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Abstract Purpose: To study the apoptotic effect of the 2-
phenylaminopyrimidine derivative STI571 in combina-
tion with antioxidant agents on K-562 cell line derived
from a Philadelphia chromosome-positive chronic mye-
loid leukemia patient. Materials and methods: K-562
(BCR/ABL+), U-937, and HL60 (BCR/ABL�) leuke-
mic cell lines were incubated with STI571 and the anti-
oxidant agents catalase, glutathione, superoxide
dismutase, and amifostine (AMI). Apoptotic effect was
analyzed by morphological and flow cytometric criteria.
Results: STI571 at concentrations higher than
0.25 lmol L�1 produced apoptosis (P<0.05) in K-562
cells only after treatment for 72 h. At the mentioned
concentrations, STI571 also induced an increase in the
loss of mitochondrial transmembrane potential from
24.6 to 40%. Combination of STI571 (0.5 lmol L�1)
with antioxidant agents showed that the cytoprotective
agent AMI (0.75 mg mL�1) produced an additive effect
in the proapoptotic activity of STI571 in K-562 cells at
nuclear (58.8%±2.0 vs. 28.9%±3.3) and mitochondrial
(53.3%±3.6 vs. 29.5%±1.2) levels. Conclusions: Our
results show that only AMI in combination with
STI571, at submicromolar concentration, has an addi-
tive effect in K-562 cell line, and it does not have severe
toxic effects on Philadelphia chromosome negative cells.
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Abbreviations AlloBMT: Allogeneic bone-marrow
transplantation Æ AMI: Amifostine Æ ATP: Adenosine
triphosphate Æ BC: Fatal blastic phase Æ BCR/ABL�:

BCR/ABL negative cells Æ BCR/ABL+: BCR/ABL
positive cells Æ CA: Continuous administration Æ CAT:
Catalase Æ CML: Chronic myeloid leukemia Æ CP:
Chronic phase Æ DYm: Mitochondrial transmembrane
potential Æ DMSO: Dimethyl sulfoxide Æ EDTA:
Ethylenediaminetetraacetic acid Æ GSH:
Glutathione Æ HDC: Highly damaged cells Æ IFN:
Interferon Æ LMA: Low-melting agarose Æ MDC:
Middle damaged cells Æ PBS: Phosphate-buffer
solution Æ PI-3k: Phosphatidylinositol-3 kinase Æ PMN:
Polymorphonuclear cells Æ Rh123: Rhodamine
123 Æ RNAse A: Ribonuclease A Æ ROS: Reactive
oxygen species Æ SOD: Superoxide dismutase Æ STI571:
2-Phenyaminopyrimidine derivative Æ UC: Undamaged
cells

Introduction

Chronic myeloid leukemia (CML) is a clonal myelo-
proliferative disorder resulting from neoplastic trans-
formation of the primitive hematopoietic stem cell [1].
The cytogenetic hallmark of CML is a reciprocal
translocation between chromosomes 9 and 22 t (9;22)
(q34;q11) [2]. This translocation results in a BCR/ABL
hybrid gene and the fusion protein, p210BCR/ABL. This
protein has abnormal tyrosine kinase activity compared
with normal c-ABL protein [3] and there is evidence that
p210BCR/ABL itself can act as an antiapoptotic factor
[4, 5].

The course of CML involves progression from a
chronic phase (CML-CP) to an accelerated phase with
duration of 1–1.5 years followed by a fatal blastic phase
(CML-BC) [6, 7].

Current therapies for CML include allogeneic
bone-marrow transplantation (AlloBMT) and drug
regimens including interferon (IFN)-alpha. AlloBMT is
associated with substantial morbidity and mortality and
is limited to patients for whom a suitable donor is
available. IFN-alpha prolongs overall survival but has
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serious adverse effects. Thus, the overall cure for CML is
less than 20% [8].

STI571, a 2-phenyaminopyrimidine derivative
(C30H35N7SO4), is a potent ABL tyrosine kinase inhib-
itor with which encouraging results have been obtained
in phase I and II clinical trials [9–11]. However, 60% of
patients with myeloid CML-BC and most of patients
with lymphoid CML-BC eventually relapse [9], indicat-
ing there are leukemic cells that overcome the proa-
poptotic effect of STI571 and survive in the presence of
pharmacological concentrations of the drug [12].

To increase the cytotoxic effects of STI571, combi-
nations of this drug with commonly employed anti-leu-
kemic agents were used and shown to exert increased
effects against BCR/ABL positive cells as compared with
STI571 alone [13, 14]. On the other hand, exogenous
expression of p210BCR/ABL in BA/F3, 32Dcl3, and M07e
hematopoietic cell lines results in an increase of reactive
oxygen species (ROS) in comparison with their un-
transformed counterparts; this would enhance BCR/
ABL-mediated transformation events by inhibiting cell
phosphatases [15].

Taking these data into account, the aim of this work
was to study the proapoptotic effect of the combination
of STI571 with antioxidant agents on the erythroblastic
K562 cell line, which is derived from a Philadelphia
chromosome-positive CML patient [16].

Materials and methods

Cell cultures

K-562, BCR/ABL+ (ATCC, USA), U-937, and HL60,
BCR/ABL� (kindly provided by Dr Mirta Giordano
from the Instituto de Investigaciones Hematológicas,
Argentina) cells were maintained in a 5% CO2 atmo-
sphere at 37�C in RPMI 1640 medium supplemented
with 10% heat-inactivated (30 min, 65�C) fetal bovine
serum. Cells were used for the studies in passages 3–10
after thawing. Polymorphonuclear cells from peripheral
blood from six normal donors (PMN) were isolated by
centrifugation in Ficoll–Histopaque and further sedi-
mentation in a dextran gradient.

Drug treatments

K-562, U-937, and HL60 cells were incubated for 24, 48,
and 72 h in the presence of STI571 (Imatinib, Gleevec,
Novartis, Basel, Switzerland), at concentrations ranging
between 0 and 2.5 lmol L�1. Antioxidant agents were
used in the dose range reported in previous papers: [17–
19]. Catalase, CAT 200 U mL�1 (Sigma, St Louis,
USA), glutathione, GSH, 100 lmol L�1 and 1 mmol
L�1 (Sigma), superoxide dismutase, SOD, 200 lg mL�1

(Sigma), and amifostine, AMI, 0.75 mg mL�1 (Actifos,
Laboratorios Filaxis, Argentina) were added 15–30 min
before treatment with STI571 (0.5 lmol L�1) and were

present throughout the culture time. In addition, AMI,
0.75 mg mL�1, was added for 15 min and removed from
the medium before STI571 treatment. PMN cells were
incubated with antioxidant agents and STI571 for 24 h.

Apoptosis assessment

Apoptosis was assessed by fluorescence microscopy,
after staining of the cells with a mixture of acridine
orange (100 lg mL�1) and ethidium bromide
(100 lg mL�1) in PBS. Loss of nuclear structure or
fragmented nuclei were taken as indicative of apoptotic
cells. Apoptosis were also detected by flow cytometry,
using loss of mitochondrial transmembrane potential
(DYm) as a marker of apoptosis. Loss of DYm was as-
sessed by incubating the treated cells with 0.3 lg mL�1

rhodamine 123 (Rh123) for 15 min. Cytometric analysis
was performed with a FacScan flow cytometer (Becton
Dickinson, San Diego, USA). Cell Quest software was
used for data acquisition and analysis.

Single-cell gel electrophoresis assay (comet assay)

For detection of DNA damage and apoptosis, the comet
assay was carried out under alkaline conditions. After
treatment, cells (10 lL) were mixed with 75 lL 0.75%
low-melting agarose (LMA), spread on a slide precoated
with normal melting agarose (0.75%), and a third layer
of LMA was then applied. The microscope slides were
placed in cold lysis solution (2.5 mol L�1 NaCl,
100 mmol L�1 EDTA, 10 mmol L�1 Tris pH 10, 1%
Triton X-100, 10% DMSO) and kept at 4�C for at least
1 h. Slides were then transferred to an electrophoresis
box containing an alkaline solution at pH 13
(300 mmol L�1 NaOH, 1 mmol L�1 EDTA) and kept
for 20 min unwinding time at 4�C. A current of 30 V
(250 mA) was applied for 25 min. Slides were removed,
neutralized with 0.4 mol L�1 Tris pH 7.5 for 5 min, and
stained with 20 lL ethidium bromide (20 lg mL�1).

Comets were evaluated with a fluorescence micro-
scope. A total of 100 comets on each slide were scored
visually as belonging to one of three classes according to
tail fluorescence intensity, tail length, and nucleoid
integrity, and classified as undamaged cells (UC), cells
with an intermediate grade of DNA damage (MDC),
and highly damaged cells (HDC).

Cell proliferation: tritiated thymidine (3H-thymidine)
incorporation and cell-cycle studies

K-562 cells (200·103 per well) were seeded in 200 lL
culture medium and treated with STI571 at concen-
trations ranging from 0 to 2.5 lmol L�1 for 72 h.
Eighteen hours before finishing the incubation 20 lL
per well of a working solution of 3H-thymidine
(0.05 lCi mL�1) was added and activity was detected
with a b counter.
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To assess DNA ploidy levels STI571-treated K-562
cells were fixed in ethanol 70%, treated with RNAse A
(0.2 mg mL�1 for 15–30 min), and resuspended in pro-
pidium iodide (20 lg mL�1 in PBS). Cytometric analysis
was performed with a FacScan flow cytometer (Becton
Dickinson). Modfit software was run for data acquisi-
tion and analysis.

Statistical analysis

Differences between mean results from the different
treatments were evaluated by applying the paired Stu-
dent’s t-test.

Results

STI571-induced apoptosis

K-562, U-937, and HL60 cells were treated with
STI571 at the stated concentrations (0, 0.01, 0.05, 0.25,

0.5, 1.0 and 2.5 lmol L�1) for 24, 48, and 72 h. Apop-
tosis was assessed by morphological analysis and only
after 72 h of treatment; STI571 induced significant levels
of apoptosis (P<0.05) starting from 0.25 lmol L�1 in
K-562 cells in comparison with untreated controls. No
increase of apoptosis percentage was observed in
STI571-treated U-937 and HL60 cell lines (Fig. 1A).
The response of the leukemic cell lines to STI571 was
also studied by the comet assay. A trend toward in-
creased percentages of HDC in K-562 cells only after
incubation with the drug for 72 h was observed, but no
significant differences were found (Fig. 1B). STI571 at
the mentioned concentrations also induced an increase
in the loss of DYm from 24.6 to 40% in K-562 cells
(Fig. 2).

Cell-proliferation studies

3H-Thymidine incorporation studies were performed
with K-562 cells treated with STI571. It was found that
after incubation with the drug for 72 h incorporation of
3H-thymidine decreased (P<0.05) if concentrations of
STI571 were higher than 0.25 lmol L�1 (Fig. 3).

DNA content analysis by flow cytometry of K-562
cells in the presence of STI571 (0, 0.5, 1, and
2.5 lmol L�1) showed a lower percentage of cell sub-
populations in S and G2/M phases of cell cycle in
comparison with untreated cells (Fig. 4)

STI571 in combination with antioxidant agents

To enhance the proapoptotic effect of STI571 in K-562
cells combined treatment with STI571 and antioxidant
agents was studied. Cells were incubated for 30 min with

Fig. 1 A, STI571 (0–2.5 lmol L�1)-induced apoptosis in K-562, U-
937, and HL60 cells after incubation for 72 h (*P<0.05).
Representative of four independent experiments. B, Percentage of
HDC (mean±SD) in K-562, U-937, and HL60 cell lines after
incubation for 72 h with the indicated concentrations of STI571.
Representative of three independent experiments

Fig. 2 Loss of DYm in K-562 measured by Rh123 after incubation
for 72 h with STI571 (representative of three independent
experiments). M1: fraction of cells considered to have a decrease
in their mitochondrial transmembrane potential, compared with
untreated controls
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SOD, CAT, and GSH then the ABL tyrosine kinase
inhibitor was added. Addition of these antioxidant
agents did not modify the apoptotic value induced by
STI571 alone (Fig. 5). Incubation with the cytoprotec-
tive agent AMI was carried out in two ways—continu-
ous administration (CA) for 72 h and for 15 min, after
which it was removed from the culture medium before
addition of STI571. Apoptosis was assessed by mor-
phological and cytometric analysis, to study cell death at
the nuclear and mitochondrial levels. By morphological
detection the percentage of apoptosis induced by treat-
ment with a combination of AMI for 15 min and STI571
(mean±SE, 28.7±3.3%) was no different from that

resulting from treatment with STI571 alone (mean±SE,
28.9±4.0%). CA of AMI had an additive effect in
combination with STI571 (mean±SE, 58.8%±2.0).
This additive effect of STI571 and AMI (CA) was also
observed at the mitochondrial level (mean±SE,
53.3%±3.6 vs. 29.5%±1.2 in STI571-treated cultures)
(Fig. 6).

To determine the specificity of the additive effect of
STI571 and AMI in BCR/ABL+ cells, U-937 cells
(BCR/ABL� cells) were incubated with both drugs for
72 h. By morphological detection of apoptosis it was
observed that AMI was a strong apoptotic inducer in U-
937 cells; however, combination with STI571 did not
increase levels of apoptosis (Fig. 7).

PMN cells from six normal donors were also treated
with both drugs, taking into consideration that severe
neutropenia is one of the most frequent adverse effects
associated with treatment with STI571. This drug at
0.5 lmol L�1 induced an increase of apoptosis and the
effect was reversed by pretreatment with AMI after
incubation for 24 h (Fig. 8).

These data indicate that AMI increased the apoptotic
effect of STI571 and is specific for BCR/ABL+ cells.

Discussion

Because the structure of several protein kinases has been
determined, it is possible to design compounds based on
the structure of the ATP binding site or their active site.
One of these compounds, the 2-phenylaminopyrimidine
derivative STI571, is a specific inhibitor of the ABL
family of tyrosine kinases (p210BCR/ABL, p185BCR/ABL,
v-ABL, and c-ABL), although it also inhibits the kinase
activity of platelet-derived growth factor receptor
(PDGFR) and c-kit [20].

To study the antileukemic effect of STI571, K-562, U-
937, and HL60 leukemic cell lines were treated with
concentrations of the drug up to 2.5 lmol L�1.

Fig. 5 Apoptosis, detected by morphological analysis (mean±SE),
induced in K-562 cells by STI571 (0.5 lmol L�1) in combination
with antioxidant agents after incubation for 72 h (CAT catalase;
SOD superoxide dismutase; GSH 100 glutathione 100 lmol L�1;
GSH 1 glutathione 1 mmol L�1; AMI amifostine) (*P<0.05 in
comparison with cells treated with STI571). Representative of five
independent experiments

Fig. 4 DNA content histograms of K-562 cell line treated for 72 h
with the indicated concentrations of STI571 (representative of three
independent experiments). The apoptotic fraction was not consid-
ered in the cell cycle analysis

Fig. 3 Incorporation of 3H-thymidine by K-562 cells treated with
STI571 for 72 h (*P<0.05 in comparison with untreated control).
(RPU relative proliferation units; referred to incorporation of 3H-
thymidine in untreated cells as 1)
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STI571 induced significant levels of apoptosis in K-
562 cells after incubation for 72 h with the drug at
concentrations higher than 0.25 lmol L�1. U-937 and
HL60 cells did not trigger apoptosis in response to
STI571 after treatment for 72 h at the same concentra-
tions. These data confirm previous reports showing
induction of apoptosis in BCR/ABL transfected cell
lines; while STI571 did not affect the viability of their
wild-type counterparts [21].

Concentrations of STI571 employed were equivalent
to those found in plasma from CML patients 24 h after
administration of 400 mg of the drug (1.46 lmol L�1) [9].

When apoptosis was measured at the mitochondrial
level, Tabrizi et al. [14] reported that STI571 at
1 lmol L�1 during 18 h of incubation was able to in-
duce 10 to 40% apoptosis in four BCR/ABL-expressing
cell lines—AR230, LAMA84, K562, and KCL22. This
percentage was comparable with that obtained by us in
K-562 cells.

Apoptotic response of the leukemic cell lines to
STI571 was also analyzed by the comet assay; an increase
in the percentage of highly damaged K-562 cells was
observed after incubation with the drug for 72 h. Such an
increase was not observed for U-937 and HL60 cells.

Moreover, STI571 markedly decreased incorporation
of 3H-thymidine in K-562 cells after incubation for 72 h
with up to 2.5 lmol L�1 of the drug. DNA content
analysis by flow cytometry showed a decrease in S and
G2/M subpopulations in STI571-treated cells. Consis-
tent with our results, Gambacorti-Passerini et al. [22]
have shown that STI571-treatment induced a decrease in
cycling cell lines derived from BCR-ABL+ leukemias.

STI571 has given encouraging results in clinical trials
on patients with CP-CML [9], with CP-CML refractory
to IFN-alpha [10], and in those with the accelerated
phase of CML. However, 60% of CML myeloid blast
crisis and most lymphoid blast crisis eventually relapse
[9] indicating there are cells which are able to grow
continuously in the presence of STI571. Mechanisms of
resistance to this drug vary between the different BCR/
ABL+ cell lines. The most frequent of these mecha-
nisms, detected in BaF3 murine leukemic cells trans-
formed with the BCR/ABL hybrid gene and in the
human CML cell lines LAMA84 and AR230 is over-
expression of the BCR/ABL protein. Resistance to
STI571 without an increase of p210BCR/ABL levels in
subpopulations of K-562 and KCL22 cells has, however,
been reported [12]. It has been shown in studies with
cells from CML patients that resistance to STI571 was
because of mutation (8/11 patients) or amplification of
the BCR/ABL gene (3/11 patients) [23].

To improve the efficacy of treatment of Philadelphia
chromosome-positive leukemias with STI571 there have
been many studies of combination of STI571 with
commonly used antileukemic agents, for example
c-irradiation, busulfan, treosulfan [13], and daunorubi-
cin [14]. Combination of STI571 with the phosphati-
dylinositol-3 kinase (PI-3k) inhibitors, wortmannin and

Fig. 6 Apoptosis (mean±SE) induced by STI571 (0.5 lmol L�1)
in combination with AMI in K-562 cell line after incubation for 48
and 72 h. Percentages represent loss of DYm detected as a decrease
in Rh123 fluorescence (*P<0.05 in comparison with cells treated
with STI571). Representative of three independent experiments

Fig. 8 Effect of STI571 (0.5 lmol L�1) plus AMI on PMN cells
from the peripheral blood of six healthy donors. Apoptosis
(mean±SE) was determined by morphological observation after
24 h

Fig. 7 Apoptosis (mean±SE) induced by STI571 (0.5 lmol L�1)
plus AMI in U-937 cells. Representative of three independent
experiments
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LY294002 has also been studied, because PI-3k activity
is essential for the growth of Philadelphia chromosome-
positive cells [8].

It has, on the other hand, been reported that trans-
formation of BA/F3, 32Dcl3 and MO7e cell lines with
BCR/ABL gene results in an increase of ROS compared
with their untransformed counterparts. This would en-
hance p210BCR/ABL-mediated phosphorylation events,
by ROS-mediated inhibition of cell phosphatases. This
increase in ROS was because of p210BCR/ABL activity,
because it was blocked by STI571 [15].

In this work the effect of combining STI571 with
antioxidant agents on the leukemic cell lines K-562 and
U-937 and on PMN from peripheral blood of normal
donors has been evaluated. The concentration of STI571
used for the combination treatment was 0.5 lmol L�1,
almost one-third of the average concentration
(1.46 lmol L�1) reached in the plasma of CML patients
24 h after administration of 400 mg of the ABL kinase
inhibitor [9]. The antioxidant agents used were SOD,
CAT, GSH, and the cytoprotective agent AMI. Among
these, AMI was the only one with an additive effect on
the proapoptotic activity of STI571 in K-562 cell line at
both nuclear and mitochondrial levels. This effect was
not observed in U-937 cells or in PMN. AMI, a phos-
phorylated aminothiol prodrug, is dephosphorylated by
membrane-bound alkaline phosphatases, releasing the
active metabolite WR-1065, which quickly accumulates
in normal tissues [24].

Continuous administration of AMI to p53-deficient
cells K-562 and U937 induced an increase in the per-
centage of apoptotic cells, but this increase was not
observed for the p53-proficient cells PMN. These data
are in agreement with Lee et al. [25] who identify p53
protein as a mechanism of resistance to AMI-induced
apoptosis.

AMI protects bone marrow progenitor cells from the
cytotoxic effect of chemotherapeutic agents [26]. Clinical
trials have shown that AMI reduces myelosupression
resulting from irradiation, alkylating agents, and plati-
num analogs, while keeping their antitumor activity [27].
It has also been shown that this aminothiol exerts a
protective effect on early and late hematological pro-
genitor cells from the cytotoxic effects of cyclophos-
phamide derivatives [28]. All these data obtained in vitro
support the use of AMI in association with chemother-
apeutic agents to reduce toxicity in normal cells.

Our results show that AMI in combination with
STI571 at submicromolar concentrations has an addi-
tive effect on the K-562 cell line whereas it does not have
severe toxic effects on Philadelphia chromosome nega-
tive cells or normal PMN. The cytoprotective effect of
AMI observed in PMN is very important, taking into
account that severe neutropenia is one of the most fre-
quent adverse effects associated with STI571 treatment.
[10, 29]. Similarly, Blasiak et al. [30] reported that AMI
reduced the extent of DNA damage induced by the
chemotherapeutic agent idarubicin in normal human
lymphocytes and murine BaF3 cells, but when BaF3

cells were transformed with TEL/ABL gene, AMI
potentiated the DNA-damaging effect of idarubicin.

Future studies should be performed to clarify whe-
ther the additive effect of using AMI in combination
with STI571 in BCR/ABL+ and p53� cells is related to
the scavenger ROS properties and/or the proapoptotic
activity of AMI on them. It should also be determined
whether this combination of agents could be clinically
relevant.
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Amifostine differentially modulates DNA damage evoked by
idarubicin in normal and leukemic cells. Leukemia Res
26:1093–1096

608


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Sec12
	Fig1
	Fig2
	Sec13
	Fig5
	Fig4
	Fig3
	Fig6
	Fig8
	Fig7
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30

