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Increased levels of Bcr-Abl expression in
chronic myelogenous leukemia (CML)
cells are associated with disease progres-
sion and imatinib (IM) resistance. How-
ever, it is not clear if these associations
are a direct result of elevated Bcr-Abl
expression. We used a human transduc-
tion model of CML to directly investigate
the role of varying Bcr-Abl expression
levels in determining the phenotype and
IM sensitivity of hematopoietic cells.
CD34� cells were transduced with vec-
tors coexpressing Bcr-Abl and GFP, and

cells expressing low and high levels of
GFP and Bcr-Abl (BAlo and BAhi) were
selected. BAhi cells demonstrated en-
hanced activation of downstream prolif-
erative and antiapoptotic signaling and
enhanced proliferation and survival com-
pared to BAlo cells. Freshly isolated BAhi

CD34� cells and cell lines demonstrated
increased IM-mediated growth inhibition
likely reflecting Bcr-Abl dependence for
growth and survival. CD34� cells express-
ing BCR/ABL kinase-mutant genes dem-
onstrated resistance to IM-mediated inhi-

bition of proliferation and viability, which
was not enhanced by increased expres-
sion of BCR/ABL kinase-mutant genes.
We conclude that Bcr-Abl overexpression
results in increased proliferation and anti-
apoptotic signaling in CD34� cells, but
may not play a direct role in IM resistance
in progenitor cells expressing either wild-
type or mutant BCR/ABL genes. (Blood.
2007;109:5411-5421)
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Introduction

Chronic myeloid leukemia (CML) is a hematopoietic stem cell
disorder characterized by a balanced translocation between chromo-
somes 9 and 22, also known as the Philadelphia chromosome.1,2

The resulting BCR/ABL fusion oncogene encodes a cytoplasmic
protein tyrosine kinase with elevated and dysregulated enzymatic
activity.3 The BCR/ABL gene plays a critical role in the pathogene-
sis of CML.3,4 The clinical course of CML typically progresses
over time from an early chronic phase (CP) through an accelerated
phase (AP) and terminal blast crisis phase (BC). Disease progres-
sion is associated with increased levels of Bcr-Abl expression and
acquisition of additional genetic and epigenetic abnormalities,
which lead to altered hematopoietic cell growth and differentiation.

Imatinib mesylate (IM), a small molecule inhibitor of the
c-ABL, Bcr-Abl, c-Kit, and PDGFR kinases, inhibits the growth of
Bcr-Abl–expressing cells.5 IM has proven highly effective in
treatment of CML. Patients in CP are most likely to benefit from IM
treatment.6,7 While responses in CP are usually durable, remissions
observed in BC patients are typically transient with relapse
occurring despite continued drug treatment.8 Relapse also occurs,
though less frequently, in patients in CP and AP. Several groups
have investigated mechanisms of resistance to IM in CML in
IM-resistant cell line models 9-14 and in primary patient samples.15-22

Point mutations in the ABL kinase domain resulting in reduced
drug binding is a major mechanism of acquired resistance to IM in
CML.23 Other mechanisms implicated as a cause of IM resistance
include amplification of the BCR/ABL gene22 and/or overexpres-
sion of Bcr-Abl transcripts,20 and activation of non–Bcr-Abl–
dependent transformation mechanisms.24-27

It is not clear whether the association of Bcr-Abl overexpression
with disease progression and IM resistance directly results from
increased expression of the Bcr-Abl protein or reflects coincident
occurrence of additional abnormalities contributing to transforma-
tion and drug resistance in CML cells, such as kinase domain
mutations or activation of non–Bcr-Abl kinase–dependent genetic
or epigenetic mechanisms of transformation. In studies analyzing
individual subclones of GF-dependent cell lines expressing varying
levels of Bcr-Abl, it was observed that the fully transformed
phenotype of GF-independent proliferation and survival required
high levels of Bcr-Abl expression.9,14 It was felt that increasing
levels of Bcr-Abl expression in primary cells could be responsible
for the different phenotypic features seen in CP and AP CML.
Barnes et al14 showed that cell lines expressing high amounts of
Bcr-Abl demonstrated reduced sensitivity to IM and took less time
to generate IM-resistant subclones compared to cells with low
Bcr-Abl expression levels, suggesting that high Bcr-Abl levels may
contribute to rapid development of resistance. However his ap-
proach does not allow distinction between direct effects resulting
from differences in Bcr-Abl expression levels versus other genetic
and epigenetic abnormalities acquired during subcloning. Indeed
cells with increased Bcr-Abl expression may be more prone to
developing such abnormalities.28-30 Significantly, several of the
resistant cell lines had detectable Bcr-Abl kinase mutations. In
addition since cell lines may not adequately model human disease,
the role of Bcr-Abl expression levels in primary cells remains
unclear. Therefore additional studies to elucidate the dose-effect
relationships of Bcr-Abl proteins with human hematopoietic cell
transformation and drug resistance are required.
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In the present study, we directly investigated the role of
increased levels of Bcr-Abl expression in cellular transformation
and drug sensitivity of primary human progenitor cells, by
ectopically expressing the BCR/ABL and GFP genes in normal
CD34� cells and selecting cells for lower and higher levels of
Bcr-Abl expression based on GFP expression levels. We also
studied the effect of varying levels of gene expression effect on IM
resistance of CD34� cells expressing the M351T and E255K kinase
domain mutants, which are known to be associated with moderate
and high levels of resistance to kinase inhibition by IM. Our results
indicate an important effect of BCR/ABL gene expression levels on
the transformed phenotype of Bcr-Abl–expressing CD34� cells but
do not support a direct role for high levels of wild-type and mutant
BCR/ABL gene expression in IM resistance.

Patients, materials, and methods

Subjects

Cord blood samples and bone marrow samples from CML patients were
collected after obtaining informed consent in accordance with the Declara-
tion of Helsinki using guidelines approved by the institutional review board
of the City of Hope National Medical Center and in accordance with the
Declaration of Helsinki. The CML samples included 4 from patients with
CP and 3 each from patients with AP and BC disease.

Selection of CD34� progenitors

Bone marrow mononuclear cells (BMMNCs) were isolated by Ficoll-
Hypaque (specific gravity 1.077; Sigma Aldrich, St Louis, MO) density
gradient centrifugation. CD34� cells were selected from BMMNCs using
immunomagnetic column separation (Miltenyi Biotech, Auburn, CA).

Vectors and virus production

The MIG R1 and MIG 210 retroviral vectors were kind gifts from Dr
Warren Pear (University of Pennsylvania, Philadelphia, PA) and have been
described previously.31 Bcr-Abl kinase domain mutants were generated by
introducing point mutations in p210 Bcr-Abl by site-directed mutagenesis,
substituting glutamic acid at position 255 with lysine (E255K) and
methionine at position 351 with threonine (M351T). Mutant Bcr-Abl
constructs were inserted into MIG R1 vectors to generate MIG E255K and
MIG M351T vectors. Replication-incompetent retroviruses were obtained
by transient transfection of 293 cells with MIG R1, MIG 210, MIG E255K,
or MIG M351T retroviral plasmids and the pCL-ampho plasmid followed
by harvesting of supernants and titration of infectious virus as previously
described.31

Retroviral transduction

Cord blood CD34� cells were cultured in fibronectin CH-296 (Retronectin;
Pan Vera, Madison, WI)–coated plates in serum-free medium (SFM; Stem
Cell Technologies, Vancouver, BC) containing growth factors (GFs)
(interleukin-3 [IL-3, 25 ng/mL]; interleukin-6 [IL-6, 10 ng/mL]; Flt-3
ligand [100 ng/mL]; stem cell factor [SCF, 50 ng/mL], and thrombopoietin
[100 ng/mL]) at 37°C in 5% CO2. After 48 hours, cells were resuspended in
virus supernants (multiplicity of infection [MOI] � 10), with the same GFs.
This infection procedure was repeated after 24 hours. After additional
culture for 48 hours, CD34� cells were labeled with anti–CD34-APC
antibodies (Becton Dickinson, San Jose, CA) and CD34�GFP� cells
selected using flow cytometry sorting (Dako-Cytomation, Fort Collins,
CO). TF1 cells were transduced by culture with virus supernants at MOI of
10 for 2 consecutive days. Cells were maintained in RPMI 1640 medium
containing 10% FBS and GM-CSF (2 ng/mL). For cells transduced with
MIG 210 vectors, 2 separate populations were selected based on low
levels of GFP expression (BAlo, fluorescence intensity between 101 to
102) or high levels of GFP expression (BAhi, fluorescence intensity

greater then 102), as shown in Figures 1A and 5A. A similar strategy was
used for cells transduced with MIG M351T and MIG E255K vectors. A
single population of GFP� cells was sorted from cells transduced with
the control virus (MIG R1).

Real-time quantitative RT-PCR (Q-PCR)

Quantitative PCR (Q-PCR) analysis for detection of p210 Bcr-Abl tran-
scripts was performed as previously described using a real-time TaqMan
assay and the ABI Prism 7700 sequence detector (Applied Biosystems,
Foster City, CA).32 For each sample �2-microglobulin (�2M) levels were
also measured as internal controls. Samples were run in duplicate, the
amount of Bcr-Abl and �2M was calculated based on the standard curves,
and results were expressed as a Bcr-Abl/�2M ratio. The assay was capable
of linear detection of Bcr-Abl mRNA across 5 logs of input RNA.

Western blotting

Primary CML CD34� cells, CD34�GFP�, and TF1�GFP� cells were
cultured with or without IM as indicated, and lysed in buffer containing
50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.5% NP40, and 0.5%
sodium deoxycholate, supplemented with protease and phosphatase inhibi-
tors. Proteins were resolved on 4% to 20% or 7.5% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels and trans-
ferred to nitrocellulose membranes. Membranes were blocked with 10%
nonfat dry milk in PBS with 0.1% Tween and labeled with appropriate
dilutions of primary antibody anti-Abl: (Abl-3; CalBiochem, OP 20);
antiactin (AC-15, A 5441; Sigma-Aldrich); antiphosphotyrosine (4G10; a
kind gift from Dr Druker, Oregon Health Sciences University, Portland,
OR); antiphosphorylated p42/44 MAPK (sc-7383), anti-p42/44 MAPK
(sc-94), and anti-Stat5 (sc-835) (Santa Cruz Biotechnology, Santa Cruz,
CA); antiphosphorylated Stat5 (pY694, 611964; BD Biosciences); antiphos-
phorylated Akt (Ser473, 9271) and anti-Akt (9272) (Cell Signaling
Technology); Bcl-XS/L (S-18, sc-634) and Mcl-1 (S-19, sc-819) (Santa Cruz
Biotechnology); followed by mouse or rabbit horseradish peroxidase–
conjugated secondary antibody (1:6000; Jackson ImmunoResearch Labora-
tories, Bar Harbor, ME). Proteins bands were visualized using the
Superfemto kit (Pierce Biotechnology, Rockford, IL). Relative quantitation
of protein levels was performed using densitometric analysis.

Progenitor culture

CD34�GFP� cells were incubated in SFM supplemented with GF at low
concentrations similar to that found in stroma-conditioned medium (granu-
locyte-macrophage colony-stimulation factor [GM-CSF], 200 pg/mL; granu-
locyte colony-stimulating factor [G-CSF], 1 ng/mL; SCF, 200 pg/mL;
leukemia inhibitory factor [LIF], 50 pg/mL; macrophage inflammatory
protein � [MIP-1�], 200 pg/mL; and IL-6, 1 ng/mL)33-35 at 37°C in a
humidified atmosphere with 5% CO2. The number of viable cells generated
after culture was enumerated. CD34�GFP� cells cultured for 7 day in SFM
with low GF were analyzed for expression of myeloid and erythroid
differentiation antigens. Cells were labeled with antibodies to CD33,
CD11b, glycophorin A (Gly A), and CD36 and analyzed by flow cytometry
(FACScalibur; Becton Dickinson).

Assessment of IM sensitivity

CD34�GFP� cells were incubated in SFM supplemented with GF at low
concentrations for 24 hours followed by exposure to IM (0 to 1.0 �M) in
similar conditions for 72 hours. Cells were assayed for expansion in
numbers, apoptosis, and proliferation.

MTS assay

CD34�GFP� cells were cultured in 96-well plates (10 � 103 cells/well for
MIG R1 and MIG 210; 5 � 103 cells/well for other cells) under conditions
described in “Assessment of IM sensitivity.” TF-1�GFP� cells were
cultured in 96-well plates (10 � 103 cells/well for MIG R1 and MIG 210)
with or without GM-CSF. Subsequently, viable cells were quantified using
an MTS assay kit (Promega, Madison, WI) in accordance with the
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manufacturer’s instructions. Triplicate determinations were made for each
experimental point.

SNARF-1 proliferation assay

CD34�GFP� cells were labeled with 20 �M succinimidyl ester of
SNARF-1 carboxylic acid (Molecular Probes, Eugene, OR) at 37°C in the
dark for 30 minutes, followed by washing. Cells were resuspended in SFM
supplemented with low concentrations of GF, incubated at 37°C overnight
to allow excess unbound dye to diffuse out, and cultured for an additional
72 hours with or without IM, and cell division was analyzed by flow
cytometry. Each cell division results in progressive reduction in SNARF-1
intensity. The percentage of cells in each generation of cells was determined
using ModFit software (Verity, Topsham, ME), with the position of the
parent generation set on the basis of the fluorescence profile of an aliquot of
cells treated with colcemid (0.1 �g/mL) immediately after sorting, and a
proliferation index (PI) was generated as previously described.36

Assessment of apoptosis

CD34�GFP� cells were cultured with or without serum and GF withdrawal
as well as with or without IM treatment and assayed for apoptosis as
described previously.36 Briefly cells were labeled with annexin V–Cy-5 and
ViaProbe 7-amino-actinomycin D (7-AAD) (BD PharMingen, San Diego,
CA), and analyzed by flow cytometry. Total apoptotic cells were defined as
sum of annexin V–Cy-5�7AAD� and annexin V–Cy5�7-AAD� cells.

Statistics

Results of data obtained from multiple experiments were reported as the
mean � 1 SEM. Significance levels were determined by Student paired t
test analysis or where indicated by 1-way or 2-way ANOVA.

Results

Selection of human CD34� cells with high or low levels of
Bcr-Abl expression

Infectious virus particles (MIG R1, MIG 210, MIG M351T, MIG
E255K) generated by transient transfection of 293 cells were used
to transduce human CD34� cells. Transduced CD34�GFP� cells
were selected by flow cytometry sorting. Since the MIG 210 vector
coexpresses the GFP and BCR/ABL gene, we reasoned that
expression levels of Bcr-Abl would correspond to levels of
expression of the GFP gene. Two populations of MIG 210 (wild
type or mutants)–transduced CD34�GFP� cells were selected
based on low or high levels of GFP expression (BAlo and BAhi) as
shown in Figure 1A. For cells transduced with the control MIG R1
vector expressing GFP alone, a single population of CD34�GFP�

cells was selected.
We assessed whether Bcr-Abl expression levels corresponded

to GFP gene expression levels in selected CD34�GFP� cells.
Increased expression of Bcr-Abl mRNA was seen in BAhi com-
pared to BAlo cells (4.69 � 1.09-fold increase in Bcr-Abl/�2M
levels in BAhi compared to BAlo cells immediately after sorting
[day 0, n � 5], and 5.53 � 1.90-fold increase in cells cultured for
72 hours after sorting [day 3, n � 3]) (Figure 1B). Western blot
analysis confirmed increased Bcr-Abl protein expression in BAhi

compared to the BAlo cells (the Bcr-Abl to actin ratio was
4.01 � 2.07-fold higher in BAhi compared to BAlo cells [n � 3])
(Figure 1C). BAhi cells demonstrated increased tyrosine kinase
activity and altered patterns of tyrosine phosphorylation compared
to BAlo cells as assessed by Western blot analysis using antiphos-
photyrosine antibodies. Both BAlo and BAhi cells exhibited in-

creased phosphotyrosine levels compared to control cells express-
ing GFP alone (Figure 1D). These results confirm our ability to
select cells with different levels of Bcr-Abl expression and allow us
to investigate the role of Bcr-Abl expression level in cell transfor-
mation and sensitivity to IM.

We evaluated whether Bcr-Abl expression levels in transduced
CD34� cells are comparable to Bcr-Abl expression in CD34� cells
obtained from CML patients. As previously reported, Bcr-Abl
protein expression tended to increase with disease progression (the
average Bcr-Abl to ABL ratio in was CP 0.36 � 0.11 [n � 4]; in
AP, 0.62 � 0.081 [n � 3]; and in BC, 0.98 � 0.094 [n � 3])
(Figure 1E). The range of Bcr-Abl expression in BAlo cells
(0.51 � 0.19, n � 3) was consistent with that in CML CP CD34�

cells, and the range in BAhi (0.95 � 0.089, n � 3) cells was
consistent with that in CML BC patients (Figure 1F).

Effects of higher Bcr-Abl expression levels on CD34� cell
differentiation, proliferation, and apoptosis

Mechanisms proposed to explain myeloid expansion in CML
include increased proliferation rate, unregulated proliferation, and
reduction in apoptosis.37,38 To determine whether Bcr-Abl expres-
sion levels affected CD34� cell proliferation, we evaluated the
expansion of transduced CD34� cells following culture in media
containing low GF for 7 days. As shown in Figure 2A, there was
increased expansion in numbers of both BAlo and BAhi cells
compared to MIG R1–transduced cells (control cells). However,
expansion of BAhi cells was significantly greater than that of BAlo

cells (expansion of control cells was 2.1 � 0.26; BAlo, 20.93 � 6.27;
and BAhi, 115.0 � 41.55; n � 6).

Increased cell expansion may reflect increased cell proliferation
or reduced apoptosis. We examined the effects of increased
Bcr-Abl expression levels on cell proliferation by labeling trans-
duced cells with the fluorescent-tracking dye SNARF-1, culturing
for 72 hours in GF-containing media, and analyzing for cell
division by flow cytometry. A marked increase in the proliferation
index (PI) was seen in BAlo and BAhi cells compared to controls. As
was seen with cell expansion, BAhi cells demonstrated increased
proliferation compared to BAlo cells (P.I for MIG R1 transduced
controls was 5.25 � 1.02; BAlo, 24.27 � 8.1; and BAhi,
41.83 � 11.94) (Figure 2B).

To determine if Bcr-Abl levels influenced antiapoptotic signal-
ing in CD34� cells, we examined cell viability following 48-hour
deprivation of serum and GF. There were no significant differences
in apoptosis between control, BAlo, and BAhi CD34� cells cultured
in serum and GF-containing culture conditions (Figure 2C). On the
other hand, BAhi CD34� cells demonstrated significantly reduced
apoptosis following serum and GF deprivation compared to BAlo or
control GFP-expressing CD34� cells (n � 5) (Figure 2D). These
results indicate that high levels of Bcr-Abl expression protect cells
from apoptosis following GF withdrawal, but that CD34� cells
expressing lower levels of Bcr-Abl, such as CP CML cells, are not
protected from apoptosis following GF withdrawal.

Immunophenotypic analyses indicated that Bcr-Abl–expressing
cells generated higher number of both myeloid (CD11b and CD33)
and erythroid (glycophorin A and CD36) cells compared to control
CD34� cells (Figure 2E). Erythroid progenitors were especially
increased compared to control cells, which remained predomi-
nantly myeloid (glycophorin A� erythroid cells: MIG R1,
1.5% � 0.3%; BAlo, 51.6% � 6.8%; and BAhi, 65.7% � 11.2%;
P 	 .001 for MIG R1 compared to BAlo and BAhi cells; CD11b�

myeloid cells: MIG R1, 45.3% � 8.9%; BAlo, 13.8% � 3.1%; and
BAhi, 7.6% � 1.3%, P 	 .001 for MIG compared to BAlo and BAhi
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cells, significance determined by one-way ANOVA, n � 5). BAhi

progenitors generated higher numbers of both myeloid and ery-
throid cells compared to BAlo cells (P 	 .05) (Figure 2E). There-
fore, Bcr-Abl expression was associated with enhanced erythroid
differentiation, which was accentuated by enhanced gene expres-
sion levels.

Higher Bcr-Abl expression levels in CD34� cells are associated
with increased STAT5 activity and antiapoptotic signaling

We evaluated the effect of increased levels of BCR/ABL gene
expression in CD34� cells on the activity of candidate downstream
signaling mechanisms (Figure 3). BAhi cells demonstrated in-
creased STAT5 phosphorylation (Figure 3A) and increased STAT5
promoter-binding activity (Figure 3B) compared to BAlo cells. A
trend toward increased MAPK phosphorylation was seen in BAhi

cells. AKT phosphorylation was increased in Bcr-Abl–expressing
cells but not consistently increased in BAhi compared to BAlo cells.
BAhi cells demonstrated increased expression of the antiapopto-

tic proteins Bcl-XL and Mcl-1 compared to BAlo cells (Figure
3C). In contrast Bcl-2 levels were similar in control and
Bcr-Abl–expressing cells. These results indicate that higher
Bcr-Abl expression in CD34� cells is associated with enhanced
activation of downstream proliferative and antiapoptotic signal-
ing mechanisms.

CD34� cells expressing higher levels of Bcr-Abl demonstrate
increased sensitivity to IM

We next investigated the effect of Bcr-Abl expression levels on
sensitivity of CD34� cells to inhibition by IM. CD34�GFP� cells
were cultured in low GF conditions in the presence or absence of
IM (0.05 to 1 �M) for 72 hours, followed by quantitation of viable
cells using an MTS assay. As shown in Figure 4A, both BAlo and
BAhi cells demonstrated enhanced sensitivity to IM compared to
control cells. However, at all IM concentrations, BAhi cells were
more sensitive to IM than BAlo cells. The IC50 for IM for BAhi cells

Figure 1. Selection of CD34� cells expressing high and low levels
of Bcr-Abl. (A) Human CD34� cells were transduced with MIG R1
and MIG 210 retrovirus as described in “Patients, materials, and
methods.” Transduced CD34� cells were selected by flow cytometry
sorting. CD34�GFP-low (BAlo) and CD34�GFP-high (BAhi) popula-
tions were selected from MIG 210–transduced cells and a single
CD34�GFP� population was selected from MIG R1–transduced cells
as shown. (B) Bcr-Abl mRNA expression in transduced cells was
assessed using quantitative RT-PCR and expressed as the ratio of
Bcr-Abl/�2M as described in “Patients, materials, and methods.” The
results shown are for freshly sorted cells (day 0) and for cells cultured
for 72 hours (on day 3). Significance levels for differences between
BAlo and BAhi cells were *P 	 .02 and **P 	 .036. (C) Bcr-Abl protein
expression in transduced cells was assessed by Western blotting.
Cells were cultured for 48 hours after sorting and protein extracts
prepared as described in “Patients, materials, and methods.” Western
blotting was performed using anti-Abl antibodies. Blots were reprobed
with an antiactin antibody to confirm equal sample loading. Signifi-
cance levels between BAlo and BAhi cells is *P 	 .026. (D) Protein
tyrosine phosphorylation in transduced cells was assessed by West-
ern blotting using an antiphosphotyrosine (anti-PY) antibody. (E)
Protein extracts were obtained from transduced CD34� and CD34�

cells isolated from samples obtained from CML patients, and Western
blotting was performed with anti-ABL and antiactin antibodies. Results
from a representative experiment are shown. (F) Bcr-Abl/ABL ratios
obtained by densitometric analysis of BAlo and BAhi cells (n � 3) and
primary CML CD34� cells (n � 10) are shown.
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was 0.025 �m, while the IC50 for BAlo cells was almost 10-fold
higher at 0.2 �M.

The effect of IM on cell division was assessed by labeling cells
with SNARF-1 and culture with IM (0-1.0 �M) under low GF
conditions for 72 hours followed by analysis for cell division by
flow cytometry. BAhi cells exposed to 0.1 �M IM had significantly
greater reduction of cell division (55.11 � 4.31) compared with the
BAlo cells (35.48 � 4.42, n � 3) (Figure 4B). Further reduction in
cell proliferation was seen on exposure to 1.0 �M IM, with the
effect of IM on BAhi cells remaining greater than that on BAlo cells.
Cells were also analyzed for induction of apoptosis following
culture with IM for 72 hours. Exposure to IM (0.1 �M) resulted in
significantly increased apoptosis in BAhi cells compared to BAlo

cells or control cells (26.4% � 3.93%, 8.39% � 2.98%, and
2.54% � 3.45% increase in apoptosis, respectively, n � 5) (Figure
4C). These results indicate that inhibition of Bcr-Abl–induced
proliferation is an important mechanism for IM-induced inhibition
of both BAlo and BAhi cell growth. IM also induces significant
apoptosis in BAhi but not BAlo cells, indicating increased depen-
dence on Bcr-Abl kinase activity for survival in CD34� cells
expressing higher levels of Bcr-Abl. Increased sensitivity of BAhi

cells compared to BAlo cells to IM is related to both increased
inhibition of proliferation as well as increased apoptosis.

Western blotting for tyrosine phosphorylated proteins including
Bcr-Abl indicated that IM resulted in similar inhibition of Bcr-Abl
kinase activity in BAhi and BAlo cells (Figure 5; Tables 1-2). BAhi

Figure 2. Effect of high and low Bcr-Abl expression levels on CD34� cell proliferation, apoptosis, and differentiation. (A) The number of cells generated after culture of
control, BAhi, and BAlo CD34� cells for 7 days in SFM containing low growth factor was determined. The data shown represent the mean � SEM fold-cell expansion for 6
individual experiments. Significance values for differences between BAhi and BAlo cells is *P 	 .05. (B) Transduced CD34� cells (n � 4) were labeled with the fluorescent dye
SNARF-1 and cultured for 72 hours followed by assessment of SNARF-1 fluorescence by flow cytometry. Each cell division results in a diminution in SNARF fluorescence. (A)
Proliferation index (PI) was calculated from the flow cytometry data using ModFit software. Significance value for differences between BAhi and BAlo cells is *P 	 .05. (C)
Transduced CD34� cells (n � 5) were cultured in media with or without serum and GF for 48 hours. Cells were labeled with annexin V–Cy-5 and 7-AAD and apoptosis was
assessed by flow cytometry. The figure shows total apoptotic cells following culture in serum and GF-containing medium. (D) Total apoptotic cells following culture without
serum and GF. Significance values for differences are *P 	 .003, MIG R1 versus BAhi; **P 	 .006, BAlo versus BAhi. (E) Transduced CD34� cells (n � 4) cultured for one week
in SFM with low GF and analyzed by flow cytometry for erythroid and myeloid differentiation. The figure shows absolute number (log10 scale) of cells expressing the different
phenotypic marker generated per 25 000 input cells. Significance value for differences between BAhi and BAlo cells is *P 	 .05, for CD11b, CD33, and glycophorin A.

Figure 3. Downstream molecular mechanisms of CD34� cells expressing high and low levels of Bcr-Abl. CD34�GFP� cells were grown in SFM containing low GF for 7
days followed by preparation of total cell lysates for Western blotting and nuclear extracts for EMSA assays. (A) Results of Western blotting for total and phosphorylated AKT
(n � 4), MAPK (n � 4), and STAT5 (n � 5) in control and Bcr-Abl–expressing cells. Representative blots are shown on the left, and cumulative results from densitometric
analysis of multiple experiments are shown in the graphs on the right. Significance level comparing BAlo and BAhi cells is *P 	 .014. (B) We further analyzed the
promoter-binding activity of STAT5 using electromobility shift assay (EMSA) (lanes 1-3). Specificity of binding is shown by blockage by addition of excess unlabeled probe to
the binding reaction (lanes 4-6). The presence of STAT5 protein within the complex is shown by supershift following addition of anti-STAT5 antibodies to the binding reaction
(lanes 7-9). (C) Western blot analysis of expression of antiapoptotic proteins Bcl-XS/L, Mcl-1, and Bcl-2. Representative blots are shown on the left and cumulative results from
densitometric analysis of multiple experiments are shown in the graphs on the right.
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and BAlo cells demonstrated reduction in AKT, STAT5, and MAPK
phosphorylation on IM treatment, with significantly enhanced
inhibition of AKT phosphorylation in BAhi cells compared to BAlo

cells. IM treatment also resulted in reduced expression of the
antiapoptotic proteins Mcl-1 in BAhi and BAlo cells, with a trend
toward enhanced inhibition in BAhi cells. We also observed a
trend toward reduced Bcl-XL after IM treatment. These results
indicate that IM treatment effectively inhibits Bcr-Abl kinase
activity in both BAlo and BAhi CD34� cells and results in
significant inhibition of downstream proliferative and antiapo-
ptotic pathways.

Increased inhibition by IM of CD34� cells expressing increased
levels of Bcr-Abl observed here contrasts with previous studies
indicating that hematopoietic cell lines with increased Bcr-Abl
expression showed reduced IM sensitivity. However, in these
reports, cell lines expressing variable levels of Bcr-Abl were
derived by culture and subcloning over long periods of time, which
could have been associated with acquisition of additional abnormali-
ties besides altered Bcr-Abl expression levels. We therefore used a
similar flow cytometry–based strategy to select TF1 cells express-
ing low and high levels of GFP and Bcr-Abl, as was used for
selection of BAlo and BAhi CD34� cells (Figure 6A). Western

blotting confirmed increased expression of Bcr-Abl in TF-1BAhi

compared to TF-1BAlo cells (Figure 6B). TF-1 cells expressing low
and high Bcr-Abl levels demonstrated similar sensitivity to IM in
the absence of GM-CSF (Figure 6C). However TF-1BAhi cells
demonstrated increased sensitivity to IM compared to TF-1BAlo

cells in the presence of GM-CSF (1 ng/mL) (Figure 6D). These
observations suggest that the viability of IM-treated cells express-
ing low levels of Bcr-Abl can be at least partially maintained by
exogenous GF. In contrast, cells expressing high levels of Bcr-Abl
are more dependent on Bcr-Abl kinase activity for survival and
cannot be rescued by exogenous GF following Bcr-Abl kinase
inhibition.

Effect of level of gene expression levels on IM sensitivity of
CD34� cells expressing Bcr-Abl kinase domain mutants,
M351T and E255K

Mutations in the Bcr-Abl kinase domain are a major cause of
resistance to kinase inhibition by IM. It has been suggested that
enhanced Bcr-Abl expression may be required to develop a fully
IM-resistant phenotype in cells expressing Bcr-Abl mutants with
intermediate IM resistance.14 To study interactions between kinase

Figure 5. Effect of IM treatment on Bcr-Abl kinase activity and downstream
signaling pathways in CD34� cells expressing low and high levels of Bcr-Abl.
CD34�GFP� cells were cultured in SFM with low GF with 0, 0.1, and 1.0 �M IM for 16
hours, following which protein extracts were prepared and Western blotting was
performed. In each case, blots were reprobed with antiactin antibodies to determine
sample loading. Representative blots are shown. Cumulative results of densitometry
from multiple experiments are shown in Tables 1-2. (A) Western blotting with
antiphosphotyrosine antibodies. (B) Western blotting with anti–P-MAPK, anti–P-AKT,
and anti–P-STAT5 antibodies. (C) Western blotting with anti–Bcl-XS/L and anti–Mcl-1
antibodies.

Figure 4. Effect of IM on growth of CD34� cells expressing high and low levels
of Bcr-Abl. (A) The number of viable cells present after culture of CD34�GFP� cells
for 72 hours with or without IM (0.05-1.0 �M) was determined using an MTS assay.
The results shown were obtained from 3 independent experiments in which each
experimental point was the mean of triplicate determinations. Significance levels are
*P 	 .001; **P 	 .005; ***P 	 .05; and ****P 	 .016, BAlo versus BAhi. (B) Cell
division of CD34�GFP� cells after culture for 72 hours with or without IM (0.1 and 1.0
�M) was measured using a SNARF-1 labeling assay as described in “Patients,
materials, and methods.” A PI was determined using ModFit software. Significance
level for BAlo versus BAhi in presence of 0.1 �M and 1.0 �M IM is *P 	 .001. (C)
Apoptosis of CD34�GFP� cells after culture for 72 hours with or without IM (0.1 and
1.0 �M) was measured using annexin V–Cy5 and 7-AAD labeling and was analyzed
by flow cytometry. The data shown represent the mean � SEM values of results for 5
experiments. Significance levels for BAlo versus BAhi in presence of 0.1 �M and 1.0
�M IM are *P 	 .002 and **P 	 .009, respectively.
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mutation and gene expression levels in determining IM sensitivity,
we established a novel model for IM-resistant CML by expressing
kinase-mutated BCR/ABL genes in CD34� cells. We investigated
whether the expression level of 2 Bcr-Abl kinase domain mutants,
M351T and E255K, associated with moderate and high degree of
resistance to IM, respectively, in CD34� cells affected response to
IM. CD34� cells transduced with the MIG M351T and MIG
E255K vectors were sorted into GFP-high and GFP-low popula-
tions as previously described for MIG 210–transduced cells
(M351Thi and M351lo, E255Khi and E255Klo). We confirmed
increased levels of BCR/ABL gene expression in M351Thi and
E255Khi cells compared to M351lo and E255Klo cells by Western
blotting (data not shown). The M351T mutant when expressed in
cell lines is associated with moderate resistance to IM (IC50 of 4.38
�M compared to 0.6 �M for wild-type Bcr-Abl).17 Consistent with
this, M351Tlo cells demonstrated moderate levels of resistance to
IM compared to cells expressing wild-type Bcr-Abl (Figure 7A).
M351Thi cells were significantly more sensitive to higher concen-
trations of IM (0.5 and 1.0 �M) compared to M351Tlo cells. On the
other hand, CD34� cells expressing high and low levels of the
E255K mutant, associated with high degree of IM resistance (IC50

for E255K 
 10 �M17), demonstrated a higher degree of resistance
to inhibition by IM as expected. E255Khi and E255Klo CD34� cells
demonstrated a similar response of IM treatment (Figure 7A).

The reduction in proliferation of CD34� cells expressing
M351T and E255K mutants on exposure to 0.1 �M IM as
measured by SNARF-1 labeling was much less than that observed
for cells expressing wild-type Bcr-Abl. Exposure to higher IM
concentrations (1.0 �M) resulted in greater inhibition of prolifera-
tion of M351Thi cells (55.86 � 8.08, n � 4) compared to M351Tlo

cells (41.61 � 5.23, n � 4) (Figure 7B). Exposure to higher IM

concentrations (1.0 �M) did not result in significant differences in
inhibition of proliferation in cells expressing low and high levels of
the E255K mutant (Figure 7B).

Induction of apoptosis observed following exposure to 0.1 �M
IM (Figure 7C) was markedly reduced in CD34� cells expressing
both low and high levels of the M351T and E255K mutants
compared to wild-type Bcr-Abl–expressing cells. M351Thi cells
exposed to 1.0 �M IM (Figure 7C) demonstrated higher rate of
apoptosis compared to the M351Tlo cells (32.44% � 1.31% versus
19.48% � 2.06% apoptosis, respectively, n � 4), E255Klo cells
and E255Khi cells had similar rates of apoptosis (17.58% � 2.57%
and 14.71% � 2.3% apoptosis, respectively, n � 5) following
exposure to 1.0 �M IM.

These results indicate that expression of kinase domain mutant
BCR/ABL genes in CD34� cells was associated with resistance to
inhibition by IM, but that IM resistance was not increased as a
result of increased gene expression. Increased expression of the
M351T mutant, causing intermediate levels of IM resistance,
resulted in increased sensitivity to IM-mediated growth inhibition,
which was related to both reduced proliferation and increased
apoptosis. These results are similar to those obtained with cells
expressing wild-type Bcr-Abl. For cells expressing the E255K
mutant associated with high levels of resistance to IM, increasing
gene expression levels did not change the IM response.

Discussion

Increased Bcr-Abl expression levels in CML cells have been
associated with disease progression and IM resistance. In the
present study, we used an experimental approach to directly

Table 1. Effect of IM treatment on Bcr-Abl kinase activity and downstream signaling pathways in CD34� cells expressing low and high
levels of Bcr-Abl: relative activity

IM, �M

MIG R1 BAlo BAhi

0.00 0.10 1.00 0.00 0.10 1.00 0.00 0.10 1.00

P-Bcr-Abl, n � 4 NE NE NE 1.78 � 1.06 0.46 � 0.2 0.09 � 0.08 5.67 � 3.46 2.06 � 1.04 �0.39 � 0.59

P-Akt, n � 3* 0.24 � 0.16 0.21 � 0.07 0.31 � 0.13 0.43 � 0.18 0.32 � 0.09 0.32 � 0.22 0.94 � 0.44 0.47 � 0.23 0.15 � 0.06

P-MAPK, n � 3† 0.26 � 0.11 0.18 � 0.03 0.27 � 0.07 1.14 � 0.35 0.20 � 0.09 0.27 � 0.10 1.75 � 0.49 0.50 � 0.16 0.20 � 0.05

P-STAT, n � 4† 0.28 � 0.04 0.37 � 0.11 0.39 � 0.12 1.66 � 0.28 0.60 � 0.32 0.42 � 0.22 3.01 � 1.62 0.80 � 0.33 0.10 � 0.03

Bcl-XL, n � 3 1.48 � 0.41 1.57 � 0.51 1.52 � 0.28 1.93 � 0.16 1.36 � 0.54 1.81 � 0.75 5.81 � 2.56 3.63 � 1.46 2.49 � 0.96

Mcl-1, n � 2 0.5 � 0.09 0.5 � 0.03 0.71 � 0.08 3.13 � 0.18 1.37 � 0.67 1.56 � 0.34 7.33 � 0.89 2.35 � 0.29 0.91 � 0.41

Western blotting was performed as described in “Patients, materials, and methods” and as shown in Figure 5. Results were normalized to levels of actin on the same blots.
Differences related to Bcr-Abl expression levels and IM exposure were analyzed using 2-way ANOVA; values are mean � SEM.

BAlo indicates Bcr/ABL low; BAhi, BCR/ABL high; IM, imatinib mesylate; and NE, not evaluable.
*P 	 .05 for IM-treated versus untreated cells.
†P � .051 for BAlo versus BAhi cells.

Table 2. Effect of IM treatment on Bcr-Abl kinase activity and downstream signaling pathways in CD34� cells expressing low and high
levels of Bcr-Abl: percentage inhibition with IM treatment

IM, �M

MIG R1 BAlo BAhi

0.10 1.00 0.10 1.00 0.10 1.00

P-Bcr-Abl, n � 3* NE NE 68.7 � 7.6 91.8 � 6.8 55.2 � 9.3 97.5 � 6.1

P-Akt, n � 3†‡ �45.5 � 41.7 �23.12 � 32.1 12.5 � 16 29.1 � 28.9 44.5 � 9.0 80.2 � 4.7

P-MAPK, n � 3* 8.5 � 28.3 �9.34 � 4.7 69.6 � 21.4 58 � 28.5 66.2 � 5.5 85.6 � 2.8

P-STAT5, n � 4* �28 � 36 �32 � 39 66.6 � 13.1 73.5 � 11.5 67.2 � 5.4 94.2 � 2.5

Bcl-XL, n � 3 �2.03 � 10.72 �13.59 � 23.66 23.98 � 31.93 0.51 � 43.17 36.38 � 8.20 53.8 � 4.6

Mcl-1, n � 2 �46.41 � 67.25 �109.0 � 103.9 61.05 � 17.89 54.97 � 7.9 71.82 � 3.8 89.15 � 4.77

Results are expressed as percentage relative to untreated control cells. Differences related to Bcr-Abl expression levels and IM exposure were analyzed using 2-way
ANOVA; values are mean � SEM.

*P 	 .001[AU21] for IM-treated versus untreated cells.
†P 	 .05 for IM-treated versus untreated cells.
‡P � .01 for BAlo versus BAhi cells.
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investigate the relationship between BCR/ABL gene expression
levels and the transformed phenotype and sensitivity to tyrosine
kinase inhibition of primary human progenitor cells. We used a
human model of CML hematopoiesis based on ectopic expression
of the BCR/ABL gene in human CD34� cells to select cells for low
versus high expression of Bcr-Abl using GFP as a marker of
transgene expression levels. We show that increasing levels of
Bcr-Abl expression were associated with enhanced proliferation
and resistance to apoptosis of CD34� cells, but with enhanced
rather than reduced IM sensitivity. These results have several
important implications for our understanding of mechanisms of
hematopoietic cell transformation and response to IM in CML.

Our results indicate that Bcr-Abl–induced perturbations in
CD34� cell proliferation and apoptosis are modulated by the levels
of BCR/ABL gene expression. Increased Bcr-Abl expression levels
result in significantly higher rates of CD34� cell proliferation and
enhanced myeloid and erythroid cell expansion. Protection from
apoptosis following GF withdrawal was seen only with higher
Bcr-Abl expression levels. Consistent with this, increased Bcr-Abl
expression was associated with enhanced expression of antiapo-
ptotic proteins Bcl-XL and Mcl-1, possibly related to increased
activation of STAT5 and MAPK in these cells.39,40 These results
suggest that CD34� cells expressing lower levels of Bcr-Abl
demonstrate growth properties similar to those observed with
primary progenitors from CP CML patients, with enhanced prolif-
eration in response to GF stimulation but without protection from
apoptosis on GF withdrawal, whereas the effects of increased
Bcr-Abl expression are similar to changes seen with disease
transformation from CP to BC. Indeed Bcr-Abl protein levels in
CD34� cells from CP CML patients were comparable to those in
BAlo cells; from BC CML patients, comparable to BAhi CD34�

cells; and from AP CML patients, intermediate between BAlo and
BAhi cells. Other studies also suggest that disease progression in
CML is associated with increased cellular expression of Bcr-Abl
mRNA41-43 and protein.44 Taken together, our results support the
concept that increased Bcr-Abl expression levels may play a role in
progenitor growth alterations associated with disease progression
in CML and indicate possible molecular mechanisms underlying
this effect.

Another important observation made in this study was that
higher levels of Bcr-Abl expression in human hematopoietic cells
were associated with increased sensitivity to inhibition by IM
rather than with IM resistance. Increased IM sensitivity was related
to both increased inhibition of proliferation as well as significant
induction of apoptosis in BAhi CD34� cells, consistent with
increased Bcr-Abl–driven proliferation and survival signaling. IM
treatment effectively inhibited Bcr-Abl kinase activity in both BAlo

and BAhi CD34� cells and inhibited downstream signaling through
AKT, STAT5, and MAPK. In fact, increased inhibition of AKT
activity was observed in cells expressing high levels of Bcr-Abl. In
addition, Mcl-1 expression is also inhibited, which is possibly
related to inhibition of these mechanisms.39,40 TF-1 hematopoietic
cells with low Bcr-Abl expression could be partially protected from

Figure 7. Effects of IM treatment on growth of CD34� cells expressing
kinase-domain mutant BCR/ABL genes. CD34� cells were transduced with
retroviral vectors expressing the M351T and E255K BCR/ABL kinase-domain mutant
genes and CD34�GFPlo (M351T low and E255K low) and CD34�GFPhi (M351T high
and E255K high) cells were selected as shown for MIG 210–expressing cells in
Figure 1A. (A) The number of viable cells present after culture of M351T- and
E255K-expressing cells for 72 hours with or without IM (0.05-1.0 �M) was determined
using an MTS assay. Significance levels are for M351Tlo versus M351Thi were
*P 	 .010 and **P 	 .101; n � 3. (B) Cell division of M351T- and E255K-expressing
cells (n � 4) after culture for 72 hours with or without IM (0.1 and 1.0 �M) was
measured using a SNARF-1 labeling assay. Significance levels are shown for 1.0 �M
IM: *P 	 .018, comparing M351Tlo and M351Thi. (C) Apoptosis of M351T- and
E255K-expressing cells (n � 4) after culture for 72 hours with or without IM (0.1 and
1.0 �M) was measured by annexin V–Cy5 and 7-AAD labeling and flow cytometry.
Significance levels are shown for 1.0 �M IM: *P 	 .009, comparing M351Tlo and
M351Thi.

Figure 6. Effect of IM on growth of TF-1 BCR/ABL cell line expressing high and
low levels of Bcr-Abl. (A) TF-1 hematopoietic cells were transduced with MIG R1
and MIG 210 retrovirus as described in “Patients, materials, and methods.” GFP-low
(TF-1-BAlo) and GFP-high (TF-1-BAhi) populations were selected from MIG 210–
transduced cells by flow cytometry sorting as shown. A single GFP� population was
selected from MIG R1–transduced cells. Cells were maintained with 2 ng/mL
GM-CSF. (B) Bcr-Abl protein expression in transduced cells was assessed by
Western blotting using anti-Abl antibodies. Blots were reprobed with an antiactin
antibody to check sample loading. A representative blot is shown. The ratio of
intensity of Bcr-Abl to actin for TF-1 BAlo and TF-1 BAhi cells from multiple
experiments was 0.44 � 0.20 and 0.93 � 0.13, respectively (n � 4, P 	 .012). (C-D)
TF1-1/GFP� cells were plated at density of 10 000 cells/well in absence of GM-CSF
or in presence of 1 ng/mL GM-CSF in the presence of graded concentrations of IM as
shown and viable cells present after 72 hours culture assessed in a MTS assay. The
results shown represent 3 independent experiments in which each experimental
point was the mean of triplicate determinations. Significance levels comparing BAlo

versus BAhi cells are *P � .078; **P � .025; and ***P � .056.
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IM-mediated growth inhibition by GM-CSF, whereas cells express-
ing high levels of Bcr-Abl were oncogene dependent and could not
be rescued by GM-CSF following kinase inhibition. These observa-
tions suggest that increased Bcr-Abl expression may lead to
increased dependence on Bcr-Abl–dependent signals and thereby
increased sensitivity to Bcr-Abl kinase inhibition. Potential mecha-
nism of oncogene dependence include inability of transformed
cells to cope with loss of oncogene-conferred survival and prolifera-
tion signals or with slower attenuation of intrinsic tumor suppres-
sion or negative regulatory pathways activated in response to the
oncogene following inhibition.45 Our results are in contrast to other
reports that cell lines expressing high levels of Bcr-Abl expression
have reduced sensitivity to IM compared to lines with lower
Bcr-Abl expression.9-14 Association of IM resistance with higher
Bcr-Abl levels in previous studies may reflect acquisition of other
abnormalities contributing to drug resistance during the derivation,
subcloning, and passage of these lines. Some differences between
effects of Bcr-Abl overexpression in CD34� cells and cell lines
may also represent intrinsic differences in Bcr-Abl responses in
different cell types, and emphasizes the importance of using the
relevant oncogene expression levels and cellular context when
studying Bcr-Abl transformation mechanisms and response to
therapeutic interventions.

BCR/ABL gene amplification and/or increased Bcr-Abl transcript
levels are believed to contribute to drug resistance in a subset of
IM-resistant patients. However, our results indicate that increased
Bcr-Abl levels may not directly result in IM resistance, in these patients.
However, we cannot exclude the possibility that even higher levels of
Bcr-Abl expression than were achieved in this study could induce IM
resistance in primary hematopoietic cells. Although high Bcr-Abl
expression levels may not directly cause drug resistance, persistent
elevation of Bcr-Abl kinase activity may indirectly increase the risk of
acquiring mutations causing IM resistance by causing an increase in
genomic instability.28-30 Besides mutations in the Bcr-Abl kinase do-
main, genetic alterations leading to Bcr-Abl–independent activation of
Src kinase or other growth regulatory pathways could also contribute to
IM resistance.24 Increased Bcr-Abl expression levels could also lead to
reduced drug sensitivity through mechanisms other than mutation
induction. For example, increased Bcr-Abl levels can activate important
cellular transformation mechanisms such as MYC through altered
mRNA translation of proteins.46 In this context, it is notable that cell
lines with increased Bcr-Abl expression levels develop IM resistance
more rapidly than cells with low expression.14 Further studies investigat-
ing the relationship between elevated Bcr-Abl expression levels and
genomic instability in primary progenitor cells are warranted.

Point mutations in the ABL kinase domain may result in varying
degrees of reduction in IM binding and kinase inhibition and loss of
response to IM in CML patients.23 It has been suggested that
enhanced Bcr-Abl expression may be required to develop a fully
IM-resistant phenotype in cells expressing Bcr-Abl mutants with
intermediate IM resistance.14 To study the interaction of kinase
mutation and gene expression levels in determining IM sensitivity
in human progenitor cells, we established a novel model for
IM-resistant CML based on the ectopic expression of kinase-
mutated BCR/ABL genes in CD34� cells. Expression of the M351T
Bcr-Abl mutant, which retains partial IM sensitivity, in CD34�

cells was associated with intermediate level of IM resistance,
whereas expression of the highly resistant E255K mutant resulted
in a high degree of resistance to IM. These results validate this
approach to studying IM-resistant CML. As was observed for cell
expressing wild-type BCR/ABL genes, CD34� cells expressing
higher levels of the M351T mutant demonstrated increased sensitiv-

ity to IM compared to cells expressing lower levels of the gene. In
contrast, cells expressing both low and high levels of the highly
resistant E255K mutant had similar degrees of IM resistance. Our
results suggest that overexpression of mutant BCR/ABL genes does
not enhance IM resistance in primary progenitor cells.

One limitation of IM treatment of CML is that the drug, although
highly effective in the inducing remissions, fails to eliminate all
leukemia cells. Residual leukemia stem and progenitor cells appear to
persist in IM-responsive patients and are a potential source of relapse.
Potential mechanisms that may lead to persistence of primitive CML
cells in IM-treated patients include the limited induction of apoptosis by
IM particularly in nondividing cells,36,47,48 maintenance of viability
through microenvironmental signals,49 non–kinase-dependent signaling
from Bcr-Abl,24-27 and the presence within a subset of progenitors of
Bcr-Abl kinase mutations32 or other molecular abnormalities that can
result in resistance to IM. The latter mechanisms are more likely to be
present in patients with higher Bcr-Abl expression and more advanced
disease. Primitive CD34�CD38� hematopoietic cells express higher
levels of Bcr-Abl transcripts and protein than more mature CD34�CD38�

cells.50,51 It remains possible that the effects of Bcr-Abl overexpression
may differ in the context of the more primitive CD34�CD38� cells, and
the effects of Bcr-Abl expression levels in this specific population need
to be evaluated in future studies.

We had previously reported that in our human progenitor model
of CML, ectopic Bcr-Abl expression in human CD34� cells was
associated with reduced GF dependence for survival and differed in
this respect from primary CML progenitors.31 Our current results
indicate that selection of BAlo cells refines and improves the human
progenitor model of CML, making it more representative of
primary CP CML progenitors. Moreover, the response of BAlo

CD34� cells to IM treatment was similar to that previously
observed for primary CML progenitors,36 with dose-dependent
growth inhibition primarily related to inhibition of abnormally
increased proliferation rather than induction of apoptosis. These
observations further suggest the utility of this model for studying
mechanisms of Bcr-Abl transformation of human hematopoietic
cells, and the response of Bcr-Abl–expressing human progenitors
to therapeutic interventions.

In summary, we have used an experimental approach to directly
demonstrate that overexpression of Bcr-Abl in CD34� cells is
associated with increased proliferation and increased resistance to
apoptosis on growth factor withdrawal, and that increased depen-
dence on Bcr-Abl–driven proliferation and apoptosis in cells
expressing high levels of Bcr-Abl is associated with increased
susceptibility to withdrawal of the Bcr-Abl–driven proliferative
and antiapoptotic stimuli following treatment with Bcr-Abl kinase
inhibitors. Our results emphasize the importance of gene expres-
sion levels and the cellular context in determining the effects of
Bcr-Abl on hematopoietic cell transformation in CML and re-
sponse to IM. Future studies will explore the relationship of
enhanced Bcr-Abl expression and the acquisition of additional
abnormalities leading to disease progression and IM resistance in
primitive hematopoietic cells.
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