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Introduction

Since its discovery 25 years ago, the tumor suppressor
p53 has been a subject of intense study, yielding in
excess of 30 000 research articles. The high interest in
this molecule is largely due to the fact that p53 is the
most frequently altered protein in human cancer. Ap-
proximately 50% of all human malignancies harbor
mutations or deletions in the TP53 gene that disable
the tumor suppressor function of the encoded protein.!2
This high rate of genetic alterations underscores the
important cellular function of p53. The tumor suppres-
sor controls a signal transduction pathway evolved to
protect multicellular organisms from cancer develop-
ment that could be initiated by diverse stresses includ-
ing DNA damage. p53 is a potent transcription factor
capable of activating multiple target genes, leading to
cell cycle arrest, apoptosis, or senescence.?*

While p53 plays a protective role in normal somatic
tissues by limiting the propagation of damaged cells,
its powerful growth suppressive and proapoptotic activ-
ity could be turned into a powerful weapon against
cancer cells that have retained the functionality of the
p53 pathway. Fortunately, half of all human tumors
express wild-type protein that is capable of activating
p53 target genes. However, aberrations in p53 regula-
tion and signaling mechanisms could attenuate the
tumor suppressor function of p53. One such aberration
involves the product of the murine double minute-2 gene
(MDM2), a negative regulator of p53 activity and
stability.>~7 MDM2 is overexpressed in many human
tumors and effectively impairs the function of the p53
pathway.® Therefore, restoration of p53 function by
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antagonizing MDM2 has been proposed as a novel
approach for treating cancer, and studies using macro-
molecular tools have shown its validity in vitro.?=11
Several classes of low molecular weight inhibitors of the
p53—MDM2 interaction have been reported that can
disrupt the binding between the two proteins. Recently,
the first potent and selective small-molecule antagonists
of MDM2 have been developed.!?2 These druglike mol-
ecules, termed nutlins, have shown the ability to
activate the p53 pathway in vitro and in vivo and
provided a proof of concept for the therapeutic utility
of MDM2 antagonists in tumors with wild-type p53.
This Perspective examines the latest developments in
the search for pharmacological activators of wild-type
p53 with emphasis on agents that antagonize the
p53—MDM2 interaction.

The p53 Tumor Suppressor Pathway

p53 regulates cellular response to stress through a
complex network of proteins known as the p53 path-
way.3* It constantly monitors cell integrity and homeo-
stasis and responds to diverse forms of stress by
stabilization and accumulation of p53 (Figure 1). These
upstream signaling events involve activation of protein
kinases that modify p53 on specific residues and medi-
ate its stabilization and activation.!3.14 Activated p53
then induces the transcription of multiple target genes
containing the p53 recognition sequence in their pro-
moter regions. Depending on the subset of activated
genes, different downstream signaling events are initi-
ated, leading to blockage of cell cycle progression, DNA
repair, apoptosis, senescence, or differentiation. Al-
though many of the components of the p53 signal
transduction network have been identified, the mech-
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Figure 1. p53 regulates cellular response to stress. Diverse
stress factors can activate p53 by a post-translational mech-
anism that involves stabilization and accumulation of the
protein in cell nuclei. p53 then activates subsets of genes that
trigger signaling events leading to cell cycle arrest, apoptosis,
DNA repair, differentiation, or senescence.

anisms that control the choice of p53 response and its
execution are still poorly understood.!®

Cell cycle arrest and apoptosis are the most frequent
and important cellular responses to stress. The p53
pathway utilizes G1/S and G2/M checkpoint mecha-
nisms to arrest cell cycle progression and thus prevent
propagation of DNA damage while cells attempt to
repair it. However, if the damage is too severe, the p53
pathway chooses apoptotic cell death as the ultimate
means of preventing possible malignant transformation
of the damaged cells. Experiments in which the p53
pathway has been activated in human tissue culture
cells have indicated that malignant cells undergo apo-
ptosis much more readily than normal cells, which tend
to respond to p53 activation by reversible growth
arrest.1%:17 Although the molecular mechanisms under-
lying this phenomenon are still not well understood,
these observations support the potential utility of p53
activation in cancer therapy.

MDM2, a Master Regulator of p53

p53 is a potent growth suppressive and proapoptotic
molecule that could harm normal proliferating cells if
left uncontrolled. Therefore, the cellular level and
activity of p53 are subjected to tight control both under
normal physiological conditions and during stress. p53
is a short-lived protein, and its cellular level is regulated
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Figure 2. p53—MDM2 autoregulatory circuit. (A) MDM2 and
p53 mutually regulate their levels in unstressed proliferating
cells. MDM2 expression is controlled by a p53-dependent
promoter and increases when the level of p53 rises. In turn,
MDM2 binds p53 and inhibits its transcriptional activity by
blocking the transcriptional activation domain of the tran-
scription factor. MDM2 also serves as the E3 ubiquitin ligase
for p53 and facilitates its ubiquitin-dependent degradation in
the proteasome. As a result, both p53 and MDM2 are kept at
very low levels in proliferating cells. (B) Small-molecule
antagonists of MDM2 that can bind to the p53 pocket on the
surface of the molecule will inhibit the p53—MDM2 interaction
and release p53 from negative control. p53 will stabilize,
accumulate in cell nuclei, and activate the p53 pathway.

primarily by degradation via the ubiquitin—proteasome
pathway. A growing number of cellular proteins have
been implicated in the regulation of p53 stability includ-
ing MDM2,1819 Pirh2,2° COP-1,2! and HAUSP.2223 Among
these, MDM2 appears to function as a master regulator
of p53. Its essential role in controlling p53 stability and
activity is supported by the fact that genetic disruption
of the mdm?2 gene in mice is embryonic lethal but can
be rescued by concomitant disruption of the p53 gene.24%

MDM2 regulates p53 via an autoregulatory feedback
loop in which both proteins control mutually their
cellular level (Figure 2A).2627 MDM2 is one of the p53
target genes, and increased nuclear levels of p53
activate mdmZ2 gene transcription, leading to elevated
levels of MDM2 protein. In turn, MDM2 binds physi-
cally to p53 at its N-terminal domain and negatively
regulates its stability and activity. The binding site for
MDM2 overlaps with the transcriptional activation
domain of p53, and therefore, the p53—MDM2 complex
is devoid of transcriptional activity.” MDM2 also serves
as the E3 ubiquitin ligase for p53 and targets the tumor
suppressor for ubiquitin-dependent degradation in the
proteasome. As a result of the MDM2-mediated inhibi-
tion and degradation, p53 is effectively disabled as a
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transcription factor and its level in proliferating non-
stressed cells is practically undetectable. In the absence
of its transcriptional activator, MDM2 is also expressed
at very low levels in proliferating cells.

Genetic and biochemical evidence has indicated that
the p53—MDM2 regulatory circuit plays a central role
in p53 regulation.*1528 Several experimental approaches
using antibodies, peptides, or antisense oligonucleotides
have demonstrated that disruption of the p53—MDM2
interaction can release p53 from negative control, lead-
ing to stabilization and accumulation of transcription-
ally active protein and activation of the p53 pathway 911
From a clinical perspective, the most desirable way to
inhibit p53—MDM2 binding is by druglike small mol-
ecules that can bind selectively to the p53 pocket on the
surface of MDM2 and thus block its ability to form a
complex with p53 (Figure 2B). Free of its negative
regulator, p53 is expected to accumulate in cell nuclei
and induce p53 responsive genes and the p53 pathway.
Such small molecules should not bind physically to p53
or interfere with p53 activity. Relieved from inhibition,
p53 will continue to activate MDMZ2 expression, leading
to accumulation of MDMZ2 protein. Therefore, by disrup-
tion of the p53—MDM2 regulatory loop, MDM2 antago-
nists will elevate the cellular levels of both p53 and
MDM2.

Targeting the p53—MDM2 Interaction

Protein—protein interactions have long been consid-
ered difficult targets for therapeutic intervention by
small molecules. This is primarily due to the fact that
their interacting surfaces are too large and flat for
effective disruption by druglike chemical compounds.
Nevertheless, successes in designing protein—protein
inhibitors have been reported.??2° In these cases, the
targeted interactions involved relatively well-defined
pockets on the surface of one or both protein partners.
Studies of the p53—MDM2 interaction have revealed
structural features suggesting that it might be tar-
getable by low molecular weight compounds.

Genetic and biochemical studies mapped p53—MDM2
binding sites to the N-terminal domain of MDM2 and
the N-terminal part of the transactivation domain of
p53.31 The crystal structure of a p53-derived peptide
bound to the p53 binding domain of MDM2 revealed the
existence of a relatively deep cavity on the surface of
the MDM2 molecule.32 More importantly, only three
amino acid residues from the p53 peptide (Phel?, Trp23,
and Leu2%) appeared to play a critical role in the binding
between the two proteins by projecting residues deep
into the hydrophobic cavity of the p53 pocket. These
structural features of the p53—MDM2 complex sug-
gested an increased likelihood of identifying small
molecules that might interfere successfully with the
protein—protein binding by mimicking the key amino
acid contacts between the two proteins. This assumption
was supported by quantitative assessment of the p53—
MDM2 binding using the CavSearch program. CavSearch
is a computational tool that maps cavities in proteins
using a grid-based measure of accessibility. When
structural information is available, CavSearch can
calculate the relative size of any hydrophobic pocket for
which small-molecule ligands have been identified.
When subjected to this analysis, the p53 binding pocket
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Figure 3. Small-molecule inhibitors of p53—MDM2 binding.

on MDM2 was ranked in the “medium” category among
29 known proteins with respect to their relative likeli-
hood for targeting with small molecules.?3

Small-Molecule Antagonists of p53—MDM2
Binding

The realization that p53—MDMZ2 binding is largely
dependent on the interaction of three p53 amino acid
residues with a well-defined MDM2 pocket stimulated
the efforts to identify druglike inhibitors of this protein—
protein interaction. Consequently, several small-mol-
ecule antagonists have been identified and described in
recently published research articles. Peptide inhibitors
of p53—MDM2 binding have been reviewed recently.3435

The first reported low molecular weight inhibitor of
the p53—MDM2 interaction 1 belongs to a class of
phenoxyacetic acid and phenoxymethyltetrazole deriva-
tives known as chalcones (Figure 3). They inhibited
p53—MDM2 binding in vitro with a relatively low
potency but were also shown to inhibit glutathione-S-
transferase activity.?¢ Modified boronic chalcones were
reported recently that inhibited the growth of cultured
tumor cells.?” However, the report has not provided
convincing evidence that this activity is derived from
activation of the p53 pathway. Two compounds with the
ability to disrupt p53—MDMZ2 binding have been identi-
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fied using computer-aided design based on crystal
structure data. The first one, 2, was able to penetrate
cancer cells in culture and induced p53 accumulation,
but its cytotoxicity did not correlate well with the wild-
type status of p53.38 The second compound, a sulfona-
mide derivative 3, showed a dose-dependent but rela-
tively weak inhibition (IC5¢ ~ 30 uM) of p53—MDM2
binding that translated into a modest increase in the
transcriptional activity of p53.3° Recently, Yin and
Hamilton reported the synthesis of a relatively potent
MDMZ2 antagonist 4 based on a terphenyl scaffold.4?
This compound inhibited the p53—MDM2 interaction
with submicromolar potency in vitro and induced p53
accumulation in tumor cells. However, its potential as
a drug is not yet established.

Recently, another type of inhibitor of the p53—MDM?2
interaction has been described.*! This compound, 5,
termed RITA, was identified by a cell-based approach
that screened small-molecule compounds from the
NCI library for their ability to suppress cell growth in
a pb3-dependent manner using the isogenic colon can-
cer cell lines HCT116TP53** and HCT116TP53~/~.42
RITA up-regulated the p53-responsive LacZ reporter in
the cell line expressing endogenous wild-type p53
(HCT116TP53**) and showed selectivity between the
two cell lines, indicating that its effect is dependent on
the presence of wild-type p53. RITA activated several
functions of the p53 pathway and showed low micro-
molar potency against cultured tumor cells with wild-
type p53 status. The authors have subjected the mol-
ecule to a series of studies and concluded that it
activates p53 by a nongenotoxic mechanism involving
disruption of the p53—MDMZ2 interaction. However,
RITA does not bind to MDMZ2 but instead to p53. The
mechanism by which it interferes with p53—MDM2
binding and the potential effects of the p53 binding on
the functions of p53 are not fully understood yet. RITA
offers a new paradigm for activation of p53 by interfer-
ence with MDM2. However, better understanding of its
binding mode will be required for further optimization
of this chemical class.

Nutlins

The first potent and selective small-molecule inhibi-
tors of the p53—MDM2 interaction have been identified
recently by high-throughput screening followed by
structure-based optimization.!? Nutlins represent a
class of cis-imidazoline analogues that bind to the p53
pocket on the surface of MDM2 in an enantiomer-
specific manner. The three reported nutlins 6, 7, 8
(Figure 4, nutlin-1, -2, -3) showed potency against the
p53—MDM2 binding in the 100—300 nM range with
approximately 150- to 200-fold difference in affinity
between enantiomers. Nutlins inhibit the p53—MDM2
interaction effectively by mimicking the interaction of
the three critical p53 amino acid residues with the
hydrophobic cavity of MDMZ2 (Figure 5). The imidazo-
lines are a nontraditional peptide mimetic in the sense
that they do not attempt to duplicate the position and
orientation of the Ca—Cp bonds of the key amino acid
side chains. Thus, the ethoxy group overlays the position
of the Phe!? side chain, one bromophenyl group overlaps
the position of Trp,?? and the other occupies the Leu2®
location.
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Figure 5. Nutlins bind selectively to the p53 site on MDM2.
(A) 7 (nutlin-2) bound to the p53 pocket on the MDM2 molecule
(a surface rendition from crystal structure data'?). (B) Nutlin-2
(blue) mimics the interaction of the three critical amino acid
residues (green) from the p53 peptide (yellow) with the
hydrophobic cavity of MDM2 (an overlay).

In addition to their relatively high potency in vitro,
nutlins penetrate cell membranes, activate the p53
pathway, and inhibit cell growth with potency in the
1-3 uM range. Released from negative control in the
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presence of nutlins, p53 is stabilized and accumulates
in cell nuclei, leading to activation of p53 target genes
(e.g., p21Wafll MDMZ2) and the p53 pathway. This effect
is dependent on the presence of wild-type p53 because
cells in which p53 is deleted or mutated do not respond
to the nutlin treatment. Moreover, the inactive enan-
tiomer, which represents a virtually identical molecule
and thus ideal control for nonmechanistic cellular activ-
ity, is inactive in the presence or absence of functional
p53. Nutlins do not induce p53 phosphorylation on Ser!5
that is seen in response to genotoxic stress. These
experiments provide strong support for the notion that
nutlins are highly selective molecules that derive their
cellular activity from inhibition of p53—MDMZ2 binding
and activation of the p53 pathway. Therefore, they
represent valuable molecular probes for studying the
consequences of p53 activation in living cells.

Nutlins can be administered to mouse xenografts
models of human cancer via the desirable oral route.
Treatment of established osteosarcoma SJSA-1 tumor
xenografts with 8 (racemic) for 20 days inhibited tumor
growth by 90% compared to the vehicle controls at a
dose that is not toxic to the animals. The activity of
nutlins in this model appears superior to that of
doxorubicin used at the maximal tolerated dose.l2
Purification of the active enantiomer of 8 (nutlin-3a)
increases the potency of the compound 2-fold and
showed over 100% tumor growth inhibition in the
SJSA-1 tumor model as well as the prostate xenograft
model LnCaP. In both cases, multiple partial tumor
regressions were observed, suggesting that activation
of the p53 pathway not only blocks cell cycle progression
but also induces apoptosis in the tumor cells in vivo
(manuscript in preparation).

Nongenotoxic p53 Activation, a Novel Approach
for Treating Cancer

Activation of p53 by intervention of its regulation has
been proposed as a new therapeutic approach for
treatment of tumors with wild-type p53 several years
ago.2841 However, this strategy was largely based on
theoretical considerations and limited experimental
data derived with macromolecular tools for inhibiting
the p53—MDM2 interaction in tissue culture cells and
was not validated in vivo.?~1! Antisense oligonucleotides
against MDM2 have been used successfully for activa-
tion of the p53 pathway in human xenografts grown in
nude mice and have shown antitumor activity in mul-
tiple tumor types.*~47 However, their antitumor activity
did not depend on the p53 status of xenografts. In
addition, antisense inhibited MDM2 expression in the
human tumor cells but not the normal tissues in the
host, thus not allowing us to assess the therapeutic
window of this strategy. The development of the first
selective small-molecule MDM2 antagonists, the nut-
lins, provided tools for addressing the therapeutic utility
of p53 activation in vivo.12

There are several major issues associated with p53
activation as a therapeutic strategy in cancer. First, it
has been postulated that p53 activation requires not
only stabilization and accumulation of the protein but
also post-translational modification. p53 undergoes
multiple modifications (e.g., phosphorylation, acetyla-
tion, sumoylation, etc.) in response to diverse stresses,

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 14 4495

and it has been speculated that post-translational
modifications play a critical role in p53 activation and
function.’17%3 Small-molecule antagonists of MDM2 can
prevent p53 from binding to MDMZ2 but should not affect
its post-translational modification status. Therefore, p53
that is stabilized by interference with its regulation may
not be adequately activated and thus fully functional.
Second, although approximately half of all human
tumors have retained wild-type p53, it is not clear if
other p53 signaling components are still intact and
functional in these tumors. Defects in the signaling
cascade upstream of p53 can be compensated for by
small molecules that stabilize the protein by preventing
its degradation. However, there can be no compensation
for defects downstream of p53, and such deregulation
would render p53 activators inefficient in these tumors.
Third, small-molecule p53 modulators will activate the
p53 pathway in cancer and normal tissues. Although
there is abundant data regarding the growth suppres-
sive and proapoptotic function of p53 in cancer cells,
much less is known about the consequences of p53
activation in normal proliferating tissues in vivo. Overt
toxicity in these tissues may significantly decrease the
therapeutic margin of p53 activating drugs. With the
help of the nutlins, one can start to address these issues
using relevant cellular and animal models.

p53 phosphorylation on several serine residues mostly
within the N-terminal domain, which includes the
MDM2 binding site, has been considered critical not
only for its dissociation from MDM2 but also for its
activation as a transcription factor.*8~%0 Since transcrip-
tional activation is of paramount importance for p53
function, it has been speculated that unphosphorylated
p53 will be inadequate for activation of the p53 path-
way. However, genetic data have raised questions about
the importance of p53 phosphorylation.?52 Recent
experiments in which cancer cells with wild-type p53
were treated with 8 (nutlin-3) demonstrated that nutlin-
induced p53 is free of phosphorylation on six key serine
residues (Ser®, Ser!®, Ser2, Ser3?, Ser*6, Ser392).53 De-
spite the lack of detectable modification, p53 was shown
to have equal or better activity as a transcription factor
or apoptosis inducer compared to phosphorylated p53
activated by two different genotoxic drugs: doxorubicin
and etoposide. These experiments raise a question about
the importance of phosphorylation for p53 function and
suggest that p53 levels rather than modification status
determine the ability of p53 to activate its gene targets
and the p53 pathway. They also suggest that small-
molecule MDM2 antagonists can be effective as single
agents in cancer therapy.

It has been generally accepted that tumors with wild-
type p53 are likely to have other aberrations in the p53
pathway that might attenuate or completely disable its
tumor suppressor functions.®1” Some of these aberra-
tions have been well-haracterized (e.g., MDM2 overpro-
duction), but many remain unknown. This is mainly due
to the lack of specific tools for p53 modulation. Nutlins
provide such tools and allow for the first time the
dissection of upstream and downstream p53 signaling
events. By treatment of tumor-derived cell lines with
nutlins, one can narrow the defects to the upstream or
downstream signaling components and examine changes
in specific signaling events. Data derived from multiple
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human cancer cell lines with wild-type p53 treated with
nutlins indicated that the growth arrest function of the
p53 pathway is preserved in all cell lines but that the
apoptotic response differs significantly. Some cell lines
responded to p53 activation by nutlins with intense
apoptosis, while in others the apoptotic response was
substantially attenuated (manuscript in preparation).
These observations suggest that MDMZ2 antagonists
may have antiproliferative activity in the majority of
human tumors with wild-type p53 but their apoptotic
activity may be limited to those tumors that have
retained intact p53-dependent apoptotic signaling.

Patients with tumors that express wild-type p53 and
high levels of MDM2 protein are expected to benefit the
most from p53 activating therapy that can restore p53
function by inhibiting the p53—MDM2 interaction.
Overexpression of MDM2 as a result of amplification
of the mdmZ2 gene locus has been shown to correlate well
with wild-type p53 status.® This is likely due to the fact
that more than one genetic alteration rarely occur in
the same pathway. Thus, MDM2 amplification in cells
with wild-type p53 may indicate otherwise intact p53
signaling. Consistent with this prediction, cancer cell
lines with the amplified mdm2 gene (e.g., SJSA-1
osteosarcoma) have responded very well to nutlin treat-
ment both in vitro and in vivo.1?

Recent genetic experiments in mice in which the
expression of the mdmZ2 gene has been reduced to 30%
of its normal level provided important insights into p53
function and regulation in normal tissues in vivo.5*
Reduced MDM2 expression in these transgenic mice led
to increased p53 levels in most tissues. However, the
consequences of p53 activation depended on the tissue
type. Only cells from the thymus, spleen, and the
epithelium of the small intestine have shown elevated
levels of apoptosis. The mice with reduced MDM2
showed a higher p53 level in many tissues but suffered
only from reduced body weight and white blood cell
count. No severe adverse effects were reported, and the
mice had normal life expectancy. These experiments
indicate that p53 regulation by MDMZ2 in homeostatic
tissues may differ from its regulation in cancer cells and
suggested that p53 activating therapy of cancer may not
cause severe side effects.

Early results from treatment of nude mice bearing
established human tumor xenografts with MDM2 an-
tagonists support this expectation.!? Mice treated for 3
weeks with nutlin doses causing effective tumor inhibi-
tion and regression did not show a significant body
weight loss or pathological changes. This was not due
to lower sensitivity of mouse cells to the drug because
cultured mouse fibroblasts respond to nutlin treatment
with cell cycle arrest at the same concentrations as
human cancer cells or human fibroblasts.5® In contrast
to cancer cells, both human and mouse fibroblasts did
not undergo apoptosis and partially resumed cycling
after drug removal. These experiments support the
therapeutic utility of p53 activators, but further studies
in higher species and ultimately in the clinic are needed
to assess their true safety margin. MDM2 antagonists
do not damage DNA and thus offer a nongenotoxic
alternative for activation of the p53 response. This is
an important advantage of these drugs over the cur-
rently used cytotoxics, the majority of which are DNA
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damaging agents, imposing a substantial genotoxic
burden in patients.

p53 Activators as Chemoprotective Agents

The eukaryotic cell cycle is a set of biochemical events
that allows for faithful duplication and segregation of
their genetic material between two daughter cells.5®
This process is controlled with high precision, and entry
into any cell cycle phase is prohibited before completion
of the previous one.?” Therefore, in some instances, cell
cycle arrest could protect cells from cytotoxic agents that
require progression through the cell cycle for their
activity. This phenomenon allows us to design strategies
for protection of normal cells from cell cycle phase spe-
cific cytotoxic drugs such as antimitotics.?®~6% Antimi-
totic drugs, currently dominated by tubulin poisons (e.g.,
taxanes, vinca alkaloids), are widely used chemothera-
peutic agents that require the cells to transition through
mitosis for their activity.6! Cell cycle block in any phase
other than mitosis would decrease the sensitivity of cells
and could be exploited for chemoprotection.

One of the main functions of activated p53 is induc-
tion of G1/S and G2/M checkpoints.?* By halting cell
cycle progression before entry into the S phase or mito-
sis, p53 prevents the propagation of DNA damage and
facilitates its repair. Cell cycle arrest induced by p53,
especially in normal proliferating tissues, is generally
reversible, and cells can resume proliferation once they
are free of stress. On the other hand, approximately 50%
of all human tumors have lost p53 checkpoint function
and will not be protected by specific inducers of the p53
pathway. These features make the p53 pathway ideally
suited for utilization in chemoprotective strategies.

It has been shown that activation of the p53 pathway
by genotoxic stress (e.g., doxorubicin treatment) in can-
cer cells with wild-type p53 can significantly decrease
their sensitivity to paclitaxel.2 However, DNA damag-
ing agents are not specific for p53 and can induce p53-
independent checkpoints, thus protecting not only nor-
mal cells but also the targeted tumor cells during anti-
mitotic chemotherapy. MDM2 antagonists, the nutlins,
are nongenotoxic p53 inducers that derive their cellular
activity from selective activation of the p53 pathway.
They arrest effectively cell cycle progression at the G1/S
and G2/M borders but do not induce p53-independent
checkpoints.!? Therefore, nutlins are valuable tools for
exploiting p53-based chemoprotective strategies.

Treatment of proliferating cancer cells and normal
skin fibroblasts with nutlins prevented their entry into
mitosis and protected them partially from high doses
of paclitaxel.®® Under the same treatment conditions,
cancer cells with mutant p53 have retained their
sensitivity to the mitotic poison. These results suggest
a potential utility of MDM2 antagonists in protecting
normal proliferating tissues during antimitotic chemo-
therapy of patients with tumors that have lost p53
function (Figure 6). Pretreatment of patients with
MDM2 antagonists should activate the p53 pathway
and induce cell cycle arrest in their normal proliferating
tissues, which will decrease their sensitivity to antimi-
totic chemotherapeutic agent. The same treatment will
have no consequences on tumor cells with mutant p53,
which will continue to proliferate. This strategy may
protect normal tissues at least partially from cytotox-
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Figure 6. MDM2 antagonists may have utility in protecting
normal proliferating tissues during antimitotic chemotherapy
of tumors expressing mutant p53. Normal cells possess wild-
type functional p53, and pretreatment with nutlins will arrest
their proliferation and may protect them from the toxicity of
paclitaxel. They may resume proliferation after drug removal.
Cancer cells in which p53 is mutant will be insensitive to
MDM2 antagonists and will be killed by paclitaxel-induced
apoptosis.

icity of mitotic inhibitors and thus lower the occurrence
of side effects. However, further studies are needed to
assess the validity of this approach in more relevant in
vivo models.

The checkpoint function of the p53 pathway has
another important implication concerning combination
chemotherapy. Because of their potential protective
effect in cancer cells with wild-type p53, MDM2 antago-
nists or any p53 activating drugs should be used with
caution when combined with antimitotic agents in the
clinic. This also applies to many of the currently used
cytotoxic agents, the majority of which are genotoxins
and can induce p53-dependent checkpoint arrest.

Conclusion

In the search for more efficacious and less toxic cancer
drugs, the tumor suppressor p53 has long been a
desirable therapeutic target. Several independent stud-
ies have demonstrated that antitumor activity of p53
can be unleashed in cancer cells that have retained the
wild-type status of the tumor suppressor by intervention
in its regulation and validated the p53—MDM2 interac-
tion as a target. Structural features of this protein—
protein interaction raised the hopes for finding small-
molecule antagonists and facilitated drug discovery
efforts. As a result, several classes of nonpeptidic MDM2
inhibitors have been identified. The discovery of the first
potent and selective small-molecule MDM2 antagonists,
the nutlins, helped to validate this novel therapeutic
strategy in animal models of human cancer.

Despite the great progress in understanding p53 func-
tion and regulation, there are still many biology issues
that need to be addressed before one can predict the
therapeutic value of p53 activators in the clinic. Early
studies with the nutlins have indicated that MDM2
antagonists may be effective as single agents if tumor
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cells possess wild-type p53 and relatively intact down-
stream p53 signaling. However, it is still not clear how
many human tumors will fall into this category in the
clinical setting. MDM2 amplification may provide a posi-
tive clinical marker for intact p53 signaling, but this
concept requires validation. The role of MDM2 over-
expression that does not involve gene amplification
in disabling p53 function needs further clarification.
The availability of nutlins will greatly facilitate these
studies.

Another issue not fully addressed yet is the thera-
peutic margin of p53-activating therapy. Experiments
in nude mice have shown minimal adverse effects at
efficacious doses but species-specific differences between
tumor xenografts and host tissues could in principle
enlarge the estimated therapeutic window of tested
drugs. pb53-based gene therapy has been approved
recently in China for the treatment of head and neck
cancer.%* However, this treatment involves intratumoral
delivery of p53-expressing adenoviral vectors and will
not be very useful in assessing the potential for adverse
effects from systemic p53 activation. Ultimately, the
true therapeutic window of small-molecule p53 activa-
tors will be determined in the clinic.

Recent progress in the discovery of selective small-
molecule modulators of the p53 pathway provided much
needed tools to probe the validity of this novel thera-
peutic concept. The encouraging results obtained with
these agents have increased the hope that pharmaco-
logical activation of p53 can provide a clinical benefit
for cancer patients.
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