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Chlorogenic acid inhibits Ber-Abl tyrosine kinase and triggers p38
mitogen-activated protein kinase—dependent apoptosis in chronic
myelogenous leukemic cells

Gautam Bandyopadhyay, Tanusree Biswas, Keshab C. Roy, Swapan Mandal, Chhabinath Mandal, Bikas C. Pal, Samir Bhattacharya,
Srabanti Rakshit, Dilip K. Bhattacharya, Utpal Chaudhuri, Aditya Konar, and Santu Bandyopadhyay

We report that chlorogenic acid (Chl) in-
duces apoptosis of several Bcr-Abl—
positive chronic myelogenous leukemia
(CML) cell lines and primary cells from
CML patients in vitro and destroys Bcr-
Abl—positive K562 cells in vivo. In con-
trast, this compound has no effect on the
growth and viability of Bcr-Abl-negative
lymphocytic and myeloid cell lines and
primary CML cells. Sodium chlorogenate
(NaChl) exhibits 2-fold higher efficiency
in killing K562 cells compared with Chl.
NaChl also induces growth inhibition of

salivary gland tumor cells (HSG), al-
though at 50-fold higher concentration.
NacChl inhibits autophosphorylation of
p2108er-Abl fusion protein rapidly. We dem-
onstrate that p38 phosphorylation is in-
creased in Bcr-Abl—positive cells after
treatment with NaChl and closely paral-
leled the inhibition of Bcr-Abl phosphory-
lation. NaChl did not increase phosphory-
lation of p38 in Bcr-Abl-negative cells
including HSC-2 and HSG that are respon-
sive to this compound, indicating that
p38 activation by NaChl is dependent on

p38 activity by SB203580 significantly
reduced NaChl-induced apoptosis of K562
cells, whereas activation of p38 by aniso-
mycin augmented the apoptosis. These
findings indicate that inhibition of Bcr-

Abl kinase leading to activation of p38
mitogen-activated protein (MAP) kinase
may play an important role in the anti-
CML activity of Chl. (Blood. 2004;104:
2514-2522)

squamous cell carcinoma (HSC-2) and Ber-Abl kinase inhibition. Inhibition of © 2004 by The American Society of Hematology

Introduction

Chronic myelogenous leukemia (CML) is a malignant clonahitogen-activated protein (MAP) kinase—dependent apoptosis
disorder of hematopoietic stem cells leading to massive expasf-Ber-Abl—positive CML cells.

sion of myeloid lineage cell5The natural fate of CML is to
progress from a benign chronic phase into the fatal blast crisis
between approximately 3 and 5 years. Development of CML js .
associated with a specific chromosomal translocation known terials and methods

the Philadelphia (Ph) chromosome that is detectable through@is and reagents

the course of the disead&omatic mutation in Ph chromosome

originates from reciprocal translocation between the long armie Ph chromosonieCML cell line K562 Ph chromosome-negative

. T-cell line Molt 42 myeloid cell lines U937 and THP-11*and B-cell line
f chromosom nd 22 and f Bcer with c-Abl genet ' | ’ )
of chromosomes 9 and and fuses Bc c-Abl gene ﬁEH15 were purchased from the American Type Culture Collection

sequences. Both the Ber-Abl fusion proteins p210 and p1§5 Ca\ﬁ‘anassas, VA). Bcer-Abl—positive cell lines KU8%¥2and KCL227 were
cause CML or acute leukemfet. The p210 form of Ber-Abl is generously provided by Dr Carlo Gambacorti-Passerini (Instituto Nazionale
seen in 95% of CML and in 20% of acute lymphocytic leukemiagumori, Milan, Italy). Unless otherwise stated, all cells were cultured in
whereas the pl185 form is identified in about 10% of acutRPMI-1640 medium containing 10% fetal bovine serum and 100 units/mL
lymphocytic leukemia patientsé The Bcr-Abl fusion proteins penicillin-streptomycin (Life Technologies, Grand Island, NY). Human oral
are constitutively active non-receptor tyrosine kinases whosguamous cell carcinoma HS€%2ind human salivary gland tumor HEG
activity is essential for transforming abiliti€sAn almost Were kindly provided by Prof Hiroshi Sakagami (Department of Dental
universal presence of Ber-Abl in CML patients made this fusioRn@macology, Meikai University School of Dentistry, Sakado, Japan).
protein an attractive target for drug development. Bcr-A fSC-2 and HSG cell lines were maintained in Dulbecco modified Eagle

N . medium (Life Technologies) containing 10% fetal bovine serum and
inhibitors, STI571, adaphostin, and PD173955, are capable a%?tibiotics. Antibodies were purchased from the following suppliers:

inducing a variable degree of apoptosis in human CML celfs. gpecific antibodies to c-Abl, Ber, phospho—extracellular signal-related
The signal transduction pathways involved in mediating apopt@mnase 1/2 (ERK1/2, Tyr-204), phospho-cellular protein kinase C
sis by Ber-Ablinhibitors are poorly defined. In the current studyp-cPKGy) (Ser657), p-cPK@II/3 (Ser660), phospho-Lyn (Tyr-508), Lyn,

we describe a novel Ber-Abl kinase inhibitor that triggers p3ghospho-HCK (Tyr-411), HCK, phospho-Fyn (Thr-12), Fyn, phospho—
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Janus kinase 1 (JAK1, Tyr-1022/1023), JAK1, phospho-JAK2 (Tyr-1007/
1008), JAK2, phospho-JAK3 (Tyr-980), and JAK3 were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti—phospho-c-Abl (Tyr-245), anti-
ERK, and anti—cleaved caspase-3 were from Cell Signaling Technology
(Beverly, MA). Anti—caspase-3 that recognizes unprocessed pro—caspase-3
(32 kDa) and the subunit of the active caspase-3 (17 kDa), and anti—
phospho p38 (Thr 180/Tyr 182) were from BD Biosciences (Mountain
View, CA). Anti-p38 was purchased from Calbiochem (San Diego, CA).
The p38-specific inhibitor SB203580 and ERK1/2-specific inhibitor
PD98059 were from Calbiochem. Anisomycin and 12-O-tetradecanoy!phor-
bol-13-acetate (TPA) were from Sigma Chemical (St Louis, MO). Matrigel
was obtained from BD Biosciences.

Purification of Chl from Piper betel leaves

Theleavesof Piper betel (Piperaceae) were collected from different areas of West
Bengd, India A voucher specimen has been deposited at the Department of
Medicind Chemisgtry, Indian Indtitute of Chemica Biology, Kolkata. Fresh
leaves (5.3 kg) were extracted with digtilled water in a mixture blender. The
extract was lyophilized to a semisolid mass (110 g), which was tested for killing
activity of K562 cdlls. A portion (10 g) of the extract was fractionated through
Sephadex LH-20 (Sigma Chemica) column chromatography using water,
water-methanol (1:1), and methanol as euent to give 5 fractions. The active
fraction (0.24 g) was then subjected to preparaive high-performance liquid
chromatography using p.-Bondapak column (Waters, Milford, MA) (19 X 300
mm) with solvent methanol-water—acetic acid (23:76:1) flow rate 12 mL/min
and the detection at 280 nm. A purified compound (5 mg) was isolated, which
showed the activity. The structure of the active compound was determined as
chlorogenic acid,*® CygH1500, Melting point 205°C to 206°C, ap-33.25 (H,0). Its
identity was confirmed by comparing its physica dataaswell asitsinfrared (IR),
nuclear magnetic resonance (*"NMR), 1¥NMR, and mass spectra data with
those of an authentic sample. Sodium chlorogenate (0.112 g) was prepared by the
reaction of chlorogenic acid (0.1 g) with sodium hydrogen carbonate (0.24 g) in
water (5 mL) followed by lyophilization of the resulting solution.

Clinical samples

Fresh peripheral blood sampleswere donated by 4 CML patients with stable
phase of the disease admitted to The Institute of Haematology and
Transfusion Medicine, Medical College, Kolkata before receiving any
treatment. Peripheral blood samples were collected with due approval from
the Human Ethics Committee of the respective institutes and all experi-
ments with human blood were conducted under an approved institutional
Human Ethics Committee protocol. Of the patients, 3 were Ph chromosome
positive and 1 was negative as determined by bone marrow cytogenetics
analysis. Ph chromosome—negative patient diagnosis of CML was con-
firmed by clinical and hematologic parameters® (ie, huge splenomegaly,
sterna tenderness, anemia, leukocytosis, increased platelet count, and low
leukocyte alkaline phosphatase score). Ber-Abl fusion protein was undetect-
ablein this patient by Western blot analysis. Peripheral blood samples were
also collected from 3 healthy donors. Mononuclear cells were separated by
Ficoll/Hypaque density gradient centrifugation. Informed consent was
provided according to the Declaration of Helsinki.

Cell viability assays

K562, KU812, KCL22, THP-1, U937, REH, and Molt 4 cells (1 x 10%
in triplicate were incubated in 0.2 mL RPM| 1640-10% fetal calf serum
containing varying concentrations of Chl and NaChl. At the indicated
times, cells were collected by centrifugation (at 1000g for 5 minutes).
Cell viability was determined by the trypan blue exclusion assay. 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 (rhGM-CSF, 100
ng/mL; R & D Systems, Minneapolis, MN) was included. Because of
monolayer culture, treated and untreated HSC-2 and HSG cells were
detached from the wells by treatment with Cell Dissociation Solution
(Sigma Chemical) before counting.
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Annexin V=PI binding and cell cycle assays

Cells were seeded at 1.5 X 10° cells/mL in the presence or absence of
NaChl (10 wg/mL). Evaluation of apoptosis by the annexin V—propidium
iodide (PI) binding assay?! was performed using the annexin V—fluorescein
isothiocyanate (FITC) Apoptosis Detection Kit (BD Biosciences) according
to the supplier’sinstructions. Apoptotic cells stained by annexin V arein the
lower-right quadrant. L ate-stage apoptotic cells stained with both annexin V
and Pl are in the upper-right quadrant. Apoptosis of K562 cells in the
presence or absence of MAP kinase inhibitors and activators was measured
as follows. Cells were pretreated with PD98059 (10 M), SB203580 (10
M), TPA (50 nM), or anisomycin (100 ng/mL) for 30 minutes; NaChl (10
prg/mL) was added and incubated for 24 hours. Apoptosis was determined
by annexin V binding. For cell cycle analysis, cells were permeabilized and
stained with PI for DNA content analysis?! in a flow cytometer (BD LSR;
Becton Dickinson, San Jose, CA).

Confocal microscopy

Cells (K562 and Molt 4) were incubated with NaChl (10 p.g/mL) for 24
hours, stained with annexin V-Alexa568 (Boehringer Mannheim, Mann-
heim, Germany), seeded onto poly-L-lysine (Sigma Chemical)—coated
coverslips, and analyzed with a Leica TCS SP2 confocal laser scanning
microscope (DMIRB, 40 objective, Mannheim, Germany).

Immunoblotting

Cells (1.0 X 10° cells/mL) were incubated with medium alone or with
NaChl (10 p.g/mL) asindicated, collected by centrifugation, and boiled for
5 minutes in sodium dodecy! sulfate (SDS) buffer. Aliquots containing 80
g total cellular protein were separated by SDS—polyacrylamide gel
electrophoresis (PAGE) containing 10% polyacrylamide, transferred to
nitrocellulose, and probed with primary antibodies indicated in the figure
legends followed by horseradish peroxidase—coupled secondary antibodies.

In vitro immune-complex kinase assay

p2108e-Abl was immunoprecipitated from K562 cells using anti—c-Abl
antibody followed by incubation with protein A—Sepharose. Immune
complexes were washed, and autophosphorylation was measured in im-
mune compl exes by resuspension in kinase buffer as described.?2 NaChl at a
concentration of 50 ng/mL was preincubated with immune complexes for
30 minutes. Kinase reactions (autophosphorylation) were initiated by the
addition of 10 wCi (0.37 MBq) [y32P]—adenosine triphosphate and were
incubated for 30 minutes at room temperature. Kinase reactions were
guenched by the addition of SDS sample buffer, and after heating at 100°C
for 5 minutes, phosphoproteins were resolved by SDS-PAGE and detected
by autoradiography. For determining the kinase activity of unfused Abl,
K562 cell lysates were first immunodepleted of Ber-Abl with antibody
against Ber followed by immunopreci pitation with antibody to c-Abl.

Flow cytometry

For intracellular staining, treated and untreated cells were immediately
fixed with 4% paraformal dehyde, permeabilized by fluorescence-activated
cell-sorter permeabilizing solution (BD Biosciences), and stored at —20°C
until all time points were collected to avoid day-to-day variation in staining.
At this stage, the fixed cells can be stored for at least one week before
staining. Before staining, permeabilized cells were treated with heat-
inactivated 2% normal goat serum to block nonspecific staining. After
blocking, cells were stained with indicated antibodies (0.2 ug/10° cells) for
30 minutes. |sotype-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 antibody (anti—mouse or anti—rabbit immuno-
globulin G, depending on the primary antibody), washed, and analyzed in a
flow cytometer (BD L SR, Becton Dickinson).

In vivo studies on K562 xenografts

K562 cells were suspended to 5 X 107 cells/mL in Matrigel (1 volume of
cells with 1 volume of cold Matrigel). Nude female mice 6 to 7 weeks of
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age (National Ingtitute of Nutrition, Hyderabad and National Institute of
Immunology, New Delhi, India) were given injections of 0.2 mL of this
suspension. Animals were left untreated until K562 xenografts reached 200
to 300 mm3. NaChl at varying doses (25-150 mg/kg) was administered
intraperitoneally once a day for 10 days (5 mice per group). Phosphate-
buffered saline (PBS, 0.2 mL/mouse) was used as control. Animal studies
were conducted under an approved institutional Animal Care and Use
Committee protocol.

Statistical analysis

The statistical significance of variants between groups and within each
group of experiments with MAP kinase activators and inhibitors was
evaluated by one-way analysis of variance.

Results

NaChl reduces viability of Bcr-Abl—positive cells in vitro
and in vivo

In the process of searching for antileukemic activity from medici-
nal plants of India, chlorogenic acid (Chl) isolated from Piper betel
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leaves was found to kill Ber-Abl—positive K562 cellsin vitro in a
dose-dependent manner without any appreciable effects on Ber-Abl—
negative acute T-lymphoblastic leukemia cell line Molt 4 (Figure
1A). Interestingly, its sodium salt (NaChl) was twice as potent in
killing K562 cells (Figure 1A-B). To eva uate the specificity of the
findings, effects of NaChl on 2 additional Bcr-Abl—positive cell
lines (KU812, KCL22) and 3 additional Bcr-Abl-negative cell
lines (2 of myeloid origin and 1 of B-lymphocytic origin) were
investigated. Like K562, Ber-Abl—positive cellsKU812 and KCL 22
were destroyed in vitro by NaChl in a dose-dependent manner,
although sensitivity of KCL22 to NaChl was dlightly lower than
K562 or KU812 (Figure 1B). In contrast, Bcr-Abl-negative
myeloid (U937, THP-1) and B-lymphocytic cell line (REH) were
insensitive to NaChl (Figure 1B). Specific destruction of Ber-Abl—
positive cell lines by NaChl prompted us to test this compound on
leukemic cells collected from Bcr-Abl—positive and —negative
CML patients. These primary CML cells were cultured in the
presence of rhGM-CSF and graded concentrations of NaChl.
NaChl reduced the viability of leukemic cells from all 3 Ber-Abl—
positive CML patients in a time- and dose-dependent manner,
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(HSC-2) and salivary gland tumor cell line (HSG) were
cultured in the absence (@) or presence of varying
concentrations of NaChl (100 pg/mL, A; 250 wg/mL, A;
500 pg/mL, M). (E) Indicated cells were cultured with
varying concentrations of NaChl for 4 days and viability
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NaChl (phase contrast micrographs, X 400 using Olym-
pus CK40 microscope and Olympus SC35 Type 12
camera). Error bars denote standard deviation of 3
experiments.
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while viability of primary CML cells from a Bcr-Abl-negative
patient was unaffected (Figure 1C). Chl has been shown to inhibit
the growth of squamous cell carcinoma, HSC-2, and salivary gland
tumor cell line, HSG.1® We therefore investigated the effects of
NaChl on these oral tumor cell lines. In agreement with a previous
report,?® a high concentration of NaChl (> 250 pg/mL) was
required to have detectable growth inhibitory effects on HSC-2 and
HSG cell lines (Figure 1D). In contrast, 50-fold less concentrations
of NaChl (5-10 pg/mL) were sufficient to inhibit the growth of
K562 cells (Figure 1E). Administration of NaChl in nude mice
bearing K562 xenografts reduced the tumor growth in a dose-
dependent manner (Figure 1F).

NaChl induces apoptosis of Bcr-Abl—positive cells

Nuclear condensation, a sign of apoptosis, was evident in NaChl-
treated K562 cells (Figure 1G). We therefore investigated whether
NaChl-induced killing of Bcr-Abl—positive cells was due to
apoptosis. Apoptosiswas determined by the appearance of phospha-
tidylserine on the external surface of the plasma membrane
(binding to annexin V, Figure 2A), appearance of apoptotic nuclei
(sub Gy/G; peak in DNA cell cycle analysis, Figure 2B), and
activation of caspase-3 (Figure 2C). Treatment with NaChl induced

A
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apoptosis in K562 cells and leukemic cells of a Ber-Abl—positive
CML patient, while it had no effect on either Molt 4 cells or
mononuclear cells of a healthy donor. Staining of K562 cell
membrane with annexin V and its absence in treated Molt 4 cells
support a specific apoptotic effect of NaChl (Figure 2D). In K562
cells, annexin V binding was detectable as early as 10 hours after
treatment with NaChl, while caspase-3 activation and appearance
of apoptotic nuclei were detectable after 48 hours (Figure 2E). This
could be explained by the fact that phosphatidylserine externaliza-
tion occurs very early in apoptosis, before any nuclear changes
have occurred.?*

NaChl inhibits autophosphorylation of Ber-Abl

NaChl induced apoptosis of Ber-Abl—positive cells at much lower
concentrations (5-10 pwg/mL) than that observed with oral tumor
cell lines (> 250 wg/mL). Blocking of Bcr-Abl tyrosine kinase
activity is known to result in apoptosis of Bcr-Abl—expressing
cells.89 We therefore evaluated the effects of NaChl on autophos-
phorylation of Ber-Abl and unfused Abl (c-Abl) by Western blot.
Cellsweretreated with 10 p.g/mL NaChl for 30 minutes, harvested,
and lysed, and equal amounts of total proteins were subjected to
immunoblot analysis using antibodies to phospho-cAbl and cAbl.
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Figure 2. NaChl induces apoptosis of Bcr-Abl—positive cells. (A) Flow cytometric analysis of annexin V binding. Cells were left untreated (NT) or were treated with NaChl
(10 pg/mL) for 24 hours (T) before analysis. Values in the quadrants represent percent positive cells. (B) DNA cell cycle analysis after treatment of cells with NaChl (10 pwg/mL)
for 48 hours. Gates were set to assess the percentage of dead (< 2n DNA, M1), Go/G; (2n DNA, M2), and S + G, + M (> 2n DNA, M3). Bars denote boundaries of cell cycle
phases. (C) Immunoblot analysis of caspase-3 activation. Cells were treated with NaChl (10 wg/mL) for 48 hours, harvested, and lysed by boiling in SDS sample buffer, and an
equivalent amount of lysates was separated by SDS-PAGE and electrotransferred. The filters were probed with anti-caspase-3 that recognizes both procaspase-3 (32 kDa)
and caspase-3 cleavage product (17 kDa). (D) Confocal fluorescence images of NaChl-treated (10 pg/mL for 24 hours) K562 and Molt 4 cells after staining with annexin
V—-Alexa. Molt 4 cells were used as negative control. (E) Time kinetics of apoptosis determined by different techniques. K562 cells were treated with NaChl (10 png/mL) for
indicated times and analyzed for annexin V binding, DNA cell cycle (apoptotic nuclei [Sub G/G; peak]), and cleaved caspase-3 by flow cytometry.
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NaChl inhibited autophosphorylation of both fused (Bcr-Abl) and
unfused Abl in Ph* cells without affecting protein expression
(Figure 3A). Inhibition of Ber-Abl phosphorylation by NaChl was
further confirmed in in vitro assays with immune-complexed
kinases. NaChl reduced autophosphorylation of Bcr-Abl and
unfused Abl (Figure 3B). An intracellular staining technique has
recently been reported to detect phosphorylated MAP kinases and
signal transducer and activator of transcription molecules.?>2 We
applied the same technique to substantiate the results of Western
blot. Intracellular phosphorylated Abl was demonstrated only in
K562 cells and mononuclear cells of Pht CML patients, and in
both cases NaChl treatment abolished the phosphorylation (Figure
3D). Abl protein was detectable in Ph* and normal cells and
remained unaffected after NaChl treatment (10 pg/mL) for 30
minutes (Figure 3E). Of note, unlike Western blot, phosphorylation
and protein expression of Bcr-Abl and c-Abl could not be
distinguished by flow cytometry assay. Anti—phospho-c-Abl anti-
body produced positive intracellular staining only in Bcr-Abl—
positive cells, whereas anti—c-Abl antibody stained both Ber-Abl—
positive and —negative cells. Thisisin agreement with our Western
blot results. Therefore, reduction in phospho-c-Abl staining de-
tected by flow cytometry reflected reduction of Ber-Abl phosphor-
ylation. Moreover, Ber-Abl protein constitutes more than 70% of
total Abl protein in both K562 cells and Bcer-Abl—positive primary
CML cells (Western blot); thus drastic reduction in total Abl
expression detectable by flow cytometry indicates mainly the
reduction in Ber-Abl expression. Our data also indicate that a flow
cytometry—based assay of phosphorylation status of proteins corre-
lates closely and reliably with that of conventional Western blot.

A much higher (50-fold) concentration of NaChl was re-
quired to inhibit the growth of HSC-2 and HSG cells compared
with that of Ber-Abl—positive K562 cells. We therefore evalu-
ated the status of phosphorylated and unphosphorylated Ber-Abl
(~ 210 kDa) and wild-type Abl (~ 140 kDa) in these cells by
immunobl ots with anti—phospho-c-Abl and anti—c-Abl antibod-
ies, respectively. In both cell lines (HSC-2, HSG), wild-type Abl
aswell asits phosphorylated form in basal level were detectable,
while Ber-Abl (phosphorylated or unphosphorylated) was unde-
tectable (Figure 3C).
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NaChl treatment reduced the expression of phosphorylated Abl
in K562 cells in a dose- and time-dependent manner; maximum
inhibition (almost 100%) was achieved at 30 minutes at a
concentration of 10 wg/mL (Figure 4A). Treatment with NaChl (10
rag/mL) aso resulted in agradual decrease of total Abl protein after
3 hours (Figure 4B).

To determine whether the effects of NaChl are specific for fused
and unfused Abl or whether this agent aso inhibits other known
kinases, several members of the Src-kinase family and JAK kinases
were evaluated in K562 cells by immunoblots with phosphospe-
cific antibodies. Neither phosphorylation nor protein expression of
Lyn, HCK, Fyn, JAK2, and JAK3 was affected by NaChl (Figure
4C). The phosphorylated form of JAK1 was undetectable in K562
cells, which continued to be undetectable after treatment with
NaChl. To investigate whether the anti—phospho-JAK 1 antibody is
not working or whether K562 cells do not express the phosphory-
lated form of this kinase, the effect of NaChl on this kinase was
studied in Molt 4 cells known to express this kinase?” (Figure 4C).
Similarly, flow cytometry—based assaysindicated that phosphoryla-
tion status and protein expression of PKC « and PKC BI1/8 serine
kinases were unaffected by this compound (data not shown).

NaChl modulates MAP kinase pathways in K562 cells

We have demonstrated that NaChl is able to induce apoptosis of
Ber-Abl—positive cells. We next examined the possible involve-
ment of the MAP kinases. The ERK1/2 MAP kinase was analyzed
because of its importance for growth and survival in many cell
types. 2822 The p38 MAP kinase was examined because of its
importance in the mediation of stress signals.® Flow cytometric
analysis using phospho-specific antibodies against respective MAP
kinases was performed. These antibodies specifically recognize the
activated phosphorylated form of ERK1/2%! and p38.3? Increased
phosphorylation of both p38 and ERK1/2 MAP kinases was
observed in K562 cells starting at 10 minutes after NaChl addition,
lasting only up to 30 minutes, and then declining to the basal level
at 3 hours (Figure 5A). Expression of ERK and p38 protein levels
remained unchanged throughout this incubation period (Figure
5B). NaChl induced enhanced phosphorylation of p38 and ERK 1/2
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Figure 4. NaChl inhibits phosphorylation of Abl in K562 cells in a time- and
dose-dependent manner without affecting Src-family kinases and JAK kinases.
(A) K562 cells were treated with varying concentrations of NaChl for 30 minutes (left
panel) or with 10 wg/mL NaChl for varying time periods (right panel), fixed,
permeabilized, stained with anti-phospho-c-Abl (solid line) or normal rabbit sera
(filled histogram), and analyzed in a flow cytometer. (B) NaChl treatment reduces
Abl-protein expression in a time-dependent manner in K562 cells. Cells were treated
with NaChl (10 pg/mL) for indicated times, fixed, permeabilized, and stained with
anti—c-Abl antibody ([, cultured in medium; O, cultured in the presence of NaChl).
The level of expression is presented as mean fluorescence intensity (MFI). Data
represent mean = SD of 3 experiments. (C) Immunoblot-based determination of
protein expression and phosphorylation status of indicated kinases in indicated cells
before (NT) and after treatment for 30 minutes with NaChl (T). Experiments were
performed as mentioned in the legend of Figure 3A using indicated antibodies.

MAPKkinasesin K562 cells by 30 minutes, followed by a decline at
3 hoursthat did not affect protein expression, which was confirmed
by immunoblot analysis (Figure 5C). The panel of Bcr-Abl—
positive and —negative cells was then evaluated for p38 activation
after NaChl treatment. NaChl induced p38 phosphorylation by 30
minutes, followed by a decline at 3 hours in al Ber-Abl—positive
cells tested, while basal level of phosphorylated p38 remained
unchanged by NaChl in Ber-Abl—negative cellsincluding HSG and
HSC-2 cell lines (Figure 5D). Taken together, these data indicate
that the differences in detectable phospho-activities are not due to
changes in respective MAP kinase expression levels. The time
kinetics of enhanced phosphorylation of p38 and ERK1/2 in K562
cellsby NaChl treatment closely coincided with reduced phosphor-
ylation of Ber-Abl (Figures 4A and 5A,C). Thus, NaChl-induced
enhanced phosphorylation of p38 in Bcr-Abl—positive cells is
dependent on inhibition of Ber-Abl phosphorylation.

The effects of specific MAP kinase inhibitors on NaChl action

To investigate the role of ERK and p38 pathways on NaChl-
induced apoptosis of K562 cells, we examined the effect of the
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specific ERK inhibitor PD98059%% and p38 inhibitor
SB2035803¢-38 on p38 and ERK 1/2 phosphorylation and apoptosis.
NaChl-induced enhanced phosphorylation of p38 in K562 cells
was partially reduced when cells were pretreated for 30 minutes
with 10 uM SB203580 (Figure 6). ERK1/2 phosphorylation
remained more-or-less unchanged under the same experimental
condition (Figure 6). Similarly, NaChl-induced enhanced phosphor-
ylation of ERK1/2 in K562 cells was partialy reduced after
pretreatment of cells with 10 uM PD98059 without affecting
phosphorylation of p38 (Figure 6). Thus, inhibition of p38 is not
linked to ERK signaling and vice versa at the dose levels of
SB203580 and PD98059 tested. We next examined the effect of
specific ERK inhibitor PD98059 and p38 inhibitor SB203580 on
NaChl-induced apoptosis. K562 cells were incubated with 10
rag/mL NaChl in the presence or absence of SB203580 or PD98059
(10 M each) for 24 hours. Apoptosis was measured by annexin V
binding. PD98059 further increased annexin V positivity of
NaChl-treated K562 cells (P < .01 vs NaChl aone), whereas
SB203580 inhibited (P < .01 vs NaChl) the apoptosis (Figure 7A).
These results indicate that activation of p38 but not ERK1/2 is
essential for NaChl-induced apoptosis of K562 cells and that
inhibition of ERK potentiates the apoptotic process. These findings
were further confirmed by treating K562 cells with NaChl in the
presence or absence of MAPkinase activators.

The effect of MAP kinase activators on NaChl action

Numerous studies have indicated that anisomycin and TPA are
strong activators of p38%°40 and ERK*-4 signaling pathways,
respectively. As demonstrated in previous experiments, if the
activation of p38 plays an important role in mediating apoptosis of
NaChl-treated K562 cells, then agents capable of stimulating p38
activity, when combined with NaChl treatment, should potentiate
apoptosis. This possibility was addressed by pretreating K562 cells
with anisomycin (100 ng/mL) for 30 minutes followed by treat-
ment with NaChl (10 pwg/mL) for 24 hours. Anisomycin further
increased p38 phosphorylation (Figure 6) and the induction of
apoptosis by NaChl (P < .01 vs NaChl) (Figure 7B). In contrast to
anisomycin, pretreatment of K562 cells with TPA (50 nM)
inhibited NaChl-induced apoptosis only marginally (Figure 7B).
These results indicate that p38 activation potentiates NaChl-
induced apoptosis of K562 cells, while ERK activation mediates
the opposite effect.

Discussion

In the present study, aBcr-Abl kinase inhibitor was identified from
an herbal source. The compound was characterized to be chloro-
genic acid (Chl). Chl inhibits Ber-Abl and c-Abl kinases and
induces apoptosis of Bcer-Abl—positive cells including Ber-Abl—
positive primary leukemic cells of CML patients in vitro. The
compound was also effective in destroying K562 xenografts in
nude mice. Sodium chlorogenate (NaChl) appears 2 times more
potent than Chl, possibly because of higher solubility. NaChl has
no effect on some known kinases including several members of the
Src-kinase family (Lyn, HCK, Fyn), JAK-kinases (JAK2, JAK3),
and serine kinases (PKCa, PKCBII/3). Chlorogenic acid has
diverse biologic activities including anti-HIV activity,** antioxi-
dant activity,* anticarcinogenic activity,* modulating activity of
cytochrome P450-linked enzyme*” antidlergic activity,® and
apoptosis-inducing activity in human oral squamous cell carcinoma
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Figure 5. NaChl treatment enhances phosphorylation
of p38 and ERK1/2 MAP kinases in K562 cells. (A)
Cells were treated with NaChl (10 pg/mL) for indicated
time periods, fixed, permeabilized, and stained with
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Aot - Blot: anti-phospho ERK 1/2  Blot: anti-ERK MAP kinase protein expression in K562 cells. Expression
of ERK ((J) and p38 (O) is presented as mean fluores-
D cence intensity (MFI). Data presented are mean * SD of
: 3 experiments. (C) Immunoblot-based determination of
836 2156 NaChl, % * + " - + p38 and ERK phosphorylation in K562 cells before and
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and salivary gland tumor cell lines.182% Therefore, possible addi-
tional effects of Chl on cellular systems other than Ber-Abl and
c-Abl kinases cannot be ruled out. Since Chl is known to inhibit
growth of squamous cell carcinoma and the salivary gland tumor
cell line, we evaluated whether these cells express Ber-Abl kinase
and whether NaChl-induced growth inhibition of these cells is
associated with p38 activation. This was addressed to clarify
whether the effects of NaChl on Bcer-Abl—positive cellsresult from
inhibition of Bcr-Abl kinase or from a Bcr-Abl-independent
activation of p38 in these cells. In agreement with a previous
report,? a 50-fold higher concentration of NaChl is required to
detect growth inhibition of these Ber-Abl-negative cells compared
with that of Bcr-Abl—positive cells. Importantly, basal level of
phosphorylated p38 detectable in these Bcr-Abl-negative oral
tumor cells was not up-regulated by NaChl. To date, a number of
Ber-Abl kinase inhibitors have been reported that are capable of
inducing apoptosis of Bcr-Abl-positive cells, but there is little
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Figure 6. Effects of MAP kinase inhibitors and activators on NaChl-induced
enhanced phosphorylation of p38 and ERK1/2 in K562 cells. Cells were
pretreated with inhibitors or activators of MAP kinases for 30 minutes as described in
“Materials and methods” before treatment with NaChl (10 wg/mL) for an additional 30
minutes. Filled histograms indicate staining with isotype-matched control mouse
monoclonal antibodies. Solid lines indicate staining with anti-phospho p38 or
anti-phospho ERK1/2 monoclonal antibody. Values within the histograms represent
the specific MFI (after subtracting the respective control values).
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information on MAP kinase signaling pathways activated by these
Bcer-Abl inhibitors.819 We explored the role of MAP kinase signal
transduction system in NaChl-mediated apoptosis of Bcr-Abl—
positive K562 cells. Our data show that although ERK and p38
signal transduction pathways are activated rapidly in K562 cells
after NaChl treatment, activation of the p38 pathway, which is
dependent on inhibition of Ber-Abl kinase, plays a critical role in
inducing apoptosis. This explanation has support from the follow-
ing observations: (a) NaChl induced enhanced phosphorylation of
both p38 and ERK MAP kinases in K562 cells very rapidly; (b)
NaChl-induced activation of p38 and ERK is dependent on
inhibition of Bcr-Abl phosphorylation. NaChl neither induces
apoptosis of Bcr-Abl-negative cells nor does it activate p38 in
these cells; (c) and inhibition of p38 signaling by specific inhibitor
inhibits NaChl-mediated apoptosis of K562 cells. In contrast,
inhibition of ERK signaling by a specific inhibitor potentiates
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Figure 7. Effects of MAP kinase inhibitors and activators on the NaChl-induced
apoptosis of K562 cells. (A) Cells were pretreated with the inhibitors for 30 minutes;
then NaChl (10 wg/mL) was added and incubated for 24 hours. Apoptosis was
determined by flow cytometric assay based on annexin V binding. (B) Cells were
preincubated with the MAP kinase activators for 30 minutes before addition of NaChl,
followed by determination of apoptosis at 24 hours by annexin V binding. Data
represent mean + SD of 3 experiments. *P < .01 versus NaChl treatment alone. SB
indicates SB203580; PD, PD98059; Ani, anisomycin; and Con, control.
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apoptosis. (d) Further activation of p38 by p38 activator potentiates
NaChl-induced apoptosis of K562 cells, while more activation of
ERK mediates the opposite effect.

In K562 cells, a Ber-Abl kinase inhibitor activated ERK, and
inhibition of the ERK pathway synergistically potentiated apopto-
sis induced by the Ber-Abl kinase inhibitor.® This is consistent
with our finding that ERK activation does not play acrucial rolein
inducing apoptosis in these Ber-Abl—positive cells. The general
consensus on ERK in regulating apoptosis is that activation of the
ERK pathway delivers a survival signal that counteracts proapop-
totic effects associated with INK and p38 activation.?® Our dataare
in agreement with this view as NaChl-induced apoptosis of K562
cells was inhibited by ERK activation, while inhibition of ERK
potentiated the apoptotic process.

p38 MAPkinase is primarily activated by various environmen-
tal stresses and has been suggested to play a critica role in
apoptosis.2®3 However, the role of p38 MAP kinase in inducing
apoptosis of CML cells by Ber-Abl kinase inhibitors has not been
clearly documented. A recent report demonstrated the role of p38
MAP kinase in mediating growth inhibitory effects of interferon-
alphain Ber-Abl—expressing cells.® We report that NaChl is anew
addition to the list of Ber-Abl kinase inhibitors. We also demon-
strate that activation of p38 MAP kinase is a consequence of
Ber-Abl kinase inhibition and plays a crucial role in mediating
apoptosis induced by a Ber-Abl kinase inhibitor. How Bcr-Abl
kinase inhibition activates p38 MAPkinaseis yet to be determined.
We propose that the p38 MAP kinase pathway contributes to the
apoptotic effect of other Ber-Abl inhibitors that exhibit selective
growth inhibitory effects on Bcr-Abl—positive CML cells. In
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agreement with our hypothesis, a recent report indicated that a
well-characterized Ber-Abl kinaseinhibitor STI1571 induces apopto-
sisof Ber-Abl—positive cells by activating the p38 MAPkinase.5! It
is possible that Ber-Abl may exhibit constitutive negative regula-
tory effects on the activation of the growth inhibitory p38 MAP
kinase pathway. Inhibition of Bcr-Abl kinase activity by an
inhibitor, such as NaChl, may overcome the negative regulatory
effects of Ber-Abl on p38 MAP kinase that lead to apoptosis.
Alternatively, inhibition of Ber-Abl kinase may be recognized by
the cell as a stress that leads to activation of p38 and results in
induction of apoptosis.

Acknowledgment

We are grateful to Dr Shelley Bhattacharyaand Mr Sasi Mukherjee
for critically reviewing the manuscript, and Dr Basudeb Achari for
chemical identification. We deeply appreciate Dr Carlo Gambacorti-
Passerini for providing KU812 and KCL22 cell lines and extend
our thanks to Mr Edoardo Marchesi for their transport. We are also
indebted to Prof Hiroshi Sakagami for generously providing
HSC-2 and HSG cell lines. Our work has been greatly expedited
with the help from Dr Partha Banerjee of Georgetown University
Medical Center, Washington, DC, and Dr Sibsankar Roy of our
institute; we are grateful to them. We thank Mr Anirban Manna for
preparation of the manuscript.

The information provided in this report is protected by pending
US & Patent Cooperation Treaty patent applications.

References

1.

Faderl S, Talpaz M, Estrov Z, O'Brien S, Kurzrock
R, Kantarjian HM. The biology of chronic myeloid
leukemia. N Engl J Med. 1999;341:164-172.

12.

enous leukemia cell-line with positive Philadel-
phia chromosome. Blood. 1975;45:321-334.

Minowada J, Onuma T, Moore GE. Rosette-form-

2. Nowell PC, Hungerford DA. A minute chromo- ing human lymphoid cell lines, I: establishment
some in human chronic granulocytic leukemia and evidence for origin of thymus-derived lym-
[abstract]. Science. 1960;132:1497. phocytes. J Natl Cancer Inst. 1972;49:891-895.

3. Kelliher MA, McLaughlin J, Witte ON, Rosenberg 13. Morgan R, Smith SD, Hecht BK, et al. Lack of in-
N. Induction of a chronic myelogenous leukemia- volvement of the c-fms and N-myc genes by chro-
like syndrome in mice with v-able and BCR/ABL. mosomal translocation t(2;5)(p23;935) common
Proc Natl Acad Sci U S A. 1990;87:6649-6653. to malignancies with features of so-called malig-

4. Daley GQ, Van Etten RA, Baltimore D. Induction nant histiocytosis. Blood. 1989;73:2155-2164.
of chronic myelogenous leukemia in mice by the 14. Tsuchiya S, Yamabe M, Yamaguchi Y, Kobayashi
p210ber/abl gene of the Philadelphia chromosome. Y, Konno T, Tada K. Establishment and character-
Science. 1990;247:824-830. ization of a human acute monocytic leukemia cell

5. Shtivelman E, Lifshitz B, Gale RP, Canaani E. line (THP-1). Int J Cancer. 1980;26:171-176.
Fused transcript of abl and bcr genes in chronic 15. Rosenfeld C, Goutner A, Choquet C, et al. Phe-
myelogenous leukaemia. Nature. 1985;315:550- notypic characterisation of a unique non-T, non-B
554. acute lymphoblastic leukaemia cell line. Nature.

6. Clark SS, McLaughlin J, Timmons M, et al. Ex- 1977;267:841-843.
pression of a distinctive BCR-ABL oncogene in 16. Kishi K. A new leukemia cell line with Philadelphia
Ph1-positive acute lymphocytic leukemia (ALL). chromosome characterized as basophil precur-
Science. 1988;239:775-777. sors. Leuk Res. 1985;9:381-390.

7. Lugo TG, Pendergast AM, Muller AJ, Witte ON. 17. Kubonishi I, Miyoshi I. Establishment of a Ph!
Tyrosine kinase activity and transformation po- chromosome-positive cell line from chronic my-
tency of bcr-abl oncogene products. Science. elogenous leukemia in blast crisis. Int J Cell Clon-
1990;247:1079-1082. ing. 1983;1:105-117.

8. Druker BJ, Tamura S, Buchdunger E, et al. Ef- 18. Jiang Y, Sakagami H, Satoh K, Takayama F, Wa-
fects of a selective inhibitor of the Abl tyrosine tanabe S, Kusama K. Induction of cell death by
kinase on the growth of Ber-Abl positive cells. Nat chlorogenic acid in human oral tumor cell lines.
Med. 1996;2:561-566. Phytomedicine. 2000;7:483-491.

9. Wisniewski D, Lambek CL, Liu C, et al. Charac- 19. Buckingham, J. Dictionary of Organic Com-
terization of potent inhibitors of the Bcr-Abl and pounds. New York, NY: Chapman and Hall; 1984.
the c-.k|t'receptor tyrosine kinases. Cancer Res. 20. Rabinowitz |, Larson RS. Chronic myeloid leuke-
2002;62:4244-4255. mia. In: Greer JP, Foerster J, Lukens JN, Rodg-

10. Mow BM, Chandra J, Svingen PA, et al. Effects of ers GM, Paraskevas F, Glader B, eds. Wintrobe’s
the Bcer-abl kinase inhibitors STI571 and ada- Clinical Hematology. Vol 2. Philadelphia, PA: Lip-
phostin (NSC 680410) on chronic myelogenous pincott Williams & Wilkins; 2003:2235-2258.
leukemia cells in vitro. Blood. 2002;99:664-671. 21. Mittra B, Saha A, Chowdhury AR, et al. Luteolin,

11. Lozzio CB, Lozzio BB. Human chronic myelog- an abundant dietary component is a potent anti-

22.

23.

24.

25.

26.

27.

28.

29.

30.

leishmanial agent that acts by inducing topoisom-
erase |I-mediated kinetoplast DNA cleavage lead-
ing to apoptosis. Mol Med. 2000;6:527-541.

Talamonti MS, Roh MS, Curley SA, Gallick GE.
Increase in activity and level of pp60c-src in pro-
gressive stages of human colorectal cancer.

J. Clin Invest. 1993;91:53-60.

Jiang Y, Satoh K, Watanabe S, Kusama K, Sak-
agami H. Inhibition of Chlorogenic acid-induced
cytotoxicity by CoCl,. Anticancer Res. 2001;21:
3349-3354.

Nicoletti I, Mannucci R, Migliorati C, et al. Com-
mon methods for measuring apoptotic cell death
by flow cytometry. http://www.cyto.purdue.edu/
flowcyt/research/cytotech.htm. Accessed July 11,
2003.

llangumaran S, Finan D, Rottapel R, et al. Flow
cytometric analysis of cytokine receptor signal
transduction. J Immunol Methods. 2003;278:221-
234.

Chow S, Patel H, Hedley DW, et al. Measurement
of MAP kinase activation by flow cytometry using
phosphospecific antibodies to MEK and ERK:
potential for pharmacodynamic monitoring of sig-
nal transduction inhibitors. Cytometry. 2001;46:
72-78.

Higuchi M, Asao H, Tanaka N, et al. Dispensabil-
ity of Jak1 tyrosine kinase for interleukin-2-in-
duced cell growth signaling in a human T cell line.
Eur J Immunol. 1996;26:1322-1327.

Seger R, Krebs EG. The MAPK signaling cas-
cade. FASEB J. 1995;9:726-735.

Xia Z, Dickens M, Raingeaud J, Davis RJ, Green-
berg ME. Opposing effects of ERK and JNK-p38
MAP kinases on apoptosis. Science. 1995;270:
1326-1331.

Nagata Y, Todokoro K. Requirement of activation
of INK and p38 for environment stress-induced



2522

31.

32.

33.

34.

35.

36.

37.

38.

BANDYOPADHYAY et al

erythroid differentiation and apoptosis and of inhi-
bition of ERK for apoptosis. Blood. 1999;94:853-
863.

Payne DM, Rossomando AJ, Martino P, et al.
Identification of the regulatory phosphorylation
sites in pp42/mitogen-activated protein kinase
(MAP kinase). EMBO J. 1991;10:885-892.

Han J, Lee JD, Bibbs L, Ulevitch RJ. A MAP ki-
nase targeted by endotoxin and hyperosmolarity
in mammalian cells. Science. 1994;265:808-811.

Favata MF, Horiuchi KY, Manos EJ, et al. Identifi-
cation of a novel inhibitor of mitogen activated
protein kinase kinase. J Biol Chem. 1998;273:
18623-18632.

Desilva DR, Jones EA, Favata MF, et al. Inhibition
of mitogen-activated protein kinase kinase blocks
T cell proliferation but does not induce or prevent
anergy. J Immunol. 1998;160:4175-4181.

Dudley DT, Pang L, Decker SJ, Bridges AJ. A syn-
thetic inhibitor of the mitogen-activated protein
kinase cascade. Proc Natl Acad Sci U S A. 1995;
92:7686-7689.

Cuenda A, Rouse J, Doza YN, et al. SB203580 is
a specific inhibitor of a MAP kinase homologue
which is stimulated by cellular stresses and inter-
leukin-1. FEBS Lett. 1995;364:229-233.

Lee JC, Laydon JT, McDonnell PC, et al. A pro-
tein kinase involved in the regulation of inflamma-
tory cytokine biosynthesis. Nature (Lond). 1994;
372:739-746.

Badger AM, Bradbeer JN, Votta B, Lee JC, Ad-
ams JL, Griswold DE. Pharmacological profile of
SB203580, a selective inhibitor of cytokine sup-
pressive binding protein/p38 kinase, in animal

39.

40.

41.

42.

43.

44,

BLOOD, 15 OCTOBER 2004 - VOLUME 104, NUMBER 8

models of arthritis, bone resorption, endotoxin
shock and immune function. J Pharmacol Exp
Ther. 1996;279:1453-1461.

Hazzalin CA, CuendaA, Cano E, Cohen P, Ma-
hadevan LC. Effects of the inhibition of p38/RK
MAP kinase on induction of five fos and jun genes
by diverse stimuli. Oncogene. 1997;15:2321-
2331.

Hazzalin CA, Le Panse R, Cano E, Mahadevan
LC. Anisomycin selectively desensitizes signal-
ling components involved in stress kinase activa-
tion and fos and jun induction. Mol Cell Biol.
1998;18:1844-1854.

Thomas SM, DeMarco M, D'Arcangelo G, Haleg-
oua S, Brugge JS. Ras is essential for nerve
growth factor- and phorbol ester-induced tyrosine
phosphorylation of MAP kinases. Cell. 1992;68:
1031-1040.

Troppmair J, Bruder JT, Munoz H, et al. Mitogen-
activated protein kinase/extracellular signal-regu-
lated protein kinase activation by oncogenes, se-
rum, and 12-O-tetradecanoylphorbol-13-acetate

requires Raf and is necessary for transformation.
J Biol Chem. 1994;269:7030-7035.

El-Shemerly MY, Besser D, Nagasawa M, Naga-
mine Y. 12-O-Tetradecanoylphorbol-13-acetate
activates the Ras/extracellular signal-regulated
kinase (ERK) signaling pathway upstream of
SOS involving serine phosphorylation of Shc in
NIH3T3 cells. J Biol Chem. 1997;272:30599-
30602.

McDougall B, King PJ, Wu BW, Hostomsky Z,
Reinecke MG, Robinson WE Jr. Dicaffeoylquinic
and dicaffeoyltartaric acids are selective inhibitors
of human immunodeficiency virus type 1 inte-

45.

46.

47.

48.

49.

50.

51.

grase. Antimicrob Agents Chemother. 1998;42:
140-146.

Kono Y, Kashine S, Yoneyama T, Sakamoto Y,
Matsui Y, Shibata H. Iron chelation by chlorogenic
acid as a natural antioxidant. Biosci Biotechnol
Biochem. 1998;62:22-27.

Tanaka T, Nishikawa A, Shima H, et al. Inhibitory
effects of chlorogenic acid, reserpine, polyprenoic
acid (E-5166), or coffee on hepatocarcinogenesis
in rats and hamsters. Basic Life Sci. 1990;52:
429-440.

Teel RW, Huynh H. Modulation by phytochemi-
cals of cytochrome P450-linked enzyme activity.
Cancer Lett. 1998;27:133:135-141.

Ito H, Miyazaki T, Ono M, Sakurai H. Antiallergic
activities of rabdosiin and its related compounds:
chemical and biochemical evaluations. Bioorg
Med Chem. 1998;6:1051-1056.

Yu C, Krystal G, Varticovksi L, et al. Pharmaco-
logic mitogen-activated protein/extracellular sig-
nal-regulated kinase kinase/mitogen-activated
protein kinase inhibitors interact synergistically
with STI571 to induce apoptosis in Bcr/Abl-ex-
pressing human leukemia cells. Cancer Res.
2002;62:188-199.

Mayer IA, Verma A, Grumbach IM, et al. The p38
MAPK pathway mediates the growth inhibitory
effects of interferon-a in Ber-Abl-expressing cells.
J Biol Chem. 2001;276:28570-28577.

Parmar S, Katsoulidis E, Verma A, et al. Role of the
P38 map kinase pathway in the generation of the
effects of imatinib mesylate (STI571) in BCR-ABL
expressing cells. J Biol Chem. 2004;279:25345-
25352.



