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ABSTRACT: We recently reported the discovery of AMG 232 (1), a potent and selective
piperidinone inhibitor of the MDM2-p53 protein-protein interaction. Compound 1 is currently
being evaluated in human clinical trials for the treatment of cancer. This article provides an
overview of its discovery from the de novo design of the piperidinone series to the structure-
activity studies leading to the identification of 1. In addition, this article also describes the
preclinical pharmacology and pharmacokinetics of 1, along with its drug metabolism and safety

assessment.

INTRODUCTION

The p53 tumor suppressor protein induces cell growth arrest and apoptosis in response to
DNA damage or stress,' and it has been proposed that inactivation of the p53 pathway may be a
required step for tumor survival.> Approximately 50% of human cancers have p53 mutations

resulting in loss of its function.” The wild-type p53, present in the remaining 50% of
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malignancies, is downregulated by the MDM2 (human murine double minute 2) oncoprotein via
a direct protein-protein interaction.>* After binding to p53, MDM?2 inhibits p53 activity by
blocking p53 mediated transactivation,’ inducing nuclear export of p53,” and acting as E3
ubiquitin ligase targeting both itself and p53 for the degradation by the 26S proteasome.’ Since
all of these mechanisms can be blocked by neutralizing the MDM2-p53 interaction, disruption of
the protein-protein interaction with small molecule MDM?2 inhibitors has been considered a
promising strategy to reactivate the p53 pathway in wild-type p53 tumors over the last two
decades.® To date, a couple of studies with small molecule MDM?2 inhibitors have demonstrated
tumor growth inhibition both in vitro and in vivo,” ! and several small molecules have recently

advanced into clinical trials (Figure l).lz_15
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29 Figure 1. Chemical structures and potencies of RG7112 (Roche),"** RG7388 (Roche),'**
32 SAR299155 (Sanoﬁ),14 and 1."° “ICs in the EdU proliferation assay (SJSA-1, 10% human

34 serum); "Kp in the surface plasmon resonance (SPR) spectroscopy binding assay.

40 Recently, we reported the discovery of a promising piperidinone MDM?2 inhibitor, 1

42 (AMG 232),'""° which is currently being evaluated in human clinical trials. In this article, we
provide a comprehensive overview of the scientific efforts focused on the discovery of

47 compound 1: (a) de novo design of piperidinone inhibitors; (b) optimization of piperidinone

49 series inhibitors via conformational controls and extensive SAR; (¢) discovery of 1 via capturing
an additional interaction with Gly58 shelf region; (d) chemical synthesis of 1; (e) in vitro and in
54 vivo pharmacology; (f) binding mode; and (g) drug metabolism. Finally, this article briefly

56 describes (h) preclinical pharmacokinetics and human PK prediction, and (i) safety assessment.
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DE NOVO DESIGN OF PIPERIDINONE INHIBITORS''

Our early research in the MDM?2 program focused on the optimization of a class of
chromenotriazolopyrimidine inhibitors identified from high throughput screening of a small-
molecule library (Amgen, High-throughput screening (HTS) lead; Figure 2).'"® To complement
these efforts, we initiated a parallel strategy, a de novo design approach to identify a novel
scaffold of MDM2 inhibitors. In 1996, the crystal structure of the p53 binding domain of human
MDM?2 bound to a 15-residue peptide of human p53 was reported and unveiled that three
hydrophobic residues of p53 (Phel9, Trp23, and Leu26) are essential for key hydrophobic
contacts with the MDM protein.'” Subsequently, these key hydrophobic interactions were

confirmed by the co-crystal structures of small molecule inhibitors with MDM2 (Figure 2).
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(15% h serum)  0.089 yMP  0.96 pMP 0.021uMP

Figure 2. Binding modes of known MDM2 inhibitors, Nutlin—3a,ga Amgen’s HTS Lead,16a and
Oxindole (2)."* MDM2 binding pockets are labeled (by p53 side chain) in blue. “ICs in the
homogeneous time-resolved fluorescence (HTRF) assay (serum free); “ICso in the HTRF

biochemical assay (15% human serum)."’
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21 Figure 3. Early hits from de novo design.''® “Compounds are racemic; “ICs in the HTRF

23 biochemical assay (serum free).

29 Analysis of the binding modes of these known MDM2 inhibitors promoted us to design
31 several new scaffolds based on a common structural element of two aromatic groups held in
close proximity by a rigid cyclic core. These efforts resulted in the identification of multiple hits
36 including a morpholinone series, as illustrated by compound 6, with an ICsy of 5 uM in the
38 HTRF biochemical assay (Figure 3). Adding a benzyl group at the C2 position in 6 improved
a1 potency about 2.5-fold (7 vs. 6 in Figure 4). At a glance, we presumed that three aryl groups of 7
43 contact the corresponding key binding clefts in the MDM2 protein. However, the co-crystal
structure of 7 with MDM?2 revealed that only two hydrophobic Trp23,s3) and Phe19s3) pockets
48 are filled by the p-bromophenyl rings, respectively and the Leu26,s3) pocket remains unoccupied
50 (Figure 5a). The benzyl group employs an edge-face aromatic contact with the Phe55 residue on

a shallow hydrophobic shelf region.
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Figure 4. Discovery of the novel piperidinone lead 11 from the early hit 6."' MDM2 binding
pockets are labeled (by p53 side chain) in blue. “Compounds are racemic; ’ICs in the HTRF

biochemical assay (serum free).

As one of the strategies to fill the Leu26s3) pocket, an attempt to change the substitution
pattern on the C6-aryl ring in 6 in order to adopt a different binding mode resulted in a great
success (Figure 4). An in-house crystal structure of oxindole 2 (Figure 5b, transparent white)
shows that the Leu26(,s3) pocket is filled by m-chlorophenyl group, which also makes a n-n
stacking arrangement with His96 simultaneously. Since the oxindole 2 was one of the most

potent MDM2 inhibitors at that time, we tried to induce a similar binding mode within the
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morpholinone chemotype. It was proposed that this reoriented binding mode could be induced by
shifting a halogen at the para-position in the C6 phenyl group of the morpholinone to the meta
position (8 vs. 7 in Figure 4) so that the aromatic ring substitution pattern of this chemotype

would be identical to that of 2 (Figure 5b, cyan).

Figure 5. (a) X-ray co-crystal structure of the active isomer in 7 bound to MDM2 (cyan, PDB
4JV7T). MDM2 binding pockets are labeled (by p53 side chain) in white. MDM2 residues are
labeled in yellow. Co-crystallized water molecules are depicted as red spheres.''® (b) Model of
the morpholinone core (N-methyl, (5)-CHjs at C2, cyan) in the proposed alternative binding mode
superimposed upon the co-crystal structure of 2 (transparent white, the electron density of the

pendant morpholinone is not fully resolved, PDB 4JVR).! b

This hypothesis was soon verified by the SAR results of the synthesized compounds 8—
11 (Figure 4). Changing the halogen substitution of the C6 aryl from para to meta and the N-
alkyl group from methyl to cyclopropylmethyl led to compound 8, showing a retained potency
relative to 7. Incorporation of an acetic acid fragment at the C2 position resulted in a 6-fold

increase of potency (9 vs. 8). The improved potency can be rationalized by a strong electrostatic
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interaction between the acetic acid functionality appended at C2 and the His96 residue of
MDM2, which is later observed in the co-crystal structure of 12 with MDM2. Notably, changing
the stereochemistry of the C6-aromatic ring was well tolerated within the morpholinone core (10
vs. 9). Further modifications by inverting the stereochemical configuration of the acetic acid
substituent and switching the morpholinone core to a piperidinone, led to the identification of

trans-piperidinone lead 11 with improved potency.

(2) (b)

P 5 Phet9

Figure 6. (a) Model of proposed binding mode of piperidinone series lead 11. MDM2 binding

pockets labeled (by p53 side chain) in white, H96 labeled in yellow.'"

(b) Co-crystal structure of
12 bound to human MDM?2 (17—111) at 1.8 A resolution (yellow, PDB 4ERE). MDM2 binding
pockets labeled (by p53 side chain) in white, H96 labeled in yellow. Co-crystallized water

molecules are shown in red.''

The binding mode of 11 was predicted from docking studies. As shown in Figure 6a, it
was proposed that the C5 m-Cl phenyl group fills the Leu26,s3) pocket, while the deepest
Trp23 53y pocket is occupied by the C6 p-Cl Phe group. The cyclopropylmethyl group occupies
the Phel9,s3) pocket and the carboxylate anion forms an electrostatic interaction with the His96

imidazole side chain of MDM2. The binding mode of 11 was consistent with subsequent SAR

ACS Paragon Plus Environment

Page 8 of 34



Page 9 of 34

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

and confirmed by the co-crystal structure of its piperidinone analogue 12 (Figure 6b). Improved
potency of piperidinone 11 over morpholinones 9 and 10 was presumably due to the alleviation
of the electrostatically repulsive interaction between the carboxylic acid and the oxygen
embedded in the morpholinone ring by replacing the morpholinone core oxygen with a

methylene.

OPTIMIZATION OF PIPERIDINONE SERIES INHIBITORS VIA
CONFORMATIONAL CONTROLS AND EXTENSIVE SAR'"

To maximize interaction with MDM2, the N-cyclopropylmethyl group in 11 requires a
downward orientation into the Phel9s3) pocket (Figure 6a and Figure 7). However, this syn
orientation shown in Figure 7 destabilizes the desired binding conformer. To stabilize the
conformation required to position the N-alkyl substituent into the Phel9ys3) pocket, we decided
to introduce an additional hydrophilic substituent at the methylene adjacent to the ring nitrogen.
This exercise improved the binding affinity to MDM2 significantly by “directing” the highly
flexible N-substituent into the Phe19,s3) pocket. Therefore, compound 12, possessing a directing
group of #-butyl ester in the N-alkyl fragment, was 7—8 times more potent than 11 in both the
biochemical assay (ICsy for 12 of 4.2 nM vs. ICsy for 11 of 34 nM) and the cell proliferation
assay (ICsy for 12 of 0.48 uM vs. ICsy for 11 of 3.4 uM) (Figure 8). The co-crystal structure of
12 bound to MDM2 confirms that the ethyl group reaches into the Phel9 (p53) pocket and the #-
butyl ester projects toward a solvent-exposed region. In addition, the C5 m-Cl phenyl group
engages in a face-to-face, m-stacking interaction with His96 while it fills the Leu26,s3) pocket

(Figure 6b).
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\J
Leu26 Trp23

Trans conformation Syn conformation

Leu26 Trp23

Figure 7. Interconversion of two cyclopropylmethyl conformations. MDM?2 binding pockets are

labeled (by p53 side chain) in blue.'"

11 c 12 cl 13 C' Am-gs53 (14)
Biochemical IC5q 34 nM? Biochemical ICsq 4.2 nM?@ Biochemical ICsq 2.2 nM? Biochemical IC5o 1.1 nM?
Cellular IC5 3.4 uMP Cellular ICs 0.48 uMP Cellular IC5 0.19 uMP Cellular IC5 0.068 uM®

Kp (SPR) 1.0 nM° Kp (SPR) 0.4 nM°
hHep CLiy 26 pM/min per 10° cells hHep CLin 3 uM/min per 106 cells

Figure 8. Optimization of potency and in vitro stability via a combination of conformational
control and extensive SAR.''? “ICso in the HTRF biochemical assay (serum free); bIC50 in the
EdU proliferation assay (SJSA-1, 10% human serum); “Kp in the SPR spectroscopy binding

assay.
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13 - AEnergy? (anti - gauche) = - 0.5 kcal/mol
14 - gauche : anti =25 :75 at 298 K

17 (b)

24 - AEnergy? (anti - gauche) = 2.4 kcal/mol
25 - gauche : anti = 98 : 2 at 298 K

27 Figure 9. Conformers and relative energies (kcal/mol) for (a) C3 (R)-monosubstituted and (b)
C3-disubstituted systems.''  Relative energy profile for anti and gauche conformations is

32 calculated by the density functional theory (DFT) B3LYP/6-31g* method in Jaguar.'"

37 A closer look at the two aryl groups in the co-crystal structure of 12 indicates that the
trans-C5 and C6 aryl groups have a gauche-like orientation in the presence of MDM?2 (Figure
42 6b). However, quantum mechanical calculations on the simple core structure (N-methyl, (R)-CHj3
44 at C3; Figure 9a) suggest that in the free state, the more stable conformer instead possesses an
47 anti-like orientation of the C5 and C6 aryls (AE = —0.5 kcal/mol), which is less favorable for
49 binding. On the other hand, incorporation of a methyl group at the C3 position substantially
destabilizes the undesired anti conformation via a 1,3-steric interaction with the C5 aryl group,
54 leading to a dominant gauche conformation (>98%; AE = 2.4 kcal/mol, Figure 9b). This

prediction translated well into potency increase of C3-methylated analogues.
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Compound 13 was approximately 2—3 times more potent than the corresponding C3 des-
methyl analogue 12 in the HTRF biochemical assay (ICsy for 13 of 2.2 nM vs. ICs, for 12 of 4.2
nM) and the SJSA-1 proliferation assay (ICso for 13 of 0.19 uM vs. ICsy for 12 of 0.48 uM)
(Figure 8). The experimental conformational analysis of 12 and 13, using the '"H NMR vicinal
coupling constants between the C5 and C6 methine protons at two different temperatures, was
also consistent with the theoretical predictions. Compound 13 was the first piperidinone inhibitor
demonstrating a dose-dependent in vivo antitumor efficacy in the SJSA-1 osteosarcoma
xenograft mouse model with an EDsy of 118 mg/kg.

Having identified a core structure with highly populated and well-defined free-state
conformation suited for optimal binding, more efforts were made to further enhance potency and
improve pharmacokinetic properties via optimization of the pendent #-butyl ester in 13. As
mentioned, the co-crystal structure of 12 strongly suggests that any replacement of the z-butyl
ester group would project outward to the solvent region and not interact with MDM2. As
predicted, a variety of functional groups is tolerated in this area. Replacing the #-butyl ester in 13
with a hydroxyethyl moiety produced the secondary alcohol 14 with high potency and low
intrinsic clearance in human hepatocytes (Figure 8). In a SPR spectroscopy binding assay, the Kp
for 14 and 13 was measured as 0.4 nM and 1.0 nM, respectively. Compound 14 was consistently
more potent than 13 in the HTRF biochemical assay and the SJISA-1 cell proliferation assay as
well (Figure 8). Compound 14 was also evaluated for its ability to inhibit tumor growth in the
SJSA-1 xenograft mouse model. As expected, compound 14 significantly inhibited tumor growth
at 150 and 200 mg/kg QD, compared to the vehicle, with an EDsy of 78 mg/kg. Compound 14
was found to have considerably reduced liability in the human pregnane X receptor (APXR)

assay, cytochrome P450 (CYP) inhibition assay, and time dependent inhibition (TDI) assay for
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CYP3A4 isoform, as compared to 13. The most significant improvement of 14 over 13 was its
projected human clearance (CL) (0.03 L/h/kg for 14 vs. 0.55 L/h/kg for 13) along with a long
half-life (>12 h for 14 vs. 0.28 h for 13), which resulted from greatly enhanced intrinsic
clearance in human hepatocytes (3.0 pL/min per 10° cells for 14 vs. 26 uL/min per 10° cells for
13)." The co-crystal structure of 14 with MDM?2 (Figure 10a) confirms that it occupies the three
critical binding pockets of MDM2 in a manner consistent with the previous co-crystal structure
of 12 (Figure 9b). Additionally, the C3 methyl group is found to have no direct interaction with
the protein and project toward the solvent, supporting our proposal that the potency increase
from C3 methylation (13 vs. 12) is conformationally induced and independent of protein

contacts.

DISCOVERY OF 1 VIA CAPTURING AN ADDITIONAL INTERACTION WITH
GLY58 “SHELF” REGION"

Further analysis of the co-crystal structure of 14 suggests that exploration of a previously
underutilized region (G58 “shelf” region in Figure 10a) on the MDM2 surface might improve the
binding affinity of an inhibitor towards MDM?2. When the secondary alcohol moiety in 14 was
replaced with a methyl sulfonamide, the resultant sulfonamide 15 had slightly improved
biochemical potency but weaker cellular potency (ICsy for 15 of 0.24 uM vs. 1Cs, for 14 of 0.068
uM), most likely due to the poor permeability (Figure 11). Interestingly, alignment of 15 to co-
crystal structures of 14 and related piperidinone inhibitors illustrates that the methyl moiety in
the sulfonamide side chain lies in the Gly58 “shelf” region bordered on the edge by F55, N59,

and M63 (Figure 10b).
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Figure 10. (a) Co-crystal structure of 14 bound to human MDM2 (17-111) at 2.0 A resolution
(green, PDB 4ERF) and depicting proposed electrostatic interaction with G58 “shelf” region
(circled).'"™ > MDM2 binding pockets labeled (by p53 side chain) in white. MDM2 residues,
H96, G58, M62, N59, and F55 are labeled in yellow. Co-crystallized water molecules are shown

in red. (b) Proposed binding mode of sulfonamide 15.%

G58 "Shelf"(?) G58 "Shelf" G58 "Shelf" G58 "Shelf"

15 17

Biochemical 1C5, 0.7 nM? Biochemical IC5q 0.2 nM? Biochemical IC5y 0.1 nM?@ Biochemical ICsy 0.6 nM?

Cellular IC5 0.24 uMP  Cellular ICg 0.005 uM® Cellular ICs 0.003 pMP® Cellular ICs5 0.0091 pM®

Kp (SPR) N/D Kp (SPR) N/D Kp (SPR) 0.040 nM°® Kp (SPR) 0.045 nM°
hHep CLj 16 pM/min per 10%cells ~ hHep CLjy 11 pM/min per 10 cells hHep CL; 6.3 pM/min per 108 cells
rHep CLiy 22 uM/min per 10° cells  rHep CLin; 21 uM/min per 10° cells rHep CLiy 10 uM/min per 10 cells
fuin rat plasma 1.1 fu in rat plasma 0.4 fuin rat plasma 1.2
Rat PKd Rat PK? Rat PK¢
CL (L/h/kg)/typ(h) 19/1.3 CL (L/h/kg)/ tyj2 (h) 047/34 CL (Lh/kg) / ty;2 (h) 0.66/2.3

Figure 11. Discovery of 1 via identification and optimization of an additional interaction with
Gly58 shelf region.'” “ICs, in the HTRF biochemical assay (serum free); ’ICs in the EAU
proliferation assay (SJISA-1, 10% human serum); “Kp in the SPR spectroscopy binding assay;

“Rat PK (iv, 0.5 mg/kg)
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Once the interaction with this shallow predominantly hydrophobic cleft adjacent to the
Phel9s3) pocket was optimized within the sulfonamide piperidinone series, we were able to
discover highly potent MDM2 inhibitors such as the cyclopropyl sulfonamide 16 with single-
digit nanomolar potency in cell proliferation assay (EdU ICso = 5.3 nM) (Figure 11). However,
these sulfonamide inhibitors were found to have moderate to high in vivo clearance in rat and
relatively high intrinsic clearance in human hepatocytes (i.e. 16 uL/min per 10° cells for 16),
which was used for the human clearance prediction described below in the section of human PK
prediction.” Encouraged by the increased potency imparted by the sulfonamide functionality, we
set out to explore the less polar and potentially more stable sulfone moiety to retain the favorable
interaction with the glycine shelf and improve the metabolic stability. Gratifyingly, replacement
of the sulfonamide group with a sulfone moiety provided a series of extremely potent MDM2
inhibitor exemplified as 17 in Figure 11. More importantly, many of these compounds maintain
favorable cellular potency and have low intrinsic clearance in human hepatocytes and in vivo
clearance in rat. Further optimization of N-alkyl substituent interacting with the Phel9,s3) pocket
led to the discovery of 1 (Figure 11). With its combination of high potency and excellent

pharmacokinetics, compound 1 was chosen for further development.

BINDING MODE"

To understand specific interactions with MDM?2, the binding mode of 1 was predicted
from the co-crystal structures of 17 and related analogues (Figure 17)."”” Compound 1 occupies
the three critical binding pockets of Leu26ps3), Trp23 53y, and Phel9ps3). The C5 aryl group fills
the Leu26,s3) pocket and engages in a face-to-face m-stacking interaction with His96, while the

C6 aryl group reaches deep into the Trp23,s3) binding cavity. The isopropyl group is directed
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into the Phel9s3) pocket by the conformational constraint induced by the sulfone side chain.
The carboxylate functionality forms a strong hydrogen bond (2.7 A) with the imidazole on the
His96 side chain of MDM2. In addition, the sulfone moiety properly projects the isopropyl group
to the glycine shelf region to maximize the hydrophobic contact with the neighboring proteins

while the sulfone itself is situated ca. 3.5 A from the a-carbon of G58, suggesting a CHe*+O type

interaction with this residue.

Figure 12. Binding mode of 1 based on the co-crystal structures of 17 bound to human MDM?2
(17-111)(PDB code: 40AS)."> MDM2 binding pockets are labeled (by p53 side chain) in white.

MDM2 residues H96, G58, M62, N59, and F55 are labeled in yellow.

Furthermore, superimposition of the single crystal structure of 1 onto the co-crystal
structure of 17 shows that the binding conformation of 1 is essentially identical to the

conformation of 1 crystallized in the absence of protein. This suggests that 1 has the optimal
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MDM?2 binding with minimal conformational cost and the sulfone side chain is bound in the
extended low energy conformation. The favorable interactions and binding conformations of 17
with MDM2 observed in the co-crystal structures greatly contribute to its high binding affinity

toward MDM2.

CHEMICAL SYNTHESIS OF 1'>*!

Asymmetric synthesis of 1 is described in Scheme 1. Overall, it was prepared in 12
linear steps beginning with 3-chlorophenylacetic acid 18.  Friedel-Crafts acylation of
chlorobenzene with the acid chloride of 18 gave ketone 19. Conjugate addition of 19 to methyl
methacrylate provided keto ester 20 in 95% yield as a racemic mixture of diastereomers.
Catalytic hydrogenation of 20 in the presence of 0.4% RuCI2[(S)-xyIBINAP][(S)-DAIPEN] with
40% sodium tert-butoxide in 2-propanol afforded compound 21 in 92% ee as a mixture of
diastereomers at C-2. This dynamic kinetic resolution is the key step in establishing the correct
absolute configuration of the piperidinone core of 1.

The isopropyl ester of 21 was hydrolyzed to carboxylic acid with lithium hydroxide and
cyclized to lactone 22 in the presence of pyridinium p-toluenesulfonate (PPTS) under Dean-Stark
conditions in 81% overall yield from 20. Lactone 22 was stereoselectively alkylated with allyl
bromide to afford the disubstituted lactone 23 in 94% yield with a diastereomeric ratio of greater
than 99:1. The enantiomeric excess of crystalline lactone 23 could be further improved to greater

than 98% by recrystallization from heptane.
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Scheme 1. Asymmetric Synthesis of 1

Cl Cl
23 (er=96:4
oL ( ) 24

23 (er > 99:1)

“ Reagents and conditions: (a) chlorobenzene, AICl;, SOCI,, 89%; (b) methyl methacrylate, ¢-
BuOK, THF, 95%; (c) 0.4% RuCl,[(S)-xylIBINAP][(S)-DAIPEN], ~-BuONa, 2-propanol, H, (50
psi), 45 h; (d) LiOH, THF/MeOH/H,0; (e) PPTS, toluene, reflux, 81% from 20; (f) LIHMDS,
allyl bromide, THF, —30 to —5 °C, 94%; (g) recrystallization from heptane, 80%; (h) L-Valinol,
neat, 100 °C, 100%; (i) Tt,0, lutidine, —50 °C; (j) LiOH, THF/H,O then recrystallization from
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cyclohexane, 75% from 24; (k) TsOH, toluene, reflux, 100%; (1) 2-propanethiol, K,CO3;, DMF,
50 °C, and then mCPBA, 0 °C, 90% over 2 steps; (m) RuCls, NalO4, EtOAc/CH3CN/H,0, then
recrystallization from EtOH/H,0, 93%.

Addition of L-valinol to lactone 23 resulted in ring-opened amide 24 in quantitative yield,
and cyclization of 24 in the presence of trifluoromethanesulfonic anhydride gave intermediate
25. In this reaction, the triflate of the primary alcohol is rapidly displaced by the amide oxygen to
give an oxazoline ring. The nitrogen of the oxazoline then displaces the secondary triflate in a
Sn2-type fashion to give bicyclic oxazolinium triflate 25. The subsequent basic hydrolysis of 25
provided lactam 26 which was purified by column chromatography and recrystallization.

Acid-catalyzed cyclization of 26 resulted in the formation of oxazolinium tosylate 27
which was opened with 2-propanethiol in the presence of lithium hydroxide. Oxidative workup
afforded sulfone 28 as the penultimate intermediate in 90% yield from 26. Finally, ruthenium
chloride/sodium periodate oxidatively cleaved the terminal alkene to form the desired carboxylic
acid in 93% yield. Recrystallization from ethanol/water provided 1 with greater than 99%
chemical purity. This reliable and scalable route provided multi-hundred gram quantities of 1 for

its preclinical studies.

IN VITRO AND IN VIVO PHARMACOLOGY "%

Compound 1 significantly inhibits the human MDM?2-p53 interaction in the biochemical
HTRF-based assay (ICsy = 0.6 nM), but has no inhibition against MDMX at concentrations up to
10 uM. It binds to the human MDM?2 in the SPR spectroscopy binding assay with a Kp of 0.045
nM. In the EdU proliferation assay, the molecule substantially suppresses growth of MDM2-

amplified SJSA-1 osteosarcoma tumor cells (ICsp = 9.1 nM). Furthermore, compound 1 potently
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inhibits proliferation of non-MDM2-amplified HCT116 colorectal cells in the BrdU assay (ICsg
=10 nM).

The cellular selectivity of 1 was evaluated by examining its effect on the proliferation of
cultured HCT116 wild-type p53 (p53™) and p53-deficient (p537/7) tumor cells. As shown in
Figure 13, the molecule significantly inhibited the growth of wild-type p53 cells (ICso = 10 nM)
in the BrdU proliferation assay, but had no growth inhibition of p53-deficient cells at
concentrations up to 10 uM (ICso > 25 uM). The cellular selectivity between the deficient and
wild-type p53 lines was greater than 2500-fold, indicating that 1 has p53 dependent cell activity

exclusively.

100
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Figure 13. Cell activity of 1 is p53 dependent. In HCT116 p53™ and p53 ™ cells, the percentage
of BrdU positive cells was measured 16 h post-compound treatment by flow cytometry. DMSO

control was designated as 0% inhibition.

To understand the effect of 1 on p53 pathway signaling in vivo, we measured levels of
p21 mRNA induction, a transcriptional target and pharmacodynamic readout for p53 activity.”

Treatment of SISA-1 led to robust induction of p21 over 24 hours, with a peak p21 induction of
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30-fold occurring at 4 hours post dose (Figure 14). This confirms that 1 effectively activates the

p53 signaling in human tumors in vivo.
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Figure 14. Pharmacodynamic study: treatment with 1 caused time and concentration dependent
induction of p21 mRNA in SJSA-1 tumor xenografts. *p<0.05. Female athymic nude mice were
implanted subcutaneously with 5 x 10° STSA-1 cells. When tumors reached ~175 mm?, 50 mg/kg
of 1 or vehicle was administered orally once daily (QD) for 4 days. Mice were sacrificed on day
4 at 1, 2,4, 8, and 24 hours post-dose (n = 5/group). Tumors were immediately removed and
snap-frozen. p21 mRNA levels were measured by quantitative RT-PCR. Tumors treated with
vehicle served as a negative control and indicated the baseline p21 mRNA level. Data are
represented as mean p21 fold induction over vehicle and error bars represent SEM of data from
five mice. Concentrations in plasma were analyzed by LC/MS/MS, and are plotted against the

right y-axis.

To assess the ability of 1 to inhibit tumor growth in vivo, efficacy studies were performed
in xenograft models of wild-type p53 human cancer cells. In the MDM2-amplified SISA-1

osteosarcoma model, compound 1 displayed robust tumor growth inhibition compared to the
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vehicle, with an EDsy of 9.1 mg/kg QD (Figure 15). Unbound ECs, associated with EDsy was
calculated as 2.8 nM.** Regression was observed with the two higher doses of 30 mg/kg and 60
mg/kg QD. The 60 mg/kg of dose caused complete tumor regression in 10 of 12 mice. No body

weight loss was observed with any of the treatment groups.
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Figure 15. * p<0.05. Treatment with 1 inhibited the growth of SJSA-1 tumors in vivo. SJISA-1
cells (5 x 10°) were implanted subcutaneously into female athymic nude mice. Treatment with
vehicle or 1 at 7.5, 15, 30 or 60 mg/kg QD by oral gavage began on day 11 when tumors had
reached ~200 mm® (n=12/group). Tumor sizes were measured twice per week. Data represent

mean tumor volumes and the error bars represent SEM of data from 12 mice.

Compound 1 was also evaluated in the non-MDM2-amplified HCT-116 colorectal
carcinoma xenograft model. Treatment with 1 twice a day dosing (BID) caused a dose-dependent
tumor growth inhibition with an EDsy of 16 mg/kg (Figure 16). The highest dose of 100 mg/kg
BID resulted in tumor stasis (100% TDI) and no body weight loss was observed with any of the
treatment groups. Tumor growth inhibition with QD dosing was comparable to that of BID

dosing at all dose levels.*
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Figure 16. * p<0.0001. Treatment with 1 inhibited the growth of HCT-116 tumors in vivo. HCT-
116 colorectal carcinoma cells (5 x 10°) were implanted subcutaneously into female athymic

nude mice. Treatment with vehicle or 1 at 25, 50 or 100 mg/kg BID dosing by oral gavage began
on day 11 when tumors had reached ~200 mm?® (n=10/group). Tumor sizes were measured twice
per week. Data represent mean tumor volumes and the error bars represent SEM of data from 10

mice.

DRUG METABOLISM*

The metabolism of 1 labeled with carbon-14 (Figure 17) was studied in hepatocytes from
rat, dog, monkey, and human. Glucuronidation was found to be the primary metabolic pathway
in hepatocytes from all species including human. The formation rate of acyl glucuronide (M1 in
Figure 17) was determined to be in the order of dog > monkey > human > rat hepatocytes, which
was consistent with the published data.’® In an in vivo metabolism study, about 8% of
administered dose was recovered as unchanged parent molecule in rat bile and feces over a
period of 24 hours when ["*C]-1 was orally dosed in bile cannulated rats. In this study, acyl

glucuronide was identified as a major metabolite along with two monohydroxyl metabolites. In
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vitro and in vivo data suggest that metabolism is the major route of clearance and

glucuronidation is the major metabolic pathway for 1.

Cl

[1 4C]_1
*14C-label

Figure 17. Structures of ['*C]-1 and major metabolite acyl glucuronide (M1).

PRECLINICAL PHARMACOKINETICS AND HUMAN PK PREDICTION*

The preclinical pharmacokinetics of 1 were investigated in mouse, rat, cynomolgus
monkey, and beagle dog following single-dose intravenous (IV) or oral administration. The
molecule was found to have a low clearance and good oral bioavailability in mouse, rat and
cynomolgus monkey, but high clearance and low oral bioavailability in beagle dog. Given the
different pharmacokinetic properties of 1 in the preclinical species, in vitro—in vivo extrapolation
of hepatocyte stability data'® was explored to predict the human clearance. As a result, good in
vivo-in vitro correlation was observed in preclinical species when the hepatic intrinsic clearance
values from preclinical species were scaled up to predict in vivo clearance. Using this method, 1

was predicted to have low clearance and a long half-life in humans.

SAFETY ASSESSMENT
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Possible effects of 1 on enzyme activity and binding to receptors, were evaluated in the
CERERP in vitro pharmacology assay panel. It was found to have no inhibition on any control
specific binding at a concentration of 10 uM. In the ScanMax profiling assay, compound 1 was
associated with only one hit out of 392 non-mutated kinases tested (protein kinase D2 (PRKD?2),
69% inhibition at 10 pM). These data indicate that 1 is a highly selective inhibitor of MDM2.
The cardiovascular safety profile of 1 was assessed through a combination of in vitro (hERG
assay and isolated rabbit heart assay) and in vivo studies (rat telemetry study). These studies
indicated no cardiovascular liability at exposure or concentration levels significantly higher than
pharmacologically active exposures and concentrations. For example, in a single-dose rat
cardiovascular telemetry study, no significant changes in cardiovascular variables were detected
up to 250 mg/kg.

Compound 1 was a weak competitive inhibitor of CYP2C8 with an ICsy of 8.5 pM and
not a potent inhibitor of CYP1A2, 2C9, 2C19, 2D6, 2E1 or 3A4, with ICsy of >30 uM, indicating
low potential to affect clearance of co-administrated drugs by competitive inhibition of human
CYP isoforms. PXR activation by 1 in vitro was evaluated using a PXR reporter gene assay. At 2
and 10 uM, 1 activated human PXR at 18 and 21% of positive control rifampicin at 10 uM,
respectively. CYP induction assay was carried out with human hepatocytes from donors, the
changes in mRNA level and activity of CYP3A4, CYP2B6, and CYP1A2 were minor at 1 uM of
1. Overall potential for 1 to increase clearance of CYP3A4 substrates is considered low due to
the relatively low exposure at a projected clinically efficacious dose. In vivo nonclinical
toxicology profile of 1 was evaluated in the preclinical species where no safety findings

precluded progression of 1 to clinical development.
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CONCLUSION

Combination of de novo design, X-ray crystallography, molecular modeling, and iterative
medicinal chemistry, resulted in the discovery of piperidinone MDM?2 inhibitors. Further
optimization of this series through conformational controls, extensive SAR studies, and
capturing an additional interaction with Gly58 “shelf” region led to the discovery of 1, which is a
highly potent MDM2 inhibitor in clinical trials. Compound 1 has favorable in vitro and in vivo
toxicology profiles. Moreover, this molecule is projected to have low clearance and a long half-

life in humans.
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P450; DMF, N,N-diemethylformamide; DMSO, dimethylsulfoxide; dr, diastereoselectivity ratio;
ECso, half maximal effective concentration; EDs, median effective dose; EAU, 5-ethynyl-2’-
deoxyuridine; ee, enantiomeric excess; er, enantioselectivity ratio; EtOAc, ethyl acetate; EtOH,
ethanol; fu, fraction unbound; #PXR, Human Pregnane X Receptor; HTRF, homogeneous time-

resolved fluorescence; HTS, High-throughput screening; 1Cso, half maximal inhibitory
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concentration; IV, intravenous; LIHMDS, lithium bis(trimethylsilyl)amide; MeOH, Methanol;
MDM2, murine double minute 2; NMR, Nuclear magnetic resonance; PPTS, pyridinium p-
toluenesulfonate; PK, pharmacokinetics; PXR, pregnane X receptor; QD, once a day dosing; RT-
PCR, reverse transcription polymerase chain reaction; SAR, structure activity relationship; SEM,
standard error of mean; SN2, substitution nucleophilic (bi-molecular); SPR, Surface Plasmon
Resonance; -BuOK, potassium tert-butoxide; t-BuONa, sodium fert-butoxide; TDI, time
dependent inhibition; Tf,O, Trifluoromethanesulfonic anhydride; THF, tetrahydrofuran; TsOH,

4-toluenesulfonic acid.
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