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Radiotherapy is widely employed for treatment 
of human breast cancer, along with chemotherapy 
and hormone therapy [1, 20]. The response of tumor 
cells to X-radiation effect is dependent on different 
factors, including the ability of tumor cells to repair 
DNA damage, their capacity for proliferation and their 
anti-apoptotic potential [9, 26, 30]. However, the ef-
fectiveness of cancer treatment is strongly limited by 
a frequent development of tumor cell resistance to 
specific chemotherapeutic drug(s) or X-radiation. 

Although both the anti-cancer drugs and X-radia-
tion impair genome DNA and induce cell apoptosis 
[18], they considerably differ in the mechanisms of 
their action. Usually, X-rays produce single- and dou-
ble- strand DNA breaks and nucleotide modifications 
[21]. Anti-cancer drug doxorubicin intercalates into 
DNA structure causing inhibition of nucleic acid (RNA 
and DNA) synthesis and affects DNA strand scission by 
changing DNA topoisomerase II activity [11, 24]. Cis-
platin was shown to form adducts with the DNA di-nu-
cleotide d(pGpG) which induces intra- and inter-strand 
cross-links [3, 6]. Methotrexate prevents of thymidine 
synthesis by inhibiting dihydrofolate reductase — key 
enzyme catalyzing that process [28].

Proteins of Bcl-2 family play key roles in apoptosis 
regulation. That family includes both the pro-apoptotic 
(Bax, Bak, Bcl-XS and Bad) and anti-apoptotic (Bcl-2, 
Bcl-XL, Mcl-1 and A1) members, and the regulation of 
apoptosis can be mediated through a formation of 
homo- and heterodimers of various members [4, 25]. 
For example, the hetero-dimeric complex formation 

of Bad with Bcl-XL may cause Bcl-XL to release Apaf-1 
(apoptotic protease activating factor), resulting in cas-
pase 9-initiated cascade of proteolysis and induction 
of apoptosis [12, 15]. Bax can form a hetero-dimer 
with Bcl-2, and function as an apoptotic activator [2, 
16]. Bcl-2 can prevent cytochrome c release from 
mitochondria and activation of the cytosolic caspases, 
which mediate apoptosis-specific intracellular proteo-
lysis [4, 23].

The aim of present study was to compare the ef-
fect of X-radiation and specific chemotherapeutic 
drugs (doxorubicin, cisplatin and methotrexate) on 
expression of Bad, Bax, Bcl-2 proteins in human 
breast carcinoma MCF-7 cells, sensitive (MCF-7(wt)) 
and resistant (MCF-7(DOX/R)) to doxorubicin. In that 
way, we could clarify whether changes in expression 
of those proteins can be responsible for the develop-
ment of drug-resistant phenotype and altered radio-
sensitivity in MCF-7(DOX/R) cells. Besides, the effect 
of X-rays on DNA repair potential of MCF-7(wt) and 
MCF-7(DOX/R) cells was compared.

MATERIALS AND METHODS
Cell lines and cell culture. Human breast carcino-

ma cell lines differing in their sensitivity to doxorubicin 
(sensitive MCF-7(wt) and resistant (MCF-7 (DOX/R) 
cells) were obtained from Cell Collection of the Institute 
of Oncology (Gliwice, Poland). Human erythroleukae-
mia K562 cells were obtained from the Cell Collection 
of the Institute of Cytology (St. Petersburg, Russian 
Federation). MCF-7(wt) and MCF-7(DOX/R) cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM, Sigma Chemical Co., St. Louis, MO, USA), 
and K562 cells were cultured in RPMI 1640 medium 
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(Sigma Chemical Co.) supplemented with 10% heat-
inactivated fetal calf serum (FCS, Sigma Chemical Co.) 
and 50 μg/ml gentamycin (Sigma Chemical Co.). All 
cultured cells were maintained in CO2 thermostate at 
37 °C, 5% CO2, and 100% humidity. 

Radiation exposure. Cells were seeded into 
25 cm2 tissue culture flasks. After 24 h, cultures were 
irradiated by the X-ray machine “RUM-17” (USSR) at 
130 kV, 10 mA, and 18 cm distance from the radiation 
source to the surface of tissue culture flask, and no 
filter was used. The dose heterogeneity was less than 
5%.

Drug treatment. Doxorubicin and cisplatin were 
purchased from Ebewe (Austria), and methotrex-
ate — from Leberle (USA). Each drug was added 24 h 
after cell plating and each sample was incubated for 
24 h with an appropriate concentration of the chemo-
therapeutic drug.

SDS-polyacrylamide gel electrophoresis and 
Western-blot analysis. MCF-7 cells were lysed in 
buffer containing 20 mM Tris-HCl, pH 7.6, 137 mM 
NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM PMSF. After 
30 min incubation on wet ice, cell lysates were cleared 
up by centrifugation at 12,000 g for 20 min at 4 °C, and 
the supernatants were used. They were boiled for 5 min 
with SDS sample buffer (100 mM Tris-HCl, pH 6.8, 
0.01% bromphenol blue, 36% glycerol, 4% SDS, 
10 mM DTT). Equal amounts of protein (30 µg) were 
electrophoresed in 12% SDS-PAGE and protein frac-
tions were then electrophoretically transferred onto 
the nitrocellulose membrane (Schleicher@Schuell, 
Inc., USA). Equal loading and transfer were confirmed 
by membranes staining with Ponceau S (Sigma). Than 
the membranes were immunoblotted with either anti-
Bad, or anti-Bax monoclonal, or anti-Bcl-2 polyclonal 
antibodies which were all purchased by Santa Cruz 
Biotechnology Inc. (Santa Cruz, CA, USA). Proteins 
were visualized using the peroxidase-conjugated anti-
mouse (for Bad, Bax) or anti-rabbit (for Bcl-2) sec-
ondary antibodies (both antibodies were from Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA), and 
the enhanced chemiluminescence detection reagents 
(Sigma). The blots were checked for equal protein 
loading by their reprobing with anti-β-actin antibodies 
(Sigma). Protein bands were quantified with Gel-Pro 
Analyzer v3.1.00.00 program. 

Comet assay. The single cell electrophoresis/
comet assay was performed under alkaline conditions 
as described [22, 27]. In order to assess DNA damage 
and DNA repair, tested cell lines were exposed to 2 Gy 
of X-radiation. The exposure was carried out on ice to 
prevent DNA repair. At various time intervals (0, 15, 
30, 60, 120 and 180 min) after the radiation exposure 
cell aliquots (2x104 in 50 μl) were suspended in 100 
μl of 1% low melting agarose (Sigma) at 37 °C and 
placed on the slides preliminary covered with 0.5% 
normal melting agarose type III (Sigma). The cells were 
lysed for at least 1 h in a freshly made ice-cold lysis 
solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, 
pH 7.5, 1% Triton X-100). Unwinding of the DNA and 

expression of alkali-labile damage were performed 
for 15 min in fresh ice-cold electrophoresis buffer 
(300 mM NaOH, 1 mM EDTA, pH 13). Electrophoresis 
was carried out in the same buffer for 20 min at 300 mA 
and about 0.8 V/cm. The slides were then neutralized 
for 2x5 min in 0.4 M Tris-HCl, pH 7.5, and stained 
with ethydium bromide (20 μg/ml). DNA comets were 
graded by fluorescence microscopy into 5 classes 
(A0–A4) according to the classification of Collins et al. 
[7], where class A0 showed undamaged DNA and in 
class A4 almost all DNA was impaired and located in the 
comet tail. One hundred DNA comets per experimental 
point were scored. The mean level of DNA damage (D) 
in arbitrary units was calculated as follows:

D = A1 + 2xA2 + 3xA3 + 4xA4 [7].
Statistical analysis. Experiments were repeated 

3 times and significance of difference was assessed 
by Student’s t-test. The level of significance was set 
at 0.05.

RESULTS AND DISCUSSION
In present study two variants of human breast car-

cinoma cells — sensitive (MCF-7 (wt)) and resistant 
(MCF-7 (DOX/R)) to doxorubicin were used. It is known 
that the development of drug resistance in tumor cells 
is a multi-factorial process. The multi-drug resistance 
in MCF-7(DOX/R) was shown to be associated with 
various mechanisms including the overexpression of 
P-glycoprotein, glutathione S-transferase and glutath-
ione peroxidase [29].

 The results of Western-blot analysis show that, 
following the exposure to X-radiation (1.5–4.5 Gy), 
dose-dependent increase in pro-apoptotic Bax protein 
expression appears in MCF-7(wt) cells. There were no 
changes in the expression of that protein observed 
after the irradiation of MCF-7(DOX/R) cells (Fig. 1). We 
found a significant increase (p < 0.001) in the expres-
sion of 24 kDa Bad protein in MCF-7(wt) cells irradiated 
with a single 3.0 Gy or 4.5 Gy dose of X-rays, while that 
protein was not significantly changed in the irradiated 
MCF-7(DOX/R) cells (see Fig. 1). 

In addition to native Bad molecule, the fast-migrat-
ing Bad band was observed in the irradiated MCF-7(wt) 
cells (see Fig. 1). Earlier, it was shown that upon IL-3 
deprivation murine myeloid precursor 32Dc13 cells 
express two smaller molecules of Bad protein which 
represent products cleaved at the N-terminus. One of 
them was very similar in size to the full-length protein, 
and another (~15 kDa) was shown to be more potent 
than the full-length protein in apoptosis induction [8]. 
The nature of that high-molecular-weight cleaved form 
of Bad remains unclear.

 Western-blot analysis in which rabbit polyclonal 
anti-Bcl-2 antibodies were used, revealed two pro-
tein bands — one migrating at 26 kDa and another 
at 30 kDa (see Fig. 1). While the typical 26 kDa form 
of Bcl-2 protein was detected in MCF-7(wt) cells, in 
MCF-7(DOX/R) cells, the 30 kDa protein band was 
found to be much more prominent, and relatively low 
amount of 26 kDa form of Bcl-2 protein was observed. 
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To our knowledge, this is the first announcement about 
specific electrophoretic pattern of Bcl-2 proteins in 
doxorubicin-resistant cells of MCF-7 tumor line. Our 
results are consistent with data presented by Hague 
et al. [14], who studied human colon adenoma BH/C1 
cell line and demonstrated an expression of both 26 
and 30 kDa forms of Bcl-2 protein. The 30 kDa band 
was reported to represent a highly phosphorylated 

form of Bcl-2, and it was shown to be spread in human 
tissues [13]. It was found that the level of Bcl-2 expres-
sion decreased by 22% (p < 0.05) and 17% (p < 0.05) 
in MCF-7(wt) cells 48 h after irradiation with X-rays 
dose of 3.0 and 4.5 Gy, correspondingly. At the same 
time, no statistically significant change in the expres-
sion of the 26 kDa and 30 kDa proteins was found in 
similarly treated MCF-7(DOX/R) cells (see Fig. 1). An 
increased expression of p53 protein was revealed in 
MCF-7(wt), but not in MCF-7(DOX/R) cells, after ir-
radiation with a dose of 3.0 and 4.5 Gy [5]. We also 
found that MCF-7(DOX/R) cells were refractory to 
X-radiation-induced growth inhibition and showed their 
enhanced survival following irradiation in comparison 
with MCF-7(wt) cells [5]. 

It is known that tumor cells resistant to a single 
chemotherapeutic agent can become cross-resistant 
to several other anti-cancer drugs due to the develop-
ment of their multi-drug resistance [17, 24]. In order 
to compare the effect of anti-cancer drugs on Bad 
and Bcl-2 protein expression, MCF-7(wt) and MCF-
7(DOX/R) cells were incubated for 24 h in the medium 
containing methotrexate (25 μg/ml), doxorubicin (5 
μg/ml) or cisplatin (10 μg/ml). We found a significant 
increase (p < 0.001) in the pro-apoptotic Bad protein 
expression in both sub-lines of MCF-7 cells treated 
with doxorubicin and cisplatin (Fig. 2). It can be seen 
on Fig. 2 that the treatment of cells with methotrex-
ate, doxorubicin or cisplatin led to a decrease in Bcl-2 
expression (1.4, 3.6, and 4.6-fold, correspondingly) in 
MCF-7(wt) cells, and to an increase in the 30 kDa Bcl-2 
expression (1.25, 2.0, and 1.7-fold correspondingly) in 
MCF-7(DOX/R) cells, compared to the untreated cells 
of both sub-lines (see Fig. 2). These results suggest 
that the apoptotic effects of the applied anticancer 
drugs towards MCF-7 (wt) cells are, at least partly, 
caused by an alteration in the expression of Bad and 
Bcl-2 proteins. 

Alkaline DNA comet assay was used to measure 
initial and residual levels of X-rays-induced DNA dam-
age, and the rate of DNA repair following the irradiation 
of MCF-7(wt) and MCF-7(DOX/R) cells. We also used 
human erythroleukaemia K562 cells as a positive con-
trol, since it was shown that tumors originating from 
lymphoid cells (lymphomas, myelomas, leukemias) 
are very sensitive to radiation effect [10]. As predicted, 
K562 cells were found to be the most sensitive, while 
MCF-7(wt) cells showed an intermediate sensitivity 
and MCF-7(DOX/R) cells were the most resistant to 
DNA strand breaks induced by X-rays (2 Gy). 

In MCF-7(wt) cells, comparing with MCF-7(DOX/R) 
cells, there was detected a higher level of DNA damage 
when tested immediately (0 min) after 2 Gy exposure 
(Fig. 3). As it can be seen on Fig. 3 b, mainly comets 
of classes A2 and A3 are present after X-irradiation of 
MCF-7(wt) cells, while in the irradiated MCF-7(DOX/R) 
cells there are only comets of class A1 (see Fig. 3 d). 
There was less than 50% comet of class A1 and no 
comets of class A2, A3, and A4 in the untreated cells of 
both lines (Fig. 3 a, c). In other studies it was revealed 

Fig. 1. Representative Western-blot analysis (a) and densito-
metric measurement of expression (b) of Bax, Bad and Bcl-2 
proteins in MCF-7 (wt) and MCF-7 (DOX/R) cell lines under the 
effect of X-irradiation. MCF-7(wt) and MCF-7(DOX/R) cells were 
X-irradiated (1.5, 3.0, 4.5 Gy) and grown in 10% FCS-supple-
mented DMEM for 48 h; cell lysates were prepared for Western-
blot analysis, as described in Materials and Methods. *p < 0.05, 
**p < 0.001 in irradiated versus non-irradiated cells
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that in lymphocytes in 3 h after 2 Gy of X-irradiation 
at 37 °C there was a reduction in the amount of DNA 
in the comet “tails” almost reaching the control level 
[19]. A complete reparation of DNA damage was ob-
served in MCF-7(wt) in 180 min after irradiation, while 
in K562 cells a residual non-repaired damage (~30%) 
was revealed even after 180 min of DNA repair (Fig. 4). 
MCF-7(DOX/R) cells showed “fast” DNA repair, since 
there were no statistically significant differences in the 
levels of DNA migration between control and irradiated 
cells of that line after 30 min of repair. Thus, differences 
in radiosensitivity between both breast carcinoma cell 
lines can be attributed to differences in the number of 
initially radiation-induced DNA single-strand breaks 
and rate of DNA repair. 

In conclusion, the presented data suggest that a 
reduced apoptotic response and increased DNA repair 
capacity in MCF-7(DOX/R) cells might contribute to 
the resistance of these cells to X-radiation treatment. 
In general, the results regarding the expression of the 
pro- and anti-apoptotic proteins of Bcl-2 family in this 
experimental cellular model correspond to the above 

Fig. 2. Representative Western-blot analysis (a) and densitometric 
measurement of expression (b) of Bad and Bcl-2 proteins in MCF-7 
(wt) and MCF-7 (DOX/R) cells under the effect of anti-cancer drugs. 
Cells were treated with studied anticancer drugs and grown in 10% 
FCS-supplemented DMEM for 24 h; cell lysates were prepared for 
Western-blot analysis, as described in Materials and Methods. 
1 — untreated cells, 2 — methotrexate (25 μg/ml), 3 — doxoru-
bicin (5 μg/ml), 4 — cisplatin (10 μg/ml). *p < 0.05, **p < 0.01, 
***p < 0.001 in treated versus untreated cells

Fig. 3. Microphotographs of DNA-comets formed after elec-
trophoresis of MCF-7 cells (Examples of DNA comets of 0, 1, 2, 
3, and 4 classes): a — intact MCF-7(wt) cells; b — X-irradiated 
(2.0 Gy) MCF-7 (wt) cells; c — intact MCF-7(DOX/R) cells; d — X-
irradiated (2.0 Gy) MCF-7 (wt) cells
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suggestion. 
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ЭКСПРЕССИЯ БЕЛКОВ BAX, BAD И BCL-2 ПРИ ОБЛУЧЕНИИ 
КЛЕТОК КАРЦИНОМЫ МОЛОЧНОЙ ЖЕЛЕЗЫ ЧЕЛОВЕКА 

ЛИНИИ MCF-7, ЧУВСТВИТЕЛЬНЫХ И РЕЗИСТЕНТНЫХ 
К ДОКСОРУБИЦИНУ

Цель: 1) изучить влияние рентгеновского облучения на экспрессию белков Bax, Bad и Bcl-2 в клетках линии MCF-7 кар-
циномы молочной железы человека, чувствительных (MCF-7(wt)) и резистентных (MCF-7(DOX/R)) к доксорубицину; 
2) определить степень повреждения ДНК, вызванного рентгеновским облучением, для того чтобы попытаться ответить на 
вопрос, ответственны ли изменения в экспрессии этих белков и ДНК-репарационная способность за развитие устойчивости 
к лекарственному средству и измененной радиорезистентности линии MCF-7(DOX/R). Методы: экспрессию белков Bax, 
Bad и Bcl-2 определяли, используя Вестерн-блот анализ. Метод ДНК-комет был использован для анализа индуцированных 
радиацией повреждений ДНК и их репарации. Результаты: установлено повышение уровня экспрессии проапоптических 
белков Bax и Bad в клетках линии MCF-7(wt) под влиянием рентгеновского облучения, тогда как в клетках линии MCF-
7(DOX/R) уровень экспрессии этих белков после такого облучения изменялся незначительно. Установлено, что в клетках 
MCF-7(DOX/R) экспрессируется изоформа белка Bcl-2, которая отличается от таковой в клетках MCF-7(wt). В клетках 
линии MCF-7(DOX/R) обнаружена сниженная степень индуцированных радиацией повреждений ДНК и повышенная 
способность к репарации ДНК. Выводы: результаты исследования указывают на то, что сниженная реакция на проапоп-
тические стимулы  и повышенная способность к репарации ДНК в клетках линии MCF-7(DOX/R) может способствовать 
развитию устойчивости этих клеток к воздействию рентгеновского облучения.
Ключевые слова: Bax, Bad, Bcl-2, клетки карциномы молочной железы человека линии MCF-7, устойчивость к доксору-
бицину, рентгеновское облучение, повреждение ДНК, репарация ДНК.
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