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The scientists of today have become accustomed to the extremely rapid pace of progress in the biomedical sciences
spurred on by the discovery of recombinant DNA and the advent of automated DNA sequencing and PCR, with
progress usually being measured in months or years at most. What is often forgotten, however, are the many prior
advances that were needed to reach our present state of knowledge. Here I illustrate this by discussing the scientific
discoveries made over the course of the past century and a half that ultimately led to the recent successful develop-
ment of drugs, particularly imatinib mesylate, to treat chronic myelogenous leukemia.

Chronic myelogenous leukemia (CML) is a hematological stem cell
disorder characterized by excessive proliferation of cells of the myeloid
lineage. The genetic hallmark of CML is the Philadelphia chromo-
some, which arises from a reciprocal translocation between chromo-
somes 9 and 22 that fuses the c-ABL (cellular homolog of the Abelson
murine leukemia virus oncogene product) tyrosine kinase gene on
chromosome 9 and the breakpoint cluster region (BCR) gene on chro-
mosome 22. The BCR-v-Abl Abelson murine leukemia viral oncogene
homolog (BCR-ABL) fusion gene encodes a constitutively active BCR-
ABL tyrosine kinase that plays a causal role in CML. The disease is
characterized by a chronic phase that can last for months or years and
may exhibit few or no symptoms. Eventually, the chronic phase pro-
gresses to a more dangerous accelerated or acute (blast crisis) phase,
during which the leukemia cells acquire additional genetic changes,
proliferate more rapidly and become resistant to apoptosis, and, if
untreated, ultimately cause the patient’s demise (1).

The disease was first recognized in 1845 independently by John
Hughes Bennett (2) and David Craigie (3), working together in
Edinburgh, and Rudolf Virchow (4, 5) in Berlin, who showed that
CML is a blood cell disease characterized by excessive white blood
cell accumulation (Figure 1). In the first documented attempt at
therapy, Heinrich Lissauer reported in 1865 that arsenous oxide
(in the form of Fowler’s solution — arsenic trioxide dissolved in 1%
w/v potassium bicarbonate) was effective in the treatment of CML
(6); arsenic trioxide was “rediscovered” as a CML therapy in the
1930s (7) and, interestingly, has recently once again undergone a
renaissance as a treatment for acute promyelocytic leukemia (APL)
(8), where it causes induction of apoptosis and partial differentia-
tion of APL cells.

The first clues to the molecular basis of CML

Little progress was made in understanding CML until the advent
of high-resolution karyotyping, which allowed Peter Nowell and
David Hungerford in 1960 to identify a consistent chromosomal
abnormality in the myeloid blasts, namely a small deletion at the
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end of chromosome 22, which became known as the Philadelphia
chromosome (9). Ten years later, Janet Rowley, using the newly
developed technique of chromosome banding, deduced that this
was in fact due to a reciprocal translocation t(9;22)(q34;q11),
in which the tip of the long arm of chromosome 9 (q34-ter) is
swapped for the tip of the long arm of chromosome 22 (q11-ter)
(10). Again, there was a gap of several years before Nora Heis-
terkamp, Jon Groffen, John Stephenson, and Gerard Grosveld
(11-13), using fragments of the recently cloned Abelson murine
leukemia virus oncogene (v-abl) and c-ABL genes, determined that
CML translocations interrupt the c-ABL gene on chromosome 9,
fusing its 3’ half to the 5’ half of a novel gene on chromosome 22,
which they termed the BCR gene. Grosveld, Groffen, and Heister-
kamp and Eli Canaani’s group then showed that a chimeric BCR-
ABL mRNA is generated in CML cells (14, 15). Subsequent studies
from groups led by Owen Witte and David Baltimore identified
the protein product of the BCR-ABL chimeric mRNA in CML as a
210-kDa BCR-ABL protein, larger than the 150-kDa endogenous
c-ABL protein (16, 17). It was already known from Witte and Bal-
timore’s previous work that v-Abl has tyrosine kinase activity (18),
and Jamie Konopka, Susan Watanabe, and Witte were quickly able
to show that BCR-ABL not only has tyrosine kinase activity but
also has more potent kinase activity than c-ABL, presumably as a
result of the structural difference (16).

The v-Abl and v-Src oncoproteins

and tyrosine phosphorylation

As must be evident, these discoveries had all depended on the
prior work on Abl, which began in 1970 with Herbert Abelson and
Louise Rabstein’s isolation of the Abelson murine leukemia virus,
which causes nonthymic lymphoma in mice (19). As is the case
for all acutely transforming RNA tumor viruses (retroviruses), the
genesis of Abelson virus involved the incorporation of a fragment
of a cellular gene, in this case c-abl, into the viral RNA genome.
These captured cellular sequences encode a key part of the viral
transforming protein, v-Abl. Characterization of the Abelson virus
gene products led to the identification of a 120-kDa v-Abl onco-
protein, which is a fusion of the viral Gag protein with an N-ter-
minally truncated c-Abl protein (20, 21); the subsequent cloning
and sequencing of the v-abl gene provided a predicted amino acid
sequence for the v-Abl protein, which proved to have significant
similarity to the sequences of other oncogenic protein kinases,
such as Rous sarcoma virus oncogene product (v-Src) (22). Indeed,
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A timeline of the different avenues of research endeavor that came together and led to the successful development of imatinib as a treatment for
CML. Most of these disparate research efforts were started through a desire to understand the mechanisms underlying cancer and to ultimately
develop therapies. A significant acceleration in progress came in the 1970s with Nixon’s “war on cancer,” which brought a lot of new people and
ideas into the cancer field. The advent of molecular cloning and DNA sequencing in the mid-1970s also played a critical role, allowing for the identi-
fication of oncogenes and their products. gof, gain-of-function; HZ4-FeSV, Hardy-Zuckerman 4 feline sarcoma virus; mT, middle T antigen; NEJM,
New England Journal of Medicine; Ph chr, Philadelphia chromosome; PK, protein kinase; TK, tyrosine kinase; TKI, tyrosine kinase inhibitor.

another crucial thread of research that contributes to the story
began in 1911 with Peyton Rous’ isolation of a chicken sarcoma
virus, which became known as Rous sarcoma virus (RSV). The
study of the RSV acutely transforming retrovirus eventually led to
the pivotal discovery by Dominique Stehelin, Mike Bishop, Harold
Varmus, and Peter Vogt in 1976 that the RSV oncogene, v-src, was
a captured cellular gene, c-src (cellular homolog of v-src) (23). Not
only was this the first identification of a viral oncogene, which
established the principle that all acutely transforming retroviruses
have acquired cellular sequences, but it also confirmed the exis-
tence of cellular oncogenes, first posited by Huebner and Todaro
in 1969 (24). Later work showed that the c-src gene underwent a
small C-terminal truncation during its acquisition by RSV, result-
ing in its oncogenic activity (see below). Joan Brugge and Ray Erik-
son identified the v-src gene product as a 60-kDa protein, known as
v-Src (25), and Marc Collett, Brugge, and Erikson identified c-Src,
the closely related product of the c-svc gene (26). Then, in another
key advance, Collett and Erikson and Bishop, Varmus, and col-
leagues showed that v-Src has an associated protein kinase activity
that correlates with the transforming potential of RSV (27, 28).
Initially, v-Src was reported to have threonine kinase activity (27),
but subsequent studies on another type of tumor virus, the poly-
omavirus DNA tumor virus, showed that the protein kinase activ-
ity associated with the polyomavirus middle T antigen was specific
for tyrosine, at the time a totally new type of protein kinase (29).
This led to a reevaluation of the v-Src kinase specificity. v-Src also
proved to function as a tyrosine kinase both in vitro and in vivo.
Moreover, v-Src activity was found to lead to a large increase in the
level of phosphotyrosine in cellular proteins that is essential for
malignant transformation (30). Within a year, three other distinct
retroviral oncoproteins had been reported to have tyrosine kinase
activity (18, 31, 32), and the EGF receptor had also been shown to
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have EGF-induced tyrosine kinase activity (33), providing the first
concrete link between oncogenesis and growth control and, more
importantly, setting the stage for the subsequent development of
tyrosine kinase inhibitors as cancer drugs.

Lessons from other tumor viruses

Polyomavirus redux. In the early days of cancer research, the SV40
and polyomavirus DNA tumor viruses, with their small circular
DNA genomes, served as important cancer models. Polyomavirus
was discovered by Ludwik Gross as a contaminant in a murine
leukemia virus preparation in the early 1950s and was termed
polyomavirus by Sarah Stewart, Bernice Eddy, and Ninette Borgese
(34) because it elicited multiple types of tumors in mice. Studies
of polyomavirus continued to have an important impact, even
after the discovery of tyrosine phosphorylation. For instance, Sara
Courtneidge and Alan Smith demonstrated that, in contrast to
v-Src, the tyrosine kinase activity associated with polyomavirus
middle T was not an intrinsic activity but rather the result of the
activity of a tightly bound cellular tyrosine kinase, which proved
to be none other than c-Src, the progenitor of v-Src (35). Binding
of middle T antigen to c-Src results in its activation as a kinase,
and Courtneidge showed that this was due to decreased tyrosine
phosphorylation of ¢-Src at an inhibitory site (36). This site was
mapped to Tyr527 at the very C terminus of ¢-Src, beyond the cata-
lytic domain (37), in a region that is missing from v-Src, as a conse-
quence of the manner in which the v-src coding region was incor-
porated into the RSV genome. The lack of this negative regulatory
site explains why v-Src has constitutively high tyrosine kinase activ-
ity. Subsequent work has shown that Tyr527 is phosphorylated by
the regulatory tyrosine kinase c-Src tyrosine kinase (CSK). From
crystal structures, we learned that phosphorylated Tyr527 binds
intramolecularly to the Src homology 2 (SH2) domain, which
Number 8 2037

Volume 117 August 2007



review series

SH3 and/or
SH2 ligands

Unclamping

Unlatching
Tyr527
dephosphorylation

Tyr527

Tyrd12
Unclamping

Unlatching

Withdrawal of
myristoyl group

Figure 2

Switching
Tyrd16 Tyr416
S phosphorylation
Myr
Switching
Tyr245 \BE
phosphorylatiol
Tyrd12 Tyra12
= phosphoryfation

c-Src and c-Abl have similar negative regulatory mechanisms. Figure modified with permission from Cell (40). C, C terminus; N, N terminus;

pY, phosphorylated tyrosine.

in turn allows the SH3 domain to bind through its Pro-specific
ligand-binding groove to the linker between the catalytic domain
and the SH2 domain, thereby locking the N-terminal lobe of the
catalytic domain into an inactive configuration (38, 39) (Figure 2).
It turns out that there are striking parallels between the way in
which the SH2 and SH3 domains act to negatively regulate
c-Src catalytic domain activity and the way in which the c-Abl SH2
and SH3 domains inhibit c-Abl kinase activity (40) (Figure 2 and
see below), and taken together these structures explain why the
mutations in v-Abl and BCR-ABL convert them into constitutively
active tyrosine kinases.

The W gene, Kit, and the Hardy-Zuckerman 4 feline sarcoma virus. Yet
another line of research pertinent to the imatinib story began at
The Jackson Laboratory in 1915 with C.C. Little’s identification
of a mouse dominant white-spotting mutant (W) (41). Further
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analysis in the 1920s by Sonya de Aberle showed that the lethal
phenotype of WW homozygous mutant mice is due to anemia
(42). Over the years a series of W mutations were collected, but the
identity of the causative gene remained unknown until 1986, when
characterization of a recently isolated feline sarcoma virus, Hardy-
Zuckerman 4 feline sarcoma virus, led to the discovery of a new
viral oncogene, aptly named v-kit, by Peter Besmer, who went on to
clone and sequence the gene (43). Based on the deduced amino acid
sequence, the v-Kit protein, which like v-Abl is a Gag fusion protein,
was predicted to be a tyrosine kinase, and this proved to be the case
(44). The v-Kit domain structure implied that it was derived from
a receptor tyrosine kinase, and this was born out by the cloning
of the c-KIT gene, which encodes a receptor tyrosine kinase closely
related to the PDGF receptor (45-47), whose ligand is stem cell fac-
tor. The v-Kit protein is anchored to the plasma membrane by the
Number 8
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myristoyl group at the N terminus of the Gag sequence, and this
combined with the lack of a critical negative regulatory cytoplasmic
juxtamembrane region as well as both the extracellular and trans-
membrane domains renders v-Kit constitutively active and able to
activate receptor tyrosine kinase signaling pathways.

The chromosomal mapping of c-kit to mouse chromosome 5
(45) immediately suggested to two groups that it might be the
long-sought Wlocus gene, and their analysis showed that the c-Kit
protein is subject to a series of loss-of-function mutations in the
different W mutant alleles (48, 49), such that the mutant proteins
lack kinase activity and thereby function in a dominant-negative
fashion to reduce wild-type c-Kit activity in heterozygotes, leading
to the observed hematopoietic, gametogenesis, and melanogenesis
defects. However, the relevance, if any, of the c-KIT gene to human
disease remained unclear until 1994, when Yukihiko Kitamura’s
group reported that rare mast cell leukemias have a gain-of-func-
tion ¢-KIT mutation (50). Even more excitingly, the same group
later showed that many gastrointestinal stromal tumors (GISTs),
which arise from the interstitial cells of Cajal, have small deletions
and duplications in the cytoplasmic juxtamembrane domain of
¢-KIT, which are also gain-of-function mutations (51, 52). The
kinase activity of the activated c-KIT deletion mutant proteins is
inhibited by imatinib.

BCR-ABL transformation mechanisms

Work on BCR-ABL continued apace, and another important step
was the demonstration in 1990 by three groups that mouse bone
marrow cells engineered to express BCR-ABL gave rise to a myeloid
leukemia very similar to CML upon inoculation into irradiated
recipient mice (53-55), and by a fourth group that a BCR-ABL
transgene also induced a myeloid leukemia in mice (56). Based on
the predicted amino acid sequence of the 210-kDa BCR-ABL pro-
tein (57, 58), one can deduce its domain structure (Figure 3): the
N-terminal BCR sequences are joined upstream of the c-ABL SH3
and SH2 domains, followed by the catalytic domain and the C-ter-
minal half of c-ABL, which has several functional motifs including
nuclear export and import sequences and an actin-binding motif.
Analysis of mutated forms of BCR-ABL has shown that the BCR
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protein is also important because the cap

normally folds back and locks the SH2-

SH3 unit onto the backside of the catalytic
domain, allowing the N-terminal myristoyl group to bind into a
pocket on the C-terminal lobe of the catalytic domain, holding
it in an inactive configuration (66-68) (Figure 2). Interestingly,
although v-Abl itself lacks the SH3 domain and deletion of the
SH3 domain renders a myristoylated form of c-ABL transform-
ing, presumably because this relieves the inhibitory influences of
the SH3 domain on the kinase domain, BCR-ABL retains the SH3
domain. In this case, its negative regulatory effect is overridden by
BCR-ABL autophosphorylation at Tyr1127 in the SH2 catalytic
domain linker, which disrupts its binding to the SH3 domain (69).
Although the BCR-ABL SH3 domain is not required for myeloid
transformation (70), there is some evidence that it has a role in
BCR-ABL-induced leukemogenesis (71).

Additional analysis of BCR-ABL showed that the conserved
C-terminal F-actin-binding domain also contributes to transfor-
mation (72). Unlike c-Abl, which shuttles between the nucleus and
cytoplasm, BCR-ABL is largely cytoplasmic and localizes in part to
F-actin-containing structures through its C-terminal F-actin-bind-
ing domain. The cytoplasmic localization of BCR-ABL coupled with
its unregulated tyrosine kinase activity allows it to usurp signaling
pathways normally activated by growth factor receptor tyrosine
kinases, such as the EGF and PDGF receptors, or cytokine recep-
tors that utilize nonreceptor tyrosine kinases, such as Src and JAK
family kinases, for signaling. A true mechanistic understanding of
BCR-ABL-induced leukemogenesis requires a knowledge of the key
signaling pathways that it activates, and this in turn requires identi-
fication of proteins that are phosphorylated by BCR-ABL.

Efforts to identify specific targets of the BCR-ABL kinase began
early on, using both anti-phosphotyrosine blotting and two-
dimensional gel analysis (73-75). Subsequently, several BCR-ABL
targets have been identified whose tyrosine phosphorylation
is increased in CML cells, including the E3 ubiquitin ligase the
cellular homolog of the Casitas B-lineage lymphoma v-cbl onco-
gene (c-CBL), the SH2/SH3 adaptor proteins CRKL, CRK, GRB2
(growth factor receptor-bound protein 2), and VAV as well as pax-
illin, STATS, and DOKI1 (docking protein 1). Exactly which BCR-
ABL targets are key to the growth of CML leukemic cells is still
unclear, but monitoring the tyrosine phosphorylation status of
Volume 117 Number 8
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these proteins in leukemic cells isolated from patients is a conve-
nient way to determine the effectiveness of imatinib therapy. In
addition, a number of SH3 domain-signaling proteins interact
with BCR-ABL through four ProXXPro motifs downstream of the
catalytic domain, such as the PI3K p8S5 regulatory subunit and
NCK. BCR-ABL autophosphorylates at several residues, including
Tyr1294 (which corresponds to Tyr412 in c-ABL) in the activa-
tion loop and Tyr1127 (which corresponds to Tyr245 in c-ABL) in
the SH2 catalytic domain linker; both of these phosphorylations
increase catalytic activity (69). BCR-ABL also autophosphorylates
at Tyr177 in the BCR domain, which has the interesting conse-
quence of promoting SH2-dependent binding of GRB2 and acti-
vating RAS/ERK signaling (76). This fortuitous gain-of-function
phenotype is important, since a Tyr177Phe mutation abrogates
BCR-ABL transforming activity (76).

The first tyrosine kinase inhibitors

The realization in the early 1980s that activated tyrosine kinas-
es such as v-Src, v-Abl, and BCR-ABL could have a causal role in
cancer, combined with the discovery of additional viral and cel-
lular oncogenes that encoded tyrosine kinases, engendered a seri-
ous interest in the development of small molecule inhibitors of
oncogenic tyrosine kinases with the hope that they might ulti-
mately be useful in cancer therapy. The question was whether it
would be possible to develop specific tyrosine kinase inhibitors.
All protein kinases use ATP as the phosphate donor, transferring
the y-phosphate of ATP onto the acceptor amino acid in the tar-
get protein. The largest class of eukaryotic protein kinases, which
includes almost all of the serine/threonine and tyrosine kinases,
has a highly conserved ATP-binding site, and at the time the only
known protein kinase inhibitors were competitive with ATP. As a
consequence there were many naysayers who argued that it would
be impossible to develop specific protein kinase inhibitors because
of the problems of generating inhibitors that would bind selective-
ly to the conserved ATP-binding site in different protein kinases
and because it would be difficult for such inhibitors to compete
effectively with the millimolar intracellular ATP levels. Nonethe-
less, cell-permeant protein kinase inhibitors began to be reported,
and efforts to develop tyrosine kinase inhibitors began, first in aca-
demia and then in industry.

In academia, a number of natural products were shown to act as
tyrosine kinase inhibitors (77-81), and the first atctempts at ratio-
nal design of tyrosine kinase inhibitors were undertaken by Alex
Levitzki (82), emboldened by the pioneering work of Hiroyoshi
Hidaka, who had shown that it was possible to develop specific
synthetic inhibitors of serine kinases (83). Levitzki called these
inhibitors tyrphostins (tyrosine phosphorylation inhibitors),
and they were initially modeled after erbstatin, a natural tyrosine
kinase inhibitor that contains a tyrosine ring mimic (82). Among
the first series of tyrphostins were selective inhibitors of BCR-
ABL (84), including AG568, AG957 (adaphostin), and AG1112,
which induced the K562 CML cell line to terminally differenti-
ate into nondividing erythroid cells (85). Interestingly, two of the
first selective tyrosine kinase inhibitors developed by the Levitzki
group, the EGFR inhibitor AG1478 (86) and the PDGFR inhibitor
AG1296 (87) are still widely used as research tools.

BCR-ABL inhibitors become drugs
At the time when it became clear that BCR-ABL would be a valid
cancer drug target, there were relatively few kinase inhibitor pro-
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grams in the pharmaceutical industry. CIBA-Geigy (now Novar-
tis) established a serine kinase inhibitor program in 1984 under
the direction of Alex Matter and subsequently initiated a tyrosine
kinase inhibitor effort in 1986 led by Nick Lydon (88). An early
target was the PDGF receptor, and CGP53716, a 2-phenylamino-
pyrimidine derivative synthesized as a member of a series by Juerg
Zimmermann (89), was shown by Elisabeth Buchdunger to selec-
tively inhibit PDGF receptor signaling and the growth of v-sis-trans-
formed BALB/c 3T3 cells, which are dependent on v-Sis activation
of endogenous PDGF receptors (90). The same series of 2-phenyl-
aminopyrimidines yielded CGP57148B, which inhibits the PDGF
receptor and v-Abl in vitro and in vivo equally potently (91) and
also BCR-ABL (92). CGP57148B became known as STI571 (signal
transduction inhibitor 571) and is now called imatinib (the generic
name). When formulated as the mesylate salt, imatinib is marketed
by Novartis as Gleevec (in the USA) or Glivec (in Europe).

Brian Druker, a physician scientist and fellow contributor to this
Review Series, had been working on CML since the early 1990s,
and once he set up his own group at Oregon Health & Science Uni-
versity in Portland in 1993 and started treating CML patients, he
became determined to find a better treatment for this disease. The
logical approach was to develop a small molecule inhibitor of the
BCR-ABL tyrosine kinase activity, since this would be expected to
block the growth of the transformed cells. To try to find a suitable
inhibitory compound, he collaborated with the members of the
tyrosine kinase inhibitor program at CIBA-Geigy. Working closely
with Lydon, Buchdunger, and Zimmermann, Druker identified
CGP57148B as a potent and relatively selective v-Abl inhibitor.
Together with Buchdunger, Druker showed that CGP57148B was
able to inhibit the growth of CML cells and BCR-ABL-transformed
cells both in culture and when grown as tumors in mice (92, 93).
There was little evidence of toxicity in mice, and, emboldened by
these results, in June 1998 Druker and Charles Sawyers initiated
a phase I/II clinical trial in chronic phase CML patients resistant
to prior interferon therapy (94). This trial, and subsequent large-
scale follow-up phase II clinical trials, showed that imatinib was
very effective in treating chronic phase CML and had palliative,
but usually not long-lasting, effects in the acute blast crisis phase
(95, 96) that were commonly due to the development of resistance
mutations in BCR-ABL itself. These successes led to an accelerated
approval process by the FDA, and imatinib was approved for the
treatment of CML on May 10, 2001.

Fortuitously, in one sense, imatinib not only inhibits BCR-
ABL but is closely related to, and almost equally potent against
PDGFRa, as ¢-KIT receptor tyrosine kinases (97). Both imatinib
and c-KIT receptor tyrosine kinases are implicated through acti-
vating mutations in GIST (51, 52, 98), and this led George Demetri
to test imatinib in the treatment of GIST patients, whose tumors
express activated c-KIT. He found that imatinib was quite effec-
tive in such patients, in some cases causing rapid tumor regres-
sion (99). This led to a full-fledged clinical trial, and imatinib was
approved for the treatment of GIST in February 2002. Imatinib
has also been found to have uses in the treatment of other pro-
liferative premalignant hematopoietic diseases, including hypere-
osinophilia syndrome and chronic eosinophilia leukemia, which
also express an activated form of PDGFRo.

The remaining challenges

What does the future of molecularly based CML therapy hold?
Although imatinib is a remarkably effective treatment for chronic
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Table 1
Cancer drugs that act against tyrosine kinases

Drug Cancer Target
Small-molecule drugs
Imatinib (Gleevec) Leukemia (CML)

Gefitinib (Iressa)
Erlotinib (Tarceva)
Sunitinib (Sutent)
Dasatinib (Sprycel)
Lapatinib (Tykerb)

Many in clinical trials
kinases

Monoclonal antibody drugs
Trastuzumab (Herceptin)
Cetuximab (Erbitux)
Cevacizumab (Avastin)

Lung cancer

Lung cancer
GIST/renal carcinoma
Leukemia (CML)
Breast cancer

Several types/AML

Breast cancer
Breast/renal cancer

Colon cancer VEGF

More than 70 protein kinase inhibitors are in cancer clinical trials, including several directed against serine/
threonine kinases implicated in cancer. The RAF inhibitor sorafenib (Nexavar) has recently been approved for
treatment of renal cell carcinoma. Rapamycin, an mTOR kinase inhibitor, and rapamycin analogues are also in

clinical trials for several cancers.

phase CML, imatinib resistance does occur, particularly in blast
crisis patients and usually as a result of mutations in BCR-ABL, in
particular the prevalent Thr3151Ile (T315I) mutation (100, 101).
This has led to efforts to develop second generation BCR-ABL
inhibitors that can block the activity of these imatinib-resistant
mutant forms of BCR-ABL. In clinical trials, dasatanib, a c-Src
and c-Abl inhibitor, proved effective in CML therapy and works
against most of the imatinib-resistant BCR-ABL mutations, but
not against Thr315Ile (102). In June 2006, dasatanib (also known
as Sprycel) was approved by the FDA for the treatment of patients
with CML who showed resistance or intolerance to prior therapy.
Nilotinib (also known as Tasigna), a derivative of imatinib that is
also active against most of the imatinib-resistant mutations, but
not against Thr315Ile BCR-ABL, has also shown promising results
in clinical trials for CML and is expected to be approved soon.

The emergence of resistance to kinase inhibitors used in cancer
therapy is a general phenomenon, and this has led to the devel-
opment of methods to try and predetermine which mutations are
likely to cause resistance (e.g., random PCR-based mutagenesis of
BCR-ABL and expression in myeloid cell lines, followed by selection
of imatinib-resistant cells in culture; ref. 103). An understanding of
the basis of imatinib resistance has come from the elegant structur-
al analysis of imatinib bound to the c-ABL catalytic domain (104),
which helps explain how mutations distant from the residues that
contact imatinib can induce resistance. The structures of these
complexes also reveal how inhibitor specificity is achieved, and they
have been important in the development of the second-generation
BCR-ABL inhibitor nilotinib, in which the imatinib scaffold has
been modified based on structural insights (105, 106). Methods
have also been developed to identify existing kinase inhibitors that
have already been evaluated in clinical trials and that might target
the imatinib-resistant BCR-ABL mutants; the aurora kinase inhibi-
tor, VX680, is a compound of this sort (107, 108) and is being tested
clinically for the treatment of CML.

Because BCR-ABL inhibitor therapy generally only provides tem-
porary remission in blast crisis CML patients, trials are underway
to treat relapsed CML patients using a BCR-ABL kinase inhibitor
in combination with other therapeutic modalities. Interestingly,
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a combination of imatinib and
dasatinib seems to be more effec-
tive than either alone as primary
treatment. Perhaps Src family
kinases play an important role in
acute phase CML; if so, the abil-
ity of dasatinib to inhibit both
Src and Abl would then explain
why this combination is more
effective. Ideally one would like
to design combination therapy
on a more rational basis, but for
this we need a better understand-
ing of the molecular basis of late-
stage disease. Like other cancers,
CML is thought to be a stem cell-
driven disease, and the true tar-
get cell thatinitiates CML may be
a granulocyte-macrophage-like
progenitor cell (109). The abil-
ity to isolate leukemic stem cells
from CML patients has begun to
lead to a mechanistic understanding of the self-renewal and leuke-
mic properties of these cells, which might be due to activation of
the B-catenin pathway (109). However, the key substrates for BCR-
ABL phosphorylation that are important for stem cell renewal
and the enhanced proliferation of their derivatives are still largely
unknown. Many proteins phosphorylated by BCR-ABL have been
identified, with recent phosphoproteomic analyses revealing that
there are literally hundreds of tyrosine phosphorylated proteins
in CML cells dependent on BCR-ABL activity (110, 111), and it
will be a challenge to decipher how many of these tyrosine phos-
phorylation events, and in which combinations, are critical for
CML. A knowledge of which signaling pathways are crucial might
be useful in devising combinatorial therapies with different signal
transduction inhibitors. In this regard, there is some evidence that
targeting a second kinase, such as ¢-KIT, in addition to BCR-ABL
(112), might be necessary for effective treatment of CML. Imatinib
happens to fulfill this requirement, and this might explain the
effectiveness of this drug in the treatment of CML.

Finally, imatinib was developed with short-term therapy in mind
and was not tested for prolonged use. Yet its very success in treating
the chronic phase of CML has led to its continued administration
over years rather than weeks or months. In fact, the first patients
have been on imatinib for 6 years, with surprisingly few adverse
consequences. Nevertheless, as new CML drugs are developed and
success at obtaining lasting remission is achieved, it is important to
consider the long-term effects of administering these compounds,
particularly if used in combination with other drugs.

Coda

It should be apparent from the above how many different avenues
of research carried out over the course of a century and a half con-
verged during the 1970s and 1980s to foster the development of
tyrosine kinase inhibitors and ultimately lead to the approval of
imatinib as a treatment for CML. Compared with the rapid pace
of modern biomedical science, this might seem to have been a
slow process. Nevertheless, as the first molecularly targeted small
molecule drug approved for cancer therapy, imatinib’s success has
encouraged the pharmaceutical industry to pursue the develop-
Volume 117 2041
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ment of kinase inhibitors for the treatment of cancer and other
human diseases. Indeed, most major pharmaceutical companies
now have kinase inhibitor programs, and by the beginning of 2007
seven protein kinase inhibitors had been approved for the treat-
ment of cancer (Table 1). More are sure to follow.
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