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Thiazole derivatives are perspective antitumor compounds characterized by a broad range of bioac-
tivity, while polymeric carriers are widely used to enhance the efficiency of biological action of drugs, im-
prove their biocompatibility and water solubility. Previously, we identified that the thiazole-based derivative
BF1 (N-(5-benzyl-1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide) possessed differential toxicity
towards targeted tumor cell lines. The aim of the present work was to investigate the action in vitro of BF1
and its complex with the polymeric carrier (PC) poly(PEGMA-co-DMM) (BFI1-PC complex) towards human
breast adenocarcinoma cells of the MDA-MB-231 and MCF-7 lines. DNA comet analysis, diphenylamine DNA
fragmentation assay, gel retardation assay of plasmid DNA, DNA intercalation assay using methyl green dye
and fluorescent microscopy were used to study the effects of BF1 on DNA stability in breast cancer cells. The
IC,, of cytotoxic action towards MDA-MB-231 cells was 26.5 + 2.9 uM for BFI, while the IC_, for the BF1-
PC complex was 6.9 + 0.4 uM, and the PC demonstrated low toxicity (IC, > 50 uM). The BFI-PC complex
possessed higher toxicity towards MCF-7 cells than free BFI, with IC, of 9.6 + 0.8 uM and 15.8 = 0.9 uM,
respectively. BF1 and BF1-PC induced an increase in the number of damaged cells of the MDA-MB-231 line
with blebbing of plasma membrane, condensed chromatin and/or fragmented nucleus and micronuclei forma-
tion. Both BF1 and the BF1-PC complex induced single-strand breaks in DNA and its fragmentation in treated
MDA-MB-231 cells. The studied compounds were not bound to plasmid DNA and did not intercalate into DNA
molecules.

Keywords: thiazole derivative, polymeric carrier, cytotoxic action, breast cancer cells, DNA damage,
DNA comet analysis, DNA intercalation.

Introduction

Cancer is a serious global health problem that
is characterized by abnormal and uncontrolled cell
division [1, 2]. Breast cancer is the second most fre-
guent cause of death among women [1, 3]. Chemo-
therapy (hormonal or nonhormonal), radiotherapy
and surgery are used for breast cancer treatment.
However, the resistance of breast cancer cells to
chemotherapy is rapidly developing [1, 4]. Thus, it is
crucial to develop novel treatment strategies.

The thiazole derivatives are characterized by
a wide range of biological activities (anticancer, an-
tibacterial, antifungal, antiviral, anti-inflammatory,
neuroprotective) [1, 5-11]. Anticancer activity was
reported for tiazofurin, dasatinib, and a furan-thia-
zole hybrid [11, 12].

Currently, nanomaterials are one of the most
promising systems for clinical application, such as
drug carriers, gene delivery and imaging agents
[13-15]. Liposomes, polymeric micelles, dendrimers,
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qguantum dots, biodegradable polymeric materials,
and hybrid inorganic/organic nanomaterials are of
great clinical and commercial interest [16, 17]. The
polymeric carriers are water-soluble, biocompatib-
le, stable during long periods of storage, and can
be easily modified [14, 18]. They are currently
being tested in several preclinical and clinical trials
[14, 19].

In previous studies, we have shown that
the thiazole derivative N-(5-benzyl-1,3-thiazole-
2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide
(BF1) inhibited growth of cancer cells of different
tissue origins (e.g. glioma, melanoma and leukemia
cells) [20, 21]. It was reported that BF1 conjugated
with polymeric carriers (PCs) based on poly(VEP-
co-GMA)-graftmPEG, poly(PEGMA), and
poly(PEGMA-co-DMM) enhanced the cytotoxic ac-
tion of BF1 towards tumor cells in vitro. Complexes
of BF1 with poly(PEGMA-co-DMM) demonstrated
higher growth inhibition activity for HepG2 human
hepatocarcinoma cells, C6 rat glioma cells and HL-
60 human promyelocytic leukemia cells, compared
with the effects of the free form of BF1 [22].

In the present study, we further investigated the
action of thiazole derivative BF1 in complex with the
PC poly(PEGMA-co-DMM) compared to free BF1
and free poly(PEGMA-co-DMM) towards prolifera-
tion and DNA damage in breast cancer cells.

Materials and Methods

Thiazole derivative and its complexation
with the PC. The thiazole derivative N-(5-benzyl-
1,3-thiazole-2-yl)-3,5-dimethyl-1-benzofuran-2-
carboxamide (BF1, Fig. 1) was synthesized at the
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BF1

Department of Organic Chemistry of Ivan Franko
National University of Lviv (Ukraine) as described
earlier [20, 21]. The initial 10 mM solution of BF1
was prepared in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, Missouri, USA). Working solu-
tions were prepared by a dilution in a cell culture
medium.

The PC poly(PEGMA-co-DMM) (Fig. 1) was
synthesized at the Department of Organic Chemistry
of Lviv Polytechnic National University (Ukraine).
The PC was synthesized in dioxane by the method of
radical(co)polymerization of PEG-containing mac-
romere after the initiation of azobis(isobutyronitrile)
in the presence of isopropyl benzene as the polymer
chain length regulator [23].

The PC and BF1 were dissolved in DMSO, and
the solutions were subsequently transferred to water,
forming the BF1-PC complexes. Initially, 45 mg of
PC were dissolved in 0.15 ml of DMSO and 1.5 g of
BF1 were dissolved in 0.1 ml of DMSO. The PC and
BF1 solutions were mixed, added to 4.25 ml of 0.9%
NaCl water solution (physiological solution), and
subjected to ultrasound (US) dispersion for 10 s. The
free PC solution was prepared by dilution of 45 mg
of PC in 0.45 ml of DMSO. Then, it was added to
4.0 ml of physiological solution and subjected to US
dispersion for 10 s [24].

Cell culture. Human breast adenocarcinoma
cells of the MDA-MB-231 and MCF-7 lines were
kindly provided by a Collection at the Institute of
Molecular Biology and Genetics, National Academy
of Sciences of Ukraine (Kyiv, Ukraine) that had re-
ceived those cells from the American Type Culture
Collection (ATCC). Cells were cultivated in Dul-
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Fig. 1. Structure of thiazole derivative BF1 and polymeric carrier (PC) poly(PEGMA-co-DMM) (k = 87%

mol, | = 13% mol, M, = 47 kDa)
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becco’s modified Eagle’s medium (DMEM) medium
supplemented with 10% fetal bovine serum (both
were purchased from Biowest, Nuaille, France) in a
CO, thermostat system at 37°C with atmosphere of
95% air and 5% CO, [21].

MTT assay. The effects of free BF1, free PC,
BF1-PC complex, and doxorubicin (Dox, Actavis,
Bucharest, Romania) on proliferation of the MDA-
MB-231 and MCF-7 cell lines were examined using
the MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide) test (Sigma-Aldrich, St.
Louis, Missouri, USA). Cells were seeded overnight
into 96-well plates in 100 pl at concentrations of
5,000 cells/well. Aliquots of 100 pl of experimental
compounds (0-50 uM) were added to the cell cul-
tures. Cells were incubated for the next 72 h. MTT
was added to the cells. The reaction products were
measured by an Absorbance Reader BioTek ELx800
(BioTek Instruments, Inc., Winooski, VT, USA).
The 1C,; of tested compounds was calculated as the
drug concentration that caused 50% reduction in cell
viability [25].

Gel retardation assay of plasmid DNA. Plas-
mid DNA (1 pg/ul) pEGFPc-1 (Clontech, Mountain
View, California, USA) was mixed with 1 pl of BF1
or BF1-PC, or PC (all at 10 pM), or Dox (1 uM) in
18 ul of 0.9% NaCl water solution (physiological so-
lution) (Arterium, Lviv, Ukraine) at room tempera-
ture for 1 h. The prepared mixture was analyzed by
electrophoresis in 1% agarose gel (Lachema, Brno,
Czech Republic) with 1x Tris acetate buffer con-
taining 1 pg/ml of ethidium bromide (EtBr, Sigma-
Aldrich, St. Louis, Missouri, USA) for 30 min at a
constant voltage of 90 V. A trans-illuminator (Mac-
roVue UV-20, Hoeffer Pharmacia Biotech Inc., San
Francisco, California, USA) was used for visualiza-
tion of plasmid DNA [21].

DNA intercalation assay using methyl green
method. 485 pul of salmon sperm DNA (50 pg/ml,
Sigma-Aldrich, St. Louis, Missouri, USA) were in-
cubated for 1 h at 37°C with 15 pl of methyl green
(Sigma-Aldrich, St. Louis, Missouri, USA) solution
(2 mg/ml in H,0). 500 pl of the compounds BF1, or
BF1-PC, or PC, or Dox (all at 10 pM) were added
to the methyl green-DNA complex and incubated
for the next 2 h at 37°C in the dark. EtBr (10 uM)
was used as a positive control. Absorption of methyl
green was measured at 630 nm using a fluorescence
plate reader (Absorbance Reader BioTek ELx800,
BioTek Instruments, Inc., Winooski, Vermont, USA)
[25, 26].

Diphenylamine assay of DNA fragmentation.
The MDA-MB-231 cells were treated for 24 h with
tested compounds at concentrations that correspon-
ded to their IC, value: BF1 (27 uM), BF1-PC (7 uM),
PC (7 uM), Dox (0.6 uM); and DMSO (270 pg/ml
corresponding to the solvent concentration of BF1
at 27 uM). Cells were lysed in 0.5 ml of Tris-EDTA
buffer, pH 7.4, supplied with 0.2% Triton X-100 and
centrifuged for 10 min at 12,000 g at 4°C. Super-
natant that contained fragmented DNA (labelled as
“B”) was transferred into a new tube. The tube with
a sediment which contained intact chromatin was la-
belled as “A”. The 0.5 ml of 25% trichloroacetic acid
(Sfera Sim, Lviv, Ukraine) was added to tubes “A”
and “B”, mixed and incubated for 1 h at 56°C. The
samples were centrifuged for 10 min at 14,000 g at
4°C. 1 ml of freshly prepared diphenylamine reagent
(150 mg diphenylamine (Sigma Aldrich, St. Louis,
Missouri, USA) diluted in 10 ml of glacial acetic
acid, 150 ml of concentrated H,SO,, and 50 ml of
acetaldehyde solution) was added to pellets “A” and
“B” and incubated overnight at 37°C. The optical
density (OD) of the colored solution was measured
at 630 nm using Absorbance Reader BioTek ELx800
(BioTek Instruments, Inc., Winooski, Vermont,
USA). The percentage of DNA fragmentation was
calculated as {OD tube B/(OD tube A + OD tube
B)x100%} [25, 27].

DNA comet assay in alkaline conditions. The
MDA-MB-231 cells were treated for 24 h with com-
pounds at concentrations that corresponded their IC_,
value: BF1 (27 uM), BF1-PC (7 uM), PC (7 uM),
Dox (0.6 pM); and DMSO (270 pg/ml corresponding
to the solvent concentration of BF1 at 27 uM). 100 pl
of treated cells (n = 25,000) were mixed with 100 pl
of 0.5% low melting point agarose (Promega, Madi-
son, Wisconsin, USA) and transferred to microscopic
slides covered with 1% normal molten agarose (La-
chema, Brno, Czech Republic). Cells were incubated
for 4-6 h at 4°C in lysis buffer [21]. Electrophoresis
was performed at 25 V for 25 min in a buffer (1 mM
EDTA; 300 mM NaOH, pH 13.0) at 4°C [21, 28].
Slides were stained with EtBr (10 pg/ml, Sigma-Al-
drich, St. Louis, Missouri, USA), and visualization
was performed under a Zeiss fluorescent microscope
with Axiolmager Al camera (Carl Zeiss, Birkerod,
Germany) using AxioVision image analysis software
Release 4.6.3.0 for Carl Zeiss microscopy (Imaging
Associates Ltd., Cork, Ireland, UK). The Casplab-
1.2.3b2 software (CASPLab, Wroclaw, Poland) was
used for calculation of the olive tail moment (OTM),
and percentage of DNA in the tail of the comet [21].
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Fluorescence microscopy of cells. The MDA-
MB-231 cells were seeded on glass microscopic
slides in 12-well plates, and then treated for 24 h
with BF1 (27 uM), BF1-PC (7 uM), PC (7 uM), Dox
(0.6 uM), and DMSO (270 pg/ml that corresponded
to solvent concentration in BF1 solution at 27 pM).
Cells were additionally incubated for 30 min with
Hoechst-33342 (0.5 pg/ml, Sigma-Aldrich, St. Louis,
Missouri, USA). Propidium iodide (20 pg/ml, Sig-
ma-Aldrich, St. Louis, Missouri, USA) was added
immediately before cell examination using a Zeiss
fluorescent microscope (Carl Zeiss, Jena, Germany)
and Axio Imager Al camera (400x magnification)
[21]. All photomicrographs were further analyzed
using Image Pro 7 software (Media Cybernetics,
Rockville, Maryland, USA).

Ethical Committee. This research did not in-
volve human or animal investigations.

Statistical analysis. The results were analyzed
and illustrated with GraphPad Prism 6 (GraphPad
Software, La Jolla, California, USA), and presen-
ted as the mean + standard deviation of two repeats
each with two parallels (n = 4). The ANOVA test
(by Dunnett’s test) was used for analysis of statisti-
cal data. The P-value of < 0.05 was considered to be
statistically significant.

Results

Dose-dependent cytotoxic effects. The anti-
proliferative effects in vitro of free BF1, its complex
with the PC (BF1-PC), free PC, and Dox were inves-
tigated in human breast adenocarcinoma cell lines
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MDA-MB-231 and MCF-7 after treatment for 72 h.
The treated cells were analyzed using MTT testing.

Similar dose-dependent inhibition of cell via-
bility of both MDA-MB-231 and MCF-7 cells was
found under the effects of BF1, BF1-PC, PC, and
Dox. BF1 achieved its IC,, for MDA-MB-231 cells
at the dose of 26.5 uM = 2.9 uM, while the IC,, of
BF1-PC was 6.9 + 0.4 pM (Fig. 2). The IC,; of BF1
was 15.8 + 0.9 uM for MCF-7 cells, while the IC, of
BF1-PC was 9.6 + 0.8 uM. The PC did not reach an
IC,, value at concentrations up to 50 uM (Fig. 2). It
was observed that 83.2% of MDA-MB-231 cells and
77.2% of MCF-7 cells were alive after treatment with
PC at 50 uM. The IC,; of Dox was 0.63 + 0.05 uM
for MDA-MB-231 cells, and 0.62 + 0.04 uM for
MCF-7 cells (Fig. 2).

Thus, the BF1-PC complex possessed higher
activity in growth inhibition of MDA-MB-231 and
MCEF-7 cells. The cytotoxic action of BF1-PC was ap-
proximately 4 times higher (P < 0.001) compared to
the action of free BF1 towards MDA-MB-231 cells,
and approximately 1.6 times higher (P < 0.001) com-
pared to the action of free BF1 towards MCF-7 cells.

DNA binding and intercalation. The interaction
of anticancer drugs with DNA is one of the mecha-
nisms of their action. Electrophoresis was used to
examine the ability of BF1, BF1-PC complex, free
PC, and Dox (used as a reference drug) to bind with
DNA. Dox (1 uM) inhibited the electrophoretic mo-
bility of plasmid DNA pEGFPc-1 (Fig. 3, lane 2).
The plasmid DNA pEGFPc-1 was not retarded by
BF1, BF1-PC complex, or free PC (Fig. 3, lanes 3-5).

MCF-7

B BFL
... [N BF1-PC
B PC
B Dox

0 1 10 50
Compound, pM

Fig. 2. Dose-dependent cytotoxic effects of the thiazole derivative BF1, its complex with the PC (BF1-PC), free
PC, and Dox towards human breast adenocarcinoma cell lines MDA-MB-231 and MCF-7. Data are presented
as mean M = SD (n = 4). ***P < 0.001 (significant changes compared with BF1). Dox, doxorubicin; PC, poly-

meric carrier poly(PEGMA-co-DMM)
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Control Dox BF1 BF1-PC PC
PDNA 1 10 UM

Fig. 3. The results of electrophoretic retardation
of plasmid DNA (pDNA) pEGFPc-1 by doxorubicin
(Dox, 1 uM), thiazole derivative BFL (10 uM), its
complex with the PC (BF1-PC, 10 uM), and free PC
(10 uM). PC, polymeric carrier poly(PEGMA-co-
DMM)

Because compounds that intercalate into DNA
replace methyl green dye from the DNA-methyl
green complex [25, 26], the methyl green assay was
conducted to examine the ability of BF1, BF1-PC
complex, free PC, and Dox to intercalate into the
DNA molecule. BF1 (10 uM) replaced 2.1 + 0.4%
and BF1-PC (10 uM) replaced 3.2 + 0.5% of the
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Fig. 4. The percentage of replaced methyl green dye
from the DNA-methyl green complex by the thiazole
derivative BF1 (10 uM), its complex with the PC
(BF1-PC, 10 uM), free PC (10 uM), and the positive
controls doxorubicin (Dox, 10 uM) and ethidium
bromide (EtBr, 10 uM). ***P < 0.001 (signifi-
cant changes compared with EtBr (10 uM) effect);
444P < 0.001 (significant changes compared with Dox
(10 uM) effect). Data are presented as mean + SD
(n = 4). PC, polymeric carrier poly(PEGMA-co-
DMM)

methyl green from the DNA-methyl green complex
(Fig. 4). Free PC slightly replaced the methyl green
(0.9 + 0.1%). Dox (10 pM) used as a positive con-
trol replaced 64.2 + 0.9% of the methyl green. The
reference compound, EtBr (10 pM), demonstrated
83.6 + 1.0% of methyl green replacement. Thus, BF1,
BF1-PC complex and free PC did not bind and inter-
calate with DNA.

Induction of DNA damage in breast cancer
cells. Next, we evaluated the amount of DNA frag-
mentation in MDA-MB-231 cells after treatment
with BF1, BF1-PC, PC, and Dox using a colorimet-
ric diphenylamine (Barton’s) assay. An increased
content of fragmented DNA was observed in MDA-
MB-231 cells under the action of BF1, BF1-PC,
and Dox (Fig. 5). Induced DNA fragmentation was
7.3 £ 0.9% for BF1 (27 uM), 6.0 £ 0.6% for BF1-
PC (7 uM) and 17.7 + 0.7% for Dox (0.6 pM). Some
DNA fragmentation (1.1 + 0.08%) was observed in
MDA-MB-231 cells treated with PC. The solvent
DMSO caused 0.7 + 0.08% of DNA fragmentation.

The DNA comet assay at alkaline pH was used
to identify the potential of BF1, BF1-PC complex,
free PC and Dox to induce single-strand DNA breaks
and lesions in the treated MDA-MB-231 cells. BF1
(27 uM) caused significant DNA damage, with the
content of DNA in the comet’s tail equal to 16.4%

MDA-MB-231
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Fig. 5. The level of DNA fragmentation caused by
the thiazole derivative BF1, its complex with the PC
(BF1-PC), free PC, doxorubicin (Dox), and dimethyl
sulfoxide (DMSO) in MDA-MB-231 cells. Barton’s
method with diphenylamine was used for quantita-
tive identification of DNA fragmentation at 24 h af-
ter cell treatment. ***P < 0.001 (significant changes
compared with cells treated with DMSO). Data are
presented as mean + SD (n = 4). PC, polymeric car-
rier poly(PEGMA-co-DMM)
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and OTM = 6.7 (Figs. 6, C, 7). The BF1-PC com-
plex (7 uM) induced significant DNA damage with
tail DNA = 15.5% and OTM = 11.9 (Figs. 6, D, 7).
Dox (0.6 uM) induced similar DNA damage with
tail DNA = 14% and OTM = 5 (Figs. 6, B, 7). The
PC (7 uM) and DMSO (270 pg/ml) induced little
DNA damage, with tail DNA =5.1% and OTM = 1.7

for the PC (Figs. 6, E, 7) and tail DNA = 7.4% and
OTM = 1.6 for DMSO (Figs. 6, F, 7). Some DNA
damage (tail DNA = 8.7%, OTM = 1.9) was detected
in untreated cells (Figs. 6, A, 7). Thus, the thiazole-
based derivative BF1 and its complex with the PC
(BF1-PC) induced DNA single-strand breaks in the
MDA-MB-231 cells.

Fig. 6. The DNA damage effect of the studied compounds on MDA-MB-231 cells at 24 h after treatment: (A)
control, (B) doxorubicin (Dox, 0.6 uM), (C) thiazole derivative BF1 (27 uM); (D) complex of BF1 with the PC
(BF1-PC, 7 uM); (E) free PC (7 uM); (F) dimethyl sulfoxide (DMSO, 270 ug/ml corresponding to the solvent
concentration of BF1 at 27 uM). The pictures of DNA comets under alkaline conditions are presented. Scale
bars equal 50 um. PC, polymeric carrier poly(PEGMA-co-DMM)
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Fig. 7. The guantitative data of DNA damage in MDA-MB-231 cells after 24 h treatment with doxorubicin
(Dox, 0.6 uM), thiazole derivative BF1 (27 uM), complex of BF1 with the PC (BF1-PC, 7 uM), free PC (7 uM),
and dimethyl sulfoxide (DMSO, 270 ug/ml corresponding to the solvent concentration of BFI at 27 uM).
*P < 0.05, ¥**P < 0.001 (significant changes compared with control (untreated) cells). Data are presented as
mean + SD (n = 4). PC, polymeric carrier poly(PEGMA-co-DMM)

Morphological study. The morphological
study of MDA-MB-231 cells treated with BF1,
BF1-PC complex, free PC, DMSO, and Dox was
performed using cells stained with Hoechst 33342
and propidium iodide. BF1 (27 uM) and the BF1-
PC complex (7 uM) modified the shape of MDA-
MB-231 cells and changed the nucleus morphology
(chromatin condensation, nuclear fragmentation, mi-
cronuclei), and caused membrane blebbing (Fig. 8,
E-H) compared with non-treated (control) cells
(Fig. 8, A, B). Dox (0.6 uM) caused condensation of
chromatin and/or fragmentation of the nucleus, mi-
cronuclei formation, and membrane blebbing (Fig. 8,
C, D). Free PC (7 uM) and DMSO (270 pg/mL) did
not cause significant morphological changes (Fig. 8,
I-L). Thus, BF1 and the BF1-PC complex induced
nuclear fragmentation, chromatin condensation, mi-
cronuclei formation and plasma membrane blebbing
in treated MDA-MB-231cells.

Discussion

The thiazole-based compounds were created
for targeting pathological cells, including tumor cells
[6-12]. However, these compounds are often not easy
to use because they are not soluble in water and the
mechanisms of their action are not known. With the
application of polymeric carriers, several problems
of anticancer chemotherapy could be more success-
fully managed: 1) non-addressed action of anticancer
medicines; 2) adverse effects; 3) multidrug resistance
in tumor cells; 4) poor water solubility of many anti-
cancer drugs [14-19].

In the present study, we demonstrated that the
BF1-PC complex BF1 with the PC poly(PEGMA-co-

DMM)) possessed higher growth inhibition activity
towards human breast adenocarcinoma cells of the
MDA-MB-231 and MCF-7 lines. The cytotoxic ac-
tion of the BF1-PC complex was approximately four
times higher compared to the action of free BF1
towards MDA-MB-231 cells and approximately
1.6 times higher towards MCF-7 cells. It should be
emphasized that the cytotoxic effect of the BF1-PC
complex toward MDA-MB-231 cells (which are more
malignant) was more pronounced compared to the
effect of this complex toward MCF-7 cells. The PC
did not demonstrate toxicity towards MDA-MB-231
or MCF-7 cells. In addition, the complex of BF1 with
the PC poly(PEGMA-co-DMM) has shown higher
activity in growth inhibition of human hepatocarci-
noma HepG2 cells, human promyelocytic leukemia
HL-60 cells and rat glioma C6 cells, compared to the
activity of free BF1 [22].

Different mechanisms have been proposed for
the antitumor action of the thiazole-based deriva-
tives. It was reported that they acted as apoptosis
inducers [6, 21, 25, 29], affected inosine monophos-
phate dehydrogenase (IMPDH) [29], induced reac-
tive oxygen species (ROS) production [30], inhibi-
ted lipid peroxidation and caused DNA damage
[5]. In the present study, we investigated the effect
of thiazole derivative BF1 and its complexes with
poly(PEGMA-co-DMM) on the stability of DNA in
human breast adenocarcinoma MDA-MB-231 cells.
It was found that these cells were more sensitive to
the growth-inhibiting action of the BF1-PC complex
compared with MCF-7 cells. The difference in re-
sponse by two lines of human breast cancer cells —
MDA-MB-231 and MCF-7 - to the cytotoxic action
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Fig. 8. Images of MDA-MB-231 cells treated for 24 h with the studied compounds: (A, B) control; (C, D) doxo-
rubicin (Dox, 0.6 uM); (E, F) thiazole derivative BF1 (27 uM). Left images — differential interference contrast
(DIC) images of treated cells stained with Hoechst-33342 (blue color) and propidium iodide (red color). Right
images — fluorescent images of treated and stained cells. Yellow arrows indicate chromatin condensation
in cells, green arrows — chromatin fragmentation, pink arrows — micronucleus, white arrows — blebbing of
plasma membrane. Scale bars equal 20 um. PC, polymeric carrier poly(PEGMA-co-DMM)

of the BF1 and its complex with poly(PEGMA-co-
DMM) could be explained by various profiles of the
regulatory proteins in cells of these two lines. The
MCF-7 cells do not express the pro-apoptotic en-
zyme caspase 3 [31], while the MDA-MB-231 cells
have this protein [32]. The complexation of BF1 with
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the PC enhanced its cytotoxic action towards more
metastatic breast cancer cells (MDA-MB-231 line).
MDA-MB-231 cells are the triple-negative breast
cancer (TNBC) subtype. This is the estrogen- and
progesterone-negative cell line that does not demon-
strate an overexpression of human epidermal growth
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Fig. 8. Images of MDA-MB-231 cells treated for 24 h with the studied compounds: (G, H) complex of BF1 with
the PC (BF1-PC, 7 uM); (I, J) free PC (7 uM); (K, L) dimethyl sulfoxide (DMSO, 270 ug/ml corresponding
to the solvent concentration of BFI at 27 uM). Left images — differential interference contrast (DIC) images
of treated cells stained with Hoechst-33342 (blue color) and propidium iodide (red color). Right images —
Sfluorescent images of treated and stained cells. Yellow arrows indicate chromatin condensation in cells, green
arrows — chromatin fragmentation, pink arrows — micronucleus, white arrows — blebbing of plasma mem-
brane. Scale bars equal 20 um. PC, polymeric carrier poly(PEGMA-co-DMM)

factor receptor-2 (HER?2) [4]. The MDA-MB-231 cell
line belongs to highly metastatic breast cancer cells
[33] and it is a promising object for studying antineo-
plastic agents and systems for improvement of their
antitumor action.

Several anticancer drugs that are currently used
in chemotherapy were shown to interact with DNA
either via covalent or non-covalent mechanisms.
DNA interacting agents can change DNA confor-
mation, interrupt DNA-protein interaction, or in-
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duce DNA strand breaks [34]. Unfortunately, some
of them demonstrated high toxicity for both tumor
and normal cells [10, 34]. Based on the results of
the electrophoretic retardation of plasmid DNA and
methyl green replacement assay, we concluded that
BF1 and the BF1-PC complex could not bind DNA
or intercalate into its molecule.

It was reported that bleomycin, a bisthiazolyl
derivative, acted as an antitumor agent due to its
DNA binding [10]. However, the platinum(ll)-
and platinum(1V)-pyrophosphato-complexes (e.g.
trans-1,2-cyclohexanediamine and pyrodach-2)
that exhibit cytotoxicity towards ovarian cell lines
do not bind to DNA molecules [35]. The NB-5086,
isolated from Streptoverticillium species culture su-
pernatants, did not intercalate into DNA and pos-
sessed high toxicity towards a panel of tumor cells
[36]. Grozav et al. [37] reported about the toxicity
of 2-(2-benzyliden-hydrazinyl)-4-methylthiazole de-
rivative (97a) towards MDA-MB-231 (IC,, = 3.92 ng/
ml) and HeLa (IC,;= 11.4 ug/ml) cell lines. The
toxicity of this compound was comparable to that
found for the commercial chemotherapeutic agents
cisplatin and oxaliplatin. The IC_; for cisplatin was
17.28 pg/ml for MDA-MB-231 cells and 26.12 pg/
ml —for HeLa cells, while the IC, for oxaliplatin was
14.09 pg/ml for MDA-MB-231 cells and 23.17 pg/
ml for HeLa cells. The results of gel electrophoresis
of DNA suggest that the antiproliferative activity of
the 97a derivative towards MDA-MB-231 and HelLa
cells was independent of DNA intercalation [35].

Thus, several anticancer agents do not bind or
intercalate into DNA molecules, however, such in-
tercalation may be an alternative mechanism of the
anticancer activity of some agents.

DNA fragmentation is another indicator of the
catabolic changes related to the apoptotic pathway
[38]. DNA comet analysis under the alkaline con-
ditions is widely used for the investigation of DNA
damage in cells under the action of different agents
and drugs [28]. We have shown that the thiazole-
based derivative BF1 and the BF1-PC complex in-
duced significant DNA damage in the MDA-MB-231
cells, however, only minor DNA damage was
detected in the MDA-MB-231 cells treated with free
PC or the DMSO solvent. Cytomorphological investi-
gation of the treated MDA-MB-231 cells showed that
BF1 and the BF1-PC complex induced nuclear frag-
mentation, chromatin condensation, micronuclei for-
mation and plasma membrane blebbing. The free PC
and DMSO did not cause these significant morpho-
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logical changes. These findings correlate with previ-
ously reported data that 2-amino-5-benzylthiazole
derivatives (2,8-dimethyl-7-(3-trifluoromethyl-ben-
zyl)pyrazolo[4,3-e]thiazolo[3,2-a]pyrimidin-4(2H)-
one; and 7-benzyl-8-methyl-2-propylpyrazolo[4,3-€]
thiazolo[3,2-a]pyrimidin-4(2H)-one) induced DNA
single-strand breaks and DNA fragmentation in hu-
man leukemia cells without significant DNA binding
and DNA intercalation [25]. The furan-thiazole hy-
brid (compound 3d) exhibited its anticancer activity
via DNA binding and DNA damage [12].

Taking into account the results of our study,
one cannot exclude that in addition to the DNA
damaging mechanisms of the cytotoxic action of the
thiazole-based derivative BF1 and its complex with
the PC towards human breast adenocarcinoma cells
(MDA-MB-231 line), other mechanisms of action
of these compounds should also be considered. We
plan to undertake such corresponding investigations
for our future work, particularly on tumor-bearing
laboratory animals.

Conclusion. Thiazole-based derivative BF1
demonstrates cytotoxic action towards human
breast adenocarcinoma cells of the MDA-MB-231
and MCF-7 lines. The immobilization of BF1 on
the PC poly(PEGMA-co-DMM) increased fourfold
the cytotoxicity of the BF1 towards MDA-MB-231
cells and doubled its cytotoxicity towards MCF-7
cells, while free PC did not demonstrate significant
cytotoxic action. The BF1 compound and BF1-PC
complex did not intercalate into DNA or bind with
its molecule. However, they induced morphological
changes in the treated MDA-MB-231 cells, such as
nuclear fragmentation, chromatin condensation, mi-
cronuclei formation and plasma membrane blebbing.

Conflict of interest. Authors have completed
the Unified Conflicts of Interest form at http:/ukr-
biochemjournal.org/wp-content/uploads/2018/12/
coi_disclosure.pdf and declare no conflict of interest.

Funding. This research was supported by
the Ministry of Education and Science of Ukraine
grants (registration number 0119U002201 and
0118U000260), and partially by Cedars-Sinai Medi-
cal Center’s International Research and Innovation
in Medicine Program and the Association for Re-
gional Cooperation in the Fields of Health, Science
and Technology (RECOOP HST Association) and
the participating Cedars-Sinai Medical Center -
RECOOP Research Centers (CRRCs).



N. S. Finiuk, O. Yu. Klyuchivska, I. I. lvasechko et al.

BIIJIMB HOBOI'O MMOXITHOI' O
TIA30JIY TA MOI'O KOMILJIEKCY

3 MOJIMEPHUM HOCIEM HA
CTABLJIBHICTD JHK KJITUH PAKY
MOJIOYHOI 3AJIO3U JIOAVWHHU

H. C. @inox*?, O. IO. Kniouiscvka,
L I Isaceuxo', H. €. Mimina®,

0. B. Ocman’iok?, M. JI. O6ywax,
A. M. Babcokui?, P. C. Cmotika>**

TucruryT Giosorii kinitnan HAH
VYkpainu, JIsBiB, YKpaiHa;
2JIpBiBCHKHUIT HAL[IOHAILHUN YHIBEPCHTET
imeHi [Bana ®panka, JIbBiB, YkpaiHa;
*HanionanbHuil yHiBepcHTeT «JIbBiBChKA
moJTiTeXHikay, JIbBiB, YKpaiHa;
*e-mail: stoika.rostyslav@gmail.com

[oximHi Tia3zomy XapaKTepHU3YIOTHCS HIUPO-
KUM CIEKTpPOM Oi0JIOTigHOI ii, 30KpemMa [if0Th
SIK TPOTHITYXJIMHHI areHTu. Jlns migBHUIeHHS
e(eKTHUBHOCTI 010JIOTIYHOI Ail JIiKiB, TTOKpAIICHHS
iXHBOI 010CYMICHOCTI Ta PO3YMHHOCTI Y BOAI ITHUPO-
KO BUKOPHCTOBYIOTh ITOJIIMEPHi HOCi1. PaHirme Hamu
Oyno mokazano, mo BF1 (N-(5-6en3ui-1,3-tia3omn-
2-im)-3,5-mumeTnn-1-6en3odypan-2-kapOokcamis)
BUSIBJISIE TOKCHYHY [0 IMO0 MyXJIWHHUX KIITHH
PI3HOTO TKaHWHHOTO TIOXO/DKEHHS. MeTor po-
6ot Oyno mocmimuTH in Vitro giro cronyku BF1
Ta 1i KoMmIiekcy 3 momimepHuM Hociem (PC)
momi(PEGMA-co-DMM) (komrmutekc BF1-PC) na
xritaan niHiit MDA-MD-231 ta MCF-7 anenokap-
IIMHOMH MOJIOYHOI 3ano3u Jroauan. JJHK komer-
aHaji3, MeTOJ i3 BUKOPHUCTAaHHAM IudeHiTaMiny,
enektpodopes JIHK B araposnomy remi, anami3
inrepkansamii JIHK i3 BukopucTaHHSM MeTHIIO-
BOTO 3eJIeHOTOo Ta (IIYOpEecIeHTHa MIiKpPOCKOITis
Oynmm 3acTocoBaHi sl BUBYeHHS BIuHBY BFI
Ha crabineHicTs JIHK y xmitnHax anmeHokap-
IMHOMHM MOJIOYHOI 3ajio3u JroauHu. [lokazHuk
HMATOTOKCUYHOI il ICSO cnonyku BF1 mns kmitua
muii MDA-MB-231 cranosus 26,5 = 2,9 MM, a
s komiuiekey BFI-PC — 6,9 + 0,4 mxM, PC maB
Hu3pKy TokcuuHicTh (IC,, > 50 mxM). Kommieke
BFI1-PC mposiBnsiB OinbIlly TOKCHYHY Jif0 IIOIO
kiitun it MCF-7, nik Binenui BF1, tak IC cTa-
HOBUB BianosigHo 9,6 + 0,8 Ta 15,8 £ 0,9 MmxM. BF1
i BF1-PC 30inbiryBain KiIBKICTh TOIIKOIKEHUX
KJITHH, CIPUYWHIOBATH OJCOIHT TIa3MaTHIHOL
MeMOpaHU, KOHJCHCAIlIFD  XpoMaTtuHy  i/abo
(dbparmenTamiro sapa kimitaH JdiHii MDA-MB-231.

BF1 i BF1-PC ingyxkyBaiau OIHOHHUTKOBI pO3pH-
BU 1 (pparmenTtaniro JIHK B kmiturax minii MDA-
MB-231. [lociiakyBaHi CIIOJIYKH HE B3aEMOJIISIITH 3
masmigHoro JIHK i1 He iHTepkamtoBanu B i1 Moie-
KyJTy.

KnwouoBi CIoOBa: TOXiHE Tiazoumy,
MOJIIMEPHHUI HOCIH, ITUTOTOKCHUYHA [isl, KIITHHU
paky Mojo4HOi 3ajo3u, mnowmkomkeHus JIHK,
komeT-anani3z JIHK, inrepkansmis JJHK.
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