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KEY WORDS Abstract Blocking the MDM2/X—P53 protein—protein interaction has been widely recognized as an

attractive therapeutic strategy for the treatment of cancers. Numerous small-molecule MDM?2 inhibitors
Miﬁféﬁ;ﬁ? have been reported since the release of the structure of the MDM2—P53 interaction in 1996, SAR405838,
MDM2/X inhibitors: NVP-CGM097, MK-8242, RG7112, RG7388, DS-3032b, and AMG232 currently undergo clinical eval-
PROTAC degraders; uation for cancer therapy. This review is intended to provide a comprehensive and updated overview of
Cancer therapy MDM2 inhibitors and proteolysis targeting chimera (PROTAC) degraders with a particular focus on how

these inhibitors or degraders are identified from starting points, strategies employed, structure—activity
relationship (SAR) studies, binding modes or co-crystal structures, biochemical data, mechanistic studies,
and preclinical/clinical studies. Moreover, we briefly discuss the challenges of designing MDM2/X inhib-
itors for cancer therapy such as dual MDM2/X inhibition, acquired resistance and toxicity of P53 activa-
tion as well as future directions.
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1. Introduction

In normal cells, P53, a tumor suppressor, has played crucial roles
in regulating cellular processes', in which the negative feedback
loop regulates the P53—MDM2 interactions to maintain the
normal functions®. This loop operates from P53 activation-
initiated MDM2 transcription, thus increasing MDM2 mRNA
and expression. The direct interaction between P53 and MDM2
blocks the activity of P53 through diverse mechanisms. In 1996,
Kussie et al.* first uncovered the co-crystal structure of
MDM2—P53 complex, showing that P53 maintains the «-helical
conformation, and the Phel9, Trp23 and Leu23 residues of the N-
terminal domain of P53 primarily mediate the MDM2—P53 in-
teractions’ (Fig. 1A), the m—m interaction between Phel9 and
Trp23 maintains the structural stability and thus is crucial for
functional roles® (Fig. 1B). Because of the highly conserved
sequence, the spatial orientation of Phel9 and Trp23 residues in
P53—MDM2/X complex are highly similar, but the orientation of
Leu26 is different’ (Fig. 1C). In structure, the MDMX binding
pocket has different shape and is smaller than that of MDM2 due
to the Met53 and Tyr99 residues protruding into the hydrophobic
cleft of MDMX. The well-defined binding surface of the MDM2/
X—P53 complex provides a structural basis for developing new
MDM2/X inhibitors”.

Figure 1

Development of small molecules disrupting the MDM2—P53
interactions has been highly pursued from academia to industry
in recent years™” '*. Some of these inhibitors including
DS-3032 (also known as Milademetan, DS-3032b)'>"'°, NVP-
CGM097'"'?, SAR405838°" **, RG7112*"*", MK-8242>7°,
RG7388%7 and AMG 23225 % (Fig. 2) are under clinical eval-
vation for anticancer treatment. The clinical status of these
inhibitors is shown in Table 1. This review is intended to pro-
vide an overview of MDM2/X inhibitors and MDM2 proteolysis
targeting chimera (PROTAC) degraders. We mainly focus
on the medicinal chemistry efforts including optimization
strategies for improving potency and/or pharmacodynamics
(PD)/pharmacokinetics (PK) profiles and structure—activity
relationship studies (SARs), binding models, biochemical data,
and preclinical/clinical studies. In this review, several types of
MDM2 inhibitors such as piperidinones, spirooxindoles, etc.
have been previously summarized by our group®' and oth-
ers”'32734, and thus are excluded to avoid duplication. We
believe this review, along with previous review articles
regarding MDM?2/X inhibitors, will offer a comprehensive and
updated overview and may be very useful to those devoted to
designing small molecules targeting the MDM2/X—P53

interactions.

H96/P95

The P53—MDM?2/MDMX interactions. (A) MDM?2 (surface)—P53 peptide (residues 15—29, colored in green) complex (PDB code:

1YCR). (B) The N-terminal domain of P53 showing m— interaction between Phe19 and Trp23 (PDB code: 1YCR). (C) The superimposition of
the structures of P53—MDM?2 (PDB code: 1YCR, shown in cartoon) and P53—MDMX (PDB code: 3DAB, shown in cartoon) complex. The P53
transcriptional activation domain (TAD) fragment (residues 17—29) bound to MDM2 and MDMX is shown in yellow and orange, respectively.
Phel9, Trp23 and Leu26 are shown in stick. Leu54, His96, 11e99 and Tyr100 in MDM2 are shown in green and stick, while Met53, Pro95, Leu98

and Tyr99 in MDMX are shown in light magenta.
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MDM2 inhibitors in clinical trials. The core scaffolds are highlighted in blue. The P53 peptide and MDM2 protein are shown in green

and gray surface, respectively. Adapted with permission from Ref. 5. Copyright © 2015 American Chemical Society.

2. Development of MDM2/X inhibitors for cancer therapy

2.1.  Nutlins

Among cis-imidazoline series (Nutlin family), a representative
example is RG7112 (also known as RO5045337) developed by
Hoffmann-La Roche. Phase I clinical trials of RG7112 for the
treatment of advanced solid tumors (ClinicalTrials.gov identifier:
NCT00559533) and hematologic neoplasms (ClinicalTrials.gov
identifier: NCT00623870) were done.

Initially, the Vassilev group® identified cis-imidazoline analogs
(named as Nutlins) after screening a large library of synthetic
compounds, which bound to MDM2 with the ICsq values ranging
from 100 to 300 nmol/L. Further structural modifications pro-
duced racemic Nutlin-3 as illustrated in Fig. 3. Intriguingly, only
one enantiomer named Nutlin-3a exhibited potent binding potency
to MDM2 (ICso = 0.088 pumol/L), about 150-fold more potent
than another one (IC5y = 13.6 pmol/L). However, Nutlin-3a was
not potent enough for clinical development, further optimizations
were then carried out while maintaining the key structural fea-
tures. In the binding models of Nutlin-3a with MDM?2, the 4-
chlorophenyl groups at the C4 and C5 positions were directed to
Trp23 and Leu26 hydrophobic sub-pockets, respectively, while the
isopropoxy group was found to fill into the Phe19 pocket. With the
structural requirements for optimal binding in mind, further
modifications were performed, finally leading to the discovery of
RG7112%: (a) replacement of isopropoxy group with the ethoxy
group to reduce the molecule weight while maintaining compa-
rable binding ability; (b) replacement of metabolically labile
methoxy group attached to the A ring with the r-butyl group to

enhance metabolic stability; (c) incorporation of methyl group at
the C4 and C5 positions to prevent oxidation of imidazoline
scaffold to inactive imidazole; substitution with larger ethyl group
or monomethylation at the C4 position resulted in reduced po-
tency; (d) variations of the side chain attached to the N-1 position
to improve binding potency and PK properties; (e) the absolute
configuration plays a pivotal role in potency. The (4S,5R)-enan-
tiomer as presented in RG7112 was about 200 times more potent
than (4R,5S)-enantiomer. RG7112 tightly bound to MDM?2
(Kg = 10.8 nmol/L) and can displace P53 from the MDM2 sur-
face (ICso = 18 nmol/L), 4 and 200 times more potent than
Nutlin-3a and the inactive enantiomer, respectively>*. The crystal
structure of RG7112 in complex with MDM?2 (PDB code: 41PF)
revealed that two 4-chloro-phenyl rings occupied the Trp23 and
Leu26 pockets, while the ethoxy group was projected into the
Phel9 pocket (Fig. 3A). Superposition of RG7112 with Nutlin-3a
(PDB code: 4J3E, Fig. 3B) showed that introduction of the
dimethyl groups had no significant impact on the projection of
both 4-chlorophenyl groups.

Treatment of cancer cells with RG7112 caused P53 accumu-
lation and activated P21 and MDM2, finally arresting cell cycle at
G1 and G2 phase and inducing apoptosis. RG7112 was selectively
potent against wild-type (WT) P53 expressed cancer cell lines
with the 1Csq values ranging from 0.18 to 2.2 pmol/L over those
with mutant P53 (ICsq = 5.7—20.3 pmol/L). RG7112 showed
favorable plasma exposure in mouse after single oral administra-
tion at 50 mg/kg (1, = 8.8 h, Chux = 15.5 pg/mL, and
AUC,s = 251.2 pg h/mL) and caused 74% and 69% of tumor
growth inhibition (TGI) in SISA-1 and MHM xenograft models,
respectively, at the same dose. Tumor suppression was observed at
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a dose of 100 mg/kg”. Besides, the synergistic effect was
observed in LNCaP when combined with androgen ablation,
leading to a significant tumor regression’’. Recently, Obrador-
Hevia and co-workers™ found that RG7112 can significantly
enhance the response of Trabectedin to MDM2-amplified lip-
osarcoma cells. Clinical pharmacological studies showed that
high/low-fat food and new formulation can enhance bioavail-
ability; high-dose consecutive daily dosing for 3—5 days can yield
required high drug exposures and PD effects for cancer therapy™°.
However, P53 activation induced by RG7112 caused the throm-
bocytopenia®’, which may restrict its clinical use. Clinical trials of
RG7112 in 20 patients indicated that all patients had at least one
adverse event, 12 serious adverse events, particularly the neu-
tropenia and thrombocytopenia, were observed in eight patients’®.

Both Nutlin-3a and RG7112 specifically inhibited MDM2
oncoprotein. The robust antitumor efficacy of Nutlins through
MDM?2 inhibition has been reported to be compromised by
MDMX overexpression®”, which has been observed in many
cancers’’. Therefore, P53 activation by dual inhibition of
MDM?2 and MDMX is a promising therapeutic option for
treating cancers expressing WT P53. Based on the co-crystal
structure of MDM2/Nutlin-3a complex and mutational analysis
of N-terminus of MDMX, Su and co-workers™! designed a
molecular library (216 compounds) sharing the Nutlin-3a core
scaffold as shown in Fig. 4. In this design, they focused on
introducing the pharmacophores found in U.S. Food and Drug
Administration (FDA)-approved drugs. Among these com-
pounds, H109 had high binding affinities to MDMX and MDM2
in the fluorescence polarization (FP) assay (K4 = 27 and
5.7 nmol/L, respectively). The predicted binding model showed
that H109 was nicely fitted into the P53 binding surface on N-
terminus of MDMX. The '>N—'H heteronuclear NOE data
revealed that the flexible region on MDMX became significantly
more rigid upon H109 binding. The enhanced hydrophobic in-
teractions of H109 in the Trp23 and Leu26 binding pockets and
reduced backbone dynamics in the region around GIn71 and
Val92 may be responsible for the enhanced binding affinity of
H109 to MDMX.

Hu’s group™ designed three series of imidazoline analogs and
evaluated their binding affinities to MDM2 (Fig. 5). These mole-
cules showed different degrees of binding affinities. Among them,
compound 1 bound to MDM2 moderately (K; = 0.6 umol/L) in
the FR assay, inhibited cell growth of A549 (P53*"), HCT116
(P53"%), PC3 (P53 /") and KB (P53 mutant) cancer cell lines at
micromolar levels, and arrested cell growth at G2/M phase. How-
ever, compound 1 did not show remarkable differentiation toward
cancerous cells with different P53 status.

In 2010, Domling et al.** developed a robust strategy for
generating HDM2/P53 antagonists based on computational anal-
ysis and the multi-component reaction (MCR) chemistry™.
Because of the importance of Trp23 residue in the HDM2—P53
interactions, they chose the indole side chain as the anchor for
design. Next, the indole and bioisosteric 4-chlorophenyl groups
installed with functional groups were employed as starting ma-
terials to access molecular library based on the MCR chemistry
(Fig. 6). Virtual screening, followed by constrained docking using
REACTOR and Moloc software, respectively generated the
prioritized compounds, which mimicked Trp23, Phe19 and Leu26
residues of P53 to occupy the hydrophobic cleft on the surface of
HDM?2. Seven compounds among this series bound to HDM2 with
the Ky values less than 60 pmol/L in the FP assay. NMR spec-
troscopy was then used to determine their binding ability to

HMD2. Syn-2 and anti-2 bond to HDM2 with Ky™® values of 3
and 40 pmol/L, respectively. The binding model of 2 in the active
site of HDM2 (PDB code: 1YCR) showed that the methyl ester
group was exposed to the solvent region and was not involved in
the binding interface (Fig. 6A and B). Replacement of the ester
with the amide group produced compound 3, which showed
improved binding affinity with a K4 value of 0.8 pmol/L and water
solubility™*.

Inspired by the synergistic effects between MDM2 and
HDACs, Sheng et al.* carried out structure-based design of
MDM2/HDAC dual inhibitors (Fig. 7). The principle for
designing such dual inhibitors was that the zinc binding group
(ZBG) of HDAC inhibitor SAHA was introduced to the N3
substitution (exposed to the solvent region) of Nutlin-3a via
suitable linkers. Of these compounds, SCQ-14d showed prom-
ising activities with the ICsq values of 140, 910 and 17.5 nmol/L
against MDM2, HDACI1, and HDACS6, respectively. Docking
studies showed that SCQ-14d-2 (4R,5S-enatiomer) fitted well
into the MDM2 binding pocket, three phenyl groups were ori-
ented into the sub-pockets normally occupied by Phel9, Trp23,
and Leu26 of P53, and the 4-chlorophenyl group formed n—=
stacking interaction with His92 (Fig. 7A). While SCQ-14d-2
bound to HDAC1 mainly through the linker (projected into the
hydrophobic cavity) and ZBG (Fig. 7B), which chelated with
Zn** and also formed two H-bonds with Tyr308 and His145.
Moreover, the 4-chloropnenyl group in the cap formed n—7
stacking interactions with Arg275. Upon oral administration of
100 mg/kg/day of compound SQC-14d, the tumor growth inhi-
bition (TGI) in the A549 xenograft model was 65.4%, higher
than that of SAHA and Nutlin at the same dose (TGI = 57.3%
and 44.0%, respectively). Besides, compound SQC-14d exhibited
reasonable PK properties in Sprague—Dawley (SD) rats
[F(%) = 18%, t;, = 5.87 h].

2.2.  Dihydroisoquinolinones

The dihydroisoquinolinone derivative NVP-CGMO097 (also known
as CGMO097) is an MDM?2 inhibitor with high potency and
selectivity. NVP-CGMO097 is undergoing clinical safety evaluation
at phase I for treating advanced solid tumors expressing WT P53
(Table 1)*.

This program was initiated in the Holzer group'’ to identify
new inhibitors of MDM2—P53 interactions using the three hotspot
2D/3D virtual screening methods. After screening a library con-
taining around 50,000 compounds, they identified an interesting
compound 4, which inhibited the MDM2—P53 interactions
(ICs50 = 0.54 pmol/L) in the TR-FRET assay, albeit with a
weak antiproliferative  activity  against SJSA-1  cells
(ICsp = 16.5 umol/L). Further optimization focused on varying
substituents on the A and B phenyl rings (Fig. 8), generating
compound 5 with slightly increased binding affinity
(ICs50 = 0.12 pmol/L). The SARs studies indicated that small
aliphatic ether groups on the A ring and a para substituent on the
B ring (particularly the dimethyl amino group present in com-
pound 5) were preferred. The co-crystal structure of compound 5§
with MDM2 suggested that replacement of one methyl group in
the dimethyl amino group of compound 5 with a larger group may
offer extra interactions with MDM2 in the Phel9 subpocket.
Compound 6 showed significantly improved binding affinity to
MDM2, the pyridinyl (Py) group formed a m— stacking with the
phenol group of Tyr67. The molecular modeling showed that
additional interactions with Met62 and GIn72 in the Phel9



Table 1  Overview of MDM?2 inhibitors in clinical trials.
Drug Sponsor Phase Study title Trial number Disease Status
RG7112 Hoffmann-La Phase I A study of RO5045337 [RG7112] in patients with hematologic NCT00623870 Hematologic neoplasms Completed
Roche neoplasms
A Study of RO5045337 [RG7112] in patients with advanced solid NCT00559533 Advanced solid tumors
tumors
Icahn School of Unknown Tissue banking study—polycythemia vera or essential NCT01970930 Polycythemia vera and Completed
Medicine at thrombocythemia (PV & ET) patients essential thrombocythemia
Mount Sinai
NVP-CGMO097 Novartis Phase 1 A phase I dose escalation study of CGMO097 in adult patients with NCT01760525 Solid tumor with P53 WT status Active, not
selected advanced solid tumors recruiting
DS-3032 M.D. Anderson Phase 1 Ascending dose and exploratory expansion study of DS-3032b, an NCT02579824 Myeloma Active, not
Cancer Center oral MDM2 inhibitor, in subjects with relapsed and/or refractory recruiting
multiple myeloma
Phase I Milademetan tosylate and low-dose cytarabine in treating NCT03634228 Recurrent acute myeloid Recruiting
Phase II participants with recurrent or refractory acute myeloid leukemia leukemia/refractory acute
myeloid leukemia/TP53
WT allele
Daiichi Sankyo Phase I A phase I multiple ascending dose study of DS-3032b, an oral NCT01877382 Advanced solid tumor Recruiting
murine double minute 2 (MDM?2) inhibitor, in subjects with Lymphoma
advanced solid tumors or lymphomas
Study of milademetan in Japanese patients with relapsed or NCT03671564 Acute myeloid leukemia Active, not
refractory acute myeloid leukemia (AML) recruiting
Safety, tolerability and pharmacokinetics of milademetan alone and NCT02319369 Acute myelogenous leukemia Recruiting
with 5-azacitidine (AZA) in acute myelogenous leukemia Myelodysplastic syndrome
(AML) or high-risk myelodysplastic syndrome (MDS)
Milademetan plus quizartinib combination study in FLT3-ITD NCT03552029 Acute myeloid leukemia Recruiting
mutant acute myeloid leukemia (AML)
SAR405838 Sanofi Phase I Phase I safety testing of SAR405838 NCT01636479 Neoplasm malignant Completed
A safety and efficacy study of SAR405838 and pimasertib in NCT01985191
cancer patients
MK-8242 Merck Sharp & Phase I Study of MK-8242 alone and in combination with cytarabine in NCT01451437 Acute myelogenous Terminated
Dohme Corp. participants with acute myelogenous leukemia (P07649) leukemia (AML)
Study of safety and pharmacokinetics of MK-8242 in participants NCTO01463696 Solid tumors
with advanced solid tumors (P07650)
AMG 232 Kartos Phase I A phase Ib study evaluating AMG 232 alone and in combination NCT02016729 Advanced malignancy/cancer Completed
Therapeutics with trametinib in acute myeloid leukemia Oncology/oncology
patients/acute myeloid
leukemia
National Phase I MDM2 inhibitor AMG-232 in treating patients with recurrent or NCT03107780 Glioblastoma/gliosarcoma/recurrent Recruiting
Cancer newly diagnosed glioblastoma glioblastoma
Institute MDM2 inhibitor AMG-232, carfilzomib, lenalidomide, and NCT03031730 Hypercalcemia
dexamethasone in treating patients with relapsed or refractory Plasmacytoma
multiple myeloma Recurrent plasma cell myeloma
Refractory plasma cell myeloma
MDM2 inhibitor AMG-232 and decitabine in treating patients with NCT03041688 Acute myeloid leukemia

relapsed, refractory, or newly-diagnosed acute myeloid leukemia

Recurrent acute myeloid leukemia

Refractory acute myeloid leukemia
Secondary acute myeloid leukemia

(continued on next page)
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Table 1 (continued)

Drug Sponsor Phase Study title Trial number Disease Status
MDM2 inhibitor AMG-232 and radiation therapy in treating NCT03217266 Soft tissue sarcoma
patients with soft tissue sarcoma
Amgen Phase I A phase Ib/2a study evaluating AMG 232 in metastatic melanoma NCT02110355 Advanced malignancy, advanced Completed
Phase II solid tumors, cancer,
Phase I A phase I study evaluating AMG 232 in advanced solid tumors or NCT01723020 oncology, oncology patients,
multiple myeloma tumors, melanoma
RG7388 John Phase I Open label study of single agent oral RG7388 in patients with NCT02407080 Polycythemia vera Completed
Mascarenhas polycythemia vera and essential thrombocythemia Essential thrombocythemia
Mayo Clinic Phase 1 Idasanutlin, ixazomib citrate, and dexamethasone in treating NCT02633059 Loss of chromosome 17p Recruiting
Phase II patients with relapsed multiple myeloma Recurrent plasma cell
myeloma
Vanderbilt— Phase I Atezolizumab and cobimetinib or idasanutlin in participants with NCT03566485 Breast cancer Recruiting
Ingram Phase II stage iv or unresectable recurrent estrogen receptor positive Estrogen receptor-positive
Cancer breast cancer HER2/Neu negative
Center
University Phase I NCT neuro master match—N>M? (NOA-20, N°M?) NCT03158389  Glioblastoma, adult Recruiting
Hospital Phase II
Heidelberg
Hoffmann-La Phase 1 A study of idasanutlin in combination with obinutuzumab in NCT02624986 Non-hodgkin’s lymphoma Terminated
Roche relapsed/refractory (R/R) follicular lymphoma (FL) and in
combination with rituximab in R/R diffuse large B-cell
lymphoma (DLBCL) participants
Phase I A study to determine the excretion balance, pharmacokinetics, NCT02828930 Solid tumors Completed
metabolism and absolute oral bioavailability of a single oral dose
of ['*C]-labeled idasanutlin and an intravenous tracer dose of
['*C]-labeled idasanutlin in a single cohort of participants with
solid tumors (malignancies)
Phase I A study to investigate the bioequivalence or relative bioavailability NCT03362723 Solid tumors Completed
of three new idasanutlin tablet variants following oral
administration in participants with solid tumors
Phase I A study evaluating the safety and efficacy of idasanutlin in NCT03850535 Acute myeloid leukemia Recruiting
Phase II combination with cytarabine and daunorubicin in patients newly
diagnosed with acute myeloid leukemia (AML) and the safety
and efficacy of idasanutlin in the maintenance of first AML
complete remission
Phase 1 A study evaluating the safety, tolerability, pharmacokinetics, and NCT04029688 Acute myeloid leukemia Recruiting
Phase II preliminary activity of idasanutlin in combination with either Acute lymphoblastic
chemotherapy or venetoclax in the treatment of pediatric and leukemia
young adult participants with relapsed/refractory acute Neuroblastoma
leukemias or solid tumors Solid tumors
Phase I A study of venetoclax in combination with cobimetinib and NCT02670044 Leukemia, myeloid, acute Recruiting
Phase II venetoclax in combination with idasanutlin in patients aged >60
years with relapsed or refractory acute myeloid leukemia who
are not eligible for cytotoxic therapy
Phase 1 A study of obinutuzumab in combination with idasanutlin and NCTO03135262 Follicular lymphoma Recruiting

86¢CI

‘Te 10 Sueq ueng



MDM2/X inhibitors and PROTAC degraders for cancer therapy

1259

o0 o0 o0 o0

=) ) 2 =)

= = = £

2 = 2 =

Q Q Q Q

o} Q ol Q

~ ~ ~ ~

2 o
& o = 3 o)
5 3 = = >
— T-’m < <
& ool o S 2= N
£= =& < 5 g3
g _- S © S 2 g2
S = EE 5] = £ =09
=8 g8 ¢ > g 2=

f
Ea 23 2 g FEE
i8] Z O ~ —

) o n o

X = < 0

o — Q I

= N =~ 0

o el o0 <t

o wy o e

[sa) o [sa) (o]

=) =) =) S

= = = =

QO O QO O

Z Z Z Z

o 2 =)

§ S £ 2 g
2= = 3 z == 2 9
€53 £5 =2 55 _Z2&

=) 2 o = w S 8 &
N=R= S £ ™ [5) SE 5 o 8
p28 8%g2.F F&°E3
g g - @~ E o855
Sie 553f= 2SEfp
s = _ e S > 0 3
E=l=} E— 9 3 o 5] S 8
EEs E-2£Zzgifing
- %% S8E-SEEED=E

5 © O = = S
C g wn H,_‘EONUNSZ‘QD
_U""d—l ,Ov—i %ﬂlsoo\‘-‘
32% BE.-PELEERES
a S & EE 09 E QxS =
SES EIS8SES£ZEEz3
o X B ;\gn Q&L&):H'—‘V)
= 3 5 =] S 8.5 02° o
s 3 o = =h= 70— B~ )
£ B & EQWNQEASQST)
2 oo g S 5§ > 8BS E S =~
B0 -"3SES2 955323353 s2
2~ 5022=88c28 % = QO
=S EST S ESETSSEE
SEBHELSFS 580 2F 4
-E“mﬁQgE:o@?;”o%:EE
2E5°S5E85gs88=g 5 E &S
= . =
S2> 2957w 22E828,5
&5 5 E & L 2B = 5 =5
Q:o.ﬁmo.ﬂm.ﬁ:m:qt‘g
EESE£3EEEESEE 05 2%
xTEEEES322280588E2 S
S o = o=t = o s o5 "B g
= 52 > 0 0 » 68 o0 009 % =
2 SEZ5E85E5285%2¢
—
S8 835 >8 82 %»E 9 o
EEgeFEcFEITEsTE4
7 = .
eEmE=sEZEEZREEEEL |
=)
< < < < S
)
=
— — — — = +
=} ) — — — (=} =} 3]
0 0 0 [} I @]
12} v A wvn w2 w)
< < < S < < (=1
1o S .8 =9 = S S
" A A [aPpyaw ¥ (= =
2
v
Q
Q
Q
<
=
3
So
Z
&
~
=
=
3
2
4
=
O
E
5
H
o]
3
8
<
[a)

subpocket through the van der Waals contacts and hydrogen bond,
respectively may be helpful to improve the binding ability.
Compound 7 with a trans-cyclohexyl amine motif exhibited 2.7-
fold improvement in binding affinity and cellular potency
against SJISA-1 cells (IC5o = 3 nmol/L, Gls; = 2.85 pmol/L).
Methylation of the NH, group of compound 7 gave compound 8,
which showed slightly increased inhibition against SJSA-1 cells
(Glsg = 1.13 umol/L). The X-ray co-crystal structures of this
series with MDM2 indicated that the (S)-configuration of the
chiral center bearing the para-chlorophenyl group was preferred.
Chiral separation of compound 8 yielded (R,S)-9, which showed
slightly increased binding potency (ICs, = 1.9 nmol/L) and
interesting in  vivo ADME properties (logP, = —4.4,
clint = 5.6 pL/min/mg, #;, = 246 min), albeit with inhibition of
CYP450 3A4 isoform and hERG receptor. However, it is worth
mentioning that ferf-amine compound 9 had a relatively low oral
bioavailability and the oral absorption issue. Further structural
modifications by changing the chiral isobutyl group to isopropyl
group resulted in the identification of compound 10 having
similar cellular potency as compound 9 (ICso = 1.1 nmol/L,
Glsp = 0.71 pumol/L toward SJISA-1 cells). To better occupy the
Phel9 pocket and to modulate the basicity of basic center, the
dimethyl amine group was replaced with other cyclic motifs,
generating compound 11 with the piperazin-2-one motif, which
showed significantly reduced basicity, around 10-fold reduction of
hERG inhibition (IC5o = 16 pumol/L) and comparable cellular
potency against SJSA-1 cells (GIsp = 0.35 pmol/L). Besides,
compound 11 also showed improved PK profiles and oral ab-
sorption but with significantly lower permeability compared to
compound 9. Further N-methylation of piperazinone moiety of
compound 11 led to the discovery of NVP-CGMO097 (compound
12), which possessed significantly improved permeability in the
PUMPA assay (logP, = —4.6) and increased bioavailability and
oral exposure by a factor of 2—3 compared to compound 11.
Further bioisosteric replacement of the phenyl ring (B ring in
compound 12) with N-heterocycle (e.g., the pyridine ring) yielded
a series of derivatives with increased lipophilicity and comparable
binding potency to MDM?2. Unfortunately, this series of com-
pounds reduced liver microsomal stability in human and monkey.
Interestingly, NVP-CGMO097 exhibited species specific binding to
MDM?2. The binding affinities to MDM2 of different species
varied significantly.

NVP-CGMO097 selectively bound to HDM2 (ICs, = 1.7 nmol/L)
over MDM4 (IC5, = 2000 nmol/L) and had 4-fold improved po-
tency relative to Nutlin-3a (ICsy = 8 nmol/L). No inhibition against
several other protein—protein interactions such as BCL-2/BAD,
BCL-2/BAK, MCL-1/NOXA, MCL-1/BAK, c-IAP/BIR3, and
XIAP/BIR3 were observed. NVP-CGMO097 was well tolerated in
inhibiting growth of SJISA-1 cells in nude rat and no histopathology
change was observed after daily treatment at 30 mg/kg. The pre-
clinical data of NVP-CGMO097 are summarized in Table 2. More
interestingly, Porta et al.*’ recently identified a gene expression
signature consisting of 13 up-regulated P53 downstream target
genes, which can be used in both cell lines and in patient-derived
tumor xenograft models to predict the sensitivity to NVP-
CGMO097. This signature may provide a novel patient selection
strategy for NVP-CGM097.

Like other MDM2 inhibitors, NVP-CGM097 mimicked Trp23,
Leu26, and Phel9 residues in P53 to occupy the P53 binding
interface on HDM2 (Fig. 9). The isopropyl and methyl ether
groups filled into the Leu26 subpocket; the ether oxygen atoms
formed H-bond interactions with Tyr100 and Gln24. The para-
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RG7112 (colored in yellow, PDB code: 4IPF). (B) Superposition of the crystal structures of MDM?2 in complex with RG7112 (green) and Nutlin-

3a (gold, PDB code: 4J3E).

chlorophenyl group was directed to the Trp23 cavity. The carbonyl
group of dihydroisoquinolinone core was crucial for the overall
binding of NVP-CGM097 to HDM2 by offering a hydrogen bond
with Phe55. The conformationally constrained N-aryl group next
to the carbonyl group was projected into the Phe19 subpocket. The
trans-cyclohexyl group perfectly occupied the central region of
Phel9 subpocket, while the N-methyl group filled into a small
hydrophobic cavity. The N-methylated piperazinone motif
contributed significantly to the binding potency by binding to the
exist of Phel9 cavity.

2.3.  Benzodiazepinediones

The benzodiazepine-2,5-dione inhibitors that can block the
MDM2—P53 interactions were first discovered in 2005

(Fig. 10)*®. Initially, they identified compound 13 using the
ThermoFluor® assay, which bound to HDM2 with an ICsq value
of 15 pumol/L in the FP assay. Further structural rigidification
afforded the benzodiazepine-2,5-dione 14, which showed about
10-fold improved potency (FP ICsop = 1.7 pmol/L). Inspired by
the promising binding potency, a library of benzodiazepine-2,5-
diones (BDPs, 22,000 compounds) were synthesized based on
the Ugi multicomponent reactions, which always generate bis-
amides from a ketone or aldehyde, an amine, an isocyanide and
a carboxylic acid in an efficient manner. This small-molecule li-
brary was first screened for the binding affinity to HDM?2 using the
ThermoFluor® screening technology, the promising hits from the
initial screening were further characterized in the FP assay.
Extensive structural optimizations®*°, followed by biological
characterization led to the discovery of compound 15 with the
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Figure 4

Rational design of MDM2/MDMX dual inhibitor H109 and the predicted binding mode of H109 (colored in green) in the MDMX

binding site. Adapted with permission from Ref. 41. Copyright © 2014 American Chemical Society.
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Figure 6 Identification of compound 3 based on computational analysis and MCR chemistry. (A) Predicted binding mode of compound 2
(shown in yellow stick) in the P53 binding site of MDM2 (PDB code: 1YCR, gray surface) and overlapped with the F19, W23, and L26 (pink
sticks) in P53. (D) Cut-away view of compound 2 (shown in yellow stick) in the P53 binding site of MDM2, showing the shape and depth of the
P53 binding site. Adapted with permission from Ref. 44. Copyright © 2009 ACS publisher.

binding affinity of 220 nmol/L. Interestingly, this kind of mole- expression in JAR choriocarcinoma cells. Besides, (S,5)-15
cules bound to HDM2 selectively and stereospeciﬁcallySI. (8,9)- inhibited growth of JAR P53H* cells (ICso = 30 umol/L), but
15 (also known as TDP222669) potently bound to HDM2 with a was inactive to MDA-MB-231 cells with mutant P53°'. The
K4 value of 80 nmol/L, 60-fold more potent than (R,R)-15. (S,S)- synergistic effect in inhibiting tumor growth in both culture and
15 dose-dependently stabilized P53 and increased P21 and MDM?2 A375 xenograft model was observed for benzodiazepine-2,4-
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Figure 7  Structure-based design of Nutlin-based MDM2/HDAC dual inhibitors. (A) Binding model of SCQ-14d-2 (red) in the MDM?2 binding
site (PDB code: 4IPF). (B) Binding mode of SCQ-14d-2 (red) in the active site of HDAC1 (PDB code: 4BKX). Adapted with permission from
Ref. 45. Copyright © 2018 American Chemical Society.
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Table 2 The preclinical data of NVP-CGM097"”.
NVP-CGM097 MDM?2/MDM4 ICs, Glso (umol/L) CYP3A4 ICso  LogP LogP. Clint in human
(nmol/L) (umol/L) LM (pL/min/mg)
1.7/2000 0.35 17.0 5.8 —4.6 52.3
Dose CL Vss 1 2term AUC p-o. Cnax p-o. Tinax BAV PPB
(mg/kg) (mL/min/kg) (L/kg) (h) (nmol/L-h/L) (nmol/L/L) p-o. (h) (F%) (%)
Mouse 173 5 2.6 6.4 3337 207 4.0 71 >99
Rat 1/3 7 6.4 12.1 2779 134 4.5 85 >99
Dog 0.1/0.3 3 4.2 19.8 5993 251 2.7 74 >99
Monkey 0.1/0.3 4 2.0 8.3 3730 363 1.3 57 >99

diones (e.g., TDP665759) when combined with doxorubicin’”. Of
noted, TDP222669 had poor PK profiles (low bioavailability and
rapid clearance) because of the poor permeability and low solu-
bility. To improve the PK profiles, modifications focusing on the
carboxylic acid site and substituents attached to the amide nitro-
gen in TDP222669 were carried out using the structure-based
design strategy, ultimately resulting in the discovery of com-
pound 16>, Compound 16 showed desirable early ADME prop-
erties and improved PK profiles (Cp.x = 1.7 pmol/L after 6 h,
typ = 2.5 h, F ~100%) in mice upon oral administration at
40 mg/kg, albeit with decreased binding potency in the FP assay

(ICsp = 0.7 pmol/L), compared to TDP222669 (compound
(8,9)-15).

The binding models of (S,S)-15 with HDM2 protein is shown
in Fig. 11°*. (5,5)-15 filled into the hydrophobic cleft on the
surface of HDM2, the 4-chlorophenyl group attached to the C3
position occupied the deep and narrow Trp23 pocket, while the
phenyl rings of benzodiazepine scaffold and N-4 substituent were
inserted into the Phel9 and Leu26 pockets, respectively. The
carboxylic acid and amide formed three hydrogen bonds with
H96, F55, and Q59 residues. Compound 16 had a similar binding
model with TDP222669.
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Similarly, the Cummings group™® also identified compounds 17
and 18 (Fig. 12), which could be viewed as seco analogs of ben-
zodiazepines. Compounds 17 and 18 potently displaced P53 pep-
tide from HDM2 protein (ICso = 13 and 3.6 pumol/L, respectively).
Compound 18 showed good permeability in Caco-2 cells
(Papp = 2.71 X 1073 cm/s). Recently, Cummings and coworkers
designed and synthesized compound 19, in which the isosteric

Leu26

Figure 11
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Discovery of potent benzodiazepine-2,5-dione-based HDM2 inhibitors.

thiophene ring (highlighted in red) was incorporated instead of the
phenyl ring of BDPs. Compound 19 exhibited moderate binding
affinity to HDM2 in FP and NMR assays (FP K; = 45 pumol/L,

KYMR = 10 umol/L)>*. Intriguingly, removal of carbonyl group in
(S,5)-16 yielded compounds 20 and 21 showing significantly
decreased binding affinity to HDM2 in the FP assay (ICsy = 0.49
and > 125 pmol/L, respectively)’

. Taken together, the 1,4-

The binding models of (S,5)-15 with HDM2 (PDB code: 1T4E). The red dashed lines represent the H-bonds formed with around

residues. (S,5)-15 is colored in yellow, while the HDM2 is shown in gray surface. Adapted with permission from Ref. 54. Copyright © 2010

Wiley.
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diazepine-2,5-dione scaffold (highlighted in blue in Fig. 12) could
mimic the a-helix of natural P53 peptide®®, projecting the three
halophenyl rings of compound 21 into the regions occupied by the
Phel9, Trp23, and Leu26 residues in P53, to antagonize the
HMD2—P53 interactions and could serve as a promising template
for developing novel small molecule inhibitors of PPIs.

Encouraged by the potential of the benzodiazepine-2,5-dione
scaffolds as MDM2 inhibitors, Zhang and co-workers™® designed
thio-benzodiazepines that can disrupt the MDM2—P53 in-
teractions based on the bioisosteric replacement principle, in
which the oxygen atom of C2 carbonyl was replaced by the sulfur
atom (Fig. 13). Among this series, compound 22 bound to MDM2
with a comparable K; value (K; = 0.32 pumol/L) with Nutlin-3a
(ICso = 0.23 pumol/L). Further modifications on the aromatic
ring of benzodiazepine scaffold were carried out, fluorinated
compounds 23 and 24 showed significantly improved binding
affinity (K; = 91 and 89 nmol/L, respectively) as well as
enhanced in vitro antitumor activity as shown in Fig. 13 /.
Additionally, they also synthesized sulfamide and triazole ben-
zodiazepines and tested their binding affinity to MDM2°%. Com-
pounds 25 and 26 showed reduced binding activity, albeit with
slightly increased in vitro antitumor activity. Compound 27 were
found to be inactive toward cancerous cells Saos and U-2 OS,
although it  represented acceptable binding affinity
(K; = 0.26 pmol/L). However, it should be noted that no selec-
tivity toward Saos P53~ and U-2 OS P53 cells for all these
compounds was observed. Compound 22 was even more sensitive
to Saos P53/~ cells.

2.4. Isoindolinones

In 2005, the Hardcastle group reported the first isoindolinone-
based MDM2 inhibitors®® and finally identified isoindolinone 32
after extensive modifications guided by the virtual screening
(Fig. 14). Initially, they identified three isoindolinone-based
compounds 28—30 which inhibited the MDM2—P53 interactions
moderately (ICsy ~200 pumol/L)*. Based on the isoindolinone
scaffold and the X-ray structure of the MDM2—P53 complex,
virtual screening-guided optimization produced NUS8231 and
NUS8165, which inhibited the MDM2—P53 interactions with
significantly improved binding affinity (ICsp = 15.9 and
5.3 umol/L, respectively) and dose-dependently increased
expression of P21 and MDM2 in SJISA-1 cells®. Further modifi-
cations centered on variations of 3-hydroxypropoxy side chain and
substituents on the benzyl group, the introduction of 4-nitro group
to the N-benzyl group, coupled with conformational constrain of
the alkoxy side chain led to compound 31 with an ICsy of
0.23 pumol/L°". Tt is believed that the electron-withdrawing char-
acter and the lipophilic, directional interactions of nitro group

19 FP K; =45 pmol/L
NMR K4=10 umol/L

H H

20 FP IC5 = 0.49 pmol/L 21 FP ICsy > 125 pmol/L

Benzodiazepine-2,5-dione-derived HDM2 inhibitors.

with MDM2 contributed to the observed improved binding po-
tency. The (R)-enantiomer showed slightly enhanced binding po-
tency (ICso = 0.17 pmol/L). (R)-31 strongly induced expression
of MDM2, P53 and P21 and showed comparable cellular activa-
tion of P53 to Nutlin-3 in cancer cells expressing P53. Compound
31 is a promising candidate for further development. Next, The
Hardcastle group® paid extra attention to the aromatic ring of
isoindolinone and found that replacement of the phenyl group with
cyclohexyl or 3,4-dimethyl group resulted in a loss in binging
potency. Interestingly, adding a 4-chloro substituent to the aro-
matic ring resulted in an improved binding potency to MDM?2 for
almost all other analogs. Racemic 32 potently inhibited the
MDM?2—P53 interactions (ICsy = 94 nmol/L). (—)-Enantiomer
showed about 17-fold potency than (+)-enantiomer. In the SRB
assay, both 32 and (—)-32 inhibited growth of SISA-1 P53/
cells with ICsy value less than 6 pmol/L, but less potent than
Nutlin-3 and MI-63. Besides, 32 and (—)-32 increased the levels
of P53, MDM2 and P21, while (+)-32 failed to activate P53 at the
highest concentration.

Very recently, Saraiva and co-workers® identified structurally
novel oxazoloisoindolinone analogs that activated P53 pathway by
inhibiting MDM2—P53 interactions using a yeast-based screening
assay (Fig. 15). Among this series, compound 33 dose-
dependently inhibited growth of HCT116 P53"" cells through
inducing apoptosis and GO/G1 cell cycle arrest. Besides, com-
pound 33 stabilized P53 and increased the expression of P53
transcriptional targets such as P21, MDM2, BAX and PUMA.
Docking studies showed that the isoindolinone aromatic ring
occupied the Phel9 pocket, while the phenyl and benzyl groups
filled into the Trp23 and Leu26 pockets, respectively. A hydro-
gen— interaction (shown in black dashed line) between the
phenyl ring of benzyl group and Leu54 was also observed. The
hydrogen—m interactions refer to the interactions between
hydrogen atoms and the conjugate w—systems in organic and
biological molecules.

Based on the central valine concept, a pocket-adapted scaffold
approach for the de novo design of MDM2 inhibitors, Vaupel and
co-authors®® designed a series of bicyclic compounds starting
from a previously identified hit compound which potently
inhibited cell growth of SJSA1 cells (Glsy = 62 nmol/L). Further
modifications around the bicyclic imidazo-pyrrolidinone scaffold
gave AV-15a, which effectively inhibited MDM?2 with an ICs
value of 0.08 nmol/L in the TR-FRET assay and cell growth of
SJSA cells (GIsp = 11 nmol/L, Fig. 16). Crystal structure of
MDM2/AV-15a complex (PDB code: 6GGN) revealed that
AV-15a had an identical binding model with that of the
dihydropyrrolo-pyrazole core (PDB code: 5LN2). The bicyclic
core had van der Waals contacts with V93, and the carbonyl ox-
ygen formed an H-bond interaction from H96. Two chlorophenyl
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groups occupied the Trp23 and Leul9 sub-pockets, and the 7—=
stacking interaction with H96 was observed in the Leul9 sub-
pocket. In the Trp23 sub-pocket, the 2-methyl donated a pseudo
H-bond to the backbone-carbonyl of Leu54. The 24-
dimethoxypyrimidine moiety occupied the Phel9 sub-pocket,
where the 4-methoxy group was directed to a small cavity
located under the backbone-carbonyl of Q72, and the 2-methoxy
substituent formed van der Waals interactions with M62, Y67
and Q72. AV-15a also displayed excellent oral efficacy in the
human SJSA1-based xenograft model.

28R=BnX=0
29 R=BnX=NH
30 R = n-Propyl X =0
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Thio-benzodiazepines and related compounds as MDM2—P53 interaction inhibitors.

2.5.  Indoles

Based on the crystal structure of the octapeptide/MDM?2 complex,
Furet et al.°” proposed that placing a planar aromatic ring above
the MDM?2 cleft could project attached substituents to the sur-
rounding subpockets, thereby disrupting the MDM2—P53 in-
teractions. Based on the central valine concept, they designed the
imidazolyl indoles that blocked the MDM2—P53 interactions.
WK298 (also known as Novartis-101) was the first imidazolyl
indole inhibitor of MDMX—P53 interactions, which bound to

o
G- oNb

NU8165
IC50 =53 ]J,mOl/L

31 sz NG
Racemic IC5q=0.23 umol/L Racemic IC5= 94 nmol/L
(R)-enantiomer ICs5y=0.17 pmol/L. (-)-enantiomer ICsy= 44 nmol/L
(S)-enantiomer ICsy= 1.3 pmol/L. (+)-enantiomer ICsy= 763 nmol/L

Figure 14  Virtual screening-guided identification of isoindolinone MDM?2 inhibitors.
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Figure 15

Oxazoloisoindolinone 33 (colored in brown) and the binding model with MDM?2 (PDB code: 3LBL). The Phel9, Trp23, and Leu26

residues are shown in cyan. The hydrogen— interaction is shown in black dashed line. Adapted with permission from Ref. 63. Copyright © 2015

Elsevier Ltd.

MDMX with a K; value of 11 pmol/L in the FP assay, while
WK?23 lacking the amine side chain exhibited 3-fold potency to
MDMX®. This finding showed that the carboxylic acid group
attached to the 2-position of indole was beneficial for improving
the binding affinity. Both compounds bound to MDM2 at nano-
molar levels and showed excellent selectivity to MDM2 over
MDMX. WK298 and WK23 displayed very similar bind pose as
shown in Fig. 17. The 6-chlorooxindole group of WK298 fitted the
key Trp23 pocket, while the 4-phenyl and 1-benzyl groups
occupied the Phel9 and Leu26 pockets, respectively. Two H-
bonds to His54 and Met53 were formed. The amine side chain
contacted with Gly57 and Met61 residues, providing extra hy-
drophobic protection at the interface of MDMX and P53. For
WK?23, the imidazole served as a scaffold for projecting the 6-
chlorooxindole, phenyl and benzyl substituents to the surround-
ing Trp23, Phel9 and Leu26 pockets, respectively and also con-
tacted with the Val93 residue. The carboxylic acid group formed a
hydrogen bond with Gly58. Interestingly, WK23 did not cause
excessive induced-fit changes in MDM2 and therefore could allow
for further modifications for improving potency. Holak et al.®’

/
S0 o, T, (e
cl \Q )~ — cl )~ — cl f\_{\:N

Cl

Hit compound
SJSA1 cells Glso = 62 nmol/L

Figure 16

reported a series of 1,4,5-trisubstituted imidazole compounds as
P53—MDM2/X antagonists (Fig. 17). Among these compounds,
TAH-19 inhibited MDM?2 potently with a K; value of 58 nmol/L in
the FP assay, but showed moderate inhibition against MDMX
(K; = 26,300 nmol/L). In P53%T U-2 OS and HCT 116 cells,
TAH-19 induced accumulation of P53, P21 and MDM2. TAH-19
inhibited cell cycle progression of U-2 OS cells at G1 phase in a
P53-dependent manner. Crystal structures revealed that TAH-19
induced dimerization of MDM2 via its aliphatic linker.
Hydrogen-bond interactions between the imidazole ring nitrogens
and the amide nitrogens were primary contacts between two TAH-
19. Moreover, the oxygen atom of the carboxylic acid group in
TAH-19 formed a water-mediated contact with GIn72 and His96
of MDM2 (Fig. 17).

Graves et al.’® reported that the indolyl hydantoins such as RO-
2443 and RO-5963 (Fig. 18) dually inhibited MDMX and MDM?2
at low nanomolar levels. Interestingly, the coplanar indolyl
hydantoin group and difluorophenyl group in both compounds
were directed to the Phe19 and Trp23 pockets, respectively, while
the Leu26 pocket was not occupied. The unique binding models

AV-15a ©
MDM2 (TR-FRET) ICs, = 0.08 nmol/L
SJSA1 cells Gl = 11 nmol/L

Crystal structure of MDM2 in
complex with AV-15a

Identification of MDM?2 inhibitor AV-15a based on the central valine concept. The crystal structure (PDB code: 6GGN) of MDM2 in

complex with AV-15a (colored in yellow). The dashed line represents the H-bond. The MDM?2 sub-pockets accommodating Leu26, Trp23 and
Phel9 residues of P53 are labeled LEU, TRP and PHE, respectively. Adapted with permission from Ref. 64. Copyright © 2018 Elsevier Ltd.



MDM?2/X inhibitors and PROTAC degraders for cancer therapy

1267

cl cl
/
/—/_ "
Vells W i
\ H N HOOC  “N—\
N ; <N
HN YN HNT SN
WK298 Cl WK23

MDMX K = 11 pmol/L
MDM2 K; = 109 nmol/L

o

Tyr66

GIn71
.

Figure 17

MDM2

o cl

HOJ\/\fO

HN
)6
o. 0O
N7\

X N

TAH-19 HN

MDM2 K; = 58 nmol/L
MDMX K; = 26,300 nmol/L

e

MDMX K; =36 pmol/L cl
MDM?2 K; = 916 nmol/L F

1,4,5-Trisubstituted imidazole-based P5S3—MDM2/X antagonists. Imidazo indoles WK298 (A) and WK23 (B) and their binding

models in the MDMX (PDB code: 2FEA) and MDM2 (PDB code: 1YCR) active sites, respectively. (C) Crystal structure of TAH-19 in complex
with MDM2. Adapted with permission from Refs. 66 and 67. Copyrights © 2010 Taylor & Francis and American Chemical Society, respectively.

may provide a structural basis for designing dual inhibitors. The
size of Leu26 cavity in MDMX and MDM2 is different, which has
posed a great challenge for designing potent dual inhibitors
of MDMX and MDM2. The terminal diol group in RO-5963
was beneficial for enhancing the aqueous solubility for further
cellular activity assessment. Crystal structures revealed that
both compounds induced dimerization of MDM2 and MDMX
(Fig. 18).

RO-2443
ICs, P53-MDM2: 33 nmol/L
P53-MDMX: 41 nmol/L

Figure 18
3VBG) and MDMX (PDB code: 3U15).

After screening ~0.5 billion conformer library derived from
five million indole-containing compounds for matching the anchor/
pharmacophore model, the Domling group®® obtained YH239 (34),
which bound to MDM2 with a K; value of 400 nmol/L in the FP
assay and was highly selective to MDM2 over MDMX. Its two
enantiomers bound to MDM2 with the K; values of 300 and
700 nmol/L, respectively (Fig. 19). The ethyl ester of YH239
(known as YH239-EE) concentration-dependently induced

9
?\\e\ S’%
PR N\
/ =" N F
c | HN/&O
N E/p
H «&'L

RO-5963
ICso P53-MDM2: 17.3 nmol/L
P53-MDMX: 24.7 nmol/L

MDM2/MDMX dual inhibitors RO-2443 and RO-5963. Shown here are crystal structures of RO-2443 bound to MDM?2 (PDB code:
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apoptosis and cell cycle arrest of AML cells expressing P53 and
activated P53 and caspase 3/7. Besides, (+)-YH239-EE was less
cytotoxic than Nutlin-3. YH239 mimicked Trp23, Phel9 and
Leu26 in P53 to occupy the hydrophobic cleft on MDM2. Among
the substituents, the benzyl group formed a m—m stacking with the
imidazole group of His96. It is believed that substitution patterns of
the fluoro atom on the phenyl ring can modulate the aromatic in-
teractions of small molecules with targets of interest due to the
ability of reversing polarization of the fluorine atom’®. Based on
the ANCHOR.QUERY virtual screening platform, they synthe-
sized 40 derivatives with fluorine atom substituted at the benzyl
ring of compound 34 and then performed the fluorine-scanning’".
Among this series, racemic compound 35 showed the best binding
affinity to MDM2 in the FP assay (K; = 0.25 pmol/L), about 7
times more potent than compound 34 (K; = 1.8 umol/L). (4)-35
and (—)-35 bound to MDM2 with the K; values of 200 and
400 nmol/L, respectively. The structural basis of the interaction
was confirmed by the co-crystal structure. Based on these findings,
they also designed a series of peptidomimetic small molecules
containing the indole group’~. Of this series, YH 184 (36) bound to
MDMX with a K; value of 5.5 umol/L, showing about 10-fold
selectivity to MDMX over MDM2. Further modifications on the
indole scaffold or replacement with other aromatic rings failed to
give compounds with improved binding affinity. All compounds
displayed worse or no binding affinity (K; > 50 pmol/L). Carlson
etal.”” identified compound 37 with a K; value of 9.92 umol/L after
screening a molecule library containing about 35,000 compounds
using the multiple protein structure method. Two indole groups
occupied the Trp23 and Leu26 subpockets, while the aminophenyl
moiety filled into the Phel9 cavity. Saraiva and co-workers’
identified a dual inhibitor of MDMX/MDM?2, namely the
(S)-tryptophanol derivative OXAZ-1 (38) after screening a series of
oxazolopiperidone lactams derived from tryptophanol using a
yeast-based assay. OXAZ-1 inhibited MDMX and MDM2 with
the ECsq values of 2.4 and 1.0 pmol/L, respectively. In HCT116
P53+/* cells, OXAZ-1 stabilized P53, up-regulated MDMX, P21,
MDM?2, Puma, and BAX, as well as cleaved PARP. Interestingly,

MDMX K; = 5.5 pmol/L

O

N
A\ o COOMe

N
Ts
OXAZ-1 (38)
MDM2 ECsq = 1.0 pmol/L
MDMX ECs, = 2.4 pmol/L

Indole-containing small molecules that inhibit MDMX/MDM?2.

OXAZ-1 also exerted comparable cytotoxicity against MCF-7 cells
overexpressing MDMX.

Based on the three and four-point pharmacophore models,
Domling et al.”” designed macrocycles as potent P53—MDM2
inhibitors from YH300 (K; = 600 nmol/L, Fig. 20). These mac-
rocycles bound on top of the loop linking a2’ and «l’ helices,
covering a large hydrophobic surface area formed by Tyr67,
GlIn72, His73, Val93, and Lys94. Of these macrocycles, compound
AD-1j showed the best potency toward MDM2 with the K; value
of 140 nmol/L in the FP assay. Two enantiomers (4)-AD-1j and
(—)-AD-1j inhibited the MDM2—P53 interaction with the K;
values of 90 and 700 nmol/L, respectively. Modelling studies
revealed the existence of van der Waals interactions of the
aliphatic handle with Tyr67 and His73, the 6-chloro-indole moiety
and the 3,4,5-trifluorophenyl ring occupied the Trp23 and Leu26
hydrophobic  pockets, respectively. Moreover, the 34.,5-
trifluorophenyl fragment formed the m— interaction with His96
and several van der Waals interactions with surrounding residues
such as Leu54, Ile61, Phe86, Phe91, Val93, His96, and Tyr100.
Using the pharmacophore based virtual screening ANCHOR.-
QUERY platform, Démling et al.”® designed the 1,5-disubstituted
tetrazoles as potent MDM?2 inhibitors, of which AD-227 inhibited
the P53—MDM2 interaction with a Kj value of 20 nmol/L.

2.6.  Pyrrolidones

Zhang group’’ identified nine compounds through the structure-
based virtual screening of the Specs database, these compounds
inhibited the MDM2—P53 interactions (K; 0.57—85.97 pmol/L,
six of which possessed the pyrrolidone scaffold. Among them,
compound 39 bound to MDM2 at nanomolar levels
(K; = 780 nmol/L, Fig. 21). To improve the binding affinity and
physicochemical properties, further modifications on the C4 and
C5 phenyl groups as well as the 3-OH group were performed,
ultimately leading to the discovery of compounds (R)-40 and 41
(K; = 150 and 260 nmol/L, respectively), which showed com-
parable binding affinity with Nutlin-3a (K; = 230 nmol/L).
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Design of new MDM2 inhibitors based on YH300. Binding model of AD-1j (colored in white) in the MDM2 binding site (PDB

code: 3TU1). Key residues are shown in cyan. The van der Waals and m— interactions are shown in yellow and orange dotted lines, respectively.

However, (S)-40 was completely inactive in the FP assay, indi-
cating stereospecific binding with MDM2. (R)-40 potently
inhibited cell growth of A549 P53** cells (ICso = 1.97 pmol/L),
about 7-fold more potent than Nutlin-3a (ICsy = 15.12 pmol/L).
In A549 cells, (R)-40 dose-dependently increased the expression
of MDM2, P21 and P53 proteins. Interestingly, compound 41 also
inhibited MDMX and dose-dependently increased the expression
of MDMX, P21 and P53 in MCF-7 cells after 24 h treatment.
Besides, (R)-40 achieved 40% and 52.53% of TGI, respectively in
A549 xenograft model after oral dosing at 200 and 300 mg/kg for
14 days. No significant body weight loss was observed. However,
docking studies showed that the imidazole group in compounds 40
and 41 did not contact with Phel9 pocket tightly. Based on the
pyrrolidone scaffold, they designed and synthesized a new series
of MDM?2 inhibitors as represented by compounds 42 and 43
utilizing the molecule fusing strategy’®. Compounds 42 and 43
showed favorable binding affinity to MDM2 (K; = 90 nmol/L).
Similarly, compound 42 increased P53 and MDM2 expression in

Improve binding affinity
and physicochemical
properties N

N
0 Do
\_\ 5
N [[4
1r3ou
39 K;=0.78 pmol/L

Optimization on N1

Br.

O

43 K; =90 nmol/LL

Figure 21
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40 K;=0.15 pmol/L

! + N
TR = . 0
)@ 44 K; =229 pmol/L
42 K; =90 nmol/L.

A549 cells. Very recently, they designed a new fluorescence probe
44 that could be used for detecting and imaging the
MDM2—P53 interactions by introducing the fluorescent N,N-
dimethyl-1,8-naphthalimide’’. Probe 44 bound to MDM2
(K; = 2.29 pmol/L), down-regulated MDM?2, but significantly
increased expression of MDMX.

In addition to aforementioned inhibitors, Zhang and co-
workers™ rationally designed pyrrolo[3,4-c]pyrazole-based com-
pounds targeting the P53—MDM?2 inhibition and the NF-«B
pathway for cancer therapy based on the following considerations:
(1) pyrrolidone scaffolds could act as promising chemotypes for
designing MDM2—P53 interaction inhibitors; (2) the pyrazoles
(e.g., celecoxib) have been found to be able to repress NE-kB®!; (3)
NF-«kB proteins have been found to be overexpressed in many
cancers and can repress P53 by directly increasing expression of
MDM2%; (4) many P53 activators have been proved to repress
NF-xB%. Therefore, small molecules that activate P53 and inhibit
NF-«kB simultaneously would have synergistic effect for treating

Br

Fluorescent No
probe

\

Pyrrolidone-based MDM?2 inhibitors.



1270

Yuan Fang et al.

tumors. As shown in Fig. 22, the pyrrolo[3,4-c]pyrazoles can be
accessed through the condensation reactions of corresponding hy-
drazines and 3-hydoxy pyrrolidone 45 and were further screened for
their binding affinity toward MDM2. Among them, compound 46
exhibited excellent binding potency (K; = 83 nmol/L) in the FP
assay, which was comparable to that of Nutlin-3 (K; = 93 nmol/L).
Compound 46 showed good antiproliferative activity but with poor
selectivity over four cancer cell lines with or without P53. Com-
pound 46 increased P53 expression significantly and dose-
dependently. However, decreased expression of MDM?2 protein
was observed. On the other hand, compound 46 repressed NF-xB
activation by inhibiting IkBa phosphorylation, inhibited trans-
location of NF-«xB to nucleus and related kinases of NF-«B path-
ways. Compound 46 was well tolerated in the A549 xenograft
model and achieved 31.86 % inhibition of tumor volume after 14-
day oral administration at 200 mg/kg without significant body
weight loss. An analog of compound 46, where the fluorine atom
was replaced with a hydrogen atom, showed excellent oral
bioavailability (F = 72.9%). Interestingly, (R)-46 and (S)-46
showed a synergistic effect by targeting MDM?2—P53 interactions
and NF-«B, respectively. Specifically, (R)-46 activated P53 by
disrupting MDM2—P53 interactions, while the inactive (S)-46
promoted the phosphorylation of IKKs and prevented the IkB
phosphorylation, thus inhibiting NF-xB signaling®™. Docking
studies showed that (R)-46 occupied three key pockets in MDM2,
while (R)-46 only filled into the Phe19 and Trp23 pockets.

2.7.  Others

In addition to aforementioned inhibitors, other small molecules
have also been reported to be able to inhibit the MDM2/X—P53
interactions at different levels (Fig. 23). Wang et al.* identified a
quinolinol derivative NSC 66811 (47) after evaluating a molecule
library containing 150,000 compounds by an integrated
virtual screening strategy. NSC 66811 inhibited MDM2
(K; = 120 nmol/L) and increased expression of P53, P21 and
MDM?2 in HCT-116 P53+ cells, but the result was not observed
in HCT-116 P53~ cells. A high throughput screening of a
compound collection (ca. 1.4 million) performed in the Allen
group yielded a novel chromenotriazolopyrimidine scaffold,
which was proved to be able to disrupt the MDM2—P53 in-
teractions. Further modifications, followed by SAR studies affor-
ded compound 48, which blocked the MDM2—P53 interactions at
low micromolar levels (IC5o = 0.30 umol/L), slightly more potent
than its (6R,7S)-enantiomer (ICsy = 0.20 umol/L)*°. Another
interesting class is the terphenyl scaffold, which mimicked a-he-
lical structure of P53 and bound to the cleft on the surface of
HDM2%. Three ortho groups attached to the terphenyl scaffold
(e.g., the i-butyl and naphthyl groups in compound 49) are
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believed to be projected to the three hydrophobic subpockets in
MDM2. Compound 49 showed favorable binding affinity to
HMD?2 in the FP assay (K; = 0.182 pmol/L). In 2012, Fersht
et al.®® reported that lithocholic acid 50 was an endogenous dual
inhibitor of MDM2 and MDM4 with the K; values of 66.0 and
15.4 pmol/L, respectively. On the basis of docking studies and
analysis of previously reported inhibitors, Grotli and co-workers®’
designed a series of 8-triazolylpurines. Among this series, com-
pound 51 displayed the best inhibitory activity toward the
MDM?2—P53 interactions in the FP assay (ICsq = 10 umol/L).
After screening a library of 800 structurally diverse compounds
from the Cancer Research UK, Hardcastle et al.”” identified the
pyrrole scaffold which was capable of targeting the MDM2—P53
interactions. Further SARs studies produced compound 52, which
bound to MDM2 potently (ICs5o = 0.12 pmol/L), about 35 times
selectivity to MDM2 over MDMX (ICsy = 4.2 pmol/L). Com-
pound 52 concentration-dependently induced expression of
MDM2, P21 and P53 but exhibited similar cellular activity toward
SJSA-1, SN40R2 and MRK-NU-1 cells (Gls, = 2.3, 2.8 and
2.3 umol/L, respectively) regardless of the MDM2, MDMX and
P53 status. By employing the structure-guided approach, Furet
et al.”! identified the tetra-substituted imidazole scaffolds, which
were used as hit compounds for further structural optimization, the
compounds possessed low nanomolar potency in the biochemical
FRET assay. Compound 53 inhibited MDM?2 potently
(ICsp = 0.002 pmol/L) and showed significant inhibition toward
SJSA-1 cells expressing P53 (ICso = 0.5 pmol/L). 3D
pharmacophore-based virtual screening in combination with
docking studies performed in the Hu group revealed that the
aminothiophene scaffold could be used for developing inhibitors
of the MDM2—P53 interactions’>’”. Further SARs studies yielded
compound 54, which bound to MDM2 with a K; value of
0.086 umol/L and inhibited cell growth of A549 and PC3 in the
SRB assay (ICso = 8.28 and 22.05 pmol/L, respectively). Carlson
et al.”’ identified novel scaffolds 55—58 utilizing their own
developed multiple protein structure (MPS) technique. All these
scaffolds mimicked the key residues of P53 to occupy the cleft on
MDM?2. Of these scaffolds, compound 59 exhibited favorable
binding affinity to MDM2 (K; = 110 nmol/L). Saraiva et al.”*
proved that natural products a-mangostin (60), gambogic acid
(61) and the structurally simplified xanthone derivative inhibited
growth of several cancer cell lines probably through disrupting the
MDM?2—P53 interactions based on the yeast approach. Based on
the pharmacophore- and structure-based approaches, Li et al.””
identified the (E)-3-benzylidene-indolin-2-one scaffolds as
MDM?2 inhibitors. Among this series, compound 61 bound to
MDM2 potently (K; = 0.093 umol/L) and strongly exhibited
growth of HCTI16 P53™" cells with a Gls, value of
13.42 pmol/L. Besides, compound 62 inhibited tumor growth of

MTT ICs; (umol/L)
A549 P53** 5.82
NCI-H1299 P537" 2.39

Saos P53 5.08

46 K;= 83 nmol/LL Br

Dual inhibitors targeting MDM2—P53 interactions and NF-xB pathway.



MDM2/X inhibitors and PROTAC degraders for cancer therapy

1271

| COOH

NSC 66811 (47) Br
FP K;=0.12 pmol/L. FRET ICsy = 0.30 pmol/L

S
M-NH
HN
Et/O NH { 9
O N N- O
INNE *N
n-Pr\NJ\N/ NWN\ I\
0 PhN” Ph

S1

Cl
FP IC50= 10 pmol/L ELISA IC5y = 0.12 pmol/L

HO N' -
o COO

55 56
FP K;=372 pmol/L

FP K, = 0.29 pmol/L

O OH
a-Mangostin (59)

9
N
NC 0 {:TH Ph-N

NSC 279287 (64)

NMR Ky = 12 pmol/L ICs5y=31.8 pmol/L

Figure 23

BALB/c mice bearing CT26, the TGI was 32.4% after adminis-
tration at 500 mg/kg. After identifying the 3,3-disubstituted
piperidine scaffolds as the HMD2/P53 interaction inhibitors”®,
Bogen et al.”” performed extensive modifications on this scaffold
by adding substituents to 2,4,5,6-position of piperidine scaffold,
showing that adding substituents to the 4,5,6-position did not lead
to a significant improvement in binding potency, while the
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Other small molecules that inhibit the MDM2—P53 interactions.

incorporation of an allyl group to the C2 position resulted in a
drastic improvement in binding potency. Compound 63 bound to
HMD?2 with a K; value of 0.04 pmol/L. Guy and co-workers”®
screened a library of 173 compounds for blocking the
MDM2—P53 interactions, which were then characterized by
>'N—'H HSQC NMR. The most active Compound 64 exhibited
the best binding potency with a K4 value of 12 umol/L in the NMR
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site (colored in green, PDB ID: 5TRF). The red dashed line represents the hydrogen bond.

assay. Based on the pharmacophore model of MDM?2 binding,
Abraham et al.”” identified a sulfonamide 65 (also known as NSC
279287) as an inhibitor of MDM2—P53 interactions using 3D
database searching. NSC 279287 bound to MDM2 with a mod-
erate binding affinity (ICsp = 31.8 pmol/L) and increased
expression of P53 in SISA-1 cells. Chalcone 66 (SJ-172550) was
found to be able to bind to the cleft of MDM2, thereby releasing
P53 from the MDM2—P53 complex'”. In the ELISA assay, SJ-
172550 showed an ICs value of 49 pmol/L.

3. Development of MDM2 PROTAC degraders for cancer
therapy

Targeting the P53—MDM?2 interaction has become an attractive
therapeutic strategy for the treatment of cancers harboring WT
P53. To date, several candidate compounds (Fig. 2) have advanced
into clinical trials for cancer therapy. However, these small-
molecule inhibitors have shown mixed response rates or limited
efficacy in some models, probably because of inadequate P53
induction and unwanted toxicities in normal cells and tissues'®'.
Moreover, it is believed that accumulated MDM2 protein in vivo
can degrade P53 efficiently and rapidly upon clearance of an
MDM2 inhibitor, thus causing reduced therapeutic efficacy of the
MDM?2 inhibitor'?>. Therefore, novel strategies to effectively

[¢]
H

—

A bona fide PROTAC MDM2 degrader MD-222
RS4;11 cells IC59 = 2.8 nmol/L

Figure 25

Simple structural
modifications

target the MDM?2—P53 pathway are greatly needed. Wang
et al.'*>'%* designed the first-in-class MDM2 PROTAC degrader
MD-224 starting from a potent MDM?2 inhibitor MI-1061
(K; = 0.16 nmol/L, Fig. 24). Modeled structure of MDM2 in
complex with MI-1061 revealed that the carboxylic acid group on
the phenyl ring in MI-1061 would be exposed to the solvent re-
gion, thus allowing for being linked to CRBN ligands thalidomide
and lenalidomide to design bifunctional PROTAC MDM?2 de-
graders. Of these compounds, MD-224 induced rapid MDM?2
degradation at <1 nmol/L in human leukemia cells and inhibited
growth of RS4-11 cells effectively (ICso = 1.5 nmol/L). Further
studies showed that MD-224 achieved significantly improved ef-
ficacy relative to MI-1061, up to 50% tumor regression was
observed in the RS4-11 xenograft model following multiple i.v.-
dosing of MD-224 at 25 mg/kg every second day without any
signs of toxicity.

Based on a previously reported MDM?2 degrader MD-222
(RS4-11 cells ICsy = 2.8 nmol/L)'”, the Wang group'® per-
formed further structural modifications and unexpectedly identi-
fied another type of compounds, as exemplified by MG-277
(Fig. 25). MG-277 inhibited the P53—MDM?2 interaction
potently with an ICsy value of 67.5 nmol/L in the FP assay. In
contrast to MD-222, MG-277 displayed high potencies against
acute leukemia cell lines with different P53 status and was much
less effective in inducing MDM2 degradation. For example, MG-

A molecular glue MG-277
MDM2 (FP) IC5q = 67.5 nmol/L
Low nanomolar potency against acute leukemia cell lines
Induce GSPT1 degradation for its potent anticancer activity

Discovery of a molecular glue MG-277 from a bona fide PROTAC MDM?2 degrader MD-222.
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277 inhibited growth of RS4-11, MOLM-13 and MV4-11 with the
ICsq values of 1.3, 24.6 and 7.9 nmol/L, respectively. The cellular
activity was dependent on cereblon binding, not P53 or MDM2
dependent. Mechanistic studies showed that MG-277 induced
degradation of the translation termination factor GSPT1 to achieve
its potent anticancer activity. Collectively, MG-277 was a mo-
lecular glue, not a PROTAC MDM2 degrader. This study provides
the first example that structural modifications can convert a bona
fide PROTAC degrader into a molecular glue. For a phthalimide-
based degrader, it may be a bona fide degrader for the protein(s)
of interest or a molecular glue recruiting neo-substrate protein(s)
to CRL4“®BN E3 ligase for ubiquitination and subsequent degra-
dation. Both mechanisms should be considered in designing
phthalimide-based PROTAC degraders.

Tang et al.'™ also designed a series of new MDM2 PROTAC
degraders by conjugating the potent MDM?2 inhibitor RG7112
(MDM2 ICsg = 18 nmol/L) to lenalidomide through suitable linkers.
The co-crystal structure of MDM?2 in complex with RG7112 is shown
in Fig. 26, the piperazine ring in RG7112 is exposed to the solvent
region, and thus allows for being linked to the E3 ligase ligand
lenalidomide for designing bifunctional MDM2 degraders. The most
promising compound TW-32 effectively inhibited growth of RS4-
11 cells carrying WT P53 (IC5o = 3.2 nmol/L) and achieved 90% of
MDM?2 degradation (Dy,.x = 90%) at 100 nmol/L in RS4-11 cells.
Notably, TW-32 has C3 (one acetylene and one methylene) unit
between lenalidomide and MDM?2 inhibitor, representing one of the
shortest linkers among all reported PROTAC:S.

4. Challenges for designing potent MDM?2/X antagonists or
PROTAC:s degraders for cancer therapy

Reactivation of P53 by inhibiting its negative suppressors MDM?2
and MDMX has proven to an attractive strategy for anti-cancer
treatment, significant progress has been witnessed with several
drug leads undergoing clinical development. However, challenges
for designing MDM?2 inhibitors for anticancer treatment in clinic
still exist, such as MDM2 and MDMX dual inhibition, acquired
resistance and toxicity of P53 activation, etc'®’.

4.1. MDM?2 and MDMX dual inhibition

Like MDM2, MDMX amplification has been also found in many
cancers'”®. MDMX interferes with the ability of P53 to interact
with the basal transcription machinery, thus inhibiting P53 tran-
scriptional activity, while MDM2 induces P53 degradation. The
MDMX is not regulated by the negative feedback loop. Also, the
MDM2—MDMX heterodimers can help degrade P53'’. So P53

function can be attenuated by MDMX overexpression. Additionally,

|

for recruting E3 ubiquitin ligase
MI)MZ inhibitor for binding to MDM2

MDMX also inhibits MDM2 degradation. Therefore, MDM2/X
dual inhibition is highly desirable to achieve full P53 activation for
anticancer treatment in clinic. A successful example is the peptide
PDI with the sequence of LTFEHYWAQLTS, which has proven to
be able to potently inhibit MDM2/X at nanomolar levels and induce
apoptosis and cell cycle arrest of cell lines with overexpressed
MDM2/X''%. The stapled PDIs developed in the same group
showed higher inhibitory activity toward MDM2 and MDMX and
enhanced cell permeability, albeit with modest in vivo activity''".

Peptide-based dual inhibitor ALRN-6924 developed by Aileron
Therapeutics has advanced into phase I/II clinical trials for safety
and tolerability evaluation in patients with advanced solid tumors
retaining WT P53 (ClinicalTrials.gov Identifier: NCT02264613).
However, small molecule-induced potent dual inhibition of MDM?2/
X is quite challenging with very few examples reported. The
Graves’ group™ reported that RO-2443 and RO-5963 potently
bound to MDM2 and MDMX (ICsq < 50 nmol/L). However,
MDM2 inhibitors such as Nutlin-3 and spirooxindole derivative MI-
219 showed high selectivity to MDM2 over MDMX''?. The diffi-
culties for designing potent dual inhibitors are mainly attributed to
the difference of Leu26 subpocket size in MDMX and MDM2 (the
Leu26 cavity in MDMX is smaller than that in MDM2) and the
spatial orientation of key residues close to Leu26 in both proteins,
although they share highly similar binding domains' . Increasing
the size of hydrophobic group that is designed to occupy the Leu26
pocket can increase binding affinity, while the bulky group may
result in decreased binding ability to MDMX ', Interesting, potent
dual inhibition of RO-2443 and RO-5963 may be explained by their
binding models, where the key Leu26 subpocket is not occupied for
both compounds®. Apart from developing MDMX/MDM?2 dual
inhibitors, another promising strategy is the combination of MDM2
inhibitors with other chemotherapeutic agents (e.g., doxorubicin
and irinotecan) and MEK inhibitors (e.g., trametinib) that can
effectively down-regulate MDMX''>''° Currently, the combina-
tion of SAR405838 or AMG232 with MEK inhibitors (e.g., tra-
metinib and pimasertib) for the treatment of AML or solid tumors is
undergoing clinical investigation. Furthermore, the development of
specific MDMX inhibitors is also highly needed''’. In 2010, after
an HTS of chemical library with 285,848 different compounds,
Reed and co-workers''® identified the first reversible MDMX in-
hibitor SJ-172550 (Fig. 23), which effectively inhibited growth of
retinoblastoma  cells  harboring  overexpressed =~ MDMX
(ECsyp = 0.84 pmol/L). An additive effect was also observed when
combined with MDM2 inhibitor Nutlin-3a. SJ-172550 can serve as
a template for developing more potent MDMX inhibitors and the
synergetic effect observed when combined with Nutlin-3a may
suggest that the combination of MDMX and MDM2 inhibitors for
cancer therapy would be feasible.

lenalidomide

CRBN ligand

) TW-32

Figure 26

MDM2 degraders

RS4-11 cells (MTT) IC5, = 3.2 nmol/L
MDM2 degradation (100 nmol/L) D, = 90%

Structure-based design of MDM2 PROTAC degrader TW-32 from a MDM2 inhibitor RG7112. Co-crystal structure of RG7112

(colored in green) bound to the MDM2 (shown in yellow surface) binding site (PDB code: 4IPF). Adapted with permission from Ref. 106.

Copyright © 2019 Elsevier Ltd.



1274

Yuan Fang et al.

4.2.  Resistance to P53 activation

Intrinsic or acquired resistance to chemotherapy or molecularly
targeted therapies is a major issue in anticancer drug development,
making drug treatment less effective''”. Because of the tumor
suppressing ability of P53, resistance of tumor cells expressing
WT P53 may emerge from pre-existing microfoci of P53 mutant
cells or through the acquired P53 mutation when treated with
MDM2 inhibitors'"*'?°. Recent studies showed that non-genotoxic
P53 activation may result in acquired somatic mutations of P53, as
illustrated in SJISA-1 cancer cells bearing WT P53 when treated
with Nutlin-3'?". Different levels of acquired resistance in SJSA-
1, RS4-11, and MV4-11 tumor cells to SAR405838 both in vitro
and in vivo have also been observed'°>'**. Therefore, develop-
ment of new MDM?2 inhibitors is highly needed for fighting newly
occurred mutations. Combined treatment of MDM?2 inhibitors
with other therapeutic agents would be a feasible strategy for
overcoming the acquired resistance.

4.3. P53 activation induced toxicity to normal tissues

The activation of P53 can induce cell cycle arrest in all prolifer-
ative cells, so the toxicity to normal tissues, especially the
radiosensitive tissues'>*, caused by MDM?2 inhibitor-induced P53
activation is potentially existed. Restoration of P53 in the absence
of MDM2 has been found to cause several pathological damages
to radiosensitive mouse tissues or even death'*>. Well tolerance of
Nutlin-3 treatment for three weeks has been observed in nude
mice. RG7112 can induce the apoptosis of human megakaryocyte
and thrombocytopaenia in patients®’. The cell cycle arrest of
human normal fibroblasts has also been observed when treated
with Nutlin-3'°. Therefore, appropriate dose schedules that bal-
ance antitumor activity and less toxicity are highly appreciated.

4.4. MDM?2 PROTAC degraders

Because of drug resistance, limited efficacy and unwanted toxic-
ities of MDM2 inhibitors, new PROTAC degraders may show
promise for cancer therapy'?’. In contrast to MDM?2 inhibitors,
MDM?2 PROTAC degraders such as MD-224 have shown promise
for cancer therapy'®*'%*. Due to the mixed response rates of
MDM2 inhibitors in clinical trials, it remains unclear whether the
MDM?2 PROTAC degraders will possess improved efficacy
without substantially increasing toxicity in human cancer patients.
The data reported by Wang et al.'” also suggest that for a
phthalimide-based degrader, it may be a bona fide degrader for the
protein(s) of interest or a molecular glue recruiting neo-substrate
protein(s) to CRL4A“REN E3 ligase for ubiquitination and subse-
quent degradation. Both mechanisms should be considered in
designing phthalimide-based PROTAC degraders. Further in-
vestigations are needed to reveal precise structural requirements
for a phthalimide conjugate to operate either as a bona fide
PROTAC degrader or as a molecular glue.

5. Concluding remarks and outlook

In tumor cells, expressions of MDM2 and its homolog
MDMX are always upregulated, thereby inhibiting the func-
tion of P53. Therefore, restoring P53 function is crucial for
inhibiting the growth of tumor cells. Restoring of P53 func-
tion by interrupting the MDM2—P53 and MDMX-—P53

interactions has been highly pursued to treat cancers. The
well-defined structural features of the MDM2—P53 interaction
provide a basis for designing new MDM2 inhibitors. To date,
many MDM2 inhibitors have been identified since the release
of the structure of MDM2—P53 complex. Some of them are
currently under clinical investigation for anticancer treatment.
However, all these small-molecule inhibitors in clinical trials
are highly selective toward MDM2 over MDMX; their
inhibitory activity can be compromised by the overexpressed
MDMX. Currently, the MDM?2 inhibitors are used in clinical
trials in combination of other chemotherapeutic agents that
can inhibit MDMX. Potent dual inhibition of MDM2 and
MDMX seems to be promising but is very challenging as the
size of Leu26 subpocket in MDM2 and MDMX is different. It
is difficult for small molecules to occupy both pockets.
RO-2443 and RO-5963 have been reported to be able to
dually inhibit MDM2 and MDMX at nanomolar levels.
Interestingly, they did not occupy the Leu26 pocket. Besides,
specific potent MDMX inhibitors like SJ-172550 are also rare
and highly needed. The drug combination and dual inhibition
of MDMX/MDM?2 are promising strategies that can help
achieve full activation of P53. RO-5963 and SJ-172550 can
serve as templates for identifying more potent dual inhibitors
and specific MDMX inhibitors, respectively. Although some
MDM?2 inhibitors are currently undergoing clinical assessment
for cancer therapy, challenges such as acquired resistance and
toxicity still exist. Appropriate dose schedules balancing
antitumor activity and less toxicity would be appreciated.
Moreover, due to the mixed response rates of MDM2 in-
hibitors in clinical trials, MDM2 PROTAC degraders have
been highly pursued in recent years, showing improved effi-
cacy for cancer therapy. However, it remains unknown
whether the MDM?2 PROTAC degraders have substantially
increasing toxicity in human cancer patients. It should be kept
in mind that a putative phthalimide-based degrader may be a
bona fide MDM2 PROTAC degrader or a molecular glue.
Precise structural requirements for a phthalimide conjugate to
act either as a bona fide PROTAC degrader or as a molecular
glue deserves to be further investigated.
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