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STI571isa speci¢c ABL family tyrosine kinases inhibitorapproved
for treatment of leukemias. It can di¡erentiallymodulate the action
of other antileukemic drugs.We have recently shown that deregu-
lation of the mechanisms of DNA damage and repair in BCR/ABL-
positive cells may be involved in drug resistance of these cells,
and thus determine the response of cancer cells to therapy. In the
present work we investigated DNA damage and repair induced by
idarubicin in the presence of STI571 and amifostine, a normal cell
protector, in the BCR/ABL fusion tyrosine kinase-expressing cell
line. Amifostine increased the viability of both kinds of cells in the
absence of STI571, but had no e¡ect in the presence of the inhibi-
tor. STI571 did not change the response of both BCR/ABL-expres-
sing cells and their control counterparts to idarubicin in terms of
DNA damage and repair. However, the presence of amifostine
modulated the response of the cells. In the absence of STI571ami-
fostine decreased the DNA-damaging e¡ect of idarubicin in nor-
mal cells and increased it in BCR/ABL-positive cells. STI571 at
2 lM abolished the protective e¡ect of amifostine against idarubi-
cin in normal cells and diminished the magnitude of the amifos-
tine-induce increase in cancer cells. These results suggest that
amifostine should be applied with special caution in idarubicin-
based chemotherapies of BCR/ABL-positive leukemias involving
STI571 inhibitor. [r 2002 Lippincott Williams & Wilkins.]
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Introduction

Anticancer drugs can kill cancer cells, inhibit
their proliferation or target specific molecular
abbreviations in them. The last feature is of special

significance, because cytotoxic or cytostatic actions of
a drug are rarely limited to cancer cells and more
often also affect their normal counterparts. The
discovery of oncogenic properties of some tyrosine
kinases led to the synthesis of their inhibitors, among
them Herceptin, directed against Her-2/neu, and
STI571 (imatinib mesylate, Gleevec, CGP57148B,
Figure 1), targeting the ABL family of tyrosine
kinases, are the most prominent.1 STI571 focuses
interest on the therapy of leukemias with phenotypic
traits of the fusion oncogenic tyrosine kinase BCR/
ABL, which results from the fusion of exons 2–11 of
the c-ABL gene from chromosome 9 to N-terminal
exons of t!he c-BCR gene on chromosome 22.2 The
fusion chromosome is often refereed as the Phila-
delphia (Ph) chromosome. BCR/ABL is found in 95%
of cases of chronic myelogenous leukemia (CML) and
in 25–30% of cases of adult acute lymphoblastic
leukemia (ALL), but its role in the etiology of these
cancers remains unknown. Thus, the expression of
the BCR/ABL fusion gene can be considered as a
specific abnormality in the cells of some leukemias
and therefore regarded as a potential target in the
therapy of these diseases. Druker et al. showed that
2-phenylaminopyrimidine (STI571) selectively inhib-
ited the growth of BCR/ABL-expressing cells derived
from CML patients.3

STI571 can be used singly or in combination with
other drugs. It is reported to produce additive,
antagonistic or synergistic effects with classical
antileukemic drugs depending on the cell line
employed and particular drug.4–6 Anthracycline anti-
biotics target DNA topoisomerase II leading to DNA
fragmentation, especially in dividing cells, and
subsequent cell death, and are widely used in the
chemotherapy of leukemias. Idarubicin (Figure 1) is
an new-generation anthracycline which can be
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applied orally, and we have recently shown that in
addition to its interaction with topoisomerase II it
can damage DNA by producing free radicals in both
normal and cancer cells including those expressing
BCR/ABL.7 In order to diminish unwanted side
effects of anticancer drugs in normal cells a variety
of cell protectors can be applied. Amifostine (Ethyol,
WR 2721, Figure 1), an analog of cysteamine, is a
phosphorylated aminothiol prodrug that is dephos-
porylated in the tissue by the membrane-bound
alkaline phosphatase to its active metabolite, WR-
1065. Amifostine can selectively protect normal cells
against anticancer drugs and radiation by free radical
scavenging, donating hydrogen ions to free radicals,
depleting oxygen and binding to active derivatives of
antineoplastic compounds.8 Recently, we have
shown that amifostine may decrease the DNA-
damaging effect of idarubicin in normal human
lymphocytes and increase this effect in BCR/ABL-
positive cells.9

In the present work we investigate the survival and
the DNA-damaging effects of the combined action of
idarubicin, STI571 and amifostine in murine pro-B
lymphoid BaF3 cells transformed with BCR/ABL
oncogene. These cells are characterized by the stable
expression of BCR/ABL oncogenic tyrosine kinase
and can be considered as model cells of human acute
myelogenous leukemia.10 Alkaline single-cell gel

electrophoresis (comet assay), which is a sensitive
method for studying DNA damage and repair, was
applied to asses the DNA-damaging potential of the
combination of drugs.

Materials and methods

Chemicals

Idarubicin was obtained from Pharmacia & Upjohn
(Milan, Italy). Amifostine [S-2(3-aminopropylami-
no)ethyl phosphothioic acid], Tris, RPMI 1640
medium, agarose, low-melting-point agarose, phos-
phate-buffered saline (PBS), DAPI, fetal bovine serum
(FBS) and MTT were obtained from Sigma (St Louis,
USA). STI571 was kindly provided by Novartis
Pharma (Basel, Switzerland). WEHI 3B medium was
obtained from Dr Jovani Rovera (Wistar Institute,
University of Pennsylvania).

Cells

Murine growth factor-dependent pro-B lymphoid cell
line BaF3 and BaF3-BCR/ABL transformed clone were
obtained from Dr Richard VanEtten (Harvard Medical
School). Cell lines were maintained in RPMI 1640

Figure 1. Structure of idarubicin,STI571andamifostine.
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supplemented with 10% FBS and 15% WEHI-cond-
itioned medium (the growth medium). The viability
of the cells was measured by Trypan blue exclusion
staining and was about 99%. The viability of the cells
was checked concurrently in all further experiments
in the appropriate drugs concentration range and
was never below 80%. The final concentration of the
cells was adjusted to 1–3� 105 cells/ml by adding the
growth medium to the single-cell suspension.

MTTassay

Idarubicin at final concentrations of 0.01–10 mM was
added to the cells (1.5� 106/ml) in the growth
medium. When STI571 was applied, the addition of
idarubicin was preceded by 24 h incubation with the
inhibitor at 2 mM; the final concentration of amifo-
stine was 14 mM and it was added just prior to
idarubicin when necessary. Four days later the
viability of cells was evaluated by the MTT assay.14

Briefly, cells were plated onto 96-well plates in 200ml
of growth medium and 20 ml of 10 mg/ml MTT was
added to each well. After incubation at 371C for 4 h,
the supernatant was removed and 200 ml of a solution
containing 10% SDS and 0.04 M HCl was added to
dissolve the water-insoluble formazan salt. One hour
later, the difference OD650 nm – OD570 nm was
measured with an ELISA microplate reader (Bio-
Rad, Hercules, CA).

DNAdamage

To examine DNA damage, the cells were incubated
for 1 h at 371C with idarubicin with or without 24-h
pre-incubation with STI571. The incubation with
idarubicin was in the presence or in the absence of
amifostine at 14 mM. Each experiment included a
positive control, which was H2O2 at 10 mM. H2O2

produced pronounced DNA damage, which resulted
in tail DNA of 30–40%.

DNArepair

To examine DNA repair, after the treatment with
drugs the cells as well as control samples were
washed and resuspended in fresh, drug-free RPMI
1640 medium preheated to 371C. Aliquots of the
suspension were taken immediately, and 15, 30, 60
and 120 min later. Placing the samples in an ice bath
stopped the repair incubation.

Comet assay

The comet assay was performed under alkaline
conditions essentially according to the procedure of
Singh et al.11 with some modifications12 as described
previously.13 Freshly prepared cell suspensions in
0.75% low-melting-point agarose dissolved in PBS
were placed onto microscope slides pre-coated with
0.5% normal melting agarose. The cells were then
lysed for 1 h at 41C in a buffer consisting of 2.5 M
NaCl, 100 mM EDTA, 1% Triton X-100 and 10 mM
Tris, pH 10. After lysis, the slides were placed in an
electrophoresis unit and DNA was allowed to unwind
for 40 min in an electrophoretic solution consisting
of 300 mM NaOH and 1 mM EDTA, pH413. Electro-
phoresis was conducted at 41C (the temperature of
the running buffer not exceeding 121C) for 30 min at
an electric field strength 0.73 V/cm (30 mA). The
slides were then neutralized with 0.4 M Tris, pH 7.5,
stained with 2 mg/ml DAPI and covered with cover
slips. To prevent additional DNA damage all steps
were conducted under a dimmed light or in the dark.

Comet analysis

The slides were examined at � 200 magnification in
a Eclipse fluorescence microscope (Nikon, Tokyo,
Japan) attached to a COHU 4910 video camera
(Cohu, San Diego, CA) equipped with a UV filter
block containing an excitation filter (359 nm) and
barrier filter (461 nm), and connected to a personal
computer-based image analysis system, Lucia-Comet
version 4.51. (Laboratory Imaging, Prague, Czech
Republic). Fifty images were randomly selected from
each sample and the comet tail moment (a product
of the fraction of DNA in tail and tail length) was
measured. Two parallel tests with aliquots of the
same sample of cells were performed for a total of
100 cells and the mean percentage of tail DNA was
calculated. The tail DNA is positively correlated with
the level of DNA breakage in a cell.11 A mean value of
tail DNA in a particular sample was taken as an
indicator of DNA damage in this sample.

Statistical analysis

All the values in this study were expressed as
means7SEM from two separate experiments. If no
significant differences between variations were
found, as assessed by the Snedecor–Fisher test, the
differences between means were evaluated by
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applying Student’s t-test. Otherwise, the Cochran–
Cox test was used. The data were analyzed using the
STATISTICA (StatSoft, Tulsa, OK) statistical package.

Results

Viability

The results of the MTT assays of the survival times of
BaF3 cells and their BCR/ABL-transformed counter-
parts after treatment with idarubicin singly or in
combination with amifostine in the presence or
absence of the STI571 inhibitor are shown in
Figure 2. The viability of the BCR/ABL-transformed
cells was significantly lower than control cells and
decreased with time. Amifostine increased the
viability of both kinds of cells in the absence of
STI571, but had no effect in the presence of the
inhibitor.

DNAdamageand repair

Figure 3 shows the mean level of DNA damage for the
BaF3 cells and their transformed counterparts

exposed to idarubicin at different concentrations in
the presence or absence of 14 mM amifostine with or
without 24 h incubation with STI571. Idarubicin
significantly increased DNA damage in all cases in a
dose-dependent manner. In the absence of STI571,
amifostine reduced the level of DNA damage induced
by idarubicin in BaF3 control cells, but it increased
idarubicin-induced DNA damage in the transformed
cells. In the presence of STI571, amifostine had no
effect on DNA damage evoked by idarubicin in non-
transformed cells and increased the damage in
transformed cells. The magnitude of this increase
was, however, much smaller than in the absence of
the inhibitor.

All treated cells were able to repair damage to their
DNA in a 120-min period; there were no differences
in kinetics of the repair between drug-exposed and
control cells (data not shown).

Discussion

The expression of the BCR/ABL tyrosine kinase is
responsible for the malignant phenotype of the BCR/
ABL-expressing CML and ALL blasts. Leukemic blasts
expressing BCR/ABL display arrested differentiation

Figure 2. The survival of murine growth factor-dependent pro-B lymphoid cells BaF3 and their BCR/ABL-trans-
formed counterparts in the presence of 0.5 mMidarubicin (solid triangles),14mMamifostine (circles) or 0.5 mM idar-
ubicin combinedwith14mMamifostine (open triangles) with or without 24 h pre-incubationwith STI57 as evaluated
by the MTTassay. Results represent the means of three independent experiments; error bars are smaller than the
radiusof the symbols.
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and resistance to apoptosis even at high doses of
antileukemic drugs.15,16 Therefore, there is a need to
undertake a special strategy of chemotherapy in
patients with blasts expressing BCR/ABL. Our recent
studies revealed a novel mechanism of resistance in
BCR/ABL-positive cells: stimulation of DNA double-
strand break repair by homologous recombina-
tion.17,18 This phenomenon is dependent on BCR/
ABL-induced elevation of the level of RAD51,17 the
mammalian homolog of Escherichia coli RecA
protein, which plays an essential role in homologous
recombination. We suggest that RAD51 in conjunc-
tion with Bcl-xL increase and G2/M arrest might be
responsible for the drug resistance in BCR/ABL-
positive cells.18 In our previous work we demon-
strated for the first time that deregulation of DNA
repair mechanisms could be involved in drug
resistance in BCR/ABL-positive leukemias.19 More-
over, BCR/ABL is thought to contribute to the genetic
instability responsible for leukemia progression.20

Consequently, the mechanisms of DNA damage and
repair may determine the sensitivity of BCR/ABL-
expressing cells to anticancer drugs and radiation,
and thus the effectiveness of cancer therapy. That is
why we investigated DNA damage and repair in BCR/
ABL-positive cells in the presence of STI571 inhibitor.

We showed that STI571, an ABL tyrosine kinase
inhibitor, did not change the response of both BCR/
ABL-expressing cells and their control counterparts
to idarubicin in terms of DNA damage and repair.
However, the presence of the cell protector amifos-
tine modulated the response of the cells. In the
absence of STI571 amifostine increased the viability
of the cells (Figure 2), and it decreased the DNA-
damaging effect of idarubicin in normal cells and
increased it in BCR/ABL-positive cells (Figure 3).
These results are in agreement with our previous
findings.9 STI571 at 2 mM abolished the protective
effect of amifostine against the idarubicin-evoked
DNA-damaging effect in normal cells and diminished
the magnitude of the amifostine-evoked increase in
cancer cells. Amifostine had no effect on the viability
of the cells in the presence of STI571. These results
clearly suggest that amifostine should be applied
with caution in idarubicin-based chemotherapy of
BCR/ABL-positive leukemias when STI571 inhibitor is
employed.

The use of STI571 in conjunction with other
anticancer drugs is a consequence of expected and
observed resistance to single agents. Thus a favorable
approach would be to combine STI571 with other
compounds either to prevent the emergence of

*
***

******

***
*** *

60

50

40

30

20

10

0

50

40

30

20

10

0
0 0.5 5 0 0.5 5

D
N

A
 d

am
ag

e 
(a

rb
itr

ar
y 

un
its

)

No STI571 2 µM STI571

B
aF

3-
B

C
R

/A
B

L
B

aF
3 

co
nt

ro
l

Idarubicin (µM)

Figure 3. DNAdamagemeasuredby the comet assayaspercentage of tail DNAinmurinegrowth factor-dependent
pro-B lymphoid cells BaF3 and their BCR/ABL-transformed counterparts in thepresence of idarubicin singly (empty
bars) or idarubicin combinedwith14 mMamifostine (¢lled bars) with or without 24 h pre-incubationwith STI57.One
hundred cellswereanalyzedperpoint.Resultsare themeanof three independent experiments; errorbarsrepresent
SEM; *po0.05, ***po0.001.

Idarubicin, amifostine and STI571 against BCR/ABL

Anti-Cancer Drugs ? Vol 13 ? 2002 1059

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



resistant clones or to enhance the eradication of the
leukemic clone. STI571 was reported to modulate
differentially the action of specific antileukemic
agents. It showed additive or synergistic effects in
combination with interferon-a, daunorubicin, doxor-
ubicin, homoharringtonine, vincristine, cytosine ara-
binoside and etoposide, and antagonistic effects
when combined with hydroxyurea or methotrex-
ate.4,6,21 On the other hand, hydroxyurea was shown
to induce an additive effect with STI571,6 so the
action of STI571 is determined not only by the
presence or absence of a TEL tyrosine kinase, but
also by other components and mechanisms.

In conclusion, the present study showed that
amifostine might not be advantageous for the DNA-
damaging effect of idarubicin in BCR/ABL-positive
cells in the presence of STI571, although it might not
affect the viability of these cells, and this may be of
importance in the design of STI571-based che-
motherapy in BCR/ABL-positive leukemias.
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