binding affinity for proteins (CRM1;
MDM2) involved in p53 nuclear export.

RESTORATION OF WILD-TYPE p53 FUNCTION
IN HUMAN CANCER

TP53 is the most frequently inactivated oncosup-
pressor gene in human malignancies, and its inac-
tivation is beneficial for tumor survival. On this
basis, restoration of wt-p53 activity seems one of
the most attractive goals for a successful tumor
therapy. Data have been reported indicating that
senescent program controlled by p53 and p167K42
is an important determinant of treatment out-
come in vivo.?>*® However, in view of the impact
of cell death and apoptosis on therapy outcome, in
recent years strategies to restore apoptotic p53
pathways in tumor cells have been thoroughly
pursued. Several approaches have been under-
taken to restore wt-p53 function. Initially, tumor
therapy based on exogenous wt-p53 expression
(gene therapy) was exploited. More recently, the
use of small molecules for endogenous p53 reacti-
vation, in tumors retaining a wt-p53 gene, was
intensively investigated. Similarly, to reverse the
mutant p53 action in tumors expressing mutant
proteins, a vast number of studies have been
devoted to the development of viral particles or of
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small molecules endowed with the ability to
reverse the mutant p53 phenotype.

Reactivation of Endogenous Wild-Type p53

Gene Therapy. Several strategies for cancer gene
therapy based on wt-p53 administration have
been extensively evaluated both in preclinical and
clinical models by using physical or viral vectors.
Although preliminary studies in cell culture and
in animal models revealed the effectiveness and
the low toxicity of these approaches,* ™ their ef-
ficacy in clinical trials is currently debated. Clini-
cal studies carried out in lung, bladder, ovarian,
and breast cancers resulted in the absence of addi-
tional beneficial effects with respect to conven-
tional treatments (reviewed in ref. 44). Moreover,
arecent large international gene therapy study in
patients with primary stage III ovarian cancer
bearing p53 mutations was closed because of lack
of significant benefit.*> On the other hand, encour-
aging results were reported for phase II and III
clinical trials on 135 patients with late-stage head
and neck squamous cell carcinoma (HNSCC). In
this study, patients were treated with a combina-
tion of recombinant adenovirus-p53 (Gendicine)
administration and radiotherapy. The results
showed 64% of patients with complete regression
and 32% with partial regression. No serious side
effects were observed.*® Moreover, according to a
recent review on gene therapy for lung and head
and neck cancers,?” clinical trials of p53 gene
replacement have provided useful information for
the design of future gene therapy strategies.
Based on several clinical studies, it has been sug-
gested that conventional therapy may provide
renewed potential if used in combination with
administration of functional p53 gene in the many
clinical settings where local disease control
remains suboptimal.

Albeit encouraging results, at present further
improvements for a safe and adequate wt-p53 in
vivo administration are required. Most of the gene
therapy strategies have been performed using
replication-incompetent adenovirus carrying hu-
man wt-p53 ¢cDNA sequences driven by strong vi-
ral promoters. Successful tumor gene therapy
requires the development of new modified viral
vectors proficient in targeting all, or nearly all,
cancer cells. This approach is particularly rele-
vant when direct intratumor injection cannot be
performed. In the last few years, progress in vec-
tor targeting has been obtained, because of the
numerous efforts devoted to change the viral tro-

HEAD & NECK—DOI 10.1002/hed  March 2007



HLI9®
family
ﬁ-ﬁ_"ﬁiﬂ
BEL e OO
L =1 ubiquity lation "
) ' “

P5-341 —il —

=

1

Block

activity

Iransactivaton

fumor suppressor
activity

hI1LI\.'||.‘:Ir
A \export
izl &

p53 tarpet penes

ol

Nutling
Rita, Sy1-155

antisense al.
fsiRNA

FIGURE 4. The p53 regulatory negative feedback loop MDM2 mediated. Some of the strategies adopted to neutralize the MDM2 func-
tions in tumor cells are shown in blue. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

pism of adenoviruses through genetic or non-
genetic modifications of the viral envelope.*® At
present, however, despite the reported advan-
tages of these modifications, the relevance of such
modified viruses for gene therapy approaches are
not conclusive.

Neutralization of MDM2 Functions. Cell survival in
tumors retaining wt-p53 gene is sustained by
other alterations, which impair p53 function and
therefore its apoptotic ability. It has been demon-
strated that in a significant percentage of human
tumors, the mechanism of p53 inactivation is
MDMZ2 overexpression and/or amplification.*®
MDM?2 is the major negative regulator®® of p53
(Figure 4). In physiological conditions wt-p53 has
a very short half-life because of the autoregula-
tory negative feedback loop mediated by MDM2.5?
First, wt-p53 activates the transcription of the
MDM?2 gene; subsequently the MDMZ2 protein,
upon interaction with the p53 transactivation do-
main, impairs p53 transcriptional activity. More-
over, MDM2 through its E3 ubiquitin ligase activ-
ity promotes the proteasome-dependent p53 deg-
radation®®®® and modulates nuclear export of
p53.%4 In stressing conditions (DNA damage), p53
reacquires its activity and impairs MDM2 nega-
tive regulation. In these conditions, p53 is phos-
phorylated within its N-terminal domain (Ser15,
Thr18, and Ser20) by a number of kinases, and
this phosphorylation transiently stabilizes p53,
preventing its binding to MDM2 and its subse-
quent degradation. In the past years, several
strategies for tumor therapy have been developed
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to increase p53 activity by neutralizing MDM2
functions at different levels.

Transcriptional level. Inhibition of MDMZ2 gene expres-
sion was achieved through the use of antisense-
oligonucleotides.’® These reagents specific for
MDM2 have shown antitumor efficacy both in
vitro and in vivo.”® The use of antisense anti-
MDM2 oligonucleotides in combination with con-
ventional antineoplastic agents has demonstrated
chemosensitizing and radiosensitizing effects in
several human cancer cell models.?”*®

Protein interaction. It has been reported that small
peptides derived from p53 were able to inhibit
MDM2-p53 protein complexes.?® Based on these
seminal observations, efforts were undertaken to
identify new peptide and nonpeptide inhibitors of
MDM2-p53 protein complexes as relevant targets
for cancer therapy.®® Several small peptides have
been identified whose structure allows them to
have high stability in solution and high affinity
for MDM2-binding.%* Experiments have indicated
that these peptides were able to induce growth
arrest and apoptosis in cancer cell lines and were
ineffective in nontumor cell lines.®> Nonpeptidic
or natural inhibitors have also been identified.
Natural inhibitors such as chlorofusin,®® polycy-
clic compounds,®* and chalcone derivatives® were
described to inhibit efficiently the MDM2-p53
complexes, but their biological activity is still
unreported. More recently, through extensive
screening of diverse libraries of synthetic chemi-
cals, nonpeptidic compounds that inhibit p53-
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MDM2 binding have been identified. One of these
compounds, a derivative of cis-imidazoline ana-
logs (Nutlin), has been demonstrated as a potent
antagonist of MDM2, which activates the p53
pathway in cancer cells leading to apoptosis and
growth inhibition in vivo.%® In the same way, a
small molecule named RITA (reactivation of p53
and induction of tumor cell apoptosis) was
detected.®” RITA, via its binding to p53, prevents
p53-MDM2 interaction in vitro and in vivo and
induces massive apoptosis in various tumor cell
lines expressing wt-p53.

A series of nonpeptidic small HDM2 (the
human analogue of MDM2) inhibitors were also
designed by computer-aided modeling and synthe-
sized by chemical method. Syl-155 is 1 of these
inhibitors that induces cell cycle arrest and apo-
ptosis® in cancer cell lines expressing wt-p53. In
conclusion, nonpeptidic small molecular inhibi-
tors of the p53-HDM2 interaction show promise in
the treatment of tumors expressing wt-p53.

Proteasome degradation. The ubiquitin-proteasome
pathway is the principal pathway for intracellular
protein degradation and plays a significant role in
cancer growth and metastasis. The development
of proteasome inhibitors was seen as a new thera-
peutic strategy to suppress tumor growth by
inducing apoptosis. On this basis, a unique series
of potent, selective, and reversible proteasome
inhibitors has been developed. These compounds
are dipeptide boronic acid analogues that inhibit
the chymotryptic activity of the proteasome by
blocking the activity of the enzyme.®® Relevant
results have been obtained with a representative
of such compounds, the dipeptidyl-boronic acid
PS-341 (bortezomib), a potent and specific inhibi-
tor of the 26S proteasome. Studies in vitro and in
vivo have shown antitumor activity of bortezomib
in a broad range of tumor types including my-
eloma, prostate cancer, pancreatic cancer, and co-
lon cancer.” Although proteasome inhibitors
might affect the intracellular level of various cel-
lular proteins, recent data demonstrated that bor-
tezomib stabilizes p53 protein and induces apo-
ptosis in a p53-dependent manner.”! Phase I and
phase II clinical trials with relapsed multiple my-
eloma refractory to conventional chemotherapy
demonstrated the efficacy of bortezomib treat-
ment.”? Moreover, promising early clinical results
in phase I trial of several solid tumors have been
reported.”® At present, bortezomib is under inten-
sive clinical testing in a variety of solid and hema-
tological malignancies.
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Protein ubiquitylation. Blockade of HDMZ2 Ub ligase
activity by its natural inhibitor p192FF leads to
increased p53 levels and p53 transcriptional activ-
ity. Indeed, it is known that MDMZ2 promotes the
cytoplasmic translocation of p53, not by physically
carrying p53 into the cytoplasm but rather by
ubiquitylating it.”* Hence, p53 ubiquitylation may
serve not only as a degradation tag but also as a
subcellular localization tag. These data suggested
that by inhibiting HDM2 Ub ligase activity it
might be possible to restore apoptosis in tumors
expressing wt-p53. In view of this attractive phar-
macological mechanism for inducing cell death in
human tumors, studies have been undertaken to
uncover small molecules endowed with ability to
inhibit HDMZ2 Ub ligase activity. Initially, 3 chemi-
cally distinct types of compounds were identified”®
to function as selective inhibitors of HDM2-medi-
ated ubiquitylation of p53. Very recently, using
high-throughput screening of small-molecule
libraries, a family of small molecules (HLI98s, 7-
nitro-5-deazaflavin compounds) that strongly
inhibited HMD2-mediated autoubiquitylation was
described. These compounds stabilize p53 protein
and activate p53-dependent apoptosis.”® Pharma-
cological optimization of these compounds may
provide new basis for therapeutic agents in
human cancers.

Nuclear export. An attractive approach to enhance
p53 function is to induce its accumulation in the
nucleus, where p53 can act as transcriptional acti-
vator. Leptomycin B (LMB) is a specific and potent
inhibitor of CRM1 nuclear exportin, which is
involved in the nuclear export of proteins carrying
a nuclear export signal (NES).”” Although the
LMB activity impacts the whole cellular proteins
trafficking, consistent data indicate LMB strongly
activates p53 transcriptional activity even at sub-
molar concentrations.”® LMB was tested in normal
cells (human primary dermal fibroblasts) and on a
range of tumor cells. Although LMB induced a mild
reversible growth inhibition effect on normal cells,
LMB induced a very strong apoptotic response in
cultured cells derived from neuroblastomas’™ and
from cervical®® and prostate®!carcinomas. Besides
the intriguing anticancer activity LMB was found
highly toxic in phase I clinical trials.®? At present,
studies are focusing on the crystal structure of the
CRM1-LMB binding complex for the design of new
nontoxic molecules and the identification of strat-
egies to deliver LMB directly into tumor tissues.

Reversing of p53 Mutant Phenotype. Approximately
50% of all human tumors express mutant forms of
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p53. These proteins not only have lost the normal
p53 functions but also have acquired new func-
tions (“gain of function”), which contribute ac-
tively to aggressiveness and chemoresistance or
radioresistance of tumors.®® Thus, mutant p53
represents one of the most important clinical tar-
gets for drug intervention. Database®* of somatic
tumorigenic TP53 mutations indicate that about
95% of these mutations lie in the core DNA-bind-
ing domain (Figure 1). Furthermore, most of these
mutations occur as single missense mutations, so
that mutant p53 in tumors generally is a full-
length protein with single amino acid substitution
in its core domain. Six mutational hot spots clus-
ter to the DNA binding surface: 2 contact directly
DNA (R248Y and R273H) and 4 stabilize the sur-
rounding structure (R175H, G245S, R249S,
R282W) giving rise to 2 classes of mutations,
“DNA contact” and “structural.” DNA-contact
mutations result in loss of DNA-binding residues
with little effect on folding or stability, while
“structural” mutations result in structural
changes due to local distortion, mainly in proxim-
ity of the DNA-binding site.®>*¢ Biophysical stud-
ies revealed that a significant number of muta-
tions mainly affect p53 function by reducing the
melting temperature of the DNA binding domain
below the body temperature.®?

Two experimental approaches have been pri-
marily employed to target mutant p53 for drug
discovery. First, based on the absence of wt-p53
activity in cancer cells, generation of mutated
viral vector for tumor cell lysis (Onyx-015) was
exploited. Second, based on the attempts to
restore some of the wt-p53 activities, development
of activating small molecules to target different
mutant proteins was pursued.

Onyx-015.  McCormick at Onyx Pharmaceuticals
introduced the hypothesis that an adenovirus
deleted of the E1B region could only replicate and
generate cellular lysis in cells lacking functional
p53 because of the putative need for p53 inactiva-
tion for adenoviral replication. Accordingly, the
Onyx-015 reagent, a p53-targeting oncolytic mu-
tant adenovirus, has been developed for clinical
application.®® The use of this mutant adenovirus
is not perceived as delivering a therapeutic gene
(gene therapy), but it does take advantage of the
genetic abnormalities of tumor cells. A potential
advantage of this viral therapy is that infected
cells will provide neighboring cancer cells with
high titers of new virus particles when their lysis
occurs. In vitro and in vivo experiments indicated
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that the virus has antitumor efficacy and that this
efficacy is significantly enhanced by combination
with chemotherapy.®® Contradictory observations
have been reported for Onyx-015 replication inde-
pendent of the p53 mutational status in tumor
cells.?® However, these observations were par-
tially explained®! by the discovery that replication
of Onyx-15 is facilitated in cells where loss of
p142EF and high MDM2 levels inactivate wt-p53.
Moreover, a more accurate definition of the reper-
toire of susceptible p53 mutants®® may now offer
criteria for a more appropriate selection of tumors
to be treated. Evaluation of numerous clinical trials
thus far performed indicates that the administra-
tion of Onyx-015 as single agent produces marginal
benefit, whereas its administration in combination
with conventional therapy is more effective.

Activating Molecules.  Restoration of wt-p53 has been
demonstrated using antibodies, peptide con-
structs, and small synthetic molecules. Activating
molecules have been identified by either library
screening or rational drug design. In recent years,
experimental data emphasized the possibility of
restoring the wt conformation of mutant-p53
through the employment of small molecules.”®
These findings raised the possibility of developing
drugs that restore the tumor suppressor function
of mutant p53, thus selectively eliminating tumor
cells. In cancer cells, where mutant-p53 is abun-
dantly expressed, restoration of wt conformation
would trigger a massive apoptotic response not
predicted in normal cells where wt-p53 is ex-
pressed at very low levels. Currently, a number of
reactivating molecules have been identified and
the results obtained are intriguing. In this review,
some of these molecules are described and their
mechanism of action discussed.

CP-31398. A library of 100,000 chemicals was
screened for compounds that could stabilize the
native conformation of wt-p53 core domain upon
thermal denaturation. The CP-31398 molecule
was shown to enhance the stability of Ala-173 and
His-273 core domains in vitro and to restore the
native conformation and the transcriptional activ-
ity of mutant proteins in living cells promoting
p53 target gene transcription. In nude mice, CP-
31398 has been reported to inhibit the growth of
tumor carrying the p53 mutants Arg-249 or Ser-
241 in the absence of toxicity at therapeutic doses
employed.?* Further studies have confirmed that
CP-31398 treatment causes: (1) stabilization of
wt-p53 levels, (2) apoptosis-related changes, (3)
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induction of p53 target genes. Moreover, CP-31398
was demonstrated to increase the levels of wt-p53
protein by inhibiting the MDM2-mediated ubiqui-
tylation and degradation.®® The observation that
CP-31398 stabilizes wt-p53 suggested that CP-
31398 interacts with newly synthesized p53 in vivo
changing its folding.”® Moreover, data indicating
that CP31398 acts as a DNA intercalator stabiliz-
ing wt-p53, suggested that CP31398 may work as a
DNA-damaging agent.”” However, by using chro-
matin immunoprecipitation assays, it was demon-
strated that CP-31398 promotes mutant p53 to
bind to p53 response elements in vivo. Indeed, CP-
31398 functionally restores the ability of p53 mu-
tant proteins to interact with both high (p21) and
low affinity (BAX) promoters in cells carrying
either DNA contact defective (His-273) or struc-
tural defective (Ser-249) mutants.®® How CP-
31398 restores the wt-p53 functions is currently
not well understood. A model suggests that CP-
31398 acts as a chaperone that binds mutants dur-
ing biosynthesis, enables them to fold in the active
wt-p53 conformation and, by inhibiting ubiquityla-
tion and degradation, allows p53 activities.

PRIMA-1 (p53 reactivation and induction of massive apopto-
sis). The screening of chemical libraries for com-
pounds that selectively inhibit the growth of Saos-
2 cells expressing TET-regulated mutant p53 pro-
tein (His273) allowed the identification of PRIMA-
1.9 PRIMA-1 has been shown to restore: (1) the
wild-type conformation of mutant p53 proteins
both in vitro and in living cells, (2) the DNA bind-
ing and the transactivation activities of p53 on
target gene promoters such as p21 and MDM2
and PUMA.'% Interestingly, PRIMA-1 does not
induce any effects in cell lines p53-null or express-
ing wt-p53, as in nontransformed diploid human
fibroblasts, suggesting its effects are dependent on
the presence of mutant p53 proteins.'® Experi-
ments in vivo reported PRIMA-1 to reduce tumori-
genicity of human tumor xenografts (Saos-2-His-
273 cell line) without toxic effect in mice after IV
injection.!®? At present, it is not well understood
how PRIMA-1 reactivates mutant p53 proteins; in
particular a direct interaction of PRIMA-1 and p53
has not been demonstrated as yet. More detailed
studies would elucidate this process and provide
important details for the design of new p53-target-
ing agents for therapy of malignant cells.

cDB3. CDB3 is a peptide that was identified

through a rational approach for searching mole-
cules that stabilize the native form of p53. Indeed
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molecules that bind the native, but not denatured
protein, will shift the equilibrium away from the
denatured form increasing the native one.'%® Fol-
lowing this approach and studying the binding
between wt-p53 core domain and the p53-binding
protein 2 (53BP2 or ASPP) a nine-residue pep-
tide!®* CDB3 was designed and found useful.
CDB3, derived from residues 490-498 of 53BP2,
has been reported to restore in vitro and in living
cells in the wild-type DNA binding activity of dif-
ferent mutant p53 proteins (Ile-195; His-175; His-
273; or Ser-249) with significant transactivation
of wt-p53 target genes (MDM2, gadd45 and p21),
and partial restoration of p53-dependent apopto-
sis.'% The mechanism through which CDB3 reac-
tivates mutant p53 proteins is not well under-
stood. At present, it has been suggested that
CDBS3 has chaperone functions'®* like CP-31398.
Indeed, these molecules (drugs), which rescue the
conformation of unstable mutants of p53, have to
act during or immediately after biosynthesis.
They should maintain the mutant protein in a
folded conformation and prevent its aggregation,
allowing p53 enough time to reach the nucleus
and bind specific DNA sequences or proteins that
will stabilize it.1°® Another way to understand the
action of CDBS3 is offered by recent data reporting
that ASPP1 and ASSP2 are able to activate p53
family members,'®” thus suggesting that CDB3,
which is a fragment of the ASSP protein, has a
broader range of targets in addition to p53. In this
view, it might be speculated that suppression of
mutant p53 through CDB3 may relieve p73 anti-
cancer activity.

HSP90 inhibitors. Heat shock protein 90 (HSP90) is a
molecular chaperone highly expressed in cancer
cells. HSP90 stabilizes misfolded proteins includ-
ing mutant p53'° and contributes to their accu-
mulation into the cells. A naturally occurring com-
pound, geldanamycin, has been identified to spe-
cifically inhibit the intrinsic ATPase activity of
HSP90 compromising its chaperone functions.
Treatment of cells that express mutant p53 pro-
teins with geldanamycin lead to mutant p53
destabilization, ubiquitilation, and subsequent
proteasome degradation. Geldanamycin, in pre-
clinical model systems, showed promising antitu-
mour activity, and its derivative 17-allylamino-
geldanamycin (17-AAG) has been used in phase I
clinical trials reporting encouraging results.'%®
Currently, several geldanamycin analogues have
been identified, and their antitumor activity is
under investigation.°
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Chimeric adaptor protein. Represent an innovative
approach of selective mutant p53 protein re-acti-
vation. One-hybrid adaptor protein was originated
from the DNA binding and tetramerizing portions
of the p53-homologue p73 fused to the oligomeriza-
tion domain of p53. This chimera binds to the DNA
of p53-responsive promoters through the p73-
derived portions, and it binds to mutant p53 by the
p53-derived oligomerization domain. Through this
one-hybrid system, mutant p53 is re-enabled to
activate transcription. When the adaptor was
expressed in tumor cells that contain mutant p53
(His-273, Trp-248), expression of p53-responsive
genes was activated, and growth was inhibited. No
such effects were observed in cells that contain wt-
p53 or no p53 at all. The adaptor molecule effi-
ciently reactivates the “DNA contact” p53 mutants
(His-273, Trp-248), but cannot reactivate the “struc-
tural” (His175) p53 mutants.'™

Ellipticine. Ellipticine has been discovered by an anti-
cancer drug discovery program in which more than
70,000 low-molecular-weight compounds have been
screened in vitro against a panel of 60 different
human cancer cell lines.*? Ellipticine belongs to a
group of molecules called ellipticiniums which show
preferential activity toward mutant p53-carrying
tumors cell lines. Indeed, ellipticine induces p53
target gene expression (p21, MDM2, and Bax) and
G1 arrest or apoptosis in tumors expressing mutant
p53 but not in the corresponding p53 null cells both
in “in vitro” and “in vivo” conditions.™?® The mecha-
nism of ellipticine action is still not elucidated; some
evidence suggests ellipticine restoring the wild-
type conformation of newly synthesized mutant
p53 protein.''?

Ribozyme. The trans-splicing ribozymes have been
reported as an alternative strategy that can simul-
taneously reduce mutant p53 expression and
restore wt-p53 activity in various human cancers.
The ribozyme accomplished such conversion by
repairing defective p53 mRNAs with high fidelity
and specificity. The corrected transcripts translated
to produce functional p53 can transactivate p53-re-
sponsive promoters and down-modulate expression
of the multidrug resistance (MDR1) gene pro-
moter.'* Ribozyme from the self-splicing group I
intron of Tetrahymena thermophila have been gen-
erated for p53 transcripts. Ribozyme p53-specific
recognizes accessible uridine residues upstream of
the mutation target in the mutant p53 transcript
by base pairing through the internal guide
sequence (IGS). The ribozyme cleaves the target
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residue of the RNA, releases the downstream mu-
tant p53 RNA sequence, and replaces the sequence
with its 3’ exon which encodes the correct wt-p53
sequence, “via” trans-splicing reaction. Studies also
reported p53-ribozyme specifically repairs His-273
in 2774 ovarian cancer cells inducing p53 target
genes expression (p21, Bax) and apoptosis.''?

CONCLUSIONS

Since its discovery as a tumor suppressor, p53 has
been extensively studied. Biochemical studies,
albeit not exhaustive, contributed to identify func-
tions through which p53 exerts its oncosuppressor
activity and its functional pathways. The exten-
sive body of knowledge acquired about p53 activ-
ities and its relevance in cancer formation and
progression has indicated the manipulation of
p53 signaling is relevant to successful therapies.
Accordingly, identification of the p53 status in the
target cells is imperative, and the knowledge of
additional oncogenic events contributing to a par-
ticular cancer would significantly aid in the selec-
tion of an appropriate therapeutic approach.
Indeed, p53 manipulations could be helpful when
pathways upstream of p53 are defective but not if
defects are downstream to p53 signaling. In addi-
tion, the relevance of p53 manipulations for can-
cer therapy resides in the specificity of p53 activa-
tion and in the ability to restrict its activity to can-
cer cells sparing healthy body tissues.*?*3 Lastly,
the promising results obtained by investigating
the possibility of identifying molecules competent
to reactivate wt-p53 functions in cancer cells pro-
vide the basis for the design of new molecules with
lower side effects and higher anti-tumor effi-
ciency. Currently, high toxic side effects and
resistance often accompany chemotherapy and
radiation-therapy protocols for cancer treatment.
The reexpression and reactivation of p53 in
human cancer cells would increase tumor suscep-
tibility to radiation or chemotherapy, enhancing
the efficacy of standard therapeutic protocols.

Acknowledgments. The authors thank Dr.
Silvia Bacchetti for critically reviewing the manu-
script and intellectual discussion on this topic.

REFERENCES

1. Lane DP, Crawford LV. T antigen is bound to a host
protein in SV40-transformed cells. Nature 1979;278:
261-263.

2. Nigro JM, Baker SJ, Preisinger AC, et al. Mutations in
the p53 gene occur in diverse human tumour types.
Nature 1989;342:705-758.

HEAD & NECK—DOI 10.1002/hed  March 2007 281



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

282

. Finlay CA, Hinds PW, Levine AdJ. The p53 proto-onco-

gene can act as a suppressor of transformation. Cell 1989;
57:1083-1093.

. Malkin D, Li FP, Strong LC, Fraumeni JF Jr, et al.

Germ line p53 mutations in a familial syndrome of breast
cancer, sarcomas, and other neoplasms. Science 1990;
250:1233-1238.

. Donehower LA, Harvey M, Slagle BL, et al. Mice defi-

cient for p53 are developmentally normal but suscepti-
ble to spontaneous tumours. Nature 1992;356:215-221.

. Vogelstein B, Lane D, Levine AJ. Surfing the p53 net-

work. Nature 2000;408:307-310.

. Fields S, Jang SK. Presence of a potent transcription acti-

vating sequence in the p53 protein. Science 1990;249:
1046-1049.

. Zhao R, Gish K, Murphy M, et al. Analysis of p53-

regulated gene expression patterns using oligonucleo-
tide arrays. Genes Dev 2000;14:981-993.

. Oren M. Decision making by p53: life, death and can-

cer. Cell Death Differ 2003;10:431-442.

Guan B, Yue P, Clayman GL, Sun SY. Evidence that
the death receptor DR4 is a DNA damage-inducible,
pb3-regulated gene. J Cell Physiol 2001;188:98-105.
Wu GS, Burns TF, McDonald ER III, et al. KILLER/
DR5 is a DNA damage-inducible p53-regulated death
receptor gene. Nat Genet 1997;17:141-143.

Sheikh MS, Huang Y, Fernandez-Salas EA, et al. The
antiapoptotic decoy receptor TRID/TRAIL-R3 is a p53-
regulated DNA damage-inducible gene that is overex-
pressed in primary tumors of the gastrointestinal tract.
Oncogene 1999;18:4153-4159.

Meng RD, McDonald ER III, Sheikh MS, Fornace AJ Jr,
El-Deiry WS. The TRAIL decoy receptor TRUNDD (DcR2,
TRAIL-R4) is induced by adenovirus-p53 overexpression
and can delay TRAIL-, p53-, and KILLER/DR5-dependent
colon cancer apoptosis. Mol Ther 2000;1:130-144.
Owen-Schaub LB, Zhang W, Cusack JC, et al. Wild-
type human p53 and a temperature-sensitive mutant
induce Fas/APO-1 expression. Mol Cell Biol 1995;15:
3032—-3040.

Oda E, Ohki R, Murasawa H, et al. Noxa, a BH3-only
member of the Bcl-2 family and candidate mediator of
p53-induced apoptosis. Science 2000;288:1053-1058.
Nakano K, Vousden KH. PUMA, a novel proapoptotic
gene, is induced by p53. Mol Cells 2001;7:683—694.

Sax JK, Fei P, Murphy ME, Bernhard E, Korsmeyer
Sd, El-Deiry WS. BID regulation by p53 contributes to
chemosensitivity. Nat Cell Biol 2002;4:842-849.
Miyashita T, Reed JC. Tumor suppressor p53 is a
direct transcriptional activator of the human bax gene.
Cell 1995;80:293-299.

MacLachlan TK, El-Deiry WS. Apoptotic threshold is
lowered by p53 transactivation of caspase-6. Proc Natl
Acad Sci U S A 2002;99:9492-9497.

Robles AI, Bemmels NA, Foraker AB, Harris CC.
APAF-1 is a transcriptional target of p53 in DNA damage-
induced apoptosis. Cancer Res 2001;61:6660—-6664.

Moroni MC, Hickman ES, Denchi EL, et al. Apaf-1is a
transcriptional target for E2F and p53. Nat Cell Biol
2001;3:552-558.

Lin Y, Ma W, Benchimol S. Pidd, a new death-domain-
containing protein, is induced by p53 and promotes
apoptosis. Nat Genet 2000;26:122—-127.

Attardi LD, Reczek EE, Cosmas C, et al. PERP, an apop-
tosis-associated target of p53, is a novel member of the
PMP-22/gas3 family. Genes Dev 2000;14:704—718.

Oda K, Arakawa H, Tanaka T, et al. p53AIP1, a potential
mediator of p53-dependent apoptosis, and its regulation
by Ser-46-phosphorylated p53. Cell 2000;102: 849—862.
Fridman JS, Lowe SW. Control of apoptosis by p53.
Oncogene 2003;22:9030-9040.

Wild-type p53 Restoration in Cancer Therapy

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

D’Orazi G, Cecchinelli B, Bruno T, et al. Homeodo-
main-interacting protein kinase-2 phosphorylates p53
at Ser 46 and mediates apoptosis. Nat Cell Biol 2002;4:
11-19.

Mayo LD, Dixon JE, Durden DL, Tonks NK, Donner DB.
PTEN protects p53 from Mdm2 and sensitizes cancer
cells to chemotherapy. J Biol Chem 2002;277:5484-5489.
Chen X, Ko LJ, Jayaraman L, Prives C. p53 levels,
functional domains, and DNA damage determine the
extent of the apoptotic response of tumor cells. Genes
Dev 1996;10:2438-2451.

Kaeser MD, Iggo RD. Promoter-specific p53-dependent
histone acetylation following DNA damage. Oncogene
2004;23:4007-4013.

Shikama N, Lee CW, France S, et al. A novel cofactor
for p300 that regulates the p53 response. Mol Cell 1999;
4:365-376.

Samuels-Lev Y, O’Connor DJ, Bergamaschi D, et al.
ASPP proteins specifically stimulate the apoptotic func-
tion of p53. Mol Cell 2001;8:781-794.

Murphy M, Ahn J, Walker KK, et al. Transcriptional
repression by wild-type p53 utilizes histone deacety-
lases, mediated by interaction with mSin3a. Genes Dev
1999;13:2490-2501.

Gostissa M, Morelli M, Mantovani F, et al. The tran-
scriptional repressor hDaxx potentiates p53-dependent
apoptosis. J Biol Chem 2004;279:48013—48023.

Caelles C, Helmberg A, Karin M. p53-dependent apo-
ptosis in the absence of transcriptional activation of
p53-target genes. Nature 1994;370:220-223.
Marchenko ND, Zaika A, Moll UM. Death signal-
induced localization of p53 protein to mitochondria. A
potential role in apoptotic signaling. J Biol Chem
2000;275:16202—-16212.

Mihara M, Erster S, Zaika A, et al. p53 has a direct
apoptogenic role at the mitochondria. Mol Cell 2003;11:
577-590.

Walker KK, Levine Ad. Identification of a novel p53 func-
tional domain that is necessary for efficient growth sup-
pression. Proc Natl Acad Sci U S A 1996;93:15335—
15340.

Dumont P, Leu JI, Della Pietra AC III, George DL,
Murphy M. The codon 72 polymorphic variants of p53
have markedly different apoptotic potential. Nat Genet
2003;33:357—-365.

Schmitt CA, Fridman JS, Yang M, et al. A senescence
program controlled by p53 and pl16™K42 contributed to
the outcome of cancer therapy. Cell 2002;109:335-346.
Roberson RS, Kussick SJ, Vallieres E, et al. Escape
from therapy-induced accelerated cellular senescence
in p53-null lung cancer cells and in human lung can-
cer. Cancer Res 2005;65:2795-2803.

Fujiwara T, Cai DW, Georges RN, Mukhopadhyay T,
Grimm EA, Roth JA. Therapeutic effect of a retroviral
wild-type p53 expression vector in an orthotopic lung
cancer model. J Natl Cancer Inst 1994;86:1458-1462.
Scardigli R, Bossi G, Blandino G, Crescenzi M, Soddu
S, Sacchi A. Expression of exogenous wt-p53 does not
affect normal hematopoiesis: implications for bone mar-
row purging. Gene Ther 1997;4:1371-1378.

Bossi G, Mazzaro G, Porrello A, Crescenzi M, Soddu S,
Sacchi A. Wild-type p53 gene transfer is not detrimen-
tal to normal cells in vivo: implications for tumor gene
therapy. Oncogene 2004;23:418-425.

Vecil GG, Lang FF. Clinical trials of adenoviruses in
brain tumors: a review of Ad-p53 and oncolytic adeno-
viruses. J Neurooncol 2003;65:237—-246.

Zeimet AG, Marth C. Why did p53 gene therapy fail in
ovarian cancer? Lancet Oncol 2003;4:415-422.

Pearson S, Jia H, Kandachi K. China approves first
gene therapy. Nat Biotechnol 2004;1:3—4.

HEAD & NECK—DOI 10.1002/hed  March 2007



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Moon C, Oh Y, Roth JA. Current status of gene therapy
for lung cancer and head and neck cancer. Clin Cancer
Res 2003;9:5055-5067.

Kanerva A, Hemminki A. Modified adenoviruses for
cancer gene therapy. Int J Cancer 2004;110:475-480.
Momand J, Jung D, Wilczynski S, Niland J. The
MDM2 gene amplification database. Nucleic Acids Res
1998;26:3453-3459.

Freedman DA, Wu L, Levine AdJ. Functions of the
MDM2 oncoprotein. Cell Mol Life Sci 1999;55:96—107.
Wu X, Bayle JH, Olson D, Levine AJ. The p53-mdm-2
autoregulatory feedback loop. Genes Dev 1993;7:1126—
1132.

Haupt Y, Maya R, Kazaz A, Oren M. Mdm2 promotes
the rapid degradation of p53. Nature 1997;387:296—-299.
Kubbutat MH, Jones SN, Vousden KH. Regulation of
p53 stability by Mdm2. Nature 1997;387:299-303.
Geyer RK, Yu ZK, Maki CG. The MDM2 ring-finger do-
main is required to promote p53 nuclear export. Nat
Cell Biol 2000;2:569-573.

Chen L, Lu W, Agrawal S, Zhou W, Zhang R, Chen J.
Ubiquitous induction of p53 in tumor cells by antisense
inhibition of MDM2 expression. Mol Med 1999;5:21-34.
Zhang R, Wang H, Agrawal S. Novel antisense anti-
MDM2 mixed-backbone oligonucleotides: proof of prin-
ciple, in vitro and in vivo activities, and mechanisms.
Curr Cancer Drug Targets 2005;5:43—49.

Wang H, Oliver P, Zhang Z, Agrawal S, Zhang R. Che-
mosensitization and radiosensitization of human cancer
by antisense anti-MDM2 oligonucleotides: in vitro and
in vivo activities and mechanisms. Ann N Y Acad Sci
2003;1002:217-235.

Bianco R, Ciardiello F, Tortora G. Chemosensitization
by antisense oligonucleotides targeting MDM2. Curr
Cancer Drug Targets 2005;5:51-56.

Picksley SM, Vojtesek B, Sparks A, Lane DP. Immuno-
chemical analysis of the interaction of p53 with MDM?2; -
fine mapping of the MDM2 binding site on p53 using
synthetic peptides. Oncogene 1994;9:2523—-2539.

Chene P. Inhibiting the p53-MDM2 interaction: an im-
portant target for cancer therapy. Nat Rev Cancer
2003;3:102-109.

Garcia-Echeverria C, Chene P, Blommers MJ, Furet P.
Discovery of potent antagonists of the interaction
between human double minute2 and tumor suppressor
p53. J Med Chem 2000;43:3205-3208.

Chene P, Fuchs J, Carena I, Furet P, Garcia-Echeverria
C. Study of the cytotoxic effect of a peptidic inhibitor of
the p53-hdm2 interaction in tumor cells. FEBS Lett
2002;529:293-297.

Duncan SJ, Gruschow S, Williams DH, et al. Isolation
and structure elucidation of Chlorofusin, a novel p53-
MDM2 antagonist from a Fusarium sp. J Am Chem
Soc 2001;123:554—560.

Zhao J, Wang M, Chen J, et al. The initial evaluation
of non-peptidic small-molecule HDM2 inhibitors based
on p53-HDM2 complex structure. Cancer Lett 2002;183:
69-717.

Stoll R, Renner C, Hansen S, et al. Chalcone derivatives
antagonize interactions between the human oncoprotein
MDM2 and p53. Biochemistry 2001;40:336—344.

Vassilev LT, Vu BT, Graves B, et al. In vivo activation
of the p53 pathway by small-molecule antagonists of
MDM2. Science 2004;303:844—-848.

Issaeva N, Bozko P, Enge M, et al. Small molecule
RITA binds to p53, blocks p53-HDM-2 interaction and
activates p53 function in tumors. Nat Med 2004;10:
1321-1328.

Li WD, Wang MJ, Ding F, Yin DL, Liu ZH. Cytotoxic
effect of a non-peptidic small molecular inhibitor of the
p53-HDM2 interaction on tumor cells. World J Gastro-
enterol 2005;11:2927-2931.

Wild-type p53 Restoration in Cancer Therapy

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Adams J, Palombella VJ, Sausville EA, et al. Protea-
some inhibitors: a novel class of potent and effective
antitumor agents. Cancer Res 1999;59:2615-2622.
Adams J. Proteasome inhibition: a novel approach to
cancer therapy. Trends Mol Med 2002;8:549-S54.
Williams SA, McConkey DdJ. The proteasome inhibitor
bortezomib stabilizes a novel active form of p53 in
human LNCaP-Pro5 prostate cancer cells. Cancer Res
2003;63:7338-7344.

Richardson PG, Barlogie B, Berenson J, et al. A phase
2 study of bortezomib in relapsed, refractory myeloma.
N Engl J Med 2003;348:2609-2617.

Aghajanian C, Soignet S, Dizon DS, et al. A phase I
trial of the novel proteasome inhibitor PS341 in ad-
vanced solid tumor malignancies. Clin Cancer Res 2002;
8:2505-2511.

Michael D, Oren M. The p53-Mdm2 module and the
ubiquitin system. Semin Cancer Biol 2003;13:49-58.
Lai Z, Yang T, Kim YB, et al. Differentiation of Hdm2-
mediated p53 ubiquitination and Hdm2 autoubiquitina-
tion activity by small molecular weight inhibitors. Proc
Natl Acad Sci U S A 2002;99:14734-14739.

Yang Y, Ludwig RL, Jensen JP, et al. Small molecule
inhibitors of HDM2 ubiquitin ligase activity stabilize
and activate p53 in cells. Cancer Cells 2005;7:547-559.
Adachi Y, Yanagida M. Higher order chromosome
structure is affected by cold-sensitive mutations in a
Schizosaccharomyces pombe gene crml + which enco-
des a 115-kD protein preferentially localized in the nu-
cleus and its periphery. J Cell Biol 1989;108:1195—
1207.

Lain S, Xirodimas D, Lane DP. Accumulating active
p53 in the nucleus by inhibition of nuclear export: a
novel strategy to promote the p53 tumor suppressor
function. Exp Cell Res 1999;253:315—-324.

Smart P, Lane EB, Lane DP, et al. Effects on normal
fibroblasts and neuroblastoma cells of the activation of
the p53 response by the nuclear export inhibitor lepto-
mycin B. Oncogene 1999;18:7378-7386.

Hietanen S, Lain S, Krausz E, et al. Activation of p53
in cervical carcinoma cells by small molecules. Proc
Natl Acad Sci U S A 2000;97:8501-8506.

Lecane PS, Kiviharju TM, Sellers RG, et al. Leptomy-
cin B stabilizes and activates p53 in primary prostatic
epithelial cells and induces apoptosis in the LNCaP cell
line. Prostate 2003;54:258—-267.

Newlands ES, Rustin GJ, Brampton MH. Phase I trial
of elactocin. Br J Cancer 1996;74:648-649.

Blandino G, Levine AJ, Oren M. Mutant p53 gain of
function: differential effects of different p53 mutants
on resistance of cultured cells to chemotherapy. Onco-
gene 1999;18:477-485.

Olivier M, Eeles R, Hollstein M, Khan MA, Harris CC,
Hainaut P. The IARC TP53 database: new online muta-
tion analysis and recommendations to users. Hum
Mutat 2002;19:607—614. The IARC TP53 Database: R10,
July 2005.

Bullock AN, Fersht AR. Rescuing the function of mu-
tant p53. Nat Rev Cancer 2001;1:68-76.

Lane DP, Hupp TR. Drug discovery and p53. Drug Discov
Today 2003;8:347—355.

Bullock AN, Henckel J, Fersht AR. Quantitative analy-
sis of residual folding and DNA binding in mutant p53
core domain: definition of mutant states for rescue in
cancer therapy. Oncogene 2000;19:1245-1256.

Bischoff JR, Kirn DH, Williams A, et al. An adenovirus
mutant that replicates selectively in p53-deficient
human tumor cells. Science 1996;274:373—-376.

Heise C, Sampson-Johannes A, Williams A, McCormick
F, Von Hoff DD, Kirn DH. ONYX-015, an EIB gene-
attenuated adenovirus, causes tumor-specific cytolysis
and antitumoral efficacy that can be augmented by

HEAD & NECK—DOI 10.1002/hed  March 2007 283



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

284

standard chemotherapeutic agents. Nat Med 1997;3:
639-645.

Rothmann T, Hengstermann A, Whitaker NJ, Scheff-
ner M, zur Hausen H. Replication of ONYX-015, a
potential anticancer adenovirus, is independent of p53
status in tumor cells. J Virol 1998;72:9470-9478.

Ries SJ, Brandts CH, Chung AS, et al. Loss of p14ARF
in tumor cells facilitates replication of the adenovirus
mutant dl1520 (ONYX-015). Nat Med 2000;6:1128—
1133.

Hann B, Balmain A. Replication of an E1B 55-kilodal-
ton protein-deficient adenovirus (ONYX-015) is
restored by gain-of-function rather than loss-of-function
p53 mutants. J Virol 2003;77:11588-11595.

Selivanova G, Iotsova V, Okan I, et al. Restoration of
the growth suppression function of mutant p53 by a
synthetic peptide derived from the p53 C-terminal
domain. Nat Med 1997;3:632-638.

Foster BA, Coffey HA, Morin MJ, Rastinejad F. Phar-
macological rescue of mutant p53 conformation and
function. Science 1999;286:2507—-2510.

Takimoto R, Wang W, Dicker DT, Rastinejad F, Lyssi-
katos J, el-Deiry WS. The mutant p53-conformation
modifying drug, CP-31398, can induce apoptosis of
human cancer cells and can stabilize wild-type p53
protein. Cancer Biol Ther 2002;1:47-55.

Rippin TM, Bykov VJ, Freund SM, Selivanova G,
Wiman KG, Fersht AR. Characterization of the p53-
rescue drug CP-31398 in vitro and in living cells. Onco-
gene 2002;21:2119-2129.

Wang W, Takimoto R, Rastinejad F, El-Deiry WS. Sta-
bilization of p53 by CP-31398 inhibits ubiquitination
without altering phosphorylation at serine 15 or 20 or
MDM2 binding. Mol Cell Biol 2003;23:2171-2181.
Demma MdJ, Wong S, Maxwell E, Dasmahapatra B.
CP-31398 restores DNA-binding activity to mutant p53
in vitro but does not affect p53 homologs p63 and p73.
J Biol Chem 2004;279:45887-45896.

Bykov VJ, Issaeva N, Selivanova G, Wiman KG. Mu-
tant p53-dependent growth suppression distinguishes
PRIMA-1 from known anticancer drugs: a statistical
analysis of information in the National Cancer Insti-
tute database. Carcinogenesis 2002;23:2011-2018.
Bykov VJ, Selivanova G, Wiman KG. Small molecules
that reactivate mutant p53. Eur J Cancer 2003;39:
1828-1834.

Li Y, Mao Y, Brandt-Rauf PW, Williams AC, Fine RL.
Selective induction of apoptosis in mutant p53 prema-
lignant and malignant cancer cells by PRIMA-1
through the c-Jun-NH2-kinase pathway. Mol Cancer
Ther 2005;4:901-909.

Wild-type p53 Restoration in Cancer Therapy

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Bykov VJ, Issaeva N, Shilov A, et al. Restoration of the
tumor suppressor function to mutant p53 by a low-
molecular-weight compound. Nat Med 2002;8:282—-828.
Friedler A, DeDecker BS, Freund SM, Blair C, Rudiger S,
Fersht AR. Structural distortion of p53 by the mutation
R249S and its rescue by a designed peptide: implications
for “mutant conformation.” J Mol Biol 2004;336:187—196.
Friedler A, Hansson LO, Veprintsev DB, et al. A pep-
tide that binds and stabilizes p53 core domain: chaper-
one strategy for rescue of oncogenic mutants. Proc Natl
Acad Sci U S A 2002;99:937-942.

Issaeva N, Friedler A, Bozko P, Wiman KG, Fersht AR,
Selivanova G. Rescue of mutants of the tumor suppres-
sor p53 in cancer cells by a designed peptide. Proc Natl
Acad Sci U S A 2003;100:13303—-13307.

Friedler A, Veprintsev DB, Hansson LO, Fersht AR.
Kinetic instability of p53 core domain mutants: impli-
cations for rescue by small molecules. J Biol Chem
2003;278:24108-24112.

Bergamaschi D, Samuels Y, Jin B, Duraisingham S,
Crook T, Lu X. ASPP1 and ASPP2: common activators of
p53 family members. Mol Cell Biol 2004;24:1341-1350.
Blagosklonny MV, Toretsky J, Bohen S, et al. Mutant
conformation of p53 translated in vitro or in vivo
requires functional HSP90. Proc Natl Acad Sci U S A
1996;93:8379-8383.

Neckers L. Hsp90 inhibitors as novel cancer chemo-
therapeutic agents. Trends Mol Med 2002;8:S55-S61.
Cheung KM, Matthews TP, James K, et al. The identi-
fication, synthesis, protein crystal structure and in
vitro biochemical evaluation of a new 3,4-diarylpyra-
zole class of HSP90 inhibitors. Bioorg Med Chem Lett
2005;15:3338-3343.

Roth J, Lenz-Bauer C, Contente A, et al. Reactivation
of mutant p53 by a one-hybrid adaptor protein. Cancer
Res 2003;63:3904—-3908.

Shi LM, Myers TG, Fan Y, et al. Mining the national
cancer institute anticancer drug discovery database:
cluster analysis of ellipticine analogs with p53-inverse
and central nervous system-selective patterns of activ-
ity. Mol Pharmacol 1998;53:241-251.

Peng Y, Li C, Chen L, et al. Rescue of mutant p53 tran-
scription function by ellipticine. Oncogene 2003;22:
4478-4487.

Watanabe T, Sullenger BA. Induction of wild-type p53
activity in human cancer cells by ribozymes that repair
mutant p53 transcript. Proc Natl Acad Sci U S A 2000;
97:8490-8494.

Shin KS, Sullenger BA, Lee SW. Ribozyme-mediated
induction of apoptosis in human cancer cells by targeted
repair of mutant p53 RNA. Mol Ther 2004;10: 365-372.

HEAD & NECK—DOI 10.1002/hed  March 2007



