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The	identification	of	the	Philadelphia	chromosome	in	cells	from	individuals	with	chronic	myelogenous	leukemia	
(CML)	led	to	the	recognition	that	the	BCR-ABL	tyrosine	kinase	causes	CML.	This	in	turn	led	to	the	development	
of	imatinib	mesylate,	a	clinically	successful	inhibitor	of	the	BCR-ABL	kinase.	Incorporating	the	use	of	markers	of	
BCR-ABL	kinase	inhibition	into	clinical	trials	led	to	the	realization	that	imatinib-resistant	kinase	domain	muta-
tions	are	the	major	cause	of	relapse	during	imatinib	therapy	and	the	subsequent	development	of	new	inhibitors	to	
treat	CML	patients.	The	development	of	imatinib	validates	an	emerging	paradigm	in	cancer,	in	which	a	tumor	is	
defined	by	genetic	abnormalities	and	effective	therapies	are	developed	that	target	events	critical	to	the	growth	and	
survival	of	a	specific	tumor.

Introduction
The study of chronic myelogenous  leukemia (CML) affords a 
unique opportunity to understand the process of cancer develop-
ment. This was the first human cancer in which a consistent genet-
ic abnormality was demonstrated to cause the disease. For CML, 
this is a shortened chromosome 22, which was first reported in 
1960 (1). This chromosomal abnormality, referred to as the Phila-
delphia (Ph) chromosome, was later recognized to result from a 
reciprocal (9;22) translocation (2); that is, genetic material from 
the ends of chromosomes 9 and 22 is exchanged.

The molecular consequences of the (9;22) translocation are to 
fuse the ABL tyrosine kinase gene from chromosome 9 to the break-
point cluster region (BCR) gene on chromosome 22 (3–5). The 
resulting fusion protein, BCR–v-abl Abelson murine leukemia viral 
oncogene homolog (BCR-ABL), functions as an oncogenic tyrosine 
kinase that causes CML (Figure 1) (6, 7). The oncogenic capabilities 
of BCR-ABL have been demonstrated in mouse models in which 
BCR-ABL expression is sufficient to cause leukemia (8–10).

CML also functions as a dissectible model for other malignan-
cies with clinically apparent phases that coincide with genetic 
progression of the disease. In the chronic phase of CML, the (9;22) 
translocation arises in a hematopoietic stem cell (11) and seems 
to be the sole genetic abnormality (12). The chronic phase is char-
acterized by a massive increase in cells of the myeloid lineage, but 
these cells mature and function normally. Prior to recent treatment 
advances, the chronic phase lasted three to five years. Over time, the 
disease transforms into an invariably fatal acute leukemia (known 
as blast crisis) of either myeloid or lymphoid phenotype (13), often 
with a recognizable intermediate stage termed the accelerated phase. 
The accelerated phase and blast crisis are collectively referred to as 
advanced phase disease. Although it is clear that additional genetic 
abnormalities are responsible for blast crisis (14), the specific genet-
ics lesions that cause disease progression are poorly characterized.

The clinical success of imatinib (also known as Gleevec, formerly 
STI571), an inhibitor of the BCR-ABL kinase, confirmed the criti-
cal dependence of CML cells on BCR-ABL tyrosine kinase activity 
for their survival, further establishing CML as a paradigm for the 
contributions of basic science to patient treatment. Here we will 
review the preclinical and clinical development of imatinib and 
discuss the challenges of treating patients with accelerated phase 
and blast crisis; the issue of imatinib resistance and the develop-
ment of second-generation inhibitors of BCR-ABL will be dis-
cussed; and finally, the application of the imatinib paradigm to 
other malignancies will be reviewed.

Beginning of the imatinib era
Imatinib is a small organic molecule synthesized for the purpose of 
protein kinase inhibition (15, 16). It has activity against all the ABL 
tyrosine kinases, including BCR-ABL, cellular homologue of the 
Abelson murine leukemia viral oncogene product (c-ABL), v-ABL, 
and Abelson-related gene (ARG) (15–17). In addition to the ABL 
tyrosine kinases, other kinases inhibited by imatinib are PDGFR-a, 
PDGFR-b, and KIT (15, 16, 18). Given the critical role of tyrosine 
kinases in the regulation of cell growth and known activation in sev-
eral cancers, such as BCR-ABL in CML and HER2 overexpression in 
breast cancer, it was hypothesized that specific inhibitors of these 
protein kinases might be effective anticancer agents (19).

Beginning in the late 1980s, scientists at Ciba-Geigy (now Novar-
tis) performed high-throughput screens of chemical libraries search-
ing for compounds with kinase inhibitory activity. From this time-
consuming approach, a lead compound was identified; its inhibitory 
activity against PDGFR was optimized by synthesizing a series of 
chemically related compounds and analyzing their relationship 
between structure and activity. The most potent molecules in the 
series were dual inhibitors of the PDGFR and ABL kinases. Of the 
several compounds generated from this program, imatinib emerged 
as the lead compound for clinical development because of its supe-
rior in vitro selectivity against CML cells and its drug-like properties, 
including pharmacokinetic and formulation properties (20).

In a critical set of preclinical experiments, imatinib specifically 
killed cell lines expressing BCR-ABL and did not kill the parental 
cell lines from which they were derived (16). Imatinib also inhib-
ited tumor formation by cells expressing BCR-ABL in vivo (16). In 
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colony-forming assays of peripheral blood or bone marrow from 
patients with CML, imatinib caused a 92%–98% decrease in the 
number of colonies expressing BCR-ABL that formed (16). These 
experiments suggested that cells expressing BCR-ABL become 
addicted to that oncogene and are dependent on it not only for 
proliferation but also for survival. Thus, inhibition of the BCR-ABL 
tyrosine kinase resulted in apoptosis instead of merely reverting the 
cells to normal. A mouse model with inducible BCR-ABL expres-
sion has further extended this notion by demonstrating full depen-
dence on oncogene expression in maintaining leukemia (21).

In 1998, a phase I clinical trial with imatinib was begun (22). 
This initial phase I trial was a dose escalation trial that enrolled 
83 patients with chronic phase CML. Their clinical features were 
typical of the disease and were as follows: their ages ranged from 
19–76 years, and they had a median time from diagnosis of 3.8 
years. At study entry, their white blood cell counts ranged from 
9,400 to 199,000/mm3 (normal is 4,000 to 11,000/mm3), and the 
Ph chromosome was present in all leukemic cells in each patient. 
As this was a phase I clinical trial, all patients were required to have 
received prior therapy with the current standard of care, interfer-
on-a, which was either no longer controlling their disease (n = 70) 
or was poorly tolerated (n = 13). Interferon-a therapy had previ-

ously been shown to prolong survival by a median of 20 months 
over the natural disease course of 3 to 5 years (23). However, the 
mechanism of action of interferon-a is poorly understood, and 
its side effects are significant. Therefore, the patients enrolled in 
the phase I clinical trial of imatinib had late chronic phase CML 
with no standard treatment options available. Although there was 
optimism at the beginning of the trial based on the promising pre-
clinical experiments, there was also concern that blockade of the 
normal, ubiquitously expressed c-ABL, PDGFR, and/or KIT would 
lead to unforeseen toxicities. After 29 patients were enrolled, thera-
peutic doses of 300 mg or more per day were reached, and 53 of 54 
patients achieved a complete hematologic response (normal blood 
counts with a white blood cell count of less than 10,000/mm3 and 
platelet counts of less than 450,000/mm3). Side effects of imatinib 
were relatively minimal (22). Based on the results of the phase I 
trial,  the use of  imatinib was expanded to  large  international  
phase II and phase III clinical trials.

Cumulative experience with imatinib
The experience with imatinib has yielded a wealth of information, 
including data from a randomized clinical trial with five years of 
follow-up (the International Randomized Study of Interferon and 
STI571 [IRIS] study) (23), a crystal structure of the ABL kinase 
domain in complex with imatinib (24, 25), and important insights 
into the mechanism of imatinib resistance. The IRIS trial was 
initiated in 2000 for patients newly diagnosed with CML in the 
chronic phase (26). Initially designed as a comparison of imatinib 
to interferon-a plus cytarabine, the substantial superiority of 
imatinib resulted in study results being disclosed early and most 
patients being crossed over to the imatinib arm. Accordingly, this 
study is now a long-term follow-up study of patients who received 
imatinib as initial therapy, with the median follow-up now being 
5 years. The overall survival at 5 years is 89% (23). Previous expe-
rience found 5-year survival rates for patients treated with inter-
feron-a plus cytarabine to be 68%–70% (27, 28). An estimated 93% 
of imatinib-treated patients remain free from disease progression 
to the accelerated phase or blast crisis (26). An additional 6% of 
patients have shown some evidence of loss of response to imatinib, 
but their disease has not progressed to the accelerated phase or 
blast crisis (26). Most of the side effects of imatinib are mild to 
moderate, with the most common being edema, muscle cramps, 
diarrhea, nausea, skin rashes, and myelosuppression. Thus, ima-
tinib therapy has substantially increased survival for patients with 
CML while simultaneously greatly decreasing side effects.

Imatinib was the first small-molecule kinase inhibitor tested 
in patients, and its use has illuminated some fundamental char-
acteristics of CML biology as well as helped to establish guiding 
principles for kinase inhibitor use in general. Most patients on 

Figure 1
The phenotype and genotype of CML. (A) A bone marrow biopsy from 
a patient with CML shows the typical hypercellularity with granulocytic 
and megakaryocytic hyperplasia (original magnification, ×200). (B) The 
peripheral blood is characterized by a full spectrum of myeloid cells, 
including immature myeloid cells with rare blasts. Basophilia is also 
observed (original magnification, ×630). (C) Dual-color, dual-fusion 
FISH displaying BCR-ABL signals in bone marrow cells in metaphase 
(left) and interphase (right). The red fluorescent probe is specific for 
ABL, while the green probe is specific for BCR. Yellow signals the 
presence of BCR-ABL and ABL-BCR fusions.
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imatinib therapy achieve a complete cytogenetic response (26), 
which is defined as the absence of the Ph chromosome in 20 bone 
marrow cells in metaphase. Despite the high frequency of com-
plete cytogenetic responses, BCR-ABL transcripts are detectable 
in most patients by RT-PCR. Even patients in whom BCR-ABL is 
undetectable by this technique (classified as a complete molecular 
response) typically relapse if imatinib therapy is discontinued (29, 
30). Therefore, a picture of disease response has emerged in which 
BCR-ABL kinase inhibition triggers apoptosis in differentiated 
cells and halts progenitor cell proliferation but does not eliminate 
hematopoietic stem cells that harbor the translocation (31, 32). 
The kinetics of these effects fit a biphasic mathematical model 
based on BCR-ABL transcript reduction in patients (33). A rapid 
initial decline occurs as differentiated cells undergo apoptosis, fol-
lowed by a slower decline associated with progenitor cell turnover. 
Whether the hematopoietic stem cells expressing BCR-ABL are 
resistant to imatinib or continue to be slowly eliminated over time 
is not clear. Of interest, another mathematical model has recently 
been reported that also features a biphasic imatinib response but 
instead raises the possibility of an additional slow decline in the 
number of hematopoietic stem cells expressing BCR-ABL when 
these cells enter the cell cycle (34). Whether hematopoietic stem 
cells expressing BCR-ABL are resistant to imatinib or are sensitive 
only upon cell division is not clear. Insights into the mechanism 
that allows leukemic stem cells to persist during therapy would be 
an important contribution to the understanding of leukemogen-
esis and kinase inhibitor treatment.

Imatinib in advanced Ph chromosome–positive leukemia
Soon after the first trial of imatinib for the treatment of chronic-
phase CML was initiated, the efficacy of imatinib in treating two 
more challenging manifestations of BCR-ABL–positive leukemia 
— blast crisis CML and Ph chromosome–positive acute lymphoblas-
tic leukemia (ALL) — was investigated (35). Despite high response 
rates in these clinical trials, it quickly became apparent that most 
responses were short lived (35). Hematologic responses were seen 
in 55% (n = 38) of patients with blast crisis CML of myeloid pheno-
type and in 70% (n = 20) of patients with lymphoid blast crisis CML 
or Ph chromosome–positive ALL. Subsequent findings in larger 
phase II clinical trials confirmed these observations (36). Hema-
tologic responses were observed in 52% of patients (n = 260), with 
a median response duration of 10 months (36). Of note, 48% of 
patients in this trial developed new cytogenetic abnormalities dur-
ing treatment, demonstrating clonal evolution. The short duration 
of response highlighted the necessity of combination therapy in 
combating resistance. Recent studies of patients with Ph chromo-
some–positive ALL treated with combinations of imatinib and a 
standard chemotherapy have shown high response rates and sug-
gest improved durability of responses as compared with previous 
clinical trials (37–40). As specific genetic abnormalities are identi-
fied in the more aggressive manifestations of Ph chromosome–pos-
itive disease (blast crisis CML and Ph chromosome–positive ALL), 
these will also become candidates for targeted therapeutic agents.

The association between genomic instability and CML progres-
sion has been recognized for many years. In 1976, it was docu-
mented that the leukemic cells of approximately 80% of patients 
in accelerated phase or blast crisis harbored additional recurrent 
chromosomal abnormalities (41). An interesting question is wheth-
er BCR-ABL itself has a causal role in the generation of secondary 
genetic abnormalities. BCR-ABL has been observed to translocate to 

the nucleus and disrupt signaling integral to checkpoint signaling 
from the ATR kinase following DNA damage, a checkpoint path-
way that is essential for maintenance of genomic integrity (42). It 
has also been reported that BCR-ABL induces reactive oxygen spe-
cies, which cause DNA double-strand breaks and point mutations 
(43–45). By either mechanism, it can be postulated that BCR-ABL 
is responsible for, or at least contributes to, the genomic instability 
that results in secondary abnormalities leading to blast crisis. This 
hypothesis would bode well for the BCR-ABL–centric approach 
that dominates current clinical efforts, as it suggests that kinase 
inhibition in CML might prevent or delay the development of blast 
crisis. This hypothesis is consistent with the clinical data showing 
that few patients have progressed to the advanced phases of the 
disease while undergoing imatinib therapy.

The genetic complexity of blast crisis CML implicates a multi-
stage pathogenesis (14). BCR-ABL promotes the excess prolifer-
ation of myeloid cells during chronic phase and, as noted, may 
contribute to genetic instability, which leads to the additional 
mutations that drive disease progression. These additional muta-
tions produce a block in cell differentiation or disable the key 
tumor suppressor pathways of p53 or Rb. Possible culprits that 
would block differentiation are transcription factors that are also 
commonly disrupted in acute myelogenous leukemia (AML). For 
example, the (3;21) translocation (observed in approximately 2% 
of patients with blast crisis CML) fuses the AML1 (RUNX1) core 
binding factor to the EVI1 transcriptional repressor (46). AML1 
is  essential  to  the differentiation of hematopoietic  cells,  and 
the AML1-EVI1 fusion protein blocks this process (47). In mice, 
coexpression of BCR-ABL and AML1-EVI1 results in AML (48). 
Although the cases of CML patients with AML1-EVI1 are few, it 
represents a general mechanism for disease progression. A recent 
study has examined the characteristics of the CML-initiating cells 
in advanced disease (49). By comparing cells from patients in blast 
crisis with those from individuals with chronic phase CML, it was 
found that granulocyte-macrophage progenitors from patients 
with blast crisis but not chronic phase CML displayed self-renewal 
capability (49). These data suggest that cells that normally do not 
have the capacity for self renewal can adopt stem cell–like proper-
ties during disease progression to blast crisis.

The challenge to optimizing therapy: imatinib resistance
Although most patients with chronic phase CML treated with 
imatinib have well controlled disease, some patients have relapsed 
and/or progressed to accelerated phase or blast crisis (26). Fur-
thermore, most patients with advanced phases of CML initially 
respond to imatinib but subsequently relapse (35, 36). Therefore, 
the mechanisms of relapse emerged as a major question. The first 
insights into relapse mechanisms came from assays that evaluated 
BCR-ABL kinase inhibition. BCR-ABL is a constitutively active 
tyrosine kinase in which the N-terminal domains of the BCR sig-
naling protein are joined to nearly the entire c-ABL kinase (50, 
51). The functional consequence is the dysregulation of c-ABL by 
two intramolecular effects (Figure 2). The first is a loss-of-func-
tion effect in which an N-terminal region of c-ABL, referred to as 
the Cap domain (see Figure 2), is partially lost from the BCR-ABL 
fusion gene. This N-terminal Cap region is an important com-
ponent of the intramolecular apparatus that inhibits the kinase 
activity of c-ABL (52, 53). The second effect is a gain-of-function 
resulting from the presence of a coiled-coil domain in BCR that 
functions to dimerize or tetramerize BCR-ABL (54). This domain 
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is essential for the transforming properties of BCR-ABL (55–57). 
Collectively, these two effects yield a kinase that is constitutively 
phosphorylated (52, 56). The result is the alteration of the tightly 
regulated c-ABL kinase into a predominantly active kinase that 
phosphorylates  numerous  intracellular  proteins  (50).  These 
phosphorylated proteins activate signaling pathways that control 
cell proliferation, including the PI3K, RAS, and STAT5 pathways 
(58–62). BCR-ABL also protects cells from apoptosis by upregulat-
ing BCLXL and by phosphorylation and inactivation of the pro-
apoptotic molecule BAD (63, 64). One of the most heavily tyrosine 
phosphorylated proteins in CML patient samples is the SH2-SH3 
domain–containing adaptor protein CRKL (65), and the level of 
CRKL phosphorylation was used in the clinical trials of imatinib 
to monitor the activity of the BCR-ABL kinase (22).

In evaluating mechanisms of relapse, a major breakthrough 
occurred with the observation that patients who relapsed dis-
played reactivation of BCR-ABL signaling, as assessed by CRKL 
phosphorylation. The reactivation of BCR-ABL was  found to 
occur either by point mutation or gene amplification (66). Ensuing 
research found that the most common mechanism of BCR-ABL 
reactivation, occurring in 76 of 144 (53%) relapsed patients in the 
initial cohorts studied, was point mutation of the kinase domain 
(66–71). A spectrum of point mutations throughout the kinase 
domain has subsequently been characterized to confer decreased 
sensitivity to imatinib (Figure 2).

The understanding of relapses while on imatinib therapy has 
been further aided by the solution of the crystal structure of the 
ABL kinase domain in complex with imatinib. This crystal struc-
ture showed that imatinib bound the kinase in its inactive confor-

mation (24, 25). Although the active conformations of different 
kinases share many common features, the inactive conformations 
of each have greater differences (25). This helps explain the speci-
ficity of imatinib. The most common imatinib-resistant mutations 
cluster around the active site cleft of the kinase domain and seem 
to have one of two effects on the ABL kinase domain–imatinib 
complex. The first is observed when the amino acid substitution 
occurs at contact points for imatinib binding (70). The character-
istic mutation of this category is the change of threonine to the 
more bulky isoleucine at residue 315 in the heart of the imatinib-
binding site. This was the first mutation described (66) and has 
proven to be the most difficult to treat. Other mutants at contact 
points for imatinib are F317L and F359V (70). The second cat-
egory of kinase domain mutations is hypothesized to have confor-
mational effects on the kinase, either favoring the active confor-
mation to which imatinib cannot bind or decreasing the flexibility 
of the P-loop such that the conformational changes required for 
imatinib to bind this region cannot be adopted (70). These muta-
tions include those in the P-loop, which bridges the ATP-binding 
pocket of the kinase domain (M244V, G250E, Q252H, Y253F/H, 
and E255K/V) and the activation loop (H396R/P). These muta-
tions, along with M351T and E355G, are the most common in 
patients who relapse (72).

An issue that emerges from the study of patients who relapse 
while on imatinib therapy is whether imatinib induces BCR-ABL 
kinase domain mutations or whether the mutations are preex-
isting. Thus far, the clinical data is consistent with mutations 
preexisting therapy, with imatinib therapy selecting for resis-
tant clones (26). For example, in patients with advanced disease, 
imatinib-resistant clones have been detected prior to the initia-
tion of therapy (73). Although mutations are rarely detected in 
patients with chronic phase CML, it is notable that the rate of 
disease progression peaks in the first two years during imatinib 
therapy and then trends downward (26). If mutations precede 
imatinib therapy, the rate of emergence of resistance to the drug 
would depend on the size of the mutant clone at the start of 
therapy and its doubling time. As most mutated and unmutated 
BCR-ABL clones have similar doubling times (74), it would be 
predicted that patients harboring a mutant clone that is below 
the level of detection by PCR should be at highest risk of relapse 
over the first years of therapy. This prediction is consistent with 
the clinical data (26).

Figure 2
A model of the domains of the c-ABL and BCR-ABL proteins displays 
the functional consequences of the translocation. (A) In c-ABL, the P-
loop and the activation loop surround the active site for substrate phos-
phorylation (shaded). Under normal conditions c-ABL is inactive, with 
the SH2 and SH3 domains bound to the kinase domain, restricting its 
kinase activity (53). This conformation is stabilized by the cap domain, 
which is anchored to the kinase domain by a myristoyl group (jagged 
line) (52, 53). (B) In BCR-ABL, the myristoyl group of the cap domain 
is lost and is replaced by BCR, shown for simplicity as a single globular 
domain. This is presumed to destabilize binding of SH2 and SH3 to the 
kinase domain (56). The N terminus of BCR, the coiled-coil domain, 
forms a helical dimer (that also tetramerizes) and tethers individual 
BCR-ABL proteins together (54). This allows for transphosphorylation 
(P; yellow circles) of the kinase, which promotes the kinase to adopt 
an active conformation with a significant outward twist of the activation 
loop. (C) Imatinib binds to the active site of the kinase domain, freezing 
it in the inactive conformation, preventing BCR-ABL activation (25).
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The second generation of BCR-ABL inhibitors
Shortly after the identification of imatinib-resistant mutations, 
several new inhibitors joined imatinib in the clinic. These inhibi-
tors represent two different structural classes. The first class is 
exemplified by dasatinib (also known as Sprycel, formerly BMS-
354825), a broad-spectrum kinase inhibitor that was developed 
as an inhibitor of SRC family kinases (75). One of the tyrosine 
kinase  families  that  dasatinib  inhibits  are  the  ABL  kinases, 
including c-ABL and BCR-ABL (75). It is more than 100-fold 
more potent than imatinib against the ABL kinases and retains 
this low nanomolar inhibitory activity against the common ima-
tinib-resistant mutations, with the exception of the T315I muta-
tion (76). Crystallography and nuclear magnetic resonance have 
each shown striking differences between dasatinib and imatinib 
(77, 78). These studies show that dasatinib binds at the active 
site of the ABL kinase domain in a vastly different manner to 
imatinib. Specifically, it binds the active conformation of ABL 
exclusively as opposed to the inactive conformation, to which 
imatinib binds (Figure 3) (77, 78). Therefore, dasatinib would 
not be susceptible to resistance caused by mutations that favor 
the active conformation of the ABL kinase domain. In addition, 
there is no distortion of the P-loop upon binding, as occurs with 
imatinib (78). Lastly, due to its smaller size, there are fewer direct 
contact points, perhaps affording less opportunity for resistant 
mutations. However, one direct contact point is T315, which 
explains the resistance of T315I to dasatinib.

Another kinase inhibitor, nilotinib (also known as AMN107), 
was developed by modifying the chemical structure of imatinib to 
optimize potency against the ABL kinases. In preclinical testing, 
nilotinib showed 10- to 30-fold increased potency over imatinib 
against the major resistant mutants, except T315I (79). Nilotinib 
retains the kinase specificity profile of imatinib, with inhibition 
confined to ABL kinases, ARG, Kit, and PDGFR kinases. Nilotinib, 

in contrast to dasatinib, binds the kinase domain of ABL kinases 
in the inactive conformation (79).

Dasatinib and nilotinib have progressed rapidly through clini-
cal trials, and dasatinib has been FDA approved for imatinib-resis-
tant patients with CML. In a phase I clinical trial of dasatinib in 
patients with CML with imatinib resistance or intolerance, com-
plete hematologic responses were achieved in 37 of 40 patients 
with chronic phase CML (80). Although it is still early, the respons-
es are durable in 95% of such patients, with a median follow-up of 
12 months (80). Similar results have been observed with nilotinib 
(81). Response rates of patients with advanced phase disease are 
also quite high, but similar to the experience with imatinib, relaps-
es are commonplace in this population. Furthermore, dasatinib 
and nilotinib both seem well tolerated, although each have unique 
side effects. For example, pleural effusions occur in some patients 
treated with dasatinib, and elevated liver enzymes and prolonga-
tion of QT interval corrected for rate (QTc) occur in some patients 
treated with nilotinib (81–84).

In the clinical trials of dasatinib and nilotinib, one of the most 
common mechanisms of resistance has been the emergence of 
clones with the T315I mutation in BCR-ABL (82–85). Therefore, 
T315I remains a recurring problem for all the current ABL kinase 
inhibitors. Despite this challenge, preclinical T315I inhibitors 
have been reported, and at least one has been administered to 
patients (86–88). The aurora kinase inhibitor MK-0457 (VX-680) 
was observed to have affinity for the T315I mutant (89). As MK-
0457 was already in clinical trials for patients with solid tumors, its 
testing in patients with CML was expedited. Although responses 
have been observed in patients with the T315I mutation (86), it 
is not clear whether these represent a specific effect or are due 
to antiproliferative effects from aurora kinase inhibition. Other 
preclinical compounds have also been reported to have specific 
activity against T315I and might soon be tested clinically (87, 88). 
One could imagine a scenario in which combinations of inhibi-
tors could be used to circumvent resistance entirely, although per-
sistence of hematopoietic stem cells expressing BCR-ABL is still 
probable with this approach.

Application of the imatinib paradigm  
to other malignancies
A key lesson learned from imatinib is that the discovery of the pri-
mary genetic abnormality in a malignancy, coupled with the devel-

Figure 3
Magnified views into the active sites of the ABL kinase domain in com-
plex with imatinib (A) and dasatinib (B). The two compounds have very 
different modes of binding to the kinase, with dasatinib more confined 
to the ATP-binding pocket than imatinib. In addition, imatinib binds the 
inactive and dasatinib the active conformations, with opposite orienta-
tions of the catalytic Glu-Phe-Gly amino acid residues (shown in light 
blue stick format). In the dasatinib structure, the glutamic acid of the 
Glu-Phe-Gly motif that coordinates a Mg2+ ion during catalysis is orient-
ed properly for catalysis, whereas in the imatinib structure this residue 
points away from the active site. Both inhibitors reside in close proximity 
to the T315 residue. The side chain atoms of the residues susceptible 
to resistant mutations for each inhibitor are shown in green and inhibitor 
atoms shown in yellow stick format (nitrogen, dark blue; oxygen, red; 
sulfur, orange; chlorine, hot pink). The P-loop (residues 244–255) is 
shown in magenta and the activation loop (residues 381–402) is shown 
in light blue. (A) PDB entry 1IEP (24). (B) PDB entry 2GQG (78). The 
figure was created using PyMol (http://pymol.sourceforge.net/).
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opment of an agent that targets that abnormality, can lead to thera-
peutic success. With that in mind, a major goal for cancer research 
should be to reclassify all forms of cancer according to their geno-
types, rather than being classified solely on histology. Genotypic 
classification of malignancy is further supported by the successful 
use of imatinib in diseases such as gastrointestinal stromal tumors 
and hypereosinophilic syndrome. Both of these have an imatinib-
susceptible kinase at their core (90, 91). As more cancers are geneti-
cally classified, those cancers will become amenable to hypothesis-
driven testing of targeted therapeutic approaches.

The  introduction of  imatinib has generated a great deal of 
excitement about kinase-targeted therapy for the treatment for 
human cancer. Several prominent examples of oncogenic kinases 
associated with major malignancies are known, and researchers 
and clinicians are moving quickly to target these abnormalities. 
For example, the use of EGFR inhibitors to treat patients with 
non–small-cell lung cancer has shown remarkable response when 
correlated to EGFR mutation status (92, 93). In AML, fms-related 
tyrosine kinase 3 (FLT3) mutations are present in up to one-third 
of patients, but additional mutations are required to cause the 
disease (94). Clinical data with FLT3 inhibitors has shown that 
some patients respond, but it is not likely that these inhibitors 
can be used as monotherapy because of the genetic complexity of 
AML (95–97). Ongoing clinical trials are examining FLT3 inhibi-
tors as a component of combination therapy. By contrast, myelo-
proliferative disorders such as polycythemia vera have become 
prime candidates for kinase inhibitor monotherapy after it was 
observed that a high frequency of individuals with this disease 
have a V617F-activating mutation in the JAK2 kinase (98–100). It 
is hoped that treating these myeloproliferative disorders at early 
stages, akin to the chronic phase of CML, will have similar results 
to those obtained with imatinib.

Conclusion: an outlook for the 21st century
In closing, it is worth remembering the impact four decades of 
discovery have had on patients with CML by recounting a patient’s 
story. One patient seen at the Oregon Health & Science Univer-

sity is a 55-year-old male who was diagnosed in 1997 with chronic 
phase CML. He was subsequently treated with hydroxyurea and 
interferon-a and underwent an autologous stem cell transplant 
in 1998. Over the following year, his cytogenetics displayed an 
increasing percentage of Ph chromosome–positive metaphases, 
despite treatment with interferon-a. In late 2000, 20 of 20 meta-
phases were Ph chromosome positive, and he had an additional 
copy of the Ph chromosome along with trisomy 8. Based on these 
findings, he was enrolled in a clinical trial of imatinib and rap-
idly achieved a complete cytogenetic response. After two years of 
therapy, he lacked detectable BCR-ABL transcripts by quantitative  
RT-PCR.  In 2003, he had cytogenetic  relapse and subsequent 
detection of the H396R mutant of BCR-ABL. This development 
made him a prime candidate for a second-generation inhibitor, 
as both nilotinib and dasatinib are predicted to have high efficacy 
in patients with this mutation. Over the last 3 years, he has been 
treated with dasatinib and has maintained a major cytogenetic 
response. In February of 2007, this male reached a full decade of 
living with CML, during which he has been able to continue to 
work and maintain his normal lifestyle, whereas previously, sur-
vival beyond five years of patients with CML was uncommon. 
Ultimately, our greatest goal is to continue this kind of tangible 
improvement in cancer therapies. We now look forward to further 
discoveries during the 21st century that will continue the tradition 
of translation of basic research findings such as the discovery of 
the Ph chromosome into clinically meaningful therapies.
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