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Abstract

The second generation of Bcr-Abl inhibitors nilotinib, dasatinib, and bosutinib developed to

override imatinib resistance are not active against the T315I ‘gatekeeper’ mutation. Here we

describe a Type-II T315I inhibitor GNF-7, based upon a 3,4-dihydropyrimido[4,5-

d]pyrimidin-2(1H)-one scaffold which is capable of potently inhibiting wild-type and T315I Bcr-

Abl as well as other clinically relevant Bcr-Abl mutants such as G250E, E255V, F317L and

M351T in biochemical and cellular assays. In addition, GNF-7 displayed significant in vivo

efficacy against T315I-Bcr-Abl without appreciable toxicity in a bioluminescent xenograft mouse

model using a transformed T315I-Bcr-Abl-Ba/F3 cell line that has a stable luciferase expression.

GNF-7 is amongst the first type II inhibitors capable of inhibiting T315I to be described and will

serve as a valuable lead to design next generation Bcr-Abl kinase inhibitors.
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INTRODUCTION

The successful development of the Bcr-Abl inhibitor imatinib for the treatment of Chronic

Myelogenous Leukemia (CML) has provided the paradigm for the development of a host of
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other small molecule inhibitors targeting kinase whose activity become deregulated in

cancer. One major problem facing the development of selective protein kinase inhibitors is

the emergence of drug resistance caused by mutations in the kinase domain. Extensive in

vitro and clinical work has elucidated a large number of mutations that confer resistance to

imatinib either by directly influencing the drug binding site or by disfavoring the

conformational rearrangements required for imatinib to bind. Several second generation Bcr-

Abl inhibitors have been developed including nilotinib (Tasigna®, AMN107) (Weisberg et

al., 2005), bosutinib (SKI-606) (Puttini et al., 2006), dasatinib (Sprycell®, BMS-354825)

(Shah et al., 2004) that are capable of inhibiting most of the known Bcr-Abl mutants with

the exception of the so-called ‘gatekeeper’ mutation T315I (O’Hare et al., 2005).

Several small molecules capable of inhibiting the T315I mutant in biochemical and cellular

assays have been reported. AG-490, an inhibitor of Jak2 which is a kinase implicated in

signal transduction downstream of Bcr-Abl, was shown to induce apoptosis in Ba/F3-Bcr-

Abl-T315I cell line (Samanta et al., 2006). AP23846, originally developed as a Src kinase

inhibits T315I Bcr-Abl dependent cellular proliferation (IC50 of 297 nM) but also inhibits

parental Ba/F3 cell lines suggesting it possesses additional intracellular targets. VX-680

(MK-0457), originally developed as an aurora kinase inhibitor exhibits potent enzymatic

inhibition of T315I-Abl (IC50 of 30 nM) but only modestly inhibited cellular auto-

phosphorylation (IC50 of ca. 5 uM) of Ba/F3 transformed with T315I Bcr-Abl (Carter et al.,

2005). Another Aurora kinase inhibitor, PHA-739358 currently being investigated in a phase

II clinical trial for patients with relapsed chronic myelogeneous leukemia exhibited potent

inhibition of T315I-Abl enzyme (IC50 of 5 nM). Crystallographic analysis of PHA-739358

in complex with T315I-Abl reveals (Modugno et al., 2007) that the isoleucine side chain of

T315I mutant does not cause a steric clash with PHA-739358 in contrast to imatinib.

TG101114 (Quintás-Cardama et al., 2007), a thiazole–based inhibitor also exhibited good

potency (IC50 of 50 nM) against T315I mutant enzyme and exhibited reasonable in vivo

efficacy in a xenograft mouse model harboring T315I. SGX393 (O’Hare et al., 2008)

derived from pyrrolo[2,3-b]pyridine scaffold class was originally identified using a

crystallographic fragment-based screening approach, displayed excellent activity (IC50 of

7.3 nM) against T315I-Bcr-Abl-Ba/F3. Interestingly, SGX393 is considerably less potent

against P-loop mutations such as E255V compared with T315I. Another reported class of

Bcr-Abl inhibitors is exemplified by ON012380 which is claimed to be a non-ATP-

competitive Bcr-Abl inhibitor potently inhibits imatinib-resistant Bcr-Abl mutants such as

T315I in cellular and biochemical assays with IC50 values below 10 nM (Gumireddy et al.,

2005). ON012380 appears to target substrate binding site of Abl kinase domain but

numerous other cellular kinases are inhibited by this compound. It should be noted that most

T315I inhibitors disclosed to date except ON012380 are categorized as Type-I kinase

inhibitors which bind exclusively to the ATP binding site of kinase with the kinase in an

otherwise catalytically competent state. Recently, several compounds from the Type-II class

that recognize the “DFG-out” conformation have rarely been reported to inhibit T315I.

These include the 9-(arenethenyl)purine analogue, AP24163 (Huang et al., 2009), and the

biaryl urea-derived inhibitors NVP-BBT594 and NVP-BGG463 (Chimia 2008; 62; 579) and

DSA series compounds(Seeliger et al., 2009). AP24163 exhibited modest potency (IC50 400

nM) against T315I M351T in biochemical and cellular assays and DSA8 showed great
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potency (IC50 33 nM) on T315I enzyme along with moderate anti-proliferatve activity (IC50

500 nM) evaluated using T315I Bcr-abl transformed Ba/F3 cells. A co-crystal structure with

wild-type and gatekeeper mutant of Src with a PP1-based type II inhibitor revealed how the

inhibitor could leave ample space for an enlarged gatekeeper residue (Dar et al., 2008)

RESULTS AND DISCUSSION

Here we describe a Type-II T315I inhibitor, based upon a 3,4-dihydropyrimido[4,5-

d]pyrimidin-2(1H)-one scaffold which occupies the ATP binding cleft as well as an

immediately adjacent hydrophobic pocket of Abl kinase domain. A representative member

of this class, GNF-6 (Okram et al., 2006) was crystallized with Abl and shown to bind in the

Type-II conformation. The pyrimidopyrimidinone inhibitor descried here, GNF-7 is capable

of inhibiting wild-type and T315I Bcr-Abl activity in biochemical and cellular assays and

also inhibits other clinically relevant Bcr-Abl mutants such as G250E, E255V, F317L and

M351T. We also demonstrate that GNF-7 is capable of inhibiting T315I-Bcr-Abl dependent

tumor growth in a murine model of CML (Weisberg et al., 2005).

Design Rationale for a Type-II T315I Bcr-Abl Inhibitor

An examination of the co-crystal structures of imatinib (Nagar et al., 2002) nilotinib

(Weisberg et al., 2005) and dasatinib (Tokarski et al., 2006) with Abl demonstrate that all

three inhibitors form a critical hydrogen bond with the side-chain hydroxyl group of T315I

and would also require a significant rearrangement of their binding conformation to

accommodate a larger residue at the gatekeeper position. Mutation of this gatekeeper

position appears to be a general theme for resistance to kinase inhibitors as exemplified

clinically by resistance of T790M EGFR to Erolotinib (Pao et al., 2005) and experimentally

by the resistance of G697R FLT3 to PKC412 and SU5614 (Cools et al., 2004), T341M c-Src

to the pyrido[2,3-d]pyridinone (PP58), T681I PDGFRβto the pyrido[2,3-d]pyridinone

(PP58) and imatinib, and V561M FGFR1 to pyrido[2,3-d]pyridinones (PP58) (Blencke et

al., 2004; Cools et al., 2003).

It is well known that a variety of potent inhibitors of the Src-family such as AZD0530

(Hennequin et al., 2006) and bosutinib also show potent inhibition of Abl kinase. Indeed the

2-amino-5-carboxamidothiazoles, dasatinib compound class was originally developed as an

inhibitor of the Src-family kinase Lck to inhibit T-cell activation with potential utility as an

immunosuppressant (Wityak et al., 2003). Likewise pyrimidopyrimidones such as

PD173955 were originally developed as inhibitors of Src kinase (Kraker et al., 2000) and

receptor tyrosine kinase inhibitors such a EGFR, FGFR, PDGFR and c-Kit (Panek et al.,

1997; Klutchko et al., 1998) and were only later demonstrated to possess potent cellular and

enzymatic activity on wild-type and mutant forms of Bcr-Abl (Wisniewski et al., 2002;

Dorsey et al., 2000). Co-crystal structures of PD173955 with Abl (PBD:1m52) demonstrate

that these compounds bind to the ATP-binding site with the kinase otherwise assuming a

conformation normally utilized to bind ATP (Type I binding) (Nagar et al., 2002).

Interestingly PD173955 exhibits approximately 30-fold more potent cellular activity against

Bcr-Abl relative to imatinib presumably as a consequence of possessing a much higher

affinity to the ATP-binding pocket (Wisniewski et al., 2002). In contrast, imatinib only

exhibits cellular activity against Bcr-Abl and some receptor kinases, such as KIT, PDGFR
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and DDR, but is not known to inhibit the cellular activity of any Src-family kinases. The

crystal structure of imatinib bound to the kinase domain of c-Abl (Nagar et al., 2002)

demonstrated that the compound binds to a conformation of the kinase where the activation

loop is in a so-called “in-active” conformation first visualized in the inactive conformation

of the insulin-receptor tyrosine kinase (Type II binding). This binding conformation allows

the piperazine-benzamide moiety of imatinib to access an additional hydrophobic pocket

directly adjacent to the ATP binding site. By superimposing the bound conformation of

PD173955 and nilotinib as depicted in Figure 1, it is clear that additional functionality can

be appended to the dichlorophenyl ring of PD173955 to access this adjacent hydrophobic

pocket to create a new “hybrid” structure (Okram et al., 2006; Cowan-Jacob et al., 2004).

We hypothesized that the resulting hybrid compound might be able to inhibit the T315I

mutation due to enhanced affinity both to the hinge-binding region and to the hydrophobic

back-pocket, in addition to not forming a hydrogen bond to the gatekeeper position.

In vitro Potency of GNF-7

To assess the cellular activity of the compounds, we tested them against wild-type and

mutant Bcr-Abl transformed Ba/F3 cells. Wild-type Ba/F3 cell survives in the presence of

interlukin-3 (IL-3) but Ba/F3 cell transformed by oncogenic kinase such as Bcr-Abl

becomes capable of growing in the absence of IL-3 and provides a robust and commonly

used assay for selective kinase inhibition (Melnick et al., 2006; Warmuth et al., 2007). The

first hybrid compound we made, GNF-6 exhibited an IC50 of less than 5 nM on wild-type

Bcr-Abl and an IC50 of 303 nM on T315I while exhibiting non-specific inhibition of

untransformed Ba/F3 cells with an IC50 of 1.7 uM (Table 1). GNF-6 also effectively

inhibited cellular kinase autophosphorylation of T315I-Bcr-Abl-Ba/F3 with an IC50 of 243

nM further demonstrating that the antiproliferative activity against this mutant correlates

with direct inhibition of the T315I-Abl enzyme. A co-crystal structure (Okram et al., 2006)

of GNF-6 with Abl revealed that the compound bound to a conformation that was virtually

indistinguishable from that used by imatinib which clearly validates the design strategy (Liu

and Gray, 2006). We next evaluated how altering the structure in the hinge binding region

and hydrophobic back pocket might change the potency of cellular inhibition. We replaced

the amino-pyrimidine hinge binding motif of GNF-6 with the phenylaminopyrimidine motif

which is known to form a stronger interaction with the kinase hinge residues as shown for

GNF-7 and GNF-8. These modifications improved absolute cellular potency against T315I

as well as increase the ratio for selectivity relative to untransformed Ba/F3 cells. In addition,

these modifications resulted in improved inhibitory potency on T315I enzyme as well as

against T315I cellular autophosphorylation. We next incorporated a 3-methylimidazole by

analogy to nilotinib and the resulting compound GNF-9 also demonstrated excellent activity

against wild-type and mutant Bcr-Abl compared with absence of this methylimidazole

(Table 1). In particular, this methylimidazole of GNF-9 significantly contributes to excellent

potency of GNF-9 against T315I enzyme.

In addition, GNF-7 displayed excellent growth inhibitory activity against human colon

cancer cells (Colo205 and SW620) while a non cancer cell line, HEK293T was not

particularly sensitive to inhibition by GNF-7 as described in Table 3. Due to the broad
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selectivity profile of GNF-7, further profiling of a larger panel of human cancer cell lines

would potentially reveal additional utility for this inhibitor.

Kinase Selectivity of GNF-7

We next investigated the kinase selectivity of GNF-7 against a panel of 41 recombinant

kinase enzymes and on a panel of Ba/F3 cell lines transformed with diverse set of tyrosine

kinases as summarized in Tables 2 and 3. This analysis revealed that the compound

possessed a lack of selectivity, inhibiting both tyrosine and serine/threonine kinases. In

addition to the large number of kinases inhibited by PD173955, kinases such as JNK, Bmx,

and c-Raf were also inhibited by GNF-7. GNF-7 however exhibited some selectivity (4 to

100-fold) for T315I Bcr-Abl (IC50 = 11 nM) relative to kinases such as TPR-Met, NPM-

ALK, JAK-3, Flt-3. Although the co-crystal structure of GNF-6 with Abl demonstrates

binding to the inactive conformation (type II), it is possible that an alternative binding

conformation is exploited when binding to other kinases. Further work will be required to

investigate to what extent broad inhibition of mutant alleles of Bcr-Abl can be achieved

while still maintaining significant selectivity relative to other kinases. Considering that the

gatekeeper residue is a crucial kinase selectivity determinant (Cools et al., 2004), this will

likely present a significant challenge.

In vivo Efficacy and Toxicity of GNF-7

In order to investigate whether GNF-7 could inhibit wild-type and T315I Bcr-Abl at well

tolerated doses in vivo, we investigated the tumor efficacy in luciferase xenograft model.

One short coming of the original PD173955 compound was a poor pharmacokinetic profile

in mice. GNF-7 exhibited excellent pharmacokinetic parameters in mice as depicted in Table

4, with good systemic exposure (AUC = 26656 hrs*nM, Cmax = 3.6 uM) along with

reasonable half life (t1/2=3.2 hrs) and favorable oral bioavailability (BAV=36%) being

observed following oral administration of a single dose of 20 mg/kg. GNF-7 displayed

significant in vivo efficacy against T315I-Bcr-Abl in the bioluminescent xenograft mouse

model using a transformed T315I-Bcr-Abl-Ba/F3 cell line that has a stable luciferase

expression. As illustrated in the Figures 2, light emission from mice that were administered

an oral dose of 10 or 20 mg/kg of GNF-7 once per day was significantly (T/C 38% and 23%,

respectively) reduced compared with that from untreated control mice, indicating that

GNF-7 effectively inhibits tumor growth of T315I-Bcr-Abl-Ba/F3 cells in mice at low doses

(10 mg/kg). However, appreciable (> 10%) body weight loss was observed in mice treated

with doses of GNF-7 of 20 mg/kg and above which is a common symptom of in vivo

toxicity. However, the 10 mg/kg dosing group exhibited only a very small weight change as

plotted in the Figure 3. The significant body weight loss in the 20 mg/kg group forced the

dosing to be discontinued at day 6. An acceptable therapeutic index of GNF-7 would be

anticipated at around 10 mg/kg dose as remarkable efficacy was observed with little body

weight change at 10 mg/kg dose.

SIGNIFICANCE

Our results demonstrate that it is possible to design a Type-II inhibitor that can circumvent

the T315I Bcr-Abl “gatekeeper” mutation by bridging the ATP and allosteric binding site

Choi et al. Page 5

J Med Chem. Author manuscript; available in PMC 2014 August 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



using a linker segment that can accommodate a larger gatekeeper residue. The ability of the

compounds to tolerate diverse gatekeeper amino acids results in structures with broad kinase

selectivity profiles. This demonstrates that Type-II inhibitors as a class are not necessarily

more selective than Type-I inhibitors. GNF-7 is likely to serve as a valuable starting point

for developing Type–II inhibitors for a variety of kinases.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures for Bcr-Abl kinase assay, Ba/F3 cell proliferation assay,

and phosphotyrosine analysis such as auto-phosphorylation estimation are described in our

previous publications (Okram et al., 2006; Adrian et al., 2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Superimposed structure of PD173955 (green sticks) bound to Abl (PDB;1m52) and

AMN107 (yellow sticks) bound to Abl (PBD:3cs9).
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Figure 2.
Bioluminescent in vivo efficacy study (oral administration, once-daily dosing) for GNF-7

using Ba/F3-T315I-Bcr-Abl cell line that has a stable luciferase expression. Mice were

imaged at day 5 and 7 after GNF-7 treatment.
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Figure 3.
Mice body weight change during bioluminescent in vivo efficacy study (oral administration,

once-daily dosing) for GNF-7
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Table 4

Pharmacokinetic properties of GNF-7 on Balb/C mouse

Formulation PEG300 (100%), solution PEG300/water 1:1, solution

Dosing 5 mpk, intravenous 20 mpk, peroral

CLs (mL/min/kg) 8.6

Vss (L/kg) 1.12

AUC (hrs*nM) 18527 875.71

Cmax (nM) 11707 3616

Tmax (hrs) 0.03 3

Clast (nM) 10 15

Tlast (hrs) 24 24

T1/2 (hrs) 3.8 3.2

F (%) 36
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