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Inhibition of BCR-ABL with kinase inhibitors has become a well-accepted strategy for targeted therapy of
Philadelphia-positive (Ph*) chronic myeloid leukemia (CML) and has been shown to be highly effective in
controlling the disease. However, BCR-ABL kinase inhibitors do not efficiently kill leukemic stem cells
(LSCs), indicating that this therapeutic strategy does not lead to a cure of CML. Development of curative
therapies of CML require the identification of genes/pathways that play critical roles in survival and self-
renewal of LSCs. Targeting of these key BCR-ABL downstream genes provides an opportunity to eradicate
LSCs, as shown in our work that identifies the Alox5 gene as a key regulator of the function of CML LSCs.
Immediate clinical trials are necessary to test the effectiveness of targeting a key BCR-ABL downstream
gene in eradicating LSCs in CML patients. In this review, we will discuss current targeted therapies of
CML using BCR-ABL kinase inhibitors, with a focus on the importance of developing a targeted therapy of
CML through identification of target genes in CML LSCs.
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1. Myeloproliferative neoplasms

Myeloproliferative neoplasms (MPN), as defined by the 2008
World Health Organization (WHO) revised classification, represent
a distinct subset of myeloid neoplasms and acute leukemias that
also include acute myeloid leukemia (AML); myelodysplastic
syndromes (MDS); MDS/MPN; and myeloid neoplasms associated
with eosinophilia and abnormalities of PDGFRA, PDGFRB, or FGFR1
[1-3]. They are typified by aberrant clonal expansion, which is
usually attributable to a chromosome rearrangement or a point
mutation that leads to the constitutive activation of proliferative
signal transduction pathways. These genomic instabilities, both at

* Corresponding author. Tel.: +1 508 856 1691; fax: +1 508 856 7969.
E-mail address: shaoguang.li@umassmed.edu (S. Li).

0006-2952/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2010.05.001

the chromosomal and microsatellite levels, are inextricably linked
to disruptions in apoptotic pathways and ultimately the develop-
ment of assorted cancers [4].

Human Philadelphia chromosome-positive (Ph*) leukemias are
a type of MPN that results from a structural chromosomal
instability caused by the translocation of a portion of chromosome
22 on to chromosome 9 (t[9,22]) (Fig. 1A). This translocation leads
to the fusion of the Breakpoint Cluster Region (BCR) gene to the
Abelson Tyrosine Kinase (ABL1) proto-oncogene and the formation
of the BCR-ABL1 oncogene. Three major variants of the BCR-ABL1
oncogene exist and arise from breaks introduced at exon 1
(encoding the P190 isoform), exon 12/13 (encoding the P210
isoform), or exon 19 (encoding the P230 isoform) of BCR (Fig. 1B).
The BCR-ABL oncogenes encode constitutively active non-receptor
tyrosine kinases capable of transforming hematopoietic stem cells
(HSCs) and causing leukemias [5]. BCR-ABL1 is responsible for 95%
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Fig. 1. (A) The Philadelphia chromosome is formed as a result of a reciprocal translocation event between chromosomes 9 and 22. The BCR gene from chromosome 22 is fused
in-frame with the ABL1 gene from chromosome 9, resulting in the creation of the BCR-ABL1 oncogene. (B) Distinct breakpoints in the BCR gene can lead to formation of
different BCR-ABL1 oncogenes, each with unique leukemic features. The oncogene encoding the P190 isoform is associated with B-ALL, while the oncogene encoding the
isoform for P210 is associated with CML. The oncogene encoding the P230 isoform has weaker kinase activity, and its leukemic phenotype is more closely associated with

leukemias of myeloid origins.

of all diagnosed chronic myeloid leukemia cases and up to 30% of
acute lymphoblastic leukemias (ALL) diagnosed in adults. For CML,
the disease course typically unfolds in three stages. The chronic
stage, prior to the advent of modern molecular therapies, lasted 3-
5 years and was characterized by leukocytosis, with particular
increases in the numbers of neutrophils. Eventually, the disease
progressed through an accelerated phase to the blast crisis phase.
This transition from chronic to the accelerated and blast phases is
presumed to occur due to secondary genetic changes. The blast
phase resembles acute leukemia and, left untreated, is quickly fatal
(within 6-12 months).

Human Ph chromosome-negative (Ph™) neoplasms constitute
the remainder of the MPNs, which include polycythemia vera (PV),
essential thrombocythemia (ET), and primary myelofibrosis (PMF),
among others. Often these Ph™ neoplasms contain mutations in the
Janus Kinase 2 (JAK2) gene (e.g. JAK2V617F) or the Myeloproliferative
Leukemia Virus (MPL) (e.g. MPLW515L/K) gene and can be
determinative of the type of MPN when complemented with the
relevant histologies. The JAK2V617F mutation is the most
commonly seen in Ph™ neoplasms and is strongly associated with
PV (>90% of patients). Occurring in the pseudokinase JH2 domain
of the protein, this mutant is devoid of the normal protein’s
autoinhibitory capacity, resulting in a constitutively active kinase
capable of triggering cellular hypersensitivity to cytokines and

eventual pathology [6-8]. Gain-of-function mutations in exon 12
of JAK2 are the next most common in patients with PV and
idiopathic erythrocytosis [9] The MPL gene encodes the thrombo-
poietin receptor, and mutations in this protein at residue 515
(MPLW515L/K) have usually been associated with PMF[10,11]. The
mutation is believed to trigger a G1/S transition, thereby
disrupting the cell cycle and promoting the neoplasm [11].

2. The BCR-ABL oncoproteins

The Ph chromosome was discovered in 1960 by Hungerford and
Nowell [12] and later recognized by Rowley to be the result of a
chromosomal translocation [13]. Chromosomal translocations are
a type of chromosomal rearrangement that can occur. Others
include inversions, deletions, and the formation of episomes. Each
of these can result in the formation of chimeric fusion genes or the
dysregulated expression of normal genes and the onset of
malignancy, particularly but not exclusively of hematological
origins [14,15]. The Ph chromosome is the archetypal chromo-
somal translocation and has been associated with chronic myeloid
and B cell ALL (CML and B-ALL, respectively). Its formation leads to
the fusion of the BCR and ABL1 genes, usually in one of three
isoforms (encoding P190, P210, or P230) and results in the
formation of a constitutively active tyrosine kinase. Both the BCR
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and ABL1 moieties of the BCR-ABL1 oncoproteins contribute
important structural components that are essential to its function.
For example, the SRC-homology 1 (SH1) domain within the ABL1
portion contributes the tyrosine-kinase activity that is central to
BCR-ABL1 function. The ABL1 portion also possesses a SH2 domain
that facilitates protein-protein interactions, an actin-binding
domain, a DNA binding domain, a nuclear localization motif,
and a nuclear export motif [16]. Despite the presence of these
nuclear signal sequences, BCR-ABL expression is cytoplasmic. The
BCR portion contributes a coiled-coil domain that is required for
dimerization and a tyrosine residue at position 177 that is essential
for the binding of adaptor proteins, including Growth Factor
Receptor-Bound Protein 2 (GRB2) GRB10, 14-3-3, and the SH2
domain of ABL1, and subsequent constitutive activation [16,17].
Among the three isoforms, P210 and P230 possess additional
protein domains that may contribute to the leukemic phenotype
and distinguish them from P190 [18,19]. Specifically, P210 and
P230 both possess the pleckstrin homology (PH) domain, which
enables these BCR-ABL1 isoforms to interact with novel protein
partners like PLCg, Ziziminl, tubulin and SMC1 [19], and the
differentiated B-cell lymphoma (DBL) domain, which functions as a
guanine exchange factor for the RHO GTPases [20]. All BCR-ABL1
oncoproteins have broad effects on numerous pathways through
kinase-dependent and surprisingly kinase-independent pathways.
Dysregulation of these pathways by BCR-ABL1 leads to leukemic
phenotypes that result from altered capacities to adhere, control
proliferation, and induce apoptosis. The type of Ph* leukemia that
ensues is largely dependent upon the isoform that is created by the
break and fusion [17,21]. The P210 isoform predominates and is
associated with most cases of CML and about one-third of the cases
of B-ALL. The less common P190 isoform accounts for the
remaining two-thirds of B-ALL and only small number of CML
cases. Its propensity to trigger acute leukemia is attributed to its
higher tyrosine-kinase activity [22-24]. The P230 isoform, which
has weaker intrinsic kinase activity than P190 and P210 isoforms,
has been associated with rare chronic neutrophilic leukemias [25],
although the reason may have more to do with individual genetic
dispositions or selection biases rather than a weaker proliferative
capacity [24]. There have several reports of showing individuals
expressing the P230 isoform developing typical CML [24,26-30].

3. BCR-ABL1 kinase-independence

The potent, constitutively active non-receptor tyrosine-kinase
activities of the BCR-ABL1 oncoproteins are responsible for
triggering assorted signaling pathways that promote the growth
and survival of hematopoietic cells and the induction of cell
transformation. These pathways include those mediated by Ras,
mitogen-activated protein kinase (MAPK), c-jun N-terminal kinase
(JNK)/stress-activated protein kinase (SAPK), nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), signal transdu-
cers and activators of transcription (STAT), phosphoinositide 3-
(PI-3) kinase, and c-Myc, among others. Early enthusiasm that the
targeting of BCR-ABL1 kinase activity could provide curative
therapy has been tempered by the realization that not all BCR-
ABL1-expressing cells are killed using kinase-inhibiting drugs like
imatinib and that targeted kinase inhibition has limited, if any,
impact on patients entering blast crisis or presenting with B-ALL.
Indeed, there is now recognition that targeted approaches to the
kinase-independent signaling pathways of BCR-ABL1 are just as
important. For example, BCR-ABL can activate members of the SRC
family kinases (SFKs) through a kinase-independent mechanism.
The eight members of the SFK family (Src, BIk, Fgr, Fyn, Hck, Lck,
Lyn, and Yes) function as non-receptor tyrosine kinases important
to cell growth, differentiation, and survival. Several members are
expressed in hematopoietic cells and have been implicated in

myeloid and lymphoid leukemias [31,32]. Fyn and Lck are
expressed in T cells, while BIk, Fgr, Fyn, and Lyn are known to
be expressed in B cells. Myeloid cells express Fgr, Hck, and Lyn
[31,32]. BCR-ABL1 is known to increase the activity of Lyn and Hck
in hematopoietic cells [33], and in turn, the SFKs Hck, Lyn, and Fyn
have been shown to phosphorylate tyrosine residues within the
SH3-SH2 domains of BCR-ABL1 [34]. Our laboratory has shown
that the BCR-ABL kinase-independent activation of the SFKs Lyn,
Hck, and Fgr is essential for the transition of chronic-phase CML to
lymphoid blast crisis using our mouse model [35,36]. In addition,
we have shown that inhibition of BCR-ABL kinase activity by
imatinib fails to control B-ALL in our mouse model, while
inhibition of both BCR-ABL kinase activity and SFKs by dasatinib
does [36]. In imatinib resistance, SFKs are speculated to take on a
more specialized role. For example, the SFK Lyn is activated in
imatinib-resistant CML cells and regulates the tyrosine phosphor-
ylation of BCR-ABL1 itself and Gab2, contributing to cell survival.
BCR-ABL1 phosphorylation by SFKs is believed to facilitate binding
to GRB2, which activates the MEK/ERK signaling pathways. Lyn can
also complex with c-Cbl and negatively regulate its stability,
thereby potentially affecting its capacity to transform cells [37]. In
another study, both Lyn and Hck were upregulated in imatinib-
resistant blasts derived from CML patients [38]. It is believed that
SFK expression ultimately becomes independent of BCR-ABL1
expression as disease progresses, and this may in part account for
the difficulties observed once the disease transitions from the
chronic phase into the accelerated and blast phases [32].

4. Mouse models for human Ph* leukemias

The faithful recapitulation of human hematological malignancies
using mouse models has greatly enhanced our understanding of
these diseases. Numerous experimental approaches have been
devised to model Ph* leukemias in mice including transgenic mice
expressing human BCR-ABL1, gene knock-ins expressing BCR-ABL
driven from a specific locus (e.g. Ep, BCR and metallothionein),
targeted and conditional gene knockouts (including ICSBP), and the
engraftment of human BCR-ABL1-expressing cells in immunode-
ficient mice. These approaches have previously been reviewed [39-
42]. None of these models has proved more effective than the
retroviral transduction and transplantation model introduced in the
early 1990s [43,44] and subsequently improved to cause 100%
incidence of CML-like and B-ALL in mice of varying backgrounds
(C57BL/6, Balb/c, etc.) [24]. We have recently described our retroviral
transduction and transplantation model for the induction of CML
[45]. Briefly, donor mice are treated with 5-fluorouracil to enrich for
c-kit*/Sca1*/Lin~ stem cells. Donor mice are sacrificed and bone
marrow cells are harvested from the tibias and femurs. Cells are
stimulated overnight in culture media supplemented with IL3, IL6,
SCF, and WEHI-conditioned media. Cells are then subjected to two
rounds of retroviral transduction via spin infection in the presence of
IL3, IL6, SCF, and WEHI-conditioned media. Viruses express GFP to
serve as a marker of infection and the P210 isoform of BCR-ABL1.
They are high-titer, replication-incompetent, and capable of high
infectivity. Transduced cells are injected into irradiated syngeneic or
immunocompromised recipients, and the development of disease is
monitored through FACS of peripheral blood (GFP+ and Grl+ or
Mac1+) and visual observation (morbidity, weight loss, failure to
thrive, and splenomegaly). For B-ALL, cells from donor mice are
harvested without 5-fluorouracil treatment, subjected to one-round
of transduction with a GFP+ expressing, BCR-ABL1-expressing
retrovirus (P190 or P210), and transplanted into irradiated syngeneic
or immunocompromised recipients. Disease development is tracked
via FACS of peripheral blood (GFP+ and B220+) and visual
observation (morbidity, failure to thrive, pleural effusion, and
resultant dypsnea).
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Fig. 2. Known kinase-specific mutations in the p210 isoform of BCR-ABL1 oncoprotein that contribute to drug resistance. The T315I leads to some of the most intractable cases

of drug resistance.

5. Development of intractable resistance to anti-Ph* leukemic
therapy

Ph* leukemias are highly dependent upon the kinase activities
of the BCR-ABL oncoproteins that cause them. As a result, the
constitutively active kinase activity of BCR-ABL1 oncoprotein has
served as an attractive target for therapeutic intervention. A panel
of inhibitors was developed in an attempt to quell the tyrosine-
kinase activities of BCR-ABL, PDGFR, and others. In particular, the
inhibitors chosen belonged to a class of compounds capable of
competing for the ATP binding pockets of kinases known as 2-
phenlyaminopyrimidines. Of these compounds, the most promis-
ing was signal transduction inhibitor (STI) 571, which later become
known as imatinib or the brand name Gleevec (Glivec in Europe).
Imatinib binds an inactive conformation of the BCR-ABL1
oncoprotein by targeting the conserved nucleotide-binding pocket
of ABL and stabilizing it, thereby preventing it from phosphorylat-
ing downstream effector molecules [46]. Imatinib is now
established as the front-line therapy for CML, consistently
producing complete hematogical responses for those in the
chronic phase of the disease, despite the fact it does not completely
eliminate all BCR-ABL1-expressing cells [47,48]. Unfortunately, it
is less effective in controlling Ph* CML in blast crisis and in Ph* B-
ALL [49], indicating a BCR-ABL1 kinase-independent component.
In addition, imatinib resistance has become a serious issue,
increasing at a rate of 4% per year [50]. Resistance most often
originates as a consequence of mutations in the kinase domain of
BCR-ABL1, with one survey noting a 90% correlation [51] (Fig. 2).
These mutations are thought to induce resistance by disruption of
amino acids that contact imatinib or by the prevention of the
formation of the inactive conformational state [51]. The most
intractable of these occurs at the threonine residue 315. Missense
mutations in this “gatekeeper” residue most often convert this
amino acid to an isoleucine. The T315I mutation is responsible for
~20% of all cases of imatinib resistance [52]. This gatekeeper
threonine is common to many tyrosine kinases (v-SRC, c-SRC, c-
ABL, EGFR, PDGFRA, PDGFRB, and c-Kit) and its mutation has been
shown to enhance their kinase and transformation activities [52].
The mechanism by which the T3151 mutation is thought to confer
resistance is the subject of intense investigation. Azam et al. [52]
provide compelling evidence for the notion that the mutation of
the gatekeeper position from threonine can stabilize BCR-ABL1
within its hydrophobic spine [52], which binds disparate portions
of the molecule through these hydrophobic interactions and
stabilizes the active kinase [52,53]. Mian et al. [54] provide
evidence that the T315] mutant also possesses enhanced

leukomogenic potential. Using loss-of-function mutants, they
show BCR-ABL1 T315 mutants are autophosphorylated at the
T177 position, which facilitates its oligomerization; can thrive in
the absence of growth factors; and can phosphorylate endogenous
BCR. The eventual selection of imatinib-resistant mutants,
particularly the T3151 mutant, in combination with its diminished
efficacy in patients in Ph* CML blast crisis or with Ph* B-ALL, has
made the development of alternative therapeutic approaches
necessary.

Dasatinib (Sprycel) is at the forefront of the second-generation
of anti-leukemia drugs currently going through clinical trials
(Fig. 3). Dasatinib has a broader anti-kinase activity than imatinib,
dually inhibiting both BCR-ABL1 and downstream SRC family
kinases and has proven utility against imatinib-resistant leuke-
mias (excluding T315I) as well as Ph* CML in accelerated phase and
blast crisis and Ph*™ B-ALL [50]. Dasatinib has a higher binding
affinity for the BCR-ABL1 kinase ATP pocket and is able to interact
with the protein in multiple conformation states (active and
inactive) [55]. This property starkly contrasts with imatinib and
most likely accounts for its enhanced activity. Its efficacy against
many mutant forms of BCR-ABL1, excluding T315I, has been
attributed to its ability to bind in a way that is independent of these
mutant residues. Dasatinib and imatinib also appear to have
differential response to multidrug resistance pumps which Talpaz
et al. speculated may allow for higher intracellular concentrations
of the dasatinib in leukemic cells [56]. However, a recent study
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Fig. 3. Targeted drug therapies can control disease at the leukemic stem cell,
progenitor cell, and/or leukemic cell levels. Multi-level approaches may yield the
most significant clinical outcomes.
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confounds this argument, with imatinib and nilotinib, another
second-generation drug, showing a greater capacity to inhibit
efflux through MRP7 (ABCC10) than dasatinib [57]. These studies
were performed using HEK293 cells, rather than leukemic cells,
and the retention of other cancer drugs was tested. The ability of
dasatinib to inhibit SRC family kinases (SFKs) broadens its
therapeutic power. BCR-ABL1 is known to activate the SFKs LYN
and HCK in human myeloid cell lines (K562, BV173, and LAMAS84)
[33] and can activate LYN, HCK, and FGR in a mouse model for Ph*
B-ALL [35]. This activation is independent of BCR-ABL kinase
activity and supports a kinase-independent model of BCR-ABL1-
mediated leukemogenesis involving SFKs like LYN, HCK, and FGR
[35,36,58-60]. The ability to inhibit SFKs appears not to affect the
course of the chronic-phase CML but rather is of importance in Ph*
B-ALL and the transition to lymphoid blast crisis from the chronic
phase of CML [35,36]. Taken together, dasatinib is a more effective
agent for the control of chronic-phase CML, with 325-fold more
kinase-inhibiting activity than imatinib, as measured by its ability
to inhibit Abl-catalyzed peptide substrate phosphorylation [61]. It
also exhibits novel properties that make it useful for Ph* lymphoid
manifestations like B-ALL and lymphoid blast crisis.

Nilotinib (Tasigna) is a second-generation tyrosine-kinase
inhibitor designed to improve upon imatinib and is intended for
use in CML chronic and accelerated phase patients upon the
development of imatinib resistance [62] (Fig. 3). Like imatinib,
nilotinib solely inhibits BCR-ABL1 kinase activity by binding the
protein in its inactive conformation; however, the developers
also incorporated alternative binding groups to the N-methyl-
piperazine moiety to improve the interaction between the drug
and kinase binding site, leading to 10-30-fold more potent
drug. Clinical trials indicate efficacy in imatinib-resistant cases,
with high rates of hematological and cytogenetic responses
observed [62].

Despite these exciting advances, outstanding questions
remain with regard to Ph* leukemia progression. The introduction
of promising new drugs like dasatinib, which has been approved
by the U.S. Food and Drug Administration (FDA), and nilotinib,
which is in the pipeline along with several others, will offer good
alternatives to control disease in certain resistance cases [50].
Other resistant cases, particularly arising from the T315I
mutation, are especially difficult. Despite these setbacks, a new
class of pharmaceuticals known as aurora kinase inhibitors (AKIs)
offer particular hope. While not yet FDA-approved, AKIs like MK-
0457 (VX-680) show activity against the BCR-ABL1 T315] mutant
kinase [63]. Unfortunately, trials for MK-0457 were suspended
following the development of a cardiac arrhythmia (QTc
prolongation). In spite of these options, the underlying cause of
the disease remains, and efforts are underway to more fully
understand both the cellular and molecular biology of BCR/ABL-
induced oncogenesis. Indeed, there is increasing recognition that
the current generation of anti-cancer drugs, while effective in
controlling disease progression, may place the emphasis on the
wrong types of cells and that greater attention should be paid to
cancer stem cells [64-68]. One of the current hypotheses for the
origins of Ph* leukemias is that there are populations of BCR-ABL*
HSCs functioning as leukemic stem cells that are impervious to
current drug treatments and capable of reconstituting the disease
upon the cessation of treatment and/or the introduction of drug
resistance mutations [65,67,69]. The effectiveness of future
treatments for disease control and elimination will rely upon
comprehensive strategies targeting signal transduction pathways
in all leukemic cell types. While approaches targeting BCR-ABL
oncoproteins, Src kinases, or other signaling pathways, alone and
in combination, offer hope for improved therapy, only the
targeted killing of leukemic stem cells offer a chance, at this
stage of understanding, for a cure.

6. Leukemic stem cells

There is a growing acceptance that certain cancer cells retain
properties that are reminiscent of their normal stem cell counter-
parts and that these characteristics enable these “cancer stem
cells” (CSCs) to initiate tumorigenesis. These properties include the
propensity for asymmetrical cell division to facilitate self-renewal
and the ability to differentiate, albeit often in aberrant and
dysfunctional ways. They also possess invasive properties and can
metastasize. For Ph* CML and B-ALL, we posit that there are
discrete populations of cells that maintain certain properties that
qualify them as leukemic stem cells (LSCs). These LSCs, often
quiescent in nature and contained within the niche, evade
detection by the immune system, are often impervious to current
drug treatments, and are capable of reconstituting the disease
upon the cessation of treatment and/or the introduction of drug
resistance mutations [65-67]. This reservoir of LSCs is dependent
upon the microenvironment established within their niche for
their long-term survival and propagation [70,71]. Perturbation of
this microenvironment can alter LSC behavior and have profound
effects on self-renewal, homing, engraftment, migration, and
proliferation [70-72].

Populations of true human LSCs are typically CD34%/CD38",
quiescent, and capable of giving rise to both CD34" and CD34~
leukemic cells when transplanted into mouse recipients [73]. The
cells exhibit minimal forward scatter, which is indicative of their
relatively small size, and are unresponsive to cytokine stimulation
in culture. Interestingly, CML LSCs are insensitive to tyrosine-
kinase drug inhibitors like imatinib. This property enables the
reconstitution of the leukemia once treatment is ceased. This
insensitivity is hypothesized to be caused one of the following
mechanisms. The first explanation argues that the LSC is BCR-
ABL1-dependent and can avoid drug targeting by elevated
expression of BCR-ABL1 in these cells, BCR-ABL1 mutation, and/
or suboptimal intracellular concentrations of imatinib. The second
explanation argues that the CML LSCs at some point become
independent of BCR-ABL1 due to secondary genetic changes that
protect them from imatinib inhibition [73]. The ability for LSCs to
escape imatinib inhibition is likely mediated through specific
survival pathways. For example, in a mouse model, LSCs utilize the
same Wnt/3-catenin pathways HSCs use to survive and self-
renew, and these are not sensitive to BCR-ABL1 drug inhibition
[74]. In another example, we have shown that BCR-ABL1 down-
regulates the tumor suppressor Pten, an important mediator in Akt
signaling [75]. Its enforced expression can suppress CML LSCs,
induce cell cycle arrest of leukemic cells, and slow the develop-
ment of CML. It also can slow the development of B-ALL. Taken
together, these data demonstrate that a comprehensive under-
standing of how to target these LSC-specific pathways may
ultimately prove useful in the development of targeted therapies
that may potentially cure leukemias.

BCR-ABL1 requires the chaperone protein HSP90 to ensure its
stability, allowing for the survival of LSCs and their progenitors.
Recently, we showed using our mouse model that inhibition of
HSP90 has profound effects on the BCR-ABL1 expression, resulting
in a marked decrease in LSCs and progenitors. These findings were
particularly helpful in that they showed that mutant BCR-ABL1
proteins, including the T315I mutant, could be destabilized and
degraded, prolonging the lives of the mice. In combination with
imatinib, mice possessing wildtype or T3151 BCR-ABL1" leukemic
cells had even longer survivals compared to imatinib alone
[76,77].

We hypothesize that targeting genes unique to leukemic stem
cell proliferation and survival, while avoiding their normal cell
counterparts, may be a means to establish curative therapies for
CML. Using our mouse model, we recently tested this hypothesis
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and identified the arachidonate 5-lipoxygenase (5-LO) gene
(Alox5) as a critical regulator for LSCs in BCR-ABL-induced chronic
myeloid leukemia (CML) [78]. In CML mice, we have previously
shown that BCR-ABL1-expressing HSCs (Lin~/Scal*/c-Kit") func-
tion as LSCs [36]. Our DNA microarray analysis comparing these
LSCs to HSCs expressing the same markers revealed several genes
that were upregulated. Further, of these genes, several were not
affected by imatinib treatment, indicating a kinase-independence
and also a similarity to human CD34"/Lin~ CML stem cells, which
are also imatinib-insensitive. Foremost among these was Alox5, a
known contributor to signaling pathways including p53 and PI3K,
as well as other diseases [79-86]. Its distinct expression in LSCs but
not HSCs made it an attractive target for study. In absence of Alox5,
leukemic stem cells become impaired and CML cannot be
propagated. A specific inhibitor of 5-lipoxygenases like Alox5,
Zilueton, alone and in combination with imatinib, had profound
effects on leukemic stem cell populations and dramatically
prolonged the lives of the CML mice (Fig. 3). We recently identified
a population of pro-B leukemic cells (B220"/CD19*/CD43") with
stem cell characteristics [36]. Similar approaches targeting these
Ph* stem cells would have important and potentially curative
impacts for B-ALL and B cell blast crisis.

7. The role of the microenvironment in CML

Both cell-intrinsic and -extrinsic effects impact stem cell
behavior and function. The microenvironment is essential to
hematopoiesis, enabling homing and engraftment and facilitating
stem cell function. The microenvironment for HSCs is established
by their niche, which is located within the endosteal and
perivascular compartments of the bone marrow, and is regulated
by an assortment of signaling pathways including but not limited
to those regulated by Wnt, Notch, c-Kit, BMPs, and osteopontin
[72]. As with HSCs, LSCs also rely upon the microenvironment for
proper homing and engraftment and overall function. Perturba-
tions to the microenvironment have definitive effects on leuke-
mogenesis. For example, the membrane glycoprotein CD44 plays
an important role in LSC homing and engraftment in the niche. In
mice lacking the Cd44 gene, leukemic cells fail to efficiently home
and engraft to the bone marrow, and the course of CML is
lengthened [71]. Similarly, in a model for acute myeloid leukemia,
antibodies to CD44 disrupted LSC homing. Together, these findings
show a definitive role for the microenvironment in leukemogene-
sis. We have also shown a role for P-selectin and ICAM-1 in
leukemogenesis [87]. In the absence of P-selectin and [CAM-1, CML
progenitor cells are released from niche due to a dysfunctional
interaction with bone marrow stroma. Mice succumb to CML more
quickly due to pulmonary hemorrhages caused by homing of these
cells to lungs, a cause of death often found in the mouse model.
Lane et al. [72] propose a niche model for AML that may also apply
to CML. They argue that AML LSCs infiltrate the niche and disrupt
the normal HSC-niche interaction through the secretion of proteins
like SCF. Under these conditions, LSCs can themselves interact with
the niche and thrive, through enhanced self-renewal and
proliferation. They also propose the potential development of
alternative niche sites, due to the aberrant homing and engraft-
ment properties these cells possess [72]. The microenvironment
also plays an important role in Ph* B-ALL [88]. In mice lacking the
Arf tumor suppressor gene, p190 BCR-ABL1-transformed B cell
progenitors become resistant to imatinib; however, when these
same cells are grown in vitro, this resistance is lost, and cells are
killed. This finding pointed to a role for the microenvironment in
mediated Ph* B-ALL resistance to imatinib when the Arf gene is
deleted. Further experimentation revealed that these cells relied
upon IL7 signaling from the microenvironment to mediate their
response to imatinib [88,89].

In summary, although current targeted therapy for CML using
BCR-ABL kinase inhibitor is highly effective in controlling the
disease, a curative therapy of CML requires eradication of LSCs, and
it is critical to identify key target genes/pathways in these stem
cells. More in-depth studies are needed to fully understand the
biology of LSCs to help to identify and validate potential targets for
curing CML. A plausible way to target LSCs is to use a combination
of a BCR-ABL kinase inhibitor that suppresses leukemia cell
proliferation and a compound that targets a BCR-ABL downstream
gene (such as Alox5) that inhibits LSCs insensitive to the kinase
inhibitors.
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