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Abstract

Ovarian cancer is the deadliest gynecologic cancer due to lack of early effective diagnosis and development of resistance to
platinum-based chemotherapy. Several studies reported that adenosine concentrations are higher in tumor microenvironment than
in non-tumor tissue. This finding inspired us to study the role of adenosine in ovarian cancer cells and to investigate if adenosine
pathways offer new treatment options urgently needed to prevent or overcome chemoresistance. The ovarian cancer cell lines
HEY, A2780, and its cisplatin-resistant subline A2780CisR were used in this study. Expression and functional activity of
adenosine receptors were investigated by RT-PCR, Western blotting, and cAMP assay. A1 and A2B adenosine receptors were
expressed and functionally active in all three cell lines. Adenosine showed moderate cytotoxicity (MTT-ICs, values were
between 700 and 900 uM) and induced apoptosis in a concentration-dependent manner by increasing levels of sub-G1 and
cleaved PARP. Apoptosis was diminished by QVD-OPh, confirming caspase-dependent induction of apoptosis. Forty-eight
hours pre-incubation of adenosine prior to cisplatin significantly enhanced cisplatin-induced cytotoxicity in a synergistic manner
and increased apoptosis. SLV320 or PSB603, selective Al and A2B antagonists, was not able to inhibit adenosine-induced
increase in cisplatin cytotoxicity or apoptosis whereas dipyridamole, a nucleoside transporter inhibitor, completely abrogated
both effects. Mechanistically, adenosine increased pAMPK and reduced pS6K which was prevented by dipyridamole. In
conclusion, application of adenosine prior to cisplatin could be a new therapeutic option to increase the potency of cisplatin in
a synergistic manner and thus overcome platinum resistance in ovarian cancer.
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Introduction

Ovarian cancer is the most lethal gynecologic cancer and the
fifth common cause of cancer-related death in women [1].
Worldwide, 225,000 new cases were detected each year, and
140,000 people annually die from the disease [2]. Platinum-
based chemotherapy is the recommended first-line chemother-
apy for ovarian cancer treatment [3]. Resistance development
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to platinum-based chemotherapy is one of the crucial prob-
lems in ovarian cancer treatment. An estimated 85% of pa-
tients with epithelial ovarian cancer achieving a full remission
following first-line therapy will develop a recurrence of cancer
[4]. Patients experiencing relapses later than 6 months follow-
ing a response to platinum-based therapy are characterized as
having platinum-sensitive disease whereas patients who expe-
rience recurrences within 6 months following an initial re-
sponse to platinum-based therapy are defined as having
platinum-resistant ovarian cancers [5]. Many mechanisms
are responsible for the development of resistance to
platinum-based chemotherapy including reduction of drug up-
take, increasing drug inactivation, and increase in DNA repair.
These mechanisms decrease signal transduction pathways that
activate apoptosis [6, 7]. There are second-line therapeutic
options including PARP inhibition, recently approved by the
US FDA for patients with advanced ovarian cancer carrying
hereditary BRCA mutations and previously receiving three or
more chemotherapy regimens [8, 9]. However, PARP inhibi-
tors are limited to BRCA-mutated ovarian cancers only [8].
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Further, there are several targeted therapies in progression of
extensive studies, including agents targeting folate metabo-
lism, cell adhesion molecules, hormonal therapy, agents asso-
ciated with DNA repair pathways, and immunotherapy.
However, encouraging results for these targeted therapies are
limited [5]. Further investigations to offer new strategies for
treatment of ovarian cancers remain an unmet medical need.

It is well-known that adenosine concentrations are higher
in the tumor microenvironment than in the normal tissue [10,
11]. An earlier study reported that concentrations of extracel-
lular adenosine in solid carcinoma may rise to 100 uM or
higher which is 10- to 20-fold above the concentration in
normal tissue [12]. Adenosine is a purine nucleoside originat-
ing from the metabolism of ATP, ADP, and AMP by the ecto-
nucleotidase CD39 and the 5'-ectonucleotidase CD73 [11].
Extracellular adenosine transduces signals via four different
G protein-coupled receptors. Adenosine relaxes vascular
smooth muscles by activation of Gg-coupled A2A receptors
leading to adenylyl cyclase activation and reduction of intra-
cellular calcium concentrations in smooth muscle cells [13].
Clinically, adenosine has negative chronotropic and inotropic
effects on the heart by slowing the conduction time through
the AV node and interrupting AV nodal reentry pathways. The
US FDA approved adenosine as intravenous injection solution
(3 mg/ml) (Adenocard®) for the conversion to sinus rhythm
of paroxysmal supraventricular tachycardia. Methylxanthines
such as caffeine and theophylline are competitive antagonists
of adenosine while dipyridamole inhibits adenosine uptake by
inhibition of nucleoside transporters [13].

Extracellular adenosine mediates effects via G protein-
coupled P1 (adenosine) receptors divided into four subtypes
Al, A2A, A2B, and A3. They are distributed throughout the
body and involved in many cell signaling pathways [14]. Al
receptors interact with pertussis toxin-sensitive G proteins (G;
and G,), inhibiting adenylyl cyclase (AC) and modulating
calcium and potassium channels and phospholipase C
(PLC). A2A receptors are coupled to G¢/Gy¢ proteins, stimu-
lating AC and thus increasing intracellular cyclic adenosine
monophosphate (cAMP) concentration. A2B receptors are
coupled to G¢/G, proteins, increasing AC activity and stimu-
lating PLC. Finally, A3 receptors couple to G; and G proteins
leading to inhibition of AC and stimulating PLC [14].
However, adenosine also has receptor-independent intracellu-
lar effects after nucleoside transporter-mediated intracellular
uptake [11, 15]. One of the major intracellular effects of aden-
osine is (after conversion of adenosine to AMP) the activation
of AMP-activated protein kinase (AMPK) and downstream
pathways [15].

AMPK is an evolutionary conserved cellular energy sensor
and plays a major role in the regulation of cellular metabolism.
AMPK is essential for embryonic growth and development. It
also has impact in adult tissues under stress conditions [16].
AMPK is now further recognized to own antineoplastic
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efficacy and as a target of chemotherapy. Under low energy
(high AMP/ATP ratio), AMPK is activated in an LKB1-
dependent manner. AMPK directly phosphorylates Raptor at
S792 which is required for inhibition of mTOR1 and growth
arrest under energy stress [17, 18]. Metformin-induced activa-
tion of AMPK was shown to inhibit cell proliferation and
induce apoptosis in triple-negative breast cancer cell lines
[19]. Moreover, the combination treatment of metformin and
chemotherapeutic agents carboplatin, paclitaxel, or doxorubi-
cin showed a synergistic inhibition of G1 phase of cell cycle
[19]. A study in non-small cell lung cancer (NSCLC) patients
showed that high levels of phosphorylated AMPK were asso-
ciated with increased overall survival and recurrence-free sur-
vival [20]. These findings indicate a beneficial role of AMPK
activation in cancer treatment.

While the LKB1/AMPK pathway can act as tumor sup-
pressor through its ability to inhibit tumor cell growth, it can
also behave as tumor promoter allowing tumor cells to acquire
resistance to metabolic stress, so-called “metabolic
adaptation” [21, 22]. Noteworthy, it was reported that active
AMPK can provide stress resistance in human cancers [23]
eventually leading to chemoresistance. These oncogenic func-
tions of AMPK are in agreement with a study reporting that
AMPK is rapidly activated upon cisplatin treatment in colon
cancer cells and an inhibition of AMPK resulted in a remark-
able increase in cisplatin-induced apoptosis [24]. The contro-
versial role of AMPK in cancer treatment needs to be clarified
before AMPK activators or inhibitors can be added to partic-
ular cancer treatments.

Even though effects of adenosine and its molecular mech-
anisms have been studied in many kinds of cancer, knowledge
about adenosine effects in ovarian cancer is limited and re-
mains unclear. Therefore, the purpose of this study was to
examine effects and underlying mechanisms of adenosine on
ovarian cancer cells as well as its effects on sensitivity of
ovarian cancer cells towards cisplatin. These finding may
open new treatment options to prevent or overcome
chemoresistance against platinum-based chemotherapy in
ovarian cancer.

Materials and methods
Materials

Adenosine, dipyridamole, and cisplatin were purchased from
Sigma-Aldrich (Germany), and SCH442416, SLV320, and
PSB603 were purchased from Tocris Bioscience (Germany).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbro-
mide (MTT) was purchased from Serva (Germany) and was
dissolved in PBS 1x at a concentration of 5 mg/ml. Roswell
Park Memorial Institute (RPMI) 1640, Dulbecco’s modified
eagle medium (DMEM), 0.05% trypsin/0.02% EDTA in PBS,
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penicillin/streptomycin (10,000 IU/ml, 10 mg/ml), and fetal
bovine serum (FBS) were supplied by PAN Biotech
(Germany). my-Budget RNA Mini Kit and PolyFect transfec-
tion reagent were obtained from Qiagen (Germany). High-
Capacity cDNA Reverse Transcription Kit was purchased
from Applied Biosystems (USA). Oligo(dT),; anchored prim-
er was supplied by Sigma-Aldrich (Germany). 10,000x
GelRed™ in water was purchased from Biotium (USA).
GeneRuler 50 bp was obtained from Thermo Fisher
Scientific (USA). Adenosine primer sequences were produced
by Eurofins Genomics (Germany). Agarose gel was obtained
from Carl Roth GmbH & Co. KG (Germany). PathDetect cis
PCRE-luc reporter plasmid was purchased from Stratagene
(Germany). ATP was obtained from Sigma-Aldrich
(Germany). Co-enzyme A and D-luciferin sodium salt were
purchased from AppliChem (Germany). Oregon Green™ 488
BAPTA-1 AM was obtained from Thermo Fisher Scientific
(USA). Propidium iodide (PI) was purchased from Santa Cruz
Biotechnology (Germany). Rabbit anti-Al, A2A, A2B, and
A3 adenosine receptor antibodies were obtained from
Alomone labs (Israecl). Mouse anti-[3-actin, rabbit anti-
pAMPK (Thr172), and Western blotting luminol reagent were
purchased from Santa Cruz Biotechnology (Germany).
Mouse anti-pS6K (Thr389) was obtained from Cell signaling
(USA). Goat anti-PARP antibody, anti-rabbit, mouse, and goat
horseradish peroxidase (HRP)-coupled secondary antibodies
were purchased from R&D Systems (Germany). Protease/
phosphatase inhibitor mini tablets were purchased from
Thermo Fisher Scientific (USA).

Cell lines and cell culture

Human ovarian cancer cell lines A2780 and HEY cells were
obtained from the European Collection of Cell Cultures
(ECACC, UK). The cisplatin-resistant subline A2780CisR
was generated by intermittent treatment of A2780 cells with
cisplatin for 24 weekly cycles according to methods previously
published [25]. Human embryonic kidney cell line (HEK293)
was obtained from the German Collection of Microorganisms
and Cell Cultures (DSMZ, Germany). The A2780,
A2780CisR, and HEY cell lines were grown in Roswell Park
Memorial Institute 1640 (RPMI1640), while HEK293 cell line
was cultivated in Dulbecco’s modified eagle medium
(DMEM). The RPMI1640 and DMEM were supplemented
with 10% fetal bovine serum (FBS), 120 IU/ml penicillin, and
120 pg/ml of streptomycin. Cell lines were grown at 37 °C
under humidified atmosphere containing 5% CO, until they
reached 80 to 90% confluence before used for assays.

MTT cell viability assay

The rate of cell survival under the action of substances was
evaluated by an improved MTT assay as previously described

[25, 26]. Briefly, ovarian cancer cell lines were seeded at a
density of 1 x 10* cells per well while HEK293 cells were
seeded at a density of 8 x 10° cells per well in 96-well plates
(Corning, Germany). After 24 h, cells were exposed to in-
creasing concentrations of test compounds. Incubation was
ended after 48 h, and cell survival was determined by addition
of MTT solution (5 mg/ml in phosphate-buffered saline). The
formazan precipitate was dissolved in DMSO (VWR,
Germany). Absorbance was measured at 544 and 690 nm at
a FLUOstar microplate reader (BMG LabTech, Offenburg,
Germany).

Combination treatment

For the investigation of the adenosine effect on cisplatin-
induced cytotoxicity, adenosine was pre-incubated 48 h prior
to cisplatin administration. After 72 h, the cytotoxic effect was
determined with MTT cell viability assay. CompuSyn soft-
ware version 1.0 (ComboSyn, USA) was used to calculate
the combination index (CI) as a quantitative measurement of
the degree of drug interactions.

RT-PCR

Cell lines were grown in T25 flasks until they reached 80 to
90% confluence. RNA was extracted using my-Budget
RNA Mini Kit (Qiagen, Germany) following the protocol
for eukaryotic cells. A total of 1 pg of purified RNA was
taken to prepare cDNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems,
California, USA) and oligo(dT),; anchored primers
(Sigma-Aldrich, USA). Thermocycler program setting
was initiated for 10 min at 25 °C then followed by
120 min at 37 °C. A total of 20 ul of cDNA were diluted
in 100 ul of TE buffer 1x (I mM of Tris-Cl and 0.1 mM
EDTA in distilled water) pH 7.5 and stored at —20 °C for
further PCR. Specific primers for adenosine receptors were
designed using primer design tool from the website www.
ncbi.nlm.nih.gov/tools/primer-blast/ [27]. The primer
sequences of all adenosine receptors are shown in Table
S1 (Electronic Supplementary Material). The PCR
program consisted of an initial denaturation step at 95 °C
for 120 s for 1 cycle then continued with 94 °C for 20 s
followed by 57 °C for 30 s and 72 °C for 60 s for a total of
40 cycles. The PCR products were separated using 2%
agarose gel in TAE buffer 1x (TAE 10x consisted of 24.
2 g Tris base, 5.7 ml acetic acid, and 1.85 g EDTA disodium
salt in 500 ml distilled water). DNA bands were stained
using GelRed™ and detected under Intas Gel iX Imager
UV system. GeneRuler 50 bp was used as DNA ladder,
and (-actin served as constitutive gene.
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cAMP reporter gene assay

Cell lines were transiently transfected with CRE-Iuc reporter
plasmid (Stratagene, Germany) using PolyFect transfection
reagent (Qiagen, Germany), following the transient transfec-
tion protocol. Briefly, cells were seeded at a density of 4 x 10°
cells per well in 6-well plates (Sarstedt, Germany). Cell lines
were incubated for 24 h in an incubator. The formation of
transfection complex containing CRE-luc reporter plasmid
and PolyFect transfection reagent in RPMI1640 without
FBS-supplemented medium was performed at room tempera-
ture for 10 min. During the time of transfection complex for-
mation, the cells were washed with PBS 1% once, and new
complete RPMI1640 was added to the cells. The transfection
complex was diluted in complete RPMI1640 medium and
transferred to the cells in each well, and the cells were incu-
bated for 24 h to allow reporter gene expression. Then, the
cells were harvested and seeded at a density of 6 x 10* cells
per well in white, clear-bottom 96-well plates (Greiner,
Germany). After 48 h, the cells were exposed to various con-
centrations of adenosine for 3 h (agonist activity study). In
case of antagonist activity study, selective antagonists were
incubated 30 min prior to adenosine administration. After
3 h of adenosine incubation, cells were lysed using lysis re-
agent (8§ mM Tricine, | mM DTT, 2 mM EDTA, and 5% w/v
Triton X-100) for 10 to 20 min at 4 to 8 °C. Luminescence was
measured after addition of luciferase assay reagent (30 mM
Tricine, 10 mM MgSQOy4, 0.5 mM EDTA, 10 mM DTT,
0.5 mM ATP, 0.5 mM coenzyme A, and 0.05 mM D-luciferin)
by a LUMIstar Galaxy microplate reader (BMG Labtech,
Germany).

Measurement of apoptotic cells

The cells were seeded at a density of 5 x 10* cells per well in
24-well plates (Sarstedt, Germany). They were treated with
various concentrations of adenosine alone or in combination
with cisplatin for indicated time points. The supernatant was
removed after centrifugation step, and the cells were lysed in
500 ul of hypotonic Pl-staining buffer (0.1% sodium citrate,
0.1% Triton X-100, and 100 pg/ml propidium iodide solution
in filtered distilled water) at 4 to 8 °C in the dark for at least
6 h. The percentage of apoptotic nuclei with DNA content in
sub-G1 was analyzed by flow cytometry (CyFlow, Partec,
Germany) or by fluorescence imaging (Thermo Fisher Array
Scan XTI, Schwerte, Germany).

Immunoblotting
The cells were treated with various concentrations of adeno-
sine alone or in combination with cisplatin for indicated time

points. Protein samples were prepared from cell lysate in a
reducing condition using lysis buffer 6 (Bio-Tech, Germany)
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or RIPA lysis buffer (50 mM Tris HCI, 2 mM EDTA, 150 mM
NaCl, 0.1% SDS, 1% Triton X-100, and 0.5% sodium
deoxycholate) plus protease/phosphatase inhibitor. Equal
amounts of total protein (25 to 35 pg) were resolved by
SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes. Blots were incubated with primary anti-
bodies against 3-actin, PARP, pAMPK, and pS6K. After
washing, the blots were incubated with HRP-coupled second-
ary antibodies. After additional washing, the proteins were
visualized by luminol reagent under Intas imager (Intas,
Germany). Densitometric analysis was performed on scanned
images using Image] software (National Institutes of Health)
[28].

Statistical analysis

ECso and ICs, values were estimated after fitting the pooled
data from at least three independent experiments to the four-
parameter logistic equation using GraphPad Prism version
4.00 for Windows (GraphPad, USA). Data were presented
as mean + standard error of the mean (mean+ SEM).
Statistical comparison was analyzed using Student’s ¢ test.
(*), (**), and (***) indicate P value <0.05, <0.01, and <
0.001, respectively.

Results

Expression and functional activity of adenosine
receptors

As detected by RT-PCR and Western blotting, adenosine re-
ceptors Al, A2A, and A2B were expressed in A2780,
A2780CisR, and HEY cell lines, while A3 receptors were
not detected by PCR and gave only slight bands in Western
blotting (Fig. 1a,b). Functional activity of A1, A2A, and A2B
receptors was then analyzed by cAMP reporter gene assay.
Adenosine showed a concentration-dependent increase in
cAMP levels starting only at 100 uM as shown for A2780
cells in Fig. 1c. This could however be due to parallel stimu-
lation of G4 and Gj-coupled adenosine receptors. Similar re-
sults were obtained for A2780CisR and HEY cells. ECs,
values and pECso+ SEM of adenosine in all three cell lines
are displayed in Table 1. Next, selective antagonists of Al,
A2A, and A2B receptors were examined. Results for A2780
cells are displayed in Fig. 1d—f. Data for A2780CisR and HEY
were similar (not shown). Raising concentrations of the selec-
tive Al receptor antagonist SLV320 led to an increase in
adenosine-induced luminescence, resulting in an ICsq value
of 0.16 uM (pICso 6.81+£0.14) (Fig. 1d). At concentrations
of SLV320 beyond 10 uM (31.6 and 100 uM), adenosine-
induced luminescence decreased, likely because SLV320 lost
its selectivity for A1 receptors [29]. Increasing concentrations
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of PSB603, a selective A2B receptor antagonist, led to a de-
crease in luminescence intensity, giving an ICso value of
78.5 nM (pICsy 7.10£0.12) (Fig. le), whereas SCH
442416, a selective A2A receptor antagonist, did not show
any effects up to 100 uM on adenosine-induced luminescence
intensity (Fig. 1f). These results indicated that A1 and A2B
receptors were functionally active whereas A2A was not

Table 1 Summary of ECsy and pECso+ SEM of adenosine obtained
from cAMP reporter gene assay. Data shown are from at least three
independent experiments

Cell lines ECso (UM) pECso+ SEM
A2780 166 378 £0.21
A2780CisR 324 3.49 +0.34
HEY 347 3.46 +0.33

5 -4

I— + adenosine —|

functionally active even though expressed as shown in the
Western blotting (Fig. 1b).

Adenosine enhances cisplatin cytotoxicity

Adenosine cytotoxicity was examined by MTT cell via-
bility assay (Fig. 2a). After 48 h of adenosine treatment,
ICso of adenosine was 700 to 900 uM in all three cell
lines. Next, combinations of adenosine and cisplatin were
examined by MTT assay. Adenosine in a concentration of
100, 300, and 500 uM was pre-incubated for 48 h prior to
72 h co-incubation of adenosine with cisplatin. The ICsq
of cisplatin significantly decreased in the presence of
adenosine compared to cisplatin alone (Fig. 2c—e and
Table 2). Shift factor is the ratio of ICs, values of cisplat-
in alone and the combination of adenosine with cisplatin.
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Fig. 2 Effect of adenosine alone (a) or in combination with cisplatin (b—
e) on the cell viability (MTT assay) of A2780, A2780CisR, and HEY
cells. a Percentage of cell viability after treatment with 100 to 1000 uM of
adenosine for 48 h compared to untreated control. b Shift factors (Sf) of
adenosine effect on cisplatin potency. Data shown are mean + SEM of at
least three independent experiments. (*) indicates statistical significance

A total of 500 uM of adenosine significantly shifted the
ICs of cisplatin by a factor of 4.1 in A2780 cells (Fig.
2b). Similarly, significant shift factors were obtained in
the presence of 500 uM of adenosine in A2780CisR and
HEY cells (Fig. 2b). In addition, combination indices (CI)
were calculated according to the method of Chou by
CompuSyn software [30] to evaluate the mode of interac-
tion (additive effect or synergism) between adenosine and
cisplatin. Table 3 shows the CI values for various concen-
trations in all three ovarian cancer cell lines. At higher
concentrations of cisplatin and adenosine, CI values were
below 0.9 indicating synergism between adenosine and
cisplatin.
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(P value < 0.05). c—e Concentration—effect curves of cisplatin in the ab-
sence or presence of 100, 300, or 500 uM adenosine in A2780,
A2780CisR, and HEY cells, respectively. Adenosine was incubated
48 h prior to 72 h co-incubation of increasing concentrations of cisplatin.
Data shown are mean + SEM of at least three independent experiments

Adenosine uptake plays an essential role in adenosine
cytotoxicity and synergistic effect with cisplatin

To examine a possible contribution of adenosine receptors for
the observed synergistic cytotoxic effect of adenosine and
cisplatin, selective A1l and A2B receptor antagonists
SLV320 and PSB603 were incubated 1 h prior to adenosine
administration. Neither SLV320 nor PSB603 was able to in-
hibit adenosine-induced cytotoxicity, whereas dipyridamole, a
nucleoside transporter inhibitor, significantly inhibited
adenosine-induced cytotoxicity in A2780, A2780CisR, and
HEY cells (Fig. 3). Moreover, the presence of dipyridamole
completely abrogated adenosine-induced increase in cisplatin
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Table 2 Summary of ICsg, pICso+ SEM values of cisplatin, and shift
factors (Sf) derived from combination treatments of adenosine and cis-
platin. Adenosine was incubated 48 h prior to 72 h co-incubation with
cisplatin. Data shown are representative data from at least three indepen-
dent experiments. (*) indicates statistical significance (P value < 0.05) in
comparison to cisplatin alone (control).

Condition ICsp (uM)  pICso+SEM  Shift factor (Sf)
A2780

Control 5.46 5.26 = 0.03 -

+ 100 uM adenosine  4.77 5.32+£0.03 1.14

+300 uM adenosine  3.01* 5.52 +£0.02 1.81

+500 uM adenosine 1.26% 5.90 = 0.04 432
A2780CisR

Control 34.0 447 £0.07 -

4.52 £ 0.10 1.13
4.65 + 0.06 1.53

+ 100 pM adenosine  30.1
+300 uM adenosine  22.2

+500 uM adenosine  15.4* 4.81 +£0.03 2.20
HEY

Control 5.81 524 +£0.05 -

+ 100 uM adenosine ~ 4.46 535+ 0.03 1.30

+300 uM adenosine 3.68* 543 +0.04 1.58

+500 uM adenosine 2.54% 5.60 = 0.05 2.29

cytotoxicity (Fig. 4 and Table 4). These results demonstrated
that the uptake of adenosine through nucleoside transporters
and not G protein-coupled adenosine receptors are crucial for
adenosine cytotoxicity and adenosine-induced increase in cis-
platin cytotoxicity.

Adenosine induces apoptosis via
a caspase-dependent pathway

A 48 h incubation with adenosine induced apoptosis in a
concentration-dependent manner (Fig. 5a). Adenosine- or
cisplatin-induced apoptosis was inhibited by 20 uM of the
caspase inhibitor QVD-OPh applied 1 h prior to adenosine
or cisplatin application, thus assuming that adenosine-
induced apoptosis is mediated by caspase activation (Fig.
5b). Further confirmation of caspase-mediated apoptosis came
from Western blots displaying a concentration-dependent in-
crease in PARP cleavage for adenosine (Fig. 5c,d). The pres-
ence of dipyridamole significantly reduced the percentage of
apoptotic nuclei (subG1 phase) of both cells treated with aden-
osine alone and cells treated with adenosine in combination
with cisplatin, while SLV320 and PSB603 did not show any
inhibition of apoptosis (Fig. 6a,b). These results indicate that
adenosine uptake but not G protein-coupled adenosine recep-
tors play an important role for adenosine-induced apoptosis.
In addition, combination treatment of adenosine and cisplatin
increased PARP cleavage even more than the treatment with

either compound alone, again confirming a beneficial effect of
the dual combination (Fig. 6¢,d).

Adenosine activates AMPK leading to mTOR
inhibition

Next, we performed studies on the mechanism of adenosine-
induced increase in apoptosis in the three ovarian cancer cell
lines. First, the effect of adenosine on AMP-activated kinase,
AMPK, was studied. Treatment of the respective cell lines for
48 h with adenosine increased the phosphorylation of AMPK
at Thr172 in all three cell lines similarly to metformin which
was used as positive control (Fig. 7a,c). pAMPK (activated
AMPK) is known to mediate inhibition of the mTOR1 com-
plex by phosphorylation of Raptor [31]. We thus studied if
activation of AMPK by adenosine treatment in ovarian cancer
cells would lead to inhibition of mTORCI1 by analyzing the
phosphorylation status of downstream S6K. Indeed, pS6K
was decreased under high-dose adenosine (1000 uM) treat-
ment compared to control (Fig. 7b,d). Adenosine-induced de-
crease of pS6K could partially be reversed by dipyridamole.
Interestingly, whereas cisplatin had no effect on pS6K (ap-
proximately same intensity as untreated control), the combi-
nation of adenosine and cisplatin decreased pS6K. Thus,
adenosine treatment in ovarian cancer cells led to activation
of AMPK and subsequent inhibition of mTOR as estimated by
decreased pS6K (Fig. 7b,d). Noteworthy, treatment-induced
changes in pS6K were strongest in A2780 whereas slight
but still significant differences occurred in HEY and
A2780CisR cells (Fig. 7b,d).

Discussion

Several studies address the association between adenosine and
its signaling on growth, proliferation, or death of different
kinds of cancer cells including ovarian cancer cells [32-39].
These studies report on effects of adenosine only and do not
examine combination treatments. Besides adenosine effects
mediated by G protein-coupled P1 receptors, adenosine up-
take was identified as effector of the cytotoxic effect of ATP
after ATP degradation to adenosine by ectonucleotidases [35,
36]. Moreover, adenosine signaling plays a major role for
tumor immune escape in the tumor microenvironment. Thus,
adenosine receptor antagonists, mainly A2A antagonists, may
be beneficial for immune cell-mediated cancer cell removal
[40, 41]. Summarizing these studies, the role of adenosine in
cancer treatment is controversial and needs a differentiated
evaluation.

In the present study, we wanted to clarify if and how aden-
osine exerts cytotoxic effects on three ovarian cancer cell lines
of different sensitivity against cisplatin (or carboplatin), a cor-
nerstone drug in the chemotherapy of ovarian cancer patients.
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Table 3 Combination indices (CI) derived from combination treat-
ments of adenosine and cisplatin. Adenosine in a concentration of 100,
300, 500, and 700 uM was pre-incubated 48 h prior to 72 h co-incubation
with various concentrations of cisplatin. Then, MTT data of a particular

combination treatment were used to calculate CI values according to the
method of Chou using CompuSyn. Data shown are mean CI values = SD
from at least three independent experiments

Cell line Combination index (CI)+SD
Cisplatin (uLM) Plus adenosine (M)
100 300 500 700
A2780 2 0.52 +£0.03 0.79 + 0.04 0.88 + 0.02 0.55 + 0.07
5 0.70 + 0.05 0.78 + 0.02 0.78 + 0.03 0.41 +0.05
10 0.49 + 0.03 0.42 +0.05 0.46 + 0.05 0.25 + 0.04
A2780CisR 25 0.95 +0.08 0.91 + 0.06 0.95 + 0.02 0.82 + 0.08
30 0.90 + 0.10 0.76 = 0.11 0.87 +0.03 0.82 + 0.05
HEY 0.76 = 0.06 0.93 +0.03 0.80 + 0.07 0.48 +0.10
0.74 + 0.07 0.74 £ 0.05 0.78 £ 0.03 0.64 + 0.04
8 0.83 £0.12 0.79 +£ 0.04 0.83 £ 0.04 0.80 + 0.09

Moreover, in addition to the effects of adenosine alone, we
were interested in possible effects of adenosine on the
chemosensitivity of cisplatin. A2780 cells are derived from
low-grade serous ovarian carcinoma (LGSOC), and HEY
cells are moderately differentiated [42]. LGSOC can largely
be treated (and often cured) by surgery. However, despite
good prognosis for LGSOC, a substantial number of patients
show relapse [43]. We thus decided for this study to choose
cell lines (A2780, HEY, A2780CisR) according to their
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sensitivity to cis- or carboplatin, first-line drugs in ovarian
cancer treatment, rather than to differentiate the grade of the
cell lines. A2780 cells are cisplatin-sensitive, HEY cells show
mediocre sensitivity, and A2780CisR, previously established
in our laboratory [25], are chemoresistant against cisplatin as
defined by their ICs, values (Table 4). Mutations in various
signaling pathway genes such as BRAF (mutated in A2780
and HEY) or KRAS (wt in A2780, mutated in HEY) may play
an additional role in the effect of cisplatin and adenosine and

(o3

1204

-
® o
2 2

Cell viability
(% of control)
g

Control 100 300 500 1000
[adenosine], uM

[adenosine], uM

[ Jadenosine alone

=51 + 3 M PSB603
Fig. 3 Effect of SLV320, PSB603, and dipyridamole on adenosine
cytotoxicity (MTT assay). Viability of A2780 (a), A2780CisR (b), and

HEY (c) cells treated with 3 uM of either SLV320 or PSB603 1 h or
10 pM of dipyridamole 30 min prior to increasing concentrations of
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+ 3 uM SLV320
I + 10 pM dipyridamole

adenosine for 48 h compared to untreated control cells. Data shown are
mean + SEM from at least three independent experiments. (*) and (**)
indicate statistical significance compared to adenosine alone, P value <
0.05 and < 0.01, respectively
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Fig. 4 Effect of dipyridamole on a
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warrant studies with targeted therapies such as MEK inhibi-
tors [44], but they were not the focus of this study.

All three cell lines expressed A1, A2A, and A2B receptors
as detected by PCR and Western blotting (Fig. 1). Functional
activity of these adenosine receptors was confirmed for Al
and A2B as detected by changes in intracellular cAMP con-
centrations upon selective A1 and A2B receptor inhibition by
SLV320 and PSB603, respectively (Fig. 1d,e). The selective
A2A antagonist SCH442416 had no effect in cAMP levels
(Fig. 1f), suggesting lack of a role of A2A in adenosine sig-
naling under the experimental conditions.

In A2780, A2780CisR, and HEY cells, adenosine
displayed concentration-dependent cytotoxicity and induction
of caspase-mediated apoptosis shown by an increase in apo-
ptotic nuclei (sub G1), by PARP cleavage, and by using the

caspase inhibitor QVD-OPh (Figs. 2 and 5). These results are
in accordance with data from Shirali et al. [32] confirming
cytotoxicity of adenosine and its ability to induce apoptosis
via caspase-dependent pathways in ovarian cancer cells and
support the idea to use adenosine signaling for inhibition of
cancer cell growth and proliferation. Several studies found the
mechanism of adenosine-induced growth arrest and apoptosis
induction by activation of A2B receptors [34, 37] or Al re-
ceptors [38], both adenosine receptors activated in our ovarian
cancer cell lines (Fig. 1). In contrast to these studies [34, 37,
38], adenosine-induced growth arrest and apoptosis induction
in our ovarian cancer cell lines were however not mediated by
G protein-coupled adenosine receptors but by intracellular
uptake of adenosine by nucleoside transporters as shown by
the effect of dipyridamole and a lack of effects of adenosine
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Table 4 ICsq and pICso = SEM values of cisplatin achieved from
combination treatment of adenosine and cisplatin in the presence or
absence of 10 uM dipyridamole. Adenosine at 500 uM concentration
was pre-incubated for 48 h prior to 72 h co-incubation with increasing
concentrations of cisplatin in the presence or absence of 10 uM
dipyridamole. Data shown are representative data from at least three
independent experiments. (*) and (*) indicate statistical significance com-
pared to cisplatin alone (control) and cisplatin plus adenosine, respective-
ly (P value < 0.05)

Cell lines 1Cs0 (UM)
(pICso + SEM)
Control + Adenosine + Dipyridamole
+ Adenosine
A2780 5.11 2.88%* 486"
(5.29+0.04) (5.54+0.04) (5.31£0.04)
A2780CisR 324 20.8%* 33.1%
(4.49+0.06) (4.68+£0.05) (4.48£0.06)
HEY 5.89 2.45% 426"
(5.23+0.03) (5.61+£0.04) (5.37+£0.03)
a
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Fig. 5 Induction of apoptosis by adenosine. a Concentration-dependent
induction of apoptosis by adenosine treatment for 48 h. b 20 uM QVD-
OPh inhibited apoptosis induction by 1000 pM adenosine (48 h) and 5-
fold ICs of cisplatin (24 h). QVD-OPh was incubated 1 h prior to aden-
osine or cisplatin administration. ¢ 48 h Adenosine treatment increased
PARP cleavage (24 kDa) concentration-dependent in A2780,
A2780CisR, and HEY cells. d Quantification of immunoblots by
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receptor antagonists (Figs. 3, 4 and 6). These findings are
supported by studies in other cancer cell lines. In cervical
cancer cells, dipyridamole, an adenosine uptake inhibitor
prevented apoptosis and PARP cleavage mediated after extra-
cellular ATP degradation to adenosine [35]. Virtanen et al.
found that treatment with adenosine, but not other nucleosides
or other adenosine receptor agonists, inhibited cell invasion
and migration in breast and prostate cancer cells. These inhib-
itory effects occurred only after adenosine uptake despite
abundant expression of A2B receptors [45]. Studies in hepa-
tocellular carcinoma cell lines demonstrated that adenosine
induces apoptosis, and this effect can be inhibited by
dipyridamole [46, 47]. Adenosine-induced apoptosis in gas-
tric cancer cell lines was also inhibited by adenosine transport-
er inhibitors while it was not affected by adenosine receptor
antagonists [48, 49]. In line with these studies, our data on
ovarian cancer cell lines using the nucleoside uptake trans-
porter inhibitor dipyridamole support an important role of in-
tracellular adenosine uptake for growth inhibitory effects and
apoptosis induction after adenosine treatment. Similar to liter-
ature reports in other cell lines [49-51], we found that adeno-
sine (after intracellular uptake) leads to activation of AMPK
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densitometric analysis and ratio calculation of protein bands of PARP
cleavage and {3-actin after adenosine treatment. Data shown are mean +
SEM of the integrated density ratio of protein bands analyzed by ImagelJ
software from at least three independent experiments. Statistical signifi-
cance (*) and (¥**) compared to untreated control P value < 0.05 and <
0.001, respectively
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Fig. 6 Effect of SLV320, PSB603, and dipyridamole on the induction of
apoptosis by adenosine. a Effect of 10 uM dipyridamole, 3 uM PSB603,
and 3 uM SLV320 on the ability of 1000 uM adenosine to induce
apoptosis over 48 h. b Increased effect of apoptosis induction by
combination of adenosine (500 uM) and cisplatin (3-fold ICs).
Adenosine was incubated for 48 h prior to addition of cisplatin for 24 h.
Dipyridamole significantly decreased the effect of adenosine. ¢ The com-
bination of 500 uM adenosine 48 h prior to 3-fold ICs of cisplatin for

(phosphorylated at Thr172) in all three ovarian cancer cell
lines (Fig. 7a,c). This is in accordance with well-known
knowledge that incubation of cells or tissues with adenosine
increases the energy charge by activation of AMPK [52, 53].
Adenosine is intracellularly converted into AMP by adenosine
kinase mimicking energy depression, i.e. low energy charge.
High AMP levels in turn are known to induce phosphorylation
and activation of AMPK by the upstream kinase LKB1.
Therefore, adenosine treatment leads to activation of AMPK
and subsequently influences downstream signaling. One of
the pleiotropic effects of activated AMPK is inhibition of
mTOR. Indeed, we could indirectly demonstrate mTOR inhi-
bition as a result of adenosine treatment by decreased phos-
phorylation of ribosomal protein S6 kinase (S6K) at Thr389
(Fig. 7b,d). S6K phosphorylation (pS6K) at Thr389 is a hall-
mark of mTOR activation and results in an increase in protein
synthesis and cell proliferation. Vice versa, inhibition of
mTOR (e.g. by activation of AMPK after adenosine treat-
ment) reduces pS6K. Reduced pS6K can then lead to
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24 h increased cleaved PARP (24 kDa). d Quantification of immunoblots
by densitometric analysis and ratio calculation of protein bands of PARP
cleavage and [3-actin was performed. Data shown are mean + SEM of the
integrated density ratio of protein bands analyzed by ImagelJ software
from at least three independent experiments. Statistical significance (*)
and (**) was compared to cisplatin alone treatment P value < 0.05 and <
0.01, respectively

inhibition of cell growth and proliferation and, moreover, to
the induction of apoptosis [54] which was observed in our
adenosine-treated cell lines.

The most important finding of our study is, however, that
adenosine treatment of ovarian cancer cells acts in a synergis-
tic manner with cisplatin, pharmacodynamically equivalent to
the clinically more widely used carboplatin (Figs. 2, 4 and 5,
Tables 2 and 3). Presence of adenosine significantly enhanced
cisplatin-induced cytotoxicity by decreasing the ICs, of cis-
platin by a factor of up to 4 (Table 2). This was confirmed in
MTT assay, PARP cleavage, apoptosis induction, and CI anal-
ysis according to Chou [30]. Remarkably, dipyridamole
completely abrogates adenosine-enhanced cisplatin cytotoxic-
ity and induction of apoptosis whereas no significant inhibi-
tory effect was observed by selective adenosine receptor an-
tagonists (Fig. 4). Noteworthy, treatment with dipyridamole in
combination with cisplatin had no significant effect on the
ICsq of cisplatin compared to cisplatin treatment alone (data
not shown). These results confirm that adenosine uptake via
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Fig. 7 Activation of AMPK and inhibition of mTOR by adenosine
treatment. a Phosphorylation of AMPK at Thr172 (60 kDa) was detected
by Western blotting after treatment for 48 h with 500 or 1000 uM of
adenosine. A total of 30 mM metformin (Met) for 24 h served as positive
control. b Phosphorylation of S6K at Thr389 (70 kDa) was detected by
Western blotting after treatment for 48 h with 500 or 1000 M adenosine
(ADO) in the absence or presence of 20 uM of dipyridamole (DPM)
30 min prior to 1000 pM of adenosine for 48 h or treatment with a 3-
fold ICs of cisplatin (¢cDDP) for 24 h or 500 uM of adenosine for 48 h

nucleoside transporters but not GPCRs is crucial for the ob-
served effects in A2780, HEY, and A2780CisR ovarian cancer
cells. In addition, mTOR inhibition as observed by a decrease
in pS6K did not occur upon cisplatin treatment alone but upon
the combination of adenosine and cisplatin (Fig. 7b,d). These
findings may obtain importance since adenosine acts as a
dual-edged sword: whereas adenosine can inhibit cancer cell
growth and induces apoptosis, adenosine may also suppress
anti-cancer immune response via A2A receptor stimulation in
immune cells. If thus adenosine mediates cell growth inhibi-
tion and apoptosis induction after intracellular uptake and not
via G protein-coupled adenosine receptors, this may open a
dual strategy using A2A antagonists for immune cell-
mediated cancer cell removal [40, 41] and adenosine treat-
ment to inhibit cancer cell growth and to induce apoptosis.
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Interestingly, the synergistic effect between adenosine
and cisplatin was more pronounced in A2780 cells,
showing the highest sensitivity against cisplatin, than
in HEY or A2780CisR cells (Fig. 2b). This finding
could indicate that a co-treatment of cisplatin with aden-
osine should start early to maintain a high sensitivity of
cisplatin and possibly prevent the development of cis-
platin resistance in ovarian cancer cells. However, as
discussed previously, the histotype (low- versus high-
grade serous ovarian cancer cells) may play an addition-
al role. Noteworthy, the synergistic effects of adenosine
and cisplatin did not occur in the non-cancer cell line
HEK?293, indicating some selectivity of adenosine ef-
fects on cisplatin sensitization for cancer over non-
cancer cells (Fig. S1 and Fig. S2).
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In conclusion, our study reveals that adenosine acts syner-
gistically with cisplatin in ovarian cancer cell lines and im-
proves the chemosensitivity to cisplatin—adenosine receptor
independent—by increased adenosine uptake with subsequent
AMPK activation and mTOR inhibition. These results may
open a novel strategy to prevent/delay the development of
platinum resistance and overall improve the treatment of ovar-
ian cancer but need confirmation in further ovarian cancer
histotypes, such as high-grade serous ovarian carcinoma.
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