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Abstract

Introduction Imatinib, a small-molecule inhibitor of the
Bcer-Abl kinase, is a successful drug for treating chronic
myeloid leukemia (CML). Ber-Abl kinase stimulates the
production of H,O,, which in turn activates Abl kinase. We
therefore evaluated whether N-acetyl cysteine (NAC), a
ROS scavenger improves imatinib efficacy.

Effects of imatinib and NAC
either alone or in combination were assessed on Ber-Abl™
cells to measure apoptosis. Role of nitric oxide (NO) in
NAC-induced enhanced cytotoxicity was assessed using
pharmacological inhibitors and siRNAs of nitric oxide
synthase isoforms. We report that imatinib-induced apop-
tosis of imatinib-resistant and imatinib-sensitive Ber-Abl™
CML cell lines and primary cells from CML patients is
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significantly enhanced by co-treatment with NAC com-
pared to imatinib treatment alone. In contrast, another ROS
scavenger glutathione reversed imatinib-mediated killing.
NAC-mediated enhanced killing correlated with cleavage
of caspases, PARP and up-regulation and down regulation
of pro- and anti-apoptotic family of proteins, respectively.
Co-treatment with NAC leads to enhanced production
of nitric oxide (NO) by endothelial nitric oxide synthase
(eNOS). Involvement of eNOS dependent NO in NAC-
mediated enhancement of imatinib-induced cell death was
confirmed by nitric oxide synthase (NOS) specific phar-
macological inhibitors and siRNAs. Indeed, NO donor
sodium nitroprusside (SNP) also enhanced imatinib-medi-
ated apoptosis of Ber-Abl™ cells.

Conclusion NAC enhances imatinib-induced apoptosis
of Ber-Abl™ cells by endothelial nitric oxide synthase-
mediated production of nitric oxide.
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Abbreviations

NAC  N-acetyl cysteine

CML Chronic myeloid leukemia

NO Nitric oxide

NOS Nitric oxide synthase
ROS Reactive oxygen species
SNP  Sodium nitroprusside
Introduction

Imatinib also known as STI571 or Gleevec is the most
widely studied p210Bcr-Abl kinase inhibitor and a suc-
cessful drug for treating CML [1, 2]. Bcer-Abl kinase
stimulates the production of reactive oxygen species (ROS)
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[3, 4]. ROS, in turn, induces activation of Abl kinase [5, 6].
Since ROS activates Abl kinase, we hypothesized that Ber-
Abl-induced endogenous ROS may counteract the activity
of Ber-Abl kinase inhibitor imatinib. A ROS scavenger
may therefore enhance imatinib-induced cell death. Thus,
experiments were designed to see the effect of NAC, a
ROS scavenger [7], on imatinib-induced cell death.

Our data indicate that NAC, as hypothesized, enhanced
imatinib-induced cell death. However, experiments to
understand the mechanism of NAC-induced enhanced
cytotoxicity did not support our hypothesis. Although NAC
was able to decrease intracellular ROS, the precise mech-
anism of observed enhancement of cell death was mainly
due to NAC-induced increased expression of endothelial
nitric oxide synthase and consequent production of nitric
oxide.

Materials and methods
Cell culture and reagents

Ber-Ablt CML cell line K562 [8] was purchased from the
American Type Culture Collection (Manassas, USA).
Additional Ber-Abl™ CML cell lines KU812 [9] and KCL-
22 [10] were generously provided by Dr. Carlo Gambacorti-
Passerini, Instituto Nazionale Tumori, Milan, Italy. Unless
otherwise stated, all cells were cultured in RPMI-1640
medium containing 10% fetal bovine serum and 100 U/ml
penicillin—streptomycin (Life Technologies, USA). Anti-
bodies were purchased from the following suppliers:
Antibodies to c-Abl (rabbit polyclonal IgG), Bax (rabbit
polyclonal IgG), c-IAP1 (rabbit polyclonal IgG), Bcl-XL
(mouse monoclonal, IgG1) and Bcl-2 (mouse monoclonal,
IgGl) were purchased from Santa Cruz Biotechnology,
USA. Antibodies to cleaved poly ADP-ribose polymerase
(PARP; mouse monoclonal, IgG1), endothelial nitric oxide
synthase (eNOS; mouse monoclonal, IgG1), inducible nitric
oxide synthase (iNOS; mouse monoclonal, IgGl) and
neuronal nitric oxide synthase (nNOS, mouse monoclonal,
IgG2a) were from BD Biosciences, USA. Antibodies to
cleaved caspase 3 (rabbit polyclonal IgG), cleaved caspase
8 (mouse monoclonal IgGl), cleaved caspase 9 (rabbit
polyclonal IgG), phospho-c-Abl (Tyr 245, rabbit polyclonal
IgG) were from Cell Signaling Technologies, USA.
N-acetyl-L-cysteine (NAC), mitochondrial membrane poten-
tial-sensitive fluorescent dye 5,5',6,6'-Tetrachloro-1,1’,3,3'-
tetraecthylbenzimidazolylcarbocyanine  Iodide  (JC-1),
hydrogen peroxide sensitive dye 2'-7'-dichlorodihydroflu-
orescein (DCF), cell-permeable photo-stable nitric
oxide fluorescent indicator 3-amino, 4-amino methyl-2',7'-
difluoro  fluorescein diacetate (DAF-FM), sodium
nitroprusside (SNP, a nitric oxide inducer), S-methyl-L-

thiocitrulline (SMTC, pharmacological inhibitors of
nNOS), Aminoguanidine (AG, pharmacological inhibitor
of iNOS), L-NS-(I-Iminoethyl) ornithine dihydrochloride
(L-N10, pharmacological inhibitor of eNOS) and glutathione
monoethyl ester were from Calbiochem, USA. Imatinib
Mesylate in its generic form was obtained from Natco
Pharma Ltd. Hyderabad, India.

Clinical samples

Fresh peripheral blood samples were donated by three
chronic myeloid leukemia patients with stable phase of
the disease admitted to the Institute of Hematology and
Transfusion Medicine, Medical College, Kolkata before
receiving any treatment. All three patients were Philadel-
phia Chromosome positive as determined by bone marrow
cytogenetic analysis. Peripheral blood samples were col-
lected with due approval from the Human Ethics Committee
of the respective institutes and all experiments with human
blood were conducted under an approved institutional
Human Ethics Committee protocol (Informed consent was
provided according to the Declaration of Helsinki). Mono-
nuclear cells were separated by Ficoll/Hypaque density
gradient centrifugation.

In vitro generation of imatinib-resistant CML cell line,
K562R

Imatinib resistant CML cell line K562R was generated
from imatinib-sensitive CML cell line K562 following a
published method [11]. Briefly K562 cells were incubated
with increasing concentrations of imatinib, and surviving
cells were collected by centrifugation and treated with two-
fold higher concentrations of imatinib.

Cell viability assays

K562, K562R, KU812, KCL22 (1 x 10* cells/well) in
triplicate were incubated in 0.2 ml RPMI 1640-10% fetal
calf serum containing varying concentrations of imatinib
and NAC. After 72 h of culture, cells were collected by
centrifugation (at 1000 g for 5 min). Cell viability was
determined by the trypan blue exclusion assay [12]. At
least 200 cells were examined in each sample. Viability of
primary CML cells was determined in the same way except
that recombinant human granulocyte macrophage colony-
stimulating factor (thGM-CSF, 100 ng/ml; R & D Systems,
USA) was included [12].

Annexin V-PI binding assays

Cells were seeded at 1.5 x 10° cells/ml in the presence
or absence of NAC and imatinib either alone or in

@ Springer



300

Apoptosis (2009) 14:298-308

combination for 72 h. Evaluation of apoptosis by the
annexin V-propidium iodide (PI) binding assay was per-
formed using the annexin V-fluorescein isothiocyanate
(FITC) Apoptosis Detection Kit (BD Biosciences, USA)
according to the supplier’s instructions. Analysis was per-
formed in a flow cytometer (BD LSR, Becton Dickinson,
USA). Apoptotic cells stained by annexin V are in the
lower-right quadrant. Late-stage apoptotic cells stained
with both annexin V and PI are in the upper-right quadrant.

Immunoblotting

Cells (1.0 x 10° cells/ml) after receiving treatment as
indicated in the figure legends were collected by centrifu-
gation, and boiled for 5 min in sodium dodecyl sulfate
(SDS) buffer. Aliquots containing 80 pg total cellular
protein were separated by SDS—polyacrylamide gel elec-
trophoresis (PAGE) containing 10% polyacrylamide,
transferred to nitrocellulose, and probed with primary
antibodies indicated in the figure legends followed by
horseradish peroxidase-coupled secondary antibody [12].

Flow cytometry

Treated and untreated cells (as indicated in the figure
legends) were immediately fixed with 4% paraformalde-
hyde, permeabilized by fluorescence-activated cell-sorter
permeabilizing solution (BD Biosciences, USA). Before
staining, permeabilized cells were treated with heat inac-
tivated 2% normal goat serum to block nonspecific
staining. After blocking, cells were stained with indicated
antibodies for 30 min. Isotype-matched control mouse
antibodies and normal rabbit sera were used as controls for
specific mouse and rabbit antibodies, respectively. After
washing, cells were incubated with multiple adsorbed
FITC-conjugated secondary antibodies, washed, and ana-
lyzed in a flow cytometer.

Measurement of intracellular nitric oxide

To measure changes in intracellular nitric oxide levels,
treated and untreated cells were incubated with the cell
permeable dye DAF-FM DA (3 uM) for 60 min at 37°C
[13]. Cells were then washed with phosphate buffer saline
(PBS) and analyzed in a flow cytometer.

Measurement of intracellular ROS

Intracellular H,O, generation was measured by flow
cytometry following staining with DCF [14]. Treated
and untreated cells were incubated with DCF (10 uM) for
20 min, washed with PBS and analyzed in a flow
cytometer.
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Measurement of mitochondrial membrane potential

Mitochondrial membrane potential was measured using
mitochondrial membrane potential sensitive fluorescent
dye JC-1 [15]. Treated and untreated cells were incubated
with JC-1 (10 uM) for 30 min, washed with PBS and
analyzed in a flow cytometer.

siRNA knockdown

K562 cells were transfected with control siRNA and siR-
NAs for nNOS, iNOS or eNOS (purchased from Santa
Cruz Biotechnology, USA). Transfections were carried out
following the manufacturer’s (Santa Cruz Biotechnology,
USA) instructions. The transfection reagent used for
siRNA transfection was purchased from Santa Cruz Bio-
technology (siRNA Transfection Reagent: sc-29528). 48 h
post transfection, the cells were treated with NAC and
imatinib as indicated.

Semiquantitative RT-PCR

Total RNA was isolated with RNA extraction reagent
TRIzol (Life technologies). The superscript one-step RT-
PCR kit (Life technologies) was used for reverse tran-
scription of mRNA into DNA and for PCR with 500 ng
total RNA as described elsewhere [16]. The sequences of
the oligonucleotide primers used were as follows: actin,
Sense: 5'-Atg gAT gAT gAT ATC gCC gCg-3/, Antisense:
5'-CTA gAA gCA TTT gCg gTg gAC-3’ and eNOS, Sense:
5'-ACC TgC AAA gCA gCA AgT CCA Cg-3', Antisense:
5'-CCg AAC ACC AAA gTC ATg ggA gT-3' [17].

Statistical analysis

Paired Student’s t-test for statistical analysis was per-
formed using the web-based service http://www.physics.
csbsju.edubin/stats/paired_t-test.

Results

NAC potentiates imatinib-induced cell death in
Ber-Abl™ CML cell lines and primary cells
from CML patients

We evaluated the effects of the H,O, scavenger NAC on
imatinib-induced cell death in a panel of imatinib-sensitive
Ber-Ablt CML cell lines, in vitro-generated imatinib-
resistant CML cell line K562R and primary cells from
three CML patients by cell viability and annexin V—PI
binding assays. As expected, NAC reduced the level of
intracellular H,O, in a dose dependant manner both in the
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Fig. 1 N-acetyl cysteine enhances imatinib-mediated cell death of
imatinib-sensitive/resistant Ber-Abl™ CML cell lines and primary
cells from CML patients. a N-acetyl cysteine reduces intracellular
level of H,O,. K562 cells were incubated with graded concentrations
of NAC in the presence and absence of imatinib (0.25 pM) for 24 h.
Intracellular HO, was measured by DCF fluorescence. Data repre-
sent the mean £+ SD of three experiments. *P < 0.01 compared to
media treatment alone. b K562 cells were cultured in medium or with
graded concentrations of NAC and imatinib either alone or in
combination for 72 h and viability was determined by trypan blue dye
exclusion assay. Data represent the mean + SD of six experiments.
*P < 0.05 compared to imatinib alone; **P < 0.01 compared to
imatinib alone. ¢ NAC but not glutathione enhances imatinib-
mediated death of K562 cells. K562 cells were cultured with imatinib
(0.25 uM) in the presence or absence of NAC (5.0 mM) or
glutathione (5.0 mM) for 72 h and viability was determined by
trypan blue dye exclusion assay. Data represent mean &+ SD of six
experiments. d Exogenous H,O, does not reverse NAC-mediated

enhancement of imatinib-induced cell death. K562 cells were cultured
for 72 h with imatinib (0.25 pM) and NAC (5.0 mM) either alone or
in combination in the presence and absence of graded concentrations
(10 pM; 25 puM) of exogenous H,0O,. Cell viability was determined
by trypan blue dye exclusion. Data represent mean £ SD of six
experiments. e Viability of imatinib resistant K562 cells (K562R)
after indicated treatment for 72 h. Comparison of imatinib sensitivity
of K562 and K562R cells is shown in the inset on the right. Data
represent mean = SD of six experiments. *P < 0.01 compared to
treatment with imatinib alone. f Indicated Ber-Ablt CML cell lines
were treated with imatinib in the presence and absence of NAC for
72 h. and cell viability was determined. Data represent the
mean = SD of six experiments. *P < 0.05 compared to imatinib
alone. g Mononuclear cells from three Ber-Ablt CML patients were
cultured in medium containing rhGM-CSF (100 ng/ml for 72 h) in the
presence and absence of imatinib and NAC as indicated before
determination of cell viability. Data represent the mean + SD of
three experiments. *P < 0.05 compared to imatinib treatment alone
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presence and absence of 0.25 pM imatinib (Fig. la).
Imatinib alone at this concentration reduced intracellular
H,0,; concentration only marginally (Fig. 1a). Addition of
NAC alone (upto a concentration of 5.0 mM) has no effects
on the cell survival (Fig. 1b). However, combined treat-
ment of NAC and imatinib significantly enhanced imatinib-
mediated killing of K562 cells (Fig. 1b). The combined
effect became significant when imatinib was used at the
concentrations of 0.25 pM or higher and NAC was used at
the concentrations of 2.5 mM and higher (Fig. 1b). How-
ever, another ROS scavenger glutathione did not enhance
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Fig. 2 NAC-induced enhancement of imatinib-mediated cell death
is attributed to apoptosis and necrosis. a Ber-Abl™ CML cell lines
(K562, KU812, KCL-22) and K562R were treated with imatinib
(0.25 pM for imatinib-sensitive cell lines and 2.0 uM for K562R) in
the presence and absence of NAC (5.0 mM) for 72 h. Annexin V-PI
binding assay was then performed using Annexin V-FITC apoptosis
detection kit followed by analysis in a flow cytometer. Results are
representative of three similar experiments. b Annexin V-PI binding
assays on Ber-Abl™ primary CML cells were performed in the same
way except that hGM-CSF (100 ng/ml) was included. Values in the
quadrants represent percent positive cells
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imatinib-mediated killing rather partially reversed the
effect of imatinib (Fig. 1¢). Addition of exogenous H,O, in
the coculture did not have any effect on the NAC-mediated
enhancement of imatinib-induced killing (Fig. 1d). Com-
bined treatment of NAC and imatinib also significantly
enhanced imatinib-mediated killing of in vitro generated
imatinib-resistant CML cell line, K562R (Fig. le), two
additional imatinib-sensitive CML cell lines KU812, KCL-
22 (Fig. 1f) and primary cells from three CML patients
(Fig. 1g). Development of K562R as imatinib-resistant
cell line is shown in the inset of Fig. le. NAC induced
enhancement of imatinib mediated cell death was attributed
to apoptosis and necrosis (Fig. 2a, b). NAC-mediated
enhancement of imatinib-induced killing was further con-
firmed by cleavage of caspases 8, 3, 9 and PARP in K562
cells both by flow cytometry (Fig. 3a) and by western blot
of cleaved caspase 3 and cleaved PARP (Fig. 3b). NAC-
mediated enhancement of imatinib-induced killing also
correlated with enhanced up-regulation of pro-apoptotic
protein Bax, and down-regulation of anti-apoptotic proteins
like c-IAP1, Bcl-XL, and Bcl-2 (Fig. 4). Co treatment of
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Fig. 3 The effect of treatment with imatinib in the presence and
absence of NAC on the cleavage of PARP, caspase 8, caspase 3 and
caspase 9 in Ber-Abl™ CML cell line. a Flow cytometric analysis.
K562 cells were treated as indicated for 72 h, fixed, permeabilized,
and stained with control antibodies (filled histograms) or antibodies to
cleaved PARP, cleaved caspase—8, -3, -9 (solid lines). Values within
the histograms represent the specific mean fluorescence intensity
(MFI) after subtracting the respective control values. Data are
representative of three similar experiments. b Immunoblots of cleaved
caspase 3 and cleaved PARP in whole cell lysates of K562 cells
following indicated treatments for 72 h. Data are representative of
three similar experiments
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NAC and imatinib also resulted in enhanced decrease in
mitochondrial membrane potential in K562 cells compared
to treatment with NAC or imatinib alone (Fig. 5).

NAC-induced enhancement of imatinib-mediated cell
death correlates with NAC-mediated NO production

To understand the mechanism of NAC-mediated potentia-
tion of imatinib-induced killing of Ber-Abl cells, status of
Ber-Abl phosphorylation was evaluated in K562 cells in
the presence and absence of NAC and imatinib. As evident
from the Fig. 6a, combination of NAC with imatinib
resulted in no further inhibition of phosphorylation of Bcr-
Abl and unfused Abl proteins compared to imatinib alone.
None of the reagents affected the expression of these
proteins. The concentration of NAC (5.0 mM) that signif-
icantly potentiated imatinib-mediated cell death had no
effect on Ber-Abl phosphorylation when used alone. Thus,
NAC does not potentiate imatinib-induced inhibition of
Bcer-Abl phosphorylation.

N-acetyl cysteine has been reported to induce NO in
vascular endothelial cells [18]. This reactive nitrogen
species is capable of inducing apoptosis and necrosis [19].
We therefore evaluated the possible role of NO in
NAC-mediated potentiation of imatinib-induced killing of
imatinib-sensitive and imatinib-resistant BCR-Abl* CML
cells. NAC, in a dose-dependent manner, in the presence
and absence of imatinib resulted in enhanced production
of NO in imatinib-sensitive Ber-Abl™ cells (Fig. 6b).
Enhanced production of NO was also detectable by NAC
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Fig. 5 NAC enhances imatinib-mediated depolarization of mitochon-
drial membrane potential. K562 cells were treated with imatinib
(0.25 pM) in the presence and absence of NAC (5.0 mM) as indicated
for 72 h and stained with the mitochondrial membrane potential-
sensitive dye JC-1 and analyzed in a flow cytometer. The percentage of
cells expressing green and red fluorescence is indicated per each
condition tested. Results are representative of three similar experiments
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Fig. 6 Co-treatment with NAC does not affect imatinib-mediated
inhibition of Ber-Abl phosphorylation but enhances intracellular NO
production. a Immunoblot analysis of Bcr-Abl phosphorylation in
K562 cells treated with indicated concentrations of imatinib in the
presence and absence of NAC (5.0 mM) for 24 h. Results are
representative of three similar experiments. b Detection of intracel-
lular NO in K562 cells after treatment with imatinib in the presence
and absence of varying concentrations of NAC. K562 cells were
treated as indicated for 24 h, stained with DAF-FM and analyzed in a
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flow cytometer. Data represent the mean &+ SD of three experiments.
¢ Detection of intracellular NO in K562R cells after treatment for
24 h. with imatinib in the presence and absence of NAC. Data
represent the mean £ SD of six experiments. d NAC but not
glutathione enhances NO production. K562 cells were cultured with
imatinib in the presence and absence of NAC or glutathione for 24 h,
stained with DAF FM and analyzed in flow cytometer. Data represent
the mean + SD of six experiments

PI
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Fig. 7 NAC-mediated enhancement of imatinib-induced apoptosis is
reversed in the presence of the pharmacological inhibitor of eNOS,
not nNOS or iNOS. K562 cells were treated with imatinib (0.25 pM)
and NAC (5.0 mM) either alone or in combination in the presence and
absence of the pharmacological inhibitors of nNOS (SMTC,

in imatinib-resistant K562R cells both in the presence
or absence of imatinib (Fig. 6¢). However, glutathione
neither potentiated imatinib-mediated killing of K562
cells (Fig. 1c¢) nor induced enhanced production of NO in

@ Springer

100 pM), iNOS (AG, 200 pM) or eNOS (L-n10, 200 uM) for 72 h.
Annexin V-PI binding assay was then performed followed by
analysis in a flow cytometer. Results are representative of three
similar experiments

this cell line irrespective of the presence of imatinib
(Fig. 6d). Thus, NAC-mediated potentiation of imatinib-
induced killing correlates with NAC-induced NO
production.
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NAC-induced upregulation of eNOS is responsible
for NAC-mediated NO production

Next we investigated the source of NO that was detectable in
the presence of NAC using two approaches (1) employing
pharmacological inhibitors of nitric oxide synthase (NOS)

isoforms and (2) knocking down NOS isoforms using
siRNAs.

Pharmacological inhibitors, which preferentially inhibit
different isoforms of NOS, were pre-incubated with K562
cells for 1 h before treatment with imatinib and NAC.
Evaluation of apoptosis indicates that L-N10, a preferential
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Fig. 8 Depletion of endogenous eNOS, not nNOS or iNOS by siRNA
attenuates NAC-induced enhancement of imatinib-mediated apopto-
sis. a Effect of transfection with nNOS siRNA, iNOS siRNA or eNOS
siRNA on NAC-induced potentiation of imatinib-mediated cell death.
K562 cells were transfected with control siRNA, nNOS siRNA, iNOS
siRNA or eNOS siRNA for 48 h. Cells were then treated with
imatinib (0.25 pM) in the presence and absence of NAC (5.0 mM) for
72 h and viability was determined by trypan blue dye exclusion test.
Results shown represent the mean & SD of three experiments;
*P < 0.05 compared to media or NAC treatment alone; **P < 0.01
compared to imatinib treatment alone. b NAC-induced enhanced
expression of eNOS was attenuated by transfection with eNOS
siRNA. K562 cells were transfected with control siRNA, nNOS

siRNA, iNOS siRNA or eNOS siRNA for 48 h. Cells were then
treated with imatinib (0.25 uM) in the presence and absence of NAC
(5.0 mM) for 24 h and analyzed for nNOS, iNOS and eNOS proteins
by immunoblot. Results are representative of three similar experi-
ments. ¢ eNOS mRNA expression in K562 cells as determined by RT-
PCR after indicated treatment for 8 h. Results are representative of
three similar experiments. d Effect of transfection with eNOS siRNA
on enhancement of NO production by treatment with NAC in the
presence and absence of imatinib. K562 cells were transfected with
control siRNA or eNOS siRNA for 48 h. Cells were then treated with
imatinib in the presence and absence of NAC for 24 h, stained with
DAF-FM and analyzed in flow cytometer. The results are represen-
tative of three similar experiments
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inhibitor of endothelial nitric oxide synthase (eNOS) [20]
but not SMTC or AG, preferential inhibitors of neuronal
nitric oxide synthase (nNOS) [21] or inducible nitric
oxide synthase (iNOS) [22] respectively reversed, virtually
completely, NAC-mediated potentiation of imatinib-
induced apoptosis (Fig. 7). Of note, none of these inhibi-
tors has any effect on cell death induced by imatinib alone
(results not shown).

To confirm this finding, K562 cells were transfected
with control siRNA, eNOS siRNA, nNOS siRNA or iNOS
siRNA and then treated with imatinib in the absence and
presence of NAC. Transfection with control siRNA, eNOS
siRNA, nNOS siRNA or iNOS siRNA did not affect cell
viability in the presence or absence of imatinib alone
(Fig. 8a). However, NAC-mediated potentiation of imati-
nib-induced cell death was reversed nearly completely in
K562 cells transfected with eNOS siRNA but not with
nNOS siRNA or iNOS siRNA (Fig. 8a). Transfection of
K562 cells with NOS siRNAs brought down the respective
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Fig. 9 Co-treatment with nitric oxide donor sodium nitroprusside
(SNP) enhances imatinib-mediated apoptosis of K562 cells. Left
panel, K562 cells were treated with medium or with SNP (800 uM)
in the presence and absence of imatinib (0.25 uM) for 72 h. Annexin
V-PI binding assays were then performed. The results are represen-
tative of three similar experiments. Right panel, SNP treatment
enhances intracellular NO production. K562 cells were treated with
imatinib (0.25 pM) in the presence and absence SNP (800 pM) for
24 h, stained with DAF-FM and analyzed in a flow cytometer. The
results are representative of three similar experiments
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proteins markedly (Fig. 8b). Of note, NAC treatment
resulted in upregulation of only eNOS protein which con-
tinued to be detectable in the presence of imatinib and
transfection with eNOS siRNA attenuated this upregulation
(Fig. 8b). Expression of eNOS mRNA was also upregu-
lated by NAC in the presence or absence of imatinib in
K562 cells (Fig. 8c). Transfection with eNOS siRNA also
attenuated NAC-mediated upregulation of intracellular NO
(Fig. 8d). We also found that addition of a NO donor,
sodium nitroprusside (SNP) [23], upregulated intracellular
NO and potentiate imatinib-mediated apoptosis (Fig. 9).

Discussion

In the current study we show that imatinib-induced cell
death may be significantly increased by co-treatment with
NAC in imatinib-sensitive Ber-Abl™ CML cell lines, pri-
mary cells from CML patients and in an in vitro generated
imatinib-resistant CML cell line.

Although imatinib is the frontline therapy for CML,
resistance is increasingly encountered. In this context, our
finding is significant since co-treatment with NAC signif-
icantly enhances imatinib-induced cell death not only of
imatinib-sensitive Ber-Abl™ cell lines and primary cells
from CML patients but also of a imatinib-resistant Bcr-
Abl* CML cell line.

Conflicting literature exists on the effect of NAC on
Ber-Ablt cells. Some studies suggested growth-enhancing
effect of NAC on Ber-Abl™ cells [15] while others sug-
gested otherwise [18, 19]. In our experiment, NAC alone
upto a concentration of 5.0 mM has no effect on the via-
bility of Ber-Abl™ CML cell lines or primary cells.

N-acetyl cysteine-mediated enhancement of sensitivity
of Ber-Ablt cells to imatinib was attributed to both
apoptosis and necrosis which was supported by a number
of biochemical assays i.e., decrease in mitochondria
membrane potential, cleavage of PARP, caspases and up-
regulation and down-regulation of pro and anti-apoptotic
proteins respectively. Ber-Abl induces ROS [3], which in
turn activates Abl [5]. We therefore evaluated the possi-
bility that in the condition of co-treatment, NAC may
further inhibit Bcr-Abl phosphorylation compared to
imatinib alone leading to enhanced cell death. This possi-
bility was ruled out by comparing phosphorylation status of
Bcer-Abl in co-treatment cultures compared to treatment
with NAC or imatinib alone. To evaluate whether scav-
enging of intracellular ROS was responsible for NAC-
mediated potentiation of imatinib-mediated cell death,
H,0, was added exogenously in one experiment and
another ROS scavenger glutathione was included in an
additional experiment. Exogenous H,O, did not reverse
NAC-mediated potentiation of imatinib-mediated cell
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death. Unlike NAC, glutathione did not enhance imatinib-
mediated cell death. Taken together, our data suggest that
scavenging of intracellular ROS is not responsible for
NAC-mediated potentiation of imatinib-mediated cell
death.

Nitric oxide is capable of inducing both apoptosis and
necrosis in a variety of cells [9]. We therefore investigated
the role of NO in the enhanced cell death under co
treatment (NAC plus imatinib) condition. Varying con-
centrations of imatinib alone did not appreciably alter the
level of intracellular NO in Ber-Abl™ CML cell lines.
However, treatment with NAC significantly increased the
level of intracellular NO in these cells in a dose dependent
manner, which continued to be detectable in the presence
of imatinib.

Use of pharmacological inhibitors and siRNAs of dif-
ferent isoforms of NOS indicate that eNOS-induced NO
plays a key role in NAC-mediated enhancement of imati-
nib-induced cell death.

In summary, our study showed that co-treatment with
NAC significantly enhanced imatinib-mediated killing of
Ber-Ablt cells. NAC-induced upregulation of eNOS
leading to enhancement of intracellular NO production
rather than downregulation of intracellular ROS appears to
be responsible for this effect. We conclude that treatment
of CML patients with NAC plus imatinib merits clinical
evaluation.
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