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Abstract
Numerous studies have revealed that the BCR-ABL oncoprotein abnormally engages a multitude of
signaling pathways, some of which may be important for its leukemogenic properties. Central to this
has been the determination that the tyrosine kinase function of BCR-ABL is mainly responsible for
its transforming potential, and can be targeted with small molecule inhibitors, such as imatinib
mesylate (Gleevec, STI-571). Despite this apparent success, the development of clinical resistance
to imatinib therapy, and the inability of imatinib to eradicate BCR-ABL-positive malignant
hematopoietic progenitors demand detailed investigations of additional effector pathways that can
be targeted for CML treatment. The promotion of cellular survival via the suppression of apoptotic
pathways is a fundamental characteristic of tumor cells that enables resistance to anti-cancer
therapies. As substrates of survival kinases such as Akt, the FoxO family of transcription factors,
particularly FoxO3a, has emerged as playing an important role in the cell cycle arrest and apoptosis
of hematopoietic cells. This review will discuss our current understanding of BCR-ABL signaling
with a focus on apoptotic suppressive mechanisms and alternative approaches to CML therapy, as
well as the potential for FoxO transcription factors as novel therapeutic targets.
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Introduction
While our understanding of the molecular underpinnings of tumorigenesis is far from complete,
it has become clear that a fundamental property of cancer cells is the ability to circumvent the
apoptotic cellular death program [1]. Investigating the mechanisms underlying resistance of
tumor cells to apoptosis has been of significant interest in the field since a desired goal of anti-
cancer therapies is to selectively unleash the apoptotic potential that remains inhibited in tumor
cells.

In the normal cellular context, proliferation and death programs are tightly linked. Given this,
cells harboring a single oncogenic mutation driving proliferation undergo a protective growth
inhibitory response, appropriately resulting in apoptosis of the pre-neoplastic cell. In contrast,

*Correspondence should be addressed to Roya Khosravi-Far; E-mail: rkhosrav@bidmc.harvard.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2009 January 1.

Published in final edited form as:
Biochim Biophys Acta. 2008 January ; 1785(1): 63–84.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



such as in the evolution of cancers, oncogenes must overcome such protective cellular
responses, by taking advantage of cooperating mutations in apoptosis signaling molecules,
resulting in the abnormal proliferation and suppression of apoptosis in the tumor cell [2–4]. In
a classic example, over-expression of the wild type c-MYC oncoprotein can induce apoptosis
as well as sensitize cells towards a host of apoptotic stimuli in certain cell types. However,
events such as inactivation of p53, over-expression of BCL-2, or loss of BIM, are able to
cooperate with MYC in inducing tumorigenesis[5]. In another mechanism for the promotion
of tumorigenesis, oncogenes such as BCR-ABL can simultaneously activate multiple pathways
including those involved in cellular proliferation, as well as in the promotion of survival and
suppression of apoptosis. The dissection of signaling pathways critical for BCR-ABL-mediated
leukemogenesis is essential towards the discovery and deve lopment of rational and successful
treatments for BCR-ABL positive chronic myeloid leukemia (CML) and will be the focus of
this review.

BCR-ABL and Chronic Myeloid Leukemia (CML)
The Philadelphia (Ph) chromosome, first identified by Nowell and Hungerford in 1960, is the
cytogenetic hallmark of chronic myeloid leukemia (CML)[6]. The Ph chromosome is a
shortened chromosome 22 that is a by-product of a reciprocal chromosomal translocation
between the long arms of chromosomes 9 and 22 t(9;22)(q34;q11) [7]. A consequence of this
chromosomal translocation is the replacement of the first exon of the cellular ABL non-receptor
tyrosine kinase gene with sequences from the cellular BCR (break point cluster) gene [8,9],
resulting in a chimeric BCR-ABL oncoprotein with highly dysregulated, constitutive tyrosine
kinase activity [10]. Three major forms of the BCR-ABL oncogene have been reported based
on the break point occurring in the BCR gene. The most commonly occurring form of BCR-
ABL is a 210kDa oncoprotein that is found in most cases of CML and 5 to 10% of adults with
acute leukemia. The other two forms of BCR-ABL include 230kDa and 185kDa proteins that
are associated with chronic neutrophilic leukemia and acute lymphocytic leukemia,
respectively [11].

CML is a hematopoietic stem cell malignancy that progresses in several defined stages. In the
initial stage of the disease, known as the chronic phase, the BCR-ABL-transformed clone is a
progenitor for the granulocytic, monocytic, erythroid, megakaryocytic and lymphoid lineages,
but only results in enhanced proliferation of maturing granulocytes. This genetically unstable
chronic phase of the disease is inevitably followed by clonal evolution of the neoplastic cells
resulting in the more aggressive stages of the disease, known as the accelerated and blast phases.
During these phases, which may involve transformation to either acute myeloid or lymphoid
leukemia, hematopoiesis is severely compromised because the leukemic clone loses its
capacity to differentiate, leading to the accumulation of abnormally differentiated cells or blasts
in the bone marrow and blood [12–15]. Indeed, a recent study demonstrated that BCR-ABL-
dependent transcriptional upregulation of the Id-1 (inhibitor of differentiation) transcription
factor is a critical determinant in the differentiation block that exists in BCR-ABL-transformed
K562 cells [16].

Importantly, various studies have established that the BCR-ABL p210kDa protein is
oncogenic, and is essential for the pathogenesis of CML. By far, the most recent and convincing
evidence for the importance of BCR-ABL in CML includes the ability of the ABL tyrosine
kinase inhibitor, imatinib mesylate (Gleevec, STI-571, Novartis Pharmaceuticals), to
selectively induce apoptosis in BCR-ABL-transformed leukemic cells [17,18] and to produce
molecular and cytogenetic remissions in chronic phase CML patients [19–21]. A further
revelation that BCR-ABL is critical in CML comes from the determination that clinical
resistance to imatinib can arise either through BCR-ABL gene amplification or point mutations
within BCR-ABL [22].
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Earlier studies aimed at investigating the oncogenic potential of BCR-ABL were performed in
various systems in vitro and in vivo, some of which have emerged as useful tools in elucidating
the molecular mechanisms behind BCR-ABL-induced leukemogenesis. BCR-ABL can
transform Rat-1 fibroblasts [23], primary bone marrow B-lymphoid cells [24], and growth
factor-dependent hematopoietic cells [25]. The latter was first demonstrated in the interleukin-3
(IL-3)-dependent murine bone marrow-derived cell line BaF3. While untransformed BaF3
cells fail to proliferate and undergo apoptosis in the absence of IL-3 stimulation, BCR-ABL
expression protects BaF3 cells from apoptosis, enabling their growth independently of IL-3.
Interestingly, BCR-ABL-positive progenitors isolated from CML patients do not sustain
growth in the absence of growth factors, but are partially dependent on growth factors,
indicating possible differences between growth-factor-dependent cell line models and primary
cell culture. Overall, growth factor-dependent hematopoietic cells, while not free of
disadvantages [26], offer a convenient in vitro model to study the effects of BCR-ABL
transformation and allows for direct comparisons between non-transformed parental and BCR-
ABL-transformed cells [27]. On the other hand, such comparisons are not possible in CML
patient-derived BCR-ABL-positive cell lines, such as K562 and BV173. These cell lines have
been useful, but results need to be interpreted cautiously since they originate from blast crisis
CML, in which case mutations in addition to BCR-ABL could be present [28].

The ability of BCR-ABL to induce leukemia in vivo has been tested using various murine
models. Transplantation of BCR-ABL-transformed cell lines into syngeneic mice results in the
rapid development of acute leukemias [29]. Chronic phase and blast crisis CML cells are also
able to produce leukemias in varying capacities in NOD/SCID mice [30]. Efforts in generating
transgenic mice with constitutive expression of BCR-ABL failed due to embryonic lethality
[31]. These studies suggested that the target cell for BCR-ABL expression is extremely
important for determining a leukemic outcome. Nevertheless, inducible expression of BCR-
ABL in transgenic mice did reveal the development of leukemias, although these were mostly
acute B and T lymphoid leukemias [32,33]. Consequently, one of the challenges was to develop
an in vivo murine model that would more accurately represent the myeloproliferative disease
with which BCR-ABL is associated in human CML. As a major advance in the development
of a suitable mouse model for CML, the murine bone marrow transduction-transplantation
model has so far been the most accurate in producing a myeloproliferative disease in mice that
resembles human CML [34–38]. This involves using high titer BCR-ABL retroviral stocks to
transduce primary bone marrow cells, and subsequent transplantation of BCR-ABL-transduced
bone marrow cells into irradiated syngeneic recipients. Mice receiving BCR-ABL-transduced
bone marrow effectively develop a fatal CML-like myeloproliferative disease in three to four
weeks and show an expansion of cells belonging to the myeloid lineage (i.e. neutrophils), with
infiltration of these cells in the spleen, liver and lungs. This murine model has so far been used
to evaluate novel therapies, determine which domains of the BCR-ABL oncogene are important
for its leukemogenic effect, and investigating which signaling pathways may be critical for the
induction of leukemogenesis.

The Tyrosine Kinase Activity of BCR-ABL and Avenues for Therapy
Remarkably, one of the greatest leaps towards molecular targeted therapy in cancer has been
made in the field of CML, with the development of imatinib mesylate (Gleevec, STI-571-
Novartis Pharmaceuticals), a small molecule inhibitor of the constitutive tyrosine kinase
activity of BCR-ABL [39]. Prior to the development of tyrosine kinase inhibition therapy for
CML, earlier studies provided strong evidence that constitutive ABL tyrosine kinase activity
is required for BCR-ABL transformation. In particular, the tyrosine kinase activity of BCR-
ABL is increased relative to that of c-ABL [10], and kinase-deficient BCR-ABL (K1176R) is
unable to transform either growth factor-dependent hematopoietic cells or murine bone marrow
cells [40], or to induce myeloproliferative disease in the murine bone marrow-transduction-
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transplantation model in vivo [38]. BCR-ABL tyrosine kinase activity contributes to the
phosphorylation of various cellular substrates such as Crk-L[41], but also results in BCR-ABL
autophosphorylation [10], which creates a platform for the binding of additional adaptor
molecules. BCR-ABL-mediated phosphorylation of various substrates leads to activation of
signaling pathways that promote cellular proliferation and survival [11,42] (Figure 1).

Imatinib is a 2-phenylaminopyrimidine derivative designed according to the structure of the
ATP binding site of protein kinases. Hence, imatinib functions by competitive inhibition of
the ATP binding site of BCR-ABL, thereby preventing tyrosine kinase activity and the
subsequent phosphorylation of substrates involved in BCR-ABL signaling. Crystal structure
studies have revealed that imatinib binds to the kinase domain of ABL in its inactive
conformation and therefore locks it in an inactive state [43,44]. Imatinib inhibits not only ABL
but also the receptor for platelet-derived growth factor A and B (PDGFR-α, β), stem cell factor
receptor (KIT) and ARG (abl-related gene) tyrosine kinases, making it useful in attenuating
oncogenic events triggered upon activation of these kinases [45–47]. Imatinib appears to
selectively induce apoptosis in numerous BCR-ABL-positive leukemic cell lines and BCR-
ABL-transduced hematopoietic cells (BaF3 and 32D), but not in BCR-ABL-negative
hematopoietic cancer cell lines (HL60, Jurkat and U937), or non-transformed growth factor-
dependent hematopoietic cells. Similarly, at concentrations of 1μM, imatinib can selectively
inhibit colony formation of CML progenitors over that of normal progenitors. However, in
these studies, it is important to note that despite the presence of imatinib, a minor percentage
of BCR-ABL-positive colonies persist, suggesting that imatinib does not completely inhibit
BCR-ABL-induced growth and transformation [17,48].

The activity of imatinib against BCR-ABL-induced tumor growth has also been evaluated in
murine models. Imatinib causes a dose-dependent inhibition of tumor growth in mice injected
with BCR-ABL-transformed 32D cells [17], with similar results observed in nude mice injected
with human BCR-ABL-positive KU812 cells [49]. Finally, when tested in the murine bone
marrow transduction-transplantation model, imatinib attenuated symptoms of
myeloproliferative disease, as evidenced by a reduction in white blood cell counts and spleen
size and prolonged survival. However, this positive response was not uniform, since 25% of
the animals in this study remained refractory to treatment [50].

Imatinib: The Success Story
In the clinical setting, promising results from Phase I, II, and III studies have led to the approval
of imatinib as the front-line therapy for CML. Overall, imatinib is effective at producing durable
hematologic and cytogenetic remissions in most chronic phase CML patients. The results and
details relating to these clinical trials have been extensively reviewed in [51,52]. Briefly, phase
I trials of imatinib mesylate on CML in chronic phase (CP) conducted by Druker et al. (2001)
employed a dose-escalating study, which was administered to patients with CML in CP in
whom treatment with IFN-α had failed [20]. Complete hematologic responses were observed
in 98% (53/54) of patients treated with daily doses of 300mg or more, and typically occurred
within the first month of therapy. Of the 54 patients treated with 300mg or more, cytogenetic
responses occurred in 29, including 17 (31%) with major cytogenetic responses; 7 of these
patients had complete cytogentic remissions. Thirty-eight CML patients with blast crisis (BC)
were also treated with doses ranging from 300 to 1000mg. Responses occurred in 21 of 38
patients (55%); 4 of these 21 patients had a complete hematologic response. Seven patients
with a myeloid BC continued to receive treatment and remained in remission from 101 to 349
days after starting treatment [21,53]. The results provided evidence of the essential role of
BCR-ABL tyrosine kinase activity in CML, and demonstrated the potential for the devlopment
of anticancer drugs based on the specific molecular abnormality present in human cancer.
Kantarjian et al. (2002) conducted a phase II study of imatinib on CML in CP [21]. A total of
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532 patients with CML in late CP in whom previous therapy with IFN-α had failed were treated
with 400mg of imatinib daily. Imatinib induced major cytogenetic responses in 60% of the 454
patients with confirmed CP CML and complete hematologic responses in 95%. After 18
months, CML had not progressed to accelerated phase (AP) or BC in about 89% of patients,
and 95% of the patients were alive. Thus, imatinib induced high rates of cytogenetic and
hematologic responses in patients with CML in CP in whom previous INF–α therapy had failed.
Talpaz et al. (2002) conducted a phase II study of imatinib on CML in AP. A total of 235 CML
patients were enrolled in this study, with 181 having a confirmed diagnosis of AP. Patients
were treated with 400 or 600mg daily. Imatinib induced a hematologic response in 82% patients
and sustained hematologic responses lasting at least 4 weeks in 69% (complete in 34%). The
rate of major cytogenetic response was 24% (complete in 17%). Estimated 12-month
progression free and overall survival rates were 59% and 74%, respectively. In comparison
with 400mg, imatinib doses of 600mg daily led to more cytogentic responses (28% compared
with 16%), longer duration of response (79% compared with 57% at 12 months), time to disease
progression (67% compared with 44% at 12 months), and overall survival (78% compared with
65% at 12 months), with no clinically relevant increase in toxicity. Thus, imatinib was an
effective and well-tolerated treatment for patients with CML in AP. Sawyers et al. (2002)
conducted a phase II study of imatinib on CML in myeloid BC [19]. A total of 260 patients
with CML were enrolled, of whom 229 had a confirmed diagnosis of CML in BC. Patients
were treated daily with doses of 400 or 600mg. Imatinib induced hematologic responses in
52% of patients and sustained hematologic responses lasting at least 4 weeks in 31% of patients
including complete hematologic responses in 8%. For patients with a sustained response, the
estimated median response duration was 10 months. Imatinib induced major cytogenetic
responses in 16% of patients, with 7% of the responses being complete. Thus, imatinib had
substantial activity when used as a single agent in patients with CML in BC. The best observed
results at five years in patients remaining on first-line imatinib therapy from the phase III IRIS
trial (International Randomized Study of Interferon and STI-571) [54] are summarized in Table
1.

Clinical Resistance to Imatinib and The Need for Alternative Therapies
The emergence of resistance to imatinib therapy is of great concern and mechanisms explaining
resistance have been urgently investigated in the last few years. The most prominent finding
from clinical samples is that 50–90% of cases in which resistance develops after imatinib
therapy involve point mutations in the BCR-ABL kinase domain. Another mechanism of
resistance may involve increased expression of BCR-ABL, resulting from the amplification of
the BCR-ABL gene sequence [55–57].

The kinase domain mutations can be grouped according to their location, effect on kinase
conformation, and facilitation of imatinib binding [55–57]. These include mutations within the
P-loop of the kinase domain, which are thought to alter the kinase towards an active
conformation and therefore preclude imatinib binding. In another class, amino acid 315, which
forms a critical hydrogen bond with imatinib, is mutated to an isoleucine residue (T315I) and
thereby abrogates binding of imatinib. Other classes of mutations involve those at residue 351,
and A-loop mutations, which also shift the conformation to an active kinase state and therefore
prevent imatinib binding. The T315I BCR-ABL mutation is one of the most frequently
occurring and highly resistant to imatinib as well as the newer generation of kinase inhibitors
such as BMS-354825 (Dasatinib) and AMN107 (Nilotinib) [58,59]. Another aspect of imatinib
resistance is that some of these mutations may be present even before imatinib therapy. These
mutations have been postulated to offer a growth advantage and may dictate disease
progression [51].
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In a related clinical problem with imatinib treatment, it has become apparent that a minor
percentage of BCR-ABL-positive progenitors persist in chronic phase CML patients despite
imatinib treatment [60,61]. Disturbingly, BCR-ABL transcripts coding for mutations in the
kinase domain have been detected even in some patients who have achieved a complete
cytogenetic response, suggesting a link between resistance and disease persistence [62,63].
Together with mathematical models that take into account the bi-phasic response to imatinib
as well as a continued need for imatinib therapy [64], all these observations have led to the
conclusion that imatinib is unable to target the quiescent BCR-ABL-positive stem cell
population, and thus cannot completely eliminate the disease [65].

Overall, it is clear that while imatinib and the newer generation kinase inhibitors show promise
in the management of CML, a detailed understanding of the signaling pathways emanating
from and in addition to BCR-ABL kinase activity is necessary to decipher key downstream
events that govern BCR-ABL-induced leukemogenesis. Such studies will yield potential
insights into novel therapeutic strategies that can then be applied independently or combined
with tyrosine kinase inhibition therapy to cure CML.

Signaling Pathways Activated by BCR-ABL and the Suppression of
Apoptosis

A well-known aspect of BCR-ABL transformation is its ability to activate multiple signaling
pathways that lead to proliferation, reduced growth factor-dependence and apoptosis, and
abnormal interaction with extracellular matrix and stroma. Accumulating evidence suggests
that the suppression of apoptosis constitutes an important mechanism by which BCR-ABL
drives the expansion of myeloid cells. Notably, the primary consequence of tyrosine kinase
inhibition with imatinib in BCR-ABL-transformed cells is the induction of apoptosis [17,18].
In growth factor-dependent hematopoietic cells, BCR-ABL induces the survival and
proliferation of cells that would otherwise undergo apoptotic cell death in response to growth
factor withdrawal. Furthermore, antisense oligonucleotide-mediated inhibition of BCR-ABL
in these growth factor-independent transformed cells results in apoptosis without altering their
cell cycle [66]. In other studies using antisense oligonucleotides, it was shown that BCR-ABL-
positive cells are highly resistant to various apoptotic stimuli and become sensitized to drug
treatment upon inhibition of BCR-ABL [67]. Further support for the anti-apoptotic effects of
BCR-ABL comes from experiments with temperature-sensitive BCR-ABL kinase mutants, in
which induction of BCR-ABL kinase activity at the permissive temperature led to a significant
decrease in apoptosis in the absence of growth factors [68,69]. In fact, investigations using
primary cells have revealed that CML progenitors show a normal proliferative response to
growth factors and do not have a greater proliferative potential than normal progenitors [70].
Furthermore, in the absence of serum and growth factors, neither normal nor CML progenitors
proliferated, yet the latter maintained higher cell viability [66]. Altogether, these observations
detail the important role that BCR-ABL inhibition of apoptosis plays in myeloid cell expansion,
tumor progression, and resistance to cytotoxic therapy.

As a result of its elevated tyrosine kinase activity, BCR-ABL activates a multitude of signaling
pathways, some of which may be crucial for its leukemogenic activity. The Ras [71], PI3-K/
Akt [72,73], JAK/STAT [74–76], and NF-κB [77] signaling pathways are among those
activated by BCR-ABL (Figure 1). In accordance with the ability of BCR-ABL to substitute
for the requirement of cytokines, many of these pathways are also activated by hematopoietic
cytokines upon binding to their respective cytokine receptors. Furthermore, it has been shown
that the serine/threonine protein phosphatase, PP2A, is also functionally inactivated by BCR-
ABL [78]. A functional consequence of the activation of these pathways involves changes in
the activity and gene expression of key molecules, which have a direct impact on cellular
survival, growth, and behavior. In particular, the Ras, PI3-K/Akt, JAK/STAT, and NF-κB
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pathways are capable of transmitting anti-apoptotic signals, and it has become of interest to
determine which anti-apoptotic signals play a role in BCR-ABL-mediated leukemogenesis.

BCR-ABL Activation of STAT
The signal transduction and activators of transcription (STAT) transcription factors have been
extensively studied for their potential role in leukemogenesis. The STAT family of
transcription factors participates in diverse processes, including cell growth, differentiation,
apoptosis, fetal development, inflammation, and immune response. Ligand binding to cytokine
or growth factor receptors initiates a series of signaling events that results in STAT
phosphorylation, dimerization, and subsequent translocation to the nucleus. Some STAT target
genes include Bcl-xL and Mcl-1, substantiating an anti-apoptotic role for the activity of STAT
transcription factors [79].

BCR-ABL-positive CML cell lines display constitutive phosphorylation and activation of
STAT-1 and STAT-5. STAT-5 activation induces up-regulation of the serine/threonine kinase
Pim-1 and the anti-apoptotic genes of the Bcl-2 family, A1 and Bcl-xL, [80–82]. Inhibition of
STAT-5 signaling with dominant negative mutants impairs BCR-ABL transformation in
vitro [83,84]. Confoundingly, BCR-ABL-transduced bone marrow cells from STAT-5a/b
double null mice efficiently induce a fatal myeloproliferative disease in the transduction-
transplantation model [85]. Therefore, it remains possible that while STAT-5 does induce an
anti-apoptotic effect in BCR-ABL transformation, other pathways substitute for this effect in
its absence.

BCR-ABL Activation of NF-κB
The Nuclear Factor-κB (NF-κB) family of pleiotropic transcription factors function as dimers
and are activated by a broad range of stimuli including cytokines, physical and oxidative
stresses, viruses and viral products. The IκB (inhibitor of κB) proteins negatively regulate NF-
κB by sequestering it to the cytoplasm. Phosphorylation and subsequent degradation of IκB
relieves NF-κB to translocate to the nucleus. Upon their activation, NF-κB proteins promote
the transcription of numerous genes involved in diverse cellular processes, including
inflammation, cell cycle, survival/anti-apoptosis, and angiogenesis [86]. The constitutive
activation of NF-κB is frequently observed in various cancers, and correlates with resistance
of tumor cells to apoptosis. The NF-κB anti-apoptotic target genes include those from the Bcl-2
family (Bcl-xL, BFL1) and the inhibitors of apoptosis proteins, IAP1, IAP2, and XIAP [87].

Earlier studies demonstrated that BCR-ABL-expressing hematopoietic cells showed increased
DNA binding activity of the p65 (RelA) subunit of NF-κB [88]. Using a mutated form of IκB
that cannot be phosphorylated and therefore constitutively inhibits NF-κB (the super repressor
form of IκBα), it was determined that NF-κB activation is not required for BCR-ABL to protect
cells from growth factor withdrawal or exposure to DNA-damaging agents. On the other hand,
NF-κB activity was found to be required for BCR-ABL-transformed hematopoietic cells to
form tumors in nude mice, and for the transformation of primary bone marrow cells [77]. The
exact mechanism of NF-κB activation in BCR-ABL-transformed cells, and its relevance to
BCR-ABL-induced CML, however, remains to be elucidated.

BCR-ABL Activation of the Ras Pathway
Within the Ras superfamily of low molecular weight GTP-binding proteins is the Ras
subfamily, consisting of H-Ras, N-Ras and K-Ras. The Ras pathway regulates various aspects
of cellular growth and has been one of the most extensively studied both in the context of
normal and cancer cells [89–91]. Activating mutations in Ras, or changes in molecular
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components that comprise Ras signaling, are found in most human cancers including
leukemias, and result in increased cellular proliferation and survival [92].

Indeed, the Ras pathway is constitutively activated in BCR-ABL-expressing cells. Inhibition
of Ras activity with dominant negative mutants impairs the ability of BCR-ABL to transform
murine bone marrow cells and rodent fibroblasts [71]. A major link between BCR-ABL and
the Ras pathway is provided through the adaptor protein Grb2. Grb2 associates with the guanine
nucleotide exchange factor Sos, which forms a platform for the recruitment of Ras, enabling
the activation of Ras from the GDP- to GTP-bound state. Via its SH2 domain, Grb2 binds to
the phosphorylated tyrosine residue 177 within the BCR region of BCR-ABL. A mutation in
the tyrosine 177 position of BCR-ABL to phenylalanine (Y177F) abrogates Grb2 binding and
subsequent Ras activation, resulting in reduced foci formation in rodent fibroblasts [93,94].
However, BCR-ABL Y177F maintains its ability to activate Ras in cytokine-dependent
hematopoietic cells, rendering them cytokine-independent [95]. Given conflicting results on
the role of Y177 in BCR-ABL transformation in vitro, Million et al. investigated a role for
Y177 in vivo using the murine transduction-transplantation model. In this model, BCR-ABL
(Y177F) significantly attenuates the development of a myeloproliferative disease, and results
in delayed occurrence of B and T lymphoid leukemias, indicating that this site is important in
determining the lineage and severity of leukemic disease [96]. Efforts to characterize the
signaling events from Y177 have revealed that the scaffolding adaptor protein Gab2 is
phosphorylated in BCR-ABL-expressing cells through its recruitment to phosphorylated Y177
in a complex with Grb2. BaF3 cells expressing BCR-ABL Y177F show decreased
phosphorylation and association with Gab2 and reduced activation of the Ras/Erk and PI3-K/
Akt pathways, resulting in decreased cellular proliferation and migration. Interestingly, BCR-
ABL cannot transform primary myeloid progenitors from Gab2-deficient mice. Similar to cells
expressing BCR-ABL Y177F, BCR-ABL-expressing Gab2-deficient myeloid cells show
defects in Ras/Erk and PI3-K/Akt activation. Altogether, these studies identify Gab2 and its
downstream activation of the Ras and PI3-K/Akt pathways as playing an important role in
BCR-ABL-mediated leukemogenesis [97].

In terms of the anti-apoptotic effects of Ras activation in BCR-ABL transformation, the anti-
apoptotic member of the BCL-2 family, Mcl-1, is constitutively expressed in a Ras/Raf/MEK-
dependent manner in primary CML cells. Antisense inhibition of Mcl-1 led to decreased
survival and apoptosis of imatinib-sensitive as well as -resistant BCR-ABL-positive K562
cells, and produced synergistic effects with imatinib [98].

BCR-ABL Inhibition of the PP2A Phosphatase
A recent study by Neviani et al. [78] has revealed that the tumor suppressor serine/threonine
protein phosphatase, PP2A, is functionally inactivated in blast crisis CML through BCR-ABL-
mediated transcriptional upregulation of the PP2A inhibitor, SET. The inactivation of PP2A
then allows for hyperphosphorylation and inactivation of proapoptotic PP2A substrates such
as phospho-BAD. Similarly, hyperphosphorylation of PP2A substrate kinases such as
phospho-Akt and phospho-ERK leads to their prolonged activation and ability to drive survival
and proliferative signaling pathways. In imatinib-sensitive and –resistant (T315I) BCR-ABL
positive cell lines and CML blast crisis progenitors, restoration of PP2A activity promotes
dephosphorylation of key regulators of cell survival and proliferation, suppresses BCR-ABL
activity, and induces BCR-ABL degradation. Ultimately, this leads to growth suppression,
enhanced apoptosis, restored differentiation, and decreased in vivo leukemogenesis of
imatinib-sensitive and –resistant BCR-ABL cells. Thus, functional inactivation of PP2A is
essential for BCR-ABL-mediated leukemogenesis and, perhaps, required for blastic
transformation. These findings underscore the possibility that pharmacological enhancement
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of PP2A activity represents a possible therapeutic strategy for blast crisis and imatinib-resistant
cases of CML.

BCR-ABL Activation of the PI3-K/Akt Pathway
Signal transduction pathways that emanate from the activation of phosphoinositide-3 kinase
(PI3-K) have been intensively investigated in mammalian systems, and play a central role in
survival, proliferation, differentiation, adhesion, metabolism, and motility [99]. While there
are several families and classes of phosphoinositide kinases (PIKs), the class IA PI3-Ks within
the PI3-K family, become activated when recruited to the cell surface by growth factor receptor
tyrosine kinases. PI3-K is a lipid kinase that functions as a heterodimer consisting of a p110
catalytic subunit and a p85 regulatory subunit. Upon its activation by growth factor tyrosine
kinase receptors, PI3-K phosphorylates phosphatidylinositol bisphosphate (PIP2) to form
phosphatidylinositol triphosphate (PIP3) [100]. The formation of PIP3 can be reversed by the
phosphatase and tensin homolog deleted on chromosome 10 (PTEN) [101]. On the other hand,
PIP3 provides a platform for the recruitment of kinases, such as the serine/threonine kinases
Akt, 3-phosphoinositide-dependent protein kinase-1 (PDK1), and perhaps others via their
pleckstrin homology (PH) domains. In this setting, Akt is phosphorylated at distinct residues,
namely at threonine 308 within the activation loop, most probably by PDK1, and at serine 473
within the hydrophobic motif by a mechanism that involves PDK2 (mTORC2). Activated Akt
regulates numerous cellular substrates, resulting in cell growth, survival, and suppression of
apoptosis, among other effects [102].

The constitutive activation of the PI3-K/Akt pathway is common in various cancers, and is
emerging as a crucial event in tumorigenesis [103,104]. The activation of the PI3-K/Akt
pathway also occurs in BCR-ABL transformation [73], with mounting evidence for its
importance in mediating BCR-ABL’s leukemogenic effects. Original studies carried out by
Skorski and colleagues showed that treatment of chronic, acute, and blast crisis primary
CD34+ CML cells, as well as BCR-ABL-infected murine bone marrow cells with a PI3-K
inhibitor, wortmannin, led to decreased colony formation [105]. Subsequent investigations
corroborated the involvement of Akt as a downstream effector of PI3-K activation in BCR-
ABL transformation. Co-expression of BCR-ABL with a dominant negative form of Akt
(K179M) in primary murine bone marrow cells resulted in reduced colony formation. The
significance of Akt activation was substantiated in experiments that showed the ability of a
constitutively active Akt (E40K) to rescue the transformation defect of a BCR-ABL mutant
lacking the SH2 domain. These in vitro studies were confirmed with in vivo studies that
indicated the importance of Akt activation in BCR-ABL-induced leukemia. Injection of
marrow cells co-expressing BCR-ABL and dominant negative Akt into SCID mice greatly
attenuated the development of leukemia as evidenced by milder splenomegaly, and lack of
tumors in other organs such as lungs, liver and kidney [72].

Notably, pharmacological inhibitors of PI3-K (LY294002 and Wortmannin) synergize with
imatinib in inducing apoptosis of both chronic and blast crisis CML cells [106]. Combination
of a PDK-1 inhibitor (OSU-03012), which essentially inhibits Akt activation, with imatinib
resulted in apoptosis even in cells expressing the BCR-ABL T315I imatinib-resistant mutant
[107]. Besides substantiating a role for PI3-K/Akt signaling in BCR-ABL-mediated
transformation and leukemogenesis, some of these observations also indicate that PI3-K/Akt
activation is potentially a crucial event in BCR-ABL-mediated resistance to imatinib.

While the precise mechanism(s) by which BCR-ABL activates PI3-K is not completely
understood, several possibilities exist, with stronger evidence for some than others. For one,
the direct activation of PI3-K by BCR-ABL is not likely. Even though earlier studies showed
that BCR-ABL directly binds to the p85 regulatory subunit of PI3-K [105], further
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investigations revealed that this interaction was not required for PI3-K activation [108]. In
addition, an optimal YXXM motif for recognition of the PI3-K regulatory subunit by SH2
domains was likewise found not to be required for PI3-K activation [108].

On the other hand, BCR-ABL-induced tyrosine auto-phosphorylation, and/or phosphorylation
of its substrates, can provide the platform for PI3-K activation. As mentioned earlier, recent
evidence indicates a strong role for tyrosine 177 of BCR-ABL in PI3-K/Akt activation. Central
to the effects of signaling via this site in BCR-ABL is the adaptor protein Gab2, which is
indirectly recruited to BCR-ABL tyrosine 177 through a Grb2/Gab2 complex. Consequent
Gab2 tyrosine phosphorylation provides binding sites for the SH2 domain of the p85 regulatory
subunit of PI3-K, thereby causing activation of PI3-K. BCR-ABL Y177F-expressing BaF3
cells show reduced activation of PI3-K and Akt and slightly decreased proliferation in the
absence of cytokines compared to wild type BCR-ABL. In a related manner, BCR-ABL-
expressing Gab2-deficient myeloid cells and lymphoblasts also display drastic reductions in
PI3-K and Akt activation, and remain refractory to BCR-ABL transformation [97].

The Gab2 adaptor protein, however, may not provide the only mechanism for PI3-K/Akt
activation in BCR-ABL-transformed cells. The adaptor protein CrkL can bind via its SH3
domain to BCR-ABL. The resulting phosphorylation of CrkL provides a docking site for c-
Cbl. The phosphorylation of c-Cbl in turn creates a binding site for the p85 regulatory subunit
of PI3-K [109]. The importance of c-Cbl in BCR-ABL transformation, however, is not clear,
as c-Cbl-deficient bone marrow cells expressing BCR-ABL can effectively generate CML-like
disease in vivo [110].

Collectively, in vitro and in vivo studies have substantiated a role for PI3-K/Akt activation in
BCR-ABL transformation and leukemogenesis. Furthermore, multiple mechanisms exist for
PI3-K and subsequent Akt activation in BCR-ABL-transformed cells.

Signaling Downstream of the Serine/Threonine Kinase Akt
An important set of questions, given the findings on BCR-ABL-induced PI3-K/Akt activation,
has been to determine which molecules downstream of activated Akt play an important role in
mediating the leukemogenic effects of BCR-ABL. It is well known that activated Akt can
phosphorylate and therefore functionally regulate the activity of numerous cellular substrates
in order to promote survival. The range of Akt substrates include, but are not limited to the
pro-apoptotic BCL-2 family member BAD [111,112], caspase-9 [113], Mdm2 [114], mTOR
and the FoxO subclass of forkhead transcription factors (FoxO1, FoxO3a, and FoxO4)
(reviewed in [115]). A thorough appraisal of which Akt substrates are relevant in BCR-ABL
transformation has not yet been accomplished, and only a handful of studies have focused on
some of these substrates as potentially playing an important role in mediating the leukemogenic
effects of BCR-ABL.

Since the suppression of apoptosis is a significant mechanism that contributes to the oncogenic
effects of BCR-ABL, BAD initially presented itself as an attractive and a potentially important
substrate regulated by activated Akt during BCR-ABL transformation. BAD exerts its pro-
apoptotic effects by binding to, and preventing the function of anti-apoptotic BCL-2 proteins,
such as BCL-XL [116]. Akt-mediated phosphorylation of BAD results in sequestration of BAD
in the cytoplasm through binding to the 14-3-3 family of phospho-serine interacting proteins
[111,112,117]. In vitro studies revealed that even though BCR-ABL promotes the
phosphorylation and inactivation of BAD, BAD phosphorylation is not essential for governing
BCR-ABL-induced survival [118]. In these studies a sub-population of BCR-ABL-expressing
cells continued to survive in the absence of BAD phosphorylation, yet remained dependent
upon PI3-K for their survival. The presence of BAD-independent routes to BCR-ABL-induced
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survival argues for the involvement of other substrates downstream of PI3-K/Akt activation
that contribute to the survival or anti-apoptotic signaling induced by BCR-ABL.

While caspase-9 is an Akt substrate [113], it is unclear if its phosphorylation-dependent
inhibition in BCR-ABL-transformed cells [119] is a prominent mechanism for apoptotic
evasion downstream of Akt activation. It has been demonstrated, however, that downstream
of cytochrome c release, BCR-ABL interferes with the recruitment of caspase-9 to the
apoptosome suggesting that BCR-ABL employs multiple mechanisms to inhibit apoptosome
function [119]. Another target of Akt, Mdm2, is a regulator of the p53 tumor suppressor that
when phosphorylated by Akt leads to p53 inactivation [114]. While there is no direct evidence
at present to show that Akt-dependent Mdm2 phosphorylation is critical for BCR-ABL-induced
transformation, a few studies have indicated that BCR-ABL can down-regulate p53 by
increasing the expression of Mdm2 [120,121].

The serine/threonine kinase mammalian target of rapamycin (mTOR) is an Akt substrate that
does not play a direct role in apoptosis, but functions in the translational control of proteins
involved in regulating cellular growth, size, and the cell cycle [122]. An interesting line of
investigation has revealed that mTOR is constitutively active in BCR-ABL expressing cells,
and that rapamycin, an mTOR inhibitor, inhibits the growth of both imatinib-sensitive and
resistant BCR-ABL transformed cells [123,124]. Rapamycin induces cell cycle arrest and
apoptosis in primary CML cells from untreated chronic phase and imatinib resistant patients
[125]. In in-vivo studies, rapamycin suppresses the growth of CML cells when given to an
imatinib resistant CML patient [125]. Current efforts on BCR-ABL and mTOR research are
aimed at determining the mechanism by which rapamycin inhibits growth of BCR-ABL
positive leukemic cells.

The FoxO Sub-Class of Forkhead Transcription Factors
Yet another prominent class of molecules regulated by Akt consists of the FoxO sub-family
of forkhead transcription factors [115]. A highly conserved 100 amino acid forkhead DNA
binding domain that engages in sequence-specific contacts with DNA regulatory elements
defines the eukaryotic family of forkhead transcription factors. The forkhead transcription
factors are also referred to as the winged helix transcription factors, since the structure of their
DNA binding domain consists of 2 large loops, or wings, and three α helices. Numerous
forkhead genes have been identified in a broad range of organisms from yeast and worms to
humans, with the first member identified in Drosophila melanogaster. Given the large numbers
and diversity of forkhead family members, the forkhead transcription factors display a variety
of functions in development, differentiation, and even tumorigenesis, with this latter function
attracting great attention in recent years [126].

According to the revised nomenclature [127], all vertebrate forkhead transcription factors have
been assigned the symbol Fox (Forkhead Box), and are further divided into sub-classes based
on phylogenetic analysis of their DNA binding domains. The FoxO (Forkhead Box, class O)
transcription factors are a sub-class of the Fox forkhead transcription factors. The FoxO sub-
class is evolutionarily conserved and shares a unique amino acid sequence (GDSNS) within
the DNA binding domain that is not present in other forkhead proteins. The mammalian
members of the FoxO sub-class include FoxO1 (also known as FKHR), FoxO3a (also known
as FKHRL1), FoxO4 (also known as AFX), and the recently characterized FoxO6 [128,129].

FoxO Regulation in Mammalian Systems
Initial insight into the functions of the FoxO transcription factors in mammalian cells was
largely derived from genetic studies on the regulation of the FoxO orthologue, daf-16, in the
nematode C. elegans. In C. elegans, the insulin receptor daf-2, the phosphatidylinositol 3-
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kinase, daf-23, and the Akt related kinases, Akt-1/2, were found to oppose the function of
daf-16 [130–132]. Together with these studies were reports that the forkhead related
transcription factor HNF-3 can bind to the insulin response DNA sequence of the Insulin-like
Growth Factor-binding Protein-1 (IGFBP-1) promoter [133], and that Akt mediates the effects
of insulin on the expression of IGFBP-1 via the insulin response DNA sequence [134]. These
findings from various model systems, along with others, suggested that the FoxO transcription
factors are important targets of insulin signaling via growth factor receptors, and supported a
role for the negative regulation of FoxO transcription by the PI3-K/Akt signal transduction
pathway.

Following these clues, an elegant set of in vitro studies clearly revealed a role for the negative
regulation of the mammalian FoxO transcription factors during Akt-mediated cellular survival.
FoxO transcription factors are direct targets of activated Akt, with three evolutionarily
conserved Akt phosphorylation sites identified within each of the FoxO proteins, FoxO3a
[135], FoxO1 [136–138] and FoxO4 [139,140]. In response to growth factors such as IGF-1,
EGF and PDGF, Akt-mediated phosphorylation of the FoxO factors within the nucleus causes
their re-localization to the cytoplasm, thereby preventing FoxO-dependent transcription
(Figure 2). Akt-directed phosphorylation is crucial in determining FoxO sub-cellular
localization, as mutation of all three Akt-phosphorylation sites to alanine (as in the FoxO triple
mutant) results in the exclusive localization of FoxO proteins in the nucleus, even in the
presence of growth factor-induced PI3-K/Akt activation. In many cellular systems, expression
of the FoxO triple mutant results in cell cycle arrest and/or apoptosis, indicating an important
role for FoxO transcription factors in regulating the expression of genes that determine survival.
The recent exception to the nucleo-cytoplasmic shuttling of FoxO proteins is FoxO6, which is
constitutively nuclear even in the presence of survival signals, with Akt-mediated
phosphorylation preventing its activity in the nucleus [141]. The precise mechanisms through
which Akt directed phosphorylation of FoxO (FoxO1, FoxO3a, and FoxO4) dictates their sub-
cellular localization and activity are complex. In terms of FoxO sub-cellular localization, the
emerging model drawn from various studies is that the exclusion of FoxO from the nucleus in
response to growth factors is a dynamic process involving FoxO interaction with various
cellular components that results in its effective net nuclear export [135,138,142,143]. The
adaptor protein 14-3-3 distinctly recognizes serine phosphorylated FoxO, and potentially
disrupts FoxO association with DNA, as well as with FoxO co-factors such as CBP/p300.
14-3-3 binding and the presence of a nuclear export signal (NES) on FoxO are essential for
FoxO nuclear export. FoxO nuclear export is dependent on the Crm-1 export receptor
machinery, as well as phosphorylation of FoxO at the casein kinase 1 (CK1) phosphorylation
sites serines 322 and 325 [144,145]. A functional nuclear localization signal (NLS) has been
identified and overlaps with one of the Akt phosphorylation sites, suggesting that Akt-mediated
phosphorylation also interferes with the function of the FoxO NLS. Similarly, 14-3-3 binding
may also occlude the FoxO NLS and prevent FoxO re-importation to the nucleus. Together
with the net promotion of nuclear export and the inhibition of nuclear import, FoxO
transcription factors are rapidly re-localized to the cytoplasm in the presence of growth-
promoting signals.

Whereas survival signaling-dependent phosphorylation of FoxO transcription factors, such as
through PI3-K/Akt, constitutes an important mechanism for FoxO regulation involving sub-
cellular localization, additional post-translational modifications on FoxO proteins have been
recently characterized, clearly revealing the complexity of FoxO regulation. FoxO
transcription factors can be acetylated by the c-AMP response element binding (CREB)-
binding protein (CBP) and/or p300, and deacetylated by the NAD-dependent mammalian Sir2
homolog, SIRT1 [146–151]. It has been proposed that CBP/p300, which serves to make DNA
more accessible, is important for FoxO transcriptional activity. However, acetylation can
repress FoxO-dependent gene transcription, while SIRT1 deacetylase activity promotes FoxO-
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dependent transcription in certain cellular responses, such as to oxidative stress [147]. The
effects of FoxO acetylation, however, are not uniform, varying based on cell type and target
gene, since FoxO acetylation shifts cells towards apoptosis, whereas FoxO deacetylation
promotes target gene expression involved in cell cycle arrest and protection against oxidative
stress [152].

In a related mechanism for FoxO regulation, Akt-induced phosphorylation not only affects
FoxO sub-cellular localization, but also targets FoxO proteins, such as FoxO1 and FoxO3a,
for ubiquitination and subsequent degradation via the 26S proteasome [153,154]. The
ubiquitination of FoxO1 by the E3 ubiquitin ligase, Skp2, requires Akt-mediated
phosphorylation at serine 256 [155]. The IκB kinase (IKK) can also phosphorylate FoxO3a at
a distinct residue (serine 644) in an Akt-independent manner, which not only promotes its
nuclear exclusion but also targets FoxO3a for ubiquitination and proteasomal degradation
[156]. Proteasomal degradation of FoxO proteins could prevent their recycling to the nucleus
and thereby prevent their activation and thus is another key mechanism for the negative
regulation of these tumor suppressors.

The ability of FoxO transcription factors to be regulated by various modifications, such as
phosphorylation, ubiquitination, acetylation, and as yet unidentified mechanisms, indicate that
FoxO transcription factors carry out central cellular functions that need to be precisely
controlled.

Multiple Functions of the FoxO Transcription Factors: A Focus on Apoptosis
By regulating the transcription of genes involved in differentiation, DNA damage repair, cell
cycle control, glucose metabolism, and apoptosis, FoxO transcription factors function in a
variety of cellular processes that determine cell fate [157,158]. The repertoire of FoxO gene
targets has not been completely elucidated, but continues to increase. Given the diverse set of
FoxO functions in regulating cellular survival, the effect of FoxO activity appears to be largely
dependent on the cellular context, which includes the particular extra-cellular signal, cell type,
and possibly the FoxO member. With respect to the latter, it is possible that given their
important role in regulating cellular survival, FoxO family members possess distinct as well
as overlapping functions. This is supported by recent evidence from mice singly deficient in
the FoxO members FoxO1, FoxO3a, or FoxO4 [159]. FoxO1 deficiency resulted in severe
vascular defects that led to embryonic lethality, but FoxO3a- and FoxO4-deficient mice were
viable. FoxO3a-deficient female mice, however, display abnormal ovarian follicular
development that results in an age-dependent infertility [160]. The determination of whether
the various functions ascribed to FoxO activity in vitro translate in vivo, awaits the generation
of mice that are multiply deficient in FoxO members. In addition, the examination of FoxO-
deficient mice in the context of cancer may yield interesting insights regarding the role of FoxO
in tumorigenesis. Recently, two groups have reported the consequences of the conditional and
simultaneous disruption of both alleles of the three principal FoxO genes in mice [161,162].
Tothova et al. [162], demonstrate that FoxOs are critical for long-term maintenance of
hematopoietic stem cells. Paik et al. [161], show that FoxOs suppress the development of
hemangiomas and lymphomas in mice. Although these two reports make a significant
contribution to our understanding of the importance of FoxOs at the organismal level many
questions remain to be addressed. Why does disruption of FoxOs produce such a restricted
tumor phenotype? Furthermore, what other factors contribute to the context-dependent effects
of FoxO deficiency?

As mentioned earlier, most of the functions of FoxO have been described in vitro. In accordance
with the negative regulation of FoxO during growth factor-induced survival, the ability of FoxO
proteins to initiate apoptosis was the first function associated with this group of transcription
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factors. A constitutively active FoxO3a protein that cannot be phosphorylated by Akt (also
known as the triple mutant) and therefore localized to the nucleus overrides growth factor-
induced survival and induces apoptosis in several cell types such as fibroblastoid, neuronal,
and hematopoietic [135]. One of FoxO3a’s pro-apoptotic target genes is the death-inducing
Fas Ligand (FasL) and in some cell types such as cerebellar granule neuronal cells and the
acute T lymphoid leukemic Jurkat cells, apoptosis induced by the FoxO3a triple mutant is
partially dependent on FasL signaling [135].

FoxO transcription factors are subject to negative regulation not only in the presence of growth
factors such as insulin and IGF-1, but also in response to hematopoietic cytokines, such as
IL-2, IL-3, and Erythropoietin. During an immune response, signaling initiated by the cytokine
IL-2 is crucial for the survival and proliferation of activated T cells, with PI3-K/Akt activation
playing a central role in this response. When activated T cells are no longer required, the gradual
depletion of IL-2 signaling results in apoptosis of the activated T cell pool [163]. FoxO3a
appears to play an important role in mediating this process, as it is highly phosphorylated in a
PI3-K/Akt-dependent manner during the growth of IL-2-dependent murine cytotoxic T
lymphocytes. IL-2 withdrawal causes the rapid de-phosphorylation of FoxO3a concomitant
with the up-regulation of the cyclin-dependent kinase inhibitor p27Kip1and the pro-apoptotic
BCL-2 family member BIM, and results in cell cycle arrest followed by apoptosis [164].
Indeed, the ability of FoxO to directly regulate p27Kip1 and Bim has been investigated in several
cellular backgrounds, with these genes identified as FoxO targets [165–169]. The regulation
of p27Kip1 expression plays an important role in hematopoietic cell survival, as bone marrow
cells derived from p27Kip1-deficient mice show resistance towards apoptosis induced by
cytokine withdrawal. Intriguingly, in some cellular contexts, FoxO3a activity imposes multiple
effects, such as changes in cell cycle and the up-regulation of pro-apoptotic factors, that
cooperate to shift the cellular threshold towards apoptosis [164,166].

FoxO inhibition downstream of PI3-K/Akt constitutes an important mechanism for the survival
of IL-3-dependent hematopoietic cells, such as BaF3 [167,168]. The apoptosis induced in BaF3
cells upon either IL-3 withdrawal or expression of a FoxO3a triple mutant is not mediated
through FasL signaling, however [170]. The FoxO3a target, BIM, is one mediator of apoptosis
in response to IL-3 withdrawal or FoxO3a triple mutant expression. Indeed, BIM expression
is sufficient to induce apoptosis in BaF3 cells, and bone marrow cells from BIM-deficient mice
display decreased apoptosis in the absence of cytokines. The suppression of BIM as a
consequence of FoxO inhibition is an important, but not exclusive pathway governing
hematopoietic cell survival. The TNF-related apoptosis inducing ligand, (TRAIL) which
induces apoptosis via the extrinsic death-receptor mediated pathway is yet another target of
FoxO3a that is suppressed during hematopoietic cell survival promoted by the cytokines IL-3,
GM-CSF, and Epo [170].

FoxO transcription factors function both in the activation and the repression of gene
transcription. In order to promote cell cycle arrest, FoxO transcription factors can repress the
transcription of the D type cyclins, D1 and D2 [171,172]. Furthermore, the inhibitor of
differentiation Id1 was found to be transcriptionally repressed by FoxO3a and sustained
signaling through the FoxO arm of the PI3-K/Akt pathway driven by BCR-ABL removed this
transcriptional block to sustain leukemogenesis [173]. FoxO4 can suppress the transcription
of the anti-apoptotic Bcl-2 member, Bcl-xL, through an indirect mechanism involving
transcriptional activation of Bcl-6, which is a repressor of Bcl-xL transcription [174].

These studies collectively provide evidence for FoxO transcription factor functions in cell cycle
arrest and apoptosis, which occurs through the transcriptional regulation genes such as
p27Kip1, cyclin D, FasL, TRAIL, Bim, and indirectly Bcl-xL. Intriguingly, the aberrant
expression of these very same target genes is witnessed in various cancers, thus providing a
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compelling rationale to investigate the role of FoxO transcription factors in tumorigenesis, and
the potential for developing therapeutic strategies focused on the activation of FoxO
transcription factors.

FoxO Transcription Factors and Tumorigenesis
Interestingly, some of the human FoxO transcription factors were first identified in fusion genes
from chromosomal translocations associated with certain types of cancers such as leukemias
and the soft-tissue tumor known as alveolar rhabdomyosarcoma (ARMS). In particular, FoxO4
is fused to the MLL transcription factor as a result of the t(X; 11) chromosomal translocation
found in acute lymphoblastic leukemia [175]. Another chromosomal translocation, t(6; 11),
found in a few cases of acute myeloid leukemia, involves a fusion between MLL and FoxO2,
which may be identical to FoxO3a [176]. Finally, fusions between the FoxO1 and PAX
transcription factors, t(2;13), or t(1;13), have been detected in ARMS [177]. While the precise
role and mechanism of these FoxO fusions in promoting tumorigenesis is not completely
understood, these rearrangements involve fusions between the transactivation domain of FoxO
and the DNA binding domain of the other fusion partner. Such fusion events have been
proposed to be tumorigenic through the gain of function of the fusion protein, and/or the loss
of endogenous FoxO function. For example, the MLL-FoxO4 fusion is thought to transform
by interfering with the function of endogenous forkhead transcription factors [178,179]. The
loss of FoxO function as an important consequence of tumorigenesis associated with the PAX-
FoxO fusions in ARMS has been substantiated by studies showing that the PAX3-FoxO1 fusion
itelf is not sufficient to induce tumorigenesis in mice [180]. In addition, it has been recently
discovered that ARMS tumors display drastic loss of FoxO1 expression, and that restoration
of FoxO1 expression in an ARMS tumor-derived cell line results in cell cycle arrest and
apoptosis [181]. These findings thereby support a role for FoxO1 as a tumor suppressor, and
the overall involvement of the human FoxO transcription factors in tumor-associated
chromosomal aberrations indeed raises interesting questions regarding their relevance in
various cancers. Moreover, the tumor-suppressive activity of FoxO genes has been further
demonstrated by somatic deletion of FoxO1, 3a, and 4 in mice. The deletion of these genes
produced a cancer-prone phenotype in mice resulting mostly in thymic lymphomas and
hemangiomas [161].

A crucial line of investigation into FoxO transcription factor involvement in tumorigenesis has
stemmed not only from the discovery of FoxO’s transcriptional targets, but also its regulation
by survival-promoting pathways such as the PI3-K/Akt pathway. Indeed, the constitutive
activation of Akt is observed in many cancers, and can result from activating mutations in
growth factor receptor tyrosine kinases, creation of constitutively active tyrosine kinases (i.e.
BCR-ABL), activating mutations in PI3-K subunits, amplification of the PIK-3CA, AKT1, and
AKT2 genes, or loss of the tumor suppressor phosphatase, PTEN [103,104].

The catalytic subunit of the class1A PI3-K, PIK3CA, is frequently mutated in colorectal,
gastric, brain, and breast tumors [182]. Until recently, the consequences of Akt activation
resulting from activating mutations in PIK3CA remained unknown. Strikingly, human colon
carcinoma cells engineered to express constitutively active PIK3CA showed a specific effect
on the regulation of the FoxO transcription factors FoxO3a and FoxO1, but not other Akt
substrates such as mTOR, 4EBP-1, p70S6K, GSK3β, Tuberin, and even FoxO4. FoxO3a and
FoxO1 were highly phosphorylated, and FoxO1 levels were suppressed in mutant PIK3CA-
transformed cells. Silencing of FoxO1 attenuated apoptosis in control colon carcinoma cells
grown under low serum conditions, but did not reduce apoptosis in mutant PIK3CA-expressing
cells, supporting a role for FoxO1 suppression in the increased tumorigenicity of mutant
PIK3CA-expressing colon carcinoma cells [183].
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Somatic mutations that result in the inactivation of the tumor suppressor PTEN, a phosphatase
that antagonizes PI3-K/Akt signaling, have been observed in cancers such as prostate and
endometrial, as well as in glioblastomas and melanomas [104]. In prostate carcinoma cells
lacking PTEN, FoxO1 and FoxO3a are retained in the cytoplasm and remain transcriptionally
inactive. Similar to the re-introduction of PTEN expression, the FoxO1 triple mutant is able
to restore either cell cycle arrest or cell death in cells lacking PTEN, suggesting that FoxO1 is
an important effector of PTEN tumor suppressor function [184,185].

The involvement of FoxO1 in prostate cancer appears to extend beyond its ability to be
regulated by the PI3-K/Akt pathway. Androgens prevent FoxO1 transcriptional activity by
promoting complex formation between the androgen receptor and FoxO1, and inhibit cell cycle
arrest and apoptosis induced by the FoxO1 triple mutant. In the coming years, it will be
interesting to determine whether this mechanism of FoxO inhibition, which does not involve
its sub-cellular localization, is present in other cellular contexts [186].

The amplification or over-expression of the Her2/Neu receptor tyrosine kinase is observed in
various epithelial tumors and often results in the activation of survival pathways such as PI3-
K/Akt [187]. Expression of a FoxO4 triple mutant reduces survival and transformation of Her2/
Neu over-expressing NIH3T3 cells in vitro and their tumorigenicity in vivo [188]. The specific
involvement of FoxO transcription factors in this class of cancers, however, needs to be further
examined by investigation of endogenous FoxO proteins in Her2/Neu over-expressing tumors.

Fundamental studies detailing the impact of the IκB Kinase (IKK) pathway on the function of
the FoxO member FoxO3a have been recently described in breast cancer [156]. The constitutive
activation of IKK has been implicated as an important mechanism by which breast carcinomas
are able to sustain cellular proliferation and evade apoptosis. In many primary breast tumor
specimens, cytoplasmic FoxO3a correlated not only with an increase in phosphorylated Akt
but also increased IKKβ expression. However, in a fraction of primary breast tumor specimens
(23/131) examined, FoxO3a cytoplasmic localization was observed even in the absence of
phosphorylated Akt, and instead correlated with increased IKKβ expression, suggesting a
possible link between IKKβ activity and FoxO3a inhibition. Indeed, in an Akt-independent
fashion, IKK interacts with and phosphorylates FoxO3a at serine 644, resulting in FoxO3a
cytoplasmic retention as well as ubiquitination and degradation by the 26S proteasome. IKK-
imposed inhibition of FoxO3a is functionally relevant since expression of FoxO3a in cells
constitutively expressing IKKβ, impairs IKKβ-induced cellular proliferation in vitro and tumor
formation in nude mice in vivo.

Moreover, the tumor-suppressive activity of FoxO genes has been further demonstrated by
somatic deletion of FoxO1, 3a and 4 in mice. The deletion of these genes produced a cancer-
prone phenotype in mice resulting mostly in thymic lymphomas and hemangiomas [161].

Therefore, the growth-suppressive functions of the FoxO transcription factors are intricately
inhibited by several inputs, through the aberrant activation of PI3-K/Akt, IKK and as yet to be
identified central regulators, and in this manner potentially constitute a significant mechanism
in promoting tumorigenesis.

FoxO Transcription Factors in Leukemia
Recent studies have revealed that the inhibition of FoxO function is a potentially important
event even in hematological malignancies such as leukemias. BCR-ABL transformation
inhibits FoxO3a activity by maintaining PI3-K- dependent constitutive phosphorylation and
cytoplasmic retention of FoxO3a [170,189]. Sustained activation of PI3-K/Akt by BCR-ABL
in both BCR-ABL-transformed cells (Mo7e-p210 and BaF3-p210) and primary CML CD34+
cells leads to Skp2 transcriptional upregulation and likely contributes to leukemogenesis
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through enhanced proteasomal degradation and downregulation of FoxO protein levels [190].
One of the consequences of FoxO3a inhibition by BCR-ABL is the suppression of the
downstream pro-apoptotic target TRAIL [170]. FoxO3a inhibition plays an important role in
governing BCR-ABL-induced transformation as expression of a constitutively active FoxO3a
triple mutant in BCR-ABL-transformed cells overrides growth factor-independent survival and
induces apoptosis [169,170]. The BH3-only pro-apoptotic protein BIM is also suppressed in
a FoxO3a dependent manner in BCR-ABL-transformed cells, and FoxO3a-mediated
regulation of BIM contributes to apoptosis induced by imatinib in BCR-ABL-transformed cell
lines [169]. Therefore, FoxO3a inhibition in BCR-ABL-transformed cells can yield the
suppression of genes that regulate the apoptotic program. Furthermore, FoxO3a inhibition by
BCR-ABL not only affects the expression of apoptotic genes, but also cell cycle regulatory
genes, such as cyclin D [191]. Therefore, BCR-ABL-mediated inhibition of FoxO3a potentially
represents an important mechanism by which BCR-ABL dysregulates the expression of
multiple genes involved in the cell cycle and apoptosis, thereby promoting tumorigenesis.
Further assessment of BCR-ABL-induced inhibition of FoxO3a has revealed that in addition
to promoting phosphorylation at Akt-dependent sites, BCR-ABL enhances the suppression of
FoxO3a protein expression in a proteasome-dependent manner. The clinically relevant
proteasome inhibitor bortezomib (VELCADE, PS-341) restores FOXO3a expression and
induces apoptosis not only in imatinib-sensitive, but also in imatinib-resistant (T315I) BCR-
ABL-transformed patient cells (our unpublished observations).

The negative regulation of FoxO has also been observed with other activated tyrosine kinases
such as FLT3-ITD [192], and NPM-ALK [193] implicated in acute myeloid leukemia and
anaplastic large cell lymphoma, respectively. In these studies, it was demonstrated that the
FLT3-ITD and NPM-ALK oncogenes inhibit FoxO3a by promoting its PI3-K-dependent
phosphorylation and cytoplasmic retention. Together, these studies indicate that FoxO
transcription factor inactivation is a potentially important mechanism by which activated
oncogenic tyrosine kinases such as BCR-ABL and FLT3-ITD operate in driving
leukemogenesis, and provide insight into novel targeting strategies for the treatment of these
cancers.

Current and Future Approaches for CML treatment
The emergence of clinical resistance to imatinib therapy, as well as the inability of imatinib to
eradicate BCR-ABL leukemic disease, has prompted not only the search for more potent
tyrosine kinase inhibitors, but also the testing of combinations of anti-cancer agents that inhibit
classical growth pathways with imatinib (Table 2). In another category of anti-cancer agents,
inhibitors of heat shock protein 90 (Hsp90), histone deacetylases, and the 26S proteasome may
also prove to be equally valuable in preventing, as well as combating, drug-resistant mutants
of BCR-ABL (Table 2).

Proteasome Inhibitors: A New Class of Anti-Cancer Agents
The ubiquitin-proteasome pathway is crucial not only for the proteolysis of old, damaged, or
misfolded proteins, but also for the regulated degradation of molecules that control key cellular
processes such as the cell cycle and apoptosis. The mammalian 26S proteasome consists of a
regulatory 19S subunit, which binds and recognizes ubiquitinated substrates, and a 20S
catalytic core that carries out the essential function of protein degradation [215–217]. In recent
years, the development of a specific, potent, and reversible inhibitor of the proteasome, known
as bortezomib (VELCADE, PS-341, Millennium Pharmaceuticals) which displays activity
against the growth of various cancers in vitro and in vivo, has established the proteasome as a
viable target, and thus heralded a novel strategy in cancer treatment [218–220]. In fact,
bortezomib treatment has shown great promise in the clinic, and is currently used for the
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treatment of patients with relapsed and/or refractory multiple myeloma or mantle cell
lymphoma [221–225]. Pre-clinical and clinical investigations with bortezomib alone or in
combination with other chemotherapeutic agents are being currently performed for various
solid and hematologic cancers. The anti-cancer effects of bortezomib have been shown in
xenograft models not only of multiple myeloma, but also adult T-cell leukemia, lung, breast,
prostate, pancreatic, head and neck, and colon cancers, and in melanoma [226].

The potential for using highly specific inhibitors of the proteasome in anti-cancer therapies
was realized from several discoveries, including the seminal finding that proteasome activity
is necessary for the degradation of the NF-κB inhibitor IκB, in turn indirectly facilitating NF-
κB transcription factor activity. The various studies reported behind this pathway have been
extensively reviewed by Karin and Ben-Neriah [227]. Constitutive NF-κB activation is
observed in, and proposed to contribute to the pathogenesis of various cancers [87]. This has
initially provided a sound rationale for investigating the use of bortezomib in cancers with
constitutive NF-κB activation, such as multiple myeloma. In retrospect, the proteasome
presents itself as an appealing anti-cancer target, since it is a conduit for numerous proteins
that are aberrantly regulated in cancer. In fact, it has become apparent that bortezomib’s anti-
cancer activity must involve multiple mechanisms besides inhibition of NF-κB, with the details
of these additional mechanisms remaining to be identified. Generally, proteasome inhibition
by bortezomib causes changes in expression of various regulatory proteins, thereby inducing
cell cycle arrest at the G1-S and G2-M phases and apoptosis. For example, bortezomib treatment
of drug-resistant multiple myeloma cells, besides inhibiting NF-κB, leads to multiple effects
that also explain the induction of apoptosis, including increased p53 expression, activation of
JNK, and of caspases, such as -3 and –8 [228]. Most studied in multiple myeloma, these
apoptosis inducing effects are coupled with the ability of bortezomib to alter the tumor
microenvironment, inhibit angiogenesis, down-regulate growth factors, sensitize tumor cells
to lower doses of chemotherapeutic agents, and re-sensitize tumor cell lines previously resistant
to chemotherapeutic agents [218,229]. Overall, the underlying mechanisms for bortezomib’s
anti-tumor activity are still not completely understood, and may vary among different cancers.

Earlier studies that investigated the potential for proteasome inhibition to induce apoptosis in
leukemic cells showed that proteasome inhibitors that are not as potent, specific, and clinically
suitable (e.g. lactacystin and tripeptide aldehydes) as bortezomib, induce apoptosis in varying
capacities in different leukemic cell lines, including ones that are BCR-ABL-positive, such as
AR230 and K562. In fact, proteasome inhibition resulted in decreased BCR-ABL expression,
providing one mechanism by which proteasome inhibitors can exert their growth inhibitory
effects in this context [230,231].

Whether bortezomib can inhibit BCR-ABL-induced leukemia, and the underlying mechanisms
behind this have remained poorly understood. Indeed, bortezomib treatment clearly diminishes
symptoms of CML-like illness in BCR-ABL-transduced mice, and prolongs their survival (our
unpublished observations). Bortezomib can induce apoptosis in imatinib-sensitive and -
resistant BCR-ABL-expressing leukemic cell lines derived from CML patients at the myeloid
blast crisis phase (Table 2) [213]. Bortezomib treatment only resulted in a moderate and
transient decrease in NF-κB DNA binding activity that did not correlate with apoptosis [213].
Therefore, such results suggest the presence of other mechanisms for the apoptosis-inducing
effects of bortezomib in BCR-ABL-expressing cells and our studies indicate a contribution of
FoxO3a activation towards the effects of bortezomib (our unpublished observations).

In accordance with its ability to affect the growth of BCR-ABL-expressing cells and synergize
with anti-cancer agents at sub-toxic concentrations, bortezomib and the histone deacetylase
inhibitor SAHA, or the cyclin-dependent kinase inhibitor flavopiridol, induce apoptosis in
imatinib-sensitive and -resistant BCR-ABL-positive leukemic cells (Table 2) [211,214].
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FoxO Transcription Factors as Potential Targets in Cancer Therapy
Given the accumulating evidence for a role of FoxO inactivation in the pathogenesis of cancers,
the ability to correct this deficiency with novel agents that reactivate FoxO may be invaluable
in countering tumorigenesis. The application of proteasome inhibitors presents one approach
for recovering FoxO3a expression and activity. In another strategy, Kau and colleagues have
taken advantage of FoxO’s dynamic nucleo-cytoplasmic shuttling and employed a cell-based,
chemical genetics approach to search for compounds that trap FoxO1 in the nucleus [232].
Their screen revealed two categories of compounds, consisting of general CRM-1-targeting
export inhibitors, and another class that does not interfere with the CRM-1-dependent export
of the HIV Rev protein, but that does affect FoxO1 nuclear export. Most inhibitors in the latter
class resulted in FoxO entrapment by affecting Akt phosphorylation, while a few inhibitors
functioned downstream of Akt. Examination of the structure of these compounds suggests that
some may function as kinase inhibitors, even though their exact targets have yet to be identified.
Importantly, some of these inhibitors were able to inhibit cellular proliferation of PTEN-
deficient 786-0 cells, even though they displayed IC50 values in the micromolar range.
Analyzing these FoxO1 nuclear export inhibitors may not only yield a new class of anti-cancer
therapies, but may also shed light on novel regulators of the PI3-K, AKT, and FoxO pathways.

Targeting the “Right” Population of Tumor Cells in Anti-Cancer Therapy
An emerging concept in cancer biology and therapy is that cancers can arise from a small subset
of a typically heterogeneous tumor cell population. This rare population of cells has been
referred to as tumor-initiating cells or cancer “stem” cells [233,234]. The cancer stem cell
hypothesis has been substantiated and is exemplified in many types of leukemia, in which a
stem or progenitor cell origin has been characterized [235,236]. In the case of BCR-ABL,
accumulating evidence suggests that the target cell for transformation is a hematopoietic stem
cell rather than a committed progenitor cell [65,237,238]. Interestingly, a recent study by
Tothova et al., (2007) reported an elevated level of reactive oxygen species (ROS) restricted
to the hematopoietic stem cell (HSC) compartment of mice deficient in three members of the
FoxO subfamily (FoxO1, FoxO3 and FoxO4) [162]. These genetic data show that FoxOs are
essential and functionally redundant for the integrity of the HSC compartment. Furthermore,
these data demonstrate a genetic link between FoxOs and protection from physiologic oxidative
stress in the HSC compartment through the regulation of a subset of ROS genes such as
MnSOD, calalase, and GADD45 [157,239,240] that serve to detoxify ROS and their deleterious
effects on HSC survival and function. Indeed, a recent study by Lehtinen et al. (2006) reported
that cytoplasmic FoxO3a could be reactivated in response to oxidative stress in a
phosphorylation-dependent manner mediated by MST kinases [240]. Furthermore van der
Horst et al. (2006) demonstrated that cytoplasmic FoxO4 is monoubiquitinated in response to
oxidative stress resulting in its relocalization to the nucleus and enhancement in transcriptional
activity [241]. Therefore, BCR-ABL-mediated inhibition of FoxOs in the HSC compartment
and the consequent dysregulation of ROS levels likely contribute to genetic instability in CML
leading to cellular transformation [242]. Additionally, upregulation of DNA polymerase-β, the
most inaccurate of mammalian DNA polymerases, by BCR-ABL [243] is likely to replicate
ROS-induced mutations thus promoting the accumulation of multiple genetic lesions allowing
for cellular transformation and disease progression.

Unfortunately, it has been observed that while imatinib can eradicate the majority of
proliferating CML progenitors and differentiated granulocytes, it is unable to target the minute
population of quiescent CML stem cells [60,65,244]. In order to assess whether anti-neoplastics
such as proteasome inhibitors will have long-term benefits in curing CML, it will be important
to determine whether such compounds can target even those CML stem cells that persist during
imatinib therapy. Combined treatment with the proteasome inhibitor MG-132 and idarubicin
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selectively induces apoptosis in acute myeloid leukemia (AML) stem cells [245], suggesting
the potential for proteasome inhibition therapy in targeting leukemic stem cells. Crucial to the
development of therapies that are tailored at targeting leukemic stem cells is the determination
of which signaling pathways are crucial in this cellular context.

Perspectives and Conclusion
In over four decades of work since the identification of the Philadelphia chromosome in CML
patients, we have witnessed great advances such as the identification of BCR-ABL oncoprotein
as the target in CML, and the development of kinase inhibitors against BCR-ABL. Despite
such progress, it has become apparent that BCR-ABL signaling is highly complex, and has
numerous outputs that promote leukemogenesis. In addition the requirement for BCR-ABL,
and BCR-ABL signaling, may vary among primitive quiescent stem cells, committed
progenitors cells, and terminally differentiated cells. Since their initial discovery as
downstream targets of PI3-K/Akt-mediated survival signaling, diverse roles of mammalian
FoxO transcription factors in metabolism, stress responses, differentiation, cell cycle, and
apoptosis have emerged [157,158]. The theme arising from studies with BCR-ABL-induced
leukemia and other cancers is that FoxO transcription factors are often inactivated in
tumorigenesis. More recently, comparisons between FoxO and p53 have examined their similar
modes of regulation and cellular functions, and their common deficiency in cancers [246].
Excitingly, the discovery that FoxO transcription factors represent an important node of
negative regulation in cancers lends further opportunity for the discovery of therapies that are
aimed at re-activating FoxO. Finally, as FoxO, NF-κB, and p53 appear to be the most centrally
affected molecules in tumorigenesis, the determination of therapies aimed at restoring normal
function of all these molecules may be ideal in the treatment of cancers.
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Figure 1. BCR-ABL Activates Multiple Signaling Pathways
BCR-ABL kinase activity and autophosphorylation create platforms for the activation of
various pathways involved in cellular proliferation and survival, such as the Ras, PI3-K/Akt,
NF-κB, and STAT5, among others. The small molecule inhibitor imatinib mesylate (imatinib)
inhibits BCR-ABL’s kinase activity by competing for the ATP binding site within the kinase
domain. See text for details.
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Figure 2. Survival signaling through the PI3-K/Akt pathway prevents FOXO3a transcriptional
activity
During survival such as in the presence of growth factors, growth factor stimulation of cognate
receptors results in the activation of PI3-K, and the subsequent recruitment and activation of
the Serine/Threonine kinase Akt through phosphorylation at Threonine 308 and Serine 473.
Activated Akt phosphorylates FOXO3a at Threonine 32, Serine 253, and Serine 315, thereby
resulting in the exclusion of FOXO3a from the nucleus and its inability to target the expression
of genes that antagonize cell survival. On the contrary, in the absence of growth factors,
FOXO3a is uninhibited by Akt, and is therefore not phosphorylated, and in the nucleus. See
text for details.
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Table 1
Summary of five years response in patients remaining on first-line imatinib therapy from the phase III IRIS trial

Parameter % of patients
Complete hematologic response 97
Major cytogenetic response 89
Complete cytogenetic response 82
Survival
 Overall
 Excluding non-CML deaths

89
95

Survival without accelerated or blastic phase 93
Event-free survival 83

Biochim Biophys Acta. Author manuscript; available in PMC 2009 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jagani et al. Page 38
Ta

bl
e 

2
C

ur
re

nt
 c

lin
ic

al
 a

nd
 e

xp
er

im
en

ta
l a

pp
ro

ac
he

s f
or

 C
M

L 
th

er
ap

y

In
hi

bi
to

r 
C

la
ss

T
ar

ge
t(s

)
C

lin
ic

al
 T

ri
al

s f
or

 C
M

L
A

ct
iv

ity
 in

 Im
at

in
ib

-
R

ef
ra

ct
or

y 
B

C
R

-A
B

L
V

ar
ia

nt
s

C
om

m
en

ts
R

ef
er

en
ce

s

T
yr

os
in

e 
K

in
as

e
Im

at
in

ib
 m

es
yl

at
e

(G
le

ev
ec

, S
TI

-5
71

)
A

B
L,

 P
D

G
F,

 K
it,

 A
rg

C
ur

re
nt

 C
M

L 
Th

er
ap

y
N

o
Fi

rs
t g

en
er

at
io

n 
ty

ro
si

ne
 k

in
as

e 
in

hi
bi

to
r

R
ev

ie
w

ed
 in

 [5
1]

A
M

N
10

7
A

B
L,

 P
D

G
F,

 K
it

Ph
as

e 
I-

II
Y

es
, N

ot
 T

31
5I

A
pp

ro
x.

 2
0 

fo
ld

 m
or

e 
po

te
nt

 th
an

 im
at

in
ib

[5
9]

, [
19

4]
, [

19
5]

B
M

S-
35

48
25

A
B

L,
 S

R
C

Ph
as

e 
II

Y
es

, N
ot

 T
31

5I
A

pp
ro

x.
 3

25
 fo

ld
 m

or
e 

po
te

nt
 th

an
im

at
in

ib
[5

8]
, [

19
4]

SK
I-

60
6

A
B

L,
 S

R
C

Ph
as

e 
I

R
es

is
ta

nt
 m

ut
an

ts
 n

ot
te

st
ed

Ef
fe

ct
iv

en
es

s i
n 

C
M

L 
xe

no
gr

af
ts

 o
f K

56
2

ce
lls

 su
gg

es
ts

 u
til

ity
 in

 b
la

st
 c

ris
is

[1
96

]

A
P2

34
64

A
B

L,
 S

R
C

N
o

Y
es

, n
ot

 T
31

5I
M

or
e 

po
te

nt
 th

an
 im

at
in

ib
[1

97
]

Fa
rn

es
yl

 p
ro

te
in

 tr
an

sf
er

as
e

SC
H

66
33

6
R

as
, o

th
er

 fa
rn

es
yl

at
ed

pr
ot

ei
ns

Ph
as

e 
1

Y
es

Si
ng

le
, o

r e
nh

an
ce

d 
w

ith
 im

at
in

ib
[1

98
], 

[1
99

], 
[2

00
]

R
11

57
77

Ph
as

e 
I

Y
es

, T
31

5I
 n

ot
 te

st
ed

Si
ng

le
, o

r s
yn

er
gi

st
ic

 w
ith

 im
at

in
ib

[2
01

], 
[2

02
]

M
E

K
1/

2
PD

18
43

52
M

EK
1/

2
N

o
Y

es
, T

31
5I

 n
ot

 te
st

ed
Sy

ne
rg

is
tic

 w
ith

 im
at

in
ib

, H
D

A
C

i
(S

A
H

A
)

[2
03

], 
[2

04
]

Ph
os

ph
at

id
yl

in
os

ito
l-3

-K
in

as
e 

(P
I3

-K
)

LY
-2

94
00

2
PI

3-
K

N
o

Y
es

, T
31

5I
 n

ot
 te

st
ed

D
em

on
st

ra
te

s t
he

 im
po

rta
nc

e 
of

 P
I3

-K
ac

tiv
at

io
n 

in
 B

C
R

-A
B

L-
 in

du
ce

d 
C

M
L

[1
06

], 
[2

00
]

W
or

tm
an

ni
n

PI
3-

K
N

o
Y

es
, T

31
5I

 n
ot

 te
st

ed
[1

06
]

3-
ph

os
ph

oi
no

si
tid

e-
de

pe
nd

en
t k

in
as

e-
1 

(P
D

K
-1

)
O

SU
-0

30
12

PD
K

-1
, a

nd
 th

us
 in

hi
bi

ts
 A

kt
N

o
Y

es
Sy

ne
rg

is
tic

 w
ith

 im
at

in
ib

[1
07

]
m

T
O

R
R

ap
am

yc
in

M
TO

R
Y

es
Y

es
Sy

ne
rg

is
tic

 w
ith

 im
at

in
ib

[1
23

], 
[1

24
]

A
ur

or
a 

K
in

as
e

V
X

-6
80

A
ur

or
a 

K
in

as
es

, A
B

L,
 F

LT
3

N
o

Y
es

In
 p

ha
se

 I 
de

ve
lo

pm
en

t f
or

 so
lid

 tu
m

or
s

[2
05

]
P3

8
B

IR
B

-7
96

p3
8,

 A
B

L
N

o
Y

es
In

 c
lin

ic
al

 tr
ia

ls
 fo

r i
nf

la
m

m
at

or
y 

di
se

as
e

[2
05

]
H

is
to

ne
 D

ea
ce

ty
la

se
 (H

D
A

C
)

LA
Q

82
4

H
is

to
ne

 d
ea

ce
ty

la
se

s
Ph

as
e 

I
C

on
fli

ct
in

g 
re

su
lts

 w
ith

T3
15

I m
ut

an
t r

ep
or

te
d

Si
ng

le
, s

yn
er

gi
st

ic
 w

ith
 im

at
in

ib
[2

06
] [

20
7]

LB
H

58
9

H
is

to
ne

 d
ea

ce
ty

la
se

s
Y

es
T3

15
I-

se
ns

iti
ve

 w
ith

 1
7-

A
A

G
 c

om
bi

na
tio

n
Sy

ne
rg

is
tic

 w
ith

 H
sp

90
 in

hi
bi

to
r, 

17
-A

A
G

[2
08

]

SA
H

A
H

is
to

ne
 d

ea
ce

ty
la

se
s

Ph
as

e 
I

Y
es

, T
31

5I
 n

ot
 te

st
ed

Si
ng

le
, s

yn
er

gi
st

ic
 w

ith
 im

at
in

ib
, M

EK
1/

2
in

hi
bi

to
r, 

bo
rte

zo
m

ib
, 1

7-
A

A
G

.
[2

09
] [

21
0]

 [2
04

],
[2

11
], 

[2
12

]
H

ea
t S

ho
ck

 P
ro

te
in

 9
0 

(H
sp

90
)

17
-A

A
G

H
sp

90
Y

es
Y

es
Si

ng
le

, s
yn

er
gi

st
ic

 w
ith

 im
at

in
ib

 o
r

H
D

A
C

is
, S

A
H

A
, o

r L
B

H
58

9
[5

7]
, [

20
0]

, [
21

2]
,

[2
08

]
Pr

ot
ea

so
m

e
B

or
te

zo
m

ib
 (V

el
ca

de
,

26
S 

Pr
ot

ea
so

m
e

PS
-3

41
)

Y
es

Y
es

, T
31

5I
 se

ns
iti

ve
 to

B
or

te
zo

m
ib

 a
lo

ne
 b

ut
 n

ot
te

st
ed

 in
 c

om
bi

na
tio

ns

Si
ng

le
, o

r s
yn

er
gi

st
ic

 w
ith

 fl
av

op
iri

do
l o

r
H

D
A

C
i (

SA
H

A
)

[2
13

], 
[2

14
], 

[2
11

]

Biochim Biophys Acta. Author manuscript; available in PMC 2009 January 1.


