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ABSTRACT. The Ber-Abl ™'*' mutation induced imatinib-resistance remains a major challenge for
clinical management of chronic myelogenous leukemia (CML). Herein, we report GZD824 (10a) as a
novel orally bioavailable inhibitor against a broad spectrum of Bcr-Abl mutants including T3151. It
tightly bound to Ber-Abl™" and Ber-Abl™"! with K values of 0.32 and 0.71 nM, respectively, and
strongly inhibited the kinase functions with nM ICs, values. The compound potently suppressed
proliferation of Ber-Abl-positive K562 and Ku812 human CML cells with ICs, values of 0.2 and 0.13
nM, respectively. It also displayed good oral bioavailability (48.7%), a reasonable half-life (10.6 hrs)
and promising in vivo anti-tumor efficacy. It induced tumor regression in mouse xenograft tumor
models driven by Ber-AbI™" or the mutants, and significantly improved the survival of mice bearing an
allograft leukemia model with Ba/F3 cells harboring Ber-Abl ", GZD824 represents a promising lead

candidate for development of Ber-Abl inhibitors to overcome acquired imatinib-resistance.

KEYWORDS: chronic myeloid leukemia (CML), GZD824, Bcr-Abl, imatinib resistance, T3151

mutation

INTRODUCTION

The Ber-Abl inhibitor imatinib (1) has provided significant clinical benefit and become the first-line
drug for conventional treatment of Philadelphia chromosome positive (Ph") chronic myeloid leukemia
(CML). However, emerging acquired resistance to drug 1 has become a major challenge for clinical
management of CML. '® For imatinib-treated CML patients, the 2-year incidence of resistance reaches
80% in the blastic phase, 40-50% in the accelerated phase, and 8-10% in the chronic phase. The
occurrence of point mutations in the Abl kinase domain is the primary mechanism underlying imatinib-
resistance. ©~ More than 100 resistance-related Ber-Abl mutants have been identified in the clinic,

among which the “gatekeeper” T315I is most common mutation, as it accounts for approximately
2
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15~20% of all clinically acquired mutants. Great efforts have been devoted to identifying novel Ber-Abl
inhibitors to overcome imatinib resistance. Nilotinib (2) '°, dasatinib (3) '' and bosutinib * have been
approved as second-line drugs to treat adult patients in all phases of CML with resistance to drug 1.
Many other inhibitors, such as bafetinib, '2 have also been developed in late-stage clinical trials (Figure
1). However, the second-generation inhibitors are not capable of inhibiting the most refractory Ber-Abl
BB mutant. "*'° Ber-Abl ™'*induced drug resistance remains an unmet clinical challenge for CML
treatment.

T315 is one of the most critical residues for the binding of type I and type II inhibitors in the ATP-

binding pocket of Ber-Abl kinase. ' '®

The T3151 mutation disfavors a key hydrogen bonding
interaction between the classical Ber-Abl inhibitors and the kinase, whereas the bulky isoleucine side
chain of 1315 prevents the inhibitors from accessing an important hydrophobic pocket at the back of the
ATP-binding domain. Moreover, the T3151 mutation is also associated with a conformational change of
the kinase from DFG-out to DFG-in, which further disrupts the binding of type II inhibitors to the Abl

. . 1922
kinase domain.

In addition to a mutation in the kinase gatekeeper region (T315I/A), various
mutations in the p-loop region (i.e., G250E, Q252H, Y253H, and E255K/V) and the hinge region
(F317L/V) that confer imatinib resistance have also been identified. Notably, the inhibitory activity of 2
and 3 against the p-loop (Y253H and E255K/V) and the hinge of Bcer-Abl mutants (F317V),

respectively, has been reported to be relatively limited. 2 2% %
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Figure 1. Chemical structures of FDA-approved and newly developed Ber-Abl inhibitors.

1 B! mutant in biochemical and cellular

Several small molecules capable of inhibiting the Bcr-Ab
assays have been reported. *° Examples include the type I inhibitor PPY-A, c-Src/Abl dual inhibitor
TG100598 and non-ATP-competitive or allosteric inhibitors (ON012380 or GNF-2, respectively).
Several ATP-competitive Aurora kinase inhibitors, such as MK-0457 (4) 27 PHA-739358 (5) *®,
AT9283 (6) % and XL-228 (7), *° have been reported to inhibit Ber-Abl ™'*'. However, most of these
compounds appear to lack oral bioavailability, as they were formulated for intravenous administration.
Furthermore, the clinical development of compound 4 has been discontinued because of its toxicity.
Although 6 potently inhibits the activity of the Ber-Abl "' mutant and Ber-Abl variants with

4
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mutations in the p-loop and hinge regions, the mechanism underlying this broad spectrum of inhibition
and the relative selectivity of this compound for Ber-Abl over other off-target kinases require further
investigation. As imatinib-resistant mutants are increasingly observed in the clinic, next-generation
“pan-Bcer-Abl inhibitors™ are required to not only overcome T315I resistance but also display broad

inhibitory activity towards multiple Ber-Abl mutants. *'

Recently, several “third-generation” Ber-Abl
inhibitors capable of inhibiting nearly the full range of Bcr-Abl kinase domain mutants in addition to
the native enzyme were disclosed, among which AP24534 (8) * and DCC2036 9) 3% are under clinical
investigation.

Herein, we report the identification of GZD824 (10a) as a new orally bioavailable pan Bcr-Abl
inhibitor with potency against a wide range of Bcr-Abl mutants, including the highly refractory
gatekeeper mutant Ber-Abl ™' p-loop region mutants Ber-Abl “°%F, Ber-Abl °*1 and Ber-Abl F22°;
and the ATP-binding domain hinge region mutant Ber-Abl ™'"" in addition to the native enzyme.
Furthermore, compound 10a induced complete tumor regression in xenografted or allografted mice,
including those receiving K562, Ku812 human CML cells, or Ba/F3 cells harboring Ber-Abl V' or a
panel of resistance-related mutants. Compound 10a also extended survival in an allograft mice model
utilizing Ba/F3-Ber-Abl ' cells.

MOLECULAR DESIGN AND COMPUTATIONAL STUDIES

Compound 8 is a recently disclosed pan Bcer-Abl inhibitor that demonstrated promising efficacy in
imatinib-resistant CML patients in a phase II clinical investigation. ** X-ray crystallographic analyses
revealed that compound 8 bound the DFG-out modes of Ber-Abl ™' and the Ber-Abl mutants, and that
the imidazo[ 1,2-b]pyridazine core acted as an essential hydrogen bond acceptor for the NH of Met318

in the hinge region of the kinase. The binding mode of compound 8 for Ber-Abl V'

critically differed
from that of compound 1 in that a hydrogen bond was not formed with the hydroxyl group of Thr315.
Compound 8 therefore did not suffer the loss of binding affinity for the Ber-Abl ™'*' mutant that was
observed for compound 1. The ethynyl linkage of 8 could provide a favorable van der Waals interaction
with the 1315 mutated residue. Based on the structural information and interaction mode of 8 with the

5
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kinases, a series of 1H-pyrazolo[3,4-b]pyridine derivatives was designed and synthesized as novel Ber-
Abl inhibitors. We sought to increase the pan-Bcr-Abl binding affinity relative to 8 by introducing an
additional hydrogen bond, as this scaffold was predicted to be capable of acting as both a hydrogen

bond donor and a hydrogen bond acceptor for the hinge region of the kinase (Figure 2). *°

R1 = H, methyl, methoxyl,
cyclo-propyl, or phenyl

R2 = H, methyl, ethyl, chloro,
or cyclo-propyl,

/

(1~ (L~
AP24534 (8) 10

Figure 2. Novel Ber-Abl inhibitors designed by introducing a 1 H-pyrazolo|[3,4-b]pyridine core.

Computational studies were performed to investigate the potential binding mode of the initially
designed compound 10a (R; = H; R, = Me) with the wild-type and mutant forms of Ber-Abl. The results
suggested that 10a could tightly bind to the ATP-binding site of non-phosphorylated (DFG-out) Ber-Abl
“T and different Ber-Abl mutants, including the clinical-resistance-related Ber-Abl ™', using modes
similar to that of 8. The 1H-pyrazolo[3,4-b] pyridine core occupied the adenine pocket of Ber-Abl
kinase to form a hydrogen bond donor-acceptor network with the backbone of M318 in the hinge
region. The amide moiety formed two additional hydrogen bonds with E286 and D381, and the
trifluoromethylphenyl group bound deeply into the hydrophobic pocket. The alkyne moiety of 10a could

1 B! without causing

make favorable van der Waals interactions with the gatekeeper 1315 of Ber-Ab
steric clash. The methylpiperazine group may form hydrogen bond interactions with 1360 or H361

(Figure 3A and 3B).
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Figure 3. The predicted binding modes of 10a with the wild-type and mutant forms of Bcr-Abl.

Hydrogen bonds to key amino acids are indicated by yellow hatched lines. The following binding modes
are shown: A) 10a with the non-phosphorylated Ber-Abl "' mutant (GScore = -14.82 kcal/mol); B)
10a with non-phosphorylated native Bcr-Abl (GScore = -13.94 kcal/mol); C) 10a with the
phosphorylated Ber-Abl "' mutant (GScore = -8.63 kcal/mol); and D) 10a with phosphorylated native
Ber-Abl (GScore = -9.76 kcal/mol). The crystal structures of type I conformations of wild-type and Ber-
Abl ! mutant were taken from PDB (ID 3QRI and 3IK3). The PDB codes of the crystal structures of

T3151
1

type II conformations of wild-type and Bcr-Ab mutant were 2GQG and 2V7A, respectitively.

Interestingly, further computational analyses indicated that 10a could also bind to the ATP-binding
site of phosphorylated Bcr-Abl with a DFG-in conformation. Because of the significant differences of
activation loop between the DFG-in and DFG-out conformation of Ber-Abl, the predicted binding mode
of 10a is greatly different from the mode proposed for non-phosphorylated kinases. As shown in Figure

ACS Paragon Plus Environment 7
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3C and 3D, a large part of 10a extended out of the ATP-binding pocket and protruded toward solvent-

exposed section of the protein. In the predicted binding pose of 10a with activated Ber-Abl ')

a
hydrogen bond donor-acceptor network could form between the 1H-pyrazolo[3,4-b] pyridine core and
the carboxyl group of E329. The methylpiperazine group extended to the pocket form by the P-loop, the
DFG motif and the catalytic loop, and may form a hydrogen bond interaction with the backbone of
G250. For the DFG-in conformation of wide-type Ber-Abl (PDB ID 2GQG), Y253 of the P-loop
pointed to the activation loop and seemed to engage in a hydrogen bond with the backbone carbonyl of
R367, and this motif couldn’t be occupied by the ligand. In the docking pose of phosphorylated native
Ber-Abl  (Figure 3D), 10a extended out further toward solvent-exposed protein, and the
methylpiperazine group could form hydrogen bond interactions with D325. The 1H-pyrazolo[3,4-b]
pyridine moiety pointed to the a C-helix and probably formed a hydrogen bond interaction with E286.
The methylphenyl group occupied the ATP-binding site to make favorable hydrophobic interactions
with the side chains of F317 and M318. However, the results clearly demonstrated that the predicted
GScores of 10a with DFG-out conformations of Ber-Abl ' mutant and Ber-Abl V' (-14.82 keal/mol
and -13.94 kcal/mol, respectively) were significantly lower than that with DFG-in conformations (-8.63
kcal/mol and -9.76 kcal/mol, respectively), suggesting that 10a prefers to bind with DFG-out
conformation of Ber-Abl. A recent study on DCC2036 (9) also implied that 10a might bind with
the phosphorylated Ber-Abl and the mutants, which exist predominately in the type I conformation, by
inducing them to adopt a DFG-out-like conformation. *>*

CHEMISTRY

The designed inhibitors were readily prepared using palladium-catalyzed Sonogashira coupling
reactions as the key steps (Scheme 1 and 2).°” Briefly, commercially available or self-prepared methyl
3-iodo-benzoates (11) were treated with 4-((4-methylpiperazin-1-yl) methyl)-3-(trifluoromethyl)
benzenamine (12) under basic conditions to yield the amides (13). The intermediates 13 were reacted
with ethynyltrimethylsilane under palladium catalysis to afford the Sonogashira coupling products,
which were further deprotected to produce the terminal alkynes 14. The coupling of compounds 14 with

8
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aromatic bromides 18 under Sonogashira conditions, followed by deprotection, afforded the designed
inhibitor 10. Alternately, compound 10b was obtained by a palladium-catalyzed Sonogashira coupling
reaction of 13 with the readily prepared aromatic ethyne 19. Compounds 18a-18c and 19 were readily
prepared using 5-bromo-1H-pyrazolo[3,4-b]pyridine (15) as the starting material, whereas 20 was
synthesized from methyl 5-bromo-2-chloronicotinate (21) in three steps. The methanesulfonic acid salt
of 10a (GZD824) was prepared after the free base was reacted with methanesulfonic acid in a
quantitative yield. Compounds 24a, 24b and 25 were prepared from the key intermediate 14 via
Sonogashira coupling with 5-bromo-1H-indazole (26a), 5-bromo-1-methyl-1H-pyrazolo[3,4-b]pyridine
(26b) or 6-bromo-[1,2,4]triazolo[1,5-a]pyrimidine (27), respectively (Scheme 2).

Scheme 1. Chemical syntheses of designed inhibitors 10a — 10i.
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Reagents and conditions: a) t-BuOK, THF, -20 °C to r.t., argon, 40-91%; b) Pd(dppf),Cl,, Cul,

compound 19, DIPEA, DMF, 80 °C, 40-75%; c) (i) Pd(dppf),Cl,, Cul, ethynyltrimethylsilane, DIPEA,

CH3CN, 60 °C; (ii) K,CO3, MeOH. 79%; d) (i) Pd(dppf),Cl,, Cul, compounds 18a-¢, DIPEA, DMF, 80

°C; (ii) t-BuyNF, THF, reflux, 5 hrs. 29-45 %; e) NIS, 1,2-dichloroethane, 66%; f) SEM-CI, NaH, DMF,

63%; g) RiB(OH),, Pd(dppf)Cl,, K3POs, dioxane, 37-57%; h) NH,NH,-H,0, EtOH, 80 °C, overnight,

93%; 1) NaOH, DMSO, p-methoxylbenzyl chloride, rt, 1 hr, 62%; j) NaH, Mel, DMF, rt, overnight,

47%:; k) methanesulfonic acid, EtOH, 97%.

Scheme 2. Chemical syntheses of designed inhibitors 24a, 24b, and 25.
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RESULTS AND DISCUSSION

The kinase inhibitory activity of designed compounds 10a - 10i, 24 and 25 against different types of
Abl kinases were evaluated by using a well-established FRET-based Z’-Lyte assay. °* Three FDA-
approved Ber-Abl inhibitors [imatinib (1), nilotinib (2) and dasatinib (3)] were used as positive controls
to validate the screening conditions. Inhibitor 8 was also included for a direct comparison. As shown in
Table 1, under the experimental conditions, 1 potently inhibited the enzymatic activity of Abl V" with

35a

an ICsyp value of 98.2 nM, which is highly comparable to the reported data. However, 1 was

11
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significantly less potent for kinases harboring mutations. Although 2 and 3 were potently inhibited Abl
WT and several of the mutants, they were inactive against the resistance-related T315I mutant. As
observed in the reported data, compound 8 suppressed the enzymatic activity of native Abl kinase and

all of the 7 resistance-related mutants tested, including the T3 151 mutation, with low nM ICs, values. 34

Our computational studies suggest that the 1H-pyrazolo[3,4-b]pyridine core in 10a could form a
hydrogen bond donor-acceptor network with the hinge region of Bcr-Abl to achieve better protein

IWT

binding than 8 (Figure 2). The novel inhibitor 10a indeed displayed strong inhibition of Ab and a

panel of mutants with ICsg values that were approximately 2-3 folds lower than the values obtained for
compound 8. For instance, the ICsy values of 8 were 1.39, 1.08 and 1.43 nM against Abl 315 I, Ab] E23K
and Abl 9% respectively, whereas the corresponding values for 10a were 0.68, 0.27 and 0.71 nM,
respectively (Table 1). To confirm the key contribution of the dual hydrogen bond network formed by
the 1H-pyrazolo[3,4-b]pyridine core with the hinge region of Ber-Abl to the activity of 10a, compounds
23a, 23b and 24 were designed and synthesized. Compound 23a lacks a hydrogen bond acceptor in the
hinge-binding region. The ICsy values of this compound were 13.9, 82.2, 34.8, 48.6, 29.1, 12.7, 20.1
and 52.6 nM against Abl VT, Abl "' Abl F299K Ab] 92 Ab] @ Abl 1P Abl MB T and Abl Y2,

respectively; thus, this compound was 40-120-fold less potent than 10a. The removal of a hydrogen

bond donor in the hinge-binding region (23b and 24) also induced an obvious loss of potency.

A minor structural modification was also introduced to investigate the potential impact of R; and R,
on Abl kinase inhibition (Table 1). Although many studies have demonstrated that the “flag-methyl”
group at the R, position is critical for compound 1 and many other Ber-Abl inhibitors to maintain their
kinase inhibition, compound 10b, in which the methyl group was removed, displayed potency
comparable to that of 10a. However, when the methyl group in the R, position was replaced by slightly
larger substituents, such as ethyl (10c), cyclopropyl (10d) or Cl (10e), the kinase inhibitory activity was
decreased. For instance, the ICsy values of compound 10d against Abl T3151, Abl B and Abl %% were

53.73, 11.38, and 28.71 nM, respectively; thus, this compound was 40-100-fold less potent than 10a.

12
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The results also clearly revealed that substitution at the R; position greatly impacts the inhibitory
potency of compounds 10f — 10i. Although compound 10f with a methyl group in the R; position
displayed a potency similar to that of inhibitor 10a, compounds 10g (R; = cyclic propyl), 10h (R; =
phenyl), and 10i (R; = methoxyl) were obviously less potent than 10a. For example, the ICs, values for
10i were approximately 25 times higher than those for 10a against Abl ™" or the Abl B! mutant. The
detrimental effect of R; substitution may be related to increased steric hindrance that makes it
unfavorable for the 1H-pyrazolo[3,4-b]pyridine core to form hydrogen bonds with the hinge region of

Bcer-Abl kinase.

Table 1. Inhibitory activity of the designed compounds against Abl V' and different mutants. *

10
cpds Abl1 inhibition (ICsy, nM)
Nativ E255 G250 Q252 H396 M351 Y253
R, R, o T3151 K E H P T F

0.34+ 0.68t 0.27£ 0.71= 0.15& 035+ 029+ 0.35+

WaHoMe 907 011 003 005 001 011 002 005

0.58+ 0.76£ 0.99+ 081 039+ 046+ 036+ O0.17+

10b H H 0.10 0.17 0.11 0.09 0.10 0.03 0.01 0.01
10 H Et 1.92+ 236t 493+ 4.08+ 1.14+ 939+ 094+ 1.28+

¢ 0.07 0.15 0.34 1.17 0.13 0.55 0.09 0.07
10d H Cyclo 7.1£0. 53.73 11.38 2871 327+ 2.16+ 293+ 444+

-Pr 7 +1.20 +237 +£520 0.20 0.18 0.23 1.11

0.83+ 1.09+ 2.16+ 347+ 058+ 0.65+ 057+ 0.77+

e H %13 005 007 035 015 011 005 003

0.75« 0.75+ 1.30£ 1.51= 0.61= 0.53= 0.63= 0.54+

lof - Me  Me 415 009 028 005 007 012 006 005
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Cyclo 0.84+ 2.07£ 290+ 4.08+ 092+ 043+ 093+ 1.15¢

10g p, 001 035 005 039 027 012 035 007

48+1. 3.38+ 10.58 9.02+ 347+ 379+ 2.06+ 2.57+

10h  Ph Me  “os 509 055 083 003 008 006 056

7.9+0. 1581 16.53 36.56 5.02+= 2.72+ 4.28+ 5.15+

10i  MeO  Me 39 £0.58 £3.09 +1.27 207 0.09 0.12  0.09

13.9+ 822+ 348+ 48.6+ 29.1+ 127+ 20.1+ 52.6+

24a 0.58 0.79 5.87 7.27 0.59 0.00 1.35 2.48
24b 1.49+ 320+ 540+ 5.04+ 1.08 071 0.76x 1.06t
0.05 0.09 0.21 0.09 0.10 0.11 0.11 0.07
25 3.20 6.10+ 9.52+ 1830 2.03+ 138+ 1.33+ 326+
0.83 0.63 1.07 +5.29 0.77 0.29 0.07 0.01
1 98.2+ 5155 485.8 i?g?? 1152 1739 1143 749.6
2.65 +55.7 5 ’ 3 +15.8 +£5.80 +66.7
) 435+ 7024 278+ 2153 242+ 158+ 12.8+= 299+
5.8 +37.7 5.7 +16.8 0.9 1.8 5.7 3.2
3 0.26+ 1450 021+ 025+ 024+ 030+ 022+ 0.17+
0.03 0.11 0.05 0.13 0.05 0.03 0.01

8 ) 0.07 0.09 0.13 ’ ’ ’ ’
(0.37) b (0.44) (0.34) (0.30) (0.30)

b (2.0) b b b b

* The kinase inhibitory activities were determined using a FRET-based Z’-Lyte assay. The data

represent the mean values of 3 independent experiments. b Reported data. **

The direct binding affinity of compound 10a with the native Abl kinase and the Abl mutants was
determined by using a Kinome screening assay based on active-site-dependent competition (conducted
by Ambit Bioscience, San Diego, USA). Compound 10a tightly bound to the ATP-binding sites of the
kinases of native Abl and retained the same affinity towards six other frequently detected mutants,
including the most refractory gatekeeper mutant T315I as well as those with point mutations in the p-
loop (Q252H, E255K), the ATP-binding hinge (F317L/I), the SH2-contact region (M351T) and the
activation loop (H396P) (Table 2). Notably, 10a displayed similar binding affinities for non-
phosphorylated and phosphorylated forms of Abl kinase. For instance, the binding constant values (K,)

14
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were 0.32 and 0.34 nM for 10a to bind with nonphosphorylated and phosphorylated Abl, respectively.

Compound 10a also tightly bound with nonphosphorylated and phosphorylated Abl *'*' mutants with

Ky values of 0.71 and 3.2 nM, respectively. The selectivity profile of 10a against a panel of 442 kinases

was also investigated at a concentration of 10 nM which was about 33 times of its K; values on native

Abl (Supporting Information). The results clearly revealed that compound 10a also exhibited strong

binding with b-RAF, DDR1, FGFR, FIt3, Kit, PDGFRoa, PDGFRf, RET, Src, Tiel and Tie2 and

several other kinases, indicating that this compound might be used as a lead compound for treatment of

many other types of cancer. However, the potential safety issue of 10a related to its relative kinase

selectivity requires further investigation.

Table 2. Binding affinity of 10a to different mutants of Abl as determined by an active-site-dependent

competitive binding assay (Kinomescan Screening). *

Abll Non-phosphorylated

form

Wild type 0.32
T3151 0.71
Q252H 0.46
E255K NA
F3171 1.8
H396P 0.18
M351T NA

Binding affinity (K; nM)

Phosphorylated form

0.34
3.20
NA
0.28
NA
NA
0.23

“ Binding constant values (K,) were determined from Ambit KINOMEscan . The data represent the

mean values of 2 independent experiments.

The Bcr-Abl-inhibitory activity of 10a was further validated at the cellular level after its

antiproliferative activity was evaluated in stably transformed Ba/F3 cells whose growth was driven by

native Ber-Abl or Ber-Abl mutants, which are mostly responsible for imatinib resistance observed in the

ACS Paragon Plus Environment
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clinic. * ~*' The mutants included T315I, L248V, G250E, Q252H, Y253H/F, E255K/V, F317L/V,
M351T, E355G, F359V, H396R and F486S, some of which have been frequently reported to be
moderately resistant or resistant to compounds 2 or 3. As shown in Table 3, 10a potently inhibited the
growth of Ba/F3 cells expressing native Ber-Abl with an ICsg value of 1.0 nM, which was equivalent to
the potency of compound 3 (1.9 nM) and much higher than the potency of compounds 1 (460 nM) and 2

(22 nM).

Highly consistent with its potent biochemical kinase inhibition and tight protein binding affinity, 10a
also strongly inhibited the proliferation of Ba/F3 cells that stably expressed the most refractory Ber-Abl
B! mutant, with an ICso value of 7.1 nM. All of the 3 FDA-approved drugs (1 - 3) did not inhibit the
proliferation of these cells. Furthermore, 10a displayed a similar potency of inhibition against Ba/F3
cells expressing 14 other resistance-relevant Ber-Abl mutants. Notably, 10a was > 50 times less active
against parental Ba/F3 cells than Ba/F3 cells expressing Ber-Abl kinases, which supports its selective

inhibition of Ber-Abl kinase.

Table 3. Inhibition of cellular proliferation as determined using the CCK-8 assay (ICso values, uM) for

10a and 3 clinically approved Ber-Abl inhibitors in Ba/F3 cells expressing a panel of Ber-Abl mutants.

Growth inhibition (ICsp, uM)

Ba/F3
Mutated — Cells 1 2 3 10a
region
Parental  13.542.1  15.140.7 25403 0.17040.05

Wild-type ~ WT 0.5+0.1 0.022+0.005  0.0019+0.0004  0.001%0.0003

L2488V  12.2+0.8 3.0+0.5 0.029+0.011 0.0073+0.0031
G250E  5.2+1.3 0.15+0.12 0.0051+0.0012  0.006+0.0007

Q252H  3.6+0.9 0.12+0.05 0.008+0.002 0.006+£0.001
P-loop Y253F  9.242.3 1.4+0.7 0.017+0.011 0.011+0.005

Y253H 12.5£2.5 1.0+£0.3 0.0023+0.0012 0.003+0.001

E255V >10 1.2+0.1 0.023+0.009 0.0081+0.0012
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E255K  5.6+0.87 0.17+0.07 0.0032+0.0006  0.0035+0.0011

Gate

T3151  12.2£2.1 16.0+1.9 3.6+1.7 0.0071+0.0013
keeper

Hinge F317L  3.340.1 0.16+0.03 0.019+0.013 0.0027+0.0010

region

F317V  9.543.7 2.9+0.5 0.025+0.006  0.0040+0.0010
SH2-
contact  n351T (0.2440.06 0.003£0.001  0.00020.00003 0.0002=0.00007
region

E355G  1.6+0.1 0.13+0.03 0.015+£0.005  0.0026+0.0007
Substrate-
binding  F359v  0.59+0.13  0.12+0.07  0.0013£0.0003  0.0023+0.0005
region
A-loop  H396R  11.1+2.7 21.1+£3.9 3.842.4 0.0055+0.0010
C-
terminal  F486S  1.0£0.3  0.0095+0.0015 0.0009+0.0001  0.0010+0.0003
lobe

* ICso values are determined by using the cell counting kit (CCK-8) assay. The data represent the

mean values of 3 independent experiments.

The antiproliferative activity of 10a was also examined against a panel of leukemia cells with
differing Ber-Abl status. Taxol was utilized as a positive control to validate the screening conditions.
Table 4 shows that 10a strongly inhibited the growth of leukemia cells positively expressing Ber-Abl,
including K562 and Ku812 human CML cells as well as SUP-B15 human acute lymphocyte leukemia
(ALL) cells, with ICsg values of 0.21, 0.13 and 2.5 nM, respectively. As a further confirmation of 10a’s
Bcer-Abl-selective effect, 10a was significantly less potent against the proliferation of MOLT4 and HL-
60 leukemia cells, which are negative for Ber-Abl expression. Not surprisingly, the cytotoxic agent
Taxol, which was included in our experiment as a control, inhibited the growth of all tested cells with
similar ICso values. K562R i1s a self-established imatinib-resistant K562 cell line that has been
demonstrated to carry a Q252H mutation in Ber-Abl. 10a also potently inhibited the proliferation of this
cell line with an ICsy value of 4.5 nM. Collectively, these results strongly indicate that 10a selectively

inhibits the proliferation of Ber-Abl -positive tumor cells.
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Table 4. Compound 10a selectively and potently inhibits the proliferation of Ber-Abl positive leukemia

cells.

ICs values (nM, (X+SD)

Cell lines 10a TAXOL

©CoO~NOUTA,WNPE

10 K562 0.2+0.1 5.140.5
12 K562R(Q252H) 4.5+0.7 7.0£0.5
14 Ku812 0.13+0.02 53432
16 SUP-BI15 2.5£1.0 8.0+3.4
18 U-937 390.2+153.4 2.340.2
20 MOLT4 26.3+10.2 2.7+0.9
22 HL-60 348.9+158.2 5.8+1.5

24 * ICs¢ values were determined by using the cell counting kit (CCK-8) assay. The data represent the

27 mean values of 3 experiments.

30 To further validate the cellular kinase inhibitory activity of 10a, we examined its effects on the
32 activation of Bcer-Abl and its downstream signals in Ber-Abl-positive K562 CML cells and stably
35 transformed Ba/F3 cells expressing native Ber-Abl or Ber-Abl ' (Figure 4) by Western blot analyses.
37 10a efficiently suppressed the activation of Ber-Abl as well as downstream Crkl and STATS in a
39 concentration-dependent manner in K562 CML cells. Similar inhibition was also observed in Ba/F3
42 cells expressing native Ber-Abl or Ber-Abl *'*', Not surprisingly, none of the 3 FDA-approved drugs

44 demonstrated an obvious suppression of Ber-Abl "' activation.
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Figure 4. Compound 10a inhibits Ber-Abl signaling in K562 and Ba/F3 stable cell lines expressing
native Ber-Abl or Ber-Abl "', Cells were treated with 10a at the indicated concentrations for 4.0 hours
and whole cell lysates were then subjected to western blot analyses. The results represent 3 independent

experiments (1, imatinib; 2, nilotinib; 3, dasatinib).

Given its highly promising in vitro kinase inhibition and antiproliferative activity, we further
investigated the preliminary ADME (absorption, distribution, metabolism and excretion) profiles of
compound 10a, and it displayed good metabolic stability as determined by an in vitro rat microsomal
stability assay. ** The half-life (T,) of 10a was approximately 56 minutes, and its intrinsic clearance
(CLin) was approximately 36.4 pL/min/mg. Furthermore, a cytochrome P450 inhibitory assay *
revealed that 10a did not obviously inhibit CYP1A2, CYP2D6, CYP3A4 and CYP2EI at 30 uM.
However, 10a potently inhibited CYP2C9 and CYP2C19 with ICsy values of 0.11 and 0.99 uM
respectively, which indicates that it may be subject to potential drug-drug interactions with other
medicinal products, which are metabolized primarily by CYP2C9 and CYP2C19. The transcellular
diffusional permeability and transport directionality of 10a were also determined by using the well-
established model of Caco-2 cells, which express efflux transporters, such as P-glycoprotein. ** The

apical-to-basolateral and basolateral-to-apical permeabilities of 10a were 3.2 and 2.8 nm/s, respectively.
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Thus, 10a exhibits good bidirectional permeability in Caco-2 cells. The permeability directional ratio
(efflux ratio) for 10a was 0.90, and 10a thus did not appear to be a substrate for P-glycoprotein efflux

transporters. »

An in vivo pharmacokinetic (PK) evaluation of the bismesylate salt of 10a (GZD824) was also
conducted in rats. Plasma levels of 10a were monitored after a single oral dose of 25 mg/kg. The Cyax
(390.5 pg/LL = 733 nM) occurred at 4.0 hours post-dose and was > 500 times higher than the in vitro
ICso values in Bcer-Abl-positive CML cells and Ba/F3 cells expressing different Ber-Abl mutants,
including Ber-Abl '*'. The half-life of 10a was 10.6 hours. The plasma levels of 10a were
approximately 270 and 169 nM at 12 and 24 hours post-dose, respectively (Table 4). Good oral
bioavailability (48.7%) and an ideal half-life suggest that 10a may have good in vivo efficacy when

orally administrated.

Table 4. The bismesylate salt of compound 10a (GZD824) displays a good pharmacokinetic profile in

rats.
Pharmacokinetic parameters for 10a
Routes Crnax Tmax  AUCot  AUCy, Tin  MRT CL Vs F
(ngL) () (ug/L*  (ug/L*h) () (hr)  (Lhke)  (Lkg) (%)
h)

LV. 1375.6  0.067 27373 29224 5.6 6.7 1.7 13.7
(5mg/kg)

Oral 390.5 4.0 6699.0 71082 10.6 179 3.6 532 48.7%
(25mg/kg)

The human ether-a-go-go-related gene (hRERG) encodes an inward rectifying voltage-gated potassium
channel in the heart (IKr) that is involved in cardiac repolarization. Inhibition of the hERG can cause
QTec interval prolongation, which is associated with potential lethal arrhythmias known as torsadesde
pointes. ** The potential cardiotoxicity of 10a was also initially examined by using a nonradioactive

rubidium (Rb") efflux assay. ** Compound 10a did not show appreciable activity against the hERG
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potassium channel at concentrations of < 30 uM, which suggests that it may have little or no cardiotoxic

effects (Supporting Information).

The in vivo anti-tumor effect of 10a was first evaluated in subcutaneous K562 and Ku812 xenograft
models of human CML. The clinical drug 1 was used as a positive control to validate the animal
models. As shown in Figure 5, 10a dose-dependently inhibited the growth of the K562 tumor xenograft
when administrated once daily for 14 consecutive days via oral gavage. A significant reduction in tumor
size was observed after only 2 days of treatment at doses of 2, 5 and 10 mg/kg/day (p = 0.03, 0.002 and
0.002, respectively). Compound 10a almost completely eradicated the tumor at doses of 5 and 10
mg/kg/day after only 6 days of treatment, whereas the reference drug 1 only induced tumor stasis at a
dose of 50 mg/kg/day. Even at a dose as low as 1 mg/kg/day, 10a still significantly suppressed tumor
growth (68.3% inhibition after 14 days of dosing, p < 0.01). Notably, after the cessation of treatment (14
days of dosing), there was no sign of tumor recurrence in the following 20 days for the groups that
received 5 and 10 mg/kg/day, and recurrence in the 2 mg/kg/day group was also found to a minor extent
(data not shown). All doses of 10a were well tolerated, with no mortality or significant body loss (< 5%
relative to the vehicle-matched controls) observed during treatment. Similar results were also obtained
in the Ku812 xenograft model, where even 1.0 mg/kg/day of 10a induced complete tumor regression

after a 14-day treatment period (Supporting Information).
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Figure 5. Compound 10a potently suppresses tumor growth in mice bearing xenografted K562 cells as
a model of human CML. Mice bearing K562 xenografts were dosed orally once a day with the indicated
compounds at the indicated dosages for 14 consecutive days (n=10 per group, error bars represent the

standard error). The data are representative of 2 independent experiments.

The anti-tumor activity of 10a was also evaluated in allograft models using Ba/F3 cells expressing
Ber-Abl WT, Ber-Abl 1 I, Ber-Abl B2 K, Ber-Abl 9% and Ber-Abl 178, As described above, Ber-Abl

1313145 the most refractory mutant, whereas the p-loop mutants Ber-Abl ¥°°% and Ber-Abl 9% and the

hinge region mutant Ber-Abl P27

are frequently detected mutants that drive clinical resistance to many
Ber-Abl inhibitors. For instance, the Ber-Abl "°°* mutant has been reported to be insensitive to the
three classical inhibitors (1, 2 and 3) and the two most recently reported Ber-Abl inhibitors, 8 and 9,
whereas Ber-Abl """ was also relatively insensitive to 1, 3 and 9. The P-loop mutants were also

reported to be associated with poor prognoses in the clinic. **’

Following an experimental design similar to that of the K562 and Ku812 xenograft studies, animals
were administrated a range of doses of 10a via oral gavage once daily for 14 days. Compound 1 was
again used as a reference compound and administered orally at doses of 50 or 100 mg/kg/day for 14
days. As shown in Figure 6A, 10a dose-dependently inhibited tumor growth in the allograft model using
Ba/F3 cells expressing Ber-Abl “'. A dose of 1.0 mg/kg/day of 10a exhibited in vivo efficacy
comparable to that of 50 mg/kg of the reference drug 1. When the mice received a dose of 5.0
mg/kg/day, 10a induced complete tumor regression. Additionally, 10a displayed promising efficacy in
the allograft model bearing Ber-Abl ™'*-driven tumors (Figure 6B). Although 10a did not show
obvious inhibition of tumor growth at doses of 5 or 10 mg/kg/day in the Ber-Abl B model, it induced

almost complete tumor regression at a dose of 20 mg/kg/day after a 14-day consecutive treatment. In

22
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contrast, 100 mg/kg/day of 1 completely failed to exhibit any inhibition of tumor growth in the Ber-Abl
BB model. Moreover, 10a also significantly reduced the tumor burden by alleviating
hepatosplenomegaly, which appears at late stages of this leukemia-like model and is induced by the
Ber-Abl *Pdriven cells (data not shown). Similar efficacy of 10a was also observed in the Ber-Abl

G23% and Ber-Abl F°% p-loop mutants as well as Ber-Abl *'7" hinge-region-mutant-driven tumor

allografts (Supporting Information).

The antitumor efficacy of 10a was further evaluated in a mouse allograft leukemia model, in which
Ba/F3 cells expressing Ber-Abl °'*" were further stably transfected with a luciferase-expressing vector
to facilitate non-invasive bioluminescent monitoring of tumor cell proliferation in vivo. Ba/F3 cells co-

expressing Ber-Abl '

and luciferase were designated as Ba/F3/T315I-Luc cells and injected
intravenously into immuno-deficient mice. These cells proliferated in the blood, spleen and bone
marrow, eventually leading to the morbidity and death of the recipients. The in vivo anti-tumor efficacy
of 10a was therefore evaluated in this model through the measurement of in vivo luminescence signals
and survival in the recipient mice. Generally, at 7-10 days after inoculation of the Ba/F3-T315-Luc
cells, the in vivo luminescence signal became detectable in the vehicle-treated control group, which

indicates the success of the engraftment. Treatment with the test compounds was then initiated through

oral gavage once daily for 10 consecutive days.
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Figure 6. Compound 10a suppresses tumor growth in mice bearing allografted Ba/F3 cells expressing
Ber-Abl VT (A) and Ber-Abl ' (B). Mice bearing allografted Ba/F3 cells expressing the indicated
Ber-Abl mutants were orally dosed with 10a and 1 at the indicated doses. The tumor sizes were
monitored over time (n=10 for each group; error bars represent the SE). The data are representative of 2

or 3 independent experiments.

As shown in Figure 7A, luminescence signals representing the populations of Ba/F3-T3151-Luc cells
in vivo were detected at days 0 and 7 after initiation of treatment. At day 0, it was clear that the average
population size of Ba/F3-T315I-Luc cells was almost identical among different groups before the
treatment was initiated. At day 7, in the vehicle-only group, luminescence signals were observed
throughout the entire bodies of the mice, which suggested that the leukemia-like Ba/F3-T3151I-luc cells
has disseminated in vivo. After treatment with 10a at 5, 10 or 20 mg/kg/day, the luminescence signals
were obviously decreased when compared with the untreated vehicle-only group. Notably, treatment
with 20 mg/kg/day of 10a nearly eliminated the luminescence signals, which indicates complete
suppression of the proliferation of the Ba/F3-T315I-Luc cells. Quantification of the luminescence signal
clearly revealed that 10a potently and dose-dependently decreased the signal intensity (Figure 7B).
Although compound 10a demonstrated significant efficacy in this Ber-Abl ™' leukemia model,
reference drug 1 was totally inactive at a dose of 100 mg/kg/day. Highly consistent with its strong
inhibition of the proliferation of the BaF3/T315I-luc cells, treatment with 10a significantly prolonged
the survival of the mice in a dose-dependent manner in this allograft model, whereas 100 mg/kg of 1 did
not show any survival benefit (Figure 7C). Indeed, following treatment with 10a for 10 days at doses of
5, 10 and 20 mg/kg/day, the median survival of the mice was significantly increased to 23.7, 24.6 and
31.9 days, respectively, as compared with 18.9 days for the vehicle-treated group. Additionally,
hepatosplenomegaly was commonly observed in vehicle-treated mice in the late stages of the survival
experiment but was barely detected in the 10a-treated mice, which indicates that 10a could efficiently

alleviate the tumor burden in late stage leukemia (data not shown).
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Figure 7. Compound 10a efficiently prolongs animal survival in an allograft leukemia tumor model

T3151
1

using Ba/F3 cells co-expressing Bcr-Ab and luciferase. A) Compound 10a suppresses the

T3151
1

proliferation of leukemia-like Ba/F3 cells co-expressing Ber-Ab and luciferase; B) Quantification

of the images in B; C) Compound 10a prolongs the survival of leukemic mice.

In summary, we have successfully designed and synthesized a series of novel inhibitors that display
significant inhibition against a broad spectrum of Bcr-Abl mutants, including those carrying the
gatekeeper T3151 and the p-loop mutations, which are associated with poor prognosis in CML. One of
the most promising compounds, 10a, tightly binds the phosphorylated and non-phosphorylated forms of
Ber-Abl kinase and inhibits the proliferation of Bcer-Abl-positive human CML cells. Furthermore,
compound 10a potently inhibits the proliferation of a panel of murine BaF3 cells ectopically expressing
Ber-Abl V7 and a broad spectrum of other Ber-Abl mutants that contribute to clinical TKI resistance,
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including the most refractory gatekeeper mutant, Ber-Abl ™'

. In vivo efficacy studies in mouse
xenograft or allograft models of human leukemia demonstrated that 10a successfully suppressed the
growth of tumors driven by native Ber-Abl, Ber-Abl ™', Ber-Abl % Ber-Abl @22 Ber-Abl F29°%
and Ber-Abl P'"". Compound 10a also provided a significant survival benefit leukemia model mice
allografted with luciferase-expressing Ba/F3 cells driven by the mutant Ber-Abl ™'' kinase. The
potential for compound 10a to overcome all of the Ber-Abl mutations that result in clinically acquired

resistance to imatinib indicates that this novel Ber-Abl inhibitor is a promising lead candidate for

further development.
EXPERIMENTAL

Chemistry. Reagents and solvents were obtained from commercial suppliers and used without further
purification. Flash chromatography was performed using silica gel (300-400 mesh). All reactions were
monitored by TLC, silica gel plates with fluorescence F,s4 were used and visualized with UV light. 'H
and °C NMR spectra were recorded on a Bruker AV-400 spectrometer at 400 MHz and Bruker AV-500
spectrometer at 125 MHz, respectively. Coupling constants (J) are expressed in hertz (Hz). Chemical
shifts (3) of NMR are reported in parts per million (ppm) units relative to internal control (TMS). The
low or high resolution of ESI-MS was recorded on an Agilent 1200 HPLC-MSD mass spectrometer or
Applied Biosystems Q-STAR Elite ESI-LC-MS/MS mass spectrometer, respectively. The purity of
compounds was determined to be over 95% (>95%) by reverse-phase high performance liquid
chromatography (HPLC) analysis. HPLC instrument: DIONEX SUMMIT HPLC (Column: Diamonsil
C18, 5.0 ym, 4.6 x 250 mm(Dikma Technologies); Detector: PDA-100 Photodiode Array; Injector:
ASI-100 Autoinjector; Pump: p-680A.). Elution: MeOH in water; Flow rate: 1.0 mL/min.

3-Todo-4-methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl) benzamide (13a).
A solution of 11la (8.6 g, 31.16 mmol) and 4-((4-methylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)aniline (12) (8.48 g, 31.16 mmol) in anhydrous THF (150.0 mL) was added potassium
tert-butoxide (20.9 g, 186.96 mmol) in anhydrous THF (150.0 mL) at - 20 °C for 1.0 hr. Then the
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reaction mixture was slowly warmed to room temperature and stirred for another 2.0 hrs. After the
reaction was finished by TLC, the mixture was poured into 1.0 L water with stirring and then left to
stand overnight. The precipitated brown solid was filtered and dried under reduced pressure to afford
the desired product. (14.7 g, yield: 91.4%) 'H NMR (400 MHz, CDCl;), & 8.28 (d, J = 1.8 Hz, 1 H),
791 (s, 1 H), 7.86 (dd, J=1.9,8.4 Hz, 1 H), 7.83 (s, 1 H), 7.78 (d, /= 8.4 Hz, 1 H), 7.74 (dd, J = 1.8,

8.0 Hz, 1 H), 7.33 (d, /= 8.0 Hz, 1 H), 3.63 (s, 2 H), 2.50-2.46 (m, 11 H), 2.29 (s, 3 H).

3-ethynyl-4-methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl) benzamide
(14). A mixture of 13a (13.7 g, 26.5 mmol), Cu (I) iodide (0.05 g, 0.26 mmol), Pd(PPh;3),Cl, (0.2 g,
0.26 mmol) were added to a 250 mL round-bottom flask. The flask was evacuated and backfilled with
argon (3 cycles). Acetonitrile (100.0 mL), DIPEA (18.1 mL, 106 mmol) and trimethylsilylacetylene
(7.48 mL, 53.0 mmol) were added by syringe at room temperature. After stirring at 60 °C overnight, the
reaction mixture was filtered and concentrated. The residue was dissolved in methanol (50.0 mL) with
addition of K,COs; (7.31 g, 53 mmol). The reaction mixture was stirred at room temperature for 10~15
minutes, and then filtered and concentrated for further purification through flash column
chromatography on silica gel to afford the desired product as pale solid. (8.7 g, yield: 79%) 'H NMR
(400 MHz, d-DMSO), 6 10.49 (s, 1 H), 8.19 (d,J=2.0 Hz, 1 H), 8.08 (d, /= 1.6 Hz, 1 H), 8.03 (dd, J =
1.6,8.4Hz, 1 H), 7.90 (dd, /J=8.0 Hz, 1.6 Hz, 1 H), 7.70 (d, J= 8.4 Hz, 1 H), 7.47 (d, /= 8.0 Hz, 1 H),

4.51 (s, 1 H), 3.56 (s, 2 H), 2.46 (s, 3 H), 2.33 (br, 8 H), 2.15 (s, 3 H).

3-((1H-Pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-4-methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)phenyl)benzamide (10a). A mixture of 13a (2.60 g, 5.0 mol), 19 (0.72 g, 5.0 mmol),
Cu (I) iodide (0.5 g, 0.5 mmol), Pd(PPh;),Cl, (1.8 g, 0.5 mmol) were added to a sealed tube. The tube
was evacuated and backfilled with argon (3 cycles). Acetonitrile (50.0 mL), Et;N (21.0 mL, 0.1 mol)
were added by syringe at room temperature. After stirring at 100 °C for about 20 hrs, the reaction
mixture was filtered and concentrated. The residue purified by flash column chromatography on silica
gel to afford the desired product as yellow solid. Yield: 76%. 'H NMR (400 MHz, d-DMSO0), & 13.94 (s,

27

ACS Paragon Plus Environment



Page 29 of 49 Journal of Medicinal Chemistry

©CoO~NOUTA,WNPE

1 H), 10.53 (s, 1 H), 8.74 (d, J=2.0 Hz, 1 H), 8.53 (d, J=2.0 Hz, 1 H), 8.22-8.19 (m, 3 H), 8.07 (dd, J
= 1.6, 8.4 Hz, 1 H), 7.92 (dd, J= 2.0, 8.0 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1 H), 7.53 (d, J = 8.0 Hz, 1 H),
3.56 (s, 2 H), 2.59 (s, 3 H), 2.39 (br, 4 H), 2.33 (br, 4 H), 2.16 (s, 3 H); >°C NMR (125 MHz, d-DMSO),
§ 165.11, 151.44, 151.01, 144.12, 138.59, 134.12, 133.42, 132.61, 132.51, 131.65, 130.95, 130.36,
128.56, 127.82 (d, J = 30.0 Hz), 124.76 (d, J = 272.5 Hz), 123.91, 122.60, 117.68, 114.44, 112.21,

92.33, 88.71, 57.88, 55.14, 53.11, 46.13, 20.85; MS (EI): 533 [M+H] *; Purity: 99.77% ( 11.33 min).

3-((1H-Pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-N-(4-((4-methylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)phenyl)benzamide (10b). This compound was synthesized by reacting 13b with 19
under similar procedure to that of 10a. Yield: 51%. "HNMR (400 MHz, d-DMSO), & 13.94 (s, 1 H),
10.62 (s, 1 H), 8.73 (d, /=2.0 Hz, 1 H), 8.52 (d, /= 1.6 Hz, 1 H), 8.23-8.21 (m, 3H), 8.07 (d, J = 8.4
Hz, 1 H), 8.01 (d,/J=7.6 Hz, 1 H), 7.82 (d,J=7.6 Hz, 1 H), 7.72 (d, J=8.4 Hz, 1 H), 7.63 (t, J= 7.6
Hz, 1 H), 3.57 (s, 2 H), 2.39 (br, 4 H), 2.33 (br, 4 H), 2.15 (s, 3 H); °C NMR (125 MHz, d-DMSO), &
165.25, 151.52, 151.00, 138.51, 135.39, 134.84, 134.14, 133.54, 132.65, 131.68, 130.71, 129.58,
128.62, 127.84, 124.74, 123.94, 122.82, 117.70, 114.41, 111.99, 89.83, 88.55, 57.87, 55.14, 53.12,

46.13; MS (EI): 519 [M+H] *; Purity: 99.71% ( 9.73 min).

3-((1H-Pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-4-ethyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)phenyl)benzamide (10c). This compound was synthesized by reacting 13¢ with 19
under similar procedure to that of 10a. Yield: 40.7%. "H NMR (400 MHz, d-DMSO), & 13.95 (s, 1 H),
10.56 (s, 1 H), 8.72 (d, /= 2.0 Hz, 1 H), 8.51 (d,/=2.0 Hz, 1 H), 8.22 (s, 2 H), 8.19 (d, J= 1.6 Hz, 1
H), 8.07 (dd, J=1.6, 8.4 Hz, 1 H), 7.96 (dd, J=2.0, 8.4 Hz, 1 H), 7.70 (d, J=8.4 Hz, 1 H), 7.53 (d, J
=8.0 Hz, 1 H), 3.57 (s, 2 H), 2.95 (q, J = 7.6 Hz, 2 H), 2.40 (br, 8 H), 2.20 (s, 3 H), 1.30 (t, /= 7.6 Hz,
3 H); C NMR (125 MHz, d-DMSO), & 164.71, 150.90, 150.55, 149.64, 138.18, 133.67, 132.93,
132.27,131.95, 131.20, 130.83, 18.48, 128.38, 127.38, 124.30, 123.44, 121.45, 117.22, 113.99, 111.76,
91.35, 87.98, 57.35, 55.54, 52.39, 45.57, 45.38, 27.13, 14.49; MS (EI): 547 [M+H] *; Purity: 96.31% (tr

13.20 min).
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3-((1H-Pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-4-cyclopropyl-N-(4-((4-methylpiperazin-1-
yl)methyl)-3-(trifluoromethyl)phenyl)benzamide (10d). This compound was synthesized by reacting
13d with 19 under similar procedure to that of 10a. Yield: 55%. 1H NMR (400 MHz, d-DMSO), &
13.45 (s, 1 H), 10.54 (s, 1 H), 8.68 (d, J=2.0 Hz, 1 H), 8.54 (d, /J=2.0 Hz, 1 H), 8.21 (d, J=2.0 Hz, 1
H), 8.19(d,J=1.6 Hz, 1 H), 8.07 (d,J=8.4 Hz, 1 H), 7.92 (dd, J= 1.6, 8.0 Hz, 1 H), 7.70 (d, /= 8.4
Hz, 1 H), 7.52 (d, J= 8.0 Hz, 1 H), 3.56 (s, 2 H), 2.59 (s, 3 H), 2.40-2.34 (m, 9 H), 2.15 (s, 3 H), 1.03-
1.00 (m, 4 H); °C NMR (125 MHz, d-DMSO), & 164.59, 151.00, 150.53, 149.49, 138.15, 133.62,
132.94, 131.97, 131.34, 131.16, 130.56, 128.43, 127.37, 124.29, 123.42, 123.33, 121.92, 117.20,
113.97, 111.84, 91.39, 88.40, 79.17, 78.91, 78.64, 57.39, 55.98, 54.64, 52.57, 45.58, 18.48, 13.86,

10.24; MS (EI): 559 [M+H] *. Purity: 98.36% (tz 13.24 min).

3-((1H-pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-4-chloro-N-(4-((4-methylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)phenyl)benzamide (10e). This compound was synthesized by reacting 13e with
19under similar procedure to that of 10a. Yield: 45%. '"H NMR (400 MHz, d-DMSO), & 13.95 (s, 1H),
10.64 (s, 1 H), 8.73 (s, 1 H), 8.54 (s, 1 H), 8.32 (s, 1 H), 8.23 (s, 1 H), 8.19 (s, 1 H), 8.04 (s, 1 H), 8.01
(s, 1 H), 7.80 (s, 1 H), 7.71 (s, 1 H), 3.55 (s, 2 H), 2.37 (br, 8 H), 2.15 (s, 3 H). *C NMR (125 MHz, d-
DMSO), & 163.84, 150.98, 150.69, 137.91, 137.84, 133.85, 133.41, 132.35, 132.17, 131.24, 129.69,
129.56, 127.42, 124.28, 123.53, 122.02, 117.27, 114.00, 111.11, 93.16, 86.27, 57.42, 54.69, 52.66,

45.67. MS (EI): 553 [M+H] . Purity: 97.85% (tx 13.19 min).

3-((3-Cyclopropyl-1H-pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-4-methyl-N-(4-((4-methylpiperazin-
1-yl)methyl)-3-(trifluoromethyl)phenyl)benzamide (10g). A mixture of 14 (0.35g, 0.84 mmol), 18b
(0.31 g, 0.84 mmol), Cu (I) iodide (1.6 mg, 0.0084 mmol), Pd(PPh;),Cl, (5.92 mg, 0.0084 mmol) were
added to a sealed tube. The tube was evacuated and backfilled with argon (3 cycles). DMF (10.0 mL)
and DIPEA (0.44 g, 3.37 mmol) were added by syringe at room temperature. After stirring at 80 °C
overnight, the reaction mixture was diluted with ethyl acetate, washed with water and brine, dried and

concentrated. The residue was purified by flash column chromatography on silica gel to afford the
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desired SEM protected product (0.34g, yield: 58%). The SEM protective was further removed by
N(Bu)4F in THF (1.0 M) which was refluxed overnight to afford the desired product as yellow solid.
(yield: 50%) 'H NMR (400 MHz, d-DMSO), & 13.45 (s, 1 H), 10.54 (s, 1 H), 8.68 (d, J= 2.0 Hz, 1 H),
8.54 (d,J=2.0Hz, 1 H), 8.21 (d,J=2.0 Hz, 1 H), 8.19 (d, /= 1.6 Hz, 1 H), 8.07 (d, /= 8.4 Hz, 1 H),
7.92 (dd,J=1.6,8.0 Hz, 1 H), 7.70 (d, /= 8.4 Hz, 1 H), 7.52 (d, /= 8.0 Hz, 1 H), 3.56 (s, 1 H), 2.59 (s,
3 H), 2.40-2.34 (m, 9 H), 2.15 (s, 3 H), 1.03-1.00 (m, 4 H); °*C NMR (125 MHz, d-DMSO), & 164.67,
151.22, 150.91, 146.84, 143.55, 138.14, 132.27, 132.14, 132.02, 131.16, 130.52, 129.85, 127.97,
127.36, 124.29, 123.43,122.27, 117.21, 112.83, 110.84, 92.06, 88.12, 57.41, 55.97, 54.68, 52.65, 45.66,

20.41, 18.49, 8.12, 7.73; MS (EI): 573 [M+H] *; Purity: 96.62% (tx 7.10 min).

4-Methyl-3-((3-methyl-1H-pyrazolo[3,4-b[pyridin-5-yl)ethynyl)-N-(4-((4-methylpiperazin-1-
yl)methyl)-3-(trifluoromethyl)phenyl)benzamide (10f). This compound was synthesized by reacting 14
with 18a under similar procedure to that of 10g. Yield: 35%. "H NMR (400 MHz, d-DMSO), & 13.50 (s,
1 H), 10.54 (s, 1 H), 8.69 (d, /= 2.0 Hz, 1H), 8.52 (d, /= 2.0 Hz, 1 H), 8.20 (d, /= 2.0 Hz, 1 H), 8.17
(d,/=1.6 Hz, 1 H), 8.06 (d, /=8.4 Hz, 1 H), 7.92 (dd, J=1.6, 8.0 Hz, 1 H), 7.71 (d, J= 8.4 Hz, 1 H),
7.52 (d,J=8.0 Hz, 1 H), 3.56 (s, 2 H), 2.59 (s, 3 H), 2.53 (s, 3 H), 2.39 (br, 4 H), 2.33 (br, 4 H), 2.15 (s,
3 H); C NMR (125 MHz, d-DMSO), & 164.76, 151.27, 150.87, 143.62, 141.72, 138.19, 132.57,
132.19, 132.09, 131.22, 130.56, 129.91, 128.03, 127.44, 124.36, 123.51, 122.33, 117.28, 113.61,
110.93, 92.11, 88.16, 57.48, 54.73, 52.69, 45.70, 20.46, 12.11; MS (EI): 547 [M+H] *. Purity: 98.24%

(tr 13.64 min).

4-Methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)-3-((3-phenyl-1H-
pyrazolo[3,4-b]pyridin-5-yl)ethynyl)benzamide (10h). This compound was synthesized by reacting 14
with 18¢ under similar procedure to that of 10g. Yield: 40%. 'H NMR (400 MHz, d-DMSO), & 10.54 (s,
1 H), 8.82 (d,J=2.0 Hz, 1 H), 8.78 (d, /= 1.6 Hz, 1 H), 8.22 (s, 2 H), 8.09-8.06 (m, 3 H), 7.93 (dd, J =
2.0,8.0Hz, 1 H), 7.71 (d, J = 8.8 Hz, 1 H), 7.57-7.52 (m, 3 H), 7.47-7.43 (m, 1 H), 3.56 (s, 2 H), 2.61
(s, 3 H), 2.39 (br, 4 H), 2.34 (br, 4 H), 2.15 (s, 3 H); *C NMR (125 MHz, d-DMSO0),  164.68, 151.90,

30

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 32 of 49

150.99, 143.63, 143.01, 138.12, 133.10, 132.67, 132.15, 132.04, 131.18, 130.65, 129.87, 128.97,
128.30, 128.03, 127.47, 127.42, 126.61, 125.38, 123.45, 123.20, 122.22, 117.20, 112.22, 111.58, 91.93,
88.56, 57.41, 55.96, 54.68, 52.65, 45.66, 23.01, 20.45, 18.49, 13.40; MS (EI): 609 [M+H] ";Purity:

97.50% (g 10.54 min).

3-((3-Methoxy-1H-pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-4-methyl-N-(4-((4-methylpiperazin-1-
yl)methyl)-3-(trifluoromethyl)phenyl)benzamide (10i). This compound was synthesized by reacting 14
with 20 under similar procedure to that of 10g except for using TFA in DCM with stirring for 8 hrs at
room temperature to remove the PMB protecting group. Yield: 45%. '"H NMR (400 MHz, d-DMSO), &
10.53 (s, 1 H), 8.68 (s, 1 H), 8.35 (s, 1 H), 8.21 (s, 1 H), 8.17 (s, 1 H), 8.06 (d, J=8.4 Hz, 1 H), 7.91 (d,
J=72Hz 1H),7.70 (d, J=8.0 Hz, 1 H), 7.51 (d, /= 7.6 Hz, 1 H), 4.03 (s, 3H), 3.56 (s, 2 H), 2.58 (s,
3 H), 2.39 (br, 8 H), 2.15 (s, 3 H); °C NMR (125 MHz, d-DMSO), 5 164.70, 154.84, 151.95, 150.93,
143.63, 138.16, 132.14, 132.04, 131.69, 131.18, 130.46, 129.86, 127.99, 127.38, 124.32, 123.47,
122.26, 117.24, 110.44, 103.09, 91.89, 88.19, 57.43, 55.73, 54.70, 52.66, 45.67, 20.40;MS (EI): 563

[M+H] *; Purity: 99.47% (g 6.91 min).

3-((1H-indazol-5-yl)ethynyl)-4-methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)phenyl)benzamide (25a) This compound can be synthesized by the method similar to
10g from its corresponding starting material 5-bromo-1H-indazole (26a) which was commercially
available with 14. Yield: 43%. '"H NMR (400 MHz, d-DMSO), & 13.32 (s, 1 H), 10.52 (s, 1 H), 8.22 (s,
1 H), 8.17 (s, 1 H), 8.15 (s, 1 H), 8.07 (s, 2 H), 7.90 (d, J= 7.6 Hz, 1 H), 7.70 (d, J = 8.4 Hz, 1 H), 7.62
(d,J=84Hz, 1 H),7.53(d,J=9.6 Hz, 1 H), 7.50 (d, J= 8.0 Hz, 1 H), 3.56 (s, 2 H), 2.57 (s, 3 H), 2.38
(br, 4 H), 2.33 (br, 4 H), 2.15 (s, 3 H); °C NMR (125 MHz, d-DMSO), & 164.75, 143.47, 138.18,
132.12, 132.03, 131.19, 130.32, 129.85, 128.95, 127.76, 127.38, 124.48, 124.33, 123.47, 122.86,
122.67, 117.24, 113.86, 110.87, 95.08, 85.68, 57.44, 54.70, 52.67, 45.68, 20.41; MS (EI): 532 [M+H] ’;

Purity: 98.08% (fg 13.00 min).
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4-Methyl-3-((1-methyl-1H-pyrazolo[3,4-b]pyridin-5-yl)ethynyl)-N-(4-((4-methylpiperazin-1-
yl)methyl)-3-(trifluoromethyl)phenyl)benzamide (24b) This compound was synthesized by the
method similar to 10g from its corresponding starting material 26b with 14. Yield: 53%. "H NMR (400
MHz, d-DMSO), & 10.53 (s, 1 H), 8.77 (d, J=1.6 Hz, 1 H), 8.53 (d, J = 1.6 Hz, 1 H), 8.22 (s, 1 H),
8.20 (d,J=1.6 Hz, 1 H), 8.19 (d, J=1.6 Hz, 1 H), 8.06 (d, /= 8.4 Hz, 1 H), 7.92 (dd, J= 1.6, 8.0 Hz, 1
H), 7.70 (d, J= 8.4 Hz, 1 H), 7.52 (d, J = 8.0 Hz, 1 H), 4.09 (s, 3 H), 3.56 (s, 2 H), 2.59 (s, 3 H), 2.39
(br, 4 H), 2.33 (br, 4 H), 2.15 (s, 3 H); °C NMR (125 MHz, d-DMSO), & 164.67, 150.93, 148.65,
143.68, 138.16, 133.30, 132.47, 132.15, 132.06, 131.18, 130.55, 129.91, 127.40, 124.34, 123.47,
122.12, 117.26, 114.57, 111.88, 91.69, 88.52, 57.46, 54.72, 52.68, 45.69, 33.78, 20.41; MS (EI): 547

[M+H] *; Purity: 99.44% (z 16.93 min).

3-([1,2,4] Triazolo[1,5-a]pyrimidin-6-ylethynyl)-4-methyl-N-(4-((4-methylpiperazin-1-
ylh)methyl)-3-(trifluoromethyl)phenyl)benzamide (25) This compound was synthesized by the method
similar to 10g from its corresponding starting material 27 with 14. Yield: 59%. 'H NMR (400 MHz, d-
DMSO0), 6 10.57 (s, 1 H), 9.87 (d, /= 2.0 Hz, 1H), 8.77 (s, 1 H), 8.20 (s, 2 H), 8.05 (d, J = 8.4 Hz, 1H),
797(d,J=8.0Hz, 1 H),7.71 (d,/J=8.4 Hz, 1 H), 7.55 (d, J=8.0 Hz, 1 H), 3.56 (s, 2 H), 2.60 (s, 3 H),
2.39 (br, 4 H), 2.33 (br, 4 H), 2.15 (s, 3 H); °C NMR (125 MHz, d-DMSO), & 164.60, 156.97, 156.76,
153.59, 144.12, 139.44, 138.11, 132.25, 132.14, 131.23, 130.93, 130.03, 128.70, 127.42, 127.07,
124.32, 123.50, 121.32, 117.28, 107.65, 91.72, 86.51, 57.45, 54.71, 52.67, 45.68, 20.39; MS (EI): 534

[M+H] *; Purity: 99.69% (fx 8.48 min).

Computational study. The crystal structures of type I conformations of wild-type and Ber-Abl B3t
mutant were taken from PDB ID 3QRI and 31IK3, and the crystal structures of type II conformations of
wild-type and Ber-Abl ™'*' mutant were 2GQG and 2V7A. Hydrogen atoms and charges were added
during a brief relaxation performed using the “Protein Preparation Wizard” workflow in Maestro 9.0
(Schrodinger LLC). All HETATM residues and crystal water molecules were removed. After the
hydrogen bond network was optimized, the crystal structures were minimized until the RMSD between

32

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 34 of 49

the minimized structure and the starting structure reached 0.3 A with OPLS 2005 force field. The grid-
enclosing box was placed on the centroid of the binding ligand in the optimized crystal structure as
described above and defined to enclose residues located within 14.0 A of the ligand binding site, and a
scaling factor of 1.0 was set to van der Waals (VDW) radii of those receptor atoms with partial atomic
charges of less than 0.25. The structure of 10a was drawn using the Builder tool and then optimized
with Ligprep module in Maestro. Standard precision (SP) approach of Glide was adopted to dock
GZDS824 to Bcer-Abl with the default parameters, and the top-ranking pose was retained as the

reasonable binding pose.

Cells and reagents. The leukemia cell lines (K562, KUS812, SUP-B15, U-937, MOLT4) were
purchased from ATCC and maintained as recommended by ATCC (Manassas, USA). Imatinib,
dasatinib and nilotinib were purchased from Biocompounds Pharmaceutical Inc. (Shanghai,China).
CCK-8 was purchased from Dojindo Molecular Technologies Inc (Kumamoto, JAPAN). Dimethyl
Sulfoxide (DMSO) and Cremophor were purchased from Sigma-Aldrich (Dorset, USA). D-luciferin
potassium was purchased from Gold Biotechnology (St. Louis, USA). Antibodies against Abl, p-Abl,
Crkl, p-Crkl, STATS, p-STATS, respectively, were all purchase from Cell Signaling Technology Inc

(Danvers, USA)

Stably transformed Ba/F3 cells. The Ba/F3 cell lines stably-expressing native Bcr-Abl or various
Ber-Abl mutants were self-established by following similar procedures to those described by Nikolas
von Bubnoff.*’ Briefly, wild-type Bcr-Abl p210 was cloned into pCDNA3.1(+) (Invitrogen, Carlsbad,
USA). Point mutations were introduced to pCDNA3.1(+) Ber-Abl using the QuickChange XL Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, USA). Ba/F3 cells were transfected with the constructs
using Transfected Cells Cloning Kit (Stem Cell Technologies, Vancouver, Canada) by electroporation.
Stable lines were selected using Amaxa Cell Line Nucleofector Kit V (Lonza, Cologne,Germany) with
G418 (Merck, Whitehouse Station, USA) and withdrawal of Interleukin-3 (IL-3, R&D). All of Ba/F3

stable cell lines were verified by monitoring both DNA sequences through DNA sequencing and protein
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expression levels of the corresponding Ber-Abl mutants through western blotting analysis. The ICs
values of imatinib, nilotinib and dasatinib were also utilized as reference for clone selection. For the

T3151
1

Ba/F3 cells co-expressing Ber-Ab and firefly luciferase, Ba/F3 stable lines expressing Ber-Abl

B8 were further stably- transfected with pPBABE-Luc (A gift from Dr Biliang Zhang). Parental Ba/F3
cells were cultured in RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS) and (II-3,
10ng/ml), while all Ber-Abl-transformed Ba/F3 stable cell lines were cultured in the similar medium

1 Q521 \yere self-established.

except without IL-3. Imatinib-resistant K562 cells which expressed Ber-Ab
Briefly, K562 cells were treated with a range of concentrations of imatinib (from 0.1 uM to 5 uM) over

a 3 month period. Single clones were then selected and identified through DNA sequencing and their

response to imatinib, nilotinib and dasatinib were monitored as an internal reference.

Active-site dependent competition binding assay- Kinomescan screening. The binding activities of

10a with native Abl or Abl-mutants were analyzed by KINOME scan™

system conducted by Ambit
Bioscience (San Diego, USA). Briefly, kinases were tagged with DNA. The ligands were biotinylated
and immobilized to streptavidin-coated beads. The binding reactions were assembled by incubating
DNA-tagged kinases, immobilized ligands and test compounds in binding reactions (20% SeaBlock,
0.17xPBS, 0.05% tween-20, 6 mM DTT) for 1.0 hour at room temperature. The affinity beads were
washed with washing buffer (1xPBS, 0.05% Tween-20) first and then elution buffer (1xPBS, 0.05%
Tween 20, 0.5 uM non-biotinylated affinity ligands). The kinase concentration in the eluate was
determined by quantitative PCR of the DNA tagged to the kinase. The ability of the test compound to
bind to the kinase was evaluated with percent control (%) as (Test compound signal — positive control

signal)/ Negative control signal — positive control signal) x 100%. Negative control is DMSO control

(100% Ctrl) and positive control is control compound (0 % Ctrl).

FRET-based Z’-Lyte assay detecting peptide substrate phosphorylation. The kinases are
commercially purchased from Invitrogen (USA). The catalog numbers of kinases ABLI,

ABLI1(E255K), ABL1 (G250E), ABLI(T315I), and ABLI(Y253F) are P3049, PV3864, PV3865,
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PV3866, and PV3863, respectively. All of them are Full-length Human recombinant protein expressed
in insect cells with Histidine-tagged. Inhibition activities of inhibitors against Abll and its mutants were
performed in 384-well plates using the FRET-based Z’-Lyte assay system according to the

manufacturer’s instructions (Invitrogen, Carlsbad, USA). Briefly, the kinase substrate was diluted into

SuL. 1X kinase reaction buffer; and the kinase was added. Compounds (10 nL) with indicated
concentrations were then delivered to the reaction by using Echo liquid handler and the mixture was
incubated for 30 minutes at room temperature. Then 5 pL of 2X ATP solution was added to initiate the

reaction and the mixture was further incubated for 2 hour at room temperature. The resulting reactions

contained 10 puM (for wild-type Abll, and mutants Y253F, Q252H, M351T and H396P) or 5 uM (for
mutants E255K, G250E, T3151) of ATP, 2uM of Tyr2 Peptide substrate in 50 mM HEPES (PH 7.5),
0.01% BRI1J-35, 10 mM MgCl2, 1 mM EGTA, 0.0247 pg/ml Abll and inhibitors as appropriate. Then,
SuL development reagent was added and the mixture was incubated for 2 hours at room temperature
incubation before 5 puL of stop solution was added. Fluorescence signal ratio of 445 nm (Coumarin)/520
nm (fluorescin) was examined on EnVision Multilabel Reader (Perkin Elmer, Inc.). The data were
analyzed using Graphpad Prism5 (Graphpad Software ,Inc). The data was the mean value of 3

experiments.

Antiproliferation assay using Cell Counting Kit (CCK-8). Cells in the logarithmic phase were
plated in 96-well culture dishes (~3000 cells/ well). 24 hours later, cells were treated with the
corresponding compounds or vehicle control at the indicated concentration for 72 hours. CCK-8 was
added into the 96- well plates (10 pl / well) and incubated with the cells for 3 hours. OD450 and OD650
were determined by a micro-plate reader. Absorbance rate (A) for each well was calculated as OD450-
OD650. The cell viability rate for each well was calculated as V% =(As-Ac)/(Ab-Ac)*x100% and the
data were further analyzed using Graphpad Prism5 (Graphpad Software ,Inc.) The data was the mean
value of the 3 experiments. As, Absorbance rate of the test compound well; Ac, absorbance rate of the

well without either cell or test compound; Ab, absorbance rate of the well with cell and vehicle control.
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Western blot analysis. The western blot analysis was carried out by following the protocol described
before. °! Briefly, after the indicated treatment, cell lysates were collected dissolving cells in 1xSDS
sample lysis buffer. After being sonicated and boiled, the supernatant of cell lysate were used for
western blot analysis. Cell lysates were loaded to 8-12% SDS-PAGE and separated by electrophoresis.
Separated proteins were then electrically transfered to a PVDF film. After being blocked with 1xTBS
containing 0.1% Tween-20 and 5% non-fat milk, the film was incubated with corresponding primary
antibody followed by HRP-conjugated secondary antibody. And the protein lanes were visualized using

ECL Western Blotting Detection Kit (GE healthcare, Piscataway, USA).

Animal studies. Male BALB/c or SCID nude mice were purchased from Vital River Laboratory
Animal Technology Inc (Beijing, China). All animal studies were approved by the Institutional Animal
Use and Care Committee of Guangzhou Institute of Biomedicine and Health, Chinese Academy of

Science.

Mice xenograft or allograft tumor models using K562 and transformed Ba/F3 cells expressing
native Ber-Abl or Ber-Abl mutants. K562 cells or Ba/F3 cells expressing native Ber-Abl or Ber-Abl
mutants were resuspended in normal saline (NS) solution (2.5 x 107 cell /ml). 0.2 ml of cell suspension
was injected subcutaneously into the right flank of each mouse. Mice were randomly grouped based on
the tumor volume when the mean tumor volume reached 100-200 mm’. Compound 10a and Imatinib
were dissolved in a vehicle containing 1% DMSO, 22.5% Cremophor, 7.5% ethanol and 69% normal
saline (NS). Mice were treated for the 14 consecutive days once daily by oral gavage with 10a (at the
indicated doses), Imatinib (50mg/kg) and vehicle, respectively. Tumor volume and body weight were
monitored once every 2 days. Tumor volume was calculated as the LxW?%/2 (L and W are the length

and width of the tumor, respectively).

Mice allograft model using Ba/F3 cells expressing Ber-Abl1™*"™'. Ba/F3 cells co-expressing BCR-
ABL""" and firefly luciferase were resuspended innormal saline (NS) solution and intravenously

injected into SCID nude mice (2x10° cells/ 0.1 ml). At 5-7 days after inoculation, proliferation of the
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Ba/F3 cells in vivo in mice was monitored through in vivo fluorescence imaging with XENOGEN IVIS-
200 System (University of Maryland Greenebaum Cancer Center, Baltimore, USA). Briefly, Mice were
intraperitoneally injected with 150 pl of D-luciferin potassium solution (150mg/m in PBS) and
anesthetized with halothane. 5 minutes later, the in vivo fluorescence images of the mice were taken.
Mice were then randomized to treatment groups based on the magnitude of the fluorescence signal.
Grouped mice were dosed once daily through oral gavage for 10 consecutive days with 10a of indicated
doses or Imatinib (100mg/kg), or vehicle (as described above). The body weight was recorded once
every two days. Proliferation of the Ba/F3 cells were monitored by in vivo fluorescence imaging at the
indicated time point post dose. Survival days of the mice were recorded and survival data were analyzed

with Kaplan-Meier method using software SPSS13.0.

Statistics. For the in vivo xenograft and in vivo allograft tumor models, the unpaired Student's T test
was used to assess differences of the tumor progression between the groups receiving 10a treatment or
Imatinib treatment and vehicle-treated control groups. The survival difference among 10a/Imatinib-
treated groups and vehicle-treated group was assessed by one way ANOVA log-rank test using Kaplan
Meier method of SPSS13.0. Difference with P <0.05 and P < 0.01 were considered significant and very

significant, and marked as* and **, respectively.

SUPPORTING INFORMATION

Chemical data of the final compounds, synthesis of key intermediates, and additional biological data
can be obtained in supporting information. This material is available free of charge via the Internet at

http://pubs.acs.org.

ABBREVIATION: For amino acids: E, glutamic acid; G, Glycine; H, histidine; K, lysine; P, praline;
S, serine; T, threonine; M, methionine; I, isoleucine; L, leucine; R, arginine; E, glutamic acid; Y,
tyrosine; V, valine; A, alanine; Q, glutamine; F, phenylalanine; D, aspartic acid; Abl, Abelson murine

leukemia viral oncogene; AIBN, azodiisobutyronitrile; ATP, adenosine triphosphate; Bcr, breakpoint
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cluster region; Boc, tert-butoxycarbonyl; CML, chronic myelogenous leukaemia; DCM,
dichloromethane; DFG, Asp-Phe-Gly; DMF, N, N- imethylformamide; DMSO, dimethyl sulfoxide;
NBS, N-bromosuccinimide; rt, room temperature; TFA, trifluoroacetic acid; THF, tetrahydrofuran; WT,
wild-type; SEM-CI, 2-(trimethylsilyl)ethoxymethyl chloride; NIS, N-iodosuccinimide; ALL, acute
lymphocyte leukemia; Ar, argon; DIPEA, N, N-diisopropylethylamine, FRET, Fluorescence resonance
energy transfer; DDR, discoidin domain receptor; FGFR, fibroblast growth factor receptor; Flt3, FMS-
like tyrosine kinase-3; PDGFR, platelet derived growth factor receptor; RET, rearranged during
transfection kinase; Src, sarcoma; Tie, tyrosine kinase with immunoglobulin and EGF-like domains;
Raf, rapidly accelerated fibrosarcoma; ADME, absorption, distribution, metabolism, and excretion;

CYP, cytochrome P-450; hERG, human ether-a-go-go related gene.
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IC5q values:

Ber-Abl WT 0.34 nM

Ber-Abl 3181 0.68 nM

K562 CML cells 0.2 nM

Ku812 CML cells 0.13 nM

SUP-B15 ALL cells 2.5 nM

K4 values:

nonphosphorylated Bcr-AblWT 0.32 nM
nonphosphorylated Ber-Abl™3% 0.71 nM
phosphorylated Ber-AblWT 0.34 nM
phosphorylated Ber-Abl 3% 3.20 nM
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