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chromosome 22 and c-Abl gene located on chromo-
some 9 (Fig 1).  The corresponding protein is referred
to as BCR-ABL.  Three predominant products are
formed depending on which breakpoint located within
the BCR gene is fused with exon a2 of ABL. The corre-
sponding fusion protein will encode either a p190,
p210, or p230 molecular weight protein (Fig 2). These
oncogene products are associated with a specific type
of leukemia, suggesting that their respective transform-
ing capacities are distinct.5 In the majority of patients
with chronic myelogenous leukemia (CML) and in
approximately one-third of those with Ph+ acute lym-
phoblastic leukemia (ALL), the break occurs within the
area spanning exon 12–16, often referred to as b1b5
and defined as the major breakpoint cluster region (M-
BCR). The corresponding mRNA referred to as b2a2
and b3a2 is translated into a fusion protein commonly
known as p210 BCR-ABL The minor breakpoint,

Introduction
The cytogenetic hallmark of the presence of BCR-
ABL–positive tumors is the detection of the Philadel-
phia chromosome.  This cytogenetic abnormality is due
to the reciprocal translocation of chromosomes 9 and
22 [t(9:22)].1-4 This translocation results in the fusion of
the breakpoint cluster region (BCR) gene located on
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referred to as m-BCR, occurs between exons e1 and e2.
The corresponding e1a2 mRNA is translated into a 190-
kd fusion protein and is present in the remaining Ph+
ALL patients and rarely in patients with CML.  More
recently, a third breakpoint, μ-BCR, was identified.  It is
located downstream of exon e19, giving rise to the
e19a2 fusion product.  The corresponding protein con-
sists of a 230-kd fusion protein and is considered a rare

event found in Ph+ chronic neutrophilic leukemia.6

Consistent with clinical findings, in vitro and transgenic
studies have shown that expression of p190, p210, and
p230 has distinct phenotypes.  In particular, p190 had
the shortest latency period, and mice developed B-cell
origin leukemia exclusively.  In contrast, p210 trans-
genic mice typically developed leukemia of B-, T-lym-
phoid,or myeloid origin.7 Finally, p230 transgenic mice
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Fig 1. — The Philadelphia chromosome is the result of the reciprocal translocation of chromosomes 9 and 22.  Following translocation, an extra-long 
chromosome 9 is formed, and an extra-short chromosome 22, harboring the BCR-ABL fusion protein, is formed.

Fig 2. — Schematic of the breakpoints within the BCR and ABL genes and corresponding proteins.
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showed the longest latency period and exhibited a less
aggressive tumor, a finding that is consistent with the
clinical disease.8 This review focuses on the contribu-
tion of p210 BCR-ABL typically found in CML in medi-
ating cell growth and cell survival.

Chronic Myeloid Leukemia
CML is characterized by the presence of the Ph chro-
mosome in hematopoietic stem cells.  Clinically, it is
manifested in three distinct phases:  chronic, accelerat-
ed, and blast.  Most patients present in the chronic
phase, a stage that is typically indolent in nature.
Mature granulocytes are found, but patients typically
have an increase in the number of myeloid progenitor
cells found in the blood. Left untreated, the disease pro-
gresses to an accelerated phase followed by blast crisis,
which is inevitably fatal.  During blast phase, hemato -
poietic differentiation is blocked and blast cells accu-
mulate in the bone marrow and peripheral blood.9

Expression of BCR-ABL oncoproteins in hematopoietic
cells induces resistance to apoptosis,10,11 growth factor
independence,12 and leukomogenesis.13-15

The identification of BCR-ABL as the initial trans-
forming event in CML provided an ideal target for drug
discovery.  The BCR-ABL inhibitor imatinib is considered
first in class and proved to be an effective agent for treat-
ing chronic phase CML.16-18 Although highly effective,

imatinib does not eradicate the disease. Even in patients
who demonstrate good response with treatment with a
BCR-ABL inhibitor, minimal residual disease is detected
at the molecular level using polymerase chain reaction
(PCR).17 Several hypotheses have been proposed to
explain why imatinib does not eradicate the entire dis-
ease, including the possibility that the BCR-ABL–positive
hematopoietic stem cell is resistant to imatinib treat-
ment.19,20 Further research is required to determine
whether the stem cell niche, which represents a rich
source of extracellular matrixes as well as cytokine and
growth factors, is responsible for conferring resistance
or if the stem cell is intrinsically resistant to imatinib
treatment. Treatment with imatinib is less effective for
treating blast cell patients, indicating that transformation
to blast crisis results in BCR-ABL–independent growth.

Effects of BCR-ABL on Cell Survival
The fusion of BCR-ABL increases the diversity of pro-
tein-protein binding domains associated with the tyro-
sine kinase, thereby increasing the diversity of down-
stream targets (Fig 3).  In addition, the localization of
the parent tyrosine kinase c-Abl is nuclear, while the
fusion protein resides in the cytoplasm.  The end result
is that the tyrosine kinase activity of the fusion protein
is no longer tightly regulated and is available spatially to
activate a multitude of survival signals (Fig 4).
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Experimental evidence indicates that BCR-ABL acti-
vation of PI3 kinase is an essential step in lymphoid
transformation.21,22 This evidence includes data show-
ing that cells transformed with BCR-ABL have increased
PI3 kinase class 1A activity and accumulation of PIP3.
Moreover, pan PI3K inhibitors block both myeloid and
lymphoid transformation.23,24 Finally, similar to BCR-
ABL inhibitors, PI3K inhibitors show selectivity
towards inducing cell death in BCR-ABL leukemia cells
compared with normal hematopoietic cells.21,22 PI3
kinase is a heterodimeric protein consisting of an 85-kd
regulatory subunit containing one SH3 domain, two
SH2 domains, and a p110-kd catalytic subunit.  P85
requires activation through the SH2 domain with phos-
phorylated tyrosine in YXXM motifs.  Although BCR-
ABL has been shown to bind the p85 subunit of PI3
kinase, it does not appear to be due to a direct interac-
tion, as mutations in the YXXM motif contained within
BCR-ABL do not attenuate PI3 kinase activity.  This indi-
cates that activation occurs through intermediates and
not via a direct binding with BCR-ABL.23 Most of the
evidence indicates that a predominate pathway where-
by activation of PI3 kinase occurs is via the Y177
autophosphorylation site located on the BCR region of
the fusion protein.25 This site is critical for Grb2 bind-
ing via its SH2 domain and allows for docking of Gab2

via an SH3 domain, which becomes phosphorylated
within the YXXM motif.  Moreover, evidence indicates
that the Y177 residue is critical for activation of Ras and
Akt in human hematopoietic progenitor cells.26 How-
ever, there is also evidence that BCR-ABL–dependent
pathways such as phosphorylation of Crkl and subse-
quent phosphorylation of c-Cbl may contribute to BCR-
ABL–dependent activation of PI3 kinase.27

Multiple downstream targets of PI3 kinase have
been identified.  Akt is the downstream PI3 kinase target
most consistent with providing a survival advantage
capable of contributing to transformation.  Experimen-
tal evidence includes the observation that forced
expression of dominant-negative Akt attenuated trans-
formation and inhibited leukemia growth in severe
combined immunodeficiency (SCID) mice.22 Akt acti-
vates a network of targets that favors cell survival.  These
targets include FoxO proteins, Bad, and glycogen syn-
thase kinase 3β (GSK3β).28 The FoxO protein family of
FoxO1, FoxO3a, FoxO4, and FoxO6 transcription fac-
tors contain three Akt consensus phosphorylation sites
(for FoxO3, T32, S253, and S315).  Phosphorylation of
the first two sites allows for binding of the 14-3-3 chap-
erone protein.29,30 Binding of 14-3-3 occurs in the nucle-
us and allows for the efficient export of the complex.  In
addition, phosphorylation of the second site results in a
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negative charge in the basic stretch of the nuclear local-
ization signal, preventing re-entry into the nucleus.31

Cytoplasmic sequestration effectively inhibits the tran-
scriptional activation of several proapoptotic mole-
cules, including Bim and Trail.32,33 The promoter region
of Bim contains a Forkhead responsive element, and
ChIP assays have determined that FoxO3a binds to the
promoter region of Bim.34 Moreover, several investiga-
tors have shown that treatment with BCR-ABL inhibitors
causes an increase in Bim levels and that siRNA directed
at Bim induces resistance to BCR-ABL inhibitors.35-38

Additionally, Akt can lead to phosphorylation of the
proapoptotic Bcl-2 family member Bad at S136.39,40 Non-
phosphorylated Bad is free to bind antiapoptotic Bcl-2
family members, replacing Bax. Release of Bax allows for
oligomerization to occur in the mitochondria membrane
and contributes to the induction of the outer mitochon-
dria membrane permeabilization, leading to the eventu-
al activation of caspases and apoptosis.41 In contrast,
phosphorylated Bad is sequestered by 14-3-3 in the
cytosol, thereby increasing the levels of Bcl-2 antiapop-
totic members to sequester Bax and reducing the thresh-
old for apoptosis to occur.42 BCR-ABL has been shown
to result in the phosphorylation of Bad, contributing to
cell survival.43 However, Neshat et al43 noted that BCR-
ABL–dependent phosphorylation of Bad does not com-
pletely reconstitute the survival advantage associated
with BCR-ABL expression, again suggesting that the
transforming capabilities of BCR-ABL are not the result
of the activation of a single pathway but rather the cul-
mination of the activation of a complex signaling net-
work. GSK3β is a downstream target of Akt, and becomes
inactivated following phosphorylation.44,45 Two down-
stream targets of GSK3β include cyclin D1 and β-catenin.
Phosphorylation of these proteins by GSK3β targets
both of these proteins for proteasome-mediated degra-
dation.46 In addition, Coluccia et al47 showed that BCR-
ABL physically interacts with β-catenin and is required
for phosphorylation of β-catenin at Y86 and Y654.47

They also showed that BCR-ABL–dependent tyrosine
phosphorylation of β-catenin can increase the half-life 
of the protein independent of GSK3β activity.  Finally,
siRNA targeted at β-catenin inhibited cell growth of 
BCR-ABL–positive cells and sensitized them to imatinib-
induced cell death.47 β-catenin may play an especially
important role in the maintenance of the stem cell pop-
ulation in both normal and CML stem cells.  Zhao et al48

recently showed that β-catenin–deficient hematopoietic
stem cell population demonstrated a reduction in long-
term self renewal as demonstrated by in vivo transplant
studies.  Interestingly, BCR-ABL–transduced cells defi-
cient in β-catenin failed to develop CML, a finding that
was associated with reduced self-renewal in the stem
cell population.  However, β-catenin –/– mice did devel-
op ALL, suggesting that the dependence on β-catenin
may be dependent on cell origin.

Signal transducer and activator of transcription
(Stat) proteins are known to be regulated by cytokine
receptors and are critical for driving transcription nec-
essary for growth, survival, and differentiation of
hematopoietic cells.  Experimental evidence indicates
that BCR-ABL activates predominately Stat5 and to a
lesser extent Stat3 and Stat1.49-52 BCR-ABL expression
results in constitutive activation of Stat5 and essentially
bypasses cytokine or growth factor-dependent activa-
tion of Stat5.  Activation of Stat5 contributes to in -
creased expression of the antiapoptotic Bcl-2 family
members MCL-1 and BCL-xL as well as increased expres-
sion of cyclin D1, a critical molecule that facilitates G1

to S phase cell cycle progression.53-57 Experimental evi-
dence indicates that both the SH3 and SH2 domains are
required for the BCR-ABL–dependent activation of
Stat5.58 Moreover, these same investigators showed
that expression of a dominant negative Stat5 in BCR-
ABL–positive murine myeloid precursor 32Dcl3 cells
inhibited resistance to apoptosis, growth factor inde-
pendent proliferation, and leukemogenesis in vivo.58 In
contrast, bone marrow cells from STAT5-deficient mice
were not limited in BCR-ABL–dependent transforma-
tion in vitro or in vivo, suggesting that alternative path-
ways can be activated in this model system.59 Although
BCR-ABL is known to activate Jak2 kinase, cells express-
ing kinase-inactive Jak2 fail to reduce phosphorylated
Stat5 levels, indicating that BCR-ABL activates Stat5
independent of Jak2.60

In summary, the survival signals initiated by BCR-
ABL are critical for normal hematopoiesis.  However, the
presence of the fusion protein has now resulted in con-
stitutive activation of a network of survival pathways
and contributes to transformation and resistance to
apoptosis.  Interestingly, because these pathways can be
activated by extracellular signals, the role of the bone
marrow microenvironment (which contains locally rich
areas of cytokines and extracellular matrixes) in medi-
ating resistance to BCR-ABL inhibitors is an active area
of investigation.  For example, granulocyte-macrophage
colony-stimulating factor (GM-CSF) autocrine secretion
can result in BCR-ABL–independent activation of Stat5
and resistance to BCR-ABL inhibitors.61 Furthermore,
our laboratory recently showed that conditioned media
derived from a bone marrow stroma cell line referred to
as HS-5 protect CML cell lines from apoptosis induced
by BCR-ABL inhibitors.  These findings were associated
with activation of Stat3 and sustained expression of
Stat3/Stat5 target genes Bcl-xL, Mcl-1, and survivin fol-
lowing treatment with BCR-ABL inhibitors.62

Effects of BCR-ABL on Cell Growth
In addition to promoting cell survival, BCR-ABL has pro-
nounced effects on cell cycle progression.  Cortez et
al63 showed that BCR-ABL–transformed 32D cells pro-
liferated in low serum conditions,whereas control cells



April 2009, Vol. 16, No. 2 Cancer Control  105

became arrested in G0 when cultured in low serum.63

Furthermore, they demonstrated that inducible expres-
sion of BCR-ABL was sufficient to initiate cell cycle pro-
gression in cells arrested due to culturing in low serum
conditions.  This finding correlated with activation of
CDK2, which is required for G1/S progression.  BCR-
ABL–dependent activation of CDK2 can be attributed
in part to reduced nuclear accumulation of the cyclin-
dependent kinase inhibitor p27kip1.  Reports indicate
that the cytoplasmic nuclear ratio of p27kip1 is increased
by BCR-ABL.64 Conversely, treatment of BCR-ABL–pos -
itive cells with a BCR-ABL inhibitor caused increased
p27kip1 levels and decreased cyclin D and E levels.65 The
regulation of p27kip1 by BCR-ABL appears to be multi-
factorial since BCR-ABL inhibits transcription and
increases proteasome-mediated degradation of the pro-
tein.65 These findings are associated with decreased
CDK2 activity, a kinase required for G1 to S progression.
BCR-ABL–dependent transcriptional regulation of
p27kip1 may be mediated by Akt-dependent inhibition of
FoxO transcription factors that can drive p27kip1

expression.33 In addition to transcriptional regulation,
BCR-ABL was shown to mediate degradation of p27kip1

via a skp2-dependent manner.65 Finally, recent evi-
dence indicates that survival was prolonged in mice
transplanted with BCR-ABL transfected SKP2–/– mar-
row compared with recipients of BCR-ABL–expressing
SKP2+/+ marrow.66 Taken together, these data indicate
that BCR-ABL–dependent pathways that contribute to
cell cycle progression and survival contribute to the
leukogenic potential of this oncogene.

Transformation to Blast-Stage Crisis
The clinical transition from chronic to blast phase is
associated with a more clinically aggressive phenotype
that is typically resistant to BCR-ABL inhibitors. The
mechanism of transition remains poorly understood.
The blast phase of the disease is characterized by the
addition of secondary molecular or chromosomal
changes that presumably allow for BCR-ABL indepen-
dent growth and resistance to BCR-ABL inhibitors.67

However, BCR-ABL expression is not decreased but
rather increased at blast stage.68 Thus, it is feasible that
BCR-ABL promotes secondary changes that allow for
the transition to blast phase. In support of this premise
are data showing that BCR-ABL kinase activity increas-
es the levels of endogenous reactive oxygen species
(ROS) and increases the amount of ROS-induced DNA
damage as measured by the comet assay.69 Further-
more, the addition of n-acetylcysteine, a free-radical
scavenger, decreased the mutagenesis rate and frequen-
cy of resistance to imatinib.69

In addition to increasing DNA damage due to
greater ROS levels, BCR-ABL has been shown to attenu-
ate DNA repair pathways.  Two major DNA pathways
operative in mammalian cells are classified as homolo-

gous recombination (HR) and nonhomologous end
joining (NHEJ).  NHEJ repairs DNA double-strand
breaks by joining ends together.  Ku70 and Ku80 rec-
ognize and bind DNA double-strand breaks and recruit
a repair complex that includes DNA-PK to the damaged
DNA. Deutsch at al70 showed that BCR-ABL expression
results in decreased levels of DNA-PK, a finding that
could be reversed by treatment with a proteasome
inhibitor.  Thus, reduced levels of DNA-PK could atten-
uate NHEJ-mediated repair and contribute to genomic
instability in BCR-ABL–positive cells.  These investiga-
tors more recently showed that expression of BCR-ABL
attenuates the levels of BRCA1 and that inhibition of
the BCR-ABL kinase activity with imatinib restored the
levels of BRCA1.71 Following DNA damage, BRCA1 is
localized to DNA damage foci containing FANCD2 and
RD51 and is thought to facilitate HR-mediated DNA
repair.72 Moreover, ectopic expression of BCR-ABL in
UT-7 cells increased the frequency of sister chromatid
exchange following gamma radiation.71 Supporting the
role of BCR-ABL in increasing genomic instability is
recent information showing that ectopic expression of
BCR-ABL resulted in greater levels of single-strand
breaks induced by etoposide.73 This finding corre-
sponded to defective S-phase checkpoint following
DNA damage.  Furthermore, following DNA damage,
BCR-ABL was shown to translocate to the nucleus,
physically interact with ataxia-telangiectasia and rad 3-
related protein, and inhibit ATR-dependent phosphory-
lation of CHK1.73 It is currently unclear whether con-
tinued suppression of BCR-ABL kinase activity with
inhibitors will prevent the secondary genetic abnor-
malities associated with transformation to blast stage.

Conclusions
Although CML is linked to the transformation capabili-
ties of one oncoprotein, it is clear that BCR-ABL has
pleiotropic effects on multiple pathways that con-
tribute to cell survival, disease progression, and genom-
ic stability.
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