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Chronic myeloid leukemia (CML) was the first human malignant
disease to be linked to a single, acquired genetic abnormality.
Identification of the BCR-ABL kinase fusion protein and its central
role in the pathogenesis of CML provided new opportunities to
develop rational molecular targeted therapies. This review provides
an update on the underlying pathophysiologies of disease progres-
sion and imatinib mesylate resistance, leading to the development
of new targeted tyrosine kinase inhibitors for managing CML. Ima-
tinib, a selective inhibitor of BCR-ABL, represents a major success in
the era of target-directed cancer chemotherapy. However, patients
with advanced CML have been less sensitive to therapy and re-
sponses have been short. In addition, treatment resistance is an
emerging problem at all disease stages. Insight into factors involved

in imatinib resistance and disease progression has highlighted a role
for such BCR-ABL–dependent factors as amplification and overex-
pression of the BCR-ABL gene and the emergence of mutant
isoforms of BCR-ABL. However, BCR-ABL–independent factors, in-
cluding leukemogenic pathways involving kinases other than BCR-
ABL, also play a part. In light of the limitations of imatinib against
these factors, newer tyrosine kinase inhibitors, including dasatinib (a
multitargeted kinase inhibitor of BCR-ABL and Src family kinases)
and nilotinib (AMN107, a selective BCR-ABL inhibitor), may provide
promising treatment options for patients with CML.
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The past few decades have witnessed considerable ad-
vances in our understanding of the pathophysiology

underlying many diseases. This knowledge has provided a
platform for the development of targeted molecular thera-
pies. Defining the molecular basis of many types of cancer
has shifted the focus of research toward identifying com-
pounds that specifically inhibit proteins involved in signal
transduction within malignant cells. Perhaps one of the
best examples is the development of treatment strategies for
chronic myeloid leukemia (CML); the first human malig-
nant disease to be linked to an acquired genetic abnormal-
ity (1). This knowledge, combined with increased under-
standing of the signal transduction pathways activated in
CML, has provided an exciting opportunity to develop
rational molecular targeted therapies for this leukemia.
This review provides an update on the pathophysiology of
CML and how this insight has influenced the development
of therapeutic strategies, specifically the small-molecule
kinase inhibitors, for management of the disease.

PATHOPHYSIOLOGY OF CHRONIC MYELOID LEUKEMIA

Chronic myeloid leukemia accounts for approximately
20% of leukemia diagnosed in adults (2, 3). The disease
characteristically develops in 3 phases. Left untreated, the
initial chronic phase lasts approximately 3 to 6 years (4);
the disease then progresses, often through an accelerated
phase, to a terminal blastic phase. Most patients are diag-
nosed in chronic phase, which is characterized by an in-
creased number of leukocytes and/or platelets and a bone
marrow blast count less than 10%. The accelerated phase
may be marked by 1 or more of the following: increasing
splenomegaly and leukocytosis, an increase of blasts to
10% to 30% and an increase of basophils to 20% or
greater, thrombocytopenia, and clonal evolution. In the
blastic phase, for which the median survival is 2 to 4

months, 30% or more of blood and bone marrow cells are
blasts, and myeloid precursors may also form tumors in the
lymph nodes, skin, and bone. The goals of treatment for
CML, therefore, are complete hematologic response (nor-
malization of blood cell counts) and complete cytogenetic
response (eradication of Philadelphia chromosome–posi-
tive marrow cells). Rapid achievement of a complete hema-
tologic response is associated with a better outcome,
whereas complete cytogenetic response is a statistically sig-
nificant independent marker for improved survival (5–7).
Patients with blastic-phase disease are the most refractory
to treatment and can be divided into 1 of 2 categories:
those with myeloid disease and those with lymphoid dis-
ease. The rate of response to standard induction chemo-
therapy for patients in the myeloid blastic phase is approx-
imately 20%, and the rate of complete remission is less
than 10%. In patients in the lymphoid blastic phase, the
rate of response is approximately 50%, but remissions are
transient (8, 9) and the median survival is 9 to 12 months.

The characteristic genetic abnormality of CML, the
Philadelphia chromosome, is present in the marrow cells of
more than 90% of all patients with CML and in 15% to
30% of adult patients with acute lymphoblastic leukemia
(ALL); it results from a reciprocal chromosomal transloca-
tion between the long arms of chromosomes 9 and 22 (10).
This process fuses the Abelson tyrosine kinase (ABL) gene
on chromosome 9 with the breakpoint cluster region
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(BCR) gene on chromosome 22, generating an oncogene
that encodes the BCR-ABL protein, a constitutively active,
cytoplasmic form of the ABL kinase (11–13). Two studies
have shown the central role of BCR-ABL kinase activity in
the pathogenesis of CML (11, 14). The activity of this
fusion protein is no longer under the regulatory control
mechanisms for ABL and thus induces malignant disease
by activating multiple cytoplasmic and nuclear signal trans-
duction pathways that influence the growth and survival of
hematopoietic cells. Figure 1 shows that the targets for
BCR-ABL include members of the Ras, phosphatidylino-
sitol-3 kinase (PI3K)/Akt, and Jak/Stat signaling pathways,
which regulate cell proliferation and apoptosis (15–18).
BCR-ABL abrogates cell dependence on external growth
factors by upregulating interleukin-3 production (19) and
alters the cell adhesion properties by modulating expression
and activation of focal adhesion kinase and associated pro-
teins (20, 21). The kinase also has diverse effects on the
DNA repair response (22, 23), which may promote addi-
tional chromosomal alterations and mutations involved in
the progression of the disease and may play a role in the
aggressive nature of late-stage CML.

The BCR-ABL fusion protein can vary in size from
185 to 230 kD, depending on the breakpoint in the BCR
gene. Nearly all patients with chronic-phase CML express a
210-kD protein; very few express the 230-kD protein as-
sociated with a more indolent CML course. Patients with
Philadelphia chromosome–positive ALL express a 210-kD

(20% to 40%) or a 190-kD (60% to 80%) BCR-ABL
protein. Studies indicate that the 190-kD BCR-ABL pro-
tein has higher tyrosine kinase activity than does the
210-kD protein, resulting in a greater potential to induce
cancer (14, 24). This may explain the acute phenotype
associated with Philadelphia chromosome–positive ALL.

Although BCR-ABL triggers malignant transforma-
tion in CML, recent research has focused on the involve-
ment of BCR-ABL–independent pathways in the develop-
ment and progression of disease, in particular, the Src
family kinases. Evidence suggests that Src family kinases
are capable of promoting several aspects of tumor progres-
sion and metastasis (25). Lyn and other Src kinases support
cell survival and are also critical in development of some
BCR-ABL–dependent leukemias (26–29) that function
downstream of BCR-ABL (30, 31) (Figure 1). The Src
family kinases may play an important role in late-stage
disease, functioning downstream and upstream of BCR-
ABL and in pathways that are independent of BCR-ABL
(28, 30, 31). The role for BCR-ABL–independent path-
ways in disease progression and treatment resistance is the
subject of much ongoing research, particularly in the evo-
lution of new treatment therapies for CML, as will be
discussed.

IMATINIB MESYLATE

The development of imatinib mesylate (Gleevec, No-
vartis Pharmaceuticals, Basel, Switzerland) represented a
major success for target-directed cancer chemotherapy and
a breakthrough in the management of CML. Before this,
treatment options for CML had been limited. Allogeneic
stem-cell transplantation, although potentially curative, re-
mains limited by suitable donor availability and by trans-
plant-associated mortality and morbidities. Interferon-�
induces complete cytogenetic responses at rates of 5% to
20% in early chronic-phase CML but is associated with
serious toxicities and a reduction in efficacy with increasing
duration of chronic-phase disease (7, 32). Imatinib selec-
tively inhibits BCR-ABL by occupying the ABL domain
adenosine triphosphate–binding site; it maintains the pro-
tein in an inactive conformation, thereby inhibiting its ty-
rosine kinase activity (33). Preclinical studies have shown
that imatinib is effective at inhibiting autophosphorylation
of ABL and the tyrosine kinases c-Kit and platelet-derived
growth factor receptor-� (34–36).

In 2001, after many successful clinical trials, imatinib
was approved for the treatment for Philadelphia chromo-
some–positive chronic-phase CML (400 mg/d) and accel-
erated- and myeloid-blastic phase CML (600 mg/d) after
failure of interferon-� therapy (4, 37–41). Imatinib was
particularly effective in newly diagnosed chronic-phase
CML, in which the complete hematologic response rate
was greater than 90%, and the complete cytogenetic re-
sponse rate was between 70% and 80% (42). The drug was
also generally well-tolerated. Adverse events were typically

Key Summary Points

Imatinib resistance among patients with chronic myeloid
leukemia (CML) is now a clinically significant problem and
may limit the long-term benefits of the drug, particularly
in advanced disease.

Resistance is often mediated by BCR-ABL mutations that
prevent imatinib binding.

Recent evidence suggests that Src family kinases, impli-
cated in driving the progression of CML, may also be in-
volved in the development of BCR-ABL–independent
mechanisms of imatinib resistance and disease progression.

Dasatinib is a novel, potent, multitargeted kinase inhibitor
of BCR-ABL and Src family kinases. Results from phase I
and phase II studies in more than 900 patients suggest
that it is safe and effective in chronic and advanced ima-
tinib-resistant and -intolerant CML, and in Philadelphia
chromosome–positive acute lymphoblastic leukemia.

Phase I and II studies have also shown that the selective
potent BCR-ABL inhibitor nilotinib is safe and effective in
similar groups of patients.
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mild or moderate; common events included superficial
edema, nausea, and muscle cramps (4). In a phase III trial
(the international randomized interferon-� versus STI571
[IRIS] study), 1106 newly diagnosed patients with chronic-
phase CML were treated with imatinib at 400 mg/d or
interferon-� plus ara-C. The estimated complete cytoge-
netic response rate with imatinib was 82% over a median
follow-up of 54 months (43). Table 1 shows that estimated
rates of complete hematologic response, progression-free
survival, and survival were also high with imatinib.

Patients with advanced CML are less sensitive to ima-
tinib. Twenty-four percent and 66% of patients in accel-
erated and blastic phases, respectively, who were treated
with imatinib at 600 mg/d did not achieve hematologic
remission (44). Similarly, 76% and 91% of patients in
accelerated and blastic phases, respectively, did not achieve
complete cytogenetic response. Responses to imatinib in
patients with advanced disease are often transient, generally
lasting less than 6 months (37, 39–41, 44, 45). Further-
more, the emerging problem of resistance in chronic-phase
CML, and particularly in advanced CML, may limit the
long-term treatment benefits of imatinib. In patients with
accelerated- and blastic-phase disease, 51% and 88% who
initially responded to treatment had a relapse after 24
months of treatment with imatinib at 600 mg/d (44).

The success of imatinib in chronic-phase CML led to
the approval of the drug as frontline therapy in 2002. Pa-
tients diagnosed in chronic phase are initiated on a regi-
men of oral imatinib at 400 mg/d. This regimen is main-

tained if patients achieve hematologic response after 3
months of therapy, cytogenetic response after 6 months,
major cytogenetic response (Philadelphia chromosome–
positive cells reduced to �35%) after 12 months, or com-
plete cytogenetic response after 18 months. Failure to do so
constitutes an indication for modifying imatinib therapy
(46),which may include higher-dose imatinib, imatinib
combinations, new tyrosine kinase inhibitors (dasatinib or
nilotinib), allogeneic stem-cell transplantation, or investi-
gational therapies. For patients who achieve complete cy-
togenetic response, hematologic assessment should con-
tinue every 4 to 6 weeks and cytogenetic assessment should
be done every 12 to 18 months, because of the risk for

Figure 1. A simplified illustration of BCR-ABL and Src family kinase involvement in oncogenic signaling pathways.

The inhibitory effect is indicated by the upside-down Ts. ABL � Abelson tyrosine kinase; BCR � breakpoint cluster region; FAK � focal adhesion
kinase; Grb-2 � growth factor receptor–bound protein 2; HcK � hematopoietic cell kinase; JNK � Jun amino-terminal kinase; P � phosphate group;
PI3K � phosphatidylinositol-3–kinase; SFK � Src family kinases; Stat5 � signal transducer and activator of transcription 5.

Table 1. Outcome with Frontline Imatinib Therapy:
54-Month Follow-up of the International Randomized
Interferon versus STI571 Trial*

Variable Estimated Rates for Patients
Receiving Frontline Imatinib,%

Complete hematologic response 97
Major cytogenetic response 88
Complete cytogenetic response 82
Estimated 5-year progression-free

survival
84

Estimated 5-year survival without
progression to accelerated or
blastic phase

93

* Reference 43.
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acquired resistance (loss of response) to imatinib (47). In
addition, molecular monitoring of BCR-ABL versus ABL
transcript levels should be conducted every 3 to 6 months,
because most patients have evidence of minimal residual
disease, even after 2 to 3 years of imatinib therapy (48, 49).
Increasing levels of BCR-ABL transcripts are associated
with the emergence of BCR-ABL mutants (50). Patients
identified with BCR-ABL mutants associated with ima-
tinib resistance may be considered for alternative therapies.
The prognosis for patients who do not respond to imatinib
therapy is thought to be poor, and treatment options are
limited. The imatinib dosage can be increased to 600 to
800 mg/d with the risk for increased adverse events. How-
ever, preferred alternatives include stem-cell transplanta-
tion, new tyrosine kinase inhibitors (dasatinib or nilotinib),
and enrollment in clinical trials for novel kinase inhibitors
or other agents with the potential to overcome mechanisms
of resistance to imatinib.

DISEASE PROGRESSION AND RESISTANCE TO TREATMENT

Several mechanisms have been proposed to underlie
the development of imatinib resistance in CML, including
BCR-ABL gene mutations (51, 52); overexpression and
amplification of the BCR-ABL gene locus (51, 52); activa-
tion of BCR-ABL–independent pathways, such as mem-
bers of the Src kinase family (26); binding of imatinib to
serum �-1 acid glycoprotein (53); and increased drug ef-
flux through the multidrug resistance gene (54, 55).

Of the proposed mechanisms, a common cause of
imatinib resistance seems to be point mutations in the ABL

kinase domain (51), which preclude the binding of ima-
tinib (Figure 2). These mutations have been characterized
into 2 groups. The first group includes mutations that im-
pede contact between BCR-ABL and imatinib (63). Sub-
stitution of any 1 of approximately 20 ABL kinase domain
residues involved in imatinib binding could result in a re-
duced affinity for imatinib binding or in steric inhibition
of binding. The second group includes mutations that alter
the spatial conformation of the protein (63). The BCR-
ABL structure contains 2 flexible loop structures, the aden-
osine triphosphate–binding phosphate loop and the acti-
vation loop, which have specific arrangements in the
inactive conformation of BCR-ABL that stabilize the struc-
ture (56). Mutations in these loops destabilize their ar-
rangement such that the kinase domain cannot assume the
inactive conformation required for imatinib binding (33,
56, 64).

In vitro screening has now identified a more compre-
hensive set of 50 BCR-ABL mutations associated with ima-
tinib resistance (63). There are conflicting data regarding
potential differences in the prognostic significance of these
mutations in terms of time to progression and survival (52,
56, 65). Branford and colleagues (65) showed that in pa-
tients with late chronic-phase (that is, chronic-phase CML
diagnosis �12 months) and accelerated-phase CML, a spe-
cific subgroup of mutations in the phosphate loop is asso-
ciated with a poor prognosis in terms of survival. Increas-
ing evidence suggests that Src family kinases may play a
role in the development of treatment resistance and in dis-
ease progression. In vitro data with kinase-defective Src

Figure 2. BCR-ABL characterized mutants associated with clinical resistance to imatinib.

A � activation loop; AB � actin-binding domain; ABL � Abelson tyrosine kinase; BCR � breakpoint cluster region; C � helix �C; DB �
DNA-binding domain; GEF � guanine exchange factor; SH � Src homology; P � phosphate loop; S/T � serine/threonine kinase. Information in this
figure is summarized from references 51, 52, 56-62. Figure reprinted with permission from reference 57: Branford S, Hughes T. Detection of BCR-ABL
mutations and resistance to imatinib mesylate. In: Iland H, Hertzberg M, Marlton P, eds. Myeloid Leukemia: Methods and Protocols. Totowa, NJ:
Humana Pr; 2006:93-106.
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mutants and Src kinase inhibitors show that Src family
kinases mediate the oncogenic signaling of BCR-ABL (29,
66, 67) (Figure 1). Experiments in mouse models indicate
that BCR-ABL and Src kinases are required to induce an
ALL phenotype akin to lymphoid blast crisis CML and
Philadelphia chromosome–positive ALL (28) and that
blockade of Src kinase signaling prevents CML progression
to lymphoid blast crisis (68). BCR-ABL–positive CML
cells cultured in the continuous presence of imatinib or
those obtained from patients who have disease progression
while receiving imatinib therapy have a decrease in BCR-
ABL protein or mRNA levels and a corresponding increase
in the activity of Src family kinases (26). The role of Src
kinases in drug-resistant BCR-ABL cells has been further
supported by the decreased survival and proliferation of
drug-resistant BCR-ABL cells after inhibition of Lyn ex-
pression by RNA interference (69).

The inability of imatinib to inhibit Src kinases directly
(70) further corroborates their potential role in the devel-
opment of imatinib resistance. In vitro experiments with
cells from imatinib-sensitive patients showed that imatinib
inhibits Src family kinase activation through its effect on
BCR-ABL (71). However, in multiple specimens from
imatinib-resistant patients, imatinib inhibition of BCR-
ABL had no effect on Src family kinase activation, which
indicates that their activity in these patients had become
uncoupled from BCR-ABL regulation (71). In animal
models, loss of BCR-ABL–mediated inhibition of Lyn sub-
stantially impaired the antitumor activity of imatinib,
which was recovered by the addition of an inhibitor of
BCR-ABL and Src family kinase. These data support the
hypothesis that increased Src kinase activity may reduce the
dependence of leukemic cells on BCR-ABL kinase activity
in some patients with imatinib-resistant CML. In these
patients, inhibition of BCR-ABL and Src family kinase is
required for apoptosis (26, 27). Studies investigating the
pathways by which Src kinases may mediate disease pro-
gression and resistance are ongoing.

NEW TREATMENT OPTIONS FOR THE MANAGEMENT OF

CHRONIC MYELOID LEUKEMIA

Several new targeted tyrosine kinase inhibitors are cur-
rently under development, the focus of which has been to
target the underlying causes of imatinib resistance and dis-
ease progression (Table 2).

Multitargeted Inhibitors of BCR-ABL and Src Family
Kinases

Insight into the mechanisms of disease progression and
imatinib resistance suggests that compounds with inhibi-
tory activity against BCR-ABL and Src kinases may pro-
vide more effective treatment for patients with CML and
Philadelphia chromosome–positive ALL, including those
with advanced disease or resistance to imatinib. Accord-
ingly, many studies support the potential of such agents in
patients with these diseases.

Originally described as Src kinase inhibitors, the
pyrido[2, 3-d]pyrimidine class of Src/ABL inhibitors were
subsequently found to also inhibit ABL. Compounds from
this class of multitargeted kinase inhibitors, including
PD180970, PD166326, and PD173955 (Pfizer Global Re-
search and Development, Ann Arbor, Michigan), have
shown promising in vitro activity against a subset of BCR-
ABL mutants (72–74). PD166326 has also demonstrated
greater antileukemic activity than imatinib in a mouse
model of CML (75). This class of compounds potently
suppresses the proliferation of imatinib-resistant cells in
which the cause of the resistance is overexpression of BCR-
ABL (76). The unfavorable safety profile of pyridopyrimi-
dines has precluded their clinical development, but these
studies have shown that resistance to imatinib can be over-
come with kinase inhibitors of other structural classes.

Similarly, the multitargeted kinase inhibitors PP1 (AG
Scientific, San Diego, California) and CGP76030 (Novar-
tis Pharmaceuticals) have been shown to block cell growth
and survival of 32D cells, a murine myeloid cell line ex-
pressing wild-type BCR-ABL or mutant, imatinib-resistant
BCR-ABL, albeit at very high concentrations (66). These
agents inhibited tyrosine phosphorylation of some, but not
all, imatinib-resistant BCR-ABL mutants; they had little
effect on phosphorylation of the adenosine triphosphate–
binding site mutant BCR-ABL T315I, a residue that is
directly involved in binding many adenosine triphosphate–
competitive kinase inhibitors. However, PP1 and
CGP76030 were able to inhibit the proliferation of 32D
cells expressing BCR-ABL T315I. The observed inhibition
was independent of BCR-ABL activity, but seemed to cor-
relate, at least in part, with PP1 and CGP76030 action
against Src (66). The multitargeted kinase inhibitor SKI-
606 (Wyeth Pharmaceuticals, Madison, New Jersey) inhib-
its proliferation of human CML cell lines in a dose-depen-
dent manner, with a potency that is 10-fold greater than
that of imatinib. The compound is also effective in vivo: A
regimen of 100 mg/kg SKI-606 once daily for 5 days was
sufficient to eradicate large K562 xenograft tumors (800 to
900 mg) in mice (77). SKI-606 is currently being evaluated
in clinical trials. Preclinical studies have also been reported

Table 2. Spectrum of Tyrosine Kinase Inhibition for Imatinib
and Novel Compounds*

Drug Kinase-Inhibited

Imatinib BCR-ABL, c-Kit, and PDGFR
Dasatinib BCR-ABL, Src family kinases, c-Kit, ephrin receptor kinases,

and PDGFR
Nilotinib BCR-ABL, c-Kit, and PDGFR
SKI-606 BCR-ABL and Src family kinases
VX-680 BCR-ABL, Aurora kinases, and Flt3 kinase
BIRB-796 BCR-ABL, p38 MAP kinase
ON012380 BCR-ABL and Lyn kinase
Adaphostin BCR-ABL and other tyrosine kinases

* PDGFR � platelet-derived growth factor �–receptor; MAP � mitogen-acti-
vated protein.
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for many other multitargeted kinase inhibitors, including
AZD0530 (AstraZeneca, London, United Kingdom) and
AP23464 and AP23848 (Ariad Pharmaceuticals, Cam-
bridge, Massachusetts).

Of the new targeted therapies for CML in develop-
ment, the clinical evaluation of dasatinib (Sprycel, Bristol-
Myers Squibb, New York, New York) is most advanced,
with more than 900 patients having received the drug to
date. Phase II trials of dasatinib have been completed: In
June 2006, the U.S. Food and Drug Administration ap-
proved dasatinib for the treatment for adults with all
phases of CML and Philadelphia chromosome–positive
ALL with resistance or intolerance to previous therapy,
including imatinib. Dasatinib is a novel, oral multitargeted
kinase inhibitor of BCR-ABL and Src family kinases and
ephrin receptor kinases, platelet-derived growth factor re-
ceptor, and c-Kit (78). The high potency of dasatinib has
been demonstrated in preclinical comparisons with ima-
tinib and nilotinib (Novartis Pharmaceuticals) (79, 80).
These studies showed that nilotinib was 20- to 50-fold
more potent than imatinib against cells expressing wild-
type BCR-ABL, in agreement with previous studies (81,
82), although dasatinib was 325-fold more potent (79).
Similar relative improvements were maintained for various
imatinib-resistant mutants (79). The increased potency of
dasatinib compared with imatinib and nilotinib may be
due to its ability to bind to the active (open) and inactive
(closed) conformations of ABL, as revealed in x-ray crystal-
lography studies (83). In vitro and in vivo preclinical stud-
ies have shown the inhibitory activity of dasatinib against
18 of 19 tested BCR-ABL mutations associated with resis-
tance to imatinib (78, 79). To date, the limited spectrum
of BCR-ABL point mutations found to confer resistance
map almost exclusively to critical contact residues in the
adenosine triphosphate–binding pocket directly involved
in dasatinib binding (84). Of these, only BCR-ABL T315I
is clinically relevant. Indeed, residue 315 seems to be crit-
ical for binding most adenosine triphosphate–competitive
kinase inhibitors, because BCR-ABL T315I also confers
resistance to imatinib, nilotinib, and many other drugs.
However, 2 adenosine triphosphate–competitive com-
pounds, BIRB-796 (Boehringer Ingelheim, Ridgefield,
Connecticut) and VX-680 (Vertex Pharmaceuticals, Cam-
bridge, Massachusetts), have shown in vitro activity against
this mutant (85, 86).

Results have been reported from a phase I study of
dasatinib in patients with chronic-, accelerated-, and blas-
tic-phase imatinib-resistant or -intolerant CML and Phila-
delphia chromosome–positive ALL (87). In the chronic
phase, the complete hematologic response rate was 93%
with dasatinib, and the major cytogenetic response rate was
45%, including a complete cytogenetic response rate of
35% (87). Among 44 evaluable patients with advanced
CML, the complete hematologic response rates were 45%
in accelerated phase, 35% in myeloid blastic phase, and
70% in lymphoid blastic phase and Philadelphia chromo-

some–positive ALL (Table 3). Cytogenetic responses were
observed in patients with a wide range of BCR-ABL mu-
tations and in patients who had had little or no previous
response to imatinib.

Src kinases are involved in numerous cellular processes
in normal cells. This involvement has led to concerns over
potential safety issues with dasatinib; however, the drug
was well tolerated in a phase I study (87). The rate of
severe cytopenia (grade 3 to 4 reductions in leukocytes,
neutrophils, platelets and hemoglobin, as defined by the
National Cancer Institute Common Toxicity Criteria, ver-
sion 3.0, Bethesda, Maryland) was 45% in chronic phase,
82% in accelerated phase, 96% in myeloid blastic phase,
and 80% in lymphoid blastic phase and Philadelphia chro-
mosome–positive ALL; cytopenia was reversible when
managed with dose reductions and interruptions in dasat-
inib treatment. Nonhematologic adverse events were also
reported; 15 patients developed unexplained pleural effu-
sion (5 in chronic phase and 10 in blastic phase).

Dasatinib has been evaluated further in a phase II trial
program entitled START (Src/ABL tyrosine kinase inhibi-
tion activity: research trials of dasatinib). This program
comprised 5 trials; 4 single-group studies in patients with
all stages of imatinib-resistant or -intolerant CML or Phil-
adelphia chromosome–positive ALL, and 1 randomized
trial that evaluated dasatinib versus high-dose imatinib in
patients with chronic-phase disease, after failure of stan-
dard-dose imatinib. Data from the 4 single-group studies
have been reported (88–91) (Table 4) and support the
phase I observations. In chronic-phase CML, the complete
hematologic response rate was 90%, and the major cyto-
genetic response rate was 45%. In accelerated-phase CML,
the major hematologic response rate was 59% (33% com-
plete hematologic response), and the major cytogenetic re-
sponse rate was 32% (22% complete cytogenetic response).
In myeloid blastic-phase CML, the major hematologic re-
sponse rate was 32% (24% complete hematologic re-
sponse), and the major cytogenetic response rate was 30%

Table 3. Response to Dasatinib in Patients with Chronic
Myeloid Leukemia after Imatinib Failure: Results from a
Phase I Study*

Disease Patients,
n

Complete
Hematologic
Response, %

Complete
Cytogenetic
Response,%

Chronic-phase CML 40 93 35
Accelerated-phase

CML
11 45 25

Myeloid blastic–phase
CML

23 35

Lymphoid blastic–phase
CML/Philadelphia
chromosome–
positive ALL

10 70

* Reference 87. ALL � acute lymphoblastic leukemia; CML � chronic myeloid
leukemia.
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(27% complete cytogenetic response). In lymphoid blastic-
phase CML, the major hematologic response rate was 31%
(26% complete hematologic response), and the major cyto-
genetic response rate was 50%. Finally, in Philadelphia
chromosome–positive ALL, the major hematologic re-
sponse rate was 42% (31% complete hematologic re-
sponse), and the major cytogenic response rate was 58%.
Response rates to dasatinib were encouraging, given the
fact that many patients had a long duration of CML and
were heavily pretreated for their conditions.

In all 4 studies, dasatinib was well-tolerated (88–91).
Reversible severe cytopenia was the most common adverse
event, although a notable proportion of patients with ad-
vanced CML entered the studies with severe cytopenia,
probably associated with their CML phase or previous
treatment. Nonhematologic side effects were infrequent
and usually were mild to moderate; diarrhea, nausea, pe-
ripheral edema, rash, gastrointestinal bleeding, and pleural
effusion were most commonly observed. Pleural effusions
were noted in 5% to 20% of patients. These initial reports
suggest that dasatinib may provide safe and effective treat-
ment for patients with CML following failure of imatinib
therapy. Additional follow-up of the phase II studies is
ongoing.

Selective Inhibitors of BCR-ABL
Nilotinib has been developed from its parent com-

pound, imatinib, as a more potent inhibitor of BCR-ABL
(80–82, 92, 93). Like imatinib, nilotinib also inhibits
platelet-derived growth factor receptor and c-Kit but does
not inhibit Src kinases and binds only to the inactive con-
formation of BCR-ABL (92). The compound shows 20- to

50-fold greater potency than imatinib, as determined by its
ability to block proliferation of BCR-ABL–dependent cells
derived from patients with CML (K562 and Ku-812F
cells) and cell lines 32D and BaF3 (79, 80). The potency of
nilotinib against imatinib-resistant BCR-ABL mutants
seems variable, depending on the mutation that is exam-
ined (80). Nilotinib shows 26-fold greater potency com-
pared with imatinib in cells resistant to imatinib as a result
of BCR-ABL gene amplification but is not able to over-
come imatinib-resistance associated with the critical con-
tact residue point mutation T315I (81). In vivo assessment
has shown prolonged survival of mice injected with BCR-
ABL–transformed hematopoietic cell lines or primary mar-
row cells, and in imatinib-resistant CML mouse models
(80, 81). Nilotinib is also 30- to 40-fold more potent than
imatinib in inhibiting the proliferation of p190 BCR-
ABL–expressing Philadelphia chromosome–positive ALL
cell lines (82).

Initial results have been reported for a phase I study of
nilotinib therapy in patients with CML and Philadelphia
chromosome–positive ALL who are resistant or intolerant
to imatinib (94). Nilotinib was administered orally to 119
patients in a continuous modified reassessment design. The
compound was well-tolerated. Adverse events were gener-
ally mild to moderate; the most common events were ele-
vated bilirubin levels and skin symptoms (pruritis, dry
skin, and exanthem). Dose-limiting toxicities, including
neutropenia and hyperbilirubinemia, were observed at 600
mg twice daily. Table 5 summarizes the response rates with
nilotinib in the phase I study. Hematologic responses were
noted in 89% of imatinib-resistant patients with chronic-

Table 4. Initial Phase II Data for Second-line Therapy with Dasatinib after Imatinib Failure*

CML Disease Phase Patients, n Hematologic Response,% Cytogenetic Response,%

Complete Major Complete Major

Chronic 186 90 – 40 50
Accelerated 107 33 59 22 32
Myeloid blastic 74 24 32 27 30
Lymphoid blastic 42 26 31 – 50
Philadelphia chromosome–positive ALL 36 31 42 – 58

* References 88–91. ALL � acute lymphoblastic leukemia; CML � chronic myeloid leukemia.

Table 5. Response to Nilotinib in Patients with Imatinib Resistance: Initial Results from a Phase I Study*

Disease Phase Patients, n Hematologic
Response,
%

Cytogenetic
Response,
%

Chronic-phase CML 16 89 50
Clonal evolution CML 9 100 100
Accelerated-phase CML 49 69 29
Myeloid blastic–phase CML 23 57 22
Lymphoid blastic–phase CML 9 44 22
Philadelphia chromosome–positive ALL 10 10 NA
Philadelphia chromosome–positive ALL (minimal residual disease) 3 33 NA

* Reference 94. ALL � acute lymphoblastic leukemia; CML � chronic myeloid leukemia; NA � not available.
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phase disease, and cytogenetic responses were noted in
50%. The results were also encouraging in patients with
accelerated and myeloid and lymphoid blastic phases of
CML. Phase II evaluation of nilotinib in these patients is
currently ongoing. Table 6 summarizes the preliminary
results (95–97).

Nonadenosine Triphosphate–Competitive BCR-ABL
Inhibitors

Most BCR-ABL inhibitors, including imatinib, dasat-
inib, and nilotinib, act by occupying the kinase’s adenosine
triphosphate–binding site. Alternative strategies have also
been sought in an effort to develop compounds that may
complement these drugs. One such strategy is to disrupt
BCR-ABL–substrate interactions by occupying the kinase
substrate-binding site. ON012380 (Onconova, Princeton,
New Jersey) is a specific inhibitor of BCR-ABL substrate
binding that shows approximately 10-fold greater potency
against wild-type BCR-ABL than does imatinib. It has a
synergistic effect in combination with imatinib and is ef-
fective against a range of BCR-ABL mutants that confer
imatinib resistance, including the adenosine triphosphate–
binding site mutation T315I (98). The compound also
inhibits platelet-derived growth factor receptor kinases and
Src family members, Lyn and Fyn, but has a limited inhib-
itory effect against c-kit.

Other nonadenosine triphosphate–competitive BCR-
ABL inhibitors include ON01910 (Novonex, Onconova)
and adaphostin. Like ON012380, ON01910 is a multitar-
geted inhibitor of kinase substrate binding that potently
inhibits polo-like kinase-1 but also has lower levels of ac-
tivity against BCR-ABL, Src, and Fyn (99). ON01910 has
in vitro tumor-killing activity against various malignant
cell lines, including leukemic cells; the drug is currently in
phase I clinical development for advanced solid tumors.
Adaphostin inhibits BCR-ABL and stimulates apoptosis in
imatinib-sensitive and -resistant CML cells and also has a
synergistic effect with imatinib against imatinib-sensitive
CML cells (100). Adaphostin also increases levels of intra-
cellular reactive oxygen species and can stimulate apoptosis
in Philadelphia chromosome–negative malignant cells
(101).

CONCLUSIONS

Increased understanding of the underlying pathogene-
sis of CML has marked the development of targeted ther-
apies for the treatment for this disease. The successful in-
troduction of the BCR-ABL inhibitor imatinib was a
paradigm shift in the treatment for CML, resulting in its
use as frontline treatment for newly diagnosed CML. Con-
sequently, treatment guidelines for patients with CML are
undergoing substantial changes (46, 102, 103). The suc-
cess of this agent has been hampered by issues of clinical
resistance at all stages of disease and transient responses to
therapy for patients with advanced disease. Further under-
standing of the molecular basis of CML progression and
the reasons behind transient responses and resistance to
imatinib treatment have provided an opportunity for the
development of novel kinase inhibitors with superior po-
tency that are able to overcome mechanisms of resistance,
both BCR-ABL–dependent and –independent. Multitar-
geted inhibitors of BRC-ABL and Src family kinases and
more potent, selective BCR-ABL inhibitors have the attrac-
tion of reducing disease progression and potentially pre-
venting acquired resistance to imatinib. After the encour-
aging results of the phase I and phase II trials with
dasatinib and nilotinib, full reports of these trials are now
eagerly awaited.
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Table 6. Response to Nilotinib in Preliminary Phase II Studies*

Disease Evaluable
Patients, n

Hematologic
Response, %

Cytogenetic
Response, %

Any Major

Chronic-phase CML 81 69 (complete response) 55 46
Accelerated-phase CML 22 64 25 –
Blastic-phase CML/Philadelphia chromosome–positive ALL 16/6 38/33 17 –

* References 95–97. ALL � acute lymphoblastic leukemia; CML � chronic myeloid leukemia.
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