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Abstract
Imatinib mesylate, a selective inhibitor of the Abl tyrosine kinase, is
effective as a single-agent therapy for chronic myelogenous leukemia.
However, resistance has been reported, particularly in patients with
advanced-stage disease. Mutations within the Abl kinase domain are a major
cause of resistance, demonstrating that Bcr-Abl remains a critical drug
target. Recently, a novel pyrido[2,3-d]pyrimidine derivative, PD180970, has
been shown to potently inhibit Bcr-Abl and induce apoptosis in Bcr-Ablexpressing leukemic cells. We analyzed the inhibitory activity of PD180970
against Abl kinase domain mutations and cells expressing clinically relevant
mutations. Our data indicate that PD180970 is active against several Bcr-Abl
mutations that are resistant to imatinib and support the notion that developing additional Abl kinase inhibitors would be useful as a treatment strategy
for chronic myelogenous leukemia.

Introduction
CML3 is a clonal hematopoietic stem cell disorder. It is characterized by excess proliferation of myeloid progenitors that retain the
capacity for differentiation during the stable or chronic phase of the
disease. After 4 – 6 years, the disease inevitably transforms into a fatal
acute leukemia, referred to as blast crisis. Multiple lines of evidence
have established the deregulated Bcr-Abl tyrosine kinase, the product
of the Philadelphia chromosome, as the causative oncogene of CML
(1). The introduction of imatinib mesylate (Gleevec, STI571), a
2-phenylaminopyrimidine and selective inhibitor of the Bcr-Abl tyrosine kinase, has demonstrated that a precise understanding of the
molecular pathogenesis of a malignancy can lead to the development
of a safe and effective therapy (2, 3). Nearly all patients with earlystage CML achieve a complete hematological remission, and in 40 –
70% of these patients, the Philadelphia chromosome is no longer
detected using standard cytogenetic assays (2, 4, 5). Although 60% of
patients in blast crisis respond to imatinib, the majority relapse despite
continued therapy (3, 6).
In an effort to elucidate possible mechanisms of resistance, we
performed biochemical analyses of various mutant isoforms of the
isolated Abl kinase domain that were presumed to be essential for
drug binding (7, 8). In line with predictions made from the crystal

structure of the Abl kinase in complex with imatinib (9, 10), we found
that mutations at position T315 and Y253 are capable of disrupting the
binding of imatinib. These predictions were subsequently verified by
the finding that these and other mutations of the Abl kinase domain
are present in clinical samples of resistant or relapsed patients (11–
20). The reported detection frequency of such mutations ranges between 30% and 90%. In these reports, the most frequently mutated
residues are amino acids 253, 255, 315, and 351 and account for
approximately 60% of all reported mutations. The crystal structure of
imatinib with the Abl kinase demonstrates that imatinib captures a
specific inactive conformation of the Abl kinase (9, 10). Predictions
from this structure suggest that some mutations may disrupt the
unique conformation of the Abl kinase domain required for imatinib
binding. In contrast, other Abl kinase domain mutants found in
patients interfere with imatinib binding to Abl because they interrupt
points of direct contact.
Given that the Bcr-Abl kinase is reactivated in relapsed patients,
there has been extensive interest in identifying other Abl kinase
inhibitors capable of inhibiting some or all of these mutant Abl
kinases. One series of compounds of the pyrido[2,3-d]pyrimidine
family, originally developed as Src family inhibitors (21), has also
been found to have potent Abl inhibitory activity (22, 23). For
example, PD180970 potently inhibited autophosphorylation of
p210Bcr-Abl and induced apoptosis of K562 cells, a CML blast crisis
cell line. Interestingly, the crystal structure of a compound related to
PD180970 with the Abl kinase has shown that it binds to a conformation of Abl in which the a-loop resembles that of an active kinase
(9). These data suggest that compounds of this class may be capable
of inhibiting some of the mutated Abl kinases found in relapsed
patients, particularly those in which the Abl kinase is in an active
configuration. This hypothesis was tested using isolated kinase domains and cell lines expressing Bcr-Abl with various mutations identified in relapsed patients. In particular, all of the commonly mutated
residues were tested along with additional, representative mutations in
the phosphate-binding domain and a-loop.
Materials and Methods

Site-directed Mutagenesis and Generation of Vectors. Mutagenesis for
the generation of purified GST-Abl kinase was performed as described previously (8). Briefly, PCR with primers containing appropriate point mutations
was used to amplify the Abl kinase domain consisting of c-Abl amino acids
220 – 498 subcloned into the BamHI site of pGEX KG (Amersham Pharmacia).
The presence of the mutations was confirmed by sequencing.
To introduce the mutations into full-length p210Bcr-Abl, we performed
PCR-based site-directed mutagenesis of the AatII/KpnI Abl kinase fragment
subcloned into pGEM7 (Promega). This fragment was subcloned into fulllength p210Bcr-Abl (pGEM5-p210Bc-Abl), and the final product was subcloned
into the EcoRI site of the mammalian expression vector pSR␣.
Kinase Assays. Kinase assays of GST fusion proteins (wild-type and
mutant Abl kinase) were performed as described previously (8). Quantitation
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of the Abl autophosphorylation signal intensity was performed with a PhosphorImager (Molecular Dynamics), and means from two to three independent
experiments were calculated to determine the IC50 values. Abl immunoblots to
demonstrate equal protein loading were performed with ␣-Abl Ab-2 (Oncogene) as described previously (8).
Infection of Murine Hematopoietic Cells. Bosc23 cells (24) were maintained in DMEM supplemented with 10% fetal bovine serum, 1 unit/ml
penicillin, and 1 g/ml streptomycin. For the production of wild-type and
mutant p210Bcr-Abl as well as control retrovirus, Bosc23 cells were transiently
transfected with pSR␣-p210Bcr-Abl or pSR␣ control plasmid, and the viral
supernatant was harvested at 48 h after transfection. Ba/F3 cells were incubated with filtered retroviral supernatants containing 8 mg/ml polybrene and
15% WEHI conditioned media as the source of IL-3. Subsequent selection for
stable transfectants was performed by maintaining cells in RPMI 1640 supplemented with 10% serum, 1 unit/ml penicillin, 1 g/ml streptomycin, and
0.75 mg/ml G418. Stably expressing cells were then further selected by
removal of IL-3. After confirmation of Bcr-Abl expression by immunoblot
analysis, cells were used in proliferation assays.
Proliferation Assays. Tetrazolium-based proliferation assays (MTT assay)
were performed as described previously (25). Cells were plated in triplicate at
5 ⫻ 103 cells/well in 96-well microtiter plates. MTT uptake (absorbance at
570 nm) was assayed daily to ensure exponential growth of the untreated cells.
The mean was calculated for each concentration of the drug. Means and SDs
were generated from three to four independent experiments and reported as the
percentage absorbance of control. Cell proliferation curves were derived from
these data, and best fit curves were generated in Microsoft Excel. Results from
day 3 were used to calculate the IC50.
Drug Preparation. PD180970 (21) was kindly provided by Pfizer Global
Research and Development (Ann Arbor, MI). The crystalline compound was
dissolved as a 10 mM stock solution in 100% DMSO (Sigma), and aliquots
were kept at –20°C. Experiments were performed with serial dilutions of the
10 mM stock. Controls in biochemical and cellular assays were performed with
solvent vector (DMSO; control).
Immunoblotting. Detection of Bcr-Abl expression was performed using
standard Western blotting procedures. Equal amounts of cells were analyzed
by immunoblotting with anti-ABL (8E9; kindly provided by Jean Y. J. Wang,
University of California San Diego, La Jolla, CA).

Results and Discussion
Mutations within the a-loop Are Sensitive to PD180970. The
a-loop of the Abl kinase begins at amino acid 381 with the highly
conserved DFG motif, and beginning at this motif, the structures of
Abl bound to imatinib and the PD180970-related compound diverge
significantly (9). This region of the Abl kinase can adopt a closed or
inactive conformation and an open or active conformation. Imatinib
forces Abl into the closed or inactive conformation and is incapable of
binding to the open, active configuration. In contrast, the PD180970related compound is capable of binding to Abl regardless of its
conformation. Therefore, mutations that stabilize the kinase in an
active conformation are predicted to interfere with imatinib binding.
One such mutation, observed in relapsed patients, is at histidine 396
(His396), which is very close to tyrosine 393, a key residue in regulating kinase activation (26). Replacement of H396 with proline
(H396P) is predicted to favor an open, active conformation of the
a-loop. Subsequently, binding of imatinib would be prevented. In
contrast, because the PD180970-related compound has been shown to
bind the kinase independent of the a-loop conformation, it may not be
affected by kinase activation-inducing mutations (26). Consistent with
these predictions, GST-Abl-H396P is as sensitive to PD180970 as
wild-type Abl. This is in contrast to the significant increase in the IC50
observed for this mutation to imatinib (Fig. 1; Table 1). This mutation
was also evaluated using reconstituted, growth factor-independent
Ba/F3 cells with mutated p210Bcr-Abl-H396P. MTT assays with imatinib and PD180970 were performed, and IC50 values were determined after 3 days of continuous drug exposure. IL-3-dependent
Ba/F3 cells containing vector only (Ba/F3-pSR␣) were used to detect

Fig. 1. Kinase assays of wild-type and Abl kinase domain mutations in the presence of
PD180970. A, autophosphorylation of the Abl kinase domain was analyzed for wild-type,
E255K, Y253F, A380T, H396P, and T315I in the presence of escalating doses of
PD180970. Representative kinase assay gels are shown. Abl blots demonstrate equal
protein loading. B, representative dose-response curves for PD180970 and imatinib kinase
assays. Mutations E255K, A380T, H396P, and Y253F show intermediate or complete
insensitivity to imatinib [data were reported previously in part (8, 12), for imatinib only]
but retain full sensitivity to PD180970. T315I is equally insensitive to both inhibitors.

nonspecific cytotoxicity. Ba/F3-p210-H396P cells reveal a sensitivity
profile to PD180970 that is very similar to Ba/F3-p210 wild-type
cells, whereas the activity of imatinib differs significantly, indicating
intermediate resistance induced by mutation H369P (Fig. 2; Table 1).
To further evaluate this concept of differential drug sensitivity due
to the differences in target recognition governed by the a-loop topology, we substituted the alanine at amino acid 380, adjacent to the DFG
motif, with threonine (A380T). Although not a mutation found in
patient samples, it is adjacent to V379I, a recently described mutation
in a chronic-phase patient who failed to obtain a cytogenetic response
to imatinib (20). The IC50 value of PD180970 for GST-Abl-A380T is
43 nM, which is almost identical to that observed for wild-type Abl
(Fig. 1; Table 1). In contrast, A380T has a 14-fold higher IC50 for
imatinib. Proliferation assays using Ba/F3-p210-A380T cells in the
presence of PD180970 showed an even lower IC50 value compared
with the wild-type Bcr-Abl-expressing control cells (Fig. 2; Table 1),
whereas the dose-response curve in the imatinib assay shows a shift to
the right, with an 8-fold increase of the IC50. Thus, consistent with
predictions from the crystal structure, PD180970 is capable of inhibiting mutations, such as H396P or A380T, that force Abl to adopt the
open, active configuration, whereas imatinib cannot inhibit these
mutations.
Imatinib-resistant Mutations within the ATP-binding Loop
(p-loop) Are Sensitive to PD180970. The ATP binding domain is
defined by a glycine-rich sequence (GXGXXG) that spans amino acids
249 –254. The nonconserved residues, 250, 252, and 253, and the
adjacent residue 255 have all been identified as mutated in patient
samples, with 253 and 255 being among the most common. Because
both imatinib and PD180970 function as competitive inhibitors of
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Table 1 IC50 values (in nM) of two alternative Abl kinase inhibitors against various
Abl kinase mutants derived from biochemical (kinase assay) and cell based
(MTT-assay) assays
Imatinib mesylate

Vector only
Wild-type
Q252H
Y253F
E255K
T315I
M351T
A380T
H396P

PD180970

Kinase assay

MTT assay

Kinase assay

MTT assay

25
ND
1,800
⬎5,000
⬎5,000
ND
340
340

⬎10,000
300
2,800
3,040
4,400
⬎10,000
930
2,450
4,200

45
ND
48
33
3,200
ND
43
48

710
25
130
120
140
840
45
5
15

ATP binding, there are extensive contacts between these compounds
and this domain. However, all of the interactions between imatinib,
PD180970, and this domain of the Abl kinase are van der Waals
interactions. Due to its glycine-rich content, this domain has considerable flexibility, thus allowing these compounds to induce a conformation favorable to their binding. Whereas the p-loop of the Abl
kinase undergoes massive distortion as part of the induced fit with
imatinib, the PD180970-related compound binds to this region without major clashes (9).
Tyrosine 253 interacts with both imatinib and PD180970 through
van der Waals interactions. Mutation of this residue to phenylalanine,
as observed in relapsed patients, confers intermediate resistance to
imatinib in biochemical (8, 19) as well as cell-based assays using
reconstituted Ba/F3-p210-Y253F cells (Ref. 20; Table 1). Despite the
interaction between this residue and the PD180970 compound, the
IC50 in the presence of PD180970 remains unchanged in biochemical
assays (Fig. 1; Table 1). The results generated in cell-based assays
reveal a 5-fold increase of IC50 for PD180970 (120 nM versus 25 nM).
The differential sensitivity profile of Y253F in a biochemical assay
compared with a cellular environment was even more significant with
imatinib (3040 nM versus 300 nM) and has been attributed to the
complex intracellular regulation of the Abl kinase that would ultimately influence the binding affinity of small molecule inhibitors
(19). However, it is clear that PD180970 is much more potent against
Y253F as compared with imatinib.
Mutations at position 255 have been reported by several groups and
lead to replacement of glycine by either lysine (E255K) or valine
(E255V). Amino acid 255 is located within the nucleotide-binding
region of the kinase domain adjacent to Val256, a predicted contact
point for both imatinib and the PD180970-related compound (9, 10).
We reported a significant increase of the IC50 value of E255K for
imatinib to ⬎5.0 M in kinase assays, thereby classifying this Abl
mutant as highly resistant (12). Analysis of the inhibitory potential of
PD180970 against E255K in kinase assays revealed a sensitivity
profile that is very similar to wild-type Abl with an IC50 value of 33
nM. Similar to Y253F, results obtained in the cell-based assays differ
slightly from the findings in the biochemical analysis, with a 5-fold
increased IC50 relative to wild-type Bcr-Abl, but confirm the sensitivity of E255K to PD180970. Cell line proliferation data obtained for
Q252H, another clinically relevant representative of p-loop mutations,
are very similar to those for Y253F and E255K (Fig. 2).
These data indicate that PD180970 has significantly more activity
against p-loop mutants than imatinib. Presumably, the insensitivity of
these mutations to imatinib is due to the inability of the mutated
p-loop to adopt the conformation required for imatinib binding. In
contrast, because PD180970 can bind to the p-loop without inducing
a major conformational change, it is assumed that these mutations
have much less effect on PD180970 binding to Abl and that, as a
consequence, these Abl kinase domain mutations remain sensitive to
PD180970.

T315I Is Resistant to Both Imatinib and PD180970. A common
feature of the crystal structures of imatinib and the PD180970-related
compound with the Abl kinase is that threonine 315 contacts both
compounds. With imatinib, this residue forms a hydrogen bond, and
with the PD180970-related compound, it forms a van der Waals
interaction (9). We demonstrated previously that mutations at this
residue result in complete insensitivity of the Abl kinase to imatinib
(7, 8). A mutation of this residue to isoleucine (T315I) was subsequently the first and is now known to be one of the most common
mutations identified in patients who relapse after responding to imatinib (11, 12, 15, 16, 18, 20). Therefore, we were interested in the
ability of PD180970 to inhibit this mutant. As illustrated in Fig. 1,
T315I induces a shift of the dose-response curve to the right, resulting
in a dramatic increase of the IC50 value as compared with wild-type
Abl. This mirrors the findings for imatinib (Fig. 1B) and demonstrates
the likely importance of this contact point for drug binding with
PD180970 as well. Steric inhibition of drug binding by the T315I
mutation is also possible; however, only crystallographic studies will
be able to determine the exact target-drug interaction at this mutated
residue.
This mutation was also evaluated using IL-3-independent Ba/F3
cells expressing mutated p210Bcr-Abl-T315I. As shown in Fig. 2, Ba/
F3-p210-T315I cells are completely insensitive to imatinib at doses up
to 10 M, with a dose-response curve resembling that of control cells
(Ba/F3-pSR␣). In accordance with the findings in the kinase assay,
similar results were also obtained with PD180970. Specifically, the
only growth inhibition that was observed occurred at doses greater
than 250 nM, with equal inhibition of control cells. The most likely
explanation for the difference in cytotoxicity of imatinib and
PD180970 against control cells has to do with the different spectrum
of kinases inhibited by these compounds. Because PD180970 inhibits
the growth of control cells and cells expressing p210 –315I at similar
doses, this is consistent with this Abl mutation being insensitive to this
compound.
These data indicate that PD180970 would not be predicted to be
useful in a patient who relapses as a consequence of a point mutation
at amino acid 315. Whether other inhibitors related to PD180970 can
inhibit T315I is unknown. However, our data point out the difficulty
in generating one compound that can inhibit wild-type Abl kinase and
all of the mutated forms. Another strategy would be to down-regulate
Bcr-Abl expression, i.e., using Hsp90 inhibitors (27, 28). Alternatively, inhibition of signaling pathways downstream of Bcr-Abl could
be useful, for example, targeting Ras (29), mitogen-activated protein
kinase (30), or phosphatidylinositol 3⬘-kinase (31).
M351T Is Also Inhibited by PD180970. A substitution of threonine for methionine at amino acid 351 (M351T) is another frequent
mutation of the Abl kinase that causes imatinib resistance in CML
patients (12, 16, 20). It is not part of the ATP binding p-loop, nor is
it within the a-loop. It appears, however, to have a close topologic

Fig. 2. Ba/F3 and Ba/F3-p210 dose-response curves generated by MTT proliferation
assays. Data from day 3 are plotted as the concentration of inhibitor versus inhibition of
proliferation. Each data point represents a mean across three to four independent experiments. Data from single experiments were created by means of quadruplicate analysis.
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relation to the base of the a-loop, which may explain its ability to
influence binding of imatinib. Our previously reported biochemical
data revealed a ⬎80% reduction of the isolated Abl kinase domain
activity, which made it technically impossible to perform biochemical
assays (12). Therefore, we focused our studies on analyzing drug
sensitivity of this Abl kinase isoform to cell line proliferation assays.
As illustrated in Fig. 2A, the inhibitory activity of PD180970 is not
impaired in cells expressing M351T, whereas, consistent with previously reported data (20), Ba/F3-p210 cells expressing this mutation
have intermediate sensitivity to imatinib (Fig. 2B; Table 1).
Implications of These Findings. The most common mutations in
relapsed patients are Y253F, E255K, T315I, and M351T, accounting
for approximately 60% or more of all mutations that were found to be
associated with imatinib resistance. Some of these mutations have
intermediate sensitivity to imatinib and may be at least partially
sensitive to higher dose imatinib therapy. However, given that 5 M
is about the maximum level of imatinib that can be achieved in vivo,
treatment with an inhibitor with more potency against these mutations
would likely result in more meaningful responses. The fact that our
study showed favorable activity of PD180970 against Y253F, E255K,
M351T, Q252H, and H396P points to the encouraging notion that
many of the common mutations that are associated with imatinib
resistance could be combated by an alternative Bcr-Abl-specific
inhibitor.
As additional Abl inhibitors become available, molecular genotyping would be extremely useful in selecting the appropriate inhibitor
for relapsed patients. Furthermore, recent reports demonstrate that in
some cases, Abl kinase mutations are detectable before treatment with
imatinib. Therapy with imatinib, under such circumstances, would
select for the resistant clones. In this scenario, one could imagine
performing molecular genotyping before the initiation of therapy and,
theoretically, treating with a mixture of Abl inhibitors to target all
mutations present, analogous to what is currently performed for HIV
therapy. In this manner, it might be conceivable to prevent the
emergence of resistance with front-line therapy.
PD180970 was initially developed as an inhibitor of src kinases and
was subsequently shown to inhibit the Abl kinase. Although imatinib
does not inhibit Src family members, it does inhibit c-kit. This activity
of imatinib has been exploited in the treatment of gastrointestinal
stromal tumors. Interestingly, imatinib does not inhibit a mutation in
the a-loop of c-kit that is the causative molecular abnormality of the
majority of cases of systemic mastocytosis (32, 33). This and similar
mutations may also be responsible for resistance to imatinib observed
in some cases of gastrointestinal stromal tumor (34). Presumably,
resistance to imatinib by mutation of residues in the a-loop of c-kit
occurs through similar mechanisms of resistance of Abl a-loop mutations, that is, the inability of imatinib to bind to the active conformation of these kinases. Recently, PD180970 and related compounds
were also shown to inhibit wild-type c-kit (23). Given the data for a
PD180970 compound binding to the active configuration of the Abl
kinase (9) and our data demonstrating that a-loop mutations are
sensitive to PD180970, it is likely that a-loop mutations of c-kit will
be sensitive to PD180970. Experiments to test this hypothesis are in
progress.
The present study demonstrates favorable activity of PD180970
against many of the clinically relevant mutations in CML patients.
Wisniewski et al. (23) reported preclinical data investigating several
new small molecule inhibitors closely related to PD180970, two of
which were even more potent Abl inhibitors. However, as we have
seen, these compounds have some nonspecific toxicity against cells
that do not express Bcr-Abl, presumably due to the profile of kinases
inhibited by these compounds, including Src family members. Although there are some data suggesting that Src family members may

be downstream signaling intermediates for Bcr-Abl (35), treatment of
Bcr-Abl-expressing cells with PP1, a Src inhibitor, has minimal
effects on Bcr-Abl-mediated proliferation (22). In vivo testing of
PD180970 and related compounds revealed no dose-limiting toxicity.
However, due to the relative insolubility of the compounds, no clear
dose response could be seen in a mouse xenograft tumor model (36).
Whether an inhibitor with the profile of PD180970 will have improved efficacy or more severe side effects than imatinib will require
evaluation in animal models and human clinical trials. Obviously,
these compounds will have to be formulated into soluble compounds
with favorable pharmacokinetic properties before this testing can be
adequately performed. Regardless of this, our data support the notion
that developing additional Abl kinase inhibitors would be useful as a
treatment strategy for CML.
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