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STI571 (imatinib mesylate; Gleevec®) is an inhibitor that targets the tyrosine kinase activity of 
Bcr-Abl present in chronic myelogenous leukemia (CML) cells. Some preclinical studies have 
demonstrated that the combination of STI571 with chemotherapeutic drugs results in enhanced 
toxicity in Bcr-Abl-positive leukemias. We investigated the potential benefit of using STI571 to 
down-regulate Bcr-Abl activity for the enhancement of doxorubicin anti-proliferative action in 
K562 cell line derived from blast crisis of CML. At low concentrations of both drugs (40 nM dox-
orubicin combined with STI571 in the range of 100–150 nM), the antiproliferative effects were 
mainly due to cellular differentiation as assessed by benzidine staining for hemoglobin synthesis 
level and real-time PCR for γ-globin expression. Higher concentrations of STI571 used in com-
binations with doxorubicin caused mainly apoptosis as shown by DNA degradation and nuclear 
fragmentation visualized by fluorescence microscopy after DAPI staining, changes in cell mor-
phology observed after Giemza-May Grünwald staining and cellular membrane organization esti-
mated by flow cytometry after Annexin V staining. As compared with either drug alone, cotreat-
ment with STI571 and DOX induced stronger cellular responses. A low concentration of STI571 
in combination with a low concentration of DOX might be tested as an alternative approach to 

increasing the efficacy of chemotherapy against CML.
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INTRODuCTION

A chimeric oncogene, p210 Bcr-Abl is present 
in almost all cases of chronic myelogenous leuke-
mia (CML). This tyrosine kinase activates a number 
of downstream cell signaling pathways, resulting in 
increased cell proliferation, arrested differentiation, 
and resistance to apoptosis induced by chemothera-
peutics (Bedi et al., 1995).  STI571 (imatinib mesylate; 
Gleevec®) inhibits Bcr-Abl activity by occupying its 
ATP-binding pocket (Schindler et al., 2000). Although 
highly active in early stages of CML, STI571 is un-
able to eradicate malignant progenitors and several 
patients develop drug resistance after long-time use. 
It is of great importance to develop an alternative 

strategy to overcome both STI571 resistance and 
the reduced sensitivity to DNA-damaging drugs in 
CML cells. One of the candidates for the combined 
therapy could be doxorubicin (DOX). The anticancer 
activity of DOX is broadly used and the mechanisms 
of its action are defined (Minotti et al., 2004). DOX is 
not applied during the blast crisis of CML (Faderl et 
al., 1999) mainly because it fails to induce apoptosis 
of CML cells, similarly to many other DNA-damag-
ing drugs. It has been shown that other antileuke-
mic drugs like interferon-alpha (IFN-α), hydroxyurea 
(HU), daunorubicin (DNR) or cytosine arabinoside 
(ara-C) exert either synergistic (ara-C) or additive 
(DNR, IFN) or even antagonistic (HU) effects in pro-
liferation assays performed in Bcr-Abl-expressing cell 
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lines (Thiesing et al., 2000). Arsenic trioxide (ATO) 
effectively synergized with STI571 in K562 cells and 
it was shown that binding of STI571 to the Bcr-Abl 
kinase is crucial for the collaboration of those drugs 
(Du et al., 2006). Our study was undertaken to com-
pare the effects of STI571 alone and in combination 
with DOX on K562 cells. We hypothesized that the 
molecular mechanisms of inhibition of cellular pro-
liferation by STI571 and DOX are largely dependent 
on concentrations of both drugs used in combina-
tions. We investigated the effects of both drugs on 
differentiation as measured by benzidine staining 
and erythroid gene expression and apoptosis visu-
alized by morphological changes or externalization 
of phosphatidylserine. One of the major aims of our 
study was to examine whether STI571 would sensi-
tize the Bcr-Abl-positive K562 cells to cell death in-
duced by DOX. 

MATeRIALS AND MeTHODS

Drugs. Doxorubicin was kindly provided by 
Dr. Irena Oszczapowicz and Mrs. Malgorzata Wa-
sowska from the Institute of Biotechnology and 
Antibiotics (Warszawa, Poland). STI571 (imatinib 
mesylate; Novartis Pharmaceuticals) was a gift of 
Professor Janusz Blasiak. Stock solutions (1 mM) of 
each compound, DOX in sterile water and STI571 in 
DMSO, were stored in the dark at –20oC and diluted 
in RPMI 1640 medium immediately before use.

Cell culture conditions, viability and prolife-
ration assay. The Bcr-Abl-positive human K562 cell 
line was maintained in a humidified atmosphere of 
5% CO2 at 37oC in RPMI 1640 (Gibco, Scotland, UK, 
supplemented with 10% heat-inactivated fetal bovine 
serum (FBS, Gibco, Scotland, UK) and 50 µg/ml genta-
mycin (Polfa-Tarchomin, Poland). For experiments, 
K562 cells were seeded at 4 × 104/ml and 24 h later ei-
ther each drug alone or their combination was added. 
Cell proliferation and viability were determined by 
using Trypan Blue dye exclusion test as reported pre-
viously (Czyz et al., 2005). Each experiment was con-
ducted in triplicate and repeated at least three times.

Benzidine staining. The benzidine oxidation 
test was performed as described previously (Czyz 
et al., 2005). Cells were collected at day 4, washed 
twice with ice-cold PBS and resuspended in 0.9% 
NaCl. Benzidine solution, containing 0.2% (w/v) 
tetramethylbenzidine (Sigma) in 0.5 M acetic acid 
and 0.6% H2O2 was used to start the reaction. After 
30 min incubation in darkness at room temperature, 
200 cells were counted to determine the percentage 
of benzidine-positive cells, containing blue crystals. 
Each experiment was conducted in triplicate and re-
peated at least three times.

Quantitative real-time reverse transcription 
PCR. Total RNA and cDNA were prepared as de-
scribed before (Szulawska et al., 2007). All real-time 
PCR reactions were optimized to obtain the best am-
plification kinetics. Amplification reactions were per-
formed in a final volume of 20 µl using qPCRTM Core 
Kit for SybrTM Green I w/o dUTP (EUROGENTEC, 
Seraing B), 250 nM primers and 25 ng DNA tem-
plate per reaction. Water was used as a no-template 
control. The PCR primer sequences were as follows: 
γ-globin: 5’-CCATAAAGCACCTGGATGATC-3’ and 
5’-ATCTGGAGGACAGGGCACTG-3’, RPS17: 5’-TC-
GCTTCATCAGATGCGTGACATAACCTG-3’ and 
5’-AAGCGCGTGTGCGAGGAGATCG-3’, β-micro-
globulin: 5’-TGAGTGCTGTCTCCATGTTTGA-3’ and 
5’-TCTGCTCCCCACCTCTAAGTTG-3’. Gene expres-
sion levels of γ-globin, RPS17, and β-microglobulin 
were tested using the Rotor-Gene 3000 Real-Time 
DNA analysis system (Corbett Research, Australia). 
Cycling conditions: 1 cycle at 95°C for 10 min, 40 cy-
cles at 95°C for 30 s, 55°C for 15 s (γ-globin) or 64°C 
for 15 s (RPS17) or 50oC for 15 s (β-microglobulin), 
and 72°C for 30 s. The relative expression was based 
on the expression ratio of the target gene (γ-globin) 
versus reference genes (RPS17 and β-microglobulin). 
To calculate the relative expression ratios of single 
samples a mathematical model was used which in-
cluded an efficiency correction for the real-time PCR 
efficiency of the individual transcripts (Pfaffl et al., 
2002). Relative expression was calculated using REST 
(Corbett Research, Australia) software with the two 
reference genes mentioned above and untreated cul-
tures as a control. Each experiment was conducted 
in triplicate and repeated at least three times.

Microscopic analysis of cell morphology. The 
cells were analyzed using a light microscope BX 41 
(Olympus). Shortly, after 3 days of incubation with 
different concentrations of DOX and STI571 used 
alone or in combination, 2 × 104 cells were washed 
with PBS and resuspended in the same buffer. They 
were centrifuged on a slide and then stained with 
May-Grünwald and Giemsa (Sigma Diagnostics, St. 
Louis, MO, USA). 

DAPI staining for nuclear fragmentation was 
performed after 3 days of culturing in the presence 
of drugs. Cells were fixed with 70% ethanol and 
stained with DAPI. Nuclei were visualized under 
fluorescence microscopy. Ten different fields were 
randomly selected for counting 300 cells. The per-
centage of cells with fragmented nuclei was then 
calculated.

Flow cytometry. Dual staining of cells with 
Annexin V and propidium iodide (PI) was used to as-
sess apoptosis. After drug treatment for 24 or 48 h, 
1–5 × 105 cells were washed in cold PBS and resus-
pended in 200 µl staining solution (Roche Diagnos-
tics, Germany) containing 5 µl of Annexin V-fluo-
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rescein isothiocyanate (FITC) and 5 µl of propidium 
iodide. This method is a useful tool for distinguish-
ing viable cells (unstained with either fluorochrome) 
from apoptotic cells (stained with Annexin V) and 
necrotic cells (stained with PI). The percentage of 
apoptotic cells was calculated as the sum of those 
stained with Annexin V alone (early apoptosis) and 
stained with both Annexin V and PI (late apopto-
sis).

Detection of DNA fragmentation. K562 cells 
were cultured as for benzidine staining with differ-
ent concentrations of DOX and STI571. DNA was 
isolated on day 2 as described previously (Gong et 
al., 1994). Aliquots containing 8 µg of each DNA 
sample were subjected to 1.2% (w/v) agarose gel 
electrophoresis for 1.5 h at 0.09 V/m in 1 × TBE buf-
fer. The gels were stained with ethidium bromide 
and photographed in UV light.

Statistical analysis. The data are expressed as 
means ± standard deviation. Details are given in de-
scriptions to Figures and Table. 

ReSuLTS

effects of STI571 and DOX on viability and growth 
of K562 cell line

All experiments were performed in K562 cells, 
a Bcr-Abl-positive human cell line derived from a 

CML patient in blast crisis. Cell viability was scored 
on day 3 by Trypan Blue staining. As demonstrated 
in Fig. 1, K562 cell viability was reduced to 89% in 
cultures treated with 250 nM STI571 used alone or 
to 75% in combination with 40 nM DOX. DOX alone 
did not markedly affect cell viability even when used 
at 100 nM. STI571 at 250 nM or lower used alone or 
in combination with 40 nM DOX left more than 70% 
cells alive for 4 days (not shown). 

The STI571- and/or DOX-induced growth in-
hibition of K562 cells is shown in Fig. 2. Prolifera-
tion was reduced to about 25% of the control level 
on day 3 with the use of 250 nM STI571 or 40 nM 
DOX. The IC50 values for STI571 and DOX alone 
were assessed following 3 days of incubation of 
K562 cells with different concentrations of the tested 
drugs; they were 200 nM and 20 nM, respectively. 
Then, the combined effects of STI571 and DOX on 
cell differentiation and apoptosis were examined at 
drug concentrations close to those of their respective 
IC50 values.  

effects of STI571 and/or DOX on cell differentiation

Cell death was not the major cause for the 
decreased proliferation rates when STI571 at con-
centrations up to 250 nM was used alone or in 
combination with DOX (Fig. 1). One of the possible 
explanations for cell growth arrest with no cytotox-
ic effect could be cell differentiation. To assess the 
erythroid differentiation-inducing effects of STI571 
and/or DOX on K562 cells, first benzidine staining 
was used after 4 days of incubation with the drugs. 
Longer incubation with the drugs did not further 
significantly enhance hemoglobin production (not 
shown). STI571 at 150 nM, induced appearance of 
about 21% benzidine-positive K562 cells and DOX 

Figure 1. The effect of DOX used alone or in combina-
tion with STI571 on K562 cell viability.
Percentage of dead cells was estimated by Trypan Blue 
test after 3 days of culturing in the presence of various 
concentrations of DOX or STI571 used alone or in combi-
nation. Results from four independent experiments were 
averaged. Error bars represent standard deviation.

Figure 2. The cytostatic effect of DOX in combination 
with STI571 at low concentrations in K562 cells.
K562 cells were exposed simultaneously to various con-
centrations of STI571 and DOX for 3 days. Growth rates 
are expressed as the percentage of control. The data repre-
sent results from three independent experiments, each per-
formed in triplicate. Error bars show standard deviation.
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at 40 nM about 13% (Fig. 3A). DOX used alone at 
higher concentrations caused an increase in the 
number of differentiated cells, up to 38% at 100 nM, 
whereas STI571 used alone at higher concentrations 
did not cause further cell differentiation. At 500 nM, 
STI571 induced only 7% of benzidine-positive cells. 
STI571 and DOX used in combination at lower con-

centrations significantly increased the percentage of 
differentiated cells. In this respect, the optimal con-
centrations of STI571 and DOX used in combined 
treatment of K562 cells were 100 to 150 nM and 10 
to 20 nM, respectively. The maximal effect, about 
30% of differentiated cells, was observed in K562 
cell cultures treated with 150 nM STI571 in combi-
nation with 10 to 20 nM DOX (Fig. 3A). This was 
about 50% more than observed in the presence of 
150 nM STI571 alone and 4–6 times more than for 
DOX alone used at those concentrations. DOX at 60 
nM was already more efficient alone than in com-
bination with 150 nM STI571. Similar results were 
obtained when γ-globin gene expression was as-
sessed by real-time PCR (Fig. 3B). The highest rela-
tive expression was obtained for 150 nM STI571 and 
100 nM DOX used alone. Slightly lower expression 
was observed in cells treated with 150 nM STI571 in 
combination with 15 nM DOX, whereas a further in-
crease of STI571 concentration in combination with 
DOX reduced the expression of the γ-globin gene.  
Erythroid differentiation, therefore, could contribute 
to the reduced proliferation observed in K562 cul-
tures stimulated with tested drugs but only when 
they were used in combination and at low concen-
trations.

effects of STI571 and DOX used in combination on 
apoptosis

It is often suggested that classification of cell 
death should be done by employing several assays 
and should be accompanied by morphological ex-
amination. Therefore, K562 cells were evaluated for 
evidence of apoptosis by different assays: I) trans-
location of phosphatidylserine to the outer plasma 
membrane by Annexin V staining and flow cytom-
etry; II) microscopic analysis to identify morpho-
logical characteristics of apoptotic cells; III) detec-
tion of DNA fragmentation, and IV) DAPI staining. 
To assess whether combined treatment with DOX 
enhanced apoptosis induced by STI571, K562 cells 
were treated with various concentrations of STI571 
alone or in combination with 40 nM DOX and then 

Table 1. Percentage of apoptotic cells measured by FACS 
after Annexin V staining.

The numbers indicate the percentage of cells being either 
in early or late stage of apoptosis (see Materials and Meth-
ods for details). The means ± S.D. of two independent ex-
periments are shown except for 100 nM STI571 ± 40 nM 
DOX where only one experiment was performed.

0 nM DOX 40 nM DOX
0 nM STI571 6 ± 2 7 ± 2
100 nM STI571 8 14
150 nM STI571 12 ± 3 14 ± 2
250 nM STI571 16 ± 2 30 ± 8

Figure 3. enhanced erythroid differentiation of K562 
cells observed for combinations of DOX and STI571 at 
low concentrations.
A. Erythroid differentiation is expressed as percentage of 
benzidine-positive (hemoglobin-containing) cells out of all 
viable cells. Data represent the mean ± S.D. of three inde-
pendent experiments. B. Quantitative real-time RT-PCR 
analysis of γ-globin mRNA from DOX and/or STI571-
treated K562 cells. RNA isolated from untreated cells or 
from cells treated with various concentrations of STI571 
alone or in combination with various concentrations of 
DOX was reverse-transcribed and expression levels of γ-
globin gene were assayed by quantitative real-time PCR. 
A fold increase of γ-globin mRNA in cultures treated with 
drugs compared with untreated cultures was then calcu-
lated using REST (Corbett Research, Australia) software. 
This experiment was repeated three times, and each point 
was in triplicate.
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analyzed by Annexin V staining. Annexin V binds 
to phosphatidylserine that is exposed on the surface 
of apoptotic but not normal cells. The results were 
analyzed by flow cytometry on day 2 (Table 1). 
Typical histograms are shown in Fig. 4A. Since K562 
cells are apoptosis reluctant, a very low percentage 
of apoptotic cells, close to that observed in control 
culture was obtained in cultures treated with DOX 
even at 100 nM where only 9% of apoptotic cells 
were observed (not shown). Induction of apoptosis 
by STI571 was concentration dependent. At 250 nM, 

STI571 increased Annexin V positive cells to 16% 
and in combination with 40 nM DOX to 30%. This 
indicates that 250 nM STI571 could sensitize the 
Bcr-Abl-positive cells to the anticancer drug DOX. 
Similar results were obtained after DAPI staining. 
An almost double increase in the percentage of cells 
with fragmented nuclei was observed in cell cultures 
treated with 250 nM STI571 in combination with 40 
nM DOX compared with those treated with 250 nM 
STI571 alone (Fig. 4B). But in DAPI staining in com-
parison to Annexin V staining, a marked increase in 

Figure 4. STI57-induced apoptosis 
is enhanced by DOX. 
A. Cells were treated with the indi-
cated concentrations of STI571 and 
DOX for 2 days, and the percentage 
of apoptotic cells was determined 
by Annexin V / propidium iodide 
staining followed by flow cytom-
etry. Selected histograms are pre-
sented. Means ± S.D. of 2 indepen-
dent experiments are presented in 
Table 1. B. Cells were incubated for 
2 days with 250 nM STI571 and 40 
nM DOX, used alone or in combi-
nation. K562 cells were then stained 
with DAPI for nuclear fragmenta-
tion and analyzed by fluorescence 
microscopy. Arrows indicate exam-
ples of cells with fragmented nuclei. 
Ten different fields were randomly 
selected for counting 300 cells and 
the percentage of cells with frag-
mented nuclei was calculated. Two 
independent experiments were per-
formed and the S.D. values were 
not higher than 20% of the mean 
values except for control cells where 
1.6 ± 0.5% was obtained.
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the percentage of apoptotic cells was already visible 
when STI571 at the concentration of 150 nM was 
used in combination with DOX.

Typical morphological features of apoptosis, 
such as cell surface blebbing, were also observed 
under light microscopic examination of K562 cells 
treated for 3 days with 40 nM DOX in combination 
with 250 nM STI571 (Fig. 5A). DNA degradation 
was observed in cells treated with 250 nM STI571 
alone or in combination 40 nM DOX (Fig. 5B). The 
combined treatment enhanced DNA degradation. 

It can be concluded that the cell death-induc-
ing activity of DOX on the K562 cells might originate 
from the action of STI571. This inhibitor, when used 
at sufficiently high concentrations, could inhibit the 
kinase activity of Bcr-Abl to the level which allows 
subsequent induction of death pathways by DOX.

DISCuSSION

K562 cells, derived from a patient with CML 
in blast crisis, are Bcr-Abl-positive. A p210BCR-ABL-me-
diated protection of those cells from the induction of 
apoptosis by cytotoxic drugs has been reported.  The 
current work was done to evaluate the combined ef-
fect of continuous exposure to low concentrations of 
STI571 (100–250 nM) and DOX (mainly 40 nM) on 
K562 cells. Except for (Fang et al., 2000), where some 
effects of high concentrations of DOX (250 nM) in 
combination with STI571 were analyzed, no other 
paper has presented this issue. Notably, such a high 
concentration of DOX as 250 nM is above levels that 
can be sustained in patients undergoing anticancer 
therapy (Gewirtz, 1999). STI571 specifically inhib-
its the activity of some tyrosine kinases, especially 
the Bcr-Abl kinase (Druker et al., 1996). Depending 
on DOX concentrations different targets, e.g. DNA-
topoisomerase II complex, DNA and RNA polymer-
ases, helicase and secondary effects caused by free 
radicals production were considered (Gewirtz, 1999). 
In previously published paper (Fang et al., 2000), 250 
nM DOX induced apoptosis in about 27% of K562 
cells as determined by cell morphology only and 
this percentage was increased to about 40% when 
simultaneously 250 nM STI571 was used. It was 
shown that 250 nM STI571 in combination with 250 
nM DOX activated the cleavage of procaspase-8 and 
Bid processing which was followed by an increase 
in the cytosolic cytochrome c. 

In the current experiments, K562 cells were 
also susceptible to the inhibitory effects of STI571 
and DOX tested alone. We mainly used DOX at 40 
nM but also at lower sub-toxic concentrations. 

Our results clearly indicated that STI571 could 
sensitize the Bcr-Abl-positive K562 cells to cell death 
induced by a low concentration of the anticancer 
agent DOX. Similar results, although not discussed 
in a similar way, were obtained for STI571 used in 
combination with mycophenolic acid (MPA) (Gu et 

Figure 5. effects of DOX and STI571 used alone or in 
combination on K562 cell morphology and DNA frag-
mentation.
A. Cells were incubated for 3 days with two concentra-
tions of STI571 (100 nM or 250 nM) in the absence or pres-
ence of 40 nM DOX. Cells were then stained with May-
Grünwald-Giemsa and analyzed using light microscope 
BX 41 (Olympus). B. Low molecular-weight DNA (frag-
mented DNA) was extracted from untreated and drug-
treated cells and subjected to 1.2% agarose electrophoresis.
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al., 2005). MPA as a specific inosine monophosphate 
dehydrogenase inhibitor causes the depletion of in-
tracellular guanosine. Since DOX and MPA are un-
related compounds, both in their structures and the 
mode of action, the similarity in the obtained results 
should be rather connected with the ability of STI571 
to influence the kinase activity of Bcr-Abl. Only a 
narrow range of concentrations of STI571 causing 
an inhibition of the Bcr-Abl activity might efficiently 
support other drugs in the induction of apoptosis. 
Lower concentrations of STI571 could enhance dif-
ferent cellular processes. STI571 at concentrations 
lower than 150 nM combined with DOX at 15 to 40 
nM enhanced erythroid differentiation of K562 cells. 

Whether this combined in vitro activity will 
translate into better response and survival rates of 
CML patients must be assessed in clinical trails.  
It may be especially important to investigate if by 
decreasing the kinase activity of Bcr-Abl with low 
concentrations of STI571 it would be possible to 
sensitize cancer cells from the blast crisis of CML 
to death induced by doxorubicin. The concentra-
tions chosen in our study were lower than those 
which could be achieved and sustained in patients 
undergoing anticancer therapy. The described 
mechanisms of drug action might be therefore rele-
vant to the clinical effectiveness of STI571 and DOX 
used in combination. A pharmacokinetic study has 
shown that the mean steady state plasma concen-
tration of STI571 inducing hematological and cy-
togenetic response in patients with CML is about 
4.4 µM after treatment for 28 days with 400 mg of 
STI571/day (Peng et al., 2005). The concentrations 
of STI571 used in the current in vitro study were 
in the range of 0.1–0.25 µM, which is much low-
er than the steady state concentration reported in 
plasma. Thus, the results of experiments presented 
in this study, although obtained in vitro, could be 
applicable to CML patients whose treatment regi-
mens include continuous exposure to STI571. The 
patients could benefit from lower or less frequent 
doses of STI571 in many ways, but preventing the 
emergence of resistant clones should be mainly 
considered. In addition, DOX is a drug with well-
known dose-toxicity relationships and therefore 
there is an information available to design clinical 
trails. Some encouraging results have already been 
obtained in clinics for combination of STI571 and 
chemotherapeutic agents. Doxorubicin (Thomas et 
al., 2004) and daunorubicin (Towatari et al., 2004) 
were among those chemotherapeutic drugs tested. 
In both cases, however, patients with Ph+ ALL not 
CML  were enrolled in the study and in addition 
doxorubicin was a part of hyper-CVAD (cyclopho-
shamide, vincristine, doxorubicin, and dexametha-
sone) regimen and therefore, both remission and 
toxicity data could be different. 

Side effects are an important issue affect-
ing therapeutic decisions. Based on already pub-
lished results, cardiotoxicity or neutropenia should 
be taken into account when STI571 and DOX are 
considered in combined treatment. In mice treated 
with STI571 in combination with idarubicin, another 
anthracycline derivative, a more severe neutrope-
nia was induced when compared with that of mice 
treated with idarubicin alone (Ruchatz et al., 2003). It 
is well known that cardiomyopathy and congestive 
heart failure could be developed after completion 
of cumulative anthracycline regimens (Steinherz et 
al., 1991). The risk of the development of those side 
effects correlated with patient age, total DOX dose 
and dose schedule (for a review: Minotti et al., 2004). 
STI571 in turn could cause congestive heart failure 
in a small percentage of CML patients, and STI571-
treated mice developed left ventricular contractile 
dysfunction (Kerkelä et al., 2006). The question if a 
combination of STI571 and DOX at much lower con-
centrations would enhance only the anticancer effi-
cacy or in addition the already known side effects 
such as neutropenia or cardiotoxicity, remains to be 
answered. 
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