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1. Introduction

It is now 5 years since clinical trials with imatinib
(Gleevec, Glivec, previously STI571 or CGP 57148B) be-
gan. In January 2000, we published a perspective entitled
“Lessons learned from the development of an Abl tyrosine
kinase inhibitor for chronic myelogenous leukemia”[1].
This perspective looked at the transition of imatinib from
preclinical to clinical development and discussed issues
that would have to be addressed for the success of protein
kinase inhibitors in the clinic. In this article, we update
our thinking on the development of kinase inhibitors as
anti-cancer agents in the context of the volumes of new data
on both the preclinical and clinical activity of imatinib. A
number of recent reviews have been published on the pre-
clinical and clinical profile of imatinib[2–4]. Other articles
in this special issue ofLeukemia Researchreview specific
aspects regarding imatinib. Additional details can be found
in the following sources: (1) original publications on the
discovery of imatinib[5–8]; (2) pivotal, early clinical trials
in CML [9,10]; and (3) registration and phase III trials in
CML [11–14].

2. Development of imatinib

Given the success of imatinib and the enormous interest
in protein kinase inhibitors, it is easy to forget the degree of
skepticism that kinase inhibitors faced from the scientific
community and the pharmaceutical industry in the 1980s and
1990s. One area of skepticism was whether compounds with
specificity amongst protein kinases could be developed. The
other reflected the belief that targeting of a single molecular
defect with a selective agent would not be sufficient to treat
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highly heterogeneous cancers. Despite this skepticism, by
the early 1990s, the 2-phenylaminopyrimidines were first
reported as kinase inhibitors with selectivity for the pro-
tein kinase C (PKC), Abelson (ABL) and platelet-derived
growth factor receptor (PDGFR) kinases[5–7,15,16]. As
is the case with many drugs currently in clinical trials,
an initial lead compound was identified by testing com-
pound libraries for inhibition of protein kinases in vitro.
The activity of the 2-phenylaminopyrimidine series was
subsequently optimized for inhibition of ABL and PDGFR,
by synthesizing a series of chemically related compounds
and analyzing the relationship between their structure and
activity in a variety of assays (Fig. 1). An important find-
ing was that methyl substitution of the anilino-phenyl ring
at the 6-position (Fig. 1, (2)) led to potent inhibition of
the ABL and PDGFR kinases, but abolished activity on
the PKC family. The 2-phenylaminopyrimidine class was
finally optimized for absorption, distribution, metabolism
and excretion properties by the introduction of theN-methyl
piperazine group (Fig. 1, (3)). The most potent molecules in
the series were inhibitors of both the ABL and the PDGFR
kinases. Imatinib emerged from these efforts as the lead
compound for preclinical development based on its selec-
tivity against CML cells in vitro and its drug-like attributes,
including pharmacokinetic and formulation properties.

The in vitro screening employed a panel of isolated pro-
tein kinase enzyme assays for initial chemical optimization.
Although this sounds simple now, this was not the case
in the late 1980s, when methods for the recombinant ex-
pression of active tyrosine protein kinases were in their in-
fancy (e.g. Foulkes et al.[17] and Lydon et al.[18]). It was
only with the development of baculovirus expression sys-
tems that enzymatically pure kinases with high specific ac-
tivity could be obtained[19–21]. Such high quality enzymes
were essential for effective high throughput screening, in-
hibitor characterization, and chemical optimization of lead
compounds.
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Fig. 1. Optimization of the 2-phenylaminopyrimidine class: initial derivatization of the 2-phenylaminopyrimidine chemical class (1) led ATP competitive
inhibitor of serine/threonine protein kinases[6]. Methyl substitution of the anilino-phenyl ring at the 6-position (2) led to potent inhibition of the ABL
and PDGFR kinases, but abolished activity on the PKC family[16]. The 2-phenylaminopyrimidines class was finally optimized for ADME properties
(3) by the introduction of theN-methyl piperazine group[7].

2.1. Structural basis of inhibition

After much medicinal chemistry effort, we were unable
to separate a number of activities from the inhibition profile
of imatinib. Thus, imatinib is not a specific inhibitor of ABL
but also inhibits PDGFRs, KIT, ARG (abl-related gene) and
potentially other enzymes, which have not yet been tested.
We were initially confused by the profile of kinases inhib-
ited by imatinib. From a primary sequence analysis, our ini-
tial expectation was that enzymes closely related to ABL in
the tyrosine protein kinase phylogenetic tree[22] would be
inhibited and those distantly related would not[22]. This
was clearly not the case (Fig. 2). Secondly, we believed that
imatinib inhibited the “activated” form of the enzyme[1].
Much clarity has been brought to the mechanism of action
of imatinib by Kuriyan and co-workers’ elegant crystallo-
graphic studies of imatinib and related compounds bound to
ABL [23,24]. These studies revealed that imatinib binds to
the inactive conformation of ABL (Fig. 3A). Although the
catalytic domains of active protein kinases are structurally
very similar, the crystal structures of inactive kinases reveal
a remarkable plasticity that allows the adoption of distinct
inactive confirmations[25–27]. By inference, we would pre-

dict that the inactive conformation of KIT and the PDGFRs
are structurally similar to ABL, and that imatinib is able to
bind and stabilize the inactive conformations of these en-
zymes. Due to steric constraints, the inactive conformation
of ABL is not compatible with ATP binding (Fig. 3C, see
DGF region of activation loop). It is therefore likely that this
binding mode provides the unique selectivity profile and re-
sulting favorable therapeutic index of imatinib.

3. Is a selective kinase inhibitor necessary
or desirable?

The project team spent considerable time debating the po-
tential effects of blocking kinases besides ABL in the con-
text of CML. The bottom line was that we could not predict
whether these activities were an advantage or a disadvan-
tage. On one hand, off target activities were a concern as
it was assumed that they would narrow the therapeutic in-
dex of imatinib due to their potential for side effects. On the
other hand, it was possible that off target activities, particu-
larly KIT inhibition, might contribute to the clinical efficacy
of imatinib in CML [28,29]. Fortunately, the side effect pro-



N.B. Lydon, B.J. Druker / Leukemia Research 28S1 (2004) S29–S38 S31

Fig. 2. Tyrosine protein kinases phylogenetic tree: kinases known to be inhibited by imatinib are shown in yellow. Adapted from Hunter[83]. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

file of imatinib has been quite mild[30]. Whether activities
other than ABL inhibition contribute to imatinib’s clinical
activity can only be determined through clinical testing of a
mono-specific ABL inhibitor. Until there is additional expe-
rience with inhibitors of numerous other kinases, the issue
of specificity of kinase inhibitors and their potential for toxi-
city versus clinical benefits will need to be addressed empir-
ically. However, the targeting of KIT and PDGFR presented
an opportunity to broaden the clinical use of imatinib to dis-
eases that also involved deregulated PDGFR or KIT kinases.
Given the costs and risks involved in clinical development,
the potential for increasing the market size for imatinib be-
came a good argument for initiating clinical development of
imatinib.

4. Preclinical testing of imatinib

In vitro enzyme testing of imatinib was followed by cel-
lular screening on IL-3 dependent cell lines and factor in-
dependentbcr-abl-transformed derivatives. In a pivotal set
of cellular experiments, imatinib was shown to selectively
suppress the proliferation of BCR-ABL-expressing cells in
vitro [8]. This selectivity was confirmed using patient cells

in colony-forming assays. In these studies, imatinib caused a
92–98% decrease in the number ofbcr-abl positive colonies
formed, with minimal inhibition of normal colony formation
[8]. The efficacy and specificity of imatinib was confirmed
and extended by several laboratories and reinforced the se-
lectivity of imatinib for bcr-abl positive leukemias[31–34].
These cellular assays convinced us that imatinib could be
useful in diseases involving deregulated ABL protein tyro-
sine kinase activity.

An important lesson that we can take from the preclinical
profiling of imatinib is the importance of having a robust
and clinically relevant panel of cellular tests that can predict
both cellular activity and selectivity. These cellular experi-
ments also defined the target concentration of imatinib that
we predicted would be required in vivo for clinical activ-
ity to be seen. Our use of recombinant factor independent,
bcr-abl-transformed lines and factor dependent controls,
followed by testing on CML and normal patient samples,
correctly revealed the potential of imatinib and gave us
the confidence that imatinib should be moved into clini-
cal development. This was despite data that only showed
inhibition of tumor growth as opposed to eradication of
tumors using in vivo animal models[8]. The reason for this
modest in vivo activity became apparent from the murine
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Fig. 3. The structure of imatinib bound to ABL. Imatinib bound to the inactive, closed confirmation of ABL (panel A) in which imatinib straddles the
conserved activation loop DFG motif and its acid amine and piperazine (right hand side of inhibitor) pass under helix C[24]. Panel B shows a model of
imatinib with ABL in the active confirmation. Note that this binding mode in not allowed due to the orientation of the activation loop. Panel C shows a
model of ATP within the inactive confirmation of ABL. Again, this binding mode is not allowed due to the position of the DFG region of the activation
loop.

pharmacokinetic profile of imatinib. This profiling revealed
a short drug half-life in mice, which was not seen in other
species (rat, dog, human). Thus, in nude mice, a single dose
of imatinib inhibited BCR-ABL kinase activity for only

2–5 h. However, a three times per day dosing schedule results
in a continual block of BCR-ABL kinase activity and results
in eradication of tumors in 87% of imatinib-treated mice
[35].
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Fig. 4. The Philadelphia chromosome: the (9;22)(q34:11) translocation results in the generation of thebcr-abl oncogene whose product has constitutive
kinase activity.

5. Bcr-Abl as a target

Over the last two decades, the evolving oncogene field
has revolutionized our understanding of cancer (reviewed in
references[36–38]). The scientific rational behind the selec-
tion of BCR-ABL as a target for the development of protein
kinase inhibitors has always strong. Pioneering basic science
work from numerous laboratories established the pivotal role
for BCR-ABL kinase activity in CML (Fig. 4) [3,39,40].
The presence ofbcr-abl in the majority of CML patients,
and the dependence of BCR-ABL function on its kinase ac-
tivity made this a particularly attractive target for the design
of selective kinase inhibitors. Further, the ability to identify
patients carrying thebcr-abl oncogene by the presence of
the Philadelphia chromosome enabled us to readily select
patients who were likely to benefit from imatinib therapy
for the early trials.

Selection of patients who are likely to respond to targeted
therapies could significantly reduce the risk and therefore
the cost of clinical development, both of which are currently
high. As our understanding of the molecular pathogenesis of
cancer improves, it is likely that the cancer market will be-
come significantly more fragmented. Therefore, a reduction
in development risk and cost will become even more crit-
ical factors. In the case of CML, the clinical development

of imatinib has shown that a combination of the right drug,
and the appropriate target disease and patient population can
reveal the true potential of such targeted agents.

Another unique advantage that assisted in the clinical de-
velopment of imatinib was the ability to monitor response
with surrogate end points, specifically, hematological and
cytogenetic responses. Also, it was possible to incorporate a
pharmacodynamic endpoint of inhibition of BCR-ABL ki-
nase activity by assaying CRKL phosphorylation[9]. Lastly,
from preclinical studies, we had a good indication that tar-
get blood levels for clinical activity were 1�M trough lev-
els of imatinib, and this prediction was confirmed in clinical
trials [41]. Thus the parameters for efficient clinical testing
of a kinase inhibitor were met: validation of the target and
selection of patients highly likely to respond to therapy. In
addition, the clinical trials analyzed kinase inhibition in the
tumor, and pharmacokinetics, so that both positive and neg-
ative clinical results could be interpreted with confidence.

6. Activity in other tumors

According to the paradigm established above, imatinib
would be expected to have activity against tumors where
it has been established that a target of imatinib (i.e. ABL,
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ARG, KIT or PDGFRs) is critical to the pathogenesis of the
cancer.

The most striking example of this prediction being borne
out has been the clinical results for imatinib in gastrointesti-
nal stromal tumor (GIST). GISTs are mesenchymal neo-
plasms that can arise from any organ in the gastrointestinal
tract or from the mesentery or omentum. More than 90% of
GISTs express KIT[42], and biochemical evidence of KIT
activation can be found in almost all GISTs[43]. In approx-
imately 90% of cases, this activation is linked to somatic
mutations of KIT, usually involving exons 9 or 11[43]. Re-
sponse rate of GISTs to single- or multi-agent chemother-
apy is less than 5%[44]. In contrast, in phase I and II
trials of imatinib in GIST, 53–65% of patients had objec-
tive responses, using a minimum dose of 400 mg per day
[45,46].

Translocations involving thePDGFRB gene have been
identified in several myeloproliferative and myelodysplas-
tic syndromes. The most common of these translocations,
(5;12)(q33;p13), is seen in a subset of patients with chronic
myelomonocytic leukemia (CMML) and results in fusion
of theEVT6(TEL) andPDGFRBgenes[47,48]. Several pa-
tients with CMML containing the (5;12)(q33;p13) translo-
cation have been treated with imatinib and all achieved
complete hematologic remissions[49,50]. The PDGFRB
pathway is also a target in dermatofibrosarcoma protuber-
ans (DFSP), a low-grade sarcoma of the dermis that often
recurs after surgical excision. These tumors are character-
ized by a (17;22) translocation involving theCOL1A1and
PDGF-B genes, which results in over-production of fusion
COL1A1-PDGF-BB ligand and consequent hyperactivation
of PDGFRB[51]. It has been shown that imatinib inhibits
the growth of DFSP cells both in culture and in immuno-
deficient mice[52], and preliminary results in patients look
promising[53,54].

The PDGF receptors and KIT are expressed in many
common tumors and have been reported to be activated by
both autocrine and paracrine mechanisms. However, it is
unclear whether monotherapy with imatinib would be use-
ful in any of these disorders. Imatinib may have a role in
the treatment of such cancers, but meaningful conclusions
will only be derived from carefully designed clinical trials
that incorporate proteomic and genomic assessment of tar-
get activation status, with careful evaluation of responding
patients.

Thus far, there is one example where an empiric clinical
trial of imatinib has shown remarkable success. Initial re-
ports demonstrated that patients with hypereosinophilic syn-
drome (HES) achieved complete hematologic responses to
single agent imatinib, often with relatively low doses[55].
Molecular evaluations of these patients revealed an intra-
chromosomal deletion on chromosome 4 that fuses a gene
of unknown function,FIP1L1, to thePDGFRA, resulting in
activation of the PDGFRA[56]. This fusion protein is likely
the causative molecular abnormality of a subset of patients
with HES and accounts for the sensitivity to imatinib.

7. Analyzing subgroups of responding patients

The HES example demonstrates how the knowledge of
the molecular mechanism of action of a drug, coupled with
an empiric observation of clinical benefit, led to the rapid
identification of the molecular pathogenesis of this disor-
der. An even better demonstration of some of the issues
facing targeted therapies comes from the clinical trials in
GIST. Virtually all GISTs express KIT, and for this reason,
might be expected to be a good target for imatinib. How-
ever, a closer inspection of the data shows that KIT muta-
tional status correlates with response. Specifically, patients
with mutated KIT have a 72% response rate while patients
with no mutations in KIT have only an 18% response rate
[57]. Thus, the overall response rate in patients with GIST
is highly dependent of the frequency of mutated KIT. For
example, if 90% of patients with GIST have mutated KIT,
then the response rate would be in excess of 60%. In con-
trast, if 90% of GISTs expressed wild-type KIT, then the re-
sponse rate would be 20% or less. However, examination of
the responding patients would identify those who responded
as having KIT mutations in their tumors. As it turns out,
the majority of GISTs have KIT mutations, which account
for the high response rate. But what accounts for the 18%
of patients with wild-type KIT who responded? Careful ex-
amination of these patients’ tumors revealed that one-third
of them had PDGFRA mutations that accounted for their
response[58]. Similar to the HES experience, examination
of responding patients coupled with an understanding of the
molecular mechanism of action of a drug can yield impor-
tant insights.

In reflecting on the experience with inhibitors of the epi-
dermal growth factor receptor (EGFR), it will be of interest
to see if similar information regarding subsets of respond-
ing patients will be forthcoming. It is certainly possible that
the negative results of the phase III studies combining Iressa
with chemotherapy were due to the fact that the majority of
patients would not be expected to respond to Iressa as their
EGFR signaling pathway was not critical to the growth or
survival of the tumor. If, however, a molecular marker or
mechanism to define responding patients was identified (e.g.
activating mutations of the EGFR such as type III receptor
deletions[59]), it might have been possible to select patients
with a much greater likelihood of responding to this ther-
apy. For the future, therapy will depend on the tumor type
being treated, the appropriate use of diagnostic methods to
identify potential responders and the appropriate selection
of combination agents for clinical use.

8. Improved efficiency of drug design and specificity of
inhibition

New methodologies in drug discovery, optimization and
profiling of protein kinase inhibitors are likely to have a
significant impact on the next generation of protein kinase
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inhibitors. A selection of such technologies include the fol-
lowing.

1. Target validation: The use of RNA interference (RNAi)
[60,61] gene knockout (loss of function) and cDNA ex-
pression (gain of function) in conjunction with expression
profiling will establish “molecular fingerprints” of target
pathways and the result of their selective blockade. This
will aid significantly in the profiling of drug candidates
for on target and off target effects[62]. Chemical genetic
approaches are also making an impact in this area (e.g.
Bishop et al.[63]).

2. High throughput screening (HTS) and ultra HTS (UHTS):
Automation of compound archiving, handling, prepara-
tion, and analytics, coupled with improved automation of
HTS and UHTS, have resulted in the ability to rapidly
generate larger amounts of high quality assay data in a
parallel fashion. To be practically usable, such large data
sets must be coupled with relational database storage and
powerful methods for search, retrieval and visualization
of large structure–activity relation data sets (e.g. versatile
data mining and presentation tools such as SpotfireTM).
Once large compound profile database archives have been
obtained, computational database mining methods will
become increasingly important in the identification of in-
teresting virtual hits for initiating exploratory chemistry
projects.

3. Affinity based screening methods: Liquid chromato-
graphy–mass spectrometry (LC–MS[64] allows screen-
ing of inhibitor libraries for binding to different activa-
tion states of target protein kinases (i.e. inactive versus
active conformation). Thus, screens can be performed
in the absence of enzyme activity readout, allowing the
identification of molecules that bind only to the inactive
enzyme conformation. The screening application of this
method can be dramatically increased with the use of
mass encoded libraries[65].

4. Compound libraries: Many companies have made inten-
sive efforts to improve the chemical diversity of their
screening compound collections. Advances in compu-
tational methods for library diversity analysis and high
throughput methods for the synthesis, purification and
analytics of compounds are making a major impact in
this area. Additionally, once biological results are avail-
able from screening such collections, and from follow-up
chemistry projects on leads, the constructing of focused
target class (e.g. phosphotransferases) inhibitor collec-
tions becomes possible. These focused compound col-
lections can be profiled through larger panels of enzyme
and cellular screens in an array manner. In the case of
potential kinase inhibitors, this allows for rapid profil-
ing of compounds from sublibraries, which have a higher
probability of lead identification. Such focused collec-
tions allow screens to be front-loaded with compounds
that are likely to have the highest potential hit rate within
the kinase gene family.

5. Medicinal chemistry methods: Advances in high
throughput chemistries (combinatorial synthesis such as
multi-component reactions (reviewed in Weber[66]),
solid phase parallel synthesis (e.g. Tan et al.[67]), and
diversity oriented synthesis (e.g. Schreiber[68]) are
aiding in library synthesis and early lead explosion.
Other technical improvements in throughput include mi-
crowave chemistries[69], solid support reagents[70],
purification (e.g. supercritical fluid chromatography) and
analytical automation and methods.

6. Structural biology: The vast amount of X-ray data on pro-
tein kinases and the ability to carry out inhibitor design
within a kinase family can reduce the resources needed
for compound optimization and aid medicinal chemistry
in the search for inhibitors of both the open and closed
confirmation of protein kinase active sites[27,71]. How-
ever, to be useful in drug optimization, crystallography
needs to be tightly coupled to the medicinal chemistry
optimization program, rather than providing a retrospec-
tive explanation of binding mode after a drug candidate
has been selected.

7. Absorption, distribution, metabolism, and excretion
(ADME) and physical/chemical profiling: Rational in
vitro and in vivo ADME screening has enabled com-
pounds with unattractive ADME profiles to be elimi-
nated earlier in the development process[72]. Additional
predictive work on favorable physicochemical proper-
ties which influence ADME and formulation are aiding
during the recovery phase in the selection of compounds
which have the highest probability of development suc-
cess[73]. Such work has traditionally been performed
later in drug development, which results in difficulties
in turnaround time if technical issues emerge at more
advanced stages of the development path.

8. Profiling of signal transduction pathways using phos-
phoproteomic methods: Sensitive approaches based on
LC–MS that enable the rapid identification of multiple
sites of tyrosine phosphorylation on a number of differ-
ent proteins have been developed[74,75]. Such meth-
ods have been used to follow changes in tyrosine phos-
phorylation patterns that occur during the inhibition of
BCR-ABL by imatinib [76].

9. Improved murine cancer models: One of the major prob-
lems in the development of anti-cancer agents is the
weakness of current xenograft animal tumor models to
predict the utility of targeted agents or their combination
with existing agents. For example, the use of EGFR in-
hibitors (e.g. Irresa) in a variety of carcinomas did not re-
veal significant patient benefit when combined with first
line cytotoxic agents (phase III) as was predicted from
numerous in vivo preclinical xenograph models. Novel
mouse cancer models, using a variety of gene transfer
techniques that can allow tissue-specific regulated ex-
pression of target oncogenes or tumor suppressor genes,
are expected to have an impact on the development of
targeted therapies[77] where the animal model has been
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validated with respect to the molecular defects within the
pathway of interest.

10. Diagnostic methods: The use of genomic methods includ-
ing mutational analysis[78] and gene expression profil-
ing should impact both diagnosis and therapy of cancers.
Early examples of the potential of this approach were
the identification of distinct types of diffuse large B-cell
lymphoma (DLBCL)[79], pediatric acute lymphoblastic
leukemia[80], and other cancers[81,82]. Future progress
in this area is likely to have a significant impact on the
design of clinical trials.

9. Conclusions

The last few years has been filled with tremendous excite-
ment as the dramatic activity of imatinib has emerged from
clinical trials to surpass even our most optimistic preclinical
expectations. We believe that this success has paved the way
for protein kinase inhibitors as a therapeutic class of drugs,
with application in both malignant and non-malignant pro-
liferative diseases. Despite the success of imatinib, the use
of protein kinase inhibitors for the treatment of more com-
plex solid tumors in which significant heterogeneity at the
cellular and molecular levels exists will present additional
technical hurdles. However, recent scientific advances in our
understanding of the pathophysiology of cancers and novel
discovery and diagnosis methodologies are likely to make a
major impact in both identification of new drugs and their
rational clinical development. In the case of CML, the clin-
ical development of imatinib has shown that a combination
of the right drug and the appropriate disease target and pa-
tient population can reveal the true potential of such targeted
agents.

Acknowledgements

We would like to acknowledge Drs. Elizabeth Buchdunger
and Juerg Zimmermann, for their critical contributions to the
research phase of the project, Alex Matter for his continual
support and enthusiasm, and the preclinical project team. We
would also like to acknowledge the Novartis development
teams and the International STI571 CML Study Group.

References

[1] Druker BJ, Lydon NB. Lessons learned from the development of an
abl tyrosine kinase inhibitor for chronic myelogenous leukemia. J
Clin Invest 2000;105:3–7.

[2] Buchdunger E, Matter A, Druker BJ. Bcr-Abl inhibition as a modality
of CML therapeutics. Biochim Biophys Acta 2001;1551:M11–8.

[3] Mauro MJ, O’Dwyer M, Heinrich MC, Druker BJ. STI571: a
paradigm of new agents for cancer therapeutics. J Clin Oncol
2002;20:325–34.

[4] O’Dwyer ME, Druker BJ. The role of the tyrosine kinase inhibitor
STI571 in the treatment of cancer. Curr Cancer Drug Targets
2001;1:49–57.

[5] Buchdunger E, Zimmermann J, Mett H, et al. Inhibition of
the Abl protein-tyrosine kinase in vitro and in vivo by a
2-phenylaminopyrimidine derivative. Cancer Res 1996;56:100–4.

[6] Zimmermann J, Caravatti G, Mett H, et al. Phenylamino-pyrimidine
(PAP) derivatives: a new class of potent and selective inhibitors of
protein kinase C (PKC). Arch Pharm 1996;329:371–6.

[7] Zimmermann J, Buchdunger E, Mett H, Meyer T, Lydon NB. Potent
and selective inhibitors of the Abl-kinase: phenylamino-pyrimidine
(PAP) derivatives. Bioorg Med Chem Lett 1997;7:187–92.

[8] Druker BJ, Tamura S, Buchdunger E, et al. Effects of a selective
inhibitor of the ABL tyrosine kinase on the growth of BCR-ABL
positive cells. Nature Med 1996;2:561–6.

[9] Druker BJ, Talpaz M, Resta D, et al. Efficacy and safety of a specific
inhibitor of the Bcr-Abl tyrosine kinase in chronic myeloid leukemia.
New Engl J Med 2001;344:1031–7.

[10] Druker BJ, Sawyers CL, Kantarjian H, et al. Activity of a specific
inhibitor of the Bcr-Abl tyrosine kinase in the blast crisis of
chronic myeloid leukemia and acute lymphoblastic leukemia with
the Philadelphia chromosome. New Engl J Med 2001;344:1038–42.

[11] Kantarjian H, Sawyers C, Hochhaus A. Hematologic and cytogenetic
responses to imatinib mesylate in chronic myelogenous leukemia.
New Engl J Med 2002;346:645–52.

[12] O’Brien SG, Guilhot F, Larson RA, et al. Imatinib compared
with interferon and low-dose cytarabine for newly diagnosed
chronic-phase chronic myeloid leukemia. New Engl J Med 2003;348:
994–1004.

[13] Sawyers CL, Hochhaus A, Feldman E. Imatinib induces hematologic
and cytogenetic responses in patients with chronic myeloid leukemia
in myeloid blast crisis: results of a phase II study. Blood
2002;99:3530–9.

[14] Talpaz M, Silver RT, Druker BJ, et al. Imatinib induces durable
hematologic and cytogenetic responses in patients with accelerated
phase chronic myeloid leukemia: results of a phase 2 study. Blood
2002;99:1928–37.

[15] Buchdunger E, Zimmermann J, Mett H, et al. Selective inhibition
of the platelet-derived growth factor signal transduction pathway by
a protein-tyrosine kinase inhibitor of the 2-phenylaminopyrimidine
class. Proc Natl Acad Sci USA 1995;92:2558–62.

[16] Zimmermann J, Buchdunger E, Mett H, Meyer T, Lydon NB, Traxler
P. Phenylamino-pyrimidine (PAP) derivatives: a new class of potent
and highly selective PDGF-receptor autophosphorylation inhibitors.
Bioorg Med Chem Lett 1996;6:1221–6.

[17] Foulkes JG, Chow M, Gorka C, Frackelton AJ, Baltimore D.
Purification and characterization of a protein-tyrosine kinase encoded
by the Abelson murine leukemia virus. J Biol Chem 1985;260:
8070–7.

[18] Lydon NB, Adams B, Poschet JF, Gutzwiller A, Matter A. AnE.
coli expression system for the rapid purification and characterization
of a v-abl tyrosine protein kinase. Oncogene Res 1990;5:161–73.

[19] Lydon NB, Gay B, Mett H, et al. Purification and biochemical
characterization of non-myristoylated recombinant pp60c-src kinase.
Biochem J 1992;287(Pt 3):985–93.

[20] McGlynn E, Liebetanz J, Reutener S, et al. Expression and partial
characterization of rat protein kinase C-delta and protein kinase
C-zeta in insect cells using recombinant baculovirus. J Cell Biochem
1992;49:239–50.

[21] McGlynn E, Becker M, Mett H, Reutener S, Cozens R, Lydon
NB. Large-scale purification and characterisation of a recombinant
epidermal growth-factor receptor protein-tyrosine kinase. Modulation
of activity by multiple factors. Eur J Biochem 1992;207:265–75.

[22] Hanks SK, Quinn AM, Hunter T. The protein kinase family:
conserved features and deduced phylogeny of the catalytic domains.
Science 1988;241:42–52.



N.B. Lydon, B.J. Druker / Leukemia Research 28S1 (2004) S29–S38 S37

[23] Schindler T, Bornmann W, Pellicena P, Miller WT, Clarkson B,
Kuriyan J. Structural mechanism for STI-571 inhibition of abelson
tyrosine kinase. Science 2000;289:1938–42.

[24] Nagar B, Bornmann WG, Pellicena P, et al. Crystal structures of the
kinase domain of c-Abl in complex with the small molecule inhibitors
PD173955 and imatinib (STI-571). Cancer Res 2002;62:4236–43.

[25] Taylor SS, Radzio-Andzelm E, Cheng X, Ten Eyck L, Narayana N.
Catalytic subunit of cyclic AMP-dependent protein kinase: structure
and dynamics of the active site cleft. Pharmacol Ther 1999;82:
133–41.

[26] Cox S, Radzio-Andzelm E, Taylor SS. Domain movements in protein
kinases. Curr Opin Struct Biol 1994;4:893–901.

[27] Huse M, Kuriyan J. The conformational plasticity of protein kinases.
Cell 2002;109:275–82.

[28] Heinrich MC, Griffith DJ, Druker BJ, Wait CL, Ott KA, Zigler AJ.
Inhibition of c-kit receptor tyrosine kinase activity by STI 571, a
selective tyrosine kinase inhibitor. Blood 2000;96:925–32.

[29] Buchdunger E, Cioffi CL, Law N. Abl protein-tyrosine kinase
inhibitor STI571 inhibits in vitro signal transduction mediated by
c-kit and platelet-derived growth factor receptors. J Pharmacol Exp
Ther 2000;295:139–45.

[30] Deininger MW, O’Brien SG, Ford JM, Druker BJ. Practical
management of patients with chronic myeloid leukemia receiving
imatinib. J Clin Oncol 2003;21:1637–47.

[31] Deininger MW, Goldman JM, Lydon N, Melo JV. The tyrosine
kinase inhibitor CGP57148B selectively inhibits the growth of
BCR-ABL-positive cells. Blood 1997;90:3691–8.

[32] Gambacorti-Passerini C, le Coutre P, Mologni L. Inhibition of the
ABL kinase activity blocks the proliferation of BCR/ABL+ leukemic
cells and induces apoptosis. Blood Cells Mol Dis 1997;23:380–94.

[33] Beran M, Cao X, Estrov Z, et al. Selective inhibition of cell
proliferation and BCR-ABL phosphorylation in acute lymphoblastic
leukemia cells expressing Mr 190,000 BCR-ABL protein by
a tyrosine kinase inhibitor (CGP-57148). Clin Cancer Res
1998;4:1661–72.

[34] Carroll M, Ohno-Jones S, Tamura S, et al. CGP 57148, a tyrosine
kinase inhibitor, inhibits the growth of cells expressing BCR-ABL,
TEL-ABL and TEL-PDGFR fusion proteins. Blood 1997;90:
4947–52.

[35] le Coutre P, Mologni L, Cleris L, et al. In vivo eradication of human
BCR/ABL-positive leukemia cells with an ABL kinase inhibitor. J
Natl Cancer Inst 1999;91:163–8.

[36] Bishop JM. Viral oncogenes. Cell 1985;42:23–38.
[37] Hunter T, Cooper JA. Protein-tyrosine kinases. Ann Rev Biochem

1985;54:897–930.
[38] Hanahan D, Weinberg RA. The hallmarks of cancer. Cell

2000;100:57–70.
[39] Witte ON. Role of the BCR-ABL oncogene in human leukemia.

Cancer Res 1993;53:485–9.
[40] Goldman JM, Grosveld G, Baltimore D, Gale RP. Chronic

myelogenous leukemia—the unfolding saga. Leukemia 1990;4:
163–7.

[41] Peng B, Hayes M, Racine-Poon A, et al. Clinical investigation of the
pharmacokinetic/pharmacodynamic relationship for Glivec (STI571):
a novel inhibitor of signal transduction. Proc Am Soc Clin Oncol
2001;20:71a.

[42] Hirota S, Isozaki K, Moriyama Y, et al. Gain-of-function muta-
tions of c-kit in human gastrointestinal stromal tumors. Science
1998;279:577–80.

[43] Rubin BP, Singer S, Tsao C, et al. KIT activation is a ubiquitous
feature of gastrointestinal stromal tumors. Cancer Res 2001;61:8118–
21.

[44] Edmonson J, Marks R, Buckner J, Mahoney M. Contrast of response
to D-MAP + sargramostim between patients with advance malignant
gastrointestinal stromal tumors and patients with other advanced
leiomyosarcomas. Proc ASCO 1999;18:541a.

[45] van Oosterom AT, Judson I, Verweij J, et al. Safety and efficacy of
imatinib (STI571) in metastatic gastrointestinal stromal tumours: a
phase I study. Lancet 2001;358:1421–3.

[46] Demetri GD, von Mehren M, Blanke CD, et al. Efficacy and safety
of imatinib mesylate in advanced gastrointestinal stromal tumors.
New Engl J Med 2002;347:472–80.

[47] Carroll M, Tomasson MH, Barker GF, Golub TR, Gilliland DG.
The Tel platelet-derived growth factor beta receptor (PDGF-beta-R)
fusion in chronic myelomonocytic leukemia is a transforming protein
that self-associates and activates PDGF-beta-R kinase-dependent
signaling pathways. Proc Natl Acad Sci 1996;93:14845–50.

[48] Golub TR, Barker GF, Lovett M, Gilliland DG. Fusion of PDGF
receptor beta to a novel ets-like gene, tel, in chronic myelomonocytic
leukemia with t(5;12) chromosomal translocation. Cell 1994;77:
307–16.

[49] Apperley JF, Gardembas M, Melo JV, et al. Response to imatinib
mesylate in patients with chronic myeloproliferative diseases with
rearrangements of the platelet-derived growth factor receptor beta.
New Engl J Med 2002;347:481–7.

[50] Magnusson MK, Meade KE, Nakamura R, Barrett J, Dunbar CE.
Activity of STI571 in chronic myelomonocytic leukemia with a
platelet-derived growth factor beta receptor fusion oncogene. Blood
2002;100:1088–91.

[51] Simon MP, Pedeutour F, Sirvent N, et al. Deregulation of the
platelet-derived growth factor B-chain gene via fusion with collagen
gene COL1A1 in dermatofibrosarcoma protuberans and giant-cell
fibroblastoma. Nature Genetics 1997;15:95–8.

[52] Sjoblom T, Shimizu A, O’Brien KP, et al. Growth inhibition
of dermatofibrosarcoma protuberans tumors by the platelet-derived
growth factor receptor antagonist STI571 through induction of
apoptosis. Cancer Res 2001;61:5778–83.

[53] Maki RG, Awan RA, Dixon RH, Jhanwar S, Antonescu CR.
Differential sensitivity to imatinib of 2 patients with metastatic
sarcoma arising from dermatofibrosarcoma protuberans. Int J Cancer
2002;100:623–6.

[54] Rubin BP, Schuetze SM, Eary JF, et al. Molecular targeting of
platelet-derived growth factor B by imatinib mesylate in a patient
with metastatic dermatofibrosarcoma protuberans. J Clin Oncol
2002;20:3586–91.

[55] Gleich GJ, Leiferman KM, Pardanani A, Tefferi A, Butterfield JH.
Treatment of hypereosinophilic syndrome with imatinib mesilate.
Lancet 2002;359:1577–878.

[56] Cools J, DeAngelo DJ, Gotlib J, et al. A tyrosine kinase created by
fusion of the PDGFRA and FIP1L1 genes as a therapeutic target of
imatinib in idiopathic hypereosinophilic syndrome. New Engl J Med
2003;348:1201–14.

[57] Heinrich MC, Corless CL, Blanke CD, et al. KIT mutational
status predicts response to STI571 in patients with metastatic
gastrointestinal stromal tumors (GISTs). Proc Am Soc Clin Oncol
2002;21:2a.

[58] Heinrich MC, Corless CL, Duensing A, et al. PDGFRA activating
mutations in gastrointestinal stromal tumors. Science 2003;299:
708–10.

[59] Ekstrand AJ, Longo N, Hamid ML, et al. Functional characterization
of an EGF receptor with a truncated extracellular domain
expressed in glioblastomas with EGFR gene amplification. Oncogene
1994;9:2313–20.

[60] Sharp PA. RNA interference—2001s. Genes Dev 2001;15:485–90.
[61] Lum L, Yao S, Mozer B, et al. Identification of Hedgehog

pathway components by RNAi in Drosophila cultured cells. Science
2003;299:2039–45.

[62] Ulrich R, Friend SH. Toxicogenomics and drug discovery: will new
technologies help us produce better drugs? Nat Rev Drug Discov
2002;1:84–8.

[63] Bishop AC, Ubersax JA, Petsch DT, et al. A chemical switch
for inhibitor-sensitive alleles of any protein kinase. Nature
2000;407:395–401.



S38 N.B. Lydon, B.J. Druker / Leukemia Research 28S1 (2004) S29–S38

[64] Moy FJ, Haraki K, Mobilio D, et al. MS/NMR: a structure-based
approach for discovering protein ligands and for drug design by
coupling size exclusion chromatography, mass spectrometry, and
nuclear magnetic resonance spectroscopy. Anal Chem 2001;73:
571–81.

[65] Falb D, Jindal S. Chemical genomics: bridging the gap between
the proteome and therapeutics. Curr Opin Drug Discov Dev 2002;5:
532–9.

[66] Weber L. The application of multi-component reactions in drug
discovery. Curr Med Chem 2002;9:2085–93.

[67] Tan DS, Foley MA, Shair MD, Schreiber SL. Stereoselective
synthesis of over two million compounds having structural
features both reminiscent of natural products and compatible with
miniaturized cell-based assays. J Am Chem Soc 1998;120:8565–6.

[68] Schreiber SL. Target-oriented and diversity-oriented organic synthesis
in drug discovery. Science 2000;287:1964–9.

[69] Wilson NS, Roth GP. Recent trends in microwave-assisted synthesis.
Curr Opin Drug Discov Dev 2002;5:620–9.

[70] Ley SV, Baxendale IR. New tools and concepts for modern organic
synthesis. Nat Rev Drug Discov 2002;1:573–86.

[71] Toledo LM, Lydon NB, Elbaum D. The structure-based design
of ATP-site directed protein kinase inhibitors. Curr Med Chem
1999;6:775–805.

[72] Rodrigues AD. Preclinical drug metabolism in the age of
high-throughput screening: an industrial perspective. Pharm Res
1997;14:1504–10.

[73] Lipinski CA. Drug-like properties and the causes of poor solubility
and poor permeability. J Pharmacol Toxicol Methods 2000;44:
235–49.

[74] Ficarro SB, McCleland ML, Stukenberg PT, et al. Phosphoproteome
analysis by mass spectrometry and its application to Saccharomyces
cerevisiae. Nat Biotechnol 2002;20:301–5.

[75] McLachlin DT, Chait BT. Analysis of phosphorylated proteins and
peptides by mass spectrometry. Curr Opin Chem Biol 2001;5:591–
602.

[76] Salomon AR, Ficarro SB, Brill LM. Profiling of tyrosine phos-
phorylation pathways in human cells using mass spectrometry. Proc
Natl Acad Sci USA 2003;100:443–8.

[77] Marx J. Building better mouse models for studying cancer. Science
2003;299:1972–5.

[78] Bardelli A, Parsons DW, Silliman N, et al. Mutational analysis
of the tyrosine kinome in colorectal cancers. Science 2003;300:
949.

[79] Alizadeh AA, Eisen MB, Davis RE, et al. Distinct types of diffuse
large B-cell lymphoma identified by gene expression profiling. Nature
2000;403:503–11.

[80] Yeoh EJ, Ross ME, Shurtleff SA. Classification, subtype discovery,
and prediction of outcome in pediatric acute lymphoblastic leukemia
by gene expression profiling. Cancer Cell 2002;1:133–43.

[81] Su AI, Welsh JB, Sapinoso LM, et al. Molecular classification of
human carcinomas by use of gene expression signatures. Cancer Res
2001;61:7388–93.

[82] Ramaswamy S, Tamayo P, Rifkin R, et al. Multiclass cancer diagnosis
using tumor gene expression signatures. Proc Natl Acad Sci USA
2001;98:15149–54.

[83] Hunter T. The proteins of oncogenes. Sci Am 1984;251:70–9.


	Lessons learned from the development of imatinib
	Introduction
	Development of imatinib
	Structural basis of inhibition

	Is a selective kinase inhibitor necessary or desirable?
	Preclinical testing of imatinib
	Bcr-Abl as a target
	Activity in other tumors
	Analyzing subgroups of responding patients
	Improved efficiency of drug design and specificity of inhibition
	Conclusions
	Acknowledgements
	References


