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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 ste
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 bee
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 bee
successfully tested in preclinical studies where they show promising results. Additional approaches are geared towards targeting the expressi
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 resistanc
in CML.

© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction gene. In ALL, the p210BCR-ABL fusion protein is found
in every third patient, p190BCR-ABL is found in two out
1.1. The BCR-ABL oncogene of three patient$5], whereas p230BCR—-ABL is associated

with CMML [6,7]. Currently, it is not known how these three

The Philadelphia chromosome (Ph) was originally formsof BCR—-ABL differ from each other in terms of signal-
described as a chromosomal abnormality in 1960 by Now- ing but additional genetic changes seem necessary to reach
ell and Hungerford1]. In 1973, Rowley reported that this  full disease activity{8]. In addition, increased length of the
abnormal chromosome, found in most patients with chronic BCR portion in the fusion protein has been shown to corre-
myeloid leukemia (CML), has an apparent loss of the long late with reduced ABL kinase activity in vitro. BCR releases
arm of chromosome number 22 and is the result of recipro- inhibitory constraints in the ABL kinase domain, leading to
cal translocation involving the long arms of chromosomes 9 greatly increased ABL tyrosine kinase activif~11]. Cells
and 22, t(9;22]2]. The molecular genetics of the Ph chro- expressing the chimeric BCR—-ABL oncoprotein show signs
mosome showed thaBL gene to be on the segment of typical of malignant transformation, including excessive cell
chromosome 9 that is translocated to chromosom¢§3p2 growth ofimmature myeloid cells with lack of differentiation
Breakpoints in chromosome 22 were found to occur over and inhibition of apoptosi§l2]. The mechanisms through
a very short stretch of DNA (5-6 kb), termed theakpoint which BCR—ABL contributes to malignant transformation
cluster region (BCR) gene. The native c-ABL tyrosine kinase have been extensively studied by using BCR—ABL express-
is located partially in the nucleus and has tightly regulated ing murine or human cell models. Many of the activated
kinase activity. TheBCR—-ABL fusion results in the produc-  signaling pathways are normally regulated by hematopoi-
tion of a constitutively active cytoplasmic tyrosine kinase etic growth factors, such as c-kit ligand, thrombopoietin,
that does not block differentiation, but enhances prolifer- interleukin-3, or granulocyte/macrophage-colony stimulat-
ation and viability of myeloid lineage cells. BCR—ABL is ing factor. Not surprisingly, it has been demonstrated that
likely sufficient to cause CML, but over time other genetic BCR-ABL activates a variety of signaling pathways and
events occur and the disease progresses to an acute leukemidownstream targets like RAS, STATs, phosphatidylinositol-
CML is typically characterized by phases of variable dura- 3'-kinase, production of reactive oxygen species (ROS) and
tion, starting with an initial chronic phase (CP), followed others that can also be activated by hematopoietic growth
by progression to accelerated phase (AP) and finally result-factors. A major difference between activated growth factor
ing in blast crisis (BC)[4]. In CML, the classic fusion  receptors in normal signaling and BCR—ABL is the dys-
is b2a2 or b3a2 fusing exon 13 (b2) or exon 14 (b3) of regulated activation of signaling pathways by BCR—ABL,
BCR to exon 2 (a2) of ABL, leading to an oncoprotein of inducing abnormal proliferation and neoplastic expansion.
210kDa molecular weight. In the case of Ph positive acute In addition, the BCR—ABL oncoprotein decreases apoptotic
lymphoblastic leukemia (ALL), there is fusion with the pro- reaction to mutagenic stimuli, which results in a survival
duction of an oncoprotein of 190 kDa molecular weight. A advantage to the neoplastic clorig8]. In many model sys-
third fusion gene (e19a2) was associated with the rare chronictems, BCR-ABL completely abrogates growth factor depen-
neutrophilic leukemia, encoding a 230 kDa BCR-ABL pro- dence, and has been associated with reduced requirement for
tein. Each of these oncoproteins contains the same segment afjrowth factors in primary hematopoietic cells. Itis clear, how-
ABL and differs in the amount of BCR present in the onco- ever, that there are other activities of BCR—ABL that remain
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poorly understood, in particular, the propensity for CML to
evolve into blast crisis.

imatinib and its major active metabolite, thedesmethyl
derivative, are approximately 18 and 40 h, respectij24}.
The major human P450 cytochrome enzyme involved in the
microsomal biotransformation of imatinib is CYP3A24].
In addition, imatinib is a competitive inhibitor of CYP2C9,
CYP2D6 and CYP3AS5 in human liver microsomes in vitro.
An improved understanding of the molecular mechanism Imatinib may reduce CYP2D6- and/or CYP3A4/5-mediated
involved in the development of CML has led the way for the clearance of co-administered drugs that are cleared through
development of targeted therapies. BCR—ABL is unique in these pathwayf5]. Plasma levels of drugs that are sub-
the sense that it is both required and sufficient for transfor- strates for these cytochromes may increase if administered
mation of hematopoietic stem cells, making it an ideal target in conjunction with imatinib, due to competition for bio-
for drug development. In 1996, Druker and colleagues in transformation pathways. Those that are enzyme inhibitors
collaboration with Novartis Pharmaceuticals (formerly Ciba- or inducers may increase or decrease the plasma levels of

1.2. Targeting ABL with the small molecule drug
imatinib mesylate

Geigy, Basel, Switzerland) developed the experimental drug imatinib, respectively.

CGP57148B, which is today known as imatinib mesylate
(imatinib, STI571, Gleevé&Glivec®). Imatinib is an ABL
tyrosine kinase inhibitor of the 2-phenylamino pyrimidine

1.3. Additional activities of imatinib mesylate

class that was created using the structure of the ATP binding  Despite the apparent specific anti-leukemic effect of ima-

site of the ABL protein kinasfl4—16] Imatinib binds to and
stabilizes the inactive form of BCR—ABL rather than occu-

tinib in CML through inhibition of the ABL protein kinase,
imatinib also possesses inhibitory properties against other

pying the whole ATP-binding pocket as previously supposed members of the tyrosine kinase family including PDGHR

[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 apoptodit4,18,19]
Initial preclinical studies indicated that imatinib inhibits the
proliferation of CML progenitor cells in BCR—ABL positive,
but not BCR—-ABL negative cell lines. Targeted therapy with
imatinib has led to a revolution in the treatment of CML.
Druker et al. conducted a phase | clinical trial of this drug
in 1998, whereby using doses of imatinib of 300 mg, 98%
of patients with interferon-resistant CML in chronic phase

and c-kit[15]. The inhibitory activity of imatinib is stronger
againstthese kinases with arsi@o inhibit proliferation of 30

and 100 nM, respectively, compared to the ABlsd@alue of

630 nM[8,26]. In addition, imatinib is a good inhibitor of the
ABL related kinase ARG. The activation of tyrosine kinases
has been found to be the causative eventin the pathogenesis of
a variety of BCR—ABL negative chronic myeloproliferative
disorders, a heterogeneous spectrum of conditions for which
the molecular pathogenesis is not completely understood.
Coincidentally, PDGFR kinases are frequently found to be
fused to multiple partner genes in reciprocal translocations,

achieved a complete hematologic response and 31% of theseesulting in fusion proteins that are sensitive to imatinib treat-
patients achieved a complete or major cytogenetic responsement (Table 1. For example, FIP1L1-PDGFR a recently

The following phase Il study, involving a relative large num-

described fusion protein that is generated by a cytogeneti-

ber of patients, confirmed these impressive results. Further, acally invisible interstitial deletion on chromosome 4q12, was
multicenter randomized trial showed that imatinib is superior identified in patients with hypereosinophilic syndrome (HES)

to the combination of interferoa-plus low-dose cytarabine
(Ara-C) as first-line treatment. With this treatment, 95% of

and systemic mastocytosis (SM2)]. Consistent with the
effect of imatinib on c-ABL and c-PDGFR, the igof ima-

patients in chronic phase can achieve a complete hematologidinib required to inhibit cells transformed by BCR—ABL was
remission and 60% can achieve a major cytogenetic response582 nM [28] and cells expressing FIP1L1-PDGé&RuUsion
However, most patients in blast crisis either do not respond protein needed a lower concentration of only 3 f&¥].

or relapse shortly after an initial response. In these cases,There are also activating mutations within c-kit in systemic
only 7% of patients treated with imatinib achieve a complete mastocytosis. The most frequent mutations occur in the phos-

cytogenetic respong0]. Unfortunately, no survival bene-
fit has been found for this patient group. Currently, imatinib
is tested in large multicenter phase IV trials in combination
with interferonex or arabinosyl—cytosin or with an increased
dose of 600 or 800 mg as monotherdpy].

Generally, imatinib has been well tolerated in patients with
CML, as well as in patients with other BCR—ABL positive
leukemiag22]. Its toxicity profile is as favorable as that of
hydroxyurea and superior to that of interfer@rj23]. Ima-
tinib is well absorbed after oral administration with a mean
absolute bioavailability for the capsule formulation of 98%.
Following oral administration, the elimination half-lives of

photransferase domain (e.g. D816V) or in the intracellular
juxtamembrane coding region (e.g. V560G) which is in gen-
eral more common for gastrointestinal stromal tumors (GIST)
[16,29,30] Of interest, imatinib has shown to be effective
against wild-type and juxtamembrane mutant c-kit kinase,
but has shown no effect on the activity of the D816V mutant
[31]. Therefore, imatinib is unlikely to be a good candidate
for the majority of patients with aggressive forms of systemic
mastocytosis.

The hypothesis that deregulated tyrosine kinases are fun-
damental to the pathogenesis of chronic myeloproliferative
disorders has been supported by the finding of a single acti-
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more potent against ABL and that are also effective in regard

Tyrosine kinase fusion genes in chronic myeloproliferative disorders and to resistant patients particularly those with point mutations.
their susceptibility to imatinib '

Karyotype Fusion gene Imatinib- References

sensitive 2. Mechanisms of resistance to imatinib
1(9;22)(q34;911) BCR-ABL + -
1(9;12)(q34:p13) ETV6-ABL + [178] Resistance to imatinib can be defined as the lack of com-
1(8;13)(p11;q12) ZNF198-FGFRI - [179] plete hematological response in patients with chronic phase
1(6;8)(q27;p11) FGFRIOP-FGFRI  — (180] disease or as a lack of return to chronic phase for patients in
:ngg)z()‘z;ﬁng)z) gg; JFZ% 151 B Hgg acute phase, in blast crisis CML, or with Ph positive ALL.
t(7;8)(q34;q’11) TIF1-FGFRI _ [183] Depending on the time of onset, two categories of resis-
ins(12;8)(p11:p11p2l) FGFRIOP2-FGFRI —— [184] tance can be distinguished: If there is no response after initial
t(8;17)(p11;925) MYOI8A-FGFRI - [185] treatment, resistance is described as primary or extrinsic. In
1(8;19)(p12;q13) HERVK-FGFRI - [186] contrast, secondary or intrinsic resistance is present if resis-
:ng;%gﬁgi;’) IEJZVM%‘_’;‘AKI?Z B Hzg tance develops after achieving an objective response. Devel-
t(9;12)(q2’2;p12) ETV6-SYK _ [189] opment of resistance to imatinib in advanced phase CML is
del(4q) FIPILI-PDGFRA ¥ [27] frequent, where over 70% of patients with acute leukemia
t(4;22)(p11;q11) BCR-PDGFRA + [190] evolve resistance within the first 6 months of treatrja#i.
1(5;12)(g33;p13) ETV6-PDGFRB + (191] As opposed to patients in chronic phase disease, relapse after
:ng%ﬁig;’_;?l) fo 113 gggﬁ; RB : Egg a complete cytogenetic response was reported to be excep-
t(5;17)(q33;p13) RABEPI-PDGFRB  + [194] tional [40]. However, longer follow-up studies of patients
1(1;5)(923;933) PDE4DIP-PDGFRB  + [195] who are currently treated with imatinib are required to obtain
t(5;17)(q33;p11) HCMOGT-PDGFRB  + [196] full assessment of occurrence of resistance in chronic phase.
t(5;14)(933;924) NIN-PDGFRB + [197]
1(5;15)(933;922) TP53BPI-PDGFRB  + [198] 2.1. Imatinib binds to inactive BCR-ABL
1(5;14)(q33;932) KIAA1509-PDGFRB ~ + [199]

Structurally, c-ABL contains an N-terminal SH3 domain,
followed by an SH2 domain and a kinase domain. There is

vating JAK2 point mutation in polycythemia vera, essential also a nuclear localization signal, a DNA binding domain
thrombocythemia and idiopathic myelofibrosis. Five research and an actin binding domain in the C-terminal portion of the
groups demonstrated independently and simultaneously aprotein[41]. The mechanisms of regulation of the c-ABL
Val617Phe mutation in the pseudokinase domain of JAK2, and BCR—ABL tyrosine kinase activity and the influence of
leading to deregulated tyrosine kinase actiy2—36] Nev- imatinib-binding to ABL have been intensively studied in
ertheless, it still needs to be demonstrated that this mutationthe recent past (see also for revig#?]). These data have
is sufficient and/or required for the myeloproliferative pheno- offered valuable clues about the mechanisms of imatinib
type inthese patients. In addition, JAK2 does not appear to beresistance and have given hope for the development of new
sensitive to imatinib and therefore, it is unlikely that patients drugs that might overcome such resistance. The c-ABL SH3
with this mutation will benefit from imatinib treatment. domain exercises autoinhibitory activity through intramolec-
To date, the only known curative treatment for CML ular binding to a single proline residue between the SH2 and
is allogeneic bone marrow transplantation from matched catalytic domains. Mutations of this SH3 domain or its bind-
donors, but the procedure is associated with a notable risking site can result in increased catalytic activity of c-ABL
of morbidity and mortality. Imatinib has the potential to be [43]. Phosphorylation of Tyr412 in ABL, which is located in
a curative drug and can be used as a first line treatment inthe kinase domain activation loop, induces phosphorylation
the management of CML. However, the long-term effects of Tyr242. Phosphorylation at Tyr242 subsequently leads to
with imatinib and its ability to cure CML as a single agent displacement of the SH3 domain from its binding site, result-
are unknown. It is still unclear whether or not imatinib is inginincreased kinase activifg4]. Imatinib takes advantage
sufficient to eradicate the disease; in addition, there is well- of these structural requirements. Studies of the ABL—imatinib
documented proof of primary or secondary resistance of crystal structure revealed that the Tyr412 residue is not
leukemic cells to imatinib. The primary effect of imatinib on  phosphorylated in the presence of imatinib-binding and the
BCR—ABL expressing progenitor cells seems to be inhibition kinase is in an inactive conformati¢h7]. Phosphorylation
of proliferation rather than induction of apoptof33,38] As of Tyr412 is associated with conformational changes, orient-
imatinib holds the activity of BCR—ABL dormant, itis possi- ing this residue away from the catalytic pocket and leading
ble that a single drug may not be sufficient to completely to the active conformation of AB[44]. Structural data from
eradicate the tyrosine kinase positive stem cells from the ABL in the active state in complex with the alternative ABL
body. Despite successful results in patients with early stagesinhibitor PD173955 suggest that the active state may not be
of CML, the unsatisfying activity of imatinib in advanced favorable for imatinib-binding45]. The BCR—-ABL fusion
stages of CML raised the need to identify novel drugs that are protein is likely to undergo a similar regulatory mechanism,
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involving the retained SH3 domain as a regulator of the
monomeric fusion protein. Inthe 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

the reason for this remains unknown. Frequently affected
changes of residues in this group include Y253F, G250E,
E255K and Q252H49,52,53] 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

binding site, which has been associated with increased cat-may contribute to resistance by shifting the equilibrium of the

alytic activity. The BCR—ABL protein is likely to be present

active and inactive state of the ABL kinase, causing a push

in equilibrium, changing between the active and the inactive towards the active staf®5]. A likely example of this are
conformation. Therefore, imatinib is expected to bind to the mutations at Y253, which cause the loss of a hydrogen bond
inactive conformation when BCR—ABL is monomeric and with N322, therefore forcing the balance towards the active
unphosphorylated and when the autoinhibitory SH3 domain conformation17]. Second, the T315 proximal region where
is in contact with its binding site. the T3151 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 imatini§56]. The third region affects the catalytic
Potentially the most frequent clinically relevant mecha- domain that involves the residues 351-359, which can con-
nisms that change imatinib sensitivity in BCR—ABL trans- tain the M351T, E355G and F359V mutations. Interestingly,
formed cells are mutations within the ABL kinase, affecting the M351T mutation results in a significant decrease inkinase
several of its properties. Point mutations can directly influ- activity [52]. The last group of mutations affects the activa-
ence the proper binding of imatinib to the target molecule, as tion loop (also known as A-loop), a region that connects the
well as the binding of ATP. Furthermore, mutations can lead N-and C-terminal lobes of the kinase domgii]. Mutations
to conformational changes of the protein, affecting binding of of residues located in this domain, such as H396R, V379,
either imatinib or ATP in an indirect way. Imatinib-resistant and L378M, prevent the kinase from achieving the confor-
mutations are likely to be induced by imatinib itself, due mation required to bind imatinib. The decrease of imatinib
to selection of BCR—ABL expressing clones that harbor the sensitivity is heterogeneous and varies between the distinct
point mutation. In these particular cells, imatinib is unable to mutations; investigators have observed ranges spanning from
efficiently bind and thus permits a growth advantage due to a minor increase of the median inhibitory concentrations of
lack of ABL kinase inhibition. Thisis consistent with the find- imatinib to a virtual insensitivity to imatinib.
ing that resistance-mediating mutations can be found at very
low levels in patients prior to clinical imatinib resistance. The 2.3. Imatinib resistance by BCR-ABL gene amplification
first mutation detected in resistant patients was the exchange
of the amino acid threonine for isoleucine at position 315  Resistance to imatinib can also be caused by overexpres-
(T3151) of the ABL protein[46]. To date, more than 30 sion of the BCR—ABL protein due to gene amplification of
different point mutations encoding for distinct single amino the BCR—ABL gene. This mechanism was initially described
acid substitutions in the BCR—ABL kinase domain have been in the LAMA84R cell line with a 4.6-fold increase in mMRNA
identified in 50-90% of relapsed CML patieni46—-50] levels[58]. In contrast to some ABL point mutations that
These mutations are more frequently observed in relapsedcan lead to complete imatinib resistance, higher concentra-
patients when compared to primary resistant pati@m&0] tions of imatinib were able to inhibit the function of the
As of now, rare additional alternative forms of imatinib- BCR-ABL oncoprotein in overexpressing cells. This mech-
resistant mutations have been identified, including Y253F/H, anism of resistance is observed in a proportionally small
G250E/R, E255K/V, Q252H/R, F311L/l and E354®,51] number of imatinib-resistant patiefi] and can be detected
Mutations of the kinase domain can reactivate the kinase by interphase fluorescence in situ hybridization using fluo-
activity of the BCR-ABL protein, leading to decreased sensi- rescently labeled probes for BCR and ABL gerié8,47]
tivity of imatinib by 3- to >100-fold. Mutationsin BCR—-ABL Interestingly, there are also some patients overexpressing
are more common in patients with BCR—ABL positive lym- BCR-ABL in the apparent absence of gene amplification
phoid leukemia (ALL, lymphoid blast-crisis CML) than in  [59], raising the possibility of the existence of additional,
patients with myeloid leukemia. yet unknown mechanisms. CML patients with imatinib resis-
The regions within BCR-ABL in which point mutations tance due to BCR—ABL overexpression are likely to respond
occur can be categorized into four groups: First, the P-loop to increased concentrations of imatinib (see for rejigdy).
(also known as first-loop) is a highly conserved, flexible,
glycine-rich structure that normally acts as a nucleotide- 2.4. Pharmacological mechanisms
binding loop for the phosphate groups of ATP. P-loop muta-
tions are the most common and patients reported with these Like most other small molecule drugs, imatinib needs to
mutations have a particularly bad prognofs€], though pass through the plasma membrane to reach its target protein.

2.2. Point mutations in BCR-ABL decrease imatinib
sensitivity
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In many cases of drug resistance, transmembrane proteind here is a great body of literature describing additional muta-
involved in ion transport across the plasma membrane (ortions in Ph+ cells, however there does not appear to be a par-
pumps) have been implicated in mediating drug resistance.ticular mutation in addition to the t(9;22)(q34;q11) translo-
It appears that this mechanism plays a minor role in ima- cation that drives transformation in any specific way. It could
tinib related resistance. For example, overexpression of thebe possible that accumulation of additional mutations may be
P-glycoprotein, which is encoded by the multidrug resistance sufficient for transformation by themselves, independent of
MDR-1 gene, has been frequently implicated in resistance to BCR-ABL. For example, one study involving 36 patients
various chemotherapeutic dr@§4—63] The P-glycoprotein  with paired cytogenetic analyses (pretherapy/refractory or
acts as a pump that is able to clear the cell of soluble com-resistant disease), 19 patients showed chromosomal aberra-
pounds by transporting them through the plasma membranetions in addition to the Philadelphia chromosome transloca-
The MDR-1 gene is commonly overexpressed in blast cells tion [47]. These alterations included aneuploidy in thirteen
of patients in the advanced stage CML. A BCR—-ABL trans- patients, alteration of the shortarm of chromosome 17 leading
formed cell line resistant to doxorubicin, due A6DR-1 to the loss of one p53 allele in seven patients and new recipro-
gene overexpression, was shown to grow continuously in cal translocations in two patients. Furthermore, eight patients
the presence of (LM imatinib but died soon after adding showed multiple cytogenetic aberrations. Of particular rele-
the P-glycoprotein pump modulators verapamil or PSC833 vance to genomic instability is the fact that transformation
at non-toxic concentratiori64,65] However, the suggestion  of hematopoietic cells with BCR—ABL results in an increase
thatMDR-1 gene overexpression might confer resistance to in reactive oxygen species compared to quiescent, untrans-
imatinib mesylate in leukemic cell lines is controver$e#]. formed cellg[71]. Increased production of reactive oxygen
Another pharmacological mechanism that could contribute to species has the potential to cause a transforming phenotype
imatinib resistance involves the Al-acid glycoprotein (AGP), itself[72] and is likely to support transformation by acting as
which is present in the plasma and can bind to imatinib, second messengers to regulate activities of redox-sensitive
thus possibly reducing its intracellular concentration at high enzymes. An increase in ROS can have long-term conse-
plasma levels. Hence, mice treated with erythromycin, which quences for genetic stability. ROS are quenched not only
binds to AGP have been shown to overcome such resistancéy enzymes, antioxidants and sulfhydryl groups, but also by
[67]. However, the significance of resistance in these observa-reacting with DNA bas€l§ 3]. Recent data by Skorski’'s group
tions is still controversial and needs to be clarified in further suggestthat elevated ROS levels are sufficient to induce DNA
studies. In addition, recent data suggest that imatinib inhibits damage in BCR—ABL transformed celli&4].
the function of the ABCG2 (or BCRP protein). ABCG2 trans-
ports certain drugs such as the quinoline-based camptothecins
out of the cells, thus causing drug resistance in human canceB. Novel ABL kinase inhibitors targeting imatinib
[68,69] Imatinib may reverse ABCG2-mediated resistance, resistant BCR-ABL
but has notbeen shownto be an ABCG2 substrate for efflux by
itself. This important function requires additional considera-  The expanded knowledge of the different mechanisms of
tion when combining imatinib mesylate with other anticancer imatinib resistance has helped to devise strategies to solve
cytotoxic agents that are putative ABCG2 substrates. Never-these problems. One goal is to identify new compounds that
theless, data by Burger et al. suggest that imatinib levels arebind to and inhibit the ABL kinase but are less affected by
significantly decreased in ABCG2-overexpressing cells and point mutations through their static conformation. In par-
that ABCG2-mediated efflux can be reversed through a spe-ticular, the crystal structure analysis of the ABL—-imatinib
cific ABCG2 inhibitor[70]. Thus, the role of imatinib as an  complex[17] has proven helpful in identifying potential crit-
ABCG2 substrate needs further evaluation. The interaction ical residues that hinder interaction of imatinib with mutated
of imatinib with ABCG2 may influence its gastrointestinal ABL. One might also presume that potency of inhibition
absorption and play a role in cellular resistance to imatinib. It could be increased by identifying compounds that can bind
seems apparent that ABL point mutations are a more preva-to the active and inactive ABL kinase conformation. Another
lent mechanism of imatinib mediated drug resistance when strategy has been to target the substrate binding pocket in
compared to mechanisms involving drug pumps. The type ABL. We will summarize recentfindings on three novel drugs
and incidence of mechanisms causing resistance may becomas well as a variety of dual-specific Src/ABL inhibitors that
more common with novel targeted therapies geared to over-have been developed using different strategies.
come imatinib resistance.
3.1. AMNI07, a cousin of imatinib
2.5. BCR-ABL-independent cytogenetic aberrations in
imatinib resistance Recently, several preclinical studies have shown promis-
ing results for the second generation ABL inhibitor AMN 107,

BCR-ABL has been associated with genomic instability, developed by Novartis Pharmaceuticals (Basel, Switzerland).
which may have particular relevance during disease progres-Imatinib was developed through rational drug design, and
sion from chronic phase to accelerated and blast phase CML based on it success, the structurally related anilio-pyrimidine
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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 createdrig. 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 establishetalfle 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 Tyrl77, 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 ONO012380 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.
T315I1 >10000 >10000 >1000 10000 8 > 10000
F317L 80 1583 18 810 8 n.t.
F317Vv n.t. n.t. 53 350 n.t. n.t.
M351T 33 1285 n.t. n.t. 8 n.t.

The IG5 values (ng/mL) are shown for inhibition of cell proliferation in various cell lines transformed by wild-type (wt) BCR—ABL or imatinib-resistant
BCR-ABL proteins with a single amino acid substitution (as indicated) in response to imatinib, AMN107 and BMS-BE#82200] Some of the cell lines
were not tested (n.t.) for a particular drug and there may be partial variability in the sensitivity of the different cell lines generated by west@atans.
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of phosphatidylinositol-3 kinase (PI3K) and Ras/HE¥6]. tinib in inhibiting its target proteins by promoting the uptake
Phosphorylated Tyr177 and its associated proteins were alsaf AMN107. Though both drugs target the same kinases and
identified as key lineage determinants and regulators of are structurally related, this does not necessarily mean that
the severity of BCR—ABL transformatiofy6]. Treatment they behave in a competitive manner.
of BCR—ABL expressing K562 cells with 10 nM doses of In vivo studies using mice with BCR—ABL-transformed
AMN107 resulted in down-regulated phosphorylation of the bone marrow cells have confirmed the improved effi-
BCR-ABL autophosphorylation site Tyr17#7]. It has been cacy of AMN107 compared to imatinib. AMN107 signifi-
suggested that the enhanced potency of AMN107 comparedcantly reduced the accumulation of leukemic cells in mar-
to imatinib is due to its higher affinity to the ABL kinase row, spleen, lymph nodes, and liver. AMN107 also pro-
pocket[75]. This is consistent with the AMN107-ABL crys- longed survival of mice expressing wild-type BCR—-ABL
tal structure, indicating a better topographical fit of AMN107 and the imatinib-resistant E255V and M351T mutant pro-
to ABL due to the somewhat increased contact with the bind- teins[75]. Both BCR—-ABL mutant expressing mice treated
ing surfacq75]. with AMN107 showed shortened survival in regard to the

Cell lines expressing the imatinib-resistant BCR—-ABL wild-type form, which is consistent with the fact that these
mutants M351T, F317L and E255V can be inhibited by mutants are 27- and 2-fold less sensitive to AMN107 than
AMN107. However, higher doses are needed to obtain the wild-type BCR—ABL. Consistent with the in vitro results,
same inhibition as observed in their wild-type counterparts. control mice (not expressing the BCR—ABL protein) did not
Another study determined intermediate sensitivity for the show evidence of hematopoietic toxicity after treatment for
E255KYV, L248R and Y253H BCR-ABL mutants with g 14 days with AMN107.
values over 500 nNI75]. AMN107 was not effective against AMN107 has made its way into clinical testing. Phase
the T3151 and G250E BCR-ABL mutants. Of particular I/l studies open to CML patients with accelerated or blastic
interest is that the T315] mutant of BCR—ABL remained phase disease and patients with Ph positive acute lymphoblas-
resistant to AMN107 concentrations up toldBl [75]. The tic leukemia are currently under wg81]. Initial results of
frequently occurring Y253F, F311L, M359V, and H396P/R these studies indicate hematologic response rates >50% as
mutations have not yet been tested for AMN107-mediated well as cytogenetic response in patients with acute phase
inhibition. At AMN107 concentrations <100 nM there was and blast phase. The dose-limiting toxicity has not yet been
no significant inhibition of normal myeloid progenitor cell defined, but AMN107 has been well tolerated at levels up to
growth in the in vitro models, indicating a lack of general 1200 mg per day with only moderate side-effects. In conclu-
toxicity. Like imatinib, AMN107 is also an inhibitor of the  sion, it seems that AMN107 has superior potency to imatinib
tyrosine kinases PDGFRA, PDGFRB and c-kit as demon- as an inhibitor of BCR—ABL in vitro and in vivo. Further-
strated in A31 and GIST882 cells. However, in contrast to more, many imatinib-resistant BCR—ABL mutations might
imatinib, AMN107 is most effective against ABL with an  be effectively targeted by this new inhibitor, however, clones
ICs50 of 25 nM and is therefore approximately 20-fold more carrying the Y253H, E255V, and T315] mutations are all
potent than imatinib. The increased efficacy of AMN107 markedly resistant, even at very high in vitro doses. It may
towards wild-type BCR—ABL is not carried over to PDGFR also be too early to draw conclusions about the safety, toler-
(57 nM) or c-kit (60 nM), making AMN107 a similarly effec-  ability or general toxicity of AMN107.
tive inhibitor of those kinases compared to imatinib.

Unfortunately, resistance to AMN107 induced inhibition 3.2. BMS-354825, a novel ABL and SRC family tyrosine
of cell growth and viability in several BCR—ABL express- kinase inhibitor
ing cells has already been observed at concentrations of up
to 100 nM AMN107. The molecular mechanisms underlying The pyridol[2,3-d]pyrimidine BMS-354825 is a novel
resistance still need to be determiri@8]. Additional stud- ABL-targeted small-molecule inhibitor={g. 1) developed
ies to determine if AMN107 resistance differs from imatinib by Bristol-Myers Squibb (Princeton, USA) that also shows
resistance are currently underway. Other approaches evalactivity towards Src kinases. Shah et al. recently demon-
uated the aforementioned pharmacological mechanisms ofstrated that BMS-354825 has up to 100-fold increased
imatinib resistance in AMN107 treated cell lines. MDR1 activity against the ABL kinase compared to imatinib and
over-expressing cells that were originally obtained from retains activity against 14 of 15 imatinib-resistant BCR—-ABL
a 3-year-old child with T-ALL were exposed to either mutants in vitro Table ) [82]. The T315I substitution is the
AMN107 or imatinib. Results indicated a 3.7-fold elevation only known BMS-354825 resistant mutgB82] and as dis-
of AMNZ107 levels compared with imatinib, suggesting that cussed above, has been shown to be resistant to AMN107
AMN107 might be less affected by MDR1 driven resistance treatment in preclinical studies. The crystal structure of
than imatinib[79]. In this context, it is of note that imatinib  the BMS-354825-ABL complex has revealed the necessary
treatment has been shown to correlate with decreased interrequirements for the interaction of the inhibitor with the
stitial fluid pressure (IFP), causing a potentially improved ABL kinase. BMS-354825 binds to the ATP-binding site in
uptake of anti-cancer drug80]. Therefore, it would be of  a position that is similar to imatinib. The central cores of
great interest to evaluate if AMN107 can cooperate with ima- BMS-354825 and imatinib share overlapping regions, the dif-
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ference being that they extend in opposite directions. Unlike per week) was well tolerated in 28 patients, except one,
imatinib and AMN107, which are only able to bind to the who developed a single episode of grade 4 thrombocytopenia
inactive conformation, BMS-354825 is able to bind to the [87]. The maximal duration of BMS-354825 treatment was
active aswell astothe inactive conformation of ABL. Further- 9 months. BMS-354825 was reported to be absorbed rapidly
more, BMS-354825 makes fewer contact points with ABL and easily reaches serum levels above the required in vitro
than imatinib or AMN107 and places less stringent confor- concentration for blocking CML cell proliferation. In another
mational requirements on the kinase. The finding that BMS- study, a pool of 26 patients including 22 patients with imatinib
354825 is able to recognize multiple states of the enzyme resistance and 4 withimatinib intolerance with an average dis-
and needs less contact points with ABL than imatinib may ease duration of 6.1 years, were treated with doses of 35 mg
partially explain why its binding affinity to the ABL kinase perday or greater. All of the patients experience clinical bene-
is greater than imatinif83]. fitand 19 (73%) had a complete hematologic response. Seven
BMS-354825 is a potent inhibitor of multiple Src-family  patients responded partially and of those two endured disease
members, including Lck, Fyn, Src, and Hck. The prolifer- progression. Interestingly, one of the patients with disease
ation of cells overexpressing these family members can beprogression was identified as having the imatinib-resistant
inhibited at 1G values of 0.5nM84]. Thus, BMS-354825  T315I mutation in BCR—-ABL. These results are in agreement
is a more potent inhibitor of Src kinases than of ABL. Fur- with the in vitro studies, in which cells harboring the T315I
thermore, this drug has significant activity against c-kit and mutationinthe BCR—ABL oncoprotein could notbe inhibited
PDGFR3, with ICsq for inhibition of kinase activity atvalues by BMS-354825, imatinib or AMN10749,75,82] Moni-
of 5 and 28 nM, respectively. As previously mentioned, acti- toring patients with CML has become an important aspect
vating mutations of c-kit have been associated with systemicin disease management to observe treatment response and
mastocytosis and gastrointestinal stromal tumors. Whereasearly detection of relapses. Quantitative real-time PCR cor-
the wild-type c-kit kinase has been shown to be imatinib- relates well with cytogenetic response in patients treated with
sensitive, the most common mutation in systemic mastocy- imatinib and represents a useful tool for monitoring disease
tosis D816V, which is located in the kinase domain, leads to progression or response to treatm{&8{. A recent study with
imatinib resistance. The less common V560G mutation in ¢c- 13 patients resistant or intolerant to imatinib with chronic
kit occurs in the intracellular juxtamembrane region of c-kit phase disease were found to show a cytogenetic response
and has been reported to be more sensitive to imatinib com-after BMS-354825 treatment. Their response correlated with
pared to wild-type c-kif31]. BMS-354825 was also shownto a two-log-reduction in BCR—ABL transcript levels as deter-
be effective on these c-kit mutations. The human mastocyto- mined by quantitative PC[89]. Overall, these early findings

sis leukemia cell line HMC-2C containing the c-kit V560G
mutant could be inhibited by an ig of 1-10 nM of BMS-
354825[85]. Autophosphorylation of the imatinib-resistant
D816V c-kit mutation was also inhibited with an 4gof
about 100 nM BMS-354825. Cell growth could also be com-
pletely inhibited at 3.M BMS-354825 in the HMC-360.816
cell line which harbors the V560G, as well as the D816V
c-kit mutation[86]. The IGsp ranged from 0.1 to LM in

these experiments. In addition, the tyrosine phosphorylation
of c-kit was significantly reduced in the presence of nanomo-

suggest that BMS-354825 may inhibit ABL at lower concen-
tration than imatinib and has the potential to overcome some
forms of imatinib-related drug resistance. However, it still
needs to be evaluated if the inhibitory effect of BMS-354825
towards other tyrosine kinases may have detrimental effects
in vivo or if this supports its promising efficacy.

3.3. ON012380, a substrate binding site ABL inhibitor

Unlike imatinib, the ABL inhibitor ON012380Kig. 1)

lar concentrations of BMS-354825. These findings underline was specifically designed by Onconova Therapeutics (Prince-

the likelihood that BMS-354825 may also overcome imatinib

resistance in myeloproliferative diseases other than CML,

including systemic mastocytosis.

The effect of BMS-354825 was also tested in mice that
were injected with BaF3 cells expressing BCR—ABL wild-
type, as well as the T315l and M351T point-mutaj@2].
Only mice injected with BCR—ABL wild-type and M351T
cells showed significantly prolonged survival, in contrast to
mice injected with T315I cells.

In view of the promising in vitro and in vivo data, phase |
trials with BMS-354825 to test the safety and efficacy of the
treatment of imatinib-resistant CML are currently under way.
These trials include patients with Ph+ CML in chronic phase

ton, USA) to block the substrate binding site rather than the
ATP binding site[90]. This strategy has the advantage in
that the previously described imatinib-resistant mutants are
unlikely to be resistant to this inhibitor, due to the differ-
ent binding sitesTable J. In vitro studies confirmed this
assumption and ON012380 was able to inhibit both wild-type
and all imatinib-resistant kinase domain mutations, even the
problematic T315I mutation with an Kg of less than 10 nM.
Interestingly, ON012380 also has activity againstthe PDGFR
kinases and the Src family member Lyn withsf&alues for
inhibition of proliferation of approximately 80 nM. However,
inhibition of the c-kit kinase is more weakly pronounced with
an 1Gsp value of 446 nM[90]. ON012380 works synergisti-

with hematologic progression or intolerance when treated cally with imatinib in wild-type BCR—ABL inhibition, which

with imatinib. Primary results from these trials indicate that
the drug (15-180 mg of BMS-354825 per day for 5-7 days

is not unexpected since these two drugs bind to different sites
on the ABL kinase. ON012380 showed a 10-fold stronger
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inhibition of wild-type BCR—ABL compared to imatinib. In  modes with imatinij100]. Even though both inhibitors can
addition, ON012380 was similarly effective against all 17 block ABL kinase activity, they were also shown to induce
tested imatinib-resistant ABL kinase domain mutants with an growth arrest and apoptosis independent of ABL inhibition.
ICsp of less than 10 nM in the 32Dc13 cell line. These find- These ABL-independent effects may be due to inhibition of
ings were confirmed through in vivo experiments by injecting the Src kinases. This is reflected by a strong correlation of the
nude mice with 32Dc13 cells expressing imatinib-resistant effects of PP1 and CGP76030 on the growth of cells express-
BCR-ABL with the T315I mutatio90]. After 7 and 14 ing imatinib-resistant BCR—ABL mutants with their ability to
days, mice that were treated with ON012380 showed a sig-inactivate Src family kinases. A less complex binding mode
nificantly lower cell count of leukemic cells expressing the of PP1 and CGP76030 may at least partly explain the some-
T315I mutant than imatinib- or saline-treated mice. More- what broader target profile of these compoufiti¥1,102]
over, doses of 300 mg/kg of ON012380 produced no signs of PP1 and CGP76030 may represent valuable compounds for
toxicity in mice, suggesting a very desirable safety profile. treatment of advanced or imatinib-resistant Ph+ leukemias.
This new compound shows encouraging results, particularly However, it has not yet been determined if these compounds
inits ability toinhibitthe BCR—ABL T315I mutant. However, are sufficiently specific and safe for clinical treatment.

this small molecule drug has not yet entered clinical trials  Similar to PP1 and CGP76030, the pyrido[2,3-
where it must prove its safety in use, efficiency in achiev- d]pyrimidine compound PD166326 was originally described
ing molecular remission and preventing the appearance ofas an inhibitor of the receptors for fibroblastic growth fac-

imatinib resistance. tor (FGF), epidermal growth factor (EGF), platelet-derived
growth factor (PDGF) as well as a Src kinase inhibitor

3.4. Additional Src family tyrosine kinase inhibitors with [103-105] Additional related compounds, PD180970 and

ABL inhibitor activity PD173955 have already been identified as potent inhibitors

ofthe ABL and BCR-ABL tyrosine kinases by in vitro assays

The activity of Src tyrosine kinases has long been known [106—108] Recently, anti-leukemic activity of PD166326
to be elevated in the presence of the BCR—ABL oncoprotein against BCR—ABL wild-type and imatinib-resistant forms
[91-93] However, recent genetic evidence by Hu et al. sug- in cell lines and in murine models has been evalu§®&gl
gests that Src kinases may play a minor role in early CML. In these studies PD166326 was determined to be almost
Using mice with disruption of theyn, Hck and/orFgr genes, 100-fold more potent in inhibiting BCR—ABL than imatinib
Hu etal. investigated the role of these Src family kinasesin the using a BCR—ABL transfected cell line model. In addition,
development of a myeloid or lymphoid leukemia induced by PD166326 was shown to be 6.8 times more potent than ima-
BCR-ABL [94]. Lack of only one kinase had no effect, but tinib in blocking c-kit mediated proliferation and showed
deletions of at least two of these three Src genes extendedncreased activity against Lyn. This may be of potential inter-
disease latency and survival in these mice, exhibiting the est, considering that acquired imatinib resistance may be
symptoms of an ALL-like disease, but not a CML-like dis- mediated in part through overexpression of Src family mem-
ease. Therefore, Src kinases may be essential to BCR-ABLbers, in particular Lyr{109,110] PD166326 is also more
mediated induction of ALL, but not CML. Although the potent than imatinib in murine CML models. Oral applica-
amino acid sequence in the imatinib binding pocket of ABL tion of PD166326 was well tolerated and quickly reached
closely resembles the homologous sequence in Src familyconcentrations sufficient to inhibit BCR—ABL kinase activ-
kinases, these kinase are not inhibited by imatinib at clinical ity in these model$98]. PD166326 prolonged the survival
dosed14]. It has been hypothesized that this might be due of mice with a CML-like myeloproliferative disorder and
to differences in the conformation of the activation loop in was also superior to imatinib in controlling the peripheral
the inactive Src and ABL kinagé&7]. Src inhibitors, includ- blood granulocytosis and splenomegaly. PD166326 was also
ing AZM475271, PP2 or AP-23236 have been previously more effective against the M351T and H396P mutations in
tested in various cancef85-97] Recently, the pyridopy- BCR-ABL, but not towards the T315] mutation. However,
rimidine PD166326, a dual-specific ABL/Src inhibitor, has after up to 4 weeks of treatment there were still BCR-ABL
been shown to be effective against BCR—-ABL kinase activity positive leukemic clones detected in all animals including the
in vitro and in murine modelf98]. wild-type form, indicating that not all BCR—ABL expressing

PP1 and CGP76030 were originally characterized as Srcclones were eradicated.
kinase inhibitors. Later, they were found to also inhibit ABL
kinase activity and thus are designated as dual Src/ABL
inhibitors [99]. PP1 and CGP76030 induce growth arrest 4. Targeting BCR-ABL-dependent signaling
and apoptosis in BCR—ABL positive cell lines. Furthermore, pathways required for transformation
mutations of the residue 315 of the ABL kinase did not com-
pletely disrupt the inhibitory effects of PP1and CGP760300n  Despite the identification of many different signaling path-
cell growth and survival. PP1 and CGP76030 bind to the ima- ways activated by BCR—ABL, it has been difficult to link any
tinib binding pocket in close proximity to the ATP-binding single signaling event to a specific biologic effect. In addi-
pocket of the ABL kinase and share large overlapping binding tion, there may be considerable redundancy inthese activities.
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cells leads to the stimulation of a pathway that is required

but insufficient for transformatiofil16]. Thus, here may

not be sufficient pressure to select for clones with activating
LY294002 mutations, such as in lung or breast cancer, due to chronic

@ < -/ Farnesy A . activation of Raq115,117] Inhibition of Ras itself or its
o \transferase) / S _[ downstream intermediates may represent not only an excel-
: ! @ lent target to overcome imatinib resistance, but also may help

SCH66336
BMS-214662
R115777

in the treatment of other hematologic malignancies or can-
cers.

RAF \/ 4.1.1. Farnesyl transferase inhibitors
BCR-ABL Farnesyl transferase inhibitors (FTIs) were initially
designed to primarily block the post-translation farnesyla-
‘\ o 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 potenfi&l8].
Consistent with Ras as a frequent target of activating muta-
tions and due to its important role in transformation, FTls

= \/ T
0 b 1 ag
have shown significant anti-tumor activities in a variety of
cancerg119,120] Nevertheless, it became clear that FTIs

AP23464
PP1
PD166326
CGP76030
PD173955,

1

h L

Fig. 2. Targeting signaling pathways of BCR—ABL. The BCR—ABL onco- also act by addltlonal. an.d. more complex meChamsmS that
protein chronically activates many different downstream signaling pathways ma}’ e.Xt_e.nd beyond '.nh'b't'on of Ras farnelysation, Su.Ch

to confer malignant transformation in hematopoietic cells. For example, effi- @S inhibiting Rho, lamin B, and other farnesylated proteins
cient activation of PI3K, Ras and reactive oxygen species requires autophos-[121-124] To date, the primary substrate of FTIs and its

phorylationon Tyr177, a Grb2 binding site in BCR-ABL. Also, activationof  cyrrent impact for malignant transformation remain mostly

Src family tyrosine kinases have been implicated in the BCR—-ABL related unknown.

disease process. A selection of some of Fhe inhibito‘rs aqd pathways dis- . h dditi | eff ltipl )
cussed are depicted. There are additional important signaling pathways and Despite these additional effects on multiple Ras
inhibitors that have been shown to overcome imatinib-related drug resis- independent pathways, FTIs have been successfully tested
tance, which are not shown here. in hematologic malignancies. Initially, FTIs were designed
as peptidomimetics by containing both natural and non-
Many BCR-ABL chronically activated signaling pathways, natural amino acids. Unfortunately, these compounds have
including the PI3K, STATs and RAS pathway or the induction a short half-life due to proteosomal degradation. Non-
of reactive oxygen species have been shown to be criti- peptidomimetic substances have shown to be less compli-
cal for transformation. Several of the current approaches to cated in terms of bioavailability. There are several promising
overcome imatinib resistance take advantage of this fact by FTIs of this group that are under investigation in hemato-
using drugs that inhibit pathways contributing to malignant |ogic malignancies, including R115777 (Tipifarnib, Zarnes-
transformation of neoplastic clones, rather than using ABL tra), SCH66336 (Lonafarnib, Sarasar), and BMS-214662. For
inhibitors. Some of these strategies and novel drugs are sumexample, the orally administrated inhibitor R115777 demon-

marized and discusseBig. 2). strated effectiveness against AML in first clinical trials, espe-
cially in older patients. R115777 was also active in CML as
4.1. Targeting the Ras pathway well as myelodysplastic syndromgs25-128] Significant

adverse effects in these studies included peripheral neuropa-

The Ras protein is a well-studied proto-oncogene that is thy, liver toxicity, and dose-limiting neurotoxicity or myelo-
mutated in approximately 30% of all human candérkl]. suppressiof126,129] Combination treatment of imatinib
Also, hematologic malignancies are frequently affected by and R115777 had a synergistic inhibitory effect on growth in
this mutations, ranging from 5% in ALL patients to up several imatinib-resistant cell lines by induction of apopto-
to 65% of patients with chronic myelomonocytic leukemia sis and blockage of the cell cyd#&30]. Another compound
[111,112] The activation of Ras is dependent on SOS named SCH66336 has already been tested in phase | and I
and Ras-GAP. In CML cells, evidence has been found for studies in patients with solid tumors where it was generally
constitutive Ras activation and reduced Ras-GAP activity well tolerated131,132] In a p190BCR—-ABL positive trans-
[113]. A major pathway that leads to activation of Ras in genic mouse model, SCH66336 was shown to suppress the
BCR-ABL transformed cells requires autophosphorylation progression ofthe disease. SCH66336 is also effective against
of BCR-ABL on Tyrl77 and binding of Grbpl14,115] BCR-ABL transformed cells expressing the T315] mutation
The constitutive activation of Ras in BCR—ABL transformed inimatinib-resistant cellgL33]. The combination of imatinib
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with SCH66336 was shown to enhance the inhibitory activity 4.2.1. Phosphatidylinositol-3'-kinase inhibitors

of imatinib by inducing apoptosis of imatinib-resistant cells PI3K and its downstream targets, including the ser-
overexpressing the BCR—-ABL protein. Due to gastrointesti- ine/threonine kinases AKT, mTOR and p70S6kinase, play
nal toxicities and in contrast to the two previously mentioned a key role in the regulation of cell survival and proliferation.
compounds, BMS-214662 is given intravenously and holds Its activity is regulated by BCR-ABL and is required for the
the most apoptotic potency of all known FT[k34]. Cur- growth of CML cells[142—144] Recently, we showed that
rently, phase | and Il studies are under way, including the activation of the PI3K/mTOR pathway by BCR-ABL con-
combination of BMS-214662 with cisplatin and paclitaxel in  tributes to increased production of reactive oxygen species
hope for a possible synergistic effect which was suggested by[145], thus linking PI3K/mTOR to mechanisms that have
preclinical datg135,136] Future studies aimed to develop been implicated in genomic instability and imatinib resis-
optimal dose schedules and potential combinations with othertance [74]. Signal transduction through this pathway can
drugs will helpto assess the value of FTIs inimatinib-resistant be blocked by inhibitors such as LY294002 or wortmannin,

CML.

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

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-

stream target of Ras and an important regulator of the tosis in BCR—-ABL expressing cel[¢47]. Wortmannin and

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 establishld7]. 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
apoptosig138]. In another study, treatment with the specific
MEK inhibitor U0126 led to reduction of survival in AML
cell lines[137]. It also reduced expansion of CD34 positive
progenitor cells in CML. Furthermore, the combination of
U0126 withimatinib had a synergistic effect on these progeni-
tor cells. Another specific MEK inhibitoris PD184352, which
in combination with imatinib led to increased mitochondrial
damage in K562 cells resulting in synergistic induction of
apoptosig139].

4.2. Targeting the PI3K pathway

The BCR-ABL protein leads to the activation of many

LY294002 were also effective in imatinib-resistant K562 by
increasing the sensitivity to imatinib, suggesting that resis-
tance toimatinib does not confer resistance to PI3K inhibition
in this specific cell line modgL48].

4.2.2. PDK]I inhibitor

Another approach focuses on the inhibition of the PI3K
downstream target PDK[149]. OSU-03012 is a derivate
of the cyclooxygenase-2 (COX-2) inhibitor celecoxib, how-
ever OSU-03012 is actually devoid of its COX-2 inhibitory
activity. Instead, OSU-03012 belongs to the group of PDK1
inhibitors that have been demonstrated to deactivate AKT and
induce apoptosis in transformed c4l150]. OSU-03012 was
successfully tested on the imatinib-resistant mutants T315I
and E255K in BaF3 cells as well as on regular BaF3 and
32Dcl3 cells where it showed no toxic effects withsiC
values of 4.8 and 4 4M, respectively[149]. In these cell
models, OSU-03012 showed an anti-proliferative effect due
to induction of apoptosis irrespective of BCR—ABL muta-
tions and at Iy values of 4-quM. It was suggested that
there is no overlap in the underlying mechanisms of resis-

downstream targets that have been shown to play importanttance between OSU-03012 and imatifiigt9]. Moreover,

roles in malignant transformation. One of the major path- augmented effects were observed when both mutated and
ways constitutively activated by BCR—ABL and required for non-mutated cells were treated with the combination of OSU-
transformation involves PI3K. PI3K can phosphorylate phos- 03012 and imatinib. Even though initial results look promis-
phatidylinositol (PI) at the D3 position and in vivo produces ing, this new inhibitor must first prove itself to be efficient
mainly PI-(3,4)-bisphosphate and PI-(3,4,5)-trisphosphate, and safe, in both animal models and for clinical use.

which may function as second messengers. A role for PI3K

as a pleiotropic regulator of signal transduction pathways and4.2.3. mTOR inhibitors

biological functions includes in part the functional regulation The mammalian target of rapamycin (MTOR) is a
of AKT (survival, growth), Rac (motility, survival), S6kinase  serine/threonine kinase that is located downstream of
(protein synthesis) and others. PI3K also regulates Ras andPI3K/AKT and which is involved in the regulation of cell

can be regulated by Ras its¢lf40,141] We have shown
that BCR—-ABL regulates PI13K activity through Gab2, which
forms a complex with Grb2. Phosphorylation of Gab2 and
activation of PI3K is regulated through the Tyr177 autophos-
phorylation site in BCR—-ABL76]. Gab2 is a key regulator
of PI3K in BCR-ABL transformed cells and is likely to be
required for transformation in vivo.

survival, proliferation, growth and probably additional bio-
logical effects[151]. A major normal function of mMTOR

is to phosphorylate p70S6kinase (p70S6K) and initiation
factor 4E-binding protein-1 (4E-BP1), both of which have
been demonstrated to regulate mRNA translation. In CML
cells, the translational regulators ribosomal protein S6K1 and
4E-BP1 are constitutively phosphorylated through increased
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activity of mTOR[152]. The orally bioavailable macrolide  also the DNA methylation inhibitor 5-aza-2-deoxycytidine
rapamycin and its derivatives RADOO1 (everolimus), CCI- (decitabine) that holds cytotoxic and chromatin-modifying
779 and AP23573 bind to the immunophilin FKBP12, activity. This drug was shown to be beneficial in cells
best known for its interaction with the immunosuppressant that were imatinib resistant or had residual sensitivity to
FK506. This complex inhibits mTOR, resulting in G1 cell imatinib monotherapy. However, this effect was dependent
cycle arrest. Furthermore, inhibition of MTOR leads to inac- on the molecular mechanism of resistance and imatinib
tivation of ribosomal S6K1 and inhibition of cap-dependent appeared to induce decitabine resistance in cells express-
translation initiation through the 4E-BP1/elF4E pathway ing BCR—ABL with the T315] mutatiof160]. There are
[153]. Imatinib has been shown to synergize with rapamycin additional signaling-targeted therapies at different stages of
in the inhibition of BCR—ABL transformed myeloid and lym-  development, and in the future it will be interesting to see
phoid cells, especially in the inhibition of 4E-BP1 phosphory- how these drugs can act either alone or in combination with
lation [154]. Rapamycin/imatinib combinations also inhibit imatinib to overcome resistance.

imatinib-resistant mutants of BCR—-AB[154]. Remark-

ably, proliferation of the imatinib-resistant BCR—ABL T315I

mutant was inhibited by rapamycin in treated BaF3 cells. S Targeting BCR-ABL expression

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 P“’te'” IS not onl)_/ rgquwed butalso sufﬂuent fortransforma-
BCR—ABL. The efficacy of this drug combination has already tion of hematopoietic cells. Therefore, it seems reasonable to

beentested in CML murine models showing that mice treated target expression of BQR_ABL itself. We h?‘ve already dis-
with a combination of imatinib and rapamycin exhibited sig- c_ussed sever_al promising molecular th_erap|e3 that target the
nificant prolonged survival when compared to those treated !(lngs_g domain of th? BCR-ABL protein. However, _desplte
with either imatinib or rapamycin alorjé54] 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
There are currently alternative targeted therapies being have been made with the goal to inhibit expression of the

pursued, which may have the potential to be of great clinical BCR-ABL oncoproteinkig. 3).

|mportapce. Qne u_sef.ull approach is to comb|_ne the. power 5 ; Turgeting mRNA of BCR-ABL

of tyrosine kinase inhibitors with drugs targeting activated

signaling pathways in hopes of obtaining a more effective 5.7.7. Anti-sense oligonucleotides

treatment for drug-sensitive or drug-resistant cancers. For  Anti-sense oligonucleotides encode for short DNA
example, we have investigated the effect of combining the sequences that are complimentary to mRNA transcribed from
small molecule drug 2-methoxyestradiol with imatinib in  the target gene, such @CR-ABL. They are introduced
BCR-ABL transformed cell linefi 55]. The anti-angiogenic  into cells where they form mRNA/oligonucleotide hetero-
drug 2-methoxyestradiol binds to and destabilizes micro- duplexes. As a result, the anti-sense oligonucleotides prevent
tubules in vitro and in vivo. We found imatinib-resistant the BCR-ABL mRNA from associating with ribosomes,
cells to be sensitive to 2-methoxyestradiol treatment and thatleaving the transcripts open for degradation by RNase H.
combination with imatinib resulted in reduced cell growth. Chemical modifications of the anti-sense oligos, such as mor-
Anothermterestlng approa_chtoovercome|mat|n|breS|stan§:epho|ine substitutions in the sugar backbone, increase the
is to use proteasome inhibitors that obstruct the catalytic anti-sense properties. Additionally, improving the pharma-
20S core of the proteasome such as bortezd#,157] cokinetic properties of oligos by increasing their binding
This interference prevents the elimination of various proteins to serum proteins may lead to prolonged in vivo half-lives
through proteosomal degradation such as cell-cycle regu-(see for review161]). Despite encouraging results with anti-
latory proteins. Finally, histone deacetylase inhibitors have sense oligonucleotide treatment in CML murine models, this
the potential to overcome imatinib resistance as well. Thesetechnique is difficult to adapt for clinical purposg$2]. A
inhibitors act through hyperacetylation of the NH2-terminal general disadvantage of this method includes the high quan-
residue of the nucleosomal histones, which subsequentlytities of anti-sense oligonucleotides that are required to reach
leads to transactivation of multiple transcription factors like an effective dose. As a consequence, there are potential toxic
PZI.WT‘F 1cIpl 1158, For example, the histone deacetylase effects due to non-specific bindift3]. An alternative could
inhibitor suberoylanilide hydroxamic acid (SAHA) markedly  be to identify targets with a short half-life and a low copy

downregulates levels of BCR-ABL in the CML cell line  number whose transcripts are required for transformation.
BV173 and also induces apoptosis in these ¢&B9]. Nev-

ertheless, the exact mechanism of how histone deacetylase.l.2. RNA interference
inhibitors manifest their inhibitory potential against can- A promising approach is to use RNA interference (RNAI)
cer cells remains for the most part unknown. Of interest is technology, which silences gene expression by small interfer-

There is broad genetic evidence that the BCR-ABL onco-

4.3. Additional targets
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The RNAI technique relies on the introduction of double-
stranded RNA moleculesinto 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.

BCR-ABL oncogene

BCR-ABL mRNA

transcription function/stability

-e.g. inhibition of translation
through targeted anti-sense
oligonucleotides

BCR-ABL
anti-sense,
siRNA or
ribozymes

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-

+e.g. degradation of BCR-
ABL mRNA through targted

translation siRNA and RNA-induced

5"9““‘“3, fn‘:';zﬁ" {HISC) matic activity against their target RNA sequenfi85-167]
\ : 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
BCR-ABL ABL by base-pair complementation, the ribozyme irreversibly
~ \‘-' cleaves the target RNA and then releases itself for new rounds
—/§ ATP-binding of cleavage. This results in an improved target:effector sto-

pocket 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].

Hsp90 o
inhibitor, Agh / substrate-
inhibitor binding

pocket

BCR-ABL protein
maturation/stability

BCR-ABL tyrosine
kinase activity

+e.g. inhibition of
Hsp90 function by
geldanamycin and
related compounds.

-e.g. inhibition of active or
inactive ABL with imatinib,
AMN107, BMS-354825 or

ON012380. 5.2. HSPY0 inhibition

Altering the protein stability of tyrosine kinases may
also represent a novel strategy for treatment of patients
with CML. Heat-shock proteins (Hsps) can act as molecu-
efforts aim to attack BCR—ABL or its generation in several ways: Reducing 18I chaperones which help various proteins in folding and
BCR-ABL RNA levels or blocking translation by RNA interference, anti- ~ subsequent maturation. Hsp90 is an abundant cytosolic pro-
sense oligonucelotides or ribozymes that specifically recognize BCR-ABL tein that gains full function only under the help of part-
mRNA. Other_apprpgches tr_ytc_) change the protein maturation anc_i/or_s_tabil- ner proteins such as Hsp70, Hsp40 p23, Hip and Hop
ity of through |nh|b|t_|on of binding molecules, su_ch as the Hsp90 |nh|b|t_0r [169]. Inactivation of Hsp90 using benzoquinone ansamycins
geldanamycin, leading to proteosomal degradation of BCR—ABL. Blocking - - -
the ATP-binding pocket with inhibitors such as imatinib has been demon- SUCh as geldanamycin (GA), or its less toxic analogues
strated to be effective in CML patients, but is insufficient in advanced stages such 17-allylamino-17-demethoxygeldanamycin (17-AAG),
or resista_nce._NoveI c_or_n_pounds that target different sites in the ATP b_incﬁng results in dissociation of Hsp90 from its client proteins and
et e oo etete 0473 i followed by rapid degradation of proteis that requie

’ this chaperone for maturation or stabilif70,171] GA

and 17-AAG have been shown to down-regulate intracel-
ing RNAs (siRNA). This method has great potential because lular BCR—-ABL protein levels by shifting the binding of
RNAi is uniquely suitable to target the expression of a specific BCR—ABL from Hsp90 to Hsp70. The proteasome inhibitor
gene. The possibility for drug resistance based on genomicPS-341 reduced both, GA and 17-AAG mediated down-
mutations in the BCR—ABL gene is low because BCR—ABL regulation of BCR-ABL levels and inhibited apoptosis of
siRNA can be used as a pool, targeting different regions in HL-60/BCR—ABL and K562 cell§172]. Therefore, it has
the mRNA of the oncogene while still leading to degradation been suggested that degradation of BCR—ABL is of protea-
of the whole transcript. RNAI is also superior to conventional somal nature. GA and 17-AAG have also been shown to
anti-sense strategies because of high stability of SIRNAs andbe effective against the imatinib-resistant mutations T315I
the effectiveness of the induced silencing pro¢#&59,160] and E255K of the ABL kinase in vitro. Interestingly, results

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

Scherr et al. demonstrated thB€R-ABL gene expression

showed a trend indicating more potent activity against mutant

can be successfully repressed using siRNA technology. TheyBCR-ABL proteins compare to wild-tydé&73]. The combi-

showed thaBCR-ABL mRNA was reduced up to 87% in
BCR—-ABL positive cell lines and in primary cells from CML
patient§164]. The next challenge will be to provide a suitable
system to introduce BCR—ABL siRNA into leukemia cells.

nation of Imatinib and 17-AAG led to synergistic effects in
primary chronic phase CML cel[474]. However, cells over-
expressing BCR-ABL as the leading mechanism of resis-

tance to imatinib are also resistant to 17-AAG monotherapy
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[175] indicating the importance of identifying the resistance at least inhibit the expansion of BCR—ABL positive stem

mechanism before starting second-line therapy. 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

6. Conclusion and continues to foster the demand to find novel therapies.
There is potential that the introduction of combined ther-

With the introduction of imatinib, major advances in apies including tyrosine kinase inhibitors and vaccination

the treatment of CML and Ph+ ALL have been achieved. strategies or immune modulation may lead to a solution in

However, similar to many other anti-cancer drugs, clinical patients with CML and other disorders with transforming

resistance to imatinib monotherapy has emerged. The needyrosine kinase activities.

for alternative or additional treatment has guided the way

to design a second generation of targeted therapies, resultReviewers

ing mainly in the development of novel small molecule

inhibitors like AMN107, BMS-354825 and ONO12380.  cervantes Francisco, Dr., University of Barcelona, Villar-

Despite promising results from preclinical and early clini- 4g| 170 E-08036 Barcelona, Spain.

cal studies, the long term safety and efficacy of these drugs  Gratwohl Alois, Professor. Dr., Division of Hematology,
has to be determined. The previously mentioned observa-pepartment of Internal Medicine, University Hospital, CH-
tion that BMS-354825, in contrast to AMN107 or imatinib, 4031 Basel, Switzerland.
also contains Src kinase family inhibiting activity demands  Reijter Andreas, MD, Ill Medizinische Univeratsklinik,
additional attention. A broader spectrum of protein kinase gakulat fur Klinische Medizin Mannheim der Univerait
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the possibility that these drugs may have more long-term Germany.
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a relatively significant proportion of patients for which no
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