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ABSTRACT: Herein, we describe the discovery of potent and e

- ive inhibi ; /
highly selegtlve 1nh%b1t-ors‘ of both CDK4 and CDK6 via 7 CDK4 ICsy 0.015 M
structure-guided optimization of a fragment-based screening Ng = N CDKE ICor 0.12 uM

. s NN\ 7N \ 50 Y. 121
hit. CDK6 X-ray crystallography and pharmacokinetic data | N CDK1 and 2 ICg, > 15 uM
steered efforts in identifying compound 6, which showed N Oral efficacy in Jeko-1 xenograft
>1000-fold selectivity for CDK4 over CDKs 1 and 2 in an © (6) model at 250 mg/kg/day bid

enzymatic assay. Furthermore, 6 demonstrated in vivo
inhibition of pRb-phosphorylation and oral efficacy in a Jeko-1 mouse xenograft model.
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Progression through the cell cycle is a highly regulated Previously, we reported on the identification and structure-
process. In the absence of appropriate growth signals, a guided optimization of a series of 4-(pyrazol-4-yl) pyrimidines
family of pocket proteins including retinoblastoma protein as selective CDK4/6 inhibitors. Several potency and selectivity
(pRb) prevents cells from entering the DNA replication phase determinants were established based on the X-ray crystallo-
(S phase).”” The replication cycle begins when mitogens graphic analysis of representative compounds bound to
trigger signal transduction pathways, leading to increase of CDXK&6.'® Herein, we describe the structure-guided optimization
cellular levels of D-cyclins. D-cyclins, in turn, activate cyclin- of a CDK6 fragment-based screening hit leading to the
dependent kinases 4/6 (CDK4/6), which phosphorylate and discovery of compound 6, a potent, selective, and orally
inactivate pRb."** bioavailable CDK4/6 inhibitor.

Uncontrolled cell proliferation is one of the hallmarks of The starting point for this work was provided by the CDK6
cancer, and pRb inactivation is the key event that enables tumor fragment-based screening hit A [Scheme 1, CDK6 ICg, = 7.2
cells to progress through the cell cycle unchecked. While some uM, ligand efficiency (LE)lg = 0.44]. The X-ray crystallo-
tumors delete the pRb gene itself, the majority maintain a graphic structure of CDKG6 in complex with fragment A (Figure
functional pRb and instead activate CDK4/6 kinase activ- 1a) was solved using a novel back-soakable form of CDK6. The
ity.>~"! Ablation of CDK4 kinase activity led to complete tumor crystal structure revealed that the ligand binds in the ATP
growth inhibition in CDK4/cyclin D1-dependent tumors such pocket and forms hydrogen bonds with the backbone NH and
as those found in breast cancer that overexpresses Her2/neu."” the backbone carbonyl of Vall0l. Further inspection of the
Furthermore, normal fibroblast cells were shown to overcome crystal structure suggested that the two heterocyclic rings
the absence of CDK4/6 due to compensation by CDK1, whose offered multiple “growth” vectors and therefore the opportunity
absence is not tolerated.> Taken together, this evidence to interact with many of the residues within the ATP pocket
suggests that a selective inhibitor of CDK4/6 may have a wider known to be important for potency and selectivity.'**°~**
therapeutic window than pan-CDK inhibitors. Some of these key residues are highlighted in Figure 1. In

A variety of CDK inhibitors have been evaluated preclinically particular, His100 (CDK6) and Thr107 (CDK6) are replaced
and clinically."'*"> Given the evidence described above, many

research groups have embarked on the discovery of a CDK4/6 Received: December 2, 2011
selective inhibitor, with the most well-documented being PD- Accepted: April 16, 2012
0332991.'%"7 Published: May 17, 2012
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Scheme 1. Identification of Benzimidazole 1, Starting from
Fragment A”
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“ICq, values are given as the average of two or more determinations
unless otherwise indicated by an asterisk (*) (where n = 1).

CDK6 ICqy = 1.1 uM
CDK4IC,y=2.2 uM
CDK1 ICy = 8.9 uM
CDK2 ICy, > 15 uM

with Phe and Lys, respectively, in CDKs 1 and 2. Exploiting
these two differences is important for establishing selectivity
over CDK1/2. Hydrogen bonding between the ligands and the
side chain of Lys43 and the backbone of Asp163 also seems to
contribute to a potent and selective CDK4/6 profile.”"*

Examination of the structure in Figure 1 suggested that
optimal growth vectors to target Lys43 would be provided by
replacing the pyrrole with a pyridine ring. The pyridine
analogue B (Scheme 1, $7% inhibition at 30 4uM, LE = ca. 0.36)
retained acceptable LE and provided a better starting point for
further optimization.

Structure-based design and previous experience with CDK4/
6 described above'®*°~>* enabled rapid elaboration of the
scaffold as exemplified by compound 1 (CDK6 ICy, = 1.1 uM,
LE = 025).** The rationale for this compound design is
illustrated by the model of 1 bound to CDK6 (Figure 1b). First,
the pyridin-3-yl group was introduced with the aim of
establishing a hydrogen bond with the side chain of Lys43.
Second, a 4-(dimethylamino) piperidine group was introduced
at the S-position of the benzimidazole, with the intention of
placing a bulky amine in the vicinity of Thr107. This residue is
less sterically demanding and less basic than the corresponding
lysine in CDK1/2, and so, it was hoped that this substitution
would improve both selectivity over CDK1/2 and solubil-
ity 1820-22

Subsequent optimization around the pyridin-3-yl motif of
compound 1 led to the identification of the isoquinoline
analogue 2, which demonstrated ca. 20-fold increase in affinity
for CDK6 (ICgy = 0.049 uM, LE = 0.28) as compared with 1
(Table 1). Compound 2 also exhibited good potency against
CDK4 (ICy, = 0.006 uM, LE = 0.31) and moderate selectivity
over CDKs 1 and 2.

The next strategy to improve selectivity relied on the CDK6
hinge residue His100, an amino acid that is rarely conserved in
other kinases. Previously reported structural studies with
selective inhibitors bound to CDK6 propose an aromatic sp2
nitrogen in proximity to Hisl00 (His92 in CDK4) as an
important determinant for selectivity over other kinases.'®'®**

Analysis of the structural information in Figure 1 suggested
that replacing the benzimidazole with 7-azabenzimidazole
would provide an opportunity to test this hypothesis. Indeed,
the 7-azabenzimidazole analogue 3 was the first compound to
exhibit greater than 10-fold selectivity for CDKs 4 and 6 over
CDKs 1 and 2. The structure of 3 bound to CDK6 is shown in
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Figure 1. (a) X-ray crystal structure of benzimidazole fragment A
bound to CDK6, showing hydrogen bonds to the kinase hinge region
(dotted black lines). (b) Model of compound 1 (magenta) bound to
CDKG6 (yellow) overlaid with key amino acid differences from CDK2
(1hck; shown in cyan). The pyridin-3-yl nitrogen aims to hydrogen
bond with the side chain of Lys43 (CDK6). The 4-dimethylamino-
piperidine group is designed to make unfavorable electrostatic and
steric repulsion with Lys89 (CDK2) but to be tolerated by Thr107
(CDK6). Docking performed using GOLD.>>*¢

Figure 2a. As with fragment A, two hydrogen-bonding
interactions are observed between 3 and the backbone NH/
carbonyl of Val101. The pyridine forms a favorable edge-to-face
aromatic—aromatic contact with the gatekeeper residue Phe98.
The isoquinoline ring nitrogen is positioned toward the side
chain of Lys43, indicating a hydrogen bond.

Interestingly, the isoquinoline ring also shows ca. 30° twist
relative to the plane of the pyridine, which appears to provide a
better orientation for hydrogen bonding and the resulting
increased potency of the isoquinoline analogues 2 and 3
compared to the pyridyl analogue 1. A close examination of the
structure in Figure 2a also revealed an opportunity to form a
hydrogen bond with the backbone of NH of Asp163 (part of
the DFG kinase motif) by placing a nitrile group in the back of
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Table 1. ICy, values for compounds in the CDK enzyme assays“’b

/
N N-N
L [
O O
L OO N O
_ N 2 > N
H
o H ¢}
2-4 5-6
ICs (uM)
X, X, CDK4/Cyclin D1 CDK6/Cyclin D3 CDKI1/Cyclin B CDK2/Cyclin A
2 N CH 0.006 + 0.001 0.049 + 0.006 1.2+ 02 0.27 + 0.06
3 N N 0.012 + 0.002 03 +£0.1 >1§ 62 + 04
4 CCN N 0.003 + 0.000 0.026 + 0.003 5.6 +£04 24 +02
S N CH 0.25 + 0.03 NT >1S >15
6 CCN N 0.015 + 0.001 0.12 >15 >15

“Results are expressed as the mean =+ standard deviation of 1—2 ICs, determinations. For each determination, concentration—inhibition curves were
obtained in duplicate and then averaged to afford a single ICs, curve with a >95% confidence interval. b70% homology shared between CDK4 and -6

contributes to comparable SAR profiles of two enzymes.

(@)

His100

Phe164

Phe98
(gatekeeper)

Figure 2. (a) X-ray crystal structure of compound 3 bound to CDKG6.
(b) Model of compound 4 bound to CDK6 created using GOLD-
based software. Projection is rotated (~90°) and expanded to illustrate
the putative hydrogen bond between the nitrile and the backbone NH
of Asp163. Lys43 has been removed for clarity.

the pocket. This strategy is illustrated by the docking model in
Figure 2b. Replacing the pyridine ring of compound 3 with a
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benzonitrile motif gave compound 4, which showed increased
potency for CDK4/6 as well as improved selectivity over CDKs
1 and 2.

While demonstrating good potency and modest selectivity,
the isoquinoline analogues typically showed limited oral
exposure. In an attempt to improve the pharmacokinetic
profile, analogues of 2 [plasma clearance (CLp) = 144 mL/
min/kg at 2 mg/kg iv, AUC 250 nM h at 5§ mg/kg po,
Sprague—Dawley rats] were prepared, as these provided the
most convenient way to explore the effect of replacing the
isoquinoline ring with alternative heterocycles. This led to the
identification of the trimethylpyrazole 5 (Table 1), which
exhibited moderate potency (CDK4 ICy, 0.25 uM, LE = 0.26),
reduced in vivo clearance (27 mL/min/kg), and improved oral
exposure (AUC 2526 nM h, S mg/kg po) in rat.

Experience gained with compounds 2—4 was then used to
further optimize potency and selectivity. Thus, introducing the
azabenzimidazole group and replacing the pyridine motif with
benzonitrile led to the identification of compound 6 (CDK4
IC5, = 0.015 uM, LE = 0.30), which exhibited a >1000-fold
selectivity for CDK4 over CDKs 1 and 2. Furthermore, 6
demonstrated an oral bioavailability of 26% in rat (AUC 1147
nM h, S mg/kg po) with acceptable plasma clearance (37 mL/
min/kg, 1 mg/kg iv).

Compound 6 was also shown to be selective for CDK4/6
over a panel of 35 serine-threonine and tyrosine kinases
(Supporting Information). These results indicated a compara-
ble or improved selectivity profile relative to currently
published CDK4/6 selective inhibitors.'®'®

A critical aim of this project was to generate compounds with
a high degree of selectivity for CDK4/6 over CDK1/2. During
the optimization process, certain modifications were made to
the molecule, not solely to increase CDK4/6 potency but to
drive the high selectivity over CDK1/2. Examples include the
(dimethylamino)piperidine group and the azabenzimidazole
modification, which actually reduces CDK4/6 potency
(compare 2 and 3). One consequence of this is that compound
6 has a lower LE (CDK4 LE = 0.31, CDK6 LE = 0.26) than the
starting fragment A (CDK6 LE = 0.44).

Selective CDK4/6 inhibition prevents phosphorylation of
pRb, consequently blocking the G1 to S phase transition.
Compound 6 demonstrated a normalized cellular IC4,"® value
of 0.26 M in a Jeko-1 mantle cell lymphoma assay measuring
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inhibition of pRb phosphorylation.”*” Fluorescence-activated
cell sorting (FACS) demonstrated a dose-dependent increase in
exclusive Gl arrest with increasing concentrations of
compound (Figure 3). Clean G1 block was maintained over a
range of 0.625—2.5 M. At a higher concentration of 10 uM,
block in non-G1 phases of the cell cycle emerged.

100

90

80 EH

70

BG1
60

50 1 =S

% cells

.
0 0G2

30 1

20

o |9 i

DMSO 0.039 0.156 0.625 2.500 10.000
uMm

Figure 3. Cell cycle flow cytometry analyses of compound 6.

This favorable balance of PK properties with biochemical and
cellular potency/selectivity profile led us to evaluate 6 in Jeko-1
xenograft tumor-bearing severe combined immunodeficiency
(SCID) mice. Modulation of pRb phosphorylation was
examined at several time points (0, 1, 4, and 7 h post the last
dose) after orally administering 6 for 2.5 days twice daily at 125
and 250 mg/kg (Figure 4a,b). Dose-dependent increases in
Cpnax and inhibition of pRb were observed. A dose level of 250
mg/kg/day with 6 resulted in a maximum 80% inhibition of
phosphorylation, which declined to 60% at 7 h. At the 500 mg/
kg/day dose level, the pharmacodynamic (PD) readout reached
100% 1 h postdosing and was sustained above 85% over 7 h.
We then verified the maximum tolerated dose (MTD)
following 7 days of oral treatment of naive SCID mice at
100, 200, and 400 mg/kg/day bid. The MTD was established as
the maximum dose that resulted in less than 15% mean body
weight loss and no treatment-related deaths. On the basis of
these criteria, the MTD of 6 was determined to be between 200
and 400 mg/kg/day. Efficacy was then assessed in a Jeko-1
xenograft model, where tumor-bearing mice were treated with 6
twice daily for 10 days (Figure 4c). Results were reported as T/
C, determined by the ratio of the change in tumor volume of
the treated animals to the change in tumor volume of the
control animals. Following oral dosing at 75, 150, and 250 mg/
kg/day, compound 6 exhibited dose-related antiproliferative
effects with T/C values of 41, 25, and 4%, respectively. These
results indicated that 6 was able to demonstrate dose-
dependent tumor growth inhibition, with the 250 mg/kg/day
dose significantly blocking tumor growth. The 250 mg/kg/day
dose was well tolerated and did not exceed the MTD criteria
described above. Coupled with the PD data obtained, the
CDK4/6 selective inhibitor 6 exhibited sufficient in vivo
exposure to block CDK4/6 specific pRb phosphorylation in the
tumors and a robust antitumor activity in this mouse tumor
model.

In summary, we have identified a potent, highly selective, and
orally bioavailable CDK4/6 inhibitor 6, starting from
benzimidazole fragment A. CDK6 structure-guided design
and pharmacokinetic data were utilized for optimization toward
compound 6. CDK4/6 specific activity of this compound was
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Figure 4. (a and b) Inhibition of phosphorylation of pRb in Jeko-1
xenograft tumor bearing SCID mice treated with 6. (c) Efficacy of
compound 6 in Jeko-1 xenograft tumor bearing SCID mice.

apparent in both biochemical assays and cellular functional
readouts. Multiday treatment of Jeko-1 tumors in mice
demonstrated dose-dependent inhibition of pRb phosphor-
ylation as well as tumor growth delay.
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Enzyme assay conditions for CDK1, -2, -4, and -6, CDK4
cellular assay conditions, fluorescence-activated cell-sorting
conditions, crystallography conditions, in vivo experiments
method, experimental details for the synthetic procedures and
characterization data of A, B, and 1—6, and further in vitro and
in vivo pharmacokinetic data. This material is available free of

charge via the Internet at http://pubs.acs.org.
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