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a b s t r a c t

Electrochemotherapy (ECT), a local therapy, has different effectiveness among tumor types. In breast can-
cer, its effectiveness is low; therefore, combined therapies are needed. The aim of our study was to com-
bine ECT with PARP inhibitor olaparib, which could inhibit the repair of bleomycin or cisplatin induced
DNA damage and potentiate the effectiveness of ECT. The effects of combined therapy were studied in
BRCA1 mutated (HCC1937) and non-mutated (HCC1143) triple negative breast cancer cell lines.
Therapeutic effectiveness was studied in 2D and 3D cell cultures and in vivo on subcutaneous
HCC1937 tumor model in mice. The underlying mechanism of combined therapy was determined with
the evaluation of cH2AX foci. Combined therapy of ECT with bleomycin and olaparib potentiated the
effectiveness of ECT in BRCA1 mutated HCC1937, but not in non-mutated HCC1143 cells. The combined
therapy had a synergistic effect, which was due to the increased number of DNA double strand breaks.
Addition of olaparib to ECT with bleomycin in vivo in HCC1937 tumor model had only minimal effect,
indicating repetitive olaparib treatment would be needed. This study demonstrates that DNA repair
inhibiting drugs, like olaparib, have the potential to increase the effectiveness of ECT with bleomycin.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer is the most frequently diagnosed malignancy and
is globally still the leading cause of cancer death in women. Even
though this is a highly curable disease in developed countries,
approximately 10–15% of all breast cancer patients develop a
loco-regional recurrence within 10 years. About 10–20% of breast
cancers are negative for estrogen and progesterone receptors,
and amplification of HER2 gene, which means they are triple-
negative. Such breast cancer is considered to be more aggressive
and have a poorer prognosis, mainly because there are fewer avail-
able targeted therapies. Therefore, there is an urge to discover new
therapies or combinations of therapies that could benefit triple
negative breast cancer patients [1].

Metastatic breast cancer patients are unlikely to be cured of
their disease and the main goal of the treatment is to palliate the
symptoms, prolong survival, and maintain quality of life [2,3].
For such patients presented with skin metastases one of the treat-
ment options is also electrochemotherapy (ECT) [4]. ECT is a local
tumor therapy, based on a physical delivery method, electropora-
tion. It facilitates the entrance of cytotoxic drugs to cells and tis-
sues [5,6]. In ECT, bleomycin and cisplatin are two of the most
commonly used cytotoxic drugs. Main target of ECT with bleomy-
cin or cisplatin is DNA, as both exert their cytotoxic effect through
DNA damage, causing DNA breaks or adducts, respectively. Bleo-
mycin induces single and double DNA strand breaks [7]. Cisplatin
interferes with DNA replication; it forms inter- and intrastrand
DNA adducts and thus stall replication forks during S-phase [8,9].

On a regular basis, cells employ multiple types of DNA repair
mechanisms: base excision repair (BER), nucleic acid excision
repair, homologous recombination (HR), single strand annealing
(SSA), mismatch repair, and nonhomologous end joining (NHEJ)
[10]. These mechanisms are favorable for normal cells to recover
from injuries, but not in case of cancer therapy, where the goal is
to kill the tumor cells through causing DNA damage in response
to cytotoxic agents or radiation[11]. Recently, inhibition of specific
enzymes involved in DNA repair mechanisms, poly (ADP-ribose)
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polymerase (PARP) enzymes, has become extensively researched
due to the favorable activity reported in triple negative breast can-
cer and BRCA 1/2 mutated ovarian or breast cancer [12,13]. PARP
enzymes are a family of 18 proteins responsible for catalyzing
the reaction of adding the ADP-ribose to targeted proteins such
as histones, topoisomerases, DNA helicases or some other proteins
bound to the DNA molecule [14]. PARP1 and 2 are required to
repair single strand breaks (SSBs). PARP1 is also involved in the
repair of DNA double strand breaks (DSBs) and is present in the
replication forks [15]. PARP 1 and PARP 2 are critical for the func-
tion of BER, but are involved also in other types of DNA repair
mechanisms [16]. BRCA deficient cells were found to be muchmore
sensitive to PARP inhibition than wild type cells [17], since BRCA1
and BRCA2 are also proteins involved in DNA break repair, more
specifically required for HR [18,19]. Therefore, since BRCA-
mutated cells are incapable of HR, which is considered as the most
precise DSB repair mechanism, additional PARP inhibition results
in genomic instability, cell arrest in G2 or M phases of the cell cycle
and finally cell death [14,20,21]. PARP inhibitors in combination
with cytotoxic therapy has already been studied. DNA methylating
agents, including dacarbazine and temozolomide cause SSBs that
in combination with PARP inhibitors could not be repaired [22].

As electroporation is a physical method for drug delivery, the
entry of drugs in ECT can be effective for different cell lines and
tumors. However, different effectiveness was reported in different
histological types of tumors. It is most effective in basal cell carci-
noma (85% CR), followed by melanoma while (64%) in breast can-
cer it has lower effectiveness (50–62% CR) [4,23,24]. Therefore,
there is a need to increase the effectiveness of ECT in less respon-
sive tumor types.

In our preliminary study, we combined ECT with bleomycin or
cisplatin with PARP inhibitor olaparib in estrogen positive breast
cancer cell line MCF7, without BRCAmutation, to test the feasibility
and effectiveness of the combined approach [25]. The rationale
behind the combined treatment is that olaparib would prevent
the repair of DNA damage caused by ECT with bleomycin or cis-
platin, thus potentiating its effectiveness. We demonstrated that
olaparib potentiated the cytotoxic effect of ECT with bleomycin
but not cisplatin in MCF7 cells [25].

The aim of our current study was to investigate the effect of ola-
parib in combination with ECT in BRCA1mutated and non-mutated
triple negative breast cancer cells, since BRCA mutation status
determines the effectiveness of the DNA break repair. The effect
of olaparib on the repair of therapy induced DNA damage was
determined by staining of cH2AX foci. The effectiveness of com-
bined therapy was further studied in 2D and 3D cell cultures and
in vivo in subcutaneous HCC1937 tumor model in immunodeficient
SCID mice.
2. Materials and methods

2.1. Cell lines and drugs

Basal-like triple negative human breast cancer cell lines
HCC1937 (ATCC� CRL-2336TM, BRCA1 mutated) and HCC1143
(ATCC� CRL-2321TM, BRCA1 non-mutated) were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA) in
2018 and cultured in RPMI medium (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) in a 5% CO2 humidified atmosphere at
37 �C. Human breast cancer cells, luminal type A, estrogen receptor
positive, progesterone receptor negative and HER2 negative, BRCA
1 non-mutated MCF7 (ATCC� HTB-22TM) were also obtained from
ATCC and cultured in advanced minimum essential medium
(AMEM, Gibco). All cell media were supplemented with fetal
bovine serum (FBS, Gibco), GlutaMAX (100x, Gibco), Penicillin-
2

Streptomycin (100x, Sigma-Aldrich, Merck, Darmstadt, Germany).
The cells were routinely tested for mycoplasma infection by
MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza, Basel,
Switzerland) and were mycoplasma free.

A stock solution of 3 mg/ml bleomycin (Bleomycin medac,
Medac, Germany) was diluted in 0.9% NaCl saline (B. Braun Mel-
sungen AG, Melsungen, Germany) to 4 working solutions for
HCC1143: 1.413, 0.706, 0.353 and 0.141 mM and to 4 working solu-
tions for HCC1937 cells: 0.141, 0.071, 0.014 and 0.007 mM. Cisplatin
Kabi 1 mg/mL (Fresenius Kabi, Bad Homburg, Germany) was
diluted in 0.9% NaCl saline to 4 working solutions: 166.66, 16.67,
1.67, 0.17 mM. Olaparib (10 mM, Selleckchem, Houston, TX, USA)
was diluted in 0.9% NaCl saline to 5 working solution: 100, 50,
10, 5 and 1 mM.

2.2. Electrochemotherapy in vitro

Monolayer of 80% confluent cells was trypsinized, centrifuged
and resuspended in electroporation buffer (250 mM sucrose;
10 mM K2HPO4; 2.5 mM KH2PO4; 2 mM MgCl2x6H2O). A cell sus-
pension of 2.2 x107 cells/ml was prepared. For each experimental
group 106 cells in 40 mL were mixed with 10 mL of bleomycin, cis-
platin (CDDP) or in case of controls 10 mL of saline. Concentration of
CDDP and bleomycin were thus additionally diluted for 5 times.
50 mL of the resulting mixture was pipetted between two elec-
trodes (2 mm gap) and electroporated (8 pulses, 1300 V/cm,
100 ms duration at frequency 1 Hz) with an Electro Cell B10 electric
pulse generator (LEROY Biotech, Saint-Orens-de-Gameville,
France). Five minutes after ECT, medium was added and cells were
seeded for further assays. For viability assay 2 � 103 HCC1937 and
HCC1143 cells of each experimental group were plated in 0.1 ml of
pertinent media in 96-well plate and incubated at 37 �C in a 5% CO2

humidified incubator for 72 h.

2.3. Olaparib treatment

Cell were prepared as previously described and 2 � 103

HCC1937 and HCC1143 cells were plated in 90 mL of pertinent
media in 96-well plate. Olaparib, which is highly permeable drug,
was added to the cells (10 mL) in different working concentrations
(100, 50, 10, 5 and 1 mM) and incubated for 72 h. Then, the cell sur-
vival assay was performed.

2.4. Cell survival assay

Cell survival was measured with Presto Blue viability assay
(Thermo Fisher Scientific) 72 h after ECT or addition of olaparib.
Presto Blue (10 mL/well) was added to the cells and 30 min there-
after fluorescence intensity was measured by microplate reader
(Infinite 200, Tecan, Männedorf, Switzerland). The viability of the
cells was normalized to control untreated group. Based on this
results effective dose of each cytotoxic drug, which kills half of cell
population (EC50), was determined.

2.5. Combined therapy of ECT and olaparib

Further combination experiments with combined therapy were
performed with EC50 dose of ECT with bleomycin or CDDP. Again,
2 � 103 HCC1937 and HCC1143 cells were plated in 90 mL of perti-
nent media in 96-well plate after ECT. Two hours after ECT treat-
ment, when the cells attached, in half of the wells of each
experimental group 10 mL of selected olaparib dose (5 mM) was
added and in the other half of wells 10 mL of NaCl saline. After
72 h, cell survival was determined as described above. The com-
bined effects (additivity, synergism, and antagonism) of the treat-
ments with independent mechanisms was determined. Additive
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effect occurs when the combined effect of two drugs is equal to the
sum of the effect of each drug given alone. When the effect of two
drugs is greater than the sum of the effects of each drug given
alone, the effect is called synergistic. This was calculated according
to following formulas [26]:
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Where x
�
1 = average, n = number of samples, r = SD, x1 =

ECT, x2= olaparib, x1+2 = ECT + olaparib.
The results of both formulas provides an information about the

combined affect: Q < -2SE antagonism, �2SE < Q < 2SE additivity
and Q > 2SE synergism.

2.6. Immunofluorescent staining of cH2AX in vitro

To elucidate the mechanism of action of combined therapy, the
histone H2AX, which in response to DNA double strand breaks
(DSBs) rapidly phosphorylates to cH2AX, was stained.

One day before staining, 5 � 103 HCC1937 and HCC1143 or
20 � 103 MCF7 cells were seeded on ibidi 12 well chamber slides
(ibidi GmbH, Gräfelfing, Germany). Next day, ECT was performed
on the attached cells. A 200 mL of EP buffer or combination of
EC50 dose bleomycin or CDDP and EP buffer was pipetted into each
well of the ibidi slide. Custom made plate electrodes for the elec-
troporation of attached cells in ibidi slides (6.45 mm gap) were
used for electroporation with same parameters as described above
in chapter 2.2. Five minutes after ECT, EP buffer was replaced with
pertinent media and 5 mM olaparib was added thereafter and incu-
bated at 37 �C. First, we optimized the time points with the maxi-
mal presence of cH2AX foci (data not shown). The staining was
performed on cells fixed in 4% paraformaldehyde (PFA; Alfa Aesar,
MA, USA) for 15 min at 37 �C two hours after ECT. Further, the
plasma membrane was stained with 1 lg/ml WGA AlexaFluor
647 conjugate solution (Thermo Fisher Scientific) in Hanks’
Balanced Salt Solution (HBSS, with calcium and magnesium, Gibco,
Thermo Fisher Scientific) for 10 min at room temperature. Between
these steps, the wells were washed twice with HBSS for 3 min.
Cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich)
in phosphate-buffered saline (PBS) for 10 min at room tempera-
ture. Non-specific binding was blocked for 1 h in blocking buffer
(5% donkey serum, 0.05% Tween 20, 22.52 mg/ml glycine in PBS).
Cells were incubated overnight with anti-cH2AX primary antibody
(dilution 1:500, ab26350, Abcam, VB) in blocking solution (2% don-
key serum, 0.05% Tween 20, 22.52 mg/ml glycine in PBS) at 4 �C.
The next day, cells were washed twice with PBS for 3 min and incu-
bated with Alexa Fluor 488 secondary antibody (dilution 1:500,
ab150105, Abcam, Cambridge, UK) in blocking solution (2% donkey
serum, 0.05% Tween 20, 22.52 mg/ml glycine in PBS) for 1 h at
room temperature. Cells were then washed twice with PBS for
3 min and nuclei were stained with 3 lg/ml of Hoechst solution
(Hoechst 33342, Trihydrochloride, Trihydrate, Thermo Fisher Sci-
entific) in PBS for 15 min at room temperature. Cells were again
washed twice with PBS, the silicon wells were removed, and the
slides were mounted with a Prolong Gold Diamond AntifadeMount
(Thermo Fisher Scientific). Imaging was performed with an LSM
800 confocal microscope (Carl Zeiss) with a 63x oil immersion
objective (NA 1,4). Hoechst 33342, Alexa Fluor 488 and Alexa Fluor
647 were excited with lasers with excitation wavelengths of
405 nm, 488 nm and 640 nm, respectively. The emitted light was
collected sequentially with Gallium Arsenide Phosphide (GaAsP)
detector via a variable dichroic and filters at the following wave-
3

lengths: 410 – 545 nm (Hoechst 33342), 488 – 545 nm (Alexa Fluor
488), and 645 – 700 nm (Alexa Fluor 647). The collected images
were then visualized in Imaris software (Bitplane, Zurich, Switzer-
land). The number of cH2AX foci in nuclei was quantified with
Imaris software (Bitplane).

2.7. Spheroids preparation

Effects of combined therapy on spheroids were performed only
in HCC1937 and MCF7 cells, since in HCC1143 there was no addi-
tional effect after combining ECT with olaparib, in vitro in 2D cell
cultures. Breast cancer cells were harvested, counted and plated
(2 � 103 HCC1937 or 4 � 103 MCF7 cells) in each well of 96-well
U-bottom plates (Corning Incorporated, Corning, NY, USA) in
150 mL of media, and then the plates were centrifuged for 2 min
at 1000 rcf. Thereafter cell media was supplemented with hydrox-
ypropyl methylcellulose in a final concentration of 10% (METHO-
CELTM E50 Premium LV Hypromellose, Dow Chemical Company,
Midland, Michigan, USA). The spheroids were then incubated for
3 days in a 5% CO2 humidified incubator at 37 �C until they reached
approximately 400 mm in diameter. On this day, ECT was per-
formed as described below (2.8).

2.8. Combined therapy of ECT and olaparib on spheroids

Each spheroid was transferred from a 96 well plate to a sterile
10 cm Petri dish, as previously described [27]. The media around
spheroid was removed and the spheroid was washed with electro-
poration buffer. Then, 40 mL of EP buffer and 10 mL of cytotoxic drug
(or saline for the control) was added to each spheroid. Electrodes
with 2 mm gap were placed around the spheroid and eight
1300 V/cm pulses of 100 ms duration at frequency 1 Hz were
applied. After 5 min, the spheroids were transferred to a new 96-
well U-bottom plate in cell medium containing 10% hydroxypropyl
methylcellulose for further analysis. In corresponding groups, ola-
parib was added in concentration of 5 lM.

Immediately after the ECT (day 0), and on days 3, 5 and 7
images of the spheroids were captured with Cytation 1 (BioTek,
Winooski, VT, USA) and spheroid area were determined by the
Gen5 software. For each group, 4 spheroids in 3 different experi-
ments were measured and average area was calculated. The area
of each spheroid was first normalized to day 0, and then for each
group, the average normalized area was calculated and plotted as
a growth curve.

2.9. Animals, tumors and treatment protocol in vivo

Six weeks old female immunodeficient SCID mice (CB17/Icr-
Prkdcscid/IcrIcoCrl) were purchased from Charles River Laborato-
ries (Calco, Italy) and kept at room temperature with a 12-h
light–dark cycle in a specific pathogen-free environment with food
and water ad libitum. Triple negative, BRCA1mutated breast cancer
tumors were induced by subcutaneous injection of 2 � 106

HCC1937 cells in 100 mL of 0.9% NaCl saline. Tumor volume was
measured using a Vernier caliper, and calculated with the equation
for an ellipsoid: V = p � (a � b � c)/6 (where a, b and c are three
perpendicular diameters of the tumor). When the tumors reached
6 mm in the longest diameter (~40 mm3), the mice were divided
randomly into experimental groups, consisting of 9 mice, and the
treatment started according to the protocol below. The experi-
ments were approved by the Ministry of Agriculture, Forestry
and Food of the Republic of Slovenia (permit no. U34401-
1/2015/7), and were in compliance with the EU directive.

First, the effectiveness of ECT with two different doses of bleo-
mycin was determined. Selection of the standard bleomycin dose
(5 mg/kg) for ECT was based on previous studies [28,29] and was
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in the range where complete responses of different tumor models
were expected. Further, we also selected 50% reduced dose of bleo-
mycin (2.5 mg/kg) for combination studies, a dose that is alone not
causing complete tumor eradication and is appropriate for study-
ing combined mechanisms of action. The experimental groups
were: Control (no treatment), EP (electric pulses-only), i.v. bleomy-
cin 5 mg/kg (retro-orbital injection of appropriate volume of
1,375 mg/ml bleomycin dissolved in 0.9% NaCl), i.v. bleomycin
2.5 mg/kg (retro-orbital injection of appropriate volume of
687.5 mg/ml bleomycin dissolved in 0.9% NaCl), ECT i.v. bleomycin
5 mg/kg and ECT i.v. bleomycin 2.5 mg/kg (retro-orbital injection of
bleomycin following by ECT).

For ECT, bleomycin (5 or 2.5 mg/kg) was injected intravenously
(i.v.) and after 3 min, tumors were treated with eight 1300 V/cm
electrical pulses of 100 ms duration at 1 Hz. The electric pulses were
delivered by ELECTRO Cell B10 electric pulse generator (Leroy Bio-
tech) using 2 stainless steel plate electrodes with 6-mm gap in
between.

The olaparib dose was also selected and diluted based on previ-
ous publications [30,31]. Before combination study, 5 mice were
administered with selected intraperitoneal (i.p.) single dose
(50 mg/kg) of olaparib and observed for next 48 h to access safety
and feasibility of the procedure.

For combined therapy, mice were first i.p. administered ola-
parib and after half hour, when the concentration of olaparib in
the tumors was expected to be maximal [31], bleomycin was
administered i.v. For combined therapy, only the bleomycin dose
2.5 mg/kg was used, and pulses were again delivered 3 min after
i.v. injection.

The animal body weight and well-being (changes in behavior,
coat and skin condition) were monitored uring the experiment as
the indicator of systemic toxicity of the therapy. When the tumors
reached 350 mm3, the mice were sacrificed and survival (Kaplan-
Meier) curves were drawn.

2.10. Tumor histology on paraffin sections

Tumors were excised at three different time points after the
therapy; 4, 24 and 72 h after the therapy. Half of the tumor was
fixed in formalin (BD Pharmingen, BD Biosciences, San Jose, CA,
USA) overnight and embedded in paraffin. Consecutive 2-lm thick
tumor sections were cut from each paraffin block. The first section
was stained with hematoxylin and eosin (H&E) to estimate the per-
cent of necrotic tumor area. Second, proliferative area was stained
with antibodies against Ki-67 (clone SP6, Thermo Fisher Scientific)
at a dilution of 1:1000. The primary antibodies were detected with
a peroxidase-conjugated streptavidin–biotin secondary antibody
(Rabbit specific HRP/DAB detection IHC kit, ab64261, Abcam)
according to manufacturer instructions. The images of stained
tumor sections were captured with a DP72 CCD camera connected
to a BX-51 microscope (Olympus, Hamburg, Germany). Whole
tumor sections were captured with a 4x and 10x objective for
H&E staining and 5 images with a 60x objective of the Ki-67 stain-
ing. Two independent observers determined the percentage of
tumor necrosis and the percent of Ki-67 positive cells.

2.11. Tumor and spheroid immunofluorescence on frozen sections

The other half of the tumor and spheroids, processed 2 h after
the treatment, were first fixed in 4% paraformaldehyde (PFA; Alfa
Aesar) overnight, then incubated in 30% sucrose for 24 h, embed-
ded in Optimal cutting temperature compound (OCT compound)
and snap frozen in liquid nitrogen. Then, 14-lm thick tumor and
20-lm spheroid sections were cut using Leica CM1850 cryostat,
dried for 30 min at 37 �C and washed for 5 min in 1X PBS. Antigen
retrieval was performed by putting the slides into a hot 10 mM
4

sodium citrate buffer with 0.05% Tween 20 (approx. 95 �C) which
was cooled down on air, at room temperature for 30 min followed
by 30 min cooling in room temperature water. After the washing in
PBS, the sections were blocked/permeabilized in blocking buffer
with 0.5% Tween 20 for 30 min at RT in a humidified chamber. Fur-
ther, sections were blocked for 1 h at RT in blocking buffer (5% don-
key serum, 22.52 mg/ml glycine in PBS), and afterwards incubated
with primary antibodies cH2AX (dilution 1:200, ab26350, Abcam)
for tumors and spheroids and CD31 (dilution 1:200, AF3628, R&D
systems, MN, US) for tumors overnight in blocking buffer (2% don-
key serum, 22.52 mg/ml glycine in PBS) in a humidified chamber at
4 �C. After washing in PBS, sections were incubated with secondary
antibodies (Alexa Fluor 488 (dilution 1:500, ab150105, Abcam),
Alexa Fluor 647 (dilution 1:500, 705–605-147 Jackson Immunore-
search, UK) in blocking buffer (2% donkey serum, 22.52 mg/ml gly-
cine in PBS) for 1 h at RT in a humidified chamber and then washed
in PBS. Nuclei waere counter stained with Hoechst solution (3 mg/
ml) in PBS for 10 min in the dark. After another wash in PBS, slides
were mounted with ProLongTM Glass Antifade Mountant(Thermo
Fisher Scientific). Imaging was performed with an LSM 800 confo-
cal microscope (Carl Zeiss) with a 20x objective (NA 0,8). Hoechst
33342, Alexa Fluor 488 and Alexa Fluor 647 were excited with
lasers with excitation wavelengths of 405 nm, 488 nm and
640 nm, respectively. The emitted light was collected sequentially
with Gallium Arsenide Phosphide (GaAsP) detector via a variable
dichroic and filters at the following wavelengths: 410 – 545 nm
(Hoechst 33342), 488 – 545 nm (Alexa Fluor 488), and 645 –
700 nm (Alexa Fluor 647). Two 4x4 tile-scans were acquired for
each tumor or 2x2 tile-scans for each spheroid. The collected
images were then visualized and quantified in Imaris software
(Bitplane).
2.12. Statistical analysis

The values in this study are represent as arithmetic mean
(AM) ± standard error of the mean (SE) unless otherwise stated.
The data were first tested for normality of distribution with the
Shapiro-Wilk test. Comparison between two groups was per-
formed using unpaired 2-tailed Student’s t-test. The comparison
of means of multiple was evaluated by one-way ANOVA followed
by a Dunnett’s multiple comparisons test. P-value of less than
0.05 was considered to be statistically significant. GraphPad Prism
(GraphPad, San Diego, CA, USA) was used for statistical analysis
and graphical representation. The log-rank (Mantel-Cox) test was
performed on the Kaplan-Meier estimates.
3. Results

3.1. Sensitivity of cells to ECT or treatment with olaparib

Two different triple negative breast cancer cell lines, one with
BRCA1 mutation (HCC1937) and the other one without it
(HCC1143) showed different sensitivity to ECT with bleomycin or
CDDP (Fig. 1). BRCA1 mutated cell line HCC1937 proved to be 10
times more sensitive to ECT with bleomycin than the HCC1143 cell
line that does not have BRCA1 mutation; EC50 doses were 0.014 mM
for HCC1937 (Fig. 1A) and 0.141 mM for HCC1143 (Fig. 1B). No sig-
nifficant difference in EC50 was observed for ECT with CDDP
between the two cell lines; EC50 doses were 16.67 mM for
HCC1937 (Fig. 1C) and 50 mM for HCC1143 (Fig. 1D).

Sensitivity of both triple negative breast cancer cell lines to ola-
parib was also tested. As expected, BRCA1 mutated cell line
HCC1937 (Fig. 1E) was more sensitive to olaparib treatment com-
pared to non-mutated HCC1143 (Fig. 1F). For further combination
experiments 5 lM olaparib was selected based on our previous



Fig. 1. Survival of breast cancer cell lines after ECT or olaparib treatment. Survival of HCC1937 (A) and HCC1143 (B) cells after ECT with bleomycin and survival of
HCC1937 (C) and HCC1143 (D) cells after ECT with CDDP (log � axis) 72 h after the treatment. Survival after olaparib treatment for HCC1937 (E) and HCC1143 (F) was also
determined 72 h after the treatment. The values are presented as the AM ± SEM. *p < 0.05 statistically significant difference compared to untreated control cells.
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experiments and literature data [32]. At this concentration, no
reduction in cell survival was observed for HCC1143 cell line. Con-
trary, approximately 20% reduction in cell survival was observed
for HCC1937 cell line.

3.2. Olaparib increased the effectiveness of ECT in BRCA1 mutated cells

In the combined treatment experiments, EC50 doses of ECT with
bleomycin or CDDP were used, as determined in previous experi-
ments (Fig.1, 3.1). Olaparib was added to the ECT treated cells after
they adhered to the surface of 96 well plate in the concentration of
5 lM. Between the two different triple negative cell lines, signifi-
cant differences in potentiation of ECT with olaparib were
observed. In the BRCA1 mutated HCC1937 cell line, olaparib signif-
icantly potentiated the effectiveness of ECT either with bleomycin
(Fig. 2A) or CDDP (Fig. 2B) (p < 0.05). The interaction between the
treatments was calculated. In case of ECT with bleomycin and ola-
parib the effect of two drugs given together was greater than the
sum of the effects of each drug given alone. Calculated Q was
0.18 and calculated 2SE was 0.15, which means that Q > 2SE, which
indicates on synergistic effect. In the case of ECT with CDDP and
olaparib calculated Q was 0.01 and calculated 2SE was 0.12, which
means that �2SE < Q < 2SE, which indicates on additive effect. On
the contrary, no potentiation of ECT effectiveness either with bleo-
mycin or CDDP was observed in the BRCA1 non-mutated HCC1143
cell line (Fig. 2C, 2D). Sensitivity of HCC1937 cells was also
increased by olaparib treatment when cells were treated with elec-
tric pulses, bleomycin or CDDP only (Fig. 2A, 2B). No such effect
was observed in the HCC1143 cells.

3.3. Combined therapy induces increased number of DNA double
strand breaks in ECT with bleomycin

In our preliminary study,wedemonstrated that olaparib potenti-
ates the effectivenessof ECTwithbleomycin in the estrogen receptor
positive MCF7 human breast cancer cell line, but the underlying
mechanism of action has not been determined yet [25]. For this pur-
pose, we explored whether olaparib increases the number of DNA
5

strand breaks after ECT and for this reason yH2AX foci were stained
in MCF7, HCC1937 and HCC1143 breast cancer cell lines.

When cells were treated with ECT with EC50 dose of bleomycin
a different extent of DNA damage was observed 2 h after the treat-
ment (Fig. 3). In the MCF7 and HCC1937 cells several yH2AX foci
(green dots) were observed, as well as approximately 15% of cells
with entirely degraded DNA (entirely green nuclei) (Fig. 3 A,B). In
the HCC1143 cells, almost all cells that were positive for yH2AX
antibody presented with nuclei with entirely degraded DNA
(Fig. 3C). When ECT with EC50 dose of bleomycin was combined
with olaparib, a significant difference was observed in the MCF7
and HCC1937 cells, with increased number of yH2AX foci per cell
and increased number of cells with entirely degraded DNA, the
percent of such cells was approximately 70%. Contrary, no signifi-
cant difference was observed in the HCC1143 cells.

Differently, when cells were treated with ECT with EC50 dose of
CDDP, there was no statistically significant change in the number
of yH2AX foci (green dots) per cells in any of the three tested cell
lines. Moreover, when ECT with EC50 dose of CDDP was combined
with olaparib, no significant difference was observed in any of the
three tested cell lines 2 h after the treatment (Fig. 3).

Interestingly, when HCC1937 cells were treated with pulses
only (EP) combined with olaparib, a trend in increase of cH2AX foci
was observed, however non-significant. This finding correlates
with significantly decreased cell survival of HCC1937 after EP com-
bined with olaparib, shown in Fig. 2B. Since this cell line is BRCA1
mutated it seems that is more prone for DNA damage, already after
EP. This DNA damage could be corrected by the cells, but not (or
hardly) in the presence of PARP inhibitor olaparib.

3.4. Effects of ECT in combination with olaparib on 3D cell cultures -
spheroids.

Further, we investigated the effects of combined treatment on
3D cell culture, spheroids, as there 3D structure and organization
more closely mimics tumors in vivo than 2D cell cultures. Here, only
the MCF7 and HCC1937 cells were studied, since in HCC1143 there
was no additional effect after combining ECT with olaparib (Fig. 2C,



Fig. 2. Survival of breast cancer cell lines after combination of ECT and olaparib. Survival of HCC1937 cells after ECT with bleomycin and olaparib (A) or with CDDP and
olaparib (B) and survival of HCC1143 cells after ECT with bleomycin and olaparib (C) or with CDDP and olaparib (D) 72 h after the treatment. The values are presented as the
AM ± SEM. + p < 0.05 statistically significant difference compared to untreated control cells; * p < 0.05 statistically significant difference compared to control + olaparib;
**p < 0.05 statistically significant difference between indicated groups.
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D). The growth of MCF7 spheroids was significantly reduced after
ECT with bleomycin (0.706 mM) and ECT with CDDP (16.67 mM)
(Fig. 4A, C). After the addition of olaparib the growth of spheroids
was even more reduced, especially in the ECT bleomycin group
(Fig. 4A), where the difference was significant. Contrary, the addi-
tion of olaparib to ECT CDDP did not significantly affected the
growth of MCF7 spheroids (Fig. 4B, C).

Growth of HCC1937 spheroids was also significantly reduced
after ECT with bleomycin and ECT with CDDP (Fig. 5A-C). After
the addition of olaparib the growth of spheroids was further
reduced in all experimental groups (Fig. 5A-C), with significant dif-
ference determined only when olaparib was combined with bleo-
mycin and ECT compared to ECT wtih bleomycin alone (Fig. 5A).
As was already observed in the MCF7 cell line, the addition ola-
parib to ECT CDDP did not significantly affect the growth of
HCC1937 spheroids (Fig. 5B).

We further stained HCC1937 spheroid sections for DNA double
strand breaks (cH2AX) to confirm in vitro findings and mimic
in vivo conditions. Since no additional effect on spheroid growth
was observed when combining ECT CDDP and olaparib (Fig. 5B)
in HCC1937 spheroids, only experiments with bleomycin were per-
formed. Significant increase in % of all cH2AX positive and in % of
highly cH2AX positive cells per spheroid section was observed
when ECT was combined with olaparib compared to ECT alone
(Fig. 6.). Significant increase in % of all cH2AX positive cells and
in % of highly cH2AX positive cells per spheroid section, was
observed when olaparib was added to all other groups (control,
bleomycin and EP) compared to groups without olaparib. The
majority of DNA damage was located in the periphery of spheroids,
however when olaparib was added the DNA damage effect was
observed more into the core of the spheroid and only the most cen-
tral part of the spheroid stayed undamaged.
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3.5. Effects of combined therapy in vivo

Since HCC1937 tumor cells and spheroids were very sensitive to
ECT with bleomycin in vitro, we first tested the effectiveness of ECT
with two different doses of i.v. administered bleomycin; 5 mg/kg
and 2.5 mg/kg dose of bleomycin. ECT with both doses significantly
delayed tumor growth and therefore also survival of mice (Kaplan-
Meier estimate, p = 0.0005 for 5 mg/kg and p = 0.0013 for 2.5 mg/
kg). There was also a significant difference in the survival between
ECT with 5 mg/kg and 2.5 mg/kg doses of bleomycin in favor of the
5 mg/kg dose (p = 0.0085) (Fig. 7A).

Further, we investigated the combination with single ECT treat-
ment and single olaparib treatment. The aim was to observe, if the
combined therapy could prolong survival or even cause some com-
plete tumor responses. Olaparib was administered i.p. 30 min
before ECT in order to provide maximal intratumoral olaparib con-
centration at the time of ECT [31]. The bleomycin dose 2.5 mg/kg
was selected for combination studies. Already a single i.p. injection
of olaparib significantly prolonged the survival of treated mice
(p = 0.0238) compared to the untreated mice (control group)
(Fig. 7B). The combined therapy of ECT with bleomycin 2.5 mg/
kg dose and olaparib also prolonged the survival of treated mice
(p = 0.0483) in comparison to the mice treated with ECT 2.5 mg/
kg dose of bleomycin only. However, no complete responses were
observed after the combined therapy. Addition of olaparib to ECT
with bleomycin in HCC1937 tumor model had only minimal effect,
indicating repetitive olaparib treatment would be needed.

The combined therapy was well tolerated with no significant
weight loss or observed signs of pain or discomfort.

To investigate the underlying mechanisms of action of the com-
bined therapy in vivowe stained tumor sections with H&E to deter-
mine the presence of necrosis, with anti-Ki-67 antibody to



Fig. 3. DNA double strand breaks after the therapy. Representative images of cH2AX histone staining of DNA double strand breaks in three different cell lines MCF7, (A),
HCC1937 (B) and HCC1143 (C) was performed to determine the extent of the DNA double strand breaks. Blue-nucleus; red-plasma membrane, green -yH2AX. Values on the
graphs are presented as the AM ± SEM. *p < 0.05 statistically significant difference between indicated groups. NA- not applicable for determination. Scale bar = 4 mm (A), 3 mm
(B), 5 mm (C).
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determine the proliferative fraction of tumors and with anti-
cH2AX antibody to evaluate the extent of DNA double strand
breaks throughout the tumor.

After ECT with bleomycin, there was a central necrotic part with
a residual viable rim (Fig. 8). Tumors staining for Ki-67 showed
reduced proliferative parts of tumors after the ECT (Fig. 8). The
addition of olaparib further increased the extent of tumor necrosis
and reduced the presence of Ki-67 positive proliferative areas.
However, the difference in the necrotic area and the percent of
the Ki-67 positive nuclei on the analyzed tumor sections was not
significantly different between the ECT with bleomycin alone and
the combination with olaparib (Fig. 8).

We also stained tumor sections for DNA double strand breaks
(cH2AX) and tumor vessels CD31 (Fig. 9). When combining ECT
pulses and olaparib in vivo there was no difference in survival
curves between pulses (EP) only or EP + olaparib. The same was
true for combining bleomycin with olaparib (Supplementary image
1). Therefore, in accordance with 3R rule we did not planned for
histology. Significant increase in the percent of cH2AX positive
7

nuclei was observed at 4 and 24 h after the ECT treatment alone
or in combination with olaparib compared to control tumors
(Fig. 9A, B). However, there was no significant difference between
ECT alone or in combination with olaparib. 72 h after the treatment
the DNA damage was already repaired or the cells were dead. In
the olaparib single treatment group the significant increase in
the percent of cH2AX positive nuclei was observed only after
4 h, but not after 24 h and 72 h. We also observed that some nuclei
have a higher fluorescence intensity than others (Fig. 9A, C), indi-
cating on the different extent of induced DNA damage and proba-
bly the ability of the cells to repair such breaks. These nuclei with
high fluorescent intensity were almost solely observed in the
tumors where ECT with bleomycin or the combination with ola-
parib was performed. The percent of these highly cH2AX positive
was also statistically increased in a similar manner as the overall
percent of cH2AX positive nuclei (Fig. 9C). We also observed that
in the parts of tumors, which were better vascularized, more
cH2AX positive nuclei were observed compared to the parts of
tumors, where vascularization was poor (Fig. 9A). This indicates



Fig. 4. MCF7 spheroids growth after ECT with bleomycin (A) or with CDDP (B) alone or in combination with olaparib. The values are presented as the AM ± SEM. *p < 0.05
statistically significant difference compared to untreated control cells or cells treated with olaparib; **p < 0.05 statistically significant difference between indicated groups.
Representative images of spheroids 7 days after the treatment are shown (C). Scale bar = 900 mm. Legend: (A)

, (B)

.

Fig. 5. HCC1937 spheroids growth after ECT with bleomycin (A) or with CDDP (B) alone or in combination with olaparib. The values are presented as the AM ± SEM.
*p < 0.05 statistically significant difference compared to untreated control cells or cells treated with olaparib; **p < 0.05 statistically significant difference between indicated
groups. Representative images of spheroids 7 days after the treatment are shown (C). Scale bar = 800 mm. Legend: (A)

, (B)

.
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Fig. 6. Spheroid section stained for DNA double strand breaks (cH2AX). Representative images of cH2AX stained DNA double strand breaks; cH2AX- green, nucleus – blue
(A) and percent (%) of all cH2AX positive and % of highly cH2AX positive cells per spheroid section (B). Values on the graph are presented as the AM ± SEM. *p < 0.05
statistically significant difference between indicated groups. Scale bar: 50 mm.
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that tumor vascularization is important for the distribution of bleo-
mycin and olaparib and plays an important role in determining the
effectiveness of ECT with bleomycin and the combined therapy.
4. Discussion

In this study, we demonstrated that ECT with bleomycin or cis-
platin in triple negative breast cancer cell lines, with different
BRCA1 mutation status have different effectiveness alone or in
combination with olaparib. The BRCA1 mutation proved to be
important for the sensitivity of ECT with bleomycin, but not for
9

ECT with CDDP. PARP inhibitor olaparib thus potentiated the effec-
tiveness of ECT with bleomycin only in BRCA1 mutated triple neg-
ative breast cancer.

Furthermore, compared to our previous study it seem that hor-
mone status of the cells also plays an important role in the
response to ECT [25]. As also demonstrated in the literature our
study demonstrated that estrogen receptor positive cell line was
more sensitive to the combination than the triple negative cell line
without BRCA1mutation [25,33]. Similar results were observed in a
study, when cells were treated with different anticancer drugs
such as docetaxel, vinorelbin, paclitaxel and others. MCF7 cells
were more sensitive to all cytotoxic drugs in that study than the
triple negative cell line MDA-MB-231 [33]. Another study, where
tamoxifen was combined with hypericin photodynamic therapy,
demonstrated that MCF7 cells were more sensitive to the com-
bined therapy than MDA-MB-231 cells in vitro and in vivo [34]. Tri-
ple negative breast cancer cells have been shown to be more
resistant to different types of cytotoxic therapies [35]. Also in the
clinical settings, estrogen receptor positive breast cancers are
known to be more susceptible to different therapies than triple
negative breast cancers [36].

The intrinsic in vitro sensitivity to ECT with bleomycin or cis-
platin was different for BRCA1 mutated and non-mutated triple
negative cell line. BRCA1 mutated cells were much more sensitive
to ECT with bleomycin, where the EC50 was 10 times lower than
in the BRCA1 non-mutated triple negative breast cancer cells.
EC50 was lower also for ECT with CDDP, but only for three times.
However, as observed also in our previous study the in vitro sensi-
tivity did not correlate with the in vivo sensitivity to ECT with bleo-
mycin [29]. Similar as in murine melanoma tumors B16F10, which
were very sensitive to ECT with bleomycin in vitro, ECT with 5 mg/
kg in vivo delayed tumor growth, but no complete tumor regres-
sions were observed. In comparison to the other tumor model
(TS/A) used in the same study where cells were less sensitive to
ECT with bleomycin in vitro, but the in vivo response was signifi-
cantly better, resulting in tumor growth delay and complete tumor
regressions after using the same bleomycin dose for ECT [29]. Thus,
we once more demonstrated that in vitro tumor cell sensitivity is
not a predictive factor for in vivo tumor response to ECT with
bleomycin.

As it was already observed in several in vitro studies, not only
bleomycin and CDDP alone, but also ECT with bleomycin or CDDP
is causing DNA damage, resulting in DNA double strand breaks
[28,37,38]. Similarly, a recent study published by Gibot et al.
showed increased number of cH2AX foci after ECT with bleomycin
or cisplatin, in human colorectal tumor cell line and primary



Fig. 8. Tumor necrosis (H&E) and proliferative parts (Ki-67 positive nuclei) after ECT with bleomyin alone or in combination with olaparib. Tumor necrosis and
residual proliferative parts percentage over time are shown on the right side of the image. Although both of the features were significantly increased after 24 and 72 h, no
significant difference was observed after ECT with bleomycin with or without olaparib. Scale bars: 200 mm for H&E and 100 mm for Ki-67.
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fibroblasts [39]. We showed that after the addition of olaparib the
extent of DNA damage was significantly increased after ECT with
bleomycin in BRCA1 mutated triple negative breast cancer cell line
and spheroids (HCC1937) and also in the estrogen receptor positive
cell line (MCF7), but not in the BRCA1 non-mutated triple negative
breast cancer cell line (HCC1143). In this way, we elucidated the
mechanism of combined ECT bleomycin and olaparib treatment.
The combined effects (additivity, synergism, and antagonism) of
the treatments with independent mechanisms was determined
[26]. We demonstrated that there is a synergism when ECT with
bleomycin is combined with olaparib for the treatment of BRCA1
triple negative (HCC1937) or estrogen receptor positive (MCF7)
breast cancer cells. The results obtained with the staining of
cH2AX foci after combined ECT bleomycin and olaparib treatment
correlated with the cell viability assay. Contrary, the increase in
cH2AX number was not significant when ECT CDDP was combined
with olaparib. In the MCF7 cell line this was again in correlation
with our previous study, where no additional reduction in cell sur-
vival was observed [25]. Differently, in the HCC1937 cells, cell sur-
vival after 72 h was reduced after addition of olaparib in ECT CDDP
treatment group, even though we did not observe significant
increase in the induced number of cH2AX foci. The difference is
Fig. 7. Survival curves of HCC1937 tumor bearing SCID mice after ECT alone (A) or in
groups or in the case of ECT bleomycin 5 mg/kg or 2.5 mg/kg or ECT bleomyc
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probably due to different mechanisms of action of the two cyto-
toxic drugs used for ECT; bleomycin is causing an immediate
DNA damage by cleaving the DNA double strand and causing
immediate extensive DNA double strand breaks. Whereas CDDP
is causing DNA intra- and-interstrand adducts which have a
delayed effect on the induced DNA damage at the time point when
the cells are trying to replicate, but the replication forks are stalled
due to CDDP. Therefore, we believe that additional, longer time
points for staining the cH2AX foci would better resolve the under-
lying mechanism in ECT CDDP and olaparib combination in
HCC1937 cells. In a study in cervical cancer cell lines the increased
number of yH2AX foci was observed 24 h after combining olaparib
with CDDP for 24 h [40].

When yH2AX foci were stained in vivo on frozen tumor sections,
we observed, that blood vessels had an important effect on the dis-
tribution of yH2AX positive nuclei inside the tumor. The better-
vascularized tumor areas had more yH2AX positive nuclei than
tumor areas located further from blood vessels. This indicates on
non-equal distribution of bleomycin throughout the tumor. A sim-
ilar observation was already reported in our previous study, where
we demonstrated in in vivo murine tumor models that a predictive
factor for tumor response to ECT with bleomycin is tumor vascular-
combination with i.p. olaparib (B). Significant p values are presented between two
in 2.5 mg/kg + olaparib compared to control, untreated group. Legend: (A)

, (B)

.



Fig. 9. Tumor section stained for DNA double strand breaks (cH2AX). Representative images of cH2AX stained DNA double strand breaks; cH2AX- green, vessels (CD31) -
red, nucleus – blue (A). Percent (%) of all cH2AX positive nuclei per tumor section after the treatment (B) and % of highly cH2AX positive nuclei per tumor section after the
treatment (C). *p < 0.05 statistically significant difference between indicated groups;**p < 0.01 statistically significant difference between indicated groups;****p < 0.001
statistically significant difference between indicated groups. Scale bar: 100 mm.
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ization [29] and not the amount of cytotoxic drug in the tumor.
One of the options for increasing the effectiveness of ECT with
bleomycin and olaparib in HCC1937 tumor model would be to
repeat the olaparib therapy for several consecutive days thus
achieving a more homogenous distribution of olaparib in the
tumor.

Similar as in our study PARP inhibitors have previously shown
their potential to enhance the effects of DNA-damaging anticancer
drugs such as temozolomide, platinums and cyclophosphamides in
BRCA1 deficient breast and ovarian cell lines [41]. In this study, we
observed that adding olaparib to ECT with bleomycin in vivo had
only moderate effect, indicating repetitive olaparib treatment
would be needed. Similar was observed in other study of olaparib
alone in BRCA1 deficient mammary tumor model suggest that con-
tinuous i.p. dosing of 50 mg/kg olaparib (100 consecutive days)
may be more effective than intermittent treatment (28 consecutive
days) [31].

In recent clinical reports of breast cancer metastasis treated
with ECT with bleomycin, low complete response rate was
observed [4,24]. In the study of Matthiessen et al., where effective-
ness of ECT with bleomycin was evaluated only in breast cancer
patients, the patients with different receptor status were included,
i.e. estrogen, progesterone and HER2 receptor, as well as patients
with triple-negative breast cancer. Unfortunately the analysis com-
paring the effectiveness between tumor subtypes was not pre-
formed [4]. A case report describing ECT with bleomycin in chest
wall recurrence of BRCA2 triple-negative breast showed partial
necrosis of the tumor tissue and devascularization that reduced
bleeding and serum production. Nevertheless, the local progres-
sion free survival was only about 30 days, improvement in pain
management was observed [42]. We believe that such patients
could benefit from the combined therapy. Our study indicates that
hormonal and mutational status could influence the response rate
in ECT treatment with bleomycin. In those cases where BRCA1, and
presumably BRCA2 as well, mutation is present, adjuvant olaparib
treatment could enhanced ECT response. Furthermore, our data
indicates that ECT could be safely applied in patients already
receiving olaparib.
11
Drawback of the study is that only a single dose of olaparib, but
not repetitive dosing, was used to investigate the combined ther-
apy and underlying mechanisms. Although, our study is prelimi-
nary it warrants further studies with repetitive treatment of
olaparib. The study was also performed only in one BRCA1mutated
and one BRCA1 non-mutated cell line, therefore, to generalize our
findings, the combination of ECT and olaparib should be tested
on several other breast cancer cell lines, including cell lines with
known BRCA2 mutation. Moreover, several other PARP inhibitors
are currently under investigation or already in the clinical settings
and would be an interesting alternative drugs for combination
with ECT [43]. One of the drawback of the study is also that IC50

dose of bleomycin and CDDP were determined on cells in suspen-
sion, while cH2AX quantification was performed on attached cells.
Therefore more relevant would be to determine IC50 dose also for
attached cells.

5. Conclusions

In this current study, we demonstrate that drugs that inhibit
DNA repair, like olaparib, have the potential to increase ECT effec-
tiveness with bleomycin. The synergistic effect was observed in
BRCA1 mutated breast cell line but not in BRCA1 non-mutated.
Addition of olaparib to ECT with bleomycin in vivo in HCC1937
tumor model had only minimal effect, indicating repetitive ola-
parib treatment would be needed. Further studies also on other cell
lines and with other inhibitors are warranted.
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