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Abstract

Tumor suppressor p53 is an attractive cancer therapeutic target because it
can be functionally activated to eradicate tumors. Direct gene alterations
in p53 or interaction between p53 and MDM?2 proteins are two alternative
mechanisms for the inactivation of p53 function. Designing small molecules
to block the MDM?2-p53 interaction and reactivate the p53 function is a
promising therapeutic strategy for the treatment of cancers retaining wild-
type p53. This review will highlight recent advances in the design and de-
velopment of small-molecule inhibitors of the MDM?2-p53 interaction as
new cancer therapies. A number of these small-molecule inhibitors, such as
analogs of MI-219 and Nutlin-3, have progressed to advanced preclinical
development or early phase cinical trials.
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INTRODUCTION

The tumor suppressor p53 plays a central role in the regulation of cell cycle, apoptosis, DNA
repair, and senescence (1-4, 4a). The p53 protein was identified in 1979 (5-7) and later the p53
gene was reported to be responsible for most cases of Li-Fraumeni cancer syndrome, a rare
inherited condition that leads to the frequent occurrence of several types of cancer in affected
families (8-10). In fact, due to its potent tumor suppressor role, p53 is one of the most frequently
mutated proteins in human tumors. Indeed, approximately 50% of human cancers have alterations
in the p53 gene, resulting in inactivation or loss of p53 protein (2, 11).

Even in cancers retaining wild-type p53, p53 function is effectively inhibited. The inhibi-
tion of p53 function is primarily performed by the murine double minute 2 (MDM2; HDM2 in
humans). MDM? is an oncoprotein, discovered by its overexpression in a spontaneously trans-
formed mouse cancer cell line (2, 11-14). MDM?2 has both p53-independent and p53-dependent
functions. MDM?2 directly binds to and forms a complex with p53, inhibiting p53 transactiva-
tion (12). A substantial amount of data have confirmed that MDM?2 is the central node in the
p53 pathway.

The activity and protein levels of p53 are tightly regulated by MDM2 in normal cells (see
section below). MDM?2 is a ubiquitously expressed protein and plays an important role in tissue
development, whereas p53 provides a powerful tumor surveillance mechanism. Deregulation of
MDM2/p53 balance leads to malignant transformation of cells. For example, overexpression of
MDM2 provides cells with a growth advantage, promotes tumorigenesis, and correlates with worse
clinical prognosis and poor response to cancer therapy (15-21). A variety of mechanisms, such as
amplification of the MDM?2 gene, single nucleotide polymorphism at nucleotide 309 (SNP309)
in its gene promoter, increased transcription and increased translation, account for MDM?2 over-
production (15, 21-23). Mouse models have also revealed that overexpression of MDM2 at an
early stage of differentiation neutralizes p53 tumor suppressor function and predisposes mice to
tumorigenesis (24). Analogous to the inherited cancer predisposition Li-Fraumeni syndrome in
humans, mice lacking p53 develop normally but are predisposed to develop a variety of tumors
(25, 25a). The basic finding that MDM2 binds and inhibits p53 function leads to the prediction
that MDM?2 overexpression and p53 mutations should be mutually exclusive in tumors. Indeed,
a study of MDM2 gene amplification in tumors of 28 different types comprising more than 3000
tumors largely supported this notion and showed a negative correlation between occurrence of
p53 mutations and MDM?2 amplification (19). MDM2 is thus an important therapeutic target in
cancers retaining wild-type p53.

A series of genetic studies in mouse models have shown thatloss of p53 induces tumor formation
and that restoration of p53 leads to a rapid and impressive regression of established, in situ tumors,
providing strong evidence for designing anticancer drugs that restore p53 function (26-28). Several
different therapeutic approaches have been attempted with the goal of restoring p53 function (29—
34). Among these, targeting the MDM?2-p53 interaction by small molecules for the reactivation
of p53 has emerged as a promising approach for the treatment of cancers that retain wild-type

pS3 (4a, 32, 34, 35).

Regulation of p53 and MDM?2

Direct protein-protein interaction between MDM2 and p53 regulates the basal levels and activity
of p53 in cells through an autoregulatory feedback loop (Figure 1). Upon activation, p53 binds to
the P2 promoter of the MDM?2 gene and transcriptionally induces MDM?2 protein expression. In
turn, MDM2 protein binds to p53 protein and inhibits it through multiple mechanisms: MDM?2
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Figure 1

Autoregulatory feedback loop of inhibition of p53 by MDM2. MDM2 directly binds to p53 and inhibits its
transcriptional activity, causes ubiquitinization and proteasomal degradation of p53, and exports p53 out of
the nucleus. MDMX, a homolog of MDM2, also directly binds to the transactivation domain of p53 and
inhibits p53 activity, but does not cause degradation of p53. Tumor suppressor ARF binds to MDM?2 and
sequesters MDM?2 into the nucleolus, leading to stabilization of p53.

(@) inhibits the transactivation function of p53, (b) exports p53 out of the nucleus, and (¢) promotes
proteosome-mediated degradation of p53 through its E3 ubiquitinization ligase activity (36-38).
The physiological relevance of the MDM2-p53 loop has been demonstrated by the genetic evi-
dence that embryonic lethality of MDM?2-null mice can be rescued by the simultaneous deletion
of the p53 gene (39, 40). In addition, compared with wild-type adult mice, genetically engineered
mice expressing reduced levels of MDM2 protein are small in size, have reduced organ weight, and
are radiosensitive (41). The p53 dependence was shown by reversal of phenotypes when crossed
with p53-null mice. Together, these genetic studies show that MDM2 is critical in the regulation
of p53 function during development as well as in adult mice, and that changes in MDM2 levels
can dictate tumorigenesis.

DESIGN OF NONPEPTIDIC SMALL-MOLECULE INHIBITORS
OF THE MDM2-p53 INTERACTION

The nature of the interaction between p53 and MDM?2 proteins has been firmly established.
Genetic and biochemical studies mapped the MDM?2-p53 interaction sites to the 106-amino
acid-long N terminal domain of MDM?2 and the N terminus of the transactivation domain
of p53 (42, 43). High-resolution crystal structures of the N-terminal domains of human and
Xenopus laevis MDM2, complexed with short peptides derived from the N-terminal domain
of p53 (residues 15-29), demonstrated the precise structural requirements for the MDM2-
p53 protein-protein interaction (44). The interaction between p53 and MDM?2 involves four
key hydrophobic residues (Phe 19, Leu 22, Trp 23 and Leu 26) in a short amphipathic helix
formed by p53 and a small but deep hydrophobic pocket in MDM?2 (Figure 24). The atomic-
level understanding of the MDM2-p53 interaction through X-ray crystallography provided the
solid foundation for structure-based design of nonpeptidic, small-molecule antagonists of this
interaction.
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Nutlin-3a MI-219

Figure 2

Binding mode of a p53 peptide (PDB:1YCR) and the cis-imidazoline analog Nutlin-2 (PDB:1RV1), and the
predicted binding model of spiro-oxindole analog MI-219 to MDM2. () Side chains of p53 residues
involved in the MDM2-p53 interaction are shown in stick representation, whereas Nutlin-2 and MI-219 are
shown in ball and stick representation. Nutlin-2 is shown with carbons in cyan, nitrogen in blue, oxygen in
red, and bromine in brown. The predicted binding of MI-219 to MDM? is shown with carbons in cyan,
nitrogen in blue, oxygen in red, fluorine in light blue, and chlorine in green. The surface representation of
MDM2 in each case is shown with carbons in gray, nitrogen in blue, oxygen in red, and sulfur in yellow.
Hydrogen bonds are depicted with yellow lines and hydrogen atoms are excluded for clarity. The PyMOL
program was used to generate figures. (b)) Chemical structures of Nutlin-3a and MI-219, the two potent and
specific small-molecule inhibitors of the MDM2-p53 interaction.

Historically, disruption of protein-protein interaction is a challenging task due to the large
binding interface of the protein partners. The well-defined, small interface of MDM2-p53 sug-
gested that design of small-molecule inhibitors to target the MDM2-p53 interaction may be
possible (mentioned herein as MDM?2 inhibitors; sometimes also called HDM2 inhibitors). In-
deed, although very little progress was made in the initial few years after the MDM2-p53 crystal
structure became available, several classes of small-molecule inhibitors with distinct chemical
structures have now been reported. These are analogs of cis-imidazoline (45), spiro-oxindole (34,
35, 46, 46a), benzodiazepinedione (47-49), terphenyl (50, 51), quilinol (52), chalcone (53) and
sulfonamide (54). Below we briefly discuss a number of approaches employed in the design and
discovery of MDM?2 inhibitors.
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Design Approach

Different approaches have been employed to design and identify the small-molecule inhibitors
of the MDM2-p53 interaction. These include computational three-dimensional (3D) database
screening of large chemical libraries, experimental screening of chemical libraries, and structure-
based de novo design.

Computational 3D database screening. Computational 3D screening has been employed for
the discovery of novel small-molecule inhibitors of the MDM2-p53 interaction. These include
3D pharmacophore searching, structure-based database searching, and the combination of both
approaches.

Pharmacophore searching. A pharmacophore model of the MDM2-p53 interaction was em-
ployed for the discovery of nonpeptidic small-molecule MDM?2 inhibitors of sulfonamide chem-
ical class (54). A pharmacophore model consists of chemical groups critical for ligand binding
to a target protein in their 3D geometrical relationship. The study by Galatin & Abraham (54)
examined three separate data sets to draw a pharmacophore model: () The p53 mutagenesis data
showing measurements of residual MDM?2 binding as a percentage of binding observed with wild-
type p53 (55), (b) a truncation series based on the best phage display—derived peptide inhibitor
to map the prerequisites for activity (56), and (c) p53 peptidic compounds synthesized by No-
vartis, incorporating unnatural amino acids to increase binding contacts to MDM2 (57). Various
permutations of the MDM2-binding pharmacophore were entered as searches to obtain hit com-
pounds from the database. These compounds were tested in an ELISA-based in vitro MDM2-p53
protein-protein interaction assay. Sulfonamide 1 (NSC 279287) disrupted the interaction between
full-length MDM?2 and p53 proteins with an ICs, value of 31.8 uM. This compound was thus a
fairly weak inhibitor of the MDM2-p53 interaction. When evaluated in a p53 reporter gene assay,
only a 20% increase in p53 transcriptional function after treatment with 100 pM of the compound
was observed (54).

An integrated approach combining pharmacopbore and structure-based screeming. An inte-
grated approach utilizes both pharmacophore and structure-based screening of the 3D database.
Using this approach, we screened 150,000 drug-like compounds in the NCI 3D database, consist-
ing of both structurally diverse synthetic compounds and a large number of natural products (52,
58, 59). From this database, 110,000 drug-like compounds were filtered and further screened using
a pharmacophore model derived from the crystal structure of MDM?2 complexed with the p53
peptide and several known nonpeptide small-molecule inhibitors (Nutlin, benzodiazepinedione,
and spiro-oxindole). Pharmacophore searching yielded 2599 hits, which were further screened by
structure-based screening using the GOLD program (60, 61) to dock each hit to the p53-binding
site in MDM?2 and to rank their binding affinities. The top 200 compounds ranked by Chemscore
(62) and X-score (63) were combined, which yielded a total of 354 nonredundant compounds
as potential inhibitors of the MDM?2-p53 interaction. Visual inspection of these 354 compounds
showed that each compound mimics the key hydrophobic interactions between p53 and MDM?2
observed in the MDM2:p53 peptide crystal structure and that each is complementary with MDM2,
based on the predicted binding models by GOLD. A total of 67 compounds were obtained from
NCI and tested in a competitive fluorescence polarization-based (FP-based) MDM2 binding as-
say. A total of 10 hits, defined by a K; value of less than10 pM, were discovered. Compound 4
[NSC 66811, (7-[anilino(phenyl)methyl]-2-methyl-8-quinolinol)] with a K; value of 120 nM had
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the highest binding affinity for MDM2. NSC 66811 was shown to activate p53 in the LNCaP
prostate cancer cell line with wild-type p53 in a dose-dependent manner (52).

Computational screening using a pharmacopbore model incorporating protein flexibility. A
pharmacophore model was developed based on the crystal structure of MDM2 and incorpo-
ration of the protein flexibility was assessed using molecular dynamics simulation (64). Using this
pharmacophore model, a database of approximately 50,000 synthetic compounds was searched.
Evaluation of pharmacophore hits in a fluorescence-polarization MDM?2 binding assay led to
the discovery of five nonpeptidic, small-molecule MDM?2 inhibitors, which represent five new
scaffolds. The most potent inhibitor exhibited a K; value of 110 nM. Their cellular activity and
mechanism of action have not been reported.

Screening small focused libraries. A fluorescence polarization-based binding assay was used to
screen a small library of terphenyl compounds to identify inhibitors of the MDM2-p53 interaction
(50). The rationale for screening a terphenyl-based library was their ability to mimic one face of
the alpha helical peptide (65). A library of 21 terphenyl derivatives was prepared by substituting
the alkyl or aryl group on the three ortho positions of the terphenyl scaffold (50). The side chains
in these terphenyl derivatives are projected in a way similar to i, i+4, and i+7 residues of an
alpha-helix. An FP-based MDM?2 binding assay based on the disruption of MDM2-p53 peptide
complex was used to assess the binding affinities of the terphenyls. Screening of the library showed
that terphenyl 14 was the most potent inhibitor, with a K; value of 182 nM for MDM?2. Binding to
MDM2 was further confirmed using "N HSQC NMR spectroscopy, which showed that terphenyl
14 targets the same surface area in MDM2 where p53 binds. Terphenyl 14 was thus discovered as
an alpha helical mimetic of p53. However, in comparison to its ability to disrupt the MDM?2-p53
interaction with a Kj value of 182 nM, terphenyl 14 disrupts the Bcl-2/Bak binding with a K
value of 15 pM, and Bcl-xL/Bak with a K value of 2.5 uM, showing an 82- and 14-fold specificity,
respectively, for MDM? relative to Bel-2 and Bel-xL.

An in vitro, quantitative, ELISA-based assay was performed to screen another set of terphenyl
derivatives to identify small-molecule inhibitors of the MDM2-p53 protein-protein interaction
(51). Compounds were screened for the disruption of the MDM2-p53 interaction. This strategy
yielded terphenyl compounds 2 and 6, which disrupted the MDM2-p53 interaction with ICs
values of 10 pM and 15 pM, respectively.

Chalcones are known to have anticancer properties (66). Therefore, Stoll et al. (53) screened a
library of 16 chalcones by an ELISA-based assay to identify compounds that disrupt the interaction
between MDM?2 protein and p53 peptide. Potency of some chalcones to disrupt the MDM?2-p53
interaction obtained by ELISA was confirmed by NMR titration experiments. Compound B and
B-1, having ICs, values of 49 uM and 117 pM, respectively, were the most potent chalcones. These
compounds also disrupted the MDM?2-p53 interaction in the in vitro DNA binding electrophoretic
mobility supershift assay (EMSA).

High-throughput screening of large chemical libraries. A breakthrough in the design of the
potent small-molecule MDM? inhibitor was obtained through the discovery of small molecules,
termed Nutlins by Vassilev and colleagues (32). The Nutlins have a cis-imidazoline core struc-
ture. The cis-imidazoline lead compound was discovered by experimental screening of a diverse
library of synthetic compounds using a Biacore surface plasmon resonance assay. Through exten-
sive chemical modifications of the lead compound, potent small-molecule MDM?2 inhibitors were
ultimately obtained. Nutlin-1 and Nutlin-2 are racemic mixtures and Nutlin-3a is an active enan-
tiomer isolated from racemic Nutlin-3 (Figure 25). Nutlin-1, Nutlin-2, and Nutlin-3 disrupted
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the MDM2-p53 interaction with ICs, values of 260 nM, 140 nM, and 90 nM, respectively. X-ray
crystal structure of the MDM2-Nutlin-2 complex was determined at 2.3 A resolution. The crystal
structure showed that Nutlin-2 binds to the p53 binding site in MDM?2 (Figure 24). Nutlin-2
mimics the interaction of the p53 peptide with MDM2 such that one bromophenyl moiety sits
deeply in the Trp 23 pocket, the other bromophenyl group occupies the Leu 26 pocket, and
the ethyl ether side chain is directed toward the Phe 19 pocket. The Nutlins are the first exam-
ples of potent and specific inhibitors of the MDM2-p53 interaction and one of them, Nutlin-3,
has been extensively evaluated for its therapeutic potential and mechanism of action in human
cancer.

Parks et al. (48) identified benzodiazepinedione-based MDM?2 inhibitors through high-
throughput screening of a library of 22,000 benzodiazepinediones, designed using Directed Di-
versity software, with the ThermoFluor microcalorimetry technology. This technology involves
an affinity-based high-throughput screening assay using fluorescent dyes to monitor protein un-
folding as a function of temperature for the identification of compounds which bind to MDM2.
Detection of compound binding to MDM2 is measured by the resultant increase in thermal sta-
bility. Thermal stability is quantified as a change in midpoint transition temperature (AT,,) in the
presence of the compound at a single concentration. The sensitivity of this assay was verified by
the shift in T}, on addition of peptides known to bind to MDM2, with higher-affinity peptides
generating larger shifts. Based on the initial screening for MDM2 binding, hits were identified
which were confirmed in an FP-based peptide displacement binding assay to identify inhibitors
of the MDM2-p53 interaction. This study led to the identification of two benzodiazepinedione-
based MDM2 inhibitors: Compound 20 and Compound 44 with ICs value of 420 nM and 490
nM, respectively, in terms of ability to disrupt the MDM2-p53 interaction. Cell activity has not
been reported thus far for these compounds.

Another benzodiazepinedione-based MDM2 inhibitor was identified by high-throughput
screening of 338,000 compounds from combinatorial libraries using the same ThermoFluor mi-
crocalorimetry technology (47). Based on the initial screening, 1216 compounds were selected,
which included 116 compounds belonging to a benzodiazepinedione library. The affinity of the
selected compounds was confirmed in an FP-based p53 peptide displacement MDM?2 binding
assay. Benzodiazepinedione compound 1 was the most potent inhibitor, with a binding affinity of
80 nM. A 2.7 A crystal structure of HDM2 in complex with compound 1 was determined. Com-
pound 1 occupies the same pockets as the peptide side chains Phe 19, Trp 23, and Leu 26 of p53
in the MDM2 binding cleft. The MDM2 interactions with the inhibitor are largely nonspecific
van der Waals contacts and, similar to the p53 peptide, the bound conformation of compound
1 is amphipathic. The bound pendant groups in compound 1 are projected towards the MDM?2
pocket to, orient themselves such that they mimic the position of the hydrophobic side chains
on one face of the helical p53 peptide ligand. Another series of benzodiazepinedione compounds
identified by the ThermoFluor microcalorimetry technology and optimized by structure-based
design were TDP521252 and TDP665759, which bind to MDM2 with ICs, values of 708 nM
and 704 nM, respectively (49).

Structure-based de novo design. Nonpeptidic MDM2 inhibitors based upon the spiro-oxindole
core structure were discovered in our laboratory using a structure-based de novo design strategy
(34, 35, 46, 46a). The crystal structure shows that the interaction between p53 and MDM2 is
primarily mediated by four key hydrophobic residues (Phe 19, Leu 22, Trp 23 and Leu 26) of p53
and a small but deep hydrophobic cleft in MDM2 (44). Because the indole ring of Trp 23 residue
of p53 is buried deeply inside a hydrophobic cavity in MDM2 and its NH group forms a hydrogen
bond with the backbone carbonyl in MDM2, Trp 23 appears to be most critical for binding of
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p53 to MDM2. Therefore a search for chemical moieties that can mimic the interaction of Trp 23
with MDM?2 was performed. It was found that in addition to the indole ring itself, oxindole can
nicely mimic the side chain of Trp 23 for interaction with MDM2. Because many anticancer drugs
are natural products or derivatives of natural products, a substructure search technique was used
to identify natural products that contain an oxindole substructure. Among the natural products
identified were a number of natural alkaloids such as spirotryprostatin A and alstonisine, which both
contain a spiro-oxindole substructure. Computational modeling studies predicted that although
these compounds fit poorly into the MDM2 cleft (due to steric hindrance), the spiro(oxindole-3,3'-
pyrrolidine) core structure may be used as the starting point for the design of a new class of MDM2
inhibitors. The oxindole can closely mimic the Trp 23 side chain in p53 in both hydrogen-bonding
formation and hydrophobic interactions with MDM2, and the spiropyrrolidine ring provides a
rigid scaffold from which two hydrophobic groups can be projected to mimic the side chain of Phe
19 and Leu 26. We have designed candidate compounds by using different Ry, R,, and R; groups
with different configurations and docked them into the MDM?2 binding cleft using the GOLD
program. Docking studies predicted that compound 1a binds to MDM2 with a good affinity by
virtue of its ability to mimic p53 (34). An FP-based binding assay showed that 1a binds to MDM?2
with a K; value of 8.5 pM and provided a starting point for further optimization. Modification
of compound 1a yielded spiro-oxindole 1d, which binds to MDM2 with a K; value of 86 nM.
Computational docking predicted that compound 1d binds to MDM2 by mimicking Phe 19, Trp
23, and Leu 26 residues in p53.

X-ray structure of the MDM?2-p53 complex showed that a fourth residue, Leu 22, also appears
to play an important role in the overall interaction between p53 and MDM?2 (44), a suggestion
that finds support in results from mutation analysis (55) and alanine scanning of p53 peptides (43).
Accordingly, we have designed new analogs to capture the additional interaction between Leu 22
in p53 and MDM2. Among these new compounds, compound 8 (termed MDM2 inhibitor-63 or
MI-63) (46) binds to MDM2 with a K| value of 3 nM.

MI-63 lacked the desirable pharmacological properties in mice and was unsuitable for in vivo
evaluations. MI-63 was thus further optimized to obtain new analogs such as MI-219 (Figure 2b)
(35). MI-219 mimics all four key residues in p53 and binds to MDM2 with a K value of 5 nM
(Figure 2a), whereas Nutlin 3 has a K| value of 36 nM (35). MI-219 has highly desirable pharmaco-
logical properties, such as 55% oral bioavailability in mice. (35). MI-219 was greater than10,000-
fold selective for MDM?2 over its closely related homolog MDMX. In addition, both MI-63 and
MI-219 displayed greater than10,000-fold specificity for MDM2 relative to Bcl-2 and Bel-xL (35,
46). Consistent with the high binding affinity for MDM?2 and disruption of the MDM2-p53 com-
plex, MI-63 and MI-219 induced accumulation of p53 in cancer cells with wild-type p353 (35, 46).
The compounds inhibited growth of cancer cell lines expressing wild-type p53 with submicromo-
lar ICsy values and showed a 20- to 50-fold-weaker activity in cancer cell lines lacking wild-type
p53, indicating a critical role of p53 in cellular activity of the inhibitors (35, 46). Spiro-oxindoles
MI-63 and MI-219 are the first examples of nonpeptidic MDM2 small molecules that are more
potent and selective than Nutlin-3.

SMALL-MOLECULE MDM?2 INHIBITORS AS CANCER THERAPEUTICS
Desirable Properties of a Small-Molecule MDM2 Inhibitor

In order to critically evaluate the mechanism of action and therapeutic potential of a MDM?2
inhibitor, it should have the following desirable properties: (#) a high binding affinity and specificity
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to MDM2, (b) potent cellular activity in cancer cells with wild-type p53, and (¢) a highly desirable
pharmacokinetic (PK) profile.

To date, two MDM?2 inhibitors, Nutlin-3 and MI-219, meet these criteria (32, 35). In addition,
benzodiazepinedione compound TDP665759, which binds to MDM2 with a ICsg value of 704 nM,
inhibits cell proliferation in cells expressing wild-type p53 (49). Other inhibitors of the MDM2-
p53 interaction discovered thus far have either modest binding affinity for MDM?2 and/or have
only modest activity on cells. Moreover, their cellular selectivity for cancer versus normal cells, in
vivo antitumor activity, and mechanism of action have not been reported.

Binding Affinity, Specificity, and Cell Permeability

In addition to achieving high binding affinity for MDM2, it is critical that the MDM?2 inhibitors
display an excellent specificity over other protein-protein interactions in order to critically evaluate
the mechanism of action and therapeutic potential of targeting the MDM2-p53 interaction. In
particular, because MDM2 inhibitors mimic the helical p53 peptide for binding to the hydrophobic
cleft in MDM2, they may also target other helix-binding proteins such as the Bcl-2 family anti-
apoptotic proteins.

To this end, spiro-oxindole inhibitors MI-63 (46) and MI-219 (35) were evaluated for their
specificity relative to other protein-protein interactions. Both small molecules display excellent
specificity for blocking the MDM2-p53 interaction. For example, MI-63 and MI-219 bind with a
greater than 10,000-fold-weaker affinity to Bcl-2 and Bel-xL proteins, both of which have a deep
hydrophobic binding cleft and interact with a helical domain in their binding partners. Moreover,
although MDMX is a closely related homolog of MDM2, and both proteins interact with p53 using
similar binding clefts, MI-219 shows a greater than10,000-fold selectivity for MDM? relative to
MDMX. These data showed that it is indeed possible to design not only potent, but also highly
selective, MDM?2 inhibitors.

In addition, excellent cell permeability is essential for employing small molecules as anticancer
agents. It is possible that a small molecule might have a high binding affinity to MDM?2 but poor
cell permeability. This is illustrated by benzodiazepinedione compound 52, which binds to MDM?2
with an ICs, value of 810 nM but is poorly cell permeable (67). However, benzodiazepinedione
analogs TDP521252 and TDP665759 bind to MDM2 with 1Cs values of 708 nM and 704 nM,
respectively, and are also cell permeable, as indicated by their ICs, values in inhibiting cell prolif-
eration in a panel of cancer cell lines with wild-type p53 (49).

Potent and selective cis-imidazoline analog (Nutlin-3a) (32) and spiro-oxindole analogs (MI-63
and MI-219) (35, 46) show excellent cell permeability. Small molecules from these two classes have
been evaluated for their in vitro and in vivo antitumor activity and mechanism of action (32, 35,
46, 462). Nutlin-3 and MI-219 represent promising therapeutic candidates for drug development
and, by specifically targeting the MDM2-p53 interaction, excellent tools to probe the reactivation
of p53.

Reactivation of the p53 Pathway by MDM?2 Inhibitors

Studies using the cis-imidazoline analog Nutlin-3 and spiro-oxindole analogs MI-63 and MI-219
have shown the potential of using pharmacological activation of p53 by disrupting the MDM2-p53
interaction as an anticancer strategy for cancers retaining wild-type p53 (4a, 32, 35, 46, 46a). The
mechanism of induction of p53 accumulation by MDM2 inhibitors is different from that induced
by radiation and traditional chemotherapy drugs. Both radiation and chemotherapy drugs induce
p53 accumulation by posttranslational modifications of p53, such as phosphorylation. In contrast,
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MDM?2 inhibitors induce accumulation and activation of p53 in cancer and normal cells without
inducing DNA damage or requiring p53 phosphorylation (35, 46, 46a, 68-70, 71-73a). MDM?2
inhibitors are thus nongenotoxic agents for the activation of p53.

Furthermore, at submicromolar concentrations such inhibitors decrease the proliferation of a
variety of cancer cell lines that retain wild-type p53 with a high degree of specificity over cells
that harbor mutated/deleted p53 (32, 35, 46, 46a) Nutlin-3b and MI-61, the respective inactive
analogs from each class, bind to MDM2 weakly. These weak MDM2 inhibitors not only have weak
cellular activity but also lack cellular specificity between cancer cells with wild-type p53 and those
with mutated/deleted p53. The fact that Nutlin-3, MI-63, and MI-219 are able to inhibit cell
proliferation in cancer cells lacking wild-type p53 at higher concentrations (greater than 10 uM),
together with the observation that at higher concentration inactive analogs inhibit proliferation
of cancer cell lines lacking wild-type p53, suggests that the cellular activity of MDM?2 inhibitors
at higher concentrations is independent of the p53 status and binding to MDM2.

MDM2 Inhibitors Induce Cell Cycle Arrest in Cancer and Normal Cells,
but Selective Cell Death in Cancer Cells

It is predicted that activation of the p53 pathway by an MDM2 inhibitor may induce cell cycle
arrest and/or apoptosis. Induction of cell cycle arrest by p53 is characterized by depletion of S-
phase cells and accumulation at G1/S (74) and/or G2/M (75) phase boundaries of the cell cycle.
Studies using Nutlin-3 and MI-219 show that MDM2 inhibitors yield both common and different
cellular responses in normal and tumor cells (32, 35). In tumor cell lines, activation of p53 by these
inhibitors induces p53- and p21-dependent cell cycle arrest and p53-dependent cell death (32, 35,
46a, 76). However in normal cells, p53 activation by MDM?2 inhibitors leads to cell cycle arrest,
butnotcell death (32, 35, 46a, 77). Evaluation of MI-219 in seven different types of primary human
normal cells or cell lines further confirmed that activation of p53 in normal cells by a potent and
specific MDM?2 inhibitor induces cell cycle arrest but does not cause cell death (32, 35). These
results indicate that activation of p53 by an MDM? inhibitor is nontoxic to normal cells and are
thus encouraging from a therapeutic perspective.

Employing Nutlin-3, Tovar et al. (76) tested the effect on cell cycle arrest and apoptosis in 10
randomly selected cancer cell lines of seven different tumor types: colon, breast, lung, prostate,
melanoma, osteosarcoma, and renal cancer. Nutlin-3 induced a complete depletion of the S-phase
fraction, causing arrest at G1/S and/or G2/M phases in all the cell lines (32, 76). Furthermore, acti-
vation of p53 by Nutlin-3 caused transcriptional upregulation of p53 target gene cyclin-dependent
kinase inhibitor p2 1Wf1/Cip! "which is an essential mediator of p53-induced cell cycle arrest (74).
Clearly, the p53 pathway is preserved in all cancer cell lines with wild-type p53. Interestingly, it
was found that the degree of induction of apoptosis by Nutlin-3 varied among cancer cell lines.
SJSA-1 and MHM osteosarcoma cell lines with MDM?2 gene amplification were the most sensi-
tive, whereas HCT-116 (colon cancer), A549 (lung cancer), and H460 (lung cancer), which lack
the MDM?2 gene amplification, were least sensitive. However, U20S, an osteosarcoma cell line
lacking the MDM?2 gene amplification, markedly resisted apoptosis. LNCaP (prostate cancer),
22Rv1 (prostate cancer), and RKO (colon cancer) with a single copy of MDM?2 gene showed
intermediate levels of apoptotic response. Thus, amplification of the MDM?2 gene in cancer cells
may indicate intact p53-dependent apoptosis machinery and such cancer cells are thus likely to be
highly sensitive to MDM?2 inhibitors. DNA microarray analysis (using Affymetrix microarrays)
identified the differential gene expression in cells with high (SJSA-1 and MHM) and low (U20S
and HCT-116) apoptotic index, but did not reveal the identity of the gene set that contributes to
differential sensitivity of cells to apoptosis induced by Nutlin-3 (76).
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Therapeutic Potential of MDM2 Inhibitors in Blood Malignancies

Because the activity of MDM2 inhibitors depends upon p53 activation in cells expressing wild-
type p53, blood malignancies, such as acute myeloid leukemia (AML), B-chronic lymphocytic
leukemia (B-CLL), and multiple myeloma, which each have infrequent p53 mutation/deletion,
are potentially attractive tumor types for MDM2 inhibitor-based therapy. Ex vivo experiments
using AML (78, 79), B-CLL (80-83), and multiple myeloma (84) patient specimens have indeed
shown that inhibition of MDM?2 by Nutlin-3 and MI-63 effectively triggers apoptosis. Conclusive
evidence of the dependence of the activity of MDM2 inhibitors upon p53 status in B-CLL was
provided by a recent study using MI-63 and Nutlin-3 in a cohort of more than 100 B-CLL patients
(83). Nutlin-3 synergizes with doxorubicin and cytosine arabinoside in killing myeloblasts in AML
and with doxorubicin, chlorambucil, and fludarabine in killing leukemic cells in B-CLL patient
specimens (80-82). Importantly, both the single agent and the combination effect of Nutlin-3
are selective for cancer versus normal cells, as revealed by the lack of toxicity to peripheral blood
mononuclear cells or bone marrow-derived hematopoietic progenitors and bone marrow stromal
epithelium cells (78, 80, 84). Ataxia telangiectasia mutated (AT'M) protein kinase is a key regulator
of p53 activity and a central mediator of cellular responses to DNA double-strand breaks (84a). Low
levels of ATM rendered fludarabine ineffective but did not influence Nutlin-3 activity, suggesting
that MDM2 inhibitors may retain their activity in cancers missing upstream signals that regulate

p53 (78).

MDM2 Inhibitors as Chemoprotective Agents

The ability of MDM?2 inhibitors to halt cell cycle progression can be exploited to protect nor-
mal cells from the toxic effects of chemotherapy. MDM?2 inhibitors halt cell cycle progression at
the G1/S and G2/M phases and can thus attenuate the activity of S-phase- and M-phase-specific
drugs. For example, taxanes kill cells in M-phase via interfering with the microtubule assembly,
whereas gemcitabine and Ara-C kill proliferating cells in S-phase. Treatment of normal prolifer-
ating fibroblasts or keratinocytes with Nutlin-3 protects normal cells against these chemotherapy
drugs without altering their activity against cancer cells lacking wild-type p53 (85, 86). However,
these data from in vitro studies await confirmation in vivo.

MDMX Expression Attenuates the Cellular Activity of MDM2 Inhibitors

MDMX (MDM#4 in mouse) is a protein with a high degree of homology to MDM2 and these
two proteins have very similar p53-binding sites (87, 88). The MDMX protein binds to the N
terminus of p53 and suppresses p53 transcriptional activity but does not cause p53 degradation
(88, 89). Unlike MDM2, MDMX is not a transcriptional target of p53 (88). MDM2 and MDMX
bind to each other through their respective C terminus RING domains and together with p53
form a p53-MDM2-MDMX trio, which regulates p53 function (90) (Figure 1). Knocking out
MDMX in mice causes embryonic lethality, which is rescued by loss of p53 gene (91, 92). Thus,
MDMX, like MDM2, is an important regulator of p53 during embryonic development.

Due to close structural similarity between the p53-binding pockets of MDM2 and MDMX
(87), itwas assumed thatan MDM? inhibitor might have similar affinities in targeting the MDMX-
p53 interaction. However, both MI-219 and Nutlin-3 show a high degree of specificity for the
MDM2-p53 compared to the MDMX-p53 interaction (35, 68, 69). Direct comparison of the
two small-molecule inhibitors showed that MI-219 has a greater than 10,000-fold selectivity,
whereas Nutlin-3 has approximately a 250-fold selectivity for the MDM?2-p53 compared with
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the MDMX-p53 interaction (35). Recent availability of the crystal structure of the N-terminal
domain of MDMX bound to a 15-residue p53 peptide showed that although basic features of the
MDM2-p53 and MDMX-p53 interactions are similar, there are some differences between the
binding pockets in MDM2 and MDMX (93). The differences in the p53 binding pockets between
MDM2 and MDMX explain the high specificity for MI-219 and Nutlin-3 for MDM?2 compared
with MDMX.

By targeting the MDM?2-p53 interaction, Nutlin-3 efficiently induced apoptosis and decreased
long-term survival of MDM2-overexpressing fibroblasts, transformed with EIA/RasV12/hTERT
(70). In contrast, due to its inability to efficiently target the MDMX-p53 interaction, Nutlin-3 (68,
70, 71) was ineffective in cells transformed with MDMX. Overexpression of MDMX also decreased
the ability of Nutlin-3 to activate the transcriptional function of p53 in MDMX-overexpressing
cells, whereas silencing MDMX by RNAI enhanced the activity of Nutlin-3 (68, 70, 71). Inter-
estingly, although Nutlin-3 and MI-219 did not efficiently target the MDMX-p53 interaction,
they induced MDMX degradation in some cancer cell lines, implicating an indirect mechanism
for inactivating MDMX (35, 68, 71). The inability of MDM?2 inhibitors to target the MDMX-p53
interaction or induce MDMX degradation prevents full activation of p53, imparting resistance
against MDM2 inhibitors. Nutlin-3 failed to induce apoptosis in cancer cell lines, such as MCF-7
(breast cancer), U20S (osteosatcoma), BL40 (Burkitt’s lymphoma cells), and JEG3 (choriocar-
cinoma), in which it failed to induce MDMX downregulation, but induced apoptosis in BL2
(Burkitt’s lymphoma) cells in which it caused downregulation of MDMX protein (68, 71). Silenc-
ing MDMX by RNA interference (RNAI) relieves transcriptional repression of p53 and sensitizes
MDMX-overexpressing cell lines to apoptosis by Nutlin-3 (70). Thus, the combination of MDM?2
inhibitors with chemotheraputic agents such as doxorubicin, which induces MDMX degradation,
or with a BH3 mimetic ABT-737, which activates Bax and overcomes MDMX-mediated suppres-
sion of p53 function, might have therapeutic value (70a). Downregulation of MDMX by Nutlin-3
is not at the transcriptional level, but perhaps due to ubiquitinization by MDM2 and consequent
proteasomal degradation (71). Even in a cancer cell line, such as LNCaP (prostate cancer), which
undergoes MDMX degradation by MI-219, silencing MDMX by RNAI further enhances the
ability of the MDM2 inhibitor to induce apoptosis and cell cycle arrest, indicating that residual
MDMX is sufficient to inhibit p53 function (35).

MDM2 and MDMX dimerize with each other through their RING finger domains. Overex-
pression of a RING finger domain—deleted MDMX mutant in transformed fibroblasts did not
provide protection to cells against Nutlin-3, indicating that the MDM2-MDMX interaction is
required for protective function of MDMX, probably for the MDM2-mediated ubiquitinization
of MDMX (70). These studies also suggest the importance of designing small-molecule inhibitors
of the MDMX-p53 interaction or dual small-molecule inhibitors of the MDM2-p53/MDMX-p53
interactions for the complete reactivation of p53.

Nutlin-3, despite its selectivity for MDM2-p53 over MDMX-p53 interaction (68, 70, 71),
blocks intracellular MDMX-p53 interaction in retinoblastoma cells (69). Nutlin-3 did not in-
duce degradation but disrupted the MDMX-p53 interaction in Weri-1 retinoblastoma cells with
MDMX amplification, reduced their viability in a p53-dependent manner, and nullified the growth
advantage provided by MDMX, even in the absence of MDM2. In an orthotopic retinoblastoma
model, Nutlin-3 alone was inactive at reducing tumor growth (69). However, combined subcon-
juctival injection of Nutlin-3 with topotecan reduced tumor burden by 82-fold with no systemic
ocular toxicity, whereas systemic treatment with Nutlin-3/topotecan caused only a 5-fold decrease
in tumor burden with severe side effects, suggesting that the concentrations of Nutlin-3 through
subconjuctival injection might be sufficient to disrupt MDMX-p53.
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Pharmacological Properties and In Vivo Antitumor Activity of MDM?2 Inhibitors

Translating a promising MDM2 inhibitor with excellent in vitro properties into an anticancer drug
requires that the inhibitor have excellent pharmacological properties and be nontoxic to normal
tissues.

Pharmacokinetic (PK) studies showed that MI-219 has an excellent PK profile and is orally
bioavailable (35). In xenograft models of human prostate cancer and osteosarcoma retaining wild-
type p53, oral administration of Nutlin-3 and MI-219 induced robust accumulation and activation
of p53 in tumor tissues (35, 76). Accumulation of p53 by treatment with MI-219 could be detected
at 1 h and 3 h time points, but not at 6 h, which indicated that activation of p53 is transient but
correlates with the levels of MI-219 in the plasma (35).

Administration of Nutlin-3 (32, 76, 94) and MI-219 (35) completely inhibited tumor growth in
several xenograft models of human cancer with wild-type p53, including SJSA-1 osteosarcoma and
LNCaP prostate cancer. MI-219 did not have significant effect on the growth of MDA-MB-231
breast cancer xenograft tumors harboring mutant p53, indicating that the antitumor activity of
MDM2 inhibitors correlates with the p53 status (35). Importantly, both Nutlin-3 and MI-219
achieved their antitumor activity without causing visible signs of toxicity in animals, as assessed
by necropsy studies and assessment of body weight.

Toxicity of MDM2 Inhibitors to Normal Tissues

Tissue distribution analysis of MI-219 in nude mice bearing SJSA-1 xenografts showed that MI-
219 is very well distributed in plasma and normal mouse tissues from different organs (35). The
concentrations of MI-219 in SJSA-1 tumor tissues were very similar to those observed in spleen
and plasma, but much lower than those in other tissues, such as lung, liver, and kidney. Therefore,
the lack of toxicity of MI-219 to animals was not due to low drug exposure in normal tissues.
Radiosensitive tissues, such as small-intestine crypts and thymus, are extremely susceptible to
p53-induced apoptosis (95, 96). Restoration of p53 by a genetic approach in the absence of MDM?2
results in severe pathological damage to radiosensitive mouse tissues and death of all animals within
five days (77), raising concern that p53 activation by MDM2 inhibitors will be toxic to healthy
tissues. Both Nutlin-3 (32) and MI-219 (35) show little toxicity to animals at therapeutically effi-
cacious dose schedules. Whereas both y-radiation and irinotecan chemotherapy induce profound
apoptosis in small-intestine crypts and thymus, MI-219, in either single or repeated doses, did not
cause apoptosis or damage in either radiosensitive or radioresistant normal mouse tissues (35).
Interestingly, in contrast to chemotherapy and radiation, which induce profound accumulation
and activation of p53 protein in intestinal crypts and thymus, MI-219 activated p53 in normal tis-
sues with minimal p53 accumulation. Therefore, the higher levels of p53 accumulation induced by
radiation and chemotherapeutic agents than by MI-219 could account for their different toxicities.

CONCLUDING REMARKS

Targeting the MDM2-p53 protein-protein interaction using small molecules to reactivate p53
function represents a potentially attractive therapeutic strategy for the treatment of human cancers
retaining wild-type p53. Intensive research efforts in the past decade have now yielded Nutlin-
3 and MI-219 as potent and specific inhibitors of the MDM2-p53 interaction with desirable
pharmacological properties. A number of these small-molecule inhibitors, such as analogs of MI-
219 and Nutlin-3, have progressed to advanced preclinical development or early-phase clinical
trials. Clinical testing of these new agents will provide the ultimate proof of the usefulness of this
therapeutic strategy for the treatment of human cancers.
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SUMMARY POINTS

1.

In normal cells, direct binding between the p53 tumor suppressor and MDM?2 oncopro-
tein tightly regulates p53 activity in an autoregulatory feedback manner.

. Mutation or deletion of the p53 tumor suppressor gene and overexpression of MDM?2

oncoprotein promote tumorigenesis.

. Half of human cancers have alterations in the p53 gene, and in the remaining cancers

retaining wild-type p53, the function of p53 is inactivated by its interaction with MDM?2.

. Targeting the MDM2-p53 protein-protein interaction is an attractive therapeutic strat-

egy for the treatment of cancer.

. The crystal structure of MDM?2 protein in complex with a p53 peptide provides a struc-

tural basis for designing small-molecule drugs targeting the MDM?2-p53 interaction.

. Computational structure-based screening, high-throughput screening and structure-

based design are some of the approaches employed in the discovery of small-molecule
inhibitors of the MDM2-p53 interaction.

. Analogs of MI-219 and Nutlin-3 have progressed to advanced preclinical development

or early-phase clinical trials.

FUTURE ISSUES

1.

What tumor types and subsets of tumors retaining wild-type p53 are particularly sensitive
to MDM2 inhibitors?

. Will treatment of tumors with MDM?2 inhibitors lead to mutations in p53 or other defects

in the p53 pathway?

. What other pathways in addition to p53 are utilized by MDM? inhibitors for achieving

antitumor response?

. Can MDM?2 inhibitors be used as single agents or in combination regimens for the

treatment of cancers with mutated p53?
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