
Report 625

TEL-fusion oncogenic tyrosine kinases determine leukemic
cells response to idarubicin
Ireneusz Majstereka, Artur Slupianekb and Janusz Blasiaka

The family of BCR/ABL-related fusion tyrosine kinases

(FTKs) is reported to participate in drug resistance in

leukemogenesis. Our recent studies revealed a novel

potential mechanism of resistance in FTK+ cells

underlined by the stimulation of DNA repair. In this work we

examined a role of TEL family fusion oncoproteins in the

response to idarubicin. We used murine pro-B lymphoid

cell line BaF3, and its TEL/ABL, TEL/JAK2 and TEL/

PDGFbR-transformed clones. The transformed cells, in

contrast to their non-transformed counterparts, exhibited

resistance to idarubicin in the range 0.01–1 lM. The drug at

0.3 and 1lM induced DNA damage in the form of strand

breaks or/and alkali-labile sites in both transformed and

control cells as evaluated by the alkaline Comet assay. The

transformed cells removed the damage within 60min,

while the control cells required 120min to recover. The

results obtained suggest that TEL-related FTKs may

stimulate the repair of DNA damaged by idarubicin and be

relevant to the resistance of the leukemic cells to this

drug. Anti-Cancer Drugs 14:625–631 �c 2003 Lippincott

Williams & Wilkins.
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Introduction
Several fusion tyrosine kinases (FTKs) have been

detected in human hematopoietic malignancies, one of

the most extensively studied being BCR/ABL, considered

as the pathogenic principle of Philadelphia (Ph) chromo-

some-positive human leukemias [1]. The BCR/ABL

fusion generated by a t(9;22) translocation mediates its

biological effects through deregulated, constitutively

active tyrosine kinase activity [2]. BCR/ABL was found

to stimulate multiple signaling pathways responsible for

the protection from apoptosis, induction of growth factor-

independent proliferation, transformation, and also for

the resistance to therapeutic drugs and g-radiation [3–

11].

Translocated Ets Leukemia (TEL) protein is a novel

member of the ETS family of transcription factors whose

genes are frequently rearranged in human leukemias

[12,13]. Its N-terminal region has been shown to undergo

translocation to the catalytic domain of three tyrosine

kinases, c-ABL [14], PDGFbR [15,16] and JAK2 [17–19],

which results in constitutive activation of each kinase.

TEL/JAK2 fusion protein was characterized as a product

of t(9;12) translocation which was found in acute

lymphocytic leukemias (ALL) [12,13,20]. TEL/ABL

resulted from t(9;12) translocation and consists of the

N-terminal fragment of TEL domain fused in-frame with

exon 2 of cytoplasmic kinase c-ABL [14]. TEL/ABL was

detected in ALL, acute myeloid leukemias and atypical

chronic myeloid leukemias (CML) [20]. TEL/PDGFbR
is associated with t(5;12) translocations which juxtapose

the N-terminal region of TEL with the transmembrane

and tyrosine kinase domains of the platelet-derived

growth factor receptor b (PDGFbR) [15]. TEL/PDGFbR
was found in chronic myelomonocytic leukemia [15,20].

Since normal ligand-induced activation of PDGFbR
depends upon ligand-induced dimerization [21], it has

been suggested that the TEL-derived sequence might

contribute to the oncogenic properties of TEL/PDGFbR
by favoring constitutive dimerization and activation of the

protein kinase activity of the PDGFbR moiety of the

fusion protein [15]. Likewise, TEL-induced oligomeriza-

tion might activate the protein kinase activity and

transforming properties of TEL/ABL in a way similar to

the BCR-induced oligomerization of the BCR/ABL fusion

protein of Philadelphia-positive human leukemias

[22,23].

Drug resistance in tumor cells, which can be considered

as one of the main obstacles in cancer therapy, can be

mediated by several different mechanisms including: (i)

overstatement of P-glycoprotein family of membrane

transporters, which decrease the intracellular accumula-

tion of the drugs, (ii) changes in the statement of cellular

proteins involved in detoxification or activation of the

chemotherapeutic drugs, (iii) increase of the level of anti-
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apoptotic proteins, (iv) transient G2/M arrest, and (v)

increased efficiency of DNA repair [24–27]. BCR/ABL

and other oncogenic tyrosine kinases, such as v-SRC and

HER-2/neu, can induce resistance to DNA-damaging

drugs, but the exact mechanism(s) underlying this

feature is unclear [28–30]. Although inhibition of

apoptotic pathways and activation of the G2/M cell cycle

checkpoint seem to play an important role in survival of

BCR/ABL-positive leukemia cells after DNA damage

[31–34], our findings indicated that the repair of drug-

induced DNA lesions may also be essential for drug

resistance.

Idarubicin (4-demethoxy-daunorubicin, Fig. 1) is a

member of the anthracycline antibiotics group, whose

anti-proliferation activity originates from the ability to

diffuse across the cell membrane, and to intercalate

between DNA base pairs and target topoisomerase II

[35]. Idarubicin shows features rendering this drug

unique among anthracyclines. The higher lipophilicity

leads to faster accumulation in the nuclei, superior DNA-

binding capacity and consequently greater cytotoxicity

compared to daunorubicin. Idarubicin also has, at least in

part, an ability to overcome multidrug resistance [36].

In the present work we investigated the ability of the

murine pro-B lymphoid cell line BaF3 and its TEL/ABL,
TEL/JAK2 and TEL/PDGFbR transformants to survive

and repair DNA after treatment with idarubicin.

Materials and methods
Chemicals

Idarubicin was obtained from Pharmacia & Upjohn

(Milan, Italy). Tris, RPMI 1640 medium, agarose, low-

melting-point agarose, phosphate-buffered saline (PBS),

DAPI (40,6-diamidino-2-phenylindole), fetal bovine ser-

um (FBS) and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] were obtained from Sigma

(St Louis, MO), WEHI 3B was obtained from Dr Jovani

Rovera (Wistar Institute, University of Pennsylvania, PA).

Cells

Murine growth factor-dependent pro-B lymphoid BaF3

cells expressing TEL/JAK2 or TEL/ABL or TEL/

PDGFbR were obtained from Dr Tomasz Skorski

(Temple University, Philadelphia, PA). Cell lines were

maintained in RPMI 1640 supplemented with 10% FBS

and 15% WEHI-conditioned medium (the growth med-

ium). The viability of cells was measured by Trypan blue

exclusion and was about 99%. The final concentration of

the cells was adjusted to 1–3�105 cells/ml by adding the

growth medium to the single-cell suspension.

MTT assay

Idarubicin at final concentrations 0.01–1 mMwas added to

the cells (1.5�106/ml) in the growth medium. Four days

later the viability of cells was evaluated by the MTTassay

[36]. Briefly, cells were plated onto 96-well plates in

200 ml of growth medium and 20 ml of 10mg/ml MTTwas

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 N HCl was added to

dissolve the water-insoluble formazan salt. One hour later,

the difference OD650 nm –OD570 nm was measured with

an ELISA reader (Bio-Rad, Hercules, CA). Drug resis-

tance is presented as percentage of viable cells in

suspension culture exposed to idarubicin in comparison

to the untreated control group.

DNA repair

To examine DNA repair, BaF3 and BaF3-transformed by

TEL-fused FTKs cells (1.5� 106/ml) were treated with

idarubicin at 0.3 and 1 mM, washed and re-suspended in

fresh, drug-free growth medium. Aliquots of cell suspen-

sions were harvested immediately (time 0), and after 30,

60 and 120min, and placed on ice to stop the repair

reactions. Cells exposed to 10 mM hydrogen peroxide for

5min at 41C served as positive control.

Comet assay

The Comet assay was performed under alkaline condi-

tions essentially according to the procedure of Singh et al.
[37] with some modifications [38]. A freshly prepared

cell suspensions in 0.75% low-melting-point agarose

dissolved in PBS was 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 2.5M

NaCl, 100mM EDTA, 1% Triton X-100, 10mM Tris, pH

10. After the lysis, the slides were placed in an

electrophoresis unit, DNA was allowed to unwind for

40min in an electrophoretic solution consisting of

300mM NaOH, 1mM EDTA, pH>13. Electrophoresis

was conducted at 41C (the temperature of the running

Fig. 1
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buffer not exceeding 121C) for 30min at an electric field

strength of 0.73 V/cm (30mA). The slides were then

neutralized with 0.4M 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, 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 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

Comet tail moment was calculated. The Comet tail

moment is positively correlated with the level of DNA

breakage in a cell [39]. A mean value of tail moment in

particular sample was taken as an indicator of DNA

damage in this sample.

Statistical analysis

All the values in this study were expressed as mean±

SEM 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 applying Student’s t-test. Otherwise,

the Cochran–Cox test was used. The date was analyzed

using the STATISTICA (StatSoft, Tulsa, OK) statistical

package.

Results
MTT assay

The results of MTTassay of the survival of BaF3 cells and

their TEL-fusion-transformed counterparts after treat-

ment with idarubicin at different concentrations are

displayed in Figure 2. MTT assay revealed that the TEL-
transformed cells displayed therapeutic drug resistance to

idarubicin. TEL-transformed cells survived better after

treatment with idarubicin at the concentration range of

0.01–1 mM in comparison to control BaF3 cells. Idarubicin

from the concentration range 0.01–0.1 mM (Fig. 2, inset)

effected the viability decrease of TEL-transformed cells

only to 20% (p<0.001), but over 80% of control BaF3

cells were dead after idarubicin treatment (p<0.001).

The higher survival of TEL/ABL- or TEL/PDGFbR-
transformed cells than control Baf3 cells was observed

in the concentration range of idarubicin up to 0.5 mM
(p<0.001), TEL/JAK2-transformed cells had the higher

cell viability even at 1 mM idarubicin (p<0.001).

DNA repair

Figure 3 shows the Comet tail moment of BaF3 and

BaF3-transformed cells exposed to idarubicin and ana-

lyzed immediately, as well as 30, 60 and 120min

thereafter. The BaF3 cells transformed by TEL/PDGFbR
or TEL/JAK2 for idarubicin at 0.3 and 1 mM as well as

BaF3-TEL/ABL cells for idarubicin at 0.3 mM repaired

DNA damage in 60min, while BaF3 control cells needed

an additional 60min to recover. The Comet tail moments

of the untreated cells were constant, indicating that

preparation and subsequent processing of the cells did

not introduce significant damage to their DNA. Cells

exposed for 5min at 01C to 10 mM hydrogen peroxide

(positive control) repaired DNA damage within 60min of

incubation (data not shown).

The distribution of cells exposed to idarubicin according

to their tail moment is displayed in Figure 4. The cells of

the control group (no idarubicin) had a Comet tail

moment smaller than 10. Idarubicin treatment resulted in

a similar distribution profile of BaF3 control and

transformed cells. A gradual decrease of the fraction of

the cells with a Comet tail moment greater than 10 was

observed during the repair incubation time. After 60mins

of incubation BaF3 cells transformed by TEL/PDGFbR or

TEL/JAK2 for idarubicin at 0.3 and 1 mM had Comet tail

moments smaller than 10. The BaF3 cells transformed by

TEL/ABL for idarubicin at 0.3 mM had also tail moments

smaller than 10 and for idarubicin at 1 mM only 4% of the

total BaF3-TEL/ABL cells fraction had tail moments

Fig. 2
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higher than 10, but control cells required 120min to

repair DNA damage to this level.

Discussion
Members of the BCR/ABL-related fusion tyrosine kinases

family may induce therapeutic drug resistance. Studies of

cellular resistance to DNA-damaging agents induced by

BCR/ABL oncogenic tyrosine kinase implicated the

elevation of Bcl-xL and pronounced activation of the

G2/M checkpoint [31–34]. Recent studies revealed a

novel mechanism of resistance in BCR/ABL-positive

cells: stimulation of DNA double-strand break repair by

homologous recombination [40,41]. This phenomenon is

dependent on BCR/ABL-induced elevation of the level of

RAD51, the mammalian homolog of Escherichia coli RecA
protein, which plays an essential role in homologous

recombination [40]. RAD51 in conjunction with Bcl-xL
increase and G2/M arrest seems to be responsible for the

drug resistance in BCR/ABL-positive cells [41]. In our

previous work we demonstrated for the first time that

deregulation of DNA repair mechanisms could be

involved in drug resistance in BCR/ABL-positive leuke-

mias [42,43]. The present work extends this observation

by the demonstration that TEL FTKs accelerate repair

DNA damage caused by idarubicin.

Idarubicin is a very effective drug in the treatment of

hematological malignancies. The main mechanism under-

lying its cytostatic effect is topoisomerase II poisoning

[44]. Moreover, anthracycline drugs have the ability to

generate reactive oxygen species that arise during their

metabolism [45]. Because of the structural alternations of

DNA caused by idarubicin, the drug may activate base

and nucleotide excision repair as well as homologous

recombination repair (HRR) and/or non-homologous end-

joining (NHEJ) repair pathways [44]. Therefore, the

exact mode of the involvement of DNA repair in the

resistance of the cells transformed by FTKs to idarubicin

is not known. Our studies showed that idarubicin-

induced DNA lesions detectable by the Comet assay

were removed more efficiently in the presence of TEL-
FTKs. Moreover, the increase in effectiveness of DNA

repair was positively correlated with resistance to

idarubicin. This phenomenon supported the hypothesis

that the increase in the effectiveness of DNA repair in

BCR/ABL-related FTK-positive cells might be involved in

the resistance to idarubicin.

We demonstrated that the base of the molecular

mechanisms of therapeutic drug resistance stimulated

by TEL FTKs might be cellular response to DNA

damage. Based on our previous findings implicating

Fig. 3
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RAD51 in drug resistance of BCR/ABL cells we can

speculate that HRR may play a major role in accelerated

removal of idarubicin-induced double-strand breaks in

BaF3 cells transformed by FTKs. It seems unlikely that

NHEJ repair is a significant factor in this process because

BCR/ABL down-regulates DNA-PKcs [46], playing an

essential role in NHEJ [47].

Usually drug resistance arises as a result of selection of

tumor cell clones, which are able to develop protective

Fig. 4
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mechanisms and to survive genotoxic treatment [24–27].

However, malignancies induced by oncogenic tyrosine

kinases such as BCR/ABL, v-SRC and HER2/neu display

early drug resistance [28,29]. The phenomenon of early

resistance to radiation and cytostatic drugs is observed in

the untreated chronic phase of CML [48], thus

investigation of mechanism(s) underlying this feature

seems to be of a special importance. Altogether, our

previous and present findings indicate that accelerated

repair of drug-induced DNA lesions represents an

important mechanism in drug resistance of FTK-positive

leukemias. Further studies are required to validate the

therapeutic potential of this observation.
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