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MDM2 is a primary cellular inhibitor of p53. It inhibits p53 function by multiple mecha-
nisms, each of which, however, is mediated by their direct interaction. It has been proposed
that small-molecule inhibitors designed to block the MDM2 —p53 interaction may be effec-
tive in the treatment of human cancer retaining wild-type p53 by reactivating the p53 tumor
suppressor function. Through nearly two decades of intense efforts, a number of structurally
distinct, highly potent, nonpeptide, small-molecule inhibitors of the MDM2—p53 interac-
tion (MDM2 inhibitors) have been successfully designed and developed, and at least seven
such compounds have now been advanced into human clinical trials as new anticancer
drugs. This review offers a perspective on the design and development of MDM2 small-
molecule inhibitors and discusses early clinical data for some of the MDM2 small-molecule
inhibitors and future challenges for the successful clinical development of MDM2 inhibitors

for cancer treatment.

MDM2: A PRIMARY CELLULAR
INHIBITOR OF p53

y controlling expression of a large number
B of genes, the transcription factor p53 plays a
vital role in the regulation of many cellular pro-
cesses, including cell-cycle progression, apopto-
sis, senescence, DNA repair, and metabolism,
and functions as a powerful tumor suppressor
(Vousden and Lu 2002; Toledo and Wahl 2006;
Stiewe 2007; Brown et al. 2009; Wade et al.
2013). Mice lacking the p53 protein develop
normally but are prone to the development of
a variety of tumors (Kemp et al. 1993). Perhaps
unsurprisingly, TP53, the gene encoding p53, is

mutated or deleted in ~50% of human cancers,
rendering p53 nonfunctional as a tumor sup-
pressor (Feki and Irminger-Finger 2004).

Because of the critical role of p53 in regula-
tion of many cellular processes, the level and
the activity of p53 are tightly controlled. The
murine double minute 2 (MDM2) oncogene
is a primary cellular regulator and inhibitor
of p53. The role of MDM2 as a primary nega-
tive endogenous regulator of p53 is unambigu-
ously established by the fact that MDM2-null
is embryonically lethal in mice, and they can
only be rescued by concurrent deletion of the
TP53 gene (Jones et al. 1995; Montes de Oca
et al. 1995).
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Figure 1. Autoregulatory loop of p53 and MDM2. Activation of p53 transcribes MDM2 mRNA and increases
MDM2 protein, which in turn inhibits p53 activity by three mechanisms.

MDM2 and p53 regulate each other mutu-
ally through the autoregulatory feedback loop
shown in Figure 1 (Wu et al. 1993; Freedman
et al. 1999). In cells containing wild-type p53,
on activation by a variety of stimuli, p53 tran-
scribes the MDM?2 gene, leading to an increase
of MDM2 mRNA and protein. The MDM2 pro-
tein, in turn, binds to the p53 protein directly
through their amino termini and inhibits p53
function through three major mechanisms: (1)
On binding, MDM2 directly ubiquitinates p53
through its E3 ligase activity, promoting protea-
somal degradation of p53; (2) the interaction
of MDM2 with p53 blocks the binding of p53
to its targeted DNA, rendering p53 ineffective as
a transcription factor; and (3) MDM2 promotes
export of p53 out of the cell nucleus, making
P53 inaccessible to its targeted DNA and further
reducing its transcriptional ability (Wu et al.
1993; Freedman et al. 1999; Juven-Gershon
and Oren 1999). Through these three inhibitory
mechanisms, MDM2 functions as an effective
P53 antagonist in cells with wild-type p53.

Consistent with its role as an efficient in-
hibitor of the p53 tumor suppressor func-
tion, MDM2, when overexpressed, is oncogenic
(Ganguli et al. 2000; see Oliner et al. 2016). In
human tumors, overexpression of the MDM?2
protein can be caused by gene amplification.
The MDM?2 gene is amplified in an average of
7% of human cancers based on an analysis of
28 different types of cancers involving ~4000
human tumor samples (Momand et al. 1998),
but a higher frequency of MDM?2 gene ampli-

fication occurs in certain types of tumors,
including  well-differentiated  liposarcomas
(>80%), soft tissue tumors (20%), osteosarco-
mas (16%), and esophageal carcinomas (13%)
(Weaver et al. 2008, 2009). In further support of
its powerful inhibitory role of the p53 tumor
suppressor function, MDM?2 gene amplification
and TP53 gene mutation are largely mutually
exclusive in human cancers (Oliner et al. 1992;
Shvarts et al. 1996; Wasylishen and Lozano
2016). In addition to MDM?2 gene amplifica-
tion, MDM2 overexpression can be the result
of a variety of other mechanisms, such as sin-
gle-nucleotide polymorphism, enhanced tran-
scription, or increased translation (Capoulade
et al. 1998; Momand et al. 2000; Bond et al.
2004, 2005). Pathologically, MDM2 overexpres-
sion has been correlated with poor clinical prog-
nosis and poor response to current cancer ther-
apies (Capoulade et al. 1998; Momand et al.
2000; Bond et al. 2004, 2005).

BLOCKING THE MDM2-p53 INTERACTION
AND REACTIVATING p53 AS A NEW CANCER
THERAPEUTIC STRATEGY

Because MDM?2 functions as a primary in-
hibitor of the p53 tumor suppressor func-
tion, agents that target MDM2 can reactivate
wild-type p53. MDM2 inhibits p53 through
several mechanisms that are dependent on its
direct interaction with p53. Hence, peptides or
nonpeptide small molecules designed to block
the MDM2-p53 protein—protein interaction
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Figure 2. Cocrystal structures. (A) Cocrystal structure of MDM2 (surface rendering) in complex with p53 (stick
model). p53 protein uses primarily three key residues (Phe19, Trp23, and Leu26) to interact with a well-defined,
surface hydrophobic pocket in MDM2. (B) Superposition of the cocrystal structures of nutlin-2/MDM2
complex and p53/MDM2 complex (PDBIDs: 1YCR and 4HG7). Nutlin-2 is shown by yellow sticks and the
three key p53-binding residues are shown by green sticks with the MDM2 protein shown in the surface

rendering.

can lead to an increase of p53 protein and tran-
scriptional activation of p53. By harnessing the
powerful tumor suppressor function of p53,
such compounds may have a therapeutic poten-
tial for the treatment of human cancer retaining
wild-type p53.

Biochemical studies have mapped the
MDM2-p53 protein—protein interaction to
the first ~120 amino-terminal amino acid res-
idues of MDM2 and the first 30 amino-terminal
residues of p53 (Capoulade et al. 1998; Mo-
mand et al. 2000). The determination of a
high-resolution cocrystal structure of MDM?2
complexed with residues 15-29 of a p53 pep-
tide (Fig. 2A) (Kussie et al. 1996) in 1996 pro-
vided the atomic details of their interaction and
suggested the feasibility of the design of non-
peptide, drug-like, small-molecule inhibitors
capable of blocking the MDM2-p53 interac-
tion. Specifically, the cocrystal structure shows
that the p53 peptide adopts an a-helical con-
formation and interacts with MDM?2 primarily
through three hydrophobic residues, Phel9,
Trp23, and Leu26, which cluster together and
bind into a well-defined hydrophobic pocket in
MDM2. Although natural p53 peptides have
only micromolar binding affinities to MDM2,
peptides designed using unnatural amino acids
can achieve low nanomolar binding affinities
(Garcia-Echeverria et al. 2000), further sup-

porting the feasibility of designing high-affinity,
nonpeptide, small-molecule inhibitors to block
the MDM2—p53 interaction.

NUTLINS: THE FIRST POTENT AND SPECIFIC
SMALL-MOLECULE INHIBITORS OF THE
MDM2-p53 INTERACTION

Despite intense research efforts in academic
laboratories and pharmaceutical companies,
design of highly potent, specific, nonpeptide
small-molecule inhibitors of the MDM2-p53
interaction with a well-defined mechanism of
action has proven to be much more difficult
than originally anticipated. The breakthrough
came in 2004 with the discovery of the nutlins
by Vassilev et al. (2004) from Hoffmann-La
Roche. Among the initial nutlins reported, nut-
lin-3a (Fig. 3) binds to MDM2 with an ICs
(half-maximal inhibitory concentration) value
of 90 nM and shows a cellular mechanism of
action consistent with targeting the MDM2—
P53 interaction. Nutlin-3a effectively activates
wild-type p53 in cancer cells, potently inhibits
cell growth in cancer cell lines retaining wild-
type p53 in a dose-dependent manner, and
shows >10-fold selectivity over cancer cell lines
harboring p53 mutation or with p53 deletion.
Activation of p53 by nutlin-3a leads to tran-
scription of p53-regulated genes, including
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Figure 3. Chemical structures of representative MDM?2 inhibitors.

MDM?2 and the cell-cycle regulator p21. Inter-
estingly, although nutlin-3a activates p53 in
nontumorigenic NIH-3T3 cells and inhibits
cell proliferation, it fails to kill the cells. Im-
pressively, nutlin-3a is orally bioavailable. At
high doses (100 and 200 mg/kg) and a twice
daily dosing schedule, oral administration of
nutlin-3a effectively inhibits tumor growth in
the xenograft model of the human osteosarco-
ma SJSA-1 cell line containing an amplified
MDM?2 gene, while showing no signs of toxicity
to mice. The cocrystal structure of nutlin-2,

a close analog of nutlin-3a, in a complex with
MDM2 clearly shows that the nutlins mimic
the three key p53-binding residues (Phel9,
Trp23, and Leu26) (Fig. 2B) (Vassilev et al.
2004). The preclinical data obtained using the
nutlins show that highly potent and selective
nonpeptide small-molecule inhibitors of the
MDM2-p53 interaction may have a therapeutic
potential for the treatment of human cancers
retaining wild-type p53. The discovery of the
nutlins has also inspired other research groups
to design new MDM?2 inhibitors with higher
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potency and selectivity and better pharmacoki-
netics.

RG7112 (RO5045337): THE FIRST MDM2
INHIBITOR ADVANCED INTO HUMAN
CLINICAL TRIALS

Further optimization of nutlin-3a by scientists
from Hoffmann-La Roche to improve its
binding affinity to MDM2, cellular potency,
pharmacokinetics, and chemical stability ulti-
mately resulted in the discovery of RG7112
(RO5045337) (Fig. 3), the first MDM2 inhibitor
to be advanced into human clinical trials
(Vu et al. 2013; Siu et al. 2014). RG7112 has a
binding affinity to MDM2 (IC5, = 18 nm),
which is better than that of nutlin-3. It effectively
inhibits cell growth in cancer cell lines with wild-
type p53 (ICso = 0.18—2.2 uM) and is several
times more potent than nutlin-3. RG7112 shows
good selectivity over cancer cell lines with a p53
mutation (ICsy = 5.7-20.3 puMm). It effectively
activates wild-type p53 in vitro and in vivo
and shows good oral pharmacokinetic proper-
ties in mice. In two xenograft models of SJSA1
and MHM osteosarcoma cell lines with MDM?2
gene amplification and overexpression of
MDM2 protein, RG7122 dose-dependently in-
hibits tumor growth and is capable of achieving
partial tumor regression with oral administra-
tion, without signs of toxicity in mice.

OTHER CLASSES OF HIGHLY

POTENT AND SELECTIVE NONPEPTIDE,
SMALL-MOLECULE INHIBITORS

OF THE MDM2-p53 INTERACTION

Inspired by the discovery of the nutlins, several
classes of potent and selective nonpeptide
small-molecule inhibitors of the MDM2-p53
interaction have been designed and developed
using different strategies. Some of them have
achieved much higher affinities to MDM2
and better antitumor activity than nutlin-3 or
RG7112 in animal models of human cancer.
Using a computational structure-based
design strategy, our laboratory has designed spi-
ro-oxindoles as a new class of nonpeptide
small-molecule inhibitors (Ding et al. 2005).

MDM2-p53 Protein—Protein Interactions

Extensive optimization has resulted in the dis-
covery of MI-77301 (Fig. 3) (Wang et al. 2014)
and MI-888 (Zhao et al. 2013a,b), which bind to
MDM?2 with K; values of 0.88 and 0.44 nwm, re-
spectively, and are 50 times more potent than
nutlin-3 in the same binding assay. MI-77301
and MI-888 show >10,000-fold selectivity over
MDMX, a protein closely homologous with
MDM?2. In human cancer cell lines, both MI-
77301 and MI-888 effectively activate wild-type
P53 at concentrations of 30— 100 nm. Consistent
with their higher binding affinities to MDM?2
and higher potencies in activation of p53, these
compounds are more than 10 times more po-
tent than nutlin-3 in inhibition of cell growth in
cancer cell lines retaining wild-type p53, and
they show >100-fold cellular selectivity over
cancer cell lines harboring mutated p53 or
with p53 deletion. In the SJSA-1 xenograft
model, both compounds, orally administered
daily, are capable of achieving complete and
long-lasting tumor regression without signs of
toxicity. A single, oral dose of MI-77301 is ca-
pable of achieving complete tumor regression of
the SJSA-1 tumors in mice (Wang et al. 2014).
The cocrystal structure of MI-77301 in a com-
plex with human MDM2 protein (Wang et al.
2014) shows that consistent with its design, MI-
77301 mimics all three of the key p53-binding
residues and further is involved in additional
hydrophobic and hydrogen-bonding interac-
tions. A substituted phenyl group in MI-77301,
for example, has a -1 stacking interaction with
the His96 residue of MDM2. MI-77301 also
induces refolding of the unstructured residues
10-25 of the MDM2 amino-terminal region,
making these residues a part of the binding
pocket and further enhancing the MDM2-
MI-77301 binding affinity by 25 times.
AMG-232 (Fig. 3), which contains a piper-
idin-2-one scaffold, was discovered by Amgen
scientists through structure-based design and
extensive optimization (Rew et al. 2012; Sun
et al. 2014). AMG-232 has a K; value of
0.045 nm with MDM2 and is probably the
most potent MDM2 inhibitor reported to date
(Sun et al. 2014). It inhibits cell proliferation
with 1Cs, values of 9.1 nm and 10 nM in the
SJSA-1 and HCT-116 cell lines, respectively,
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and shows >1000-fold selectivity over the
HCT-116 p53 knockout (p53_/_) cell line.
AMG-232 effectively inhibits tumor growth in
the SJSA-1 osteosarcoma model and achieves
complete tumor regression in 10 of 12 animals
orally administered 60 mg/kg daily. In the
HCT-116 xenograft model, AMG-232 dose-de-
pendently inhibits tumor growth and can
achieve 100% tumor growth inhibition without
tumor regression. Although no cocrystal struc-
ture of AMG-232 complexed with MDM?2 is
available, several high-resolution cocrystal
structures of MDM2 complexed with analogs
of AMG-232 have been published (Michelsen
et al. 2012; Rew et al. 2012; Sun et al. 2014)
and provide structural insights into their high-
affinity binding to MDM2. These cocrystal
structures show that this class of MDM2 inhib-
itors also nicely mimics all of the three key p53-
binding residues for interactions with MDM2.
Additionally, the sulfonyl isopropyl group of
AMG-232 resides in the small pocket surround-
ing G58, an interaction not observed in the
cocrystal structures of other classes of MDM?2
inhibitors, and the carboxylic acid of AMG-
232 forms a salt bridge with the His96 residue
of MDM2. As with MI-77301, this class of
MDM?2 inhibitors also induces reorganization
of the extreme amino terminus of the MDM2
protein and promotes additional hydrophobic
contacts between the inhibitors and the Vall4
and Thrl6 residues in MDM2 (Michelsen
et al. 2012).

Based on MI-219, an earlier analog of
MI-77301, scientists from Hoffmann-La Roche
have designed a new class of MDM2 inhibitors
(Ding et al. 2013) and have advanced RG7388
(RO5503781) (Fig. 3) into clinical develop-
ment. RG7388 binds to MDM2 with 1Csy =
6 nM, potently inhibits cell growth in cancer
cell lines containing wild-type p53 (average
ICso = 30 nMm), and shows >100-fold selectiv-
ity over cancer cell lines containing mutated
p53. It has good microsomal stability and
good pharmacokinetic properties in animals.
RO5503781 achieves complete tumor regres-
sion in the SJSA-1 osteosarcoma xenograft
model in mice with oral administration. It is
currently in three phase I clinical trials as a sin-

gle agent and in combination with other che-
motherapies for treatment of patients with solid
tumors, acute myelogenous leukemia, or ad-
vanced malignancies.

Novartis has recently disclosed a new class
of MDM?2 inhibitors containing a dihydroiso-
quinolinone scaffold and advanced NVP-
CGMO097 (Fig. 3) into clinical development
(Holzer et al. 2015). Merck has discovered
MK-8242 (SCH 900242) as a potent MDM?2
inhibitor and advanced it into phase I clinical
trials. However, the chemical structure of MK-
8242 and its characterizations have not been
disclosed. Scientists from Daiichi Sankyo have
identified DS-3032b as a highly potent MDM2
inhibitor and advanced it into clinical develop-
ment, but no detailed information on DS-
3032b has been disclosed.

RESULTS FROM CLINICAL TRIALS
OF RG7112

RG7112 was the first MDM2 inhibitor advanced
into human clinical trials. Because >80% of
liposarcomas have an amplified MDM?2 gene
and overexpression of MDM2 protein,
RG7112 was evaluated in chemotherapy-naive
liposarcoma patients and the phase I results
have been reported (Ray-Coquard et al. 2012).
A good human PK profile was achieved for
RG7112 with oral administration. Clear activa-
tion of p53, an increase in p21 protein, and
apoptosis induction in tumors were detected.
Evidence of antitumor activity was observed
in liposarcoma patients; 14 out of 20 patients
were found to have stable disease and one
had a confirmed partial response after treat-
ment with RG7112. All patients treated with
RG7112 had at least one adverse event, and
12 serious adverse events were observed in eight
patients, including neutropenia (six patients)
and thrombocytopenia (three patients). The
plasma exposure of RG7112 in patients corre-
lated with the observed hematological toxicity.
Thus, the clinical data for RG7112 indicate that
late hematological toxicity, particularly throm-
bocytopenia, should be considered in future
clinical trials of MDM2 inhibitors (Ray-
Coquard et al. 2012).
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CLINICAL TRIALS OF OTHER MDM2
INHIBITORS

In addition to RG7112, at least six other MDM2
inhibitors have been advanced into clinical de-
velopment, but results for only two of these six
MDM2 inhibitors have been disclosed.

The initial phase I clinical data for RG7388
were reported recently (Siu et al. 2014). The
maximum tolerated dose for RG7388 is
500 mg in a daily dosing (QD), 5-d schedule,
500 mg in a twice-daily (BID), 3-d schedule,
and 1600 mg in a BID, weekly schedule. Activa-
tion of p53, as measured by MIC-1 concentra-
tion in plasma, was observed with either daily
dosing for 5 d or with BID dosing for 3 d, but it
is stronger with the former schedule. No clear
P53 activation was observed with weekly BID
dosing. Thrombocytopenia, neutropenia, fe-
brile neutropenia, and diarrhea were the dose-
limiting toxicities. Fluorothymidine positron
emission tomography (FLT-PET) showed that
RG7388 causes decreased proliferation in
tumors. The recommended phase II dose is
500 mg with daily, 5-d scheduling.

MI-77301 (SAR405838) was first evaluated
by Sanofi as a single agent to assess its safety,
tolerability, pharmacokinetics, and biological
activity in patients with advanced cancer. A sec-
ond phase I trial was initiated in 2013 to evalu-
ate SAR405838 in combination with pimaser-
tib, an allosteric inhibitor of mitogen-activated
protein kinase 1 and 2 (MEK1/2) in patients
with solid tumors. The preliminary, single-
agent phase I data of SAR405838 were recently
presented in the 2015 51st Annual Meeting of
American Society of Clinical Oncology (Watters
2015). The maximum tolerated daily dose for
SAR405838 was 300 mg and activation of p53
by SAR405838 was shown at doses that have an
acceptable safety profile. MDM2 inhibitor-in-
duced p53 mutation was investigated for the
first time. Analysis of plasma and tumor sam-
ples from 18 dedifferentiated liposarcoma
(DDLPS) patients revealed that mutations of
TP53, the gene encoding p53, appear in the cir-
culating cell-free DNA (ccfDNA) of patients
during treatment with SAR405838. All p53
mutations were found to be located in the

MDM2-p53 Protein—Protein Interactions

DNA-binding domain of p53. Additionally, mu-
tation variant allele frequency also increased dur-
ing treatment, and multiple p53 mutations arose
within individual patients. All patients under-
going five or more cycles of treatment showed
evidence of p53 mutations in ccfDNA. Hence,
the observation of p53 mutations in the circu-
lating ccfDNA of patients during treatment with
SAR405838 suggested that combinations of
MDM? inhibitors with agents that are effective
against tumor cells with mutated p53 are need-
ed for future clinical trials of MDM2 inhibitors.

CHALLENGES AND FUTURE DIRECTION IN
THE DEVELOPMENT OF MDM2 INHIBITORS

Data from initial clinical trials of RG7112,
RG7388, and SAR405838 have shown that
MDM?2 inhibitors can effectively activate p53
in patients with wild-type p53 tumors at dose
schedules with acceptable safety profiles. Addi-
tionally, evidence of antitumor activity has been
observed. These initial clinical data provide
further support for the basic hypothesis that
blocking the MDM2-p53 interaction will lead
to activation of wild-type p53 and may repre-
sent a novel cancer therapeutic strategy.

Two significant challenges have been iden-
tified based on the initial clinical data. First, the
dose-limiting toxicity for MDM2 inhibitors
appears to be late hematological toxicity, in-
cluding thrombocytopenia and neutropenia,
because of activation of p53 in the bone
marrow. Consequently, it is important to iden-
tify an optimal dose schedule for each MDM?2
inhibitor so that robust p53 activation is
achieved with minimal or at least manageable
hematological toxicity. Second, detection of
emergence of p53 mutations in liposarcoma pa-
tients treated with SAR405838 points out the
importance of combination of MDM?2 inhibi-
tors with agents that effectively target tumor
cells with mutated p53 for the successful clinical
development of MDM2 inhibitors. To this end,
our recent study (Hoffman-Luca et al. 2015)
showed that when leukemia cell lines containing
wild-type p53 develop resistance to either the
MDM?2 inhibitor SAR405838 or the Bcl-2 in-
hibitor ABT-263, the cells that became highly
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resistant to one agent remained very sensitive to
the other agent both in vitro and in vivo, and the
combination of the MDM2 inhibitor and the
Bcl-2 inhibitor is capable of achieving longer
tumor regression than either single agent in xe-
nograft models of leukemia. Additionally, the
antitumor activity of some traditional chemo-
therapies or newer molecularly targeted anti-
cancer drugs is independent of the p53 status
of tumors. Therefore, combination of an
MDM?2 inhibitor with agents that can effective-
ly kill tumor cells harboring a mutated p53
should be explored in future clinical trials.

CONCLUSION

Intense research efforts from academic labora-
tories and pharmaceutical companies have led
to the design and synthesis of several classes of
highly potent and specific nonpeptide, small-
molecule inhibitors that bind to MDM2 and
block the MDM2—p53 interaction. At least sev-
en such compounds have been advanced into
clinical development for cancer treatment.
These optimized MDM2 inhibitors have shown
excellent pharmacokinetics on oral administra-
tion in animals, and several of them achieve
complete tumor regression in animal models
of human cancer, but two major issues related
to future clinical development of MDM2 inhib-
itors have been identified.

Based on initial phase I clinical data report-
ed for three of these compounds (RG7112,
RG7388, and SAR405838), MDM2 inhibitors
can activate wild-type p53 in patients and
have acceptable safety profiles. Evidence of their
clinical antitumor activity as single agents has
also been reported. An issue reflecting on the
use of MDM?2 inhibitors, however, is their dose-
limiting toxicity due to activation of p53 in the
bone marrow, which must be mitigated with
dose schedule optimization. The second issue
is the emergence of p53 mutations in tumors
initially containing wild-type p53 on treatment
with MDM2 inhibitors. Because MDM2 inhib-
itors, based on preclinical data, are only effective
against tumors containing wild-type p53, tu-
mor cells harboring mutated p53 are expected
to be resistant to MDM2 inhibitors. To over-

come this drug-induced resistance issue, com-
bination of MDM2 inhibitors with agents that
are effective in targeting tumor cells harboring
mutated p53 should be explored in both pre-
clinical models and in clinical trials.
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