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Abstract

Imatinib mesylate (Gleevec) was developed as the first molecularly targeted therapy that specifically inhibits the BCR–ABL tyrosine kinase
activity in patients with Philadelphia chromosome positive (Ph+) chronic myeloid leukemia (CML). Due to its excellent hematologic and
cytogenetic responses, particularly in patients with chronic phase CML, imatinib has moved towards first-line treatment for newly diagnosed
CML. Nevertheless, resistance to the drug has been frequently reported and is attributed to the fact that transformation of hematopoietic stem
cells by BCR–ABL is associated with genomic instability. Point mutations within the ABL tyrosine kinase of the BCR–ABL oncoprotein are
the major cause of resistance, though overexpression of the BCR–ABL protein and novel acquired cytogenetic aberrations have also been
reported. A variety of strategies derived from structural studies of the ABL–imatinib complex have been developed, resulting in the design
of novel ABL inhibitors, including AMN107, BMS-354825, ON012380 and others. The major goal of these efforts is to create new drugs
that are more potent than imatinib and/or more effective against imatinib-resistant BCR–ABL clones. Some of these drugs have already been
successfully tested in preclinical studies where they show promising results. Additional approaches are geared towards targeting the expression
or stability of the BCR–ABL kinase itself or targeting signaling pathways that are chronically activated and required for transformation. In this
review, we will discuss the underlying mechanisms of resistance to imatinib and novel targeted approaches to overcome imatinib resistance
in CML.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Tyrosine kinase inhibitor; Resistance; Imatinib mesylate; BCR–ABL; Chronic myeloid leukemia

1. Introduction

1.1. The BCR–ABL oncogene

The Philadelphia chromosome (Ph) was originally
described as a chromosomal abnormality in 1960 by Now-
ell and Hungerford[1]. In 1973, Rowley reported that this
abnormal chromosome, found in most patients with chronic
myeloid leukemia (CML), has an apparent loss of the long
arm of chromosome number 22 and is the result of recipro-
cal translocation involving the long arms of chromosomes 9
and 22, t(9;22)[2]. The molecular genetics of the Ph chro-
mosome showed theABL gene to be on the segment of
chromosome 9 that is translocated to chromosome 22[3].
Breakpoints in chromosome 22 were found to occur over
a very short stretch of DNA (5–6 kb), termed thebreakpoint
cluster region (BCR) gene. The native c-ABL tyrosine kinase
is located partially in the nucleus and has tightly regulated
kinase activity. TheBCR–ABL fusion results in the produc-
tion of a constitutively active cytoplasmic tyrosine kinase
that does not block differentiation, but enhances prolifer-
ation and viability of myeloid lineage cells. BCR–ABL is
likely sufficient to cause CML, but over time other genetic
events occur and the disease progresses to an acute leukemia.
CML is typically characterized by phases of variable dura-
tion, starting with an initial chronic phase (CP), followed
b sult-
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gene. In ALL, the p210BCR–ABL fusion protein is found
in every third patient, p190BCR–ABL is found in two out
of three patients[5], whereas p230BCR–ABL is associated
with CMML [6,7]. Currently, it is not known how these three
forms of BCR–ABL differ from each other in terms of signal-
ing but additional genetic changes seem necessary to reach
full disease activity[8]. In addition, increased length of the
BCR portion in the fusion protein has been shown to corre-
late with reduced ABL kinase activity in vitro. BCR releases
inhibitory constraints in the ABL kinase domain, leading to
greatly increased ABL tyrosine kinase activity[9–11]. Cells
expressing the chimeric BCR–ABL oncoprotein show signs
typical of malignant transformation, including excessive cell
growth of immature myeloid cells with lack of differentiation
and inhibition of apoptosis[12]. The mechanisms through
which BCR–ABL contributes to malignant transformation
have been extensively studied by using BCR–ABL express-
ing murine or human cell models. Many of the activated
signaling pathways are normally regulated by hematopoi-
etic growth factors, such as c-kit ligand, thrombopoietin,
interleukin-3, or granulocyte/macrophage-colony stimulat-
ing factor. Not surprisingly, it has been demonstrated that
BCR–ABL activates a variety of signaling pathways and
downstream targets like RAS, STATs, phosphatidylinositol-
3′-kinase, production of reactive oxygen species (ROS) and
others that can also be activated by hematopoietic growth
f ctor
r ys-
r BL,
i ion.
I totic
r ival
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d ent for
g ow-
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y progression to accelerated phase (AP) and finally re
ng in blast crisis (BC)[4]. In CML, the classic fusio
s b2a2 or b3a2 fusing exon 13 (b2) or exon 14 (b3
CR to exon 2 (a2) of ABL, leading to an oncoprotein
10 kDa molecular weight. In the case of Ph positive a

ymphoblastic leukemia (ALL), there is fusion with the p
uction of an oncoprotein of 190 kDa molecular weigh

hird fusion gene (e19a2) was associated with the rare ch
eutrophilic leukemia, encoding a 230 kDa BCR–ABL p

ein. Each of these oncoproteins contains the same segm
BL and differs in the amount of BCR present in the on
f

actors. A major difference between activated growth fa
eceptors in normal signaling and BCR–ABL is the d
egulated activation of signaling pathways by BCR–A
nducing abnormal proliferation and neoplastic expans
n addition, the BCR–ABL oncoprotein decreases apop
eaction to mutagenic stimuli, which results in a surv
dvantage to the neoplastic clones[13]. In many model sys

ems, BCR–ABL completely abrogates growth factor de
ence, and has been associated with reduced requirem
rowth factors in primary hematopoietic cells. It is clear, h
ver, that there are other activities of BCR–ABL that rem



C. Walz, M. Sattler / Critical Reviews in Oncology/Hematology xxx (2005) xxx–xxx 3

poorly understood, in particular, the propensity for CML to
evolve into blast crisis.

1.2. Targeting ABL with the small molecule drug
imatinib mesylate

An improved understanding of the molecular mechanism
involved in the development of CML has led the way for the
development of targeted therapies. BCR–ABL is unique in
the sense that it is both required and sufficient for transfor-
mation of hematopoietic stem cells, making it an ideal target
for drug development. In 1996, Druker and colleagues in
collaboration with Novartis Pharmaceuticals (formerly Ciba-
Geigy, Basel, Switzerland) developed the experimental drug
CGP57148B, which is today known as imatinib mesylate
(imatinib, STI571, Gleevec®/Glivec®). Imatinib is an ABL
tyrosine kinase inhibitor of the 2-phenylamino pyrimidine
class that was created using the structure of the ATP binding
site of the ABL protein kinase[14–16]. Imatinib binds to and
stabilizes the inactive form of BCR–ABL rather than occu-
pying the whole ATP-binding pocket as previously supposed
[17]. Functionally, imatinib acts by revoking the effects of
the BCR–ABL oncoprotein through inhibition of BCR–ABL
autophosphorylation and substrate phosphorylation, inhibi-
tion of proliferation, and induction of apoptosis[14,18,19].
Initial preclinical studies indicated that imatinib inhibits the
p e,
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imatinib and its major active metabolite, theN-desmethyl
derivative, are approximately 18 and 40 h, respectively[24].
The major human P450 cytochrome enzyme involved in the
microsomal biotransformation of imatinib is CYP3A4[24].
In addition, imatinib is a competitive inhibitor of CYP2C9,
CYP2D6 and CYP3A5 in human liver microsomes in vitro.
Imatinib may reduce CYP2D6- and/or CYP3A4/5-mediated
clearance of co-administered drugs that are cleared through
these pathways[25]. Plasma levels of drugs that are sub-
strates for these cytochromes may increase if administered
in conjunction with imatinib, due to competition for bio-
transformation pathways. Those that are enzyme inhibitors
or inducers may increase or decrease the plasma levels of
imatinib, respectively.

1.3. Additional activities of imatinib mesylate

Despite the apparent specific anti-leukemic effect of ima-
tinib in CML through inhibition of the ABL protein kinase,
imatinib also possesses inhibitory properties against other
members of the tyrosine kinase family including PDGFR�/�
and c-kit[15]. The inhibitory activity of imatinib is stronger
against these kinases with an IC50to inhibit proliferation of 30
and 100 nM, respectively, compared to the ABL IC50 value of
630 nM[8,26]. In addition, imatinib is a good inhibitor of the
ABL related kinase ARG. The activation of tyrosine kinases
h esis of
a ive
d hich
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r eat-
m
d neti-
c was
i ES)
a e
e
t as
5
p
T mic
m hos-
p lular
j en-
e IST)
[ ive
a ase,
b tant
[ ate
f mic
m

fun-
d tive
d acti-
roliferation of CML progenitor cells in BCR–ABL positiv
ut not BCR–ABL negative cell lines. Targeted therapy w

matinib has led to a revolution in the treatment of CM
ruker et al. conducted a phase I clinical trial of this d

n 1998, whereby using doses of imatinib of 300 mg, 9
f patients with interferon-resistant CML in chronic ph
chieved a complete hematologic response and 31% of
atients achieved a complete or major cytogenetic resp
he following phase II study, involving a relative large nu
er of patients, confirmed these impressive results. Furt
ulticenter randomized trial showed that imatinib is supe

o the combination of interferon-� plus low-dose cytarabin
Ara-C) as first-line treatment. With this treatment, 95%
atients in chronic phase can achieve a complete hemato
emission and 60% can achieve a major cytogenetic resp
owever, most patients in blast crisis either do not resp
r relapse shortly after an initial response. In these c
nly 7% of patients treated with imatinib achieve a comp
ytogenetic response[20]. Unfortunately, no survival ben
t has been found for this patient group. Currently, imat
s tested in large multicenter phase IV trials in combina
ith interferon-� or arabinosyl–cytosin or with an increas
ose of 600 or 800 mg as monotherapy[21].

Generally, imatinib has been well tolerated in patients
ML, as well as in patients with other BCR–ABL posit

eukemias[22]. Its toxicity profile is as favorable as that
ydroxyurea and superior to that of interferon-� [23]. Ima-

inib is well absorbed after oral administration with a m
bsolute bioavailability for the capsule formulation of 98
ollowing oral administration, the elimination half-lives
.

as been found to be the causative event in the pathogen
variety of BCR–ABL negative chronic myeloproliferat

isorders, a heterogeneous spectrum of conditions for w
he molecular pathogenesis is not completely unders
oincidentally, PDGFR kinases are frequently found to

used to multiple partner genes in reciprocal translocat
esulting in fusion proteins that are sensitive to imatinib tr
ent (Table 1). For example, FIP1L1-PDGFR�, a recently
escribed fusion protein that is generated by a cytoge
ally invisible interstitial deletion on chromosome 4q12,

dentified in patients with hypereosinophilic syndrome (H
nd systemic mastocytosis (SMC)[27]. Consistent with th
ffect of imatinib on c-ABL and c-PDGFR, the IC50 of ima-

inib required to inhibit cells transformed by BCR–ABL w
82 nM [28] and cells expressing FIP1L1-PDGFR� fusion
rotein needed a lower concentration of only 3 nM[27].
here are also activating mutations within c-kit in syste
astocytosis. The most frequent mutations occur in the p
hotransferase domain (e.g. D816V) or in the intracel

uxtamembrane coding region (e.g. V560G) which is in g
ral more common for gastrointestinal stromal tumors (G

16,29,30]. Of interest, imatinib has shown to be effect
gainst wild-type and juxtamembrane mutant c-kit kin
ut has shown no effect on the activity of the D816V mu
31]. Therefore, imatinib is unlikely to be a good candid
or the majority of patients with aggressive forms of syste
astocytosis.
The hypothesis that deregulated tyrosine kinases are

amental to the pathogenesis of chronic myeloprolifera
isorders has been supported by the finding of a single
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Table 1
Tyrosine kinase fusion genes in chronic myeloproliferative disorders and
their susceptibility to imatinib

Karyotype Fusion gene Imatinib-
sensitive

References

t(9;22)(q34;q11) BCR–ABL + –
t(9;12)(q34;p13) ETV6-ABL + [178]
t(8;13)(p11;q12) ZNF198-FGFR1 − [179]
t(6;8)(q27;p11) FGFR1OP-FGFR1 − [180]
t(8;9)(p11;q33) CEP1-FGFR1 − [181]
t(8;22)(p11;q22) BCR-FGFR1 − [182]
t(7;8)(q34;q11) TIF1-FGFR1 − [183]
ins(12;8)(p11;p11p21) FGFR1OP2-FGFR1 − [184]
t(8;17)(p11;q25) MYO18A-FGFR1 − [185]
t(8;19)(p12;q13) HERVK-FGFR1 − [186]
t(9;12)(p24;p13) ETV6-JAK2 − [187]
t(8;9)(p21;p24) PCM1-JAK2 − [188]
t(9;12)(q22;p12) ETV6-SYK − [189]
del(4q) FIP1L1-PDGFRA + [27]
t(4;22)(p11;q11) BCR-PDGFRA + [190]
t(5;12)(q33;p13) ETV6-PDGFRB + [191]
t(5;7)(q33;q11) HIP1-PDGFRB + [192]
t(5;10)(q33;q21) H4-PDGFRB + [193]
t(5;17)(q33;p13) RABEP1-PDGFRB + [194]
t(1;5)(q23;q33) PDE4DIP-PDGFRB + [195]
t(5;17)(q33;p11) HCMOGT-PDGFRB + [196]
t(5;14)(q33;q24) NIN-PDGFRB + [197]
t(5;15)(q33;q22) TP53BP1-PDGFRB + [198]
t(5;14)(q33;q32) KIAA1509-PDGFRB + [199]

vating JAK2 point mutation in polycythemia vera, essential
thrombocythemia and idiopathic myelofibrosis. Five research
groups demonstrated independently and simultaneously a
Val617Phe mutation in the pseudokinase domain of JAK2,
leading to deregulated tyrosine kinase activity[32–36]. Nev-
ertheless, it still needs to be demonstrated that this mutation
is sufficient and/or required for the myeloproliferative pheno-
type in these patients. In addition, JAK2 does not appear to be
sensitive to imatinib and therefore, it is unlikely that patients
with this mutation will benefit from imatinib treatment.

To date, the only known curative treatment for CML
is allogeneic bone marrow transplantation from matched
donors, but the procedure is associated with a notable risk
of morbidity and mortality. Imatinib has the potential to be
a curative drug and can be used as a first line treatment in
the management of CML. However, the long-term effects
with imatinib and its ability to cure CML as a single agent
are unknown. It is still unclear whether or not imatinib is
sufficient to eradicate the disease; in addition, there is well-
documented proof of primary or secondary resistance of
leukemic cells to imatinib. The primary effect of imatinib on
BCR–ABL expressing progenitor cells seems to be inhibition
of proliferation rather than induction of apoptosis[37,38]. As
imatinib holds the activity of BCR–ABL dormant, it is possi-
ble that a single drug may not be sufficient to completely
eradicate the tyrosine kinase positive stem cells from the
b tages
o ed
s t are

more potent against ABL and that are also effective in regard
to resistant patients, particularly those with point mutations.

2. Mechanisms of resistance to imatinib

Resistance to imatinib can be defined as the lack of com-
plete hematological response in patients with chronic phase
disease or as a lack of return to chronic phase for patients in
acute phase, in blast crisis CML, or with Ph positive ALL.
Depending on the time of onset, two categories of resis-
tance can be distinguished: If there is no response after initial
treatment, resistance is described as primary or extrinsic. In
contrast, secondary or intrinsic resistance is present if resis-
tance develops after achieving an objective response. Devel-
opment of resistance to imatinib in advanced phase CML is
frequent, where over 70% of patients with acute leukemia
evolve resistance within the first 6 months of treatment[39].
As opposed to patients in chronic phase disease, relapse after
a complete cytogenetic response was reported to be excep-
tional [40]. However, longer follow-up studies of patients
who are currently treated with imatinib are required to obtain
full assessment of occurrence of resistance in chronic phase.

2.1. Imatinib binds to inactive BCR–ABL

Structurally, c-ABL contains an N-terminal SH3 domain,
f re is
a ain
a the
p BL
a e of
i in
t e
o tinib
r f new
d SH3
d lec-
u and
c ind-
i BL
[ in
t tion
o s to
d sult-
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k n
o ient-
i ding
t
A BL
i ot be
f
p sm,
ody. Despite successful results in patients with early s
f CML, the unsatisfying activity of imatinib in advanc
tages of CML raised the need to identify novel drugs tha
ollowed by an SH2 domain and a kinase domain. The
lso a nuclear localization signal, a DNA binding dom
nd an actin binding domain in the C-terminal portion of
rotein [41]. The mechanisms of regulation of the c-A
nd BCR–ABL tyrosine kinase activity and the influenc

matinib-binding to ABL have been intensively studied
he recent past (see also for review[42]). These data hav
ffered valuable clues about the mechanisms of ima
esistance and have given hope for the development o
rugs that might overcome such resistance. The c-ABL
omain exercises autoinhibitory activity through intramo
lar binding to a single proline residue between the SH2
atalytic domains. Mutations of this SH3 domain or its b
ng site can result in increased catalytic activity of c-A
43]. Phosphorylation of Tyr412 in ABL, which is located
he kinase domain activation loop, induces phosphoryla
f Tyr242. Phosphorylation at Tyr242 subsequently lead
isplacement of the SH3 domain from its binding site, re

ng in increased kinase activity[44]. Imatinib takes advantag
f these structural requirements. Studies of the ABL–ima
rystal structure revealed that the Tyr412 residue is
hosphorylated in the presence of imatinib-binding and
inase is in an inactive conformation[17]. Phosphorylatio
f Tyr412 is associated with conformational changes, or

ng this residue away from the catalytic pocket and lea
o the active conformation of ABL[44]. Structural data from
BL in the active state in complex with the alternative A

nhibitor PD173955 suggest that the active state may n
avorable for imatinib-binding[45]. The BCR–ABL fusion
rotein is likely to undergo a similar regulatory mechani
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involving the retained SH3 domain as a regulator of the
monomeric fusion protein. In the current model, the BCR por-
tion of BCR–ABL releases inhibitory constraints, thus con-
tributing to oligomerization. This process allows autophos-
phorylation of different residues including Tyr1127 (Tyr242
in c-ABL), causing the release of the SH3 domain from its
binding site, which has been associated with increased cat-
alytic activity. The BCR–ABL protein is likely to be present
in equilibrium, changing between the active and the inactive
conformation. Therefore, imatinib is expected to bind to the
inactive conformation when BCR–ABL is monomeric and
unphosphorylated and when the autoinhibitory SH3 domain
is in contact with its binding site.

2.2. Point mutations in BCR–ABL decrease imatinib
sensitivity

Potentially the most frequent clinically relevant mecha-
nisms that change imatinib sensitivity in BCR–ABL trans-
formed cells are mutations within the ABL kinase, affecting
several of its properties. Point mutations can directly influ-
ence the proper binding of imatinib to the target molecule, as
well as the binding of ATP. Furthermore, mutations can lead
to conformational changes of the protein, affecting binding of
either imatinib or ATP in an indirect way. Imatinib-resistant
mutations are likely to be induced by imatinib itself, due
t the
p e to
e e to
l d-
i very
l he
fi ange
o 315
( 0
d ino
a een
i
T psed
p
A ib-
r F/H,
G
M nase
a nsi-
t L
a m-
p in
p

ns
o loop
( ble,
g ide-
b uta-
t these
m

the reason for this remains unknown. Frequently affected
changes of residues in this group include Y253F, G250E,
E255K and Q252H[49,52,53]. Currently, the mechanism of
how mutations at this residue cause imatinib resistance is not
understood, as most of them seem to not be directly involved
in imatinib binding[54]. At least some of these mutations
may contribute to resistance by shifting the equilibrium of the
active and inactive state of the ABL kinase, causing a push
towards the active state[55]. A likely example of this are
mutations at Y253, which cause the loss of a hydrogen bond
with N322, therefore forcing the balance towards the active
conformation[17]. Second, the T315 proximal region where
the T315I and F317L mutations can occur contains non-
conserved residues that directly regulate imatinib binding
without significantly affecting the binding of ATP. Therefore,
this region is required for the selective inhibition of the ABL
kinase by imatinib[56]. The third region affects the catalytic
domain that involves the residues 351–359, which can con-
tain the M351T, E355G and F359V mutations. Interestingly,
the M351T mutation results in a significant decrease in kinase
activity [52]. The last group of mutations affects the activa-
tion loop (also known as A-loop), a region that connects the
N- and C-terminal lobes of the kinase domain[57]. Mutations
of residues located in this domain, such as H396R, V379I,
and L378M, prevent the kinase from achieving the confor-
mation required to bind imatinib. The decrease of imatinib
s stinct
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s to
p otein.
o selection of BCR–ABL expressing clones that harbor
oint mutation. In these particular cells, imatinib is unabl
fficiently bind and thus permits a growth advantage du

ack of ABL kinase inhibition. This is consistent with the fin
ng that resistance-mediating mutations can be found at
ow levels in patients prior to clinical imatinib resistance. T
rst mutation detected in resistant patients was the exch
f the amino acid threonine for isoleucine at position
T315I) of the ABL protein[46]. To date, more than 3
ifferent point mutations encoding for distinct single am
cid substitutions in the BCR–ABL kinase domain have b

dentified in 50–90% of relapsed CML patients[46–50].
hese mutations are more frequently observed in rela
atients when compared to primary resistant patients[47,50].
s of now, rare additional alternative forms of imatin

esistant mutations have been identified, including Y253
250E/R, E255K/V, Q252H/R, F311L/I and E355G[49,51].
utations of the kinase domain can reactivate the ki
ctivity of the BCR–ABL protein, leading to decreased se

ivity of imatinib by 3- to >100-fold. Mutations in BCR–AB
re more common in patients with BCR–ABL positive ly
hoid leukemia (ALL, lymphoid blast-crisis CML) than
atients with myeloid leukemia.

The regions within BCR–ABL in which point mutatio
ccur can be categorized into four groups: First, the P-
also known as first-loop) is a highly conserved, flexi
lycine-rich structure that normally acts as a nucleot
inding loop for the phosphate groups of ATP. P-loop m

ions are the most common and patients reported with
utations have a particularly bad prognosis[50], though
ensitivity is heterogeneous and varies between the di
utations; investigators have observed ranges spanning
minor increase of the median inhibitory concentration

matinib to a virtual insensitivity to imatinib.

.3. Imatinib resistance by BCR–ABL gene amplification

Resistance to imatinib can also be caused by overex
ion of the BCR–ABL protein due to gene amplification
he BCR–ABL gene. This mechanism was initially descri
n the LAMA84R cell line with a 4.6-fold increase in mRN
evels [58]. In contrast to some ABL point mutations th
an lead to complete imatinib resistance, higher conce
ions of imatinib were able to inhibit the function of t
CR–ABL oncoprotein in overexpressing cells. This me
nism of resistance is observed in a proportionally s
umber of imatinib-resistant patients[46] and can be detecte
y interphase fluorescence in situ hybridization using fl
escently labeled probes for BCR and ABL genes[46,47].
nterestingly, there are also some patients overexpre
CR–ABL in the apparent absence of gene amplifica

59], raising the possibility of the existence of addition
et unknown mechanisms. CML patients with imatinib re
ance due to BCR–ABL overexpression are likely to resp
o increased concentrations of imatinib (see for review[60]).

.4. Pharmacological mechanisms

Like most other small molecule drugs, imatinib need
ass through the plasma membrane to reach its target pr
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In many cases of drug resistance, transmembrane proteins
involved in ion transport across the plasma membrane (or
pumps) have been implicated in mediating drug resistance.
It appears that this mechanism plays a minor role in ima-
tinib related resistance. For example, overexpression of the
P-glycoprotein, which is encoded by the multidrug resistance
MDR-1 gene, has been frequently implicated in resistance to
various chemotherapeutic drugs[61–63]. The P-glycoprotein
acts as a pump that is able to clear the cell of soluble com-
pounds by transporting them through the plasma membrane.
The MDR-1 gene is commonly overexpressed in blast cells
of patients in the advanced stage CML. A BCR–ABL trans-
formed cell line resistant to doxorubicin, due toMDR-1
gene overexpression, was shown to grow continuously in
the presence of 1�M imatinib but died soon after adding
the P-glycoprotein pump modulators verapamil or PSC833
at non-toxic concentrations[64,65]. However, the suggestion
thatMDR-1 gene overexpression might confer resistance to
imatinib mesylate in leukemic cell lines is controversial[66].
Another pharmacological mechanism that could contribute to
imatinib resistance involves the A1-acid glycoprotein (AGP),
which is present in the plasma and can bind to imatinib,
thus possibly reducing its intracellular concentration at high
plasma levels. Hence, mice treated with erythromycin, which
binds to AGP have been shown to overcome such resistance
[67]. However, the significance of resistance in these observa-
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There is a great body of literature describing additional muta-
tions in Ph+ cells, however there does not appear to be a par-
ticular mutation in addition to the t(9;22)(q34;q11) translo-
cation that drives transformation in any specific way. It could
be possible that accumulation of additional mutations may be
sufficient for transformation by themselves, independent of
BCR–ABL. For example, one study involving 36 patients
with paired cytogenetic analyses (pretherapy/refractory or
resistant disease), 19 patients showed chromosomal aberra-
tions in addition to the Philadelphia chromosome transloca-
tion [47]. These alterations included aneuploidy in thirteen
patients, alteration of the short arm of chromosome 17 leading
to the loss of one p53 allele in seven patients and new recipro-
cal translocations in two patients. Furthermore, eight patients
showed multiple cytogenetic aberrations. Of particular rele-
vance to genomic instability is the fact that transformation
of hematopoietic cells with BCR–ABL results in an increase
in reactive oxygen species compared to quiescent, untrans-
formed cells[71]. Increased production of reactive oxygen
species has the potential to cause a transforming phenotype
itself [72] and is likely to support transformation by acting as
second messengers to regulate activities of redox-sensitive
enzymes. An increase in ROS can have long-term conse-
quences for genetic stability. ROS are quenched not only
by enzymes, antioxidants and sulfhydryl groups, but also by
reacting with DNA bases[73]. Recent data by Skorski’s group
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ions is still controversial and needs to be clarified in fur
tudies. In addition, recent data suggest that imatinib inh
he function of the ABCG2 (or BCRP protein). ABCG2 tra
orts certain drugs such as the quinoline-based camptoth
ut of the cells, thus causing drug resistance in human c

68,69]. Imatinib may reverse ABCG2-mediated resista
ut has not been shown to be an ABCG2 substrate for effl

tself. This important function requires additional consid
ion when combining imatinib mesylate with other antican
ytotoxic agents that are putative ABCG2 substrates. N
heless, data by Burger et al. suggest that imatinib leve
ignificantly decreased in ABCG2-overexpressing cells
hat ABCG2-mediated efflux can be reversed through a
ific ABCG2 inhibitor[70]. Thus, the role of imatinib as a
BCG2 substrate needs further evaluation. The intera
f imatinib with ABCG2 may influence its gastrointesti
bsorption and play a role in cellular resistance to imatin
eems apparent that ABL point mutations are a more p
ent mechanism of imatinib mediated drug resistance w
ompared to mechanisms involving drug pumps. The
nd incidence of mechanisms causing resistance may be
ore common with novel targeted therapies geared to

ome imatinib resistance.

.5. BCR–ABL-independent cytogenetic aberrations in
matinib resistance

BCR–ABL has been associated with genomic instab
hich may have particular relevance during disease pro
ion from chronic phase to accelerated and blast phase
uggest that elevated ROS levels are sufficient to induce
amage in BCR–ABL transformed cells[74].

. Novel ABL kinase inhibitors targeting imatinib
esistant BCR–ABL

The expanded knowledge of the different mechanism
matinib resistance has helped to devise strategies to
hese problems. One goal is to identify new compounds
ind to and inhibit the ABL kinase but are less affected
oint mutations through their static conformation. In p

icular, the crystal structure analysis of the ABL–imati
omplex[17] has proven helpful in identifying potential cr
cal residues that hinder interaction of imatinib with muta
BL. One might also presume that potency of inhibit
ould be increased by identifying compounds that can
o the active and inactive ABL kinase conformation. Ano
trategy has been to target the substrate binding poc
BL. We will summarize recent findings on three novel dr
s well as a variety of dual-specific Src/ABL inhibitors t
ave been developed using different strategies.

.1. AMN107, a cousin of imatinib

Recently, several preclinical studies have shown pro
ng results for the second generation ABL inhibitor AMN1
eveloped by Novartis Pharmaceuticals (Basel, Switzerl

matinib was developed through rational drug design,
ased on it success, the structurally related anilio-pyrim
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Fig. 1. ABL tyrosine kinase inhibitors. Chemical structure of the ABL tyrosine kinase inhibitors imatinib, AMN107, BMS-354825 and ON012380.

derivative, AMN107, was created (Fig. 1) [75]. Due to this
structural similarity between the two compounds, AMN107
also requires the ABL protein to be in the inactive confor-
mation for optimal binding. The pharmacological profile of
AMN107 towards wild-type BCR–ABL protein and several
imatinib-resistant BCR–ABL proteins with point mutations
has already been established (Table 2). Using numerous
BCR–ABL transformed hematopoietic cell lines, AMN107

was found to be 10–25-fold more potent compared to imatinib
in reduction of both autophosphorylation and proliferation
[75]. Inhibition of cell growth was associated with induc-
tion of apoptosis. As expected, AMN107 also effectively
inhibits autophosphorylation of BCR–ABL on Tyr177, an
important binding site for the Grb2 adapter protein. Tyr177
is involved in BCR–ABL pathogenesis through the regu-
lation of diverse signaling pathways, including activation

Table 2
Inhibition of proliferation by imatinib, AMN107, BMS-354825 and ON012380 in cell lines

AMN107 Imatinib BMS-354825 Imatinib ON012380 Imatinib

p210-wt 25 334 1.3 323 9 98
M244V 39 3100 n.t. n.t. 8 n.t.
L248R 919 >20000 16 >10000 n.t. n.t.
G250E 219 4800 n.t. n.t. 6 > 10000
Q252H 16 2900 n.t. n.t. 7 n.t.
Y253H 751 17700 10 >10000 8 ∼10000
E255K 566 >6000 13 8400 8 > 10000
E255V 681 6368 n.t. n.t. 8 n.t.
V299L n.t. n.t. 18 540 n.t. n.t.
T315A n.t. n.t. 125 760 n.t. n.t.
T315I >10000 >10000 >1000 10000 8 > 10000
F317L 80 1583 18 810 8 n.t.
F317V n.t. n.t. 53 350 n.t. n.t.
M351T 33 1285 n.t. n.t. 8 n.t.

The IC50 values (ng/mL) are shown for inhibition of cell proliferation in various cell lines transformed by wild-type (wt) BCR–ABL or imatinib-resistant
B in resp s
w riability
CR–ABL proteins with a single amino acid substitution (as indicated)
ere not tested (n.t.) for a particular drug and there may be partial va
onse to imatinib, AMN107 and BMS-354825[75,82,200]. Some of the cell line
in the sensitivity of the different cell lines generated by various investigators.
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of phosphatidylinositol-3 kinase (PI3K) and Ras/Erk[76].
Phosphorylated Tyr177 and its associated proteins were also
identified as key lineage determinants and regulators of
the severity of BCR–ABL transformation[76]. Treatment
of BCR–ABL expressing K562 cells with 10 nM doses of
AMN107 resulted in down-regulated phosphorylation of the
BCR–ABL autophosphorylation site Tyr177[77]. It has been
suggested that the enhanced potency of AMN107 compared
to imatinib is due to its higher affinity to the ABL kinase
pocket[75]. This is consistent with the AMN107-ABL crys-
tal structure, indicating a better topographical fit of AMN107
to ABL due to the somewhat increased contact with the bind-
ing surface[75].

Cell lines expressing the imatinib-resistant BCR–ABL
mutants M351T, F317L and E255V can be inhibited by
AMN107. However, higher doses are needed to obtain the
same inhibition as observed in their wild-type counterparts.
Another study determined intermediate sensitivity for the
E255KV, L248R and Y253H BCR–ABL mutants with IC50
values over 500 nM[75]. AMN107 was not effective against
the T315I and G250E BCR–ABL mutants. Of particular
interest is that the T315I mutant of BCR–ABL remained
resistant to AMN107 concentrations up to 10�M [75]. The
frequently occurring Y253F, F311L, M359V, and H396P/R
mutations have not yet been tested for AMN107-mediated
inhibition. At AMN107 concentrations <100 nM there was
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tinib in inhibiting its target proteins by promoting the uptake
of AMN107. Though both drugs target the same kinases and
are structurally related, this does not necessarily mean that
they behave in a competitive manner.

In vivo studies using mice with BCR–ABL-transformed
bone marrow cells have confirmed the improved effi-
cacy of AMN107 compared to imatinib. AMN107 signifi-
cantly reduced the accumulation of leukemic cells in mar-
row, spleen, lymph nodes, and liver. AMN107 also pro-
longed survival of mice expressing wild-type BCR–ABL
and the imatinib-resistant E255V and M351T mutant pro-
teins[75]. Both BCR–ABL mutant expressing mice treated
with AMN107 showed shortened survival in regard to the
wild-type form, which is consistent with the fact that these
mutants are 27- and 2-fold less sensitive to AMN107 than
wild-type BCR–ABL. Consistent with the in vitro results,
control mice (not expressing the BCR–ABL protein) did not
show evidence of hematopoietic toxicity after treatment for
14 days with AMN107.

AMN107 has made its way into clinical testing. Phase
I/II studies open to CML patients with accelerated or blastic
phase disease and patients with Ph positive acute lymphoblas-
tic leukemia are currently under way[81]. Initial results of
these studies indicate hematologic response rates >50% as
well as cytogenetic response in patients with acute phase
and blast phase. The dose-limiting toxicity has not yet been
d p to
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o significant inhibition of normal myeloid progenitor c
rowth in the in vitro models, indicating a lack of gene

oxicity. Like imatinib, AMN107 is also an inhibitor of th
yrosine kinases PDGFRA, PDGFRB and c-kit as dem
trated in A31 and GIST882 cells. However, in contras

matinib, AMN107 is most effective against ABL with
C50 of 25 nM and is therefore approximately 20-fold m
otent than imatinib. The increased efficacy of AMN1

owards wild-type BCR–ABL is not carried over to PDG
57 nM) or c-kit (60 nM), making AMN107 a similarly effe
ive inhibitor of those kinases compared to imatinib.

Unfortunately, resistance to AMN107 induced inhibit
f cell growth and viability in several BCR–ABL expres

ng cells has already been observed at concentrations
o 100 nM AMN107. The molecular mechanisms underly
esistance still need to be determined[78]. Additional stud
es to determine if AMN107 resistance differs from imati
esistance are currently underway. Other approaches
ated the aforementioned pharmacological mechanism

matinib resistance in AMN107 treated cell lines. MD
ver-expressing cells that were originally obtained f

3-year-old child with T-ALL were exposed to eith
MN107 or imatinib. Results indicated a 3.7-fold elevat
f AMN107 levels compared with imatinib, suggesting t
MN107 might be less affected by MDR1 driven resista

han imatinib[79]. In this context, it is of note that imatin
reatment has been shown to correlate with decreased
titial fluid pressure (IFP), causing a potentially impro
ptake of anti-cancer drugs[80]. Therefore, it would be o
reat interest to evaluate if AMN107 can cooperate with
efined, but AMN107 has been well tolerated at levels u
200 mg per day with only moderate side-effects. In con
ion, it seems that AMN107 has superior potency to ima
s an inhibitor of BCR–ABL in vitro and in vivo. Furthe
ore, many imatinib-resistant BCR–ABL mutations mi
e effectively targeted by this new inhibitor, however, clo
arrying the Y253H, E255V, and T315I mutations are
arkedly resistant, even at very high in vitro doses. It
lso be too early to draw conclusions about the safety, t
bility or general toxicity of AMN107.

.2. BMS-354825, a novel ABL and SRC family tyrosine
inase inhibitor

The pyridol[2,3-d]pyrimidine BMS-354825 is a nov
BL-targeted small-molecule inhibitor (Fig. 1) developed
y Bristol–Myers Squibb (Princeton, USA) that also sh
ctivity towards Src kinases. Shah et al. recently dem
trated that BMS-354825 has up to 100-fold increa
ctivity against the ABL kinase compared to imatinib
etains activity against 14 of 15 imatinib-resistant BCR–A
utants in vitro (Table 1) [82]. The T315I substitution is th
nly known BMS-354825 resistant mutant[82] and as dis
ussed above, has been shown to be resistant to AM
reatment in preclinical studies. The crystal structure
he BMS-354825-ABL complex has revealed the neces
equirements for the interaction of the inhibitor with
BL kinase. BMS-354825 binds to the ATP-binding site
position that is similar to imatinib. The central cores
MS-354825 and imatinib share overlapping regions, the



C. Walz, M. Sattler / Critical Reviews in Oncology/Hematology xxx (2005) xxx–xxx 9

ference being that they extend in opposite directions. Unlike
imatinib and AMN107, which are only able to bind to the
inactive conformation, BMS-354825 is able to bind to the
active as well as to the inactive conformation of ABL. Further-
more, BMS-354825 makes fewer contact points with ABL
than imatinib or AMN107 and places less stringent confor-
mational requirements on the kinase. The finding that BMS-
354825 is able to recognize multiple states of the enzyme
and needs less contact points with ABL than imatinib may
partially explain why its binding affinity to the ABL kinase
is greater than imatinib[83].

BMS-354825 is a potent inhibitor of multiple Src-family
members, including Lck, Fyn, Src, and Hck. The prolifer-
ation of cells overexpressing these family members can be
inhibited at IC50 values of 0.5 nM[84]. Thus, BMS-354825
is a more potent inhibitor of Src kinases than of ABL. Fur-
thermore, this drug has significant activity against c-kit and
PDGFR�, with IC50 for inhibition of kinase activity at values
of 5 and 28 nM, respectively. As previously mentioned, acti-
vating mutations of c-kit have been associated with systemic
mastocytosis and gastrointestinal stromal tumors. Whereas
the wild-type c-kit kinase has been shown to be imatinib-
sensitive, the most common mutation in systemic mastocy-
tosis D816V, which is located in the kinase domain, leads to
imatinib resistance. The less common V560G mutation in c-
kit occurs in the intracellular juxtamembrane region of c-kit
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per week) was well tolerated in 28 patients, except one,
who developed a single episode of grade 4 thrombocytopenia
[87]. The maximal duration of BMS-354825 treatment was
9 months. BMS-354825 was reported to be absorbed rapidly
and easily reaches serum levels above the required in vitro
concentration for blocking CML cell proliferation. In another
study, a pool of 26 patients including 22 patients with imatinib
resistance and 4 with imatinib intolerance with an average dis-
ease duration of 6.1 years, were treated with doses of 35 mg
per day or greater. All of the patients experience clinical bene-
fit and 19 (73%) had a complete hematologic response. Seven
patients responded partially and of those two endured disease
progression. Interestingly, one of the patients with disease
progression was identified as having the imatinib-resistant
T315I mutation in BCR–ABL. These results are in agreement
with the in vitro studies, in which cells harboring the T315I
mutation in the BCR–ABL oncoprotein could not be inhibited
by BMS-354825, imatinib or AMN107[49,75,82]. Moni-
toring patients with CML has become an important aspect
in disease management to observe treatment response and
early detection of relapses. Quantitative real-time PCR cor-
relates well with cytogenetic response in patients treated with
imatinib and represents a useful tool for monitoring disease
progression or response to treatment[88]. A recent study with
13 patients resistant or intolerant to imatinib with chronic
phase disease were found to show a cytogenetic response
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nd has been reported to be more sensitive to imatinib
ared to wild-type c-kit[31]. BMS-354825 was also shown
e effective on these c-kit mutations. The human masto
is leukemia cell line HMC-1560 containing the c-kit V560G
utant could be inhibited by an IC50 of 1–10 nM of BMS-
54825[85]. Autophosphorylation of the imatinib-resista
816V c-kit mutation was also inhibited with an IC50 of
bout 100 nM BMS-354825. Cell growth could also be c
letely inhibited at 1�M BMS-354825 in the HMC-1560,816

ell line which harbors the V560G, as well as the D81
-kit mutation[86]. The IC50 ranged from 0.1 to 1�M in
hese experiments. In addition, the tyrosine phosphoryl
f c-kit was significantly reduced in the presence of nano

ar concentrations of BMS-354825. These findings unde
he likelihood that BMS-354825 may also overcome imat
esistance in myeloproliferative diseases other than C
ncluding systemic mastocytosis.

The effect of BMS-354825 was also tested in mice
ere injected with BaF3 cells expressing BCR–ABL w

ype, as well as the T315I and M351T point-mutants[82].
nly mice injected with BCR–ABL wild-type and M351
ells showed significantly prolonged survival, in contras
ice injected with T315I cells.
In view of the promising in vitro and in vivo data, phas

rials with BMS-354825 to test the safety and efficacy of
reatment of imatinib-resistant CML are currently under w
hese trials include patients with Ph+ CML in chronic ph
ith hematologic progression or intolerance when tre
ith imatinib. Primary results from these trials indicate

he drug (15–180 mg of BMS-354825 per day for 5–7 d
fter BMS-354825 treatment. Their response correlated
two-log-reduction in BCR–ABL transcript levels as de
ined by quantitative PCR[89]. Overall, these early finding

uggest that BMS-354825 may inhibit ABL at lower conc
ration than imatinib and has the potential to overcome s
orms of imatinib-related drug resistance. However, it
eeds to be evaluated if the inhibitory effect of BMS-354

owards other tyrosine kinases may have detrimental e
n vivo or if this supports its promising efficacy.

.3. ON012380, a substrate binding site ABL inhibitor

Unlike imatinib, the ABL inhibitor ON012380 (Fig. 1)
as specifically designed by Onconova Therapeutics (Pr

on, USA) to block the substrate binding site rather than
TP binding site[90]. This strategy has the advantage

hat the previously described imatinib-resistant mutant
nlikely to be resistant to this inhibitor, due to the diff
nt binding sites (Table 1). In vitro studies confirmed th
ssumption and ON012380 was able to inhibit both wild-
nd all imatinib-resistant kinase domain mutations, eve
roblematic T315I mutation with an IC50 of less than 10 nM

nterestingly, ON012380 also has activity against the PD
inases and the Src family member Lyn with IC50 values for
nhibition of proliferation of approximately 80 nM. Howev
nhibition of the c-kit kinase is more weakly pronounced w
n IC50 value of 446 nM[90]. ON012380 works synergis
ally with imatinib in wild-type BCR–ABL inhibition, which
s not unexpected since these two drugs bind to different
n the ABL kinase. ON012380 showed a 10-fold stron
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inhibition of wild-type BCR–ABL compared to imatinib. In
addition, ON012380 was similarly effective against all 17
tested imatinib-resistant ABL kinase domain mutants with an
IC50 of less than 10 nM in the 32Dc13 cell line. These find-
ings were confirmed through in vivo experiments by injecting
nude mice with 32Dc13 cells expressing imatinib-resistant
BCR–ABL with the T315I mutation[90]. After 7 and 14
days, mice that were treated with ON012380 showed a sig-
nificantly lower cell count of leukemic cells expressing the
T315I mutant than imatinib- or saline-treated mice. More-
over, doses of 300 mg/kg of ON012380 produced no signs of
toxicity in mice, suggesting a very desirable safety profile.
This new compound shows encouraging results, particularly
in its ability to inhibit the BCR–ABL T315I mutant. However,
this small molecule drug has not yet entered clinical trials
where it must prove its safety in use, efficiency in achiev-
ing molecular remission and preventing the appearance of
imatinib resistance.

3.4. Additional Src family tyrosine kinase inhibitors with
ABL inhibitor activity

The activity of Src tyrosine kinases has long been known
to be elevated in the presence of the BCR–ABL oncoprotein
[91–93]. However, recent genetic evidence by Hu et al. sug-
gests that Src kinases may play a minor role in early CML.
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modes with imatinib[100]. Even though both inhibitors can
block ABL kinase activity, they were also shown to induce
growth arrest and apoptosis independent of ABL inhibition.
These ABL-independent effects may be due to inhibition of
the Src kinases. This is reflected by a strong correlation of the
effects of PP1 and CGP76030 on the growth of cells express-
ing imatinib-resistant BCR–ABL mutants with their ability to
inactivate Src family kinases. A less complex binding mode
of PP1 and CGP76030 may at least partly explain the some-
what broader target profile of these compounds[101,102].
PP1 and CGP76030 may represent valuable compounds for
treatment of advanced or imatinib-resistant Ph+ leukemias.
However, it has not yet been determined if these compounds
are sufficiently specific and safe for clinical treatment.
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as an inhibitor of the receptors for fibroblastic growth fac-
tor (FGF), epidermal growth factor (EGF), platelet-derived
growth factor (PDGF) as well as a Src kinase inhibitor
[103–105]. Additional related compounds, PD180970 and
PD173955 have already been identified as potent inhibitors
of the ABL and BCR–ABL tyrosine kinases by in vitro assays
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against BCR–ABL wild-type and imatinib-resistant forms
in cell lines and in murine models has been evaluated[98].
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sing mice with disruption of theLyn, Hck and/orFgr genes
u et al. investigated the role of these Src family kinases i
evelopment of a myeloid or lymphoid leukemia induced
CR–ABL [94]. Lack of only one kinase had no effect,
eletions of at least two of these three Src genes exte
isease latency and survival in these mice, exhibiting
ymptoms of an ALL-like disease, but not a CML-like d
ase. Therefore, Src kinases may be essential to BCR
ediated induction of ALL, but not CML. Although th
mino acid sequence in the imatinib binding pocket of A
losely resembles the homologous sequence in Src f
inases, these kinase are not inhibited by imatinib at clin
oses[14]. It has been hypothesized that this might be

o differences in the conformation of the activation loop
he inactive Src and ABL kinase[17]. Src inhibitors, includ
ng AZM475271, PP2 or AP-23236 have been previo
ested in various cancers[95–97]. Recently, the pyridopy
imidine PD166326, a dual-specific ABL/Src inhibitor, h
een shown to be effective against BCR–ABL kinase act

n vitro and in murine models[98].
PP1 and CGP76030 were originally characterized a

inase inhibitors. Later, they were found to also inhibit A
inase activity and thus are designated as dual Src/
nhibitors [99]. PP1 and CGP76030 induce growth ar
nd apoptosis in BCR–ABL positive cell lines. Furtherm
utations of the residue 315 of the ABL kinase did not c
letely disrupt the inhibitory effects of PP1 and CGP7603
ell growth and survival. PP1 and CGP76030 bind to the
inib binding pocket in close proximity to the ATP-bindi
ocket of the ABL kinase and share large overlapping bin
00-fold more potent in inhibiting BCR–ABL than imatin
sing a BCR–ABL transfected cell line model. In additi
D166326 was shown to be 6.8 times more potent than

inib in blocking c-kit mediated proliferation and show
ncreased activity against Lyn. This may be of potential in
st, considering that acquired imatinib resistance ma
ediated in part through overexpression of Src family m
ers, in particular Lyn[109,110]. PD166326 is also mo
otent than imatinib in murine CML models. Oral appli

ion of PD166326 was well tolerated and quickly reac
oncentrations sufficient to inhibit BCR–ABL kinase ac
ty in these models[98]. PD166326 prolonged the surviv
f mice with a CML-like myeloproliferative disorder a
as also superior to imatinib in controlling the periphe
lood granulocytosis and splenomegaly. PD166326 was
ore effective against the M351T and H396P mutation
CR–ABL, but not towards the T315I mutation. Howev
fter up to 4 weeks of treatment there were still BCR–A
ositive leukemic clones detected in all animals including
ild-type form, indicating that not all BCR–ABL expressi
lones were eradicated.

. Targeting BCR–ABL-dependent signaling
athways required for transformation

Despite the identification of many different signaling pa
ays activated by BCR–ABL, it has been difficult to link a
ingle signaling event to a specific biologic effect. In a
ion, there may be considerable redundancy in these activ
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Fig. 2. Targeting signaling pathways of BCR–ABL. The BCR–ABL onco-
protein chronically activates many different downstream signaling pathways
to confer malignant transformation in hematopoietic cells. For example, effi-
cient activation of PI3K, Ras and reactive oxygen species requires autophos-
phorylation on Tyr177, a Grb2 binding site in BCR–ABL. Also, activation of
Src family tyrosine kinases have been implicated in the BCR–ABL related
disease process. A selection of some of the inhibitors and pathways dis-
cussed are depicted. There are additional important signaling pathways and
inhibitors that have been shown to overcome imatinib-related drug resis-
tance, which are not shown here.

Many BCR–ABL chronically activated signaling pathways,
including the PI3K, STATs and RAS pathway or the induction
of reactive oxygen species have been shown to be criti-
cal for transformation. Several of the current approaches to
overcome imatinib resistance take advantage of this fact by
using drugs that inhibit pathways contributing to malignant
transformation of neoplastic clones, rather than using ABL
inhibitors. Some of these strategies and novel drugs are sum-
marized and discussed (Fig. 2).

4.1. Targeting the Ras pathway

The Ras protein is a well-studied proto-oncogene that is
mutated in approximately 30% of all human cancers[111].
Also, hematologic malignancies are frequently affected by
this mutations, ranging from 5% in ALL patients to up
to 65% of patients with chronic myelomonocytic leukemia
[111,112]. The activation of Ras is dependent on SOS
and Ras-GAP. In CML cells, evidence has been found for
constitutive Ras activation and reduced Ras-GAP activity
[113]. A major pathway that leads to activation of Ras in
BCR–ABL transformed cells requires autophosphorylation
of BCR–ABL on Tyr177 and binding of Grb2[114,115].
The constitutive activation of Ras in BCR–ABL transformed

cells leads to the stimulation of a pathway that is required
but insufficient for transformation[116]. Thus, here may
not be sufficient pressure to select for clones with activating
mutations, such as in lung or breast cancer, due to chronic
activation of Ras[115,117]. Inhibition of Ras itself or its
downstream intermediates may represent not only an excel-
lent target to overcome imatinib resistance, but also may help
in the treatment of other hematologic malignancies or can-
cers.

4.1.1. Farnesyl transferase inhibitors
Farnesyl transferase inhibitors (FTIs) were initially

designed to primarily block the post-translation farnesyla-
tion of Ras, which is required for its activation Farnesyla-
tion is a crucial step in the post-translational modification
of Ras, which contributes to complete Ras protein localiza-
tion to the inner plasma membrane. This initial farnesyla-
tion step is sufficient to confer transforming potential[118].
Consistent with Ras as a frequent target of activating muta-
tions and due to its important role in transformation, FTIs
have shown significant anti-tumor activities in a variety of
cancers[119,120]. Nevertheless, it became clear that FTIs
also act by additional and more complex mechanisms that
may extend beyond inhibition of Ras farnelysation, such
as inhibiting Rho, lamin B, and other farnesylated proteins
[121–124]. To date, the primary substrate of FTIs and its
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Despite these additional effects on multiple R
ndependent pathways, FTIs have been successfully t
n hematologic malignancies. Initially, FTIs were desig
s peptidomimetics by containing both natural and n
atural amino acids. Unfortunately, these compounds

short half-life due to proteosomal degradation. N
eptidomimetic substances have shown to be less co
ated in terms of bioavailability. There are several promi
TIs of this group that are under investigation in hem

ogic malignancies, including R115777 (Tipifarnib, Zarn
ra), SCH66336 (Lonafarnib, Sarasar), and BMS-214662
xample, the orally administrated inhibitor R115777 dem
trated effectiveness against AML in first clinical trials, es
ially in older patients. R115777 was also active in CML
ell as myelodysplastic syndromes[125–128]. Significan
dverse effects in these studies included peripheral neu

hy, liver toxicity, and dose-limiting neurotoxicity or myel
uppression[126,129]. Combination treatment of imatin
nd R115777 had a synergistic inhibitory effect on grow
everal imatinib-resistant cell lines by induction of apo
is and blockage of the cell cycle[130]. Another compoun
amed SCH66336 has already been tested in phase I
tudies in patients with solid tumors where it was gene
ell tolerated[131,132]. In a p190BCR–ABL positive tran
enic mouse model, SCH66336 was shown to suppres
rogression of the disease. SCH66336 is also effective ag
CR–ABL transformed cells expressing the T315I muta

n imatinib-resistant cells[133]. The combination of imatini
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with SCH66336 was shown to enhance the inhibitory activity
of imatinib by inducing apoptosis of imatinib-resistant cells
overexpressing the BCR–ABL protein. Due to gastrointesti-
nal toxicities and in contrast to the two previously mentioned
compounds, BMS-214662 is given intravenously and holds
the most apoptotic potency of all known FTIs[134]. Cur-
rently, phase I and II studies are under way, including the
combination of BMS-214662 with cisplatin and paclitaxel in
hope for a possible synergistic effect which was suggested by
preclinical data[135,136]. Future studies aimed to develop
optimal dose schedules and potential combinations with other
drugs will help to assess the value of FTIs in imatinib-resistant
CML.

4.1.2. MAP kinase inhibitors
The protein serine/threonine kinase Raf is a down-

stream target of Ras and an important regulator of the
MEK/ERK pathway. This pathway is constitutively activated
by BCR–ABL. By using specific MEK/ERK inhibitors, a sig-
nificant role in the regulation of anti-apoptotic mechanisms
of this pathway could be established[137]. Previously, it was
indicated that the MEK/MAPK activation is associated with
apoptosis induction in BCR–ABL expressing cells that were
treated with imatinib. Inhibition of the MEK/MAPK pathway
in BCR–ABL expressing K562 cells is sufficient to induce
apoptosis[138]. In another study, treatment with the specific
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4.2.1. Phosphatidylinositol-3′-kinase inhibitors
PI3K and its downstream targets, including the ser-

ine/threonine kinases AKT, mTOR and p70S6kinase, play
a key role in the regulation of cell survival and proliferation.
Its activity is regulated by BCR–ABL and is required for the
growth of CML cells[142–144]. Recently, we showed that
activation of the PI3K/mTOR pathway by BCR–ABL con-
tributes to increased production of reactive oxygen species
[145], thus linking PI3K/mTOR to mechanisms that have
been implicated in genomic instability and imatinib resis-
tance[74]. Signal transduction through this pathway can
be blocked by inhibitors such as LY294002 or wortmannin,
which specifically target PI3K. The cellular response to PI3K
inhibition includes induction of apoptosis and inhibition of
proliferation [146]. Imatinib was found to synergize with
either wortmannin or LY294002 in the induction of apop-
tosis in BCR–ABL expressing cells[147]. Wortmannin and
LY294002 were also effective in imatinib-resistant K562 by
increasing the sensitivity to imatinib, suggesting that resis-
tance to imatinib does not confer resistance to PI3K inhibition
in this specific cell line model[148].

4.2.2. PDK1 inhibitor
Another approach focuses on the inhibition of the PI3K

downstream target PDK1[149]. OSU-03012 is a derivate
of the cyclooxygenase-2 (COX-2) inhibitor celecoxib, how-
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EK inhibitor U0126 led to reduction of survival in AM
ell lines[137]. It also reduced expansion of CD34 posi
rogenitor cells in CML. Furthermore, the combination
0126 with imatinib had a synergistic effect on these prog

or cells. Another specific MEK inhibitor is PD184352, wh
n combination with imatinib led to increased mitochond
amage in K562 cells resulting in synergistic induction
poptosis[139].

.2. Targeting the PI3K pathway

The BCR–ABL protein leads to the activation of ma
ownstream targets that have been shown to play impo
oles in malignant transformation. One of the major p
ays constitutively activated by BCR–ABL and required

ransformation involves PI3K. PI3K can phosphorylate p
hatidylinositol (PI) at the D3 position and in vivo produ
ainly PI-(3,4)-bisphosphate and PI-(3,4,5)-trisphosph
hich may function as second messengers. A role for P
s a pleiotropic regulator of signal transduction pathways
iological functions includes in part the functional regula
f AKT (survival, growth), Rac (motility, survival), S6kina
protein synthesis) and others. PI3K also regulates Ra
an be regulated by Ras itself[140,141]. We have show
hat BCR–ABL regulates PI3K activity through Gab2, wh
orms a complex with Grb2. Phosphorylation of Gab2
ctivation of PI3K is regulated through the Tyr177 autop
horylation site in BCR–ABL[76]. Gab2 is a key regulat
f PI3K in BCR–ABL transformed cells and is likely to
equired for transformation in vivo.
ver OSU-03012 is actually devoid of its COX-2 inhibito
ctivity. Instead, OSU-03012 belongs to the group of PD

nhibitors that have been demonstrated to deactivate AKT
nduce apoptosis in transformed cells[150]. OSU-03012 wa
uccessfully tested on the imatinib-resistant mutants T
nd E255K in BaF3 cells as well as on regular BaF3
2Dcl3 cells where it showed no toxic effects with IC50
alues of 4.8 and 4.4�M, respectively[149]. In these ce
odels, OSU-03012 showed an anti-proliferative effect

o induction of apoptosis irrespective of BCR–ABL mu
ions and at IC50 values of 4–5�M. It was suggested th
here is no overlap in the underlying mechanisms of r
ance between OSU-03012 and imatinib[149]. Moreover
ugmented effects were observed when both mutated
on-mutated cells were treated with the combination of O
3012 and imatinib. Even though initial results look prom

ng, this new inhibitor must first prove itself to be efficie
nd safe, in both animal models and for clinical use.

.2.3. mTOR inhibitors
The mammalian target of rapamycin (mTOR) is

erine/threonine kinase that is located downstream
I3K/AKT and which is involved in the regulation of c
urvival, proliferation, growth and probably additional b
ogical effects[151]. A major normal function of mTOR
s to phosphorylate p70S6kinase (p70S6K) and initia
actor 4E-binding protein-1 (4E-BP1), both of which h
een demonstrated to regulate mRNA translation. In C
ells, the translational regulators ribosomal protein S6K1
E-BP1 are constitutively phosphorylated through incre
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activity of mTOR[152]. The orally bioavailable macrolide
rapamycin and its derivatives RAD001 (everolimus), CCI-
779 and AP23573 bind to the immunophilin FKBP12,
best known for its interaction with the immunosuppressant
FK506. This complex inhibits mTOR, resulting in G1 cell
cycle arrest. Furthermore, inhibition of mTOR leads to inac-
tivation of ribosomal S6K1 and inhibition of cap-dependent
translation initiation through the 4E-BP1/eIF4E pathway
[153]. Imatinib has been shown to synergize with rapamycin
in the inhibition of BCR–ABL transformed myeloid and lym-
phoid cells, especially in the inhibition of 4E-BP1 phosphory-
lation [154]. Rapamycin/imatinib combinations also inhibit
imatinib-resistant mutants of BCR–ABL[154]. Remark-
ably, proliferation of the imatinib-resistant BCR–ABL T315I
mutant was inhibited by rapamycin in treated BaF3 cells.
The observed inhibition was further enhanced by combin-
ing low-dose rapamycin with imatinib in this BCR–ABL
mutant as well as in the imatinib-resistant G250E and M351T
BCR–ABL. The efficacy of this drug combination has already
been tested in CML murine models showing that mice treated
with a combination of imatinib and rapamycin exhibited sig-
nificant prolonged survival when compared to those treated
with either imatinib or rapamycin alone[154].

4.3. Additional targets
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also the DNA methylation inhibitor 5-aza-2-deoxycytidine
(decitabine) that holds cytotoxic and chromatin-modifying
activity. This drug was shown to be beneficial in cells
that were imatinib resistant or had residual sensitivity to
imatinib monotherapy. However, this effect was dependent
on the molecular mechanism of resistance and imatinib
appeared to induce decitabine resistance in cells express-
ing BCR–ABL with the T315I mutation[160]. There are
additional signaling-targeted therapies at different stages of
development, and in the future it will be interesting to see
how these drugs can act either alone or in combination with
imatinib to overcome resistance.

5. Targeting BCR–ABL expression

There is broad genetic evidence that the BCR–ABL onco-
protein is not only required but also sufficient for transforma-
tion of hematopoietic cells. Therefore, it seems reasonable to
target expression of BCR–ABL itself. We have already dis-
cussed several promising molecular therapies that target the
kinase domain of the BCR–ABL protein. However, despite
inhibition of the function of BCR–ABL, the oncoprotein con-
tinues to be expressed in leukemic cells. This circumstance
may contribute to the selection of imatinib-resistant clones
and subsequently to relapse. Therefore, additional efforts
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There are currently alternative targeted therapies b
ursued, which may have the potential to be of great clin

mportance. One useful approach is to combine the p
f tyrosine kinase inhibitors with drugs targeting activa
ignaling pathways in hopes of obtaining a more effec
reatment for drug-sensitive or drug-resistant cancers
xample, we have investigated the effect of combining
mall molecule drug 2-methoxyestradiol with imatinib
CR–ABL transformed cell lines[155]. The anti-angiogen
rug 2-methoxyestradiol binds to and destabilizes m

ubules in vitro and in vivo. We found imatinib-resist
ells to be sensitive to 2-methoxyestradiol treatment and
ombination with imatinib resulted in reduced cell grow
nother interesting approach to overcome imatinib resist

s to use proteasome inhibitors that obstruct the cata
0S core of the proteasome such as bortezomib[156,157].
his interference prevents the elimination of various prot

hrough proteosomal degradation such as cell-cycle
atory proteins. Finally, histone deacetylase inhibitors h
he potential to overcome imatinib resistance as well. T
nhibitors act through hyperacetylation of the NH2-term
esidue of the nucleosomal histones, which subsequ
eads to transactivation of multiple transcription factors
21WAF1/CIP1 [158]. For example, the histone deacetyl
nhibitor suberoylanilide hydroxamic acid (SAHA) marke
ownregulates levels of BCR–ABL in the CML cell li
V173 and also induces apoptosis in these cells[159]. Nev-
rtheless, the exact mechanism of how histone deace

nhibitors manifest their inhibitory potential against c
er cells remains for the most part unknown. Of intere
ave been made with the goal to inhibit expression o
CR–ABL oncoprotein (Fig. 3).

.1. Targeting mRNA of BCR–ABL

.1.1. Anti-sense oligonucleotides
Anti-sense oligonucleotides encode for short D

equences that are complimentary to mRNA transcribed
he target gene, such asBCR–ABL. They are introduce
nto cells where they form mRNA/oligonucleotide hete
uplexes. As a result, the anti-sense oligonucleotides pr

he BCR–ABL mRNA from associating with ribosom
eaving the transcripts open for degradation by RNas
hemical modifications of the anti-sense oligos, such as
holine substitutions in the sugar backbone, increas
nti-sense properties. Additionally, improving the phar
okinetic properties of oligos by increasing their bind
o serum proteins may lead to prolonged in vivo half-li
see for review[161]). Despite encouraging results with an
ense oligonucleotide treatment in CML murine models,
echnique is difficult to adapt for clinical purposes[162]. A
eneral disadvantage of this method includes the high q

ities of anti-sense oligonucleotides that are required to r
n effective dose. As a consequence, there are potentia
ffects due to non-specific binding[163]. An alternative coul
e to identify targets with a short half-life and a low co
umber whose transcripts are required for transformatio

.1.2. RNA interference
A promising approach is to use RNA interference (RN

echnology, which silences gene expression by small inte
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Fig. 3. Current strategies targeting BCR–ABL in chronic myeloid leukemia
(CML). Several different approaches to target BCR–ABL are depicted. A
seemingly straight forward approach is to target BCR–ABL itself. Current
efforts aim to attack BCR–ABL or its generation in several ways: Reducing
BCR–ABL RNA levels or blocking translation by RNA interference, anti-
sense oligonucelotides or ribozymes that specifically recognize BCR–ABL
mRNA. Other approaches try to change the protein maturation and/or stabil-
ity of through inhibition of binding molecules, such as the Hsp90 inhibitor
geldanamycin, leading to proteosomal degradation of BCR–ABL. Blocking
the ATP-binding pocket with inhibitors such as imatinib has been demon-
strated to be effective in CML patients, but is insufficient in advanced stages
or resistance. Novel compounds that target different sites in the ATP binding
pocket with higher affinities or compounds that block the substrate binding
site may be more effective and help to overcome imatinib resistance.

ing RNAs (siRNA). This method has great potential because
RNAi is uniquely suitable to target the expression of a specific
gene. The possibility for drug resistance based on genomic
mutations in the BCR–ABL gene is low because BCR–ABL
siRNA can be used as a pool, targeting different regions in
the mRNA of the oncogene while still leading to degradation
of the whole transcript. RNAi is also superior to conventional
anti-sense strategies because of high stability of siRNAs and
the effectiveness of the induced silencing process[159,160].
Scherr et al. demonstrated thatBCR–ABL gene expression
can be successfully repressed using siRNA technology. They
showed thatBCR–ABL mRNA was reduced up to 87% in
BCR–ABL positive cell lines and in primary cells from CML
patients[164]. The next challenge will be to provide a suitable
system to introduce BCR–ABL siRNA into leukemia cells.

The RNAi technique relies on the introduction of double-
stranded RNA molecules into the cell, usually by transfection.
Double stranded siRNA can be simulated by a vector-based
shRNA approach. Lentivirus-based vectors may be suitable
because they are able to infect target cells with high efficiency
and are generally safe to use.

5.1.3. Ribozymes
Another method to inhibit BCR–ABL protein expres-

sion/activity is by employing specific ribozymes. Ribozymes
are RNA molecules with highly specific intrinsic enzy-
matic activity against their target RNA sequences[165–167].
Ribozymes can discriminate mutant sequences from their
wild-type counterparts, even when they differ by a single
nucleotide base. Following binding to the RNA substrate
by base-pair complementation, the ribozyme irreversibly
cleaves the target RNA and then releases itself for new rounds
of cleavage. This results in an improved target:effector sto-
ichiometry compared to antisense oligonucleotides of the
same specificity. It has been demonstrated that BCR–ABL
expression can be effectively inhibited in EM-2 cells by a
transcript-specific ribozyme, indicating that this technology
may be of clinical use if delivery of ribozymes can be opti-
mized[168].

5.2. HSP90 inhibition
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Altering the protein stability of tyrosine kinases m
lso represent a novel strategy for treatment of pat
ith CML. Heat-shock proteins (Hsps) can act as mol

ar chaperones which help various proteins in folding
ubsequent maturation. Hsp90 is an abundant cytosolic
ein that gains full function only under the help of pa
er proteins such as Hsp70, Hsp40 p23, Hip and

169]. Inactivation of Hsp90 using benzoquinone ansamy
uch as geldanamycin (GA), or its less toxic analog
uch 17-allylamino-17-demethoxygeldanamycin (17-AA
esults in dissociation of Hsp90 from its client proteins
s followed by rapid degradation of proteins that req
his chaperone for maturation or stability[170,171]. GA
nd 17-AAG have been shown to down-regulate intra

ular BCR–ABL protein levels by shifting the binding
CR–ABL from Hsp90 to Hsp70. The proteasome inhib
S-341 reduced both, GA and 17-AAG mediated do

egulation of BCR–ABL levels and inhibited apoptosis
L-60/BCR–ABL and K562 cells[172]. Therefore, it ha
een suggested that degradation of BCR–ABL is of pro
omal nature. GA and 17-AAG have also been show
e effective against the imatinib-resistant mutations T
nd E255K of the ABL kinase in vitro. Interestingly, resu
howed a trend indicating more potent activity against mu
CR–ABL proteins compare to wild-type[173]. The combi
ation of Imatinib and 17-AAG led to synergistic effects
rimary chronic phase CML cells[174]. However, cells ove
xpressing BCR–ABL as the leading mechanism of r
ance to imatinib are also resistant to 17-AAG monothe
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[175] indicating the importance of identifying the resistance
mechanism before starting second-line therapy.

6. Conclusion

With the introduction of imatinib, major advances in
the treatment of CML and Ph+ ALL have been achieved.
However, similar to many other anti-cancer drugs, clinical
resistance to imatinib monotherapy has emerged. The need
for alternative or additional treatment has guided the way
to design a second generation of targeted therapies, result-
ing mainly in the development of novel small molecule
inhibitors like AMN107, BMS-354825 and ON012380.
Despite promising results from preclinical and early clini-
cal studies, the long term safety and efficacy of these drugs
has to be determined. The previously mentioned observa-
tion that BMS-354825, in contrast to AMN107 or imatinib,
also contains Src kinase family inhibiting activity demands
additional attention. A broader spectrum of protein kinase
inhibition may carry the risk of augmented toxicity, raising
the possibility that these drugs may have more long-term
side-effects[176]. It still needs to be determined if this holds
true for BMS-354825.

Another challenging problem that remains is the T315I
kinase mutation against which neither AMN107 nor BMS-
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at least inhibit the expansion of BCR–ABL positive stem
cells. The presence of AMN107 and BMS-354825 resistant
mutants suggests that even though great progress has been
made, this goal will not be easily achieved with these drugs
and continues to foster the demand to find novel therapies.
There is potential that the introduction of combined ther-
apies including tyrosine kinase inhibitors and vaccination
strategies or immune modulation may lead to a solution in
patients with CML and other disorders with transforming
tyrosine kinase activities.
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ürttemberg (C.W.) and an American Cancer Soc
esearch Scholar grant (M.S.).

eferences

[1] Nowell PC, Hungerford DA. Chromosome studies on normal
leukemic human leukocytes. J Natl Cancer Inst 1960;25:85–1

[2] Rowley JD. Letter: a new consistent chromosomal abnormali
chronic myelogenous leukaemia identified by quinacrine fluo
cence and Giemsa staining. Nature 1973;243:290–3.

[3] Heisterkamp N, Stephenson JR, Groffen J, et al. Localization o
c-abl oncogene adjacent to a translocation break point in ch
myelocytic leukaemia. Nature 1983;306:239–42.

[4] Sattler M, Griffin JD. Molecular mechanisms of transformation
the BCR–ABL oncogene. Semin Hematol 2003;40:4–10.

[5] Fainstein E, Marcelle C, Rosner A, et al. A new fused trans
in Philadelphia chromosome positive acute lymphocytic leukae
Nature 1987;330:386–8.

[6] Saglio G, Guerrasio A, Rosso C, et al. New type of Bcr/
junction in Philadelphia chromosome-positive chronic myeloge
leukemia. Blood 1990;76:1819–24.

[7] Wada H, Mizutani S, Nishimura J, et al. Establishment and mo
lar characterization of a novel leukemic cell line with Philadelp
chromosome expressing p230 BCR/ABL fusion protein. Ca
Res 1995;55:3192–6.



16 C. Walz, M. Sattler / Critical Reviews in Oncology/Hematology xxx (2005) xxx–xxx

[8] Melo JV. The diversity of BCR–ABL fusion proteins and their
relationship to leukemia phenotype. Blood 1996;88:2375–84.

[9] Azam M, Latek RR, Daley GQ. Mechanisms of autoinhibition and
STI-571/imatinib resistance revealed by mutagenesis of BCR–ABL.
Cell 2003;112:831–43.

[10] Hantschel O, Nagar B, Guettler S, et al. A myris-
toyl/phosphotyrosine switch regulates c-Abl. Cell 2003;112:
845–57.

[11] Nagar B, Hantschel O, Young MA, et al. Structural basis for the
autoinhibition of c-Abl tyrosine kinase. Cell 2003;112:859–71.

[12] Konopka JB, Watanabe SM, Witte ON. An alteration of the human
c-abl protein in K562 leukemia cells unmasks associated tyrosine
kinase activity. Cell 1984;37:1035–42.

[13] Evans CA, Owen-Lynch PJ, Whetton AD, Dive C. Activation of
the Abelson tyrosine kinase activity is associated with suppression
of apoptosis in hemopoietic cells. Cancer Res 1993;53:1735–8.

[14] Druker BJ, Tamura S, Buchdunger E, et al. Effects of a selec-
tive inhibitor of the Abl tyrosine kinase on the growth of Bcr-Abl
positive cells. Nat Med 1996;2:561–6.

[15] 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.

[16] Buchdunger E, Cioffi CL, Law N, et al. 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.

[17] 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.

[18] Gambacorti-Passerini C, Le CP, Mologni L, et al. Inhibition of
the ABL kinase activity blocks the proliferation of BCR/ABL+

Dis

ine
of

ces
ronic
hase

R.
ed
vs

ure
Ann

spe-
id

eat-

for
nous

sy-
n, a
loid

.
, a

d by
et of
ed

to the
tion

of Tyr-253 in the Abl kinase domain P-loop. Proc Natl Acad Sci
USA 2002;99:10700–5.

[29] Sattler M, Salgia R. Targeting c-kit mutations: basic science to
novel therapies. Leuk Res 2004;28(Suppl 1):S11–20.

[30] Valent P, Akin C, Sperr WR, et al. Mastocytosis: pathol-
ogy, genetics, and current options for therapy. Leuk Lymphoma
2005;46:35–48.

[31] Frost MJ, Ferrao PT, Hughes TP, Ashman LK. Juxtamembrane
mutant V560GKit is more sensitive to Imatinib (STI571) compared
with wild-type c-kit whereas the kinase domain mutant D816VKit
is resistant. Mol Cancer Ther 2002;1:1115–24.

[32] James C, Ugo V, Le Couedic JP, et al. A unique clonal JAK2
mutation leading to constitutive signalling causes polycythaemia
vera. Nature 2005;434:1144–8.

[33] Kralovics R, Passamonti F, Buser AS, et al. A gain-of-function
mutation of JAK2 in myeloproliferative disorders. N Engl J Med
2005;352:1779–90.

[34] Levine RL, Wadleigh M, Cools J, et al. Activating mutation in
the tyrosine kinase JAK2 in polycythemia vera, essential thrombo-
cythemia, and myeloid metaplasia with myelofibrosis. Cancer Cell
2005;7:387–97.

[35] Baxter EJ, Scott LM, Campbell PJ, et al. Acquired mutation of
the tyrosine kinase JAK2 in human myeloproliferative disorders.
Lancet 2005;365:1054–61.

[36] Zhao R, Xing S, Li Z, et al. Identification of an acquired JAK2
mutation in polycythemia vera. J Biol Chem 2005;280:22788–
92.

[37] Holyoake TL, Jiang X, Jorgensen HG, et al. Primitive quies-
cent leukemic cells from patients with chronic myeloid leukemia
spontaneously initiate factor-independent growth in vitro in asso-
ciation with up-regulation of expression of interleukin-3. Blood

lig-
emia
inib

tudy
el-

lood

mpli-
ce to
od

he
Cell

BL
Res

lysis
ain.

ine
logy
tory

ures
all
Res

ce
n or

ro-
rapy.
leukemic cells and induces apoptosis. Blood Cells Mol
1997;23:380–94.

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

[20] Sawyers CL, Hochhaus A, Feldman E, et al. Imatinib indu
hematologic and cytogenetic responses in patients with ch
myelogenous leukemia in myeloid blast crisis: results of a p
II study. Blood 2002;99:3530–9.

[21] Berger U, Engelich G, Reiter A, Hochhaus A, Hehlmann
Imatinib and beyond—the new CML study. IV. A randomiz
controlled comparison of imatinib vs imatinib/interferon-alpha
imatinib/low-dose AraC vs imatinib after interferon-alpha fail
in newly diagnosed chronic phase chronic myeloid leukemia.
Hematol 2004;83:258–64.

[22] Druker BJ, Talpaz M, Resta DJ, et al. Efficacy and safety of a
cific inhibitor of the BCR–ABL tyrosine kinase in chronic myelo
leukemia. N Engl J Med 2001;344:1031–7.

[23] Goldman JM, Druker BJ. Chronic myeloid leukemia: current tr
ment options. Blood 2001;98:2039–42.

[24] Cohen MH, Williams G, Johnson JR, et al. Approval summary
imatinib mesylate capsules in the treatment of chronic myeloge
leukemia. Clin Cancer Res 2002;8:935–42.

[25] O’Brien SG, Meinhardt P, Bond E, et al. Effects of imatinib me
late (STI571, Glivec) on the pharmacokinetics of simvastati
cytochrome p450 3A4 substrate, in patients with chronic mye
leukaemia. Br J Cancer 2003;89:1855–9.

[26] Heinrich MC, Griffith DJ, Druker BJ, Wait CL, Ott KA, Zigler AJ
Inhibition of c-kit receptor tyrosine kinase activity by STI571
selective tyrosine kinase inhibitor. Blood 2000;96:925–32.

[27] Cools J, DeAngelo DJ, Gotlib J, et al. A tyrosine kinase create
fusion of the PDGFRA and FIP1L1 genes as a therapeutic targ
imatinib in idiopathic hypereosinophilic syndrome. N Engl J M
2003;348:1201–14.

[28] Roumiantsev S, Shah NP, Gorre ME, et al. Clinical resistance
kinase inhibitor STI-571 in chronic myeloid leukemia by muta
2001;97:720–8.
[38] Bhatia R, Holtz M, Niu N, et al. Persistence of ma

nant hematopoietic progenitors in chronic myelogenous leuk
patients in complete cytogenetic remission following imat
mesylate treatment. Blood 2003;101:4701–7.

[39] Ottmann OG, Druker BJ, Sawyers CL, et al. A phase 2 s
of imatinib in patients with relapsed or refractory Philad
phia chromosome-positive acute lymphoid leukemias. B
2002;100:1965–71.

[40] Gambacorti-Passerini C, BS, Cazzaniga G. BCR–ABL gene a
fication causes reversible cytogenetic relapse and resistan
imatinib (STI571) in a chronic phase CML patients. Blo
2002;100:216a.

[41] Wang JY, Ledley F, Goff S, Lee R, Groner Y, Baltimore D. T
mouse c-abl locus: molecular cloning and characterization.
1984;36:349–56.

[42] Van Etten RA. Mechanisms of transformation by the BCR–A
oncogene: new perspectives in the post-imatinib era. Leuk
2004;28(Suppl 1):S21–8.

[43] Brasher BB, Roumiantsev S, Van Etten RA. Mutational ana
of the regulatory function of the c-Abl Src homology 3 dom
Oncogene 2001;20:7744–52.

[44] Brasher BB, Van Etten RA. c-Abl has high intrinsic tyros
kinase activity that is stimulated by mutation of the Src homo
3 domain and by autophosphorylation at two distinct regula
tyrosines. J Biol Chem 2000;275:35631–7.

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

[46] Gorre ME, Mohammed M, Ellwood K, et al. Clinical resistan
to STI-571 cancer therapy caused by BCR–ABL gene mutatio
amplification. Science 2001;293:876–80.

[47] Hochhaus A, Kreil S, Corbin AS, et al. Molecular and ch
mosomal mechanisms of resistance to imatinib (STI571) the
Leukemia 2002;16:2190–6.



C. Walz, M. Sattler / Critical Reviews in Oncology/Hematology xxx (2005) xxx–xxx 17

[48] Shah NP, Nicoll JM, Nagar B, et al. Multiple BCR–ABL kinase
domain mutations confer polyclonal resistance to the tyrosine
kinase inhibitor imatinib (STI571) in chronic phase and blast crisis
chronic myeloid leukemia. Cancer Cell 2002;2:117–25.

[49] Branford S, Rudzki Z, Walsh S, et al. High frequency of point
mutations clustered within the adenosine triphosphate-binding
region of BCR/ABL in patients with chronic myeloid leukemia
or Ph-positive acute lymphoblastic leukemia who develop imatinib
(STI571) resistance. Blood 2002;99:3472–5.

[50] Branford S, Rudzki Z, Walsh S, et al. Detection of BCR–ABL
mutations in patients with CML treated with imatinib is virtually
always accompanied by clinical resistance, and mutations in the
ATP phosphate-binding loop (P-loop) are associated with a poor
prognosis. Blood 2003;102:276–83.

[51] Roche-Lestienne C, Preudhomme C. Mutations in the ABL kinase
domain pre-exist the onset of imatinib treatment. Semin Hematol
2003;40:80–2.

[52] von Bubnoff N, Schneller F, Peschel C, Duyster J. BCR–ABL
gene mutations in relation to clinical resistance of Philadelphia-
chromosome-positive leukaemia to STI571: a prospective study.
Lancet 2002;359:487–91.

[53] Hochhaus A, Kreil S, Corbin A, et al. Roots of clinical resistance
to STI-571 cancer therapy. Science 2001;293:2163.

[54] Hofmann WK, Jones LC, Lemp NA, et al. Ph(+) acute lymphoblas-
tic leukemia resistant to the tyrosine kinase inhibitor STI571 has
a unique BCR–ABL gene mutation. Blood 2002;99:1860–2.

[55] Cowan-Jacob SW, Guez V, Fendrich G, et al. Imatinib (STI571)
resistance in chronic myelogenous leukemia: molecular basis of the
underlying mechanisms and potential strategies for treatment. Mini
Rev Med Chem 2004;4:285–99.

[56] Tauchi T, Ohyashiki K. Molecular mechanisms of resistance of
–45.
AJ.

on

sis-
ells

ch-
rapy.

ous
kemia

ma-
Ther

on-
ntra-

G.
rug
cta

and
tial
cha-

res-
line

n of
the

d

ha1
(+)

leukemic cells to the abl inhibitor STI571. J Natl Cancer Inst
2000;92:1641–50.

[68] Staud F, Pavek P. Breast cancer resistance protein (BCRP/ABCG2).
Int J BioChem Cell Biol 2005;37:720–5.

[69] Houghton PJ, Germain GS, Harwood FC, et al. Imatinib mesy-
late is a potent inhibitor of the ABCG2 (BCRP) transporter and
reverses resistance to topotecan and SN-38 in vitro. Cancer Res
2004;64:2333–7.

[70] Burger H, van TH, Boersma AW, et al. Imatinib mesylate
(STI571) is a substrate for the breast cancer resistance protein
(BCRP)/ABCG2 drug pump. Blood 2004;104:2940–2.

[71] Sattler M, Verma S, Shrikhande G, et al. The BCR/ABL tyrosine
kinase induces production of reactive oxygen species in hematopoi-
etic cells. J Biol Chem 2000;275:24273–8.

[72] Suh YA, Arnold RS, Lassegue B, et al. Cell transformation by the
superoxide-generating oxidase Mox1. Nature 1999;401:79–82.

[73] Dreher D, Junod AF. Role of oxygen free radicals in cancer devel-
opment. Eur J Cancer 1996;32A:30–8.

[74] Nowicki MO, Falinski R, Koptyra M, et al. BCR/ABL oncogenic
kinase promotes unfaithful repair of the reactive oxygen species-
dependent DNA double-strand breaks. Blood 2004;104:3746–53.

[75] Weisberg E, Manley PW, Breitenstein W, et al. Characterization
of AMN107, a selective inhibitor of native and mutant Bcr-Abl.
Cancer Cell 2005;7:129–41.

[76] Sattler M, Mohi MG, Pride YB, et al. Critical role for Gab2 in
transformation by BCR/ABL. Cancer Cell 2002;1:479–92.

[77] Martinelli G, Martelli AM, Grafone T, et al. A new Abl kinase
inhibitor (AMN107) has in vitro activity on CML Ph+ blast cells
resistant to imatinib. Blood 2004;104:255.

[78] Mahon FX, Lagarde V, Manley PW, Pasquet JM, Turcq B, Reiffers
J. Generation of resistance cell lines to AMN107, a new inhibitor

nt to

tion
07

om

ima-

udy
n
with
ML)
llym-

rrid-
nce

Abl
od

of
-

itu-
–61.
825
ta-
ptosis

and
ronic
ase
tudy.

om-
ors
leukemia to imatinib mesylate. Leuk Res 2004;28(Suppl 1):S39
[57] Tanis KQ, Veach D, Duewel HS, Bornmann WG, Koleske

Two distinct phosphorylation pathways have additive effects
Abl family kinase activation. Mol Cell Biol 2003;23:3884–96.

[58] Le Coutre P, Tassi E, Varella-Garcia M, et al. Induction of re
tance to the Abelson inhibitor STI571 in human leukemic c
through gene amplification. Blood 2000;95:1758–66.

[59] Kreil S, Muller MC, Lahaye T. Molecular and chromosomal me
anisms of resistance in CML patients after STI571 (Glivec) the
Blood 2001;98:435a.

[60] Hochhaus A, La RP. Imatinib therapy in chronic myelogen
leukemia: strategies to avoid and overcome resistance. Leu
2004;18:1321–31.

[61] Hamada A, Miyano H, Watanabe H, Saito H. Interaction of i
tinib mesilate with human P-glycoprotein. J Pharmacol Exp
2003;307:824–8.

[62] Widmer N, Colombo S, Buclin T, Decosterd LA. Functional c
sequence of MDR1 expression on imatinib intracellular conce
tions. Blood 2003;102:1142.

[63] Hegedus T, Orfi L, Seprodi A, Varadi A, Sarkadi B, Keri
Interaction of tyrosine kinase inhibitors with the human multid
transporter proteins, MDR1 and MRP1. Biochim Biophys A
2002;1587:318–25.

[64] Mahon FX, Deininger MW, Schultheis B, et al. Selection
characterization of BCR–ABL positive cell lines with differen
sensitivity to the tyrosine kinase inhibitor STI571: diverse me
nisms of resistance. Blood 2000;96:1070–9.

[65] Mahon FX, Belloc F, Lagarde V, et al. MDR1 gene overexp
sion confers resistance to imatinib mesylate in leukemia cell
models. Blood 2003;101:2368–73.

[66] Ferrao PT, Frost MJ, Siah SP, Ashman LK. Overexpressio
P-glycoprotein in K562 cells does not confer resistance to
growth inhibitory effects of imatinib (STI571) in vitro. Bloo
2003;102:4499–503.

[67] Gambacorti-Passerini C, Barni R, Le CP, et al. Role of alp
acid glycoprotein in the in vivo resistance of human BCR–ABL
of BCR–ABL and its effects on cell lines sensitive and resista
imatinib. Blood 2004;104:253b.

[79] Le Coutre P, Baskaynak G, Tamm I, et al. Activity and induc
of apoptosis of the specific tyrosine kinase inhibitor AMN 1
in bcr-abl+ cell lines and in imatinib resistant primary cells fr
CML patients. Blood 2004;104:218a.

[80] Pietras K. Increasing tumor uptake of anticancer drugs with
tinib. Semin Oncol 2004;31:18–23.

[81] Giles F, Kantarjian HM, Wassmann B, et al. A phase I/II st
of AMN107, a novel aminopyrimidine inhibitor of Bcr-Abl, o
a continuous daily dosing schedule in adult patients (pts)
imatinib-resistant advanced phase chronic myeloid leukemia (C
or relapsed/refractory Philadelphia chromosome (Ph+) acute
phocytic leukemia (ALL). Blood 2005;104:10a.

[82] Shah NP, Tran C, Lee FY, Chen P, Norris D, Sawyers CL. Ove
ing imatinib resistance with a novel ABL kinase inhibitor. Scie
2004;305:399–401.

[83] Tokarski J, Newitt J, Lee FY, et al. The Crystal structure of
kinase with BMS-354825, a dual SRC/ABL kinase inhibitor. Blo
2004;104:160a.

[84] Lombardo LJ, Lee FY, Chen P, et al. Discovery
N-(2-chloro-6-methyl-phenyl)-2-(6-(4-(2-hydroxyethyl)-piperazin
1-yl)-2-methylpyrimidin-4-ylamino)thiazole-5-carboxamide
(BMS-354825), a dual Src/Abl kinase inhibitor with potent ant
mor activity in preclinical assays. J Med Chem 2004;47:6658

[85] Schittenhelm M, Shiraga S, Lee FY, Heinrich MC. BMS-354
potently inhibits the kinase activity of KIT activation loop mu
tions associated with systemic mastocytosis and induces apo
of mastocytosis cell lines. Blood 2004;104:666a.

[86] Sawyers CL, Shah NP, Kantarjian HM, et al. Hematologic
cytogenetic responses in imatinib-resistant chronic phase ch
myeloid leukemia patients treated with the dual SRC/ABL kin
inhibitor BMS-354825: results from a phase I dose escalation s
Blood 2004;104:10a.

[87] Burgess MR, Shah NP, Skaggs BJ, Lee FY, Sawyer TK. C
parative analysis of two BCR–ABL small molecule inhibit



18 C. Walz, M. Sattler / Critical Reviews in Oncology/Hematology xxx (2005) xxx–xxx

reveals overlapping but distinct mechanisms of resistance. Blood
2004;104:552a.

[88] Branford S, Rudzki Z, Harper A, et al. Imatinib produces signif-
icantly superior molecular responses compared to interferon alfa
plus cytarabine in patients with newly diagnosed chronic myeloid
leukemia in chronic phase. Leukemia 2003;17:2401–9.

[89] Shah NP, Branford S, Hughes T, Nicoll J, DeCillis AP, Sawyer
TK. Major cytogenetic responses to BMS-354825 in patients with
chronic myeloid leukemia are associated with a one to two log
reduction in BCR–ABL transcript. Blood 2004;104:288a.

[90] Gumireddy K, Baker SJ, Cosenza SC, et al. A non-ATP-competitive
inhibitor of BCR–ABL overrides imatinib resistance. Proc Natl
Acad Sci USA 2005;102:1992–7.

[91] Danhauser-Riedl S, Warmuth M, Druker BJ, Emmerich B, Hallek
M. Activation of Src kinases p53/56lyn and p59hck by p210bcr/abl
in myeloid cells. Cancer Res 1996;56:3589–96.

[92] Lionberger JM, Wilson MB, Smithgall TE. Transformation
of myeloid leukemia cells to cytokine independence by Bcr-
Abl is suppressed by kinase-defective Hck. J Biol Chem
2000;275:18581–5.

[93] Ghaffari S, Wu H, Gerlach M, Han Y, Lodish HF, Daley GQ.
BCR–ABL and v-SRC tyrosine kinase oncoproteins support normal
erythroid development in erythropoietin receptor-deficient progen-
itor cells. Proc Natl Acad Sci USA 1999;96:13186–90.

[94] Hu Y, Liu Y, Pelletier S, et al. Requirement of Src kinases Lyn,
Hck and Fgr for BCR–ABL1-induced B-lymphoblastic leukemia
but not chronic myeloid leukemia. Nat Genet 2004;36:453–61.

[95] Yezhelyev MV, Koehl G, Guba M, et al. Inhibition of SRC tyrosine
kinase as treatment for human pancreatic cancer growing orthotopi-
cally in nude mice. Clin Cancer Res 2004;10:8028–36.

[96] Boyd DD, Wang H, Avila H, et al. Combination of an SRC kinase
ase
ncer

ne-
pin

B,
ater
nic

ive
–8.

Abl
vival
ses.

vel,
tudy
em

the
llular
odels

ivity
ine

sine
,3-

ived
hem

er
rc

ors.

[106] Dorsey JF, Jove R, Kraker AJ, Wu J. The pyrido[2,3-
d]pyrimidine derivative PD180970 inhibits p210Bcr-Abl tyrosine
kinase and induces apoptosis of K562 leukemic cells. Cancer Res
2000;60:3127–31.

[107] Huang M, Dorsey JF, Epling-Burnette PK, et al. Inhibition of Bcr-
Abl kinase activity by PD180970 blocks constitutive activation of
Stat5 and growth of CML cells. Oncogene 2002;21:8804–16.

[108] Wisniewski D, Lambek CL, Liu C, et al. Characterization of potent
inhibitors of the Bcr-Abl and the c-kit receptor tyrosine kinases.
Cancer Res 2002;62:4244–55.

[109] Donato NJ, Wu JY, Stapley J, et al. BCR–ABL independence and
LYN kinase overexpression in chronic myelogenous leukemia cells
selected for resistance to STI571. Blood 2003;101:690–8.

[110] Dai Y, Rahmani M, Corey SJ, Dent P, Grant S. A Bcr/Abl-
independent, Lyn-dependent form of imatinib mesylate (STI-571)
resistance is associated with altered expression of Bcl-2. J Biol
Chem 2004;279:34227–39.

[111] Bos JL. Ras oncogenes in human cancer: a review. Cancer Res
1989;49:4682–9.

[112] Beaupre DM, Kurzrock R. RAS and leukemia: from basic mecha-
nisms to gene-directed therapy. J Clin Oncol 1999;17:1071–9.

[113] Skorski T, Kanakaraj P, Ku DH, et al. Negative regulation of
p120GAP GTPase promoting activity by p210bcr/abl: implication
for RAS-dependent Philadelphia chromosome positive cell growth.
J Exp Med 1994;179:1855–65.

[114] Pendergast AM, Quilliam LA, Cripe LD, et al. BCR–ABL-induced
oncogenesis is mediated by direct interaction with the SH2 domain
of the GRB-2 adaptor protein. Cell 1993;75:175–85.

[115] Puil L, Liu J, Gish G, et al. Bcr-Abl oncoproteins bind directly to
activators of the Ras signalling pathway. EMBO J 1994;13:764–73.

[116] Cortez D, Kadlec L, Pendergast AM. Structural and signaling
ibi-

ffin
ins in
–20.
CJ.
for

Acad

anism
.
apies
rugs

rs in
54.
itors
the
em

ns-
ent. J

le for
thol

logic
–9.
777,
Clin

thera-
–23.
syl
and
inhibitor with a novel pharmacological antagonist of the urokin
receptor diminishes in vitro colon cancer invasiveness. Clin Ca
Res 2004;10:1545–55.

[97] Shakespeare WC, Metcalf III CA, Wang Y, et al. Novel bo
targeted Src tyrosine kinase inhibitor drug discovery. Curr O
Drug Discov Dev 2003;6:729–41.

[98] Wolff NC, Veach DR, Tong WP, Bornmann WG, Clarkson
Ilaria RL. PD166326, a novel tyrosine kinase inhibitor, has gre
anti-leukemic activity than imatinib in a murine model of chro
myeloid leukemia. Blood 2005;105:3995–4003.

[99] Liu Y, Bishop A, Witucki L, et al. Structural basis for select
inhibition of Src family kinases by PP1. Chem Biol 1999;6:671

[100] Warmuth M, Simon N, Mitina O, et al. Dual-specific Src and
kinase inhibitors, PP1 and CGP76030, inhibit growth and sur
of cells expressing imatinib mesylate-resistant Bcr-Abl kina
Blood 2003;101:664–72.

[101] Hanke JH, Gardner JP, Dow RL, et al. Discovery of a no
potent, and Src family-selective tyrosine kinase inhibitor. S
of Lck- and FynT-dependent T cell activation. J Biol Ch
1996;271:695–701.

[102] Missbach M, Jeschke M, Feyen J, et al. A novel inhibitor of
tyrosine kinase Src suppresses phosphorylation of its major ce
substrates and reduces bone resorption in vitro and in rodent m
in vivo. Bone 1999;24:437–49.

[103] Hamby JM, Connolly CJ, Schroeder MC, et al. Structure-act
relationships for a novel series of pyrido[2,3-d]pyrimidine tyros
kinase inhibitors. J Med Chem 1997;40:2296–303.

[104] Boschelli DH, Wu Z, Klutchko SR, et al. Synthesis and tyro
kinase inhibitory activity of a series of 2-amino-8H-pyrido[2
d]pyrimidines: identification of potent, selective platelet-der
growth factor receptor tyrosine kinase inhibitors. J Med C
1998;41:4365–77.

[105] Kraker AJ, Hartl BG, Amar AM, Barvian MR, Showalt
HD, Moore CW. Biochemical and cellular effects of c-S
kinase-selective pyrido[2,3-d]pyrimidine tyrosine kinase inhibit
BioChem Pharmacol 2000;60:885–98.
requirements for BCR–ABL-mediated transformation and inh
tion of apoptosis. Mol Cell Biol 1995;15:5531–41.

[117] Druker B, Okuda K, Matulonis U, Salgia R, Roberts T, Gri
JD. Tyrosine phosphorylation of rasGAP and associated prote
chronic myelogenous leukemia cell lines. Blood 1992;79:2215

[118] Kato K, Cox AD, Hisaka MM, Graham SM, Buss JE, Der
Isoprenoid addition to Ras protein is the critical modification
its membrane association and transforming activity. Proc Natl
Sci USA 1992;89:6403–7.

[119] Prendergast GC, Rane N. Farnesyltransferase inhibitors: mech
and applications. Expert Opin Invest Drugs 2001;10:2105–16

[120] End DW. Farnesyl protein transferase inhibitors and other ther
targeting the Ras signal transduction pathway. Invest New D
1999;17:241–58.

[121] Caponigro F, Casale M, Bryce J. Farnesyl transferase inhibito
clinical development. Expert Opin Invest Drugs 2003;12:943–

[122] Ashar HR, James L, Gray K, et al. Farnesyl transferase inhib
block the farnesylation of CENP-E and CENP-F and alter
association of CENP-E with the microtubules. J Biol Ch
2000;275:30451–7.

[123] Rowinsky EK, Windle JJ, Von Hoff DD. Ras protein farnesyltra
ferase: a strategic target for anticancer therapeutic developm
Clin Oncol 1999;17:3631–52.

[124] Prendergast GC. Farnesyltransferase inhibitors define a ro
RhoB in controlling neoplastic pathophysiology. Histol Histopa
2001;16:269–75.

[125] Lancet JE, Karp JE. Farnesyltransferase inhibitors in hemato
malignancies: new horizons in therapy. Blood 2003;102:3880

[126] Kurzrock R, Albitar M, Cortes JE, et al. Phase II study of R115
a farnesyl transferase inhibitor, in myelodysplastic syndrome. J
Oncol 2004;22:1287–92.

[127] Karp JE. Farnesyl protein transferase inhibitors as targeted
pies for hematologic malignancies. Semin Hematol 2001;38:16

[128] Cortes J, Albitar M, Thomas D, et al. Efficacy of the farne
transferase inhibitor R115777 in chronic myeloid leukemia
other hematologic malignancies. Blood 2003;101:1692–7.



C. Walz, M. Sattler / Critical Reviews in Oncology/Hematology xxx (2005) xxx–xxx 19

[129] Lara Jr PN, Law LY, Wright JJ, et al. Intermittent dosing of
the farnesyl transferase inhibitor tipifarnib (R115777) in advanced
malignant solid tumors: a phase I California Cancer Consortium
Trial. Anticancer Drugs 2005;16:317–21.

[130] Miyoshi T, Nagai T, Ohmine K, et al. Relative importance of apop-
tosis and cell cycle blockage in the synergistic effect of combined
R115777 and imatinib treatment in BCR/ABL-positive cell lines.
BioChem Pharmacol 2005;69:1585–94.

[131] Khuri FR, Glisson BS, Kim ES, et al. Phase I study of the farne-
syltransferase inhibitor lonafarnib with paclitaxel in solid tumors.
Clin Cancer Res 2004;10:2968–76.

[132] de Bono JS, Tolcher AW, Rowinsky EK. Farnesyltransferase
inhibitors and their potential in the treatment of breast carcinoma.
Semin Oncol 2003;30:79–92.

[133] Hoover RR, Mahon FX, Melo JV, Daley GQ. Overcoming STI571
resistance with the farnesyl transferase inhibitor SCH66336. Blood
2002;100:1068–71.

[134] Manne V, Lee FY, Bol DK, et al. Apoptotic and cytostatic far-
nesyltransferase inhibitors have distinct pharmacology and efficacy
profiles in tumor models. Cancer Res 2004;64:3974–80.

[135] Mackay HJ, Hoekstra R, Eskens FA, et al. A phase I pharma-
cokinetic and pharmacodynamic study of the farnesyl transferase
inhibitor BMS-214662 in combination with cisplatin in patients
with advanced solid tumors. Clin Cancer Res 2004;10:2636–44.

[136] Dy GK, Bruzek LM, Croghan GA, et al. A phase I trial of the novel
farnesyl protein transferase inhibitor, BMS-214662, in combination
with paclitaxel and carboplatin in patients with advanced cancer.
Clin Cancer Res 2005;11:1877–83.

[137] James JA, Smith MA, Court EL, et al. An investigation of the
effects of the MEK inhibitor U0126 on apoptosis in acute leukemia.
Hematol J 2003;4:427–32.

of
ed
ells.

ic
nase
yner-
ing

inase

lipid

al.
BL
itive

duct
BL,
l-3

LC.
abl

R
eac-

tion
pro-
267–

T.
emia

Y.
ctive

antiproliferative effects of imatinib on chronic myeloid leukaemia
progenitor cells. Br J Haematol 2004;125:500–11.

[149] Tseng PH, Lin HP, Zhu J, et al. Synergistic interactions
between imatinib and the novel phosphoinositide-dependent kinase-
1 inhibitor OSU-03012 in overcoming imatinib resistance. Blood
2005;105:4021–7.

[150] Zhu J, Huang JW, Tseng PH, et al. From the cyclooxygenase-
2 inhibitor celecoxib to a novel class of 3-phosphoinositide-
dependent protein kinase-1 inhibitors. Cancer Res 2004;64:
4309–18.

[151] Panwalkar A, Verstovsek S, Giles FJ. Mammalian target of
rapamycin inhibition as therapy for hematologic malignancies. Can-
cer 2004;100:657–66.

[152] Ly C, Arechiga AF, Melo JV, Walsh CM, Ong ST. Bcr-Abl kinase
modulates the translation regulators ribosomal protein S6 and 4E-
BP1 in chronic myelogenous leukemia cells via the mammalian
target of rapamycin. Cancer Res 2003;63:5716–22.

[153] Huang S, Houghton PJ. Targeting mTOR signaling for cancer ther-
apy. Curr Opin Pharmacol 2003;3:371–7.

[154] Mohi MG, Boulton C, Gu TL, et al. Combination of rapamycin
and protein tyrosine kinase (PTK) inhibitors for the treatment of
leukemias caused by oncogenic PTKs. Proc Natl Acad Sci USA
2004;101:3130–5.

[155] Sattler M, Quinnan LR, Pride YB, et al. 2-Methoxyestradiol
alters cell motility, migration, and adhesion. Blood 2003;102:289–
96.

[156] Groll M, Huber R. Inhibitors of the eukaryotic 20S protea-
some core particle: a structural approach. Biochim Biophys Acta
2004;1695:33–44.

[157] Dai Y, Rahmani M, Pei XY, Dent P, Grant S. Bortezomib and
flavopiridol interact synergistically to induce apoptosis in chronic

ugh
lood

and
dif-

USA

ety-
ates
nic
9–

of
m of
ood

nti-

up-
by
Sci

ro-
mia

der
ter-

nock-

use
unol

me-
cells.
[138] Kang CD, Yoo SD, Hwang BW, et al. The inhibition
ERK/MAPK not the activation of JNK/SAPK is primarily requir
to induce apoptosis in chronic myelogenous leukemic K562 c
Leuk Res 2000;24:527–34.

[139] Yu C, Krystal G, Varticovksi L, et al. Pharmacolog
mitogen-activated protein/extracellular signal-regulated ki
kinase/mitogen-activated protein kinase inhibitors interact s
gistically with STI571 to induce apoptosis in Bcr/Abl-express
human leukemia cells. Cancer Res 2002;62:188–99.

[140] Toker A. Protein kinases as mediators of phosphoinositide 3-k
signaling. Mol Pharmacol 2000;57:652–8.

[141] Rameh LE, Cantley LC. The role of phosphoinositide 3-kinase
products in cell function. J Biol Chem 1999;274:8347–50.

[142] Skorski T, Kanakaraj P, Nieborowska-Skorska M, et
Phosphatidylinositol-3 kinase activity is regulated by BCR/A
and is required for the growth of Philadelphia chromosome-pos
cells. Blood 1995;86:726–36.

[143] Sattler M, Salgia R, Okuda K, et al. The proto-oncogene pro
p120CBL and the adaptor proteins CRKL and c-CRK link c-A
p190BCR/ABL and p210BCR/ABL to the phosphatidylinosito′
kinase pathway. Oncogene 1996;12:839–46.

[144] Varticovski L, Daley GQ, Jackson P, Baltimore D, Cantley
Activation of phosphatidylinositol 3-kinase in cells expressing
oncogene variants. Mol Cell Biol 1991;11:1107–13.

[145] Kim JH, Chu SC, Gramlich JL, et al. Activation of the PI3K/mTO
pathway by BCR–ABL contributes to increased production of r
tive oxygen species. Blood 2004.

[146] Zhao S, Konopleva M, Cabreira-Hansen M, et al. Inhibi
of phosphatidylinositol 3-kinase dephosphorylates BAD and
motes apoptosis in myeloid leukemias. Leukemia 2004;18:
75.

[147] Klejman A, Rushen L, Morrione A, Slupianek A, Skorski
Phosphatidylinositol-3 kinase inhibitors enhance the anti-leuk
effect of STI571. Oncogene 2002;21:5868–76.

[148] Marley SB, Lewis JL, Schneider H, Rudd CE, Gordon M
Phosphatidylinositol-3 kinase inhibitors reproduce the sele
myeloid leukemia cells resistant to imatinib mesylate thro
both Bcr/Abl-dependent and -independent mechanisms. B
2004;104:509–18.

[158] Peart MJ, Smyth GK, van Laar RK, et al. Identification
functional significance of genes regulated by structurally
ferent histone deacetylase inhibitors. Proc Natl Acad Sci
2005;102:3697–702.

[159] Xu Y, Voelter-Mahlknecht S, Mahlknecht U. The histone deac
lase inhibitor suberoylanilide hydroxamic acid down-regul
expression levels of Bcr-abl, c-Myc and HDAC3 in chro
myeloid leukemia cell lines. Int J Mol Med 2005;15:16
72.

[160] La Rosee P, Johnson K, Corbin AS, et al. In vitro efficacy
combined treatment depends on the underlying mechanis
resistance in imatinib-resistant Bcr-Abl-positive cell lines. Bl
2004;103:208–15.

[161] Angerer LM, Angerer RC. Disruption of gene function using a
sense morpholinos. Meth Cell Biol 2004;74:699–711.

[162] Skorski T, Nieborowska-Skorska M, Nicolaides NC, et al. S
pression of Philadelphia1 leukemia cell growth in mice
BCR–ABL antisense oligodeoxynucleotide. Proc Natl Acad
USA 1994;91:4504–8.

[163] Dhut S, Chaplin T, Young BD. BCR–ABL and BCR p
teins: biochemical characterization and localization. Leuke
1990;4:745–50.

[164] Scherr M, Battmer K, Winkler T, Heidenreich O, Ganser A, E
M. Specific inhibition of bcr-abl gene expression by small in
fering RNA. Blood 2003;101:1566–9.

[165] Scherer LJ, Rossi JJ. Approaches for the sequence-specific k
down of mRNA. Nat Biotechnol 2003;21:1457–65.

[166] Shelburne CP, Huff TF. Inhibition of kit expression in P815 mo
mastocytoma cells by a hammerhead ribozyme. Clin Imm
1999;93:46–58.

[167] Zhang YA, Nemunaitis J, Tong AW. Generation of a ribozy
adenoviral vector against K-ras mutant human lung cancer
Mol Biotechnol 2000;15:39–49.



20 C. Walz, M. Sattler / Critical Reviews in Oncology/Hematology xxx (2005) xxx–xxx

[168] Snyder DS, Wu Y, Wang JL, et al. Ribozyme-mediated inhibition
of bcr-abl gene expression in a Philadelphia chromosome-positive
cell line. Blood 1993;82:600–5.

[169] Carrello A, Allan RK, Morgan SL, et al. Interaction of the Hsp90
cochaperone cyclophilin 40 with Hsc70. Cell Stress Chaperones
2004;9:167–81.

[170] Stancato LF, Silverstein AM, Owens-Grillo JK, Chow YH, Jove R,
Pratt WB. The hsp90-binding antibiotic geldanamycin decreases
Raf levels and epidermal growth factor signaling without dis-
rupting formation of signaling complexes or reducing the spe-
cific enzymatic activity of Raf kinase. J Biol Chem 1997;272:
4013–20.

[171] Schneider C, Sepp-Lorenzino L, Nimmesgern E, et al. Phar-
macologic shifting of a balance between protein refolding and
degradation mediated by Hsp90. Proc Natl Acad Sci USA
1996;93:14536–41.

[172] Nimmanapalli R, O’Bryan E, Bhalla K. Geldanamycin and its ana-
logue 17-allylamino-17-demethoxygeldanamycin lowers Bcr-Abl
levels and induces apoptosis and differentiation of Bcr-Abl-positive
human leukemic blasts. Cancer Res 2001;61:1799–804.

[173] Gorre ME, Ellwood-Yen K, Chiosis G, Rosen N, Sawyers CL.
BCR–ABL point mutants isolated from patients with imatinib
mesylate-resistant chronic myeloid leukemia remain sensitive to
inhibitors of the BCR–ABL chaperone heat shock protein 90. Blood
2002;100:3041–4.

[174] Radujkovic A, Schad M, Topaly J, et al. Synergistic activity of ima-
tinib and 17-AAG in imatinib-resistant CML cells overexpressing
BCR. Leukemia 2005.

[175] Topaly J, Schad M, Laufs S, Melo JV, Zeller WJ, Frue-
hauf S. Cross-resistance of imatinib mesylate and 17-AAG in
imatinib-resistant cells that overexpress BCR–ABL. Br J Haematol

nce.

loid

ative
ro-

ovel
syn-

11)
s a

lood

sed
8p12
od

onic
tiv-
od

ra-
sion
ancer

ovel
ative

8p11
mia

viral
lopro-
–8.

[187] Peeters P, Raynaud SD, Cools J, et al. Fusion of TEL, the ETS-
variant gene 6 (ETV6), to the receptor-associated kinase JAK2
as a result of t(9;12) in a lymphoid and t(9;15;12) in a myeloid
leukemia. Blood 1997;90:2535–40.

[188] Reiter A, Walz C, Watmore A, et al. The t(8;9)(p22;p24) is a recur-
rent abnormality in chronic and acute leukemia that fuses PCM1
to JAK2. Cancer Res 2005;65:2662–7.

[189] Kuno Y, Abe A, Emi N, et al. Constitutive kinase activation
of the TEL-Syk fusion gene in myelodysplastic syndrome with
t(9;12)(q22;p12). Blood 2001;97:1050–5.

[190] Baxter EJ, Hochhaus A, Bolufer P, et al. The t(4;22)(q12;q11) in
atypical chronic myeloid leukaemia fuses BCR to PDGFRA. Hum
Mol Genet 2002;11:1391–7.

[191] 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.

[192] Ross TS, Bernard OA, Berger R, Gilliland DG. Fusion of Hunt-
ingtin interacting protein 1 to platelet-derived growth factor beta
receptor (PDGFbetaR) in chronic myelomonocytic leukemia with
t(5;7)(q33;q11.2). Blood 1998;91:4419–26.

[193] Kulkarni S, Heath C, Parker S, et al. Fusion of H4/D10S170 to the
platelet-derived growth factor receptor beta in BCR–ABL-negative
myeloproliferative disorders with a t(5;10)(q33;q21). Cancer Res
2000;60:3592–8.

[194] Magnusson MK, Meade KE, Brown KE, et al. Rabaptin-5 is a
novel fusion partner to platelet-derived growth factor beta receptor
in chronic myelomonocytic leukemia. Blood 2001;98:2518–25.

[195] Wilkinson K, Velloso ER, Lopes LF, et al. Cloning of the
t(1;5)(q23;q33) in a myeloproliferative disorder associated with
eosinophilia: involvement of PDGFRB and response to imatinib.

vel
mia

ing a
tient
ifer-

1 is
atient
hilic

a
pro-
emia

par-
rs
Proc

B

of
H 004
t te in
B

bio-
c e is
c titute
i nisms
o ac-
t

2003;121:672–3.
[176] Deininger MW, Druker BJ. SRCircumventing imatinib resista

Cancer Cell 2004;6:108–10.
[177] Hughes T, Branford S. Molecular monitoring of chronic mye

leukemia. Semin Hematol 2003;40:62–8.
[178] Andreasson P, Johansson B, Carlsson M, et al. BCR/ABL-neg

chronic myeloid leukemia with ETV6/ABL fusion. Genes Ch
mosomes Cancer 1997;20:299–304.

[179] Xiao S, Nalabolu SR, Aster JC, et al. FGFR1 is fused with a n
zinc-finger gene, ZNF198, in the t(8;13) leukaemia/lymphoma
drome. Nat Genet 1998;18:84–7.

[180] Popovici C, Zhang B, Gregoire MJ, et al. The t(6;8)(q27;p
translocation in a stem cell myeloproliferative disorder fuse
novel gene, FOP, to fibroblast growth factor receptor 1. B
1999;93:1381–9.

[181] Guasch G, Mack GJ, Popovici C, et al. FGFR1 is fu
to the centrosome-associated protein CEP110 in the
stem cell myeloproliferative disorder with t(8;9)(p12;q33). Blo
2000;95:1788–96.

[182] Demiroglu A, Steer EJ, Heath C, et al. The t(8;22) in chr
myeloid leukemia fuses BCR to FGFR1: transforming ac
ity and specific inhibition of FGFR1 fusion proteins. Blo
2001;98:3778–83.

[183] Belloni E, Trubia M, Gasparini P, et al. 8p11 myeloprolife
tive syndrome with a novel t(7;8) translocation leading to fu
of the FGFR1 and TIF1 genes. Genes Chromosomes C
2005;42:320–5.

[184] Grand EK, Grand FH, Chase AJ, et al. Identification of a n
gene, FGFR1OP2, fused to FGFR1 in the 8p11 myeloprolifer
syndrome. Genes Chromosomes Cancer 2003;40:78–83.

[185] Walz C, Chase A, Schoch C, et al. The t(8;17)(p11;q23) in the
myeloproliferative syndrome fuses MYO18A to FGFR1. Leuke
2005;19:1005–9.

[186] Guasch G, Popovici C, Mugneret F, et al. Endogenous retro
sequence is fused to FGFR1 kinase in the 8p12 stem-cell mye
liferative disorder with t(8;19)(p12;q13.3). Blood 2003;101:286
Blood 2003;102:4187–90.
[196] Morerio C, Acquila M, Rosanda C, et al. HCMOGT-1 is a no

fusion partner to PDGFRB in juvenile myelomonocytic leuke
with t(5;17)(q33;p11.2). Cancer Res 2004;64:2649–51.

[197] Vizmanos JL, Novo FJ, Roman JP, et al. NIN, a gene encod
CEP110-like centrosomal protein, is fused to PDGFRB in a pa
with a t(5;14)(q33;q24) and an imatinib-responsive myeloprol
ative disorder. Cancer Res 2004;64:2673–6.

[198] Grand FH, Burgstaller S, Kuhr T, et al. p53-Binding protein
fused to the platelet-derived growth factor receptor beta in a p
with a t(5;15)(q33;q22) and an imatinib-responsive eosinop
myeloproliferative disorder. Cancer Res 2004;64:7216–9.

[199] Levine RL, Wadleigh M, Sternberg DW, et al. KIAA1509 is
novel PDGFRB fusion partner in imatinib-responsive myelo
liferative disease associated with a t(5;14)(q33;q32). Leuk
2005;19:27–30.

[200] Burgess MR, Skaggs BJ, Shah NP, Lee FY, Sawyers CL. Com
ative analysis of two clinically active BCR–ABL kinase inhibito
reveals the role of conformation-specific binding in resistance.
Natl Acad Sci USA 2005;102:3395–400.

iographies

Christoph Walz is a medical student at the University
eidelberg, Germany. He received a training grant in 2

o conduct research at the Dana-Farber Cancer Institu
oston, USA.

Martin Sattler Ph.D. received his doctorate degree in
hemistry from the University of Hannover, Germany. H
urrently an investigator at the Dana-Farber Cancer Ins
n Boston. His research interests are focused on mecha
f transformation in myeloid leukemias and the role of re

ive oxygen species in transformation.


	Novel targeted therapies to overcome imatinib mesylate resistance in chronic myeloid leukemia (CML)
	Introduction
	The BCR-ABL oncogene
	Targeting ABL with the small molecule drug imatinib mesylate
	Additional activities of imatinib mesylate

	Mechanisms of resistance to imatinib
	Imatinib binds to inactive BCR-ABL
	Point mutations in BCR-ABL decrease imatinib sensitivity
	Imatinib resistance by BCR-ABL gene amplification
	Pharmacological mechanisms
	BCR-ABL-independent cytogenetic aberrations in imatinib resistance

	Novel ABL kinase inhibitors targeting imatinib resistant BCR-ABL
	AMN107, a cousin of imatinib
	BMS-354825, a novel ABL and SRC family tyrosine kinase inhibitor
	ON012380, a substrate binding site ABL inhibitor
	Additional Src family tyrosine kinase inhibitors with ABL inhibitor activity

	Targeting BCR-ABL-dependent signaling pathways required for transformation
	Targeting the Ras pathway
	Farnesyl transferase inhibitors
	MAP kinase inhibitors

	Targeting the PI3K pathway
	Phosphatidylinositol-3´-kinase inhibitors
	PDK1 inhibitor
	mTOR inhibitors

	Additional targets

	Targeting BCR-ABL expression
	Targeting mRNA of BCR-ABL
	Anti-sense oligonucleotides
	RNA interference
	Ribozymes

	HSP90 inhibition

	Conclusion
	Acknowledgements
	References


