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1. Abstract

1. Abstract

Resistance development against platinum-based chemotherapy is one of the major burdens in
the treatment of ovarian cancer patients. The purinergic ligands ATP and adenosine are found
at a much higher concentration in the tumor microenvironment than in normal tissue. This
thesis aimed to investigate the roles of ATP and adenosine on the efficacy of platinum-based
chemotherapy in ovarian cancer cells. Ovarian cancer cells with different sensitivity against
cisplatin were used as cellular model, including cisplatin-sensitive A2780, moderate-sensitive
HEY, and resistant, A2780CisR. P2Y,, Al and A2B receptors were expressed and
functionally active in these cell lines. In the first part of the thesis, effects of ATP on the
ovarian cancer cell lines were studied. ATP displayed low cytotoxicity with ICsy values of 2
to 5 mM in cell viability assays. However, pre-incubation with 500 uM ATP for 48 h prior to
72 h co-incubation with cisplatin resulted in a significant decrease of cisplatin ICsy values
compared to cisplatin treatment alone. A shift factor of up to 3 was found. Presence of the
selective P2Y, receptor antagonist AR-C118925 had no effect on ATP-enhanced cisplatin
cytotoxicity, whereas the nucleoside transporter inhibitor dipyridamole completely abrogated
the enhancing effect of ATP on cisplatin cytotoxicity, suggesting an ecto-nucleotidase-
dependent generation and subsequent uptake of adenosine.

Therefore, effects of extracellular adenosine were studied in the second part of this thesis.
Extracellular adenosine showed moderate cytotoxicity with ICsy values of 700 to 900 uM
after 48 h treatment in A2780, A2780CisR and HEY cells. Adenosine induced cell cycle
arrest in S-phase and significantly induced apoptosis in a concentration-dependent manner.
Pre-incubation with adenosine for 48 h followed by 72 h co-incubation with cisplatin resulted
in a significant decrease of the cisplatin ICsy values and achieved a shift factor up to 4.
Synergism between adenosine and cisplatin was confirmed by combination index values of
less than 0.9. Interestingly, the effect of adenosine to enhance cisplatin cytotoxicity was
higher in cisplatin-sensitive cells than in cisplatin-resistant cells, suggesting an early use of
adenosine in ovarian cancer patients obtaining platinum-based chemotherapy. The nucleoside
transporter inhibitor dipyridamole completely abrogated adenosine-induced cytotoxicity and
apoptosis as well as adenosine-enhanced cisplatin cytotoxicity whereas adenosine receptor
antagonists had no effect. Moreover, the increase in phosphorylated AMP-activated protein
kinase (pAMPK) and decrease of phosphorylated S6K after treatment with adenosine

indicated that intracellular adenosine activates AMPK and leads to an inhibition of mTOR.



1. Abstract

In conclusion, this thesis demonstrates that the combination of adenosine and cisplatin
enhances cisplatin sensitivity in a synergistic manner. Adenosine increases the induction of
apoptosis and inhibits mTOR via AMPK activation after intracellular uptake. The effects of
adenosine are independent of adenosine GPCRs, thus allowing circumventing unfavorable
adenosine receptor-mediated cancer immune escape. Therefore, application of adenosine
prior to administration of platinum-based chemotherapy may be a new therapeutic option to
increase the sensitivity towards platinum drugs and prevent or delay the development of

platinum resistance in ovarian cancer patients.



2. Zusammenfassung

2. Zusammenfassung

Die Resistenzentwicklung gegen platinbasierte Chemotherapeutika ist eines der
Hauptprobleme bei der Behandlung von Patientinnen mit Ovarialkarzinomen. Die purinergen
Liganden ATP und Adenosin liegen in der Tumor-Mikroumgebung in einer viel héheren
Konzentration vor als in normalem Gewebe. Diese Arbeit hatte zum Ziel, den Einfluss von
ATP und Adenosin auf die Wirksamkeit von platinbasierten Chemotherapeutika in
Ovarialkarzinomzellen zu untersuchen. Als zellulire Modelle wurden Ovarialkarzinomzellen
verschiedener Sensitivitit gegeniiber Cisplatin eingesetzt: sensitive A2780-Zellen, maBig
sensitive HEY-Zellen und die resistente Ziellinie A2780CisR. P2Y,-, Al- und A2B-
Rezeptoren wurden in allen drei Zelllinien exprimiert und waren funktionell aktiv. Im ersten
Teil der Arbeit wurden die Auswirkungen von ATP auf diese Ovarialkarzinomzelllinien
untersucht. ATP zeigte —in MTT Assays eine geringe Zytotoxizitdt mit ICso-Werten von 2 bis
5 mM. Eine Priinkubation der Zellen mit 500 uM ATP fiir 48 Stunden vor der 72-stiindigen
Inkubation mit Cisplatin fiihrte zu einer signifikanten Abnahme der Cisplatin-ICsp-Werte im
Vergleich zur alleinigen Cisplatin-Behandlung. Es wurden Shift-Faktoren von bis zu 3
festgestellt. Die Anwesenheit des selektiven P2Y,-Rezeptor-Antagonisten AR-C118925 hatte
keine Auswirkungen auf die durch ATP verstirkte Zytotoxizitdt von Cisplatin. Der
Nucleosidtransporter-Inhibitor Dipyridamol hob hingegen die verstirkende Wirkung von
ATP auf die Cisplatin-Toxizitdt vollstindig auf, was auf eine Ektonukleotidase-abhingige
Erzeugung und anschlieBende intrazellulire Aufnahme von Adenosin hindeutet.

Aufgrund dessen wurden im zweiten Teil dieser Arbeit die Effekte von extrazelluldrem
Adenosin untersucht. Extrazellulires Adenosin zeigte nach 48-stiindiger Behandlung von
A2780-, A2780CisR- und HEY-Zellen eine méfBige Zytotoxizitdt mit ICso-Werten von 700
bis 900 puM. Adenosin bewirkte einen Zellzyklusarrest in der S-Phase und induzierte
signifikant Apoptose in konzentrationsabhéngiger Weise. Die 48-stiindige Pridinkubation von
Adenosin gefolgt von einer 72-stiindigen Koinkubation mit Cisplatin fiihrte zu einer
signifikanten Abnahme der ICso-Werte von Cisplatin und erreichte einen Shift-Faktor von bis
zu 4. Kombinationsindex-Werte (CI values) von < 0,9 bestitigten einen synergistischen
Effekt der Kombination von Adenosin und Cisplatin. Interessanterweise war die steigernde
Wirkung auf die Cisplatin-Sensitivitit in Cisplatin-sensitiven A2780-Zellen hdher als in
entsprechend resistenten A2780CisR-Zellen, was eine frithzeitige Anwendung von Adenosin

bei Ovarialkarzinom-Patientinnen, welche mit platinbasierten Chemotherapeutika behandelt



werden, sinnvoll erscheinen ldsst. Der Nukleosidtransporter-Inhibitor Dipyridamol hob die
Adenosin-abhédngige Zytotoxizitdt und Apoptose sowie die durch Adenosin verstirkte
Cisplatin-Sensitivitdt vollstindig auf, widhrend Adenosinrezeptor-Antagonisten keine
Wirkung zeigten. Dariiber hinaus zeigte der Anstieg der phosphorylierten AMP-aktivierten
Proteinkinase (pAMPK) und die Abnahme von phosphoryliertem S6K nach Behandlung mit
Adenosin, dass intrazellulires Adenosin AMPK aktiviert und zu einer Hemmung von mTOR
fiihrt.

Zusammenfassend zeigt diese Arbeit, dass die Kombination von Adenosin mit Cisplatin die
Cisplatin-Sensitivitdt synergistisch erhoht. Adenosin verstirkt weiterhin die Induktion der
Apoptose und hemmt mTOR durch AMPK-Aktivierung nach intrazellulédrer Aufnahme. Die
Wirkung von Adenosin ist unabhingig von Adenosin-GPCRs, was es erlaubt den
ungiinstigen, Adenosinrezeptor-vermittelten Entzug der Krebszellen vor dem Immunsystem
zu umgehen. Daher kann die Applikation von Adenosin vor einer platinbasierten
Chemotherapie eine neue therapeutische Option sein, um die Sensitivitit gegeniiber Platin-
Therapeutika zu erh6éhen und die Entwicklung einer Platin-Resistenz bei Patientinnen mit

Ovarialkarzinomen zu verhindern oder zu verzdgern.



3. Introduction

3. Introduction

3.1 Ovarian cancer

3.1.1 Etiology and epidemiology

Ovarian cancer is the most lethal cancer among the gynecologic cancers and is the fifth
leading cause of cancer-related deaths in women [Coward et al., 2015]. The high mortality
rate is related to the onset of nonspecific symptoms and the lack of adequate screening tools
which allows the disease to go undiagnosed until it has progressed beyond the pelvic cavity
[Smith et al., 2008 and Coward et al., 2015]. Risk of ovarian cancers increases with
increasing age. A woman’s risk increases from 15.7 to 54 per 100,000 as her age advances
from 40 to 79 years. The median age at diagnosis is 59 [Jemal et al., 2007]. Most cases of
ovarian cancer present during peri and postmenopausal phase of women’s reproductive life
span [Colombo et al., 2006 and Ledermann et al., 2013].

Family history is an important risk factor in the development of ovarian cancer. If one family
member has a diagnosis of ovarian cancer, the associated lifetime risk is 9% but this risk
increases to greater that 50% if there are two or more first-degree relatives (e.g., her mother
and sister) with a diagnosis of ovarian cancer or multiple cases of ovarian and breast cancer
within the same family [Shepherd, 2000 and Cannistra et al., 2004]. It is well known that
about 5% to 10% of ovarian cancers result from an inherited predisposition [Kotsopoulos et
al., 2014]. Mutation in the BRCA-1 and BRCA-2 tumor suppressor genes is the most common
cause of hereditary ovarian carcinomas [Smith et al., 2008]. An inherited BRCA-1 mutation
confers a 15% to 45 % lifetime risk of developing ovarian cancer whereas BRCA-2 mutation
increases the lifetime risk of ovarian cancer to 10% to 20 % [Ledermann et al., 2013]. The
hereditary non-polyposis colorectal cancer or Lynch’s syndrome is a familial syndrome with
germ-line mutations causing defects in enzymes involved in DNA mismatch repair which is
associated with up to 12% of hereditary ovarian cancer cases [Lux et al., 2006].

Hormone exposure, specifically estrogen and reproductive history are also associated with the
risk of developing ovarian cancer. Conditions that increase the total number of ovulations in
women’s reproductive history such as nulliparity, early menarche or late menopause are
associated with an increasing risk for epithelial ovarian cancers [Martin et al., 2002 and
Pecorelli et al., 1998]. Conversely, those conditions that limit ovulations are associated with a

protective effect. Each time ovulation occurs, the ovarian epithelium is broken, followed by



3. Introduction

cellular repair. According to the incessant ovulation hypothesis, the risk of mutations and
ultimately cancer increase each time the ovarian epithelium undergoes cell repair [Smith et
al., 2008]. Finally, ovarian cancer is associated with certain dietary and environmental
factors. A diet that is high in galactose, animal fat and meat may increase the risk of ovarian
cancer whereas a vegetable-rich diet may decrease the risk of ovarian cancer. Although
controversial, exogenous factors such as asbestos and talcum powder use in the perineal area
are associated with an increased risk of ovarian cancers [Runnebaum et al., 2001 and

Edmondson et al., 2001].

3.1.2 Pathology and classification

Ovarian cancer is gynecologic cancers mainly originating from the ovary. It usually arises
from disruption or mutations in the epithelium of the ovary. Ovarian carcinomas can be
classified into three major types according to originated cells: epithelial carcinomas, germ
cell tumors and stromal tumors. 85% to 90% of ovarian cancers are derived from the
epithelial surface of the ovary [Holschneider et al., 2000]. The World Health Organization
histological typing of epithelial ovarian tumors recognizes the following subtypes: serous,
endometrioid, clear-cell, mucinous, transition cell, mixed epithelial tumors, undifferentiated
and unclassified [Ledermann et al., 2013]. Papillary serous adenocarcinoma is the most
common type of epithelial ovarian cancer and accounts for approximately 46% of cases. The
peak age of diagnosis ranges from 45 to 65 years with 63 years as the median age of
diagnosis [Seidman et al., 2003]. Mucinous carcinomas occur in women between 40 and 70
years of age and account for approximately 36% of all ovarian cancers. The overall prognosis
for mucinous carcinoma is better than for serous carcinoma because most patients present
with stage I disease. Clear cell carcinoma comprises approximately 3% of ovarian cancers in
women with a mean age of 57 years [Smith et al., 2008]. Germ cell tumors of the ovary
comprise approximately 2% to 3% of all ovarian cancers in western countries with increasing
incidences in black and Asian women [Cherry et al., 2002 and Patterson et al., 2006]. These
tumors are highly curable and affect primarily young women. In contrast to epithelial tumors,
approximately 60% to 70% of germ cell tumors are stage I at diagnosis which is related to
earlier detection and response to symptoms in this younger patient population [Patterson et
al., 2006]. Finally, ovarian sex cord-stromal tumors account for 7% of all ovarian cancers and
tend to be diagnosed at stage I [Ozols, 2001]. They are associated with hormonal effects such

as precocious puberty, amenorrhea and postmenopausal bleeding. Because they are rare, the
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optimal treatment is not clear. The current recommended standard of care is surgery followed
by treatment with a platinum-based chemotherapy [Smith et al., 2008].

Ovarian cancer is normally spread in the abdominal cavity but can also be found in the lung,
liver but less common to the bone and brain. Disease is spread by direct extension, peritoneal
seeding, and lymphatic dissemination or by blood-borne metastasis. Lymphatic seeding is the

most common pathway and frequently causes ascites [Smith et al., 2008].

3.1.3 Diagnosis

Unfortunately, ovarian cancer has no specific symptoms, making clinical diagnosis of early
ovarian cancer more difficult. Symptoms are most commonly seen with advanced disease.
General symptoms which can be found in any stage of ovarian cancer are abdominal or pelvic
pain, constipation, diarrhea, urinary frequency, vaginal bleeding, abdominal distension and
fatigue. In advance stage, ascites and abdominal masses lead to an increase in abdominal
girth, bloating, nausea, anorexia, dyspepsia and early satiety [Ledermann et al., 2013].

The diagnostic workup for suspected ovarian cancer includes a careful physical examination
including a Papanicolaou (Pap) smear, pelvic and rectovaginal examination [Runnebaum et
al., 2001]. Transvaginal ultrasonography has improved the visualization of ovarian structures
by distinguishing between malignant versus benign condition [Lerner et al., 1994]. The
presence of a pelvic mass that is unilateral or bilateral, solid, irregular, fixed or nodular is
highly suggestive of ovarian cancer. Unfortunately, by the time pelvic mass can be palpitated
on physical exam, the disease is already advanced beyond pelvic cavity.

A complete blood count, chemistry profile (including liver and renal function tests) and CA
125; carcinoembryonic antigen and CA 19 levels should be performed. Although CA 125 is a
nonspecific antigen, it is the best current tumor marker for epithelial ovarian carcinoma. A
normal CA 125 value is less than 35 units per milliliter. Rising CA 125 titers are often
associated with disease progression but this antigen can be elevated in various conditions
such as different phases of menstrual cycle, diverticulitis, endometriosis as well as non-
gynecologic cancers. In advanced disease, CA 125 is elevated in about 85% of patients
[Ledermann et al., 2013]. CA 19 value is used to rule out that ovarian cancer results from
other gastrointestinal cancers. Other diagnosis tests should include a transvaginal or
abdominal ultrasonography, chest radiography, computer-tomography, magnetic resonance
imaging or positron emission tomography scan [Smith et al., 2008 and Ledermann et al.,

2013].
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3.1.4 Staging
In order to classify the progression of tumors and indicate patient prognosis, the International
Federation of Gynecology and Obstetrics (FIGO) has proposed criteria for staging of ovarian

cancers shown in Table 3.1.

Table 3.1. The International Federation of Gynecology and Obstetrics (FIGO) staging of
ovarian cancers, 2014 [Prat, 2015 and Doubeni et al., 2016]

Stage Definition

I Tumor confined to ovaries or fallopian tubes
Sub classified into IA to IC as based on findings if tumor is found in one or both
ovaries, if capsules are intact or if there are malignant cells on ovarian surface or in

peritoneal washing or ascites.

I Tumor involves one or both ovaries or fallopian tubes with pelvic extension or
primary peritoneal cancer
Sub classified into IIA and IIB as based on the extension only on uterus and/or

fallopian tubes and/or ovaries, and extension to other pelvic intraperitoneal tissue.

I Tumor involves one or both ovaries or fallopian tubes, or primary peritoneal
cancer with cytologically or histologically confirmed spread to peritoneum
outside the pelvic and/or metastasis to retroperitoneal lymph nodes

Sub classified into IIA to IIC as based on whether affected nodes are
retroperitoneal, the extent of peritoneal metastases and involvement of spleen or

liver.

v Distant metastasis excluding peritoneal metastases

Sub classified into IVA and IVB as based on presence of pleural effusion and/or

involvement of liver, spleen and lymp nodes outside the abdominal cavity.

3.1.5 Treatment

Surgery

Surgery is a primary treatment intervention for ovarian cancer. It may be curative for selected
patients with limited stage IA disease. Primary surgical treatment includes a total abdominal
hysterectomy with bilateral sapingo-oophorectomy, omentectomy and lymph node dissection

[Stratton et al., 2001]. The primary objective of the surgery is to optimally debulk the tumor
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to less than 1 cm of residual disease [Bhoola et al., 2006]. Long-term follow up studies
confirm that residual disease smaller than 1 cm correlates with higher complete response
rates to chemotherapy and longer overall survival as compared to patients with bulky residual
disease (larger than 1 cm) [Bristow et al., 2002 and Hoffman et al., 2005]. The skill of the
surgeon has a significant impact on prognosis with definitive benefit of trained gynecologic
oncologists performing surgery as compared to a gynecologist or general surgeon. The
reasons for recommendation of gynecologic oncologists to perform surgery include (a) pelvic
tumors cannot be readily biopsied without risk of tumor seeding which can increase the risk
of recurrence and (b) surgical staging takes into account the presence of microscopic disease
in samples obtained by pelvic washing and lymph node dissection and analysis by a
pathologist during the surgical procedure. It is recommended that the initial surgical staging
and tumor debulking surgery of ovarian cancer is performed by a trained gynecologic
oncology surgeon to prevent under-staging and to optimize overall outcome [Mayer et al.,

1992 and Nguyen et al., 1993].

Chemotherapy

Systemic chemotherapy with a taxane-platinum regimen following optimal surgical
debulking is the standard of care for treatment of epithelial ovarian cancer [Lebermann et al.,
2013]. Historically, single-agent alkylating agents such as melphalan and cyclophosphamide
were used for treatment of advanced ovarian cancer until the introduction of cisplatin in the
1970s. Combination chemotherapy regimens containing cisplatin and cyclophosphamide
achieved higher response rates and overall survival than regimens without cisplatin in
patients with advanced ovarian cancer [Ozols et al., 2006]. Based on the results of these
trials, the combination of cisplatin plus cyclophosphamide remained the standard of treatment
in ovarian cancer until the early 1990s [Smith et al., 2008]. With the introduction of
paclitaxel into chemotherapy, McGuire et al. reported the results of Gynecologic Oncology
Group (GOG)-111 study that found the combination of paclitaxel 135 mg/m?® over 24 hours
and cisplatin 75 mg/m’> achieved higher response rates and longer survival than
cyclophosphamide 750 mg/m* and cisplatin 75 mg/m” in patients with newly diagnosed,
suboptimally debulked, stage III and IV ovarian cancer [McGuire et al., 1996]. Survival
improved significantly in the paclitaxel arm with increase in median progression-free survival
(18 months vs. 13 months) and overall survival (38 months vs. 24 months). Neutropenia,
alopecia and peripheral neuropathy were more severe in paclitaxel/cisplatin group. A large

European-Canadian Intergroup Phase III randomized trial (OV10) also confirmed superior
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response rates with paclitaxel/cisplatin over cyclophosphamide/cisplatin regimen [Piccart et
al., 2003]. Based on these studies, paclitaxel plus cisplatin was widely accepted and became
the standard of ovarian cancer treatment [Smith et al., 2008]. The availability of carboplatin
led to clinical trials to evaluate whether carboplatin could be substituted for cisplatin which
would spare patients from significant neurotoxicity and nephrotoxicity associated with
cisplatin. Several prospective randomized comparisons of carboplatin plus paclitaxel versus
cisplatin plus paclitaxel in patients with advanced ovarian cancer have been conducted
[Bookman et al., 2003, Ozols et al., 2003, du Bois et al., 2003 and Neijt et al., 2000]. The
results of these trials showed that carboplatin plus paclitaxel is equally efficacious and better
tolerated than cisplatin and paclitaxel. In the GOG-158 study, 840 previously untreated
patients with optimally resected stage III disease (no residual tumor nodule > 1 cm) were
randomized to carboplatin (AUC = 7.5) plus paclitaxel 175 mg/m* over 3 hours or cisplatin
75 mg/m” plus paclitaxel 135 mg/m* over 24 hours administered every 21 days for six cycles
[Bookman et al., 2003 and du Bois et al., 2003]. The results of these trials showed no
difference in progression-free survival between the two treatment arms with a median time to
progression of 19.4 months in the paclitaxel plus cisplatin versus 20.7 months in the
paclitaxel plus carboplatin arm. As expected, the incidence of leukopenia, fever,
gastrointestinal toxicity and metabolic toxicity was higher in patients in the cisplatin arm
whereas patients in the carboplatin arm experienced more thrombocytopenia and pain.
Although the incidence of neurotoxicity was similar in the two treatment arms, it was more
severe in the paclitaxel plus cisplatin arm. Thus, the carboplatin-paclitaxel regimen is now
first-line chemotherapy for ovarian cancer [Coward et al., 2015]. Chemotherapy is
recommended for all patients with FIGO stage II-V disease post-surgery [Ledermann et al.,
2013]. A combination of paclitaxel 175 mg/m2 and carboplatin (AUC 5-6), both administered
intravenously every 3 weeks is the standard treatment [Ozols et al., 2003, du Bois et al., 2003
Neijt et al., 2000 and Ledermann et al., 2013]. For those patients who develop an allergy to or
do not tolerate paclitaxel, the combination of docetaxel-carboplatin or pegylated liposomal
doxorubicin-carboplatin can be considered as alternative with similar efficacy [Pignata et al.,

2011 and Vasey et al., 2004].

3.1.6 Treatment of recurrent disease
Although most patients will achieve a complete response to initial treatment, most patients
will eventually have recurrence of their disease. Patients who experience recurrences later

than 6 months following a response of platinum-based therapy are characterized as having
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platinum-sensitive disease whereas patients who experience recurrences within 6 months
following an initial response to platinum-based therapy are defined as having platinum-
resistant ovarian cancers [Mantia-Smaldone et al., 2011]. Patients with platinum-sensitive
disease generally have a better prognosis than platinum-resistant patients. Topotecan is active
in patients with metastatic ovarian cancer and non-cross resistant with platinum-based
chemotherapy [Swisher et al., 1997]. Pegylated liposomal doxorubicin is used for second-line
therapy of recurrent ovarian cancer. The drug tends to be better tolerated than topotecan
which is important for heavily pretreated patients with advanced disease [Muggia et al.,
1997]. Gemcitabine is also a widely used agent in the treatment of recurrent platinum-
resistant ovarian cancer with an overall response rate of only approximately 13% to 22% with
single-agent gemcitabine. The combination of gemcitabine with taxanes has demonstrated
response rates from 36% to 90% [Poveda, 2005 and Smith et al., 2008].

There are novel cytotoxic agents introduced into the management of platinum-resistant
ovarian cancer such as ixabepilone belonging to a new class of agents, epithilones acting as
stabilizers of microtubules [Mantia-Smaldone et al., 2011]. Results from Phase II trial
showed that ixabepilone produced objective response rates (ORR) of 14.3% in 49 women
with platinum- and taxane-resistant epithelial ovarian cancer (EOC) [De Geest et al., 2010].
Trabectedin binds to DNA and interferes with DNA repair, thereby blocking cell cycle
progression [Mantia-Smaldone et al., 2011]. Results from a multicenter phase II trial
demonstrated that trabectedin monotherapy was active in platinum-resistant epithelial ovarian
cancer with an ORR of 6.3% [Krasner et al., 2007]. Pemetrexed is a folate antimetabolite
inhibiting a number of enzymes critical to nucleotide synthesis [Shih et al., 1997]. In phase Il
GOG trial, pemetrexed monotherapy was administered to 48 women with platinum-resistant
EOC , reporting an ORR of 21% with median progression-free and overall survivals of 2.9
months and 11.4 months, respectively [Miller et al., 2009]. Phenoxodiol promotes Fas-
mediated apoptosis by activating mitochondrial caspase system, inhibiting X-linked inhibitor
of apoptosis and disrupting FLICE inhibitory protein (FLIP) expression [Kamsteeg et al.,
2003]. In vitro and preclinical animal studies indicated that phenoxodiol can sensitize EOC
cells to carboplatin, paclitaxel and gemcitabine [Alvero et al., 2006]. In a phase II clinical
trial aimed to determine the safety and efficacy of intravenous phenoxodiol in combination
with cisplatin or paclitaxel in women with platinum/taxane-refractory/resistant ovarian
cancers. The 32 patients were randomized to 1 of 2 treatment arms according to their
previous responses: (1) platinum refractory/resistant, cisplatin (40 mg/m” intravenous)

weekly on day 2 and phenoxodiol (3 mg/kg) weekly on days 1 and 2 and (2) taxane
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refractory/resistant, paclitaxel (80 mg/m* IV) weekly on day 2 and phenoxodiol (3 mg/kg)
weekly on days 1 and 2. Patients continued on treatment until complete response, disease
progression, unacceptable toxicity, or voluntary withdrawal. In the cisplatin arm, there were 3
partial responses, 9 patients (56%) achieved stable disease, 4 (25%) progressed, and the
overall best response rate was 19%. In the paclitaxel arm, there was one complete response
and 2 partial responses, 8 patients (53%) achieved stable disease, 4 patients (27%)
progressed, and the overall best response rate was 20%. The cisplatin-phenoxodiol was
particularly active and warrants further study in patients with platinum-resistant ovarian
cancer [Kelly et al., 2011].

Considering the limitation of traditional chemotherapy, the focus of therapies based on
signaling pathway, also known as targeted therapy and emerging agents targeting host-tumor
immune response seem to be promising [Kotsopoulos et al., 2014 and Mantia-Smaldone et
al., 2011]. Vaccines based on tumor-associated antigen are one of the emerging approaches.
Tumor antigens are proteins abnormally expressed in cancer cells and can be used as targets
for immunotherapy [Mantia-Smaldone et al., 2011]. In ovarian cancer, MUCI is a
transmembrane mucin overexpressed in more than 90% of epithelial ovarian cancers,
including platinum-resistant tumors [Hird et al., 1993 and Nicholson et al., 2004]. In a phase
I/IT trial, 52 women received an intraperitoneal (IP) radioactively-labeled murine anti-MUC1
antibody (yttrium-90-muHMFGT1), following traditional surgery and platinum-based
chemotherapy. This regime improved median survival rates in a range of 2 to 31 months
compared with control [Hird et al., 1993]. CA 125 (MUCI16) is another mucin family
member used as marker to monitor response to chemotherapy and to survey for disease
recurrence in ovarian cancers [Mantia-Smaldone et al., 2011]. In a phase III trial, 20 patients
with advanced recurrent ovarian cancer and a history of platinum exposure received
oregovomab, a monoclonal antibody against CA 125, followed by optional chemotherapy
[Gordon et al., 2004]. Significant increases in T-cell responses were measured in 7/18 (39%)
patients in response to CAI125, and in 9/18 (50%) patients in response to oregovomab.
Immune responses appeared by week 12 (four doses) and were generally maintained or
augmented in patients continuing combined treatment with oregovomab and chemotherapy.
Overall median survival and progression-free survival was 70.4 weeks and 11 weeks,
respectively [Gordon et al., 2004 and Mantia-Smaldone et al., 2011]. Cytokine therapy is
treatment with proinflammatory cytokines, including interleukins (IL) 2, 4, 7, 12 and 18,
interferon gamma (IFN-y), tumor necrosis factor alpha (TNF-a) and granulocyte-macrophage

colony-stimulating factor (GM-CSF) [Mantia-Smaldone et al., 2011]. In a phase II trial in
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patients with platinum-resistant and refractory epithelial ovarian cancers (EOC), IL-2 was
administered intraperitoneal (IP), resulting in an overall response rate of 25% with median
survival time of 2.1 years [Vlad et al., 2009]. Tyrosine kinase receptor and intracellular
signaling pathways are underevaluated for ovarian cancer targeted therapy [Mantia-Smaldone
et al.,, 2011]. Vascular endothelial growth factor receptors (VEGF-R) has been the most
commonly studied tyrosine kinase receptors because of the abundantly of VEGF in the serum
of patients with epithelial ovarian cancers [Abu-Jawdeh et al., 1996 and Cooper et al., 2002].
Bevacizumab is a monoclonal antibody binding to VEGF receptors, resulting in anti-
angiogenic effects. In a phase II trial, a single treatment of 15 mg/kg every 21 days
bevacizumab was administered intravenously to 62 patients with recurrent EOC (41.9% with
platinum-resistant disease) [Burger et al., 2007]. Clinical responses were observed in 21% of
patients, and median progression-free and overall survivals were 4.7 and 17 months,
respectively [Mantia-Smaldone et al., 2011 and Coward et al., 2015]. In a study in relapsed
platinum-resistant ovarian cancer patients, median progression-free survival (PFS) was 3.4
months with chemotherapy alone versus 6.7 months with additional bevacizumab. The
median overall survival was 13.3 months with chemotherapy alone versus 16.6 months with
bevacizumab plus chemotherapy [Pujade-Lauraine et al., 2014 and Coward et al., 2015].
These targeted therapies for recurrent platinum-resistant ovarian cancer are some of current
examples. Agents targeting folate metabolism, cell adhesion molecules, hormonal therapy,
and PARP inhibitors are under investigated and may offer new strategies for treatment of

recurrent ovarian cancers [Mantia-Smaldone et al., 2011].

3.2 Drug resistance

3.2.1 Mechanisms of drug resistance
Drug resistance is the most important reason for treatment failure. Most chemotherapeutic
agents have a low therapeutic index. Therefore, small changes in the sensitivity of tumor cells
can lead to clinically relevant resistance [Agarwal et al., 2003]. There are many relevant
mechanisms for drug resistance, including
1. Inadequate intra-tumor drug concentrations might explain some cases of drug
resistance. Alterations of drug influx and efflux due to cell-membrane transport

proteins such as P-glycoprotein (Pgp), multidrug-resistance proteins (MRP) and
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further ABC transporters can affect intracellular drug concentrations [Agarwal et al.,
2003].

The tumor microenvironment can also alter drug sensitivity in tumor cells. There is
evidence that hypoxia is related to a reduction in cell cycling, resulting in more GO
arrest [Tomida et al., 1999].

Drug inactivation via conjugation to glutathione can also diminish the amount of free
intracellular drugs available for their targets [Godwin et al., 1992].

Enhanced nucleotide excision repair (NER) and altered mismatch repair (MMR)
pathway are also associated to drug resistance [Galluzzi et al., 2012].

Mutation of p53 leads to transcriptional down-regulation of pro-apoptotic protein such
as BAX, BAK, TNF-related apoptosis-inducing ligand and up-regulation of anti-
apoptotic proteins such as BCL2 and BCL-X resulting in reduced apoptosis and the

development of drug resistance [Agarwal et al., 2003].

Hanahan and Weinberg have summarized molecular mechanisms influencing cancer cell

survival and thus leading to chemoresistance, so called “Hallmarks of cancer” including

therapeutic targeting relevant to particular hallmarks of cancer [Hanahan et al., 2011]. Three

very important hallmarks are:

1.

Sustaining proliferative signaling: cancer cells have the ability to sustain chronic

proliferation whereas normal tissues carefully control the production and release of
growth-promoting signals that instruct entry into and progression through the cell
growth and division cycle, thereby ensuring a homeostasis of cells. E.g. epidermal
growth factor receptor (EGFR) inhibitors evolved as a therapeutic strategy to fight
sustaining proliferative signaling.

Evading growth suppressors: in addition to the capability of inducing and sustaining

positively acting growth-stimulatory signals, cancer cells also circumvent powerful
programs negatively regulating cell proliferation. Many of these programs depend on
the actions of tumor suppressor genes. A number of tumor suppressors operating in
various ways to limit cell growth and proliferation have been discovered. Cyclin-
dependent kinase inhibitors may be one answer to fight this hallmark.

Resisting cell death: this mechanism occurs due to an imbalance in apoptosis-induced

cell death signaling such as loss of TP53 tumor suppressor, an increase in expression
of antiapoptotic regulators like Bcl-2, Bcl-xL or a downregulation of proapoptotic

factors such as Bax, Bim, Puma.
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3.2.2 Cisplatin resistance development

Cisplatin :Mode of action

Cisplatin (cDDP) is inactive until one or both chloro groups are replaced by water molecules
[Kelland, 2000]. Mono- and bi-aquated forms of ¢cDDP are highly electrophilic and hence
prone to form coordinative bonds with methionine as well as with a large panel of cysteine-
containing peptides and polypeptides, including reduced glutathione (GSH) and metallo-
thioneins [Timerbaev et al., 2006]. The interaction between aquated cDDP and endogenous
nucleophiles has dual effects. On one hand, it depletes the cytosol of reducing equivalents,
promoting the production of oxidative stress, which may have direct cytotoxic effects or
stimulates DNA damage. On the other hand, it results in the inactivation of (at least a fraction
of) chemically reactive ¢cDDP, hence functioning as a cytoprotective buffer [Koberle et al.,
2010 and Jordan et al., 2000].

Upon aquation, cDDP also binds with high affinity to mitochondrial and nuclear DNA, in
particular to nucleophilic N7 sites on purines, thus favoring the generation of heterotypic
protein—-DNA complexes as well as inter- and intra-strand DNA adducts. If limited in
amount, DNA lesions generate by cDDP can be recognized and safely removed by several
repair systems normally operating in the context of a temporary cell cycle arrest [Kazak et al.,
2012]. In contrast, if the cDDP-induced DNA damage is irreparable, the cell cycle arrest
becomes permanent, known as cellular senescence [Mufoz-Espin et al., 2013] cells will then
die, often via an excess of DNA lesions promoting widespread mitochondrial outer
membrane permeabilization (MOMP) [Tait et al., 2010]. Importantly, there is evidence
indicating that cDDP cytotoxic effects originate from both nuclear and cytoplasmic signaling
pathways [Gulluzzi et al., 2012], (i) only 1% of intracellular cDDP forms bonds with nuclear
DNA [Gonzalez et al., 2001] and (ii) cDDP (as well as oxaliplatin) exerts prominent
cytotoxic effects in non-nucleated cells [Mandic et al., 2003]. The molecular mechanisms
involved in the cytotoxic potential of cytoplasmic ¢cDDP are poorly understood. These
following mechanisms are thought to be involved, (i) the accumulation of reactive oxygen
species (ROS) and nitric oxide (NO), which not only exacerbate cDDP toxicity but also exert
direct cytotoxic effects by favoring the opening of the permeability transition pore complex
(PTPC), (ii) the transduction of a MOMP-stimulatory signal via the pro-apoptotic BCL-2
family member BAK1, the PTPC component voltage-dependent anion channel 1 (VDACI)
and the BAK1 homolog BAX, (iii) the activation of a cytoplasmic pool of p53 that is capable
of promoting MOMP via various mechanisms and (iv) in specific cellular models, the

establishment of an endoplasmic reticulum (ER) stress response [Galluzzi et al., 2014].
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Mechanism of cisplatin resistance

Several mechanisms are proposed for cisplatin resistance and can be classified into four

categories based on functional and hierarchical parameters [Galluzzi et al., 2014].

1.

Pre-target resistance is associated to processes retarding the binding of cDDP to its

actual targets. It has been known that cDDP is transported mainly via copper
transporters. In particular, copper transporter 1 (CTR1) is significantly associated to
cDDP uptake [More et al., 2010] whereas ATPase, Cu®" transporting, p polypeptide
(ATP7B), a Cu®" -extruding P-type ATPase plays a significant role in cDDP efflux
[Galluzzi et al., 2014]. Alterations in the expression level, subcellular localization
and/or functionality of CTR1 and ATP7B have been associated with cDDP resistance,
both in preclinical models and in cancer patients [Galluzzi et al., 2014]. In addition,
increased concentrations of thiol-containing molecules such as glutathione following
chronic ¢cDDP exposure can induce resistance by decreasing the level of antitumor
agents available for interaction with target DNA [Siddik, 2003].

On-target resistance is the mechanism that is directly related to the molecular damage

induced by ¢cDDP [Gallazzi et al., 2014]. Formation and persistence of DNA adducts
of cDDP are vital in inducing apoptosis. Therefore, enhanced DNA adduct repair will
attenuate the apoptotic process [Siddik, 2003]. Nucleotide excision repair (NER) is a
major pathway for repairing of DNA damage. An increased NER proficiency has
been associated with cDDP resistance [Siddik, 2003 and Gallazzi et al., 2014]. The
MMR system is also believed to detect DNA adducts caused by cDDP, engages to
repair but ultimately fails to repair, thus transmitting a pro-apoptotic signal [Vaisman
et al., 1998]. Accordingly, genes encoding MMR components such as mutS homolog
2 (MSH2) and mutL homolog 1 (MLH1) are frequently mutated or down-regulated in
the context of acquired cDDP resistance [Aebi et al., 1996 and Fink et al., 1998].
Cisplatin- DNA adducts also lead to double-strand breaks (DSBs), which are normally
repaired via homologous recombination (HR). Cells with a loss-of-function or
mutations in the genes encoding breast cancer 1 (BRCAI) or breast cancer 2 (BRCA?2)
are generally more susceptible to the cytotoxic effects of cDDP than HR-proficient
cancers of the same cell types [Venkitaraman, 2002 and Farmer et al., 2005].
Moreover, the appearance of compensatory mutations in BRCAI and BRCA?2 restoring

the functionality of HR has been shown to enhance cDDP resistance in breast cancer

cells [Sakai et al., 2008].
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3. Post-target resistance may develop in the cellular sensing systems detecting the

molecular damage caused by cDDP and convert it into a lethal signal. Post-target
cDDP resistance is not only associated to impair p53 signaling but also defects in
several other pro-apoptotic signal transducers, including mitogen-activated protein
kinase 14 (MAPKI14, best known as p38MAPK) and c-Jun N-terminal kinase 1
(JNK1) [Brozovic et al., 2004 and Mansouri et al., 2003]. Further changes in the
expression and functional status of BCL-2 family members and caspases have been
correlated with cDDP resistance in clinical studies [Sakamoto et al., 2001], including
BCL-2-like proteins such as BCL-XL and MCL-1, and survivin, a caspase 9 inhibitor
often upregulated in response to cDDP [Galluzzi et al., 2014].

4. Off-target resistance refers to molecular mechanisms delivering compensatory

survival signals even though they are not directly activated by cDDP [Galluzzi et al.,
2012]. For example, the overexpression of v-erb-b2 (ERBB2), which is commonly
upregulated in breast and ovarian carcinomas [Hengstler et al., 1999] has been
suggested to promote cDDP resistance not only by delivering robust pro-survival
signals via the AKT1 signaling axis, but also by regulating the transitory cell cycle
arrest that is required for the repair of cDDP-induced DNA lesions [Galluzzi et al.,
2014].

3.3 Purinergic receptors and ligands

Since 1972, the idea of purinergic neurotransmission was proposed by Burnstock [Stagg et
al., 2010]. The concept was controversially discussed for several years because it was thought
that ATP was unlikely to be involved in selective extracellular signaling. However, the
purinergic concept is now accepted. Purinergic receptors are classified on the basis of
pharmacology and function into P2 receptors, with ATP/UTP and ADP/UDP as the main
ligands, and P1 receptors, with adenosine as the main ligand [White et al., 2006]. The

classification of purinergic receptors is shown in Figure 3.1.
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Purinergic receptors
I
[

Figure 3.1. Classification of purinergic receptors

3.3.1 P2 receptors

P2 receptors are subdivided into ionotropic P2X and metabotropic P2Y subtypes. Currently,
seven P2X (P2X;, P2X,, P2X;, P2Xy, P2Xs, P2Xs and P2X5) and eight P2Y (P2Y,, P2Y,,
P2Y., P2Y¢, P2Y11, P2Y 12, P2Y 3 and P2Y,4) receptor subtypes have been cloned and
characterized in human cells (Figure 3.1). P2X receptors are formed by three P2X receptor
subunits, either as homomeric or heteromeric receptors. P2X receptors are non-selective
cation channels. Under normal physiological conditions, P2X receptor activation will result
in Na” and Ca*" influx and K' efflux across the cell membrane, leading to depolarization of
the plasma membrane and increase in intracellular Na" and Ca®" concentrations. Membrane
depolarization can activate voltage-gated channels, causing firing of action potentials. P2Y
receptors are highly diverse in their amino acid sequences and their profiles for endogenous
ligands [White et al., 2006]. Alignment of the human receptor sequences of P2Y;, P2Y,,
P2Y4, P2Y¢, P2Yyy, P2Y 5, P2Y 3 and P2Y 4 shows an amino acid identity of 21% to 61%
[Abbracchio et al., 2017]. P2Y receptors contain seven transmembrane domains, a typical
structure of G-protein coupled receptors (GPCRs) with an extracellular N-terminus and an

intracellular C-terminus. Several signaling pathways are mediated by P2Y receptors [White et
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al., 2006]. The common signaling pathway of P2Y receptors is associated with G4 proteins,
an increase in phospholipase C (PLC) activity, leading to IP3 (inositol 1, 4, 5 trisphosphate)
generation and the release of Ca®" from the endoplasmic reticulum [Schultze-Mosgau et al.,
2000].

It has been demonstrated that different subtypes of receptors can be expressed on the same
cell and that different receptor profiles can have opposite effects on cell proliferation. Thus,
control of cell proliferation by extracellular nucleotides might be regulated by receptor
subtypes mediating a balance between mitogenic and apoptotic processes [ Burnstock, 2006].
To date P2Y,, P2Y,, P2Y,;, P2X5 and P2X5 receptors have been reported to be involved in
cancers [White et al., 2006 and Klalid et al., 2017]. P2Y, and P2Y receptor subtypes are the
most widely studied among other subtypes of receptors. The effects of P2 receptor activation
are reported to vary depending on the cancer cell types. Activation of P2Y; in melanoma and
lung cancer led to an increase in cellular proliferation [White et al., 2005 and Schafer et al.,
2003] whereas in esophageal cancer and some colorectal cancers, cellular proliferation was
decreased [Hopfner et al., 1998 and Maaser et al., 2002]. P2Y, activation can lead to the
release of epidermal growth factor receptor (EGFR) ligand TGF-a and transactivation of
EGFR, through a mechanism involving mitochondrial production of reactive oxygen species
[Myers et al., 2009 and Stagg et al., 2010]. Another study reported that the ability of P2Y; to
induce reactive oxygen species in prostate cancer cells, resulting in increased tumor growth
[Sauer et al., 2001 and Stagg et al., 2010]. A study in HCT8 and Caco-2 colon cancer cells
demonstrated that P2Y, receptor activation stimulates cell proliferation [Coutinho-Silva et al.,
2005]. P2Y; receptor activation increases cell growth in highly metastatic breast cancer [Jin
et al., 2014]. P2Y,, P2Y, and P2Y, receptor activations were found to be responsible for
driving resistance of an anaplastic lymphoma kinase (ALK) inhibitor in the lung [Wilson et
al., 2015]. In ovarian cancer cells OVCAR-3, ATP causes an increase in the rate of cell
proliferation [Popper et al., 1993] consistent with another study in human ovarian EFO-21
and EFO-27 carcinoma cells reporting that activation of P2Y, receptors induced cell
proliferation [Schultze-Mosgau et al., 2000]. P2X; receptor activation is implicated in
apoptosis mediated through the caspase enzyme system [Humphreys et al., 2000]. In contrast,
inhibition of P2X7 in lymphocytic leukemia cells, suppressed cell proliferation [Adinolfi et
al., 2002]. Even though, there are a number of studies on P2 receptors-associated and cancer,

further investigations are needed to clarify these effects in different kinds of tumors.
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3.3.2 P1 receptors

Main agonist of this receptor family is adenosine, a degradation product of ATP via
membrane enzymes. CD39 is a member of ectonucleoside triphosphate diphosphohydrolase
(E-NTPDase) and metabolizes ATP to ADP or AMP while 5’- ectonucleotidase enzyme
CD73 convert AMP to adenosine [Di Virgilio et al., 2017]. P1 receptors are also labeled as
adenosine receptors because adenosine is the main ligand of these receptors. P1 receptors are
G-protein coupled receptors (GPCRs) and can be divided into four subtypes: Al, A2A, A2B
and A3 (Figure 3.1). They are distributed throughout the body. A1, A2A and A3 receptors
display high affinity for adenosine while the A2B receptors display low affinity [Gessi et al.,
2011]. 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 Gy/Ggjr proteins stimulating AC and thus increasing
intracellular cyclic adenosine monophosphate (cAMP) concentration. A2B receptors are
coupled to Gy/Gq proteins, increasing AC activity and stimulating PLC. Finally, A3 receptors
couple to G; and G4 proteins leading to inhibition of AC and stimulating PLC [Gessi et al.,
2011]. Al receptor activation has been reported to support breast cancer cell growth and
melanoma cell chemotaxis [Gessi et al.,, 2011, Mirza et al., 2005]. Stimulation of A2A
receptors in MCF-7 breast cancer cells enhances cell proliferation [Etique et al., 2009]
whereas in A375 melanoma cells, A2A receptor activation can trigger cell death [Merighi et
al., 2002]. Activation of A2B receptors in MDA-MB-231 breast cancer cells resulted in the
inhibition of cell proliferation via the ERK pathway [Gessi et al., 2011]. In the ovarian cancer
cell lines OVAR-3, Caov-4 and SKOV-3, A2B receptors are responsible for a cell growth
inhibitoty effect and related to the induction of cell apoptosis. [Hajiahmadi et al., 2015]. In
prostate cancer cells, the A2B receptor agonist BAY60-6583 induced cAMP accumulation in
a concentration-dependent manner confirming functional activity of A2B receptors. NECA-
induced proliferation of PC-3 cells was diminished by siRNA knockdown of the A2B
receptors and similarly the selective A2B receptor antagonist PSB603 inhibited cell growth
[Wei et al., 2013]. A3 receptor stimulation inhibited proliferation of PC3 prostate carcinoma,
HCT-116 colon carcinoma and MIA-PaCa pancreatic carcinoma but on the other hand
promoted proliferation of HT29 and Caco-2 colon cancer cells [Gessi et al.,, 2011]. The
stimulation and inhibition of adenosine receptors demonstrated a variety of effects on
different types of cancer cells and encourage further investigations on adenosine and its

receptors and cancer [Di Virgilio et al., 2017].
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3.3.3 Purinergic ligands: adenosine triphosphate (ATP) and adenosine
Purinergic ligands are defined as ligands acting as agonists for purinergic receptors. In this
study, ATP and adenosine were used as ligands to study their effects in ovarian cancer cells.

The chemical structures of ATP and adenosine are shown in Figure 3.2 and 3.3, respectively.

NH,
Ho-P-0-P-o-p-o_ < Il
I I I N N/

OH OH OH o

HO OH
Figure 3.2. Chemical structure of adenosine triphosphate (ATP)

Adenosine triphosphate (ATP) is an adenine nucleotide found in all living cells. ATP is the

molecular result of cellular energy production, involved in metabolic processes, nucleic acid
synthesis and it acts as neurotransmitter [Di Virgilio et al., 2017]. ATP is stored
intracellularly at very high concentrations up to 10 mM, it is water soluble and quickly
degraded by extracellular nucleotidases [Di Virgilio et al., 2017]. ATP concentrations in the
interstitium of resting/healthy tissues are very low, in the nanomolar range, whereas in
stimulated or diseased tissue, ATP can reach hundreds of micromolar [Falzoni et al., 2013
and Yegutkin, 2014]. ATP acts as agonist for many subtypes of P2 receptors [Burnstock et
al., 2006] and participates in different cellular responses, including cell proliferation,
migration, differentiation and cell death [Di Virgilio et al., 2017]. A study using ATP in
combination with cisplatin in the human ovarian cancer cell line A2780 reported that
administration of ATP in combination with cisplatin shows additive effect [Rotte et al.,

2010].
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Figure 3.3 Chemical structure of adenosine
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Adenosine is a purine nucleoside and exerts its pharmacologic effects by activation of
adenosine receptors. Adenosine relaxes vascular smooth muscles by activation of adenylyl
cyclase and reduction of intracellular calcium concentrations in smooth muscle cells.
Therefore it acts as a potent vasodilator in most vascular beds [Di Virgilio et al., 2017]. In
clinical aspect, 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. 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
whereas the nucleoside transporter inhibitor, dipyridamole inhibits adenosine uptake
[USFDA, accessed July 27, 2017]. In biological systems, extracellular adenosine is presented
at very low cencentrations (< 1 uM). Its concentration increases under metabolically stressful
conditions like inflammation and cancer [Sperlagh et al., 2000 and Martin et al., 2000].
Earlier findings have shown that the extracellular concentration of adenosine carcinomas may
reach up to 100 uM (10 to 20-fold higher than normal concentration) which may exert a
potent immunosuppressive and cancer growth-promoting effect [Blay et al., 1997 and Kumar,
2013]. In contrast, a study in the ovarian cancer cell line OVCAR-3 demonstrated that
adenosine inhibits cell proliferation in a concentration-dependent manner, induces GO/G1 cell
cycle arrest as well as induction of apoptosis [Shirali et al., 2013]. Moreover, many studies in
prostate cancer [Virtanen et al., 2014], cervical cancer [Mello et al., 2014], hepatocellular
carcinoma [Yang et al., 2011 and Wu et al., 2006] and gastric cancer cell lines [Soitoh et al.,
2004 and Tsuchiya et al., 2015] also supported inhibitory effects of adenosine on cancer cell
proliferation and its ability to induce apoptosis. In addition, a study in endothelial HUVEC
cells demonstrated that adenosine-induced phosphorylation of AMPK was not mediated by
P1 receptors but required adenosine uptake by equilibrative nucleoside transporters followed
by its intracellular metabolism to AMP [da Silva et al., 2006]. In addition to this data, a study
in gastric cancer cells demonstrated that extracellular adenosine is transported into cells
through adenosine transporters and converted by adenosine kinase to AMP which then
activates AMPK [Tsuchiya et al., 2015]. Similarly, a study in the hepatocellular cell line
HuH-7 reported that adenosine-activated AMPK was associated with apoptosis induction

[Yang et al., 2011].
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3.4 Adenosine uptake inhibitors

Adenosine mainly exerts its activity via adenosine receptors and most studies focused on
adenosine signaling through adenosine receptors. However, adenosine is also taken up from
the extracellular space into cells through specific transport proteins called nucleoside
transporters located on the cell membrane [Thorn et al., 1996 and Noji et al., 2004].
Extracellular adenosine is rapidly taken up into cells with a half-life of less than 30 s and
disappears within 1 min via nucleoside transporters [Yeung, 1991 and Noji et al., 2004].
Nucleoside transport occurs via two distinct families of nucleoside transporter proteins
(NTs); SLC28 and SLC29 [Baldwin et al., 2004]. Nucleoside transporters are divided into
two main categories based on their functional characteristics and molecular structure: (i)
equilibrative and (ii) concentrative nucleoside transporters (ENTs and CNTs) [Lane et al.,
2010]. ENTs facilitate passive diffusion of nucleosides across the membranes in either
direction depending on intra- and extracellular nucleoside concentrations while CNTs use
energy derived from the sodium gradient to influx nucleosides against their concentration
gradients. ENTs are found throughout the body but CNTs are found in special tissue or
organs such as small intestine epithelium, macrophages, kidney, liver and brain [Noji et al.,
2004]. Human equilibrative nucleoside transporter subtype-1 (hENT1), is the major plasma
membrane NT [Rehan et al., 2015]. hENT1 is expressed in all tissue types. Cellular hRENT1
protein levels have been shown to approximately double between G1 and G2-M phases of the
cell cycle [Pressacco et al., 1995 and Rehan et al., 2015]. Elevated hENT1 expression has
been found in a variety of cancers including pancreatic adenocarcinoma [Greenhalf et al.,

2014] and breast cancer [Lane et al., 2010].

Figure 3.4. Chemical structure of dipyridamole
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Dipyridamole (DPM) is widely used as nucleoside transporter inhibitor in experimental
studies [Noji et al., 2004]. The chemical structure of DPM is shown in Figure 3.4. DPM
inhibits the cellular uptake of adenosine into platelets, red blood cells and endothelial cells,
leading to increased extra-cellular concentrations of adenosine [Vasu et al., 2013 and Ge et
al., 2016]. In pharmacological aspect, DPM is known to inhibit phosphodiesterase enzymes
with normally breakdown cAMP, thus resulting in an increase in cellular cAMP levels and
blocking of platelet response to ADP [Ge et al., 2016]. In addition, dipyridamole has been
shown to lower pulmonary hypertension without a significant drop of systemic blood
pressure [Gomez et al., 2013 and Vasu et al., 2013]. DPM inhibits proliferation of smooth
muscle cells in vivo and has been shown to prevent AV-shunt failure in dialysis patients
[Vasu et al., 2013]. DPM has further been found to increase the concentrations of the
anticancer drugs (5-fluorouracil, methotrexate, and vincristine) and thus enhance the efficacy
of these drugs [Wang et al., 2013, Spano et al., 2013 and Goda et al., 2008]. A study in
vincristine (VCR)-resistant and multidrug-resistant (MDR) cells showed that DPM at a
concentration of 10 to 100 uM enhanced uptake of vincristine and inhibited P-glycoprotein.
Moreover, DPM also inhibited the enhanced efflux out of MDR cells [Asoh K et al., 1989
and Wang et al., 2013].

3.5 AMP-activated protein kinase (AMPK) and mechanistic target of
rapamycin (mTOR)

3.5.1 AMPK subunit structure

The AMPK structure exists as a heterotrimer of catalytic a and regulatory B and y subunits. In
mammals, a- and B- subunits contain two subtypes, al, a2, Bl and B2, while y subunits
consist of three subtypes: y1, y2 and y3 [Davies et al., 1994 and Mitchelhill et al., 1994].
There are several possibilities that each of the subtypes in each subunit can form an AMPK
complex. Different kinds of AMPK complexes were found in different tissues. The N-
terminus of the a-subunit contains the catalytic domain as well as phosphorylation sites for
upstream kinases such as liver kinase B1 (LKB1) and Calcium/calmodulin-dependent protein
kinase kinase (CaMKKs) regulating AMPK activity [Crute et al., 1998 and Dasgupta et al.,
2016]. The y-subunits are nucleotide binding regulatory subunits binding AMP or ADP. The
conserved C-terminus of B-subunits interacts with both a- and y-subunits and plays an

obligatory role in AMPK complex formation [Dasgupta et al., 2016]. In addition, the B-
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subunits contain a conserved carbohydrate-binding domain that perhaps allows AMPK to
function as a glycogen sensor. AMPK subunits are expressed more or less ubiquitously, and
the afy AMPK complex exists in 12 different flavors. The expression of particular AMPK
complexes displays considerable variation and tissue-specific expression in human [Quentin

etal., 2011 and Dasgupta et al., 2012].

3.5.2 AMPK regulation and function

AMPK is an evolutionary conserved cellular energy sensor. It is essential for embryonic
growth and development and its full impact in adult tissues is revealed under stressful
situations [Dasgupta et al., 2016]. AMPK is traditionally thought to play a major role in
regulation of cellular metabolism. It is now widely recognized to have antineoplastic efficacy
and thus as a target of chemotherapy. The first hint that AMPK may be linked to cancer was
provided by the finding that liver kinase B1 (LKBI1), a known tumor suppressor, acts as an
upstream kinase at AMPK activating AMPK [Woods et al., 2003 and Kim et al., 2013].
AMPK was originally identified in rat liver preparation as a contaminant of its now well-
known substrate acetyl-CoA carboxylase (ACC), the rate-limiting enzyme in fatty acid
synthesis. AMPK was also found to inhibit 3-hydroxy-3-methylglutaryl CoA (HMG-CoA)
reductase, the rate-limiting enzyme in cholesterol biosynthesis. AMPK is inhibited by ATP
and activated by AMP and by phosphorylation and was thus named AMP-activated protein
kinase or AMPK [Dasgupta et al., 2016]. To date, activation of AMPK by a high AMP/ATP
ratio and Ca®" are well studied activation mechanisms. When the cellular AMP/ATP ratio
increases, AMP or ADP bind to y subunits of AMPK. This interaction causes allosteric
activation and conformational change in the catalytic o subunits, enabling activating
phosphorylation at Thr172 in al and/or a2 by upstream kinases (e.g. LKB1) and also
inhibition of Thr172 dephosphorylation by phosphatases [Gowans et al., 2013]. It was later
found that binding of ADP can also activate AMPK [Xiao et al., 2011]. At least three kinases
can phosphorylate AMPK at Thr172: liver kinase B1 (LKB1), also known as serine/threonine
kinase (STK11), calcium/calmodulin-dependent kinase kinase (CaMKKZf), and transforming
growth factor B (TGFp)-activated kinase (TAK1) [Dasgupta et al., 2016]. Of these, LKBI
and CaMKKSp are the major upstream kinases of AMPK. LKBI1 activates AMPK in response
to AMP/ADP while CaMKKP activates AMPK in response to Ca*", and both pathway work
independently or synergistically [Fogarty et al., 2010].
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Activation of AMPK inhibits anabolism and activates catabolism, inhibiting cell growth and
proliferation by (i) inhibiting protein synthesis through mechanistic target of rapamycin
complex 1 (mTORCT) (ii) blocking fatty acid biosynthesis through direct phosphorylation of
acetyl-CoA carboxylase (ACC) [Zadra et al.,, 2015]. AMPK can phosphorylate tuberous
sclerosis complex 1 and 2, leading to the suppression of mMTORCI1 [Yoshida et al., 2011 and
Wang et al., 2017]. Alongside with the metabolic effects, AMPK can also induce cell cycle
arrest and apoptosis [Zadra et al., 2015 and Dasgupta et al., 2016].

While LKB1/AMPK pathway can act as tumor suppressor through its ability to retard tumor
cell growth, it can also behave as tumor promoter, allowing tumor cells to be more resistant
to metabolic stress[Zadra et al., 2015], so called “ metabolic adaptation” [Liang et al., 2013
and Zadra et al., 2015]. Noteworthy, it was reported that active AMPK can provide stress
resistance in human cancers [Koumenis et al., 2014], eventually leading to chemoresistance.
This is an undesired effect of AMPK activation since cellular stress arising from pathological
cellular conditions such as cancer, lack of nutrients, energy, and oxygen and most important
from chemotherapy and radiotherapy should result in the induction of apoptosis. Activation
of AMPK in malignant cells might promote their survival especially in the initial stages of
tumor development [Yung et al., 2016]. Therefore, AMPK is a double-edged sword of whose

activation or inhibition in a particular treatment needs to be considered.

3.5.3 Role of AMPK in cancer

Metformin, a biguanide anti-diabetic agent which inhibits complex I of mitochondrial
electron transport chain [Forgarty et al., 2010] is reported for anti-cancer effect by activation
of AMPK [Hawley et al., 2002]. Metformin was shown to inhibit cell proliferation and
induce apoptosis in triple-negative breast cancer cell lines as well as estrogen receptor (ER)
a-positive and human epidermal receptor (HER) 2-positive cell lines through AMPK
activation. Moreover, the combination treatment of metformin and chemotherapeutic agent
carboplatin, paclitaxel or doxorubicin showed synergistic inhibition of the G1-phase [Liu et
al., 2012]. Phenformin, a more potent biguanide than metformin, also activates AMPK and it
is effective in the prevention and treatment of estrogen receptor (ER)-positive and triple-
negative breast cancer xenografts in immunocompromised mice [Appleyard et al., 2012]. In
NSCLC patients, a significant association was found between high phosphorylated AMPK
(pPAMPK) expression and increased overall survival and recurrence-free survival [William et
al., 2012]. Metformin treatment increased apoptosis in human lung cancer cell lines A549 and

NCI-H1299 and significantly inhibited cell proliferation in a dose and time-dependent
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manner which was confirmed by results from A549 tumor xenografts in nude mice [Wu et
al., 2011]. In acute lymphoblastic leukemia (ALL) cell lines, the AMPK-activating AMP-
analogue AICAR induced dose- and time-dependent cell growth inhibition leading to
increased AMPK phosphorylation and decreased mTOR phosphorylation [Kuznetsov et al.,
2011 and Leclerc et al.,, 2010]. A similar study in breast cancer cell lines treated with
metformin, remarkably repressed cell proliferation as a result of AMPK activation and
inhibition of mTOR and S6K [Zakikhani et al., 2006]. A further study confirmed that such
effects of meformin were AMPK-dependent, since AMPK knockdown in breast cancer cells
prevented metformin-induced inhibition of mTOR signaling and rescued cells from
metformin-induced cell growth inhibition [Zakikhani et al., 2006 and Yung et al., 2016]. In
the panel of gynecological cancers, it has been demonstrated that A23187, an CaMKK§-
dependent AMPK activator was able to inhibit cervical cancer cell growth [Yu et al., 2009].
Similarly, a the study in LKB1-deficienct HeLa cell lines, treatment with A23187 inhibited
cell proliferation significantly stronger than treatment with AICAR, an LKBI1-dependent
AMPK activator [Zakikhani et al., 2006]. Moreover, cotreatment of AICAR and A23187
enhanced inhibition of cell growth in the cervical cancer cell lines HeLa, CaSki and C41 by
suppressing the AMPK/mTOR signaling pathway [Zakikhani et al., 2006 and Yung et al.,
2016]. Resveratrol, a well known AMPK activator [Baur et al., 2006] promoted cell death via
autophagy in five ovarian cancer cell lines [Opipari et al., 2004]. A study in ovarian cancer
cells has found that resveratrol enhanced chemosensitivity of cisplatin and prevent the
development of resistance against cisplatin [Engelke et al., 2016]. Again through AMPK
activation, bitter melon extract significantly inhibited tumorigenicity and overcame cisplatin
resistance in ovarian cancer cells [Yung et al., 2015]. All together, these studies demonstrate

a prominent role of AMPK in several kinds of cancers including ovarian cancer.

3.5.4 Mechanistic target of rapamycin (mTOR)

One of the major growth regulatory pathways controlled by LKB1-AMPK is the mechanistic
target of rapamycin (mTOR) [Kim et al., 2013]. mTOR is an evolutionary conserved
serine/threonine kinase integrating signals from multiple pathways including nutrients (e.g.
amino acids and glucose), growth factors (e.g. insulin and insulin-like growth factor),
hormones (e.g. leptin) and stress (e.g. starvation, hypoxia and DNA damage) to regulate a
wide variety of eukaryotic cellular functions such as transcription, translation, protein

turnover, cell growth and differentiation, energy balance and stress response [Watanabe et al.,
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2011]. mTOR consists of two functionally and structurally distinct complexes, rapamycin-
sensitive mTOR complex 1 (mTORC1) and rapamycin-insensitive mTOR complex 2
(mTORC2). mTORI1 phosphorylates S6K and 4E-BP1 and regulates translation, autophagy,
growth, lipid biosynthesis, mitochondria biogenesis and ribosome biogenesis whereas

mTOR2 phosphorylates SGK1, Akt (S473), Racl and PKCo and regulates survival,

metabolism, proliferation and cytoskeletal organization [Wullschleger et al., 2006 and Ma et

al., 2009].
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Figure 3.5. Function and regulation of AMPK leading to tumor suppression [Kim et al., 2013]
AMPK is activated when cellular AMP/ATP or ADP/ATP ratios rise due to various physiological
stresses. One of the most well-known pathways of AMPK is through the TSC1/TSC2 complex,

leading to the inhibition of mTOR. The mTOR pathway suppresses apoptosis via its effect on the
tumor suppressor pS3 and p27.

Based on the information shown in Figure 3.5, mTOR plays a role downstream of AMPK.
Under low energy (high AMP/ATP ratio), AMPK is activated in an LKB1-dependent manner
and phosphorylates TSC2, leading to mTOR inhibition. However, AMPK also directly
phosphorylates Raptor at S792 in an LKBI1-dependent manner, which is required for
inhibition of mTOR1 and growth arrest under energy stress [Ma et al., 2009 and Watanabe et
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al., 2011]. Similarly, Gwinn et al. has proposed a relationship between AMPK and mTOR in
TSC2-deficient cells which remain responsive to energy stress [Gwinn et al., 2008]. This
study reported that AMPK directly phosphorylates the mTOR binding partner raptor on two
well-conserved serine residues, and this phosphorylation induces 14-3-3 binding to raptor.
The phosphorylation of raptor by AMPK is required for the inhibition of mMTORC1 and cell-
cycle arrest induced by energy stress. These findings uncovered a conserved effector of
AMPK mediating its role as a metabolic checkpoint coordinating cell growth with energy

status [Gwinn et al., 2008].
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4. Objective

Ovarian cancer is the most lethal gynecologic cancer [Coward et al., 2015]. One of the
reasons is a resistance development to platinum-based chemotherapy currently used as first-
line chemotherapy of ovarian cancer. A number of studies attempted to reinforce the
sensitivity of platinum chemotherapy by changing the schedule of administration or
combining platinum drugs with other chemotherapeutic agents. However the success is
moderate and a therapeutic ceiling is being reached with these approaches [Coward et al.,
2015].
Purinergic signaling pathways have been proposed since the 1970s [White et al., 2006] and
the presence of high concentrations of purinergic ligands in the extracellular tumor
environment has been found. Purinergic ligands have extensively been studied in several
types of cancer including ovarian cancer. Encouraging effects of purinegic ligands on cancer
cell growth, proliferation, and metastasis as well as cell death [Stagg et al., 2010] suggest
purinergic signaling pathways as new targets to improve cancer treatment. Even though the
beneficial effects of purinergic ligands have been investigated in several types of cancers,
their effects on ovarian cancer remain mostly unclear.
Therefore, this study aimed to clarify the contribution of the purinergic ligands ATP and
adenosine to chemosensitization in ovarian cancer cells of different platinum sensitivity and
unravel underlying mechanisms in single and in combination treatments with cisplatin.
Cisplatin is regarding its pharmacodynamical effects and platinum-DNA adduct formation
equivalent to carboplatin, the platinum drug used as first-line chemotherapy [Bookman et al.,
2003, Ozols et al., 2003, du Bois et al., 2003 and Neijt et al., 2000]. More specifically, the
following topics should be investigated in ovarian cancer cells in the framework of this
thesis:

» expression and functional activity of purinergic receptors

» cytotoxicity of the purinergic ligands ATP and adenosine

» underlying molecular mechanisms of the cytotoxic effects of the purinergic ligands

ATP and adenosine
» investigation of combinations of ATP or adenosine, respectively, and cisplatin for

increasing platinum sensitivity.
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5. Materials and Methods

5.1 Materials

Table 5.1. List of chemical reagents

Chemical reagents

Manufacturer

2-Mercaptoethanol 99% (analytical grade)

Carl Roth GmbH & Co.KG, Karlsruhe

2X QuantiTect-SYBR® Green master mix

Qiagen, Germany

Acetyl-Coenzyme A

AppliChem, Darmstadt

Adenosine

Sigma Aldrich, Steinheim

Adenosine 5’-(a,B-methylene)diphosphate
sodium salt (APCP)

Tocris bioscience

Adenosine triphosphate-Disodium salt

hydrate (ATP)

Sigma Aldrich, Steinheim

Agarose gel for electrophoresis

Carl Roth GmbH & Co.KG, Karlsruhe

Ammonium persulfate (APS), (NH4),S,0s

Merk KGaA, Darmstadt

Bromophenol blue sodium salt

Acros Organic/Thermo Fisher Scientific Inc.,

USA

BSA (Bovine Serum Albumin)

AppliChem, Darmstadt

Calcium chloride (CaCl,)

Sigma Aldrich, Steinheim

Calcium Chloride dehydrate (CaCl, x 2H,0)

KHF Laborchemie, Leipzig

Cisplatin

Sigma Aldrich, Steinheim

Copper (II) sulfate pentahydrate
(CuSO4 x 5H,0)

Sigma Aldrich, Steinheim

CRE-luciferase transporter plasmid

Stratagene, Germany

Dimethyl sulfoxide (DMSO)
(analytical grade)

VWR® BDH PROLAB®, Darmstadt

Dipyridamole

Sigma Aldrich, Steinheim

Disodiumhydrogenphosphate dihydrate
(Na.zHPO4>< 2H20)

VWR® BDH PROLAB®, Darmstadt

Dithiothreitol (DTT)

Carl Roth GmbH & Co.KG, Karlsruhe
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Chemical reagents

Manufacturer

D-Luciferin sodium salt

AppliChem, Darmstadt

DNase-free RNase A

AppliChem, Darmstadt

Dulbecco’s Modified Eagle Medium
(DMEM)

PAN Biotech GmbH, Aidernbach

EDTA

Carl Roth GmbH & Co.KG, Karlsruhe

EDTA disodium salt, dihydrate

AppliChem, Darmstadt

Eosin B (C.L 45400)

Carl Roth GmbH & Co.KG, Karlsruhe

Ethanol analytical grade

VWR® BDH PROLAB®, Darmstadt

FBS (Fetus Bovine Serum)

PAN Biotech GmbH, Aidernbach

GeneRuler 50 bp DNA ladder

Thermo Scientific, Germany

Glucose (C6H1206)

Sigma Aldrich, Seelze

Glycerol water-free , analytical grade

Carl Roth GmbH & Co.KG, Karlsruhe

Glycine

AppliChem, Darmstadt

Helipur®

B. Braun Melsungen AG, Melsungen

HEPES free base

AppliChem, Darmstadt

High Capacity cDNA Reverse Transcription
Kit

Applied Biosystems, California, USA

Hydrochloric acid 37% (HCI)

VWR® BDH PROLAB®, Darmstadt

Isopropanol tech.

Obtained from Central Chemical Unit HHU

Magnesium acetate tetrahydrate

AppliChem, Darmstadt

Magnesium sulfate (MgSOy)

Fluka , USA

Magnesium sulfate heptahydrate

Fluka Chemie AG, Buchs, Schweiz

Metformin HCI

Tokyo chemical, Zwijndrecht, Belgium

Methanol (analytical grade)

VWR® BDH PROLAB®, Darmstadt

Milk powder (Blotting grade)

Carl Roth GmbH & Co.KG, Karlsruhe

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphynyltetrazoliumbromide

SERVA, Electrophoresis GmbH, Heidelberg

My Budget RNA Mini Kit

Qiagen, Germany

N-Tris(hydroxymethyl)-methyl-glycin

(Tricine)

AppliChem, Darmstadt

Oligo(dT),3 anchored primer

Invitrogen, Germany

Oregon Green™ 488 BAPTA-1 AM

Thermo Fisher Scientific, Rockford, USA

32




5. Materials and Methods

Chemical reagents

Manufacturer

Paclitaxel

Biotrend chemikalien GmbH, Cologne

PageRuler™ Plus prestained protein ladder

Thermo Scientific, Rockford, USA

PageRuler™ prestained protein ladder

Thermo Scientific, Rockford, USA

Penicillin-Streptomycin (10,000 U/ml ; 10
mg/ml)

PAN Biotech GmbH, Aidenbach

Pierce™ Reagent A for BCA assay

Thermo Scientific, Germany

Pluronic F-127

Sigma Aldrich, Steinheim

PolyFect transfection reagent

Qiagen, Germany

Potassium Chloride (KCI) (analytical grade)

Carl Roth GmbH & Co.KG, Karlsruhe

Potassium dihydrogen phosphate (KH,;POy)

Carl Roth GmbH & Co.KG, Karlsruhe

Propidium iodide

Santa Cruz Biotechnology, Heidelberg

Protease/phosphatase inhibitor mini tablets

Thermo scientific, Rockford

Q-VD-OPh hydrate

Sigma Aldrich, Steinheim

RNase-free DNase set

Qiagen, Germany

Roswell Park Memorial Institute Medium

(RPMI)

PAN Biotech GmbH, Aidenbach

Rotiphorese® Gel 30 (37.5:1)

Carl Roth GmbH & Co. KG, Karlsruhe

Sodium azide (NaN3) 99%

Acros Organic/Thermo Fisher Scientific Inc.,

USA

Sodium Chloride (analytical grade)

Fisher Chemicals, Themo Scientific,

Rockford, USA

Sodium Chloride solution 0.9% (w/v), sterile

Fresenius Kabi Deutschland GmbH, Bad
Homburg

Sodium citrate tribasic dihydrate

Fisher Chemicals, Themo Scientific,

Rockford,USA

Sodium deoxycholate

Carl Roth GmbH & Co.KG, Karlsruhe

Sodium dodecyl sulfate (SDS) Ultra-pure

SERVA, Electrophoresis GmbH, Heidelberg

Sodium hydrogen carbonate (NaHCO3)

VWR® BDH PROLAB®, Darmstadt

Sodium hydroxide (NaOH)

Mallinkrodt Baker, Griesheim

Tetramethylethylenediamine (TEMED)

Carl Roth GmbH & Co.KG, Karlsruhe

Tris(hydroxymethyl)-aminomethane (Tris)

AppliChem, Darmstadt

33




5. Materials and Methods

Chemical reagents

Manufacturer

Triton® X-100

AppliChem, Darmstadt

Trypsin-EDTA in PBS

PAN Biotech GmbH, Aidenbach

Tween®20

Carl Roth GmbH & Co.KG, Karlsruhe

UDP (Uridine diphosphate)

Sigma Aldrich, Steinheim

UTP (Uridine triphosphate)

Sigma Aldrich, Steinheim

Verapamil

Sigma Aldrich, Steinheim

Western Blotting Luminol Reagent

Santa Cruz Biotechnology, Heidelberg

Table 5.2. List of cell lines

Cell type Cell lines Medium Manufacturer
Ovarian cancer cells A2780 RPMI1640 | European Collection of Cell
A2780CisR Cultures (ECACC, UK)
HEY
Human Embryonic Kidney HEK?293 DMEM German Collection of
cells Microorganisms and Cell
Cultures (DSMZ, Germany)

Table 5.3. List of selective agonists and antagonists of purinergic receptors

Agonist/Antagonist Selectivity Manufacturer
P1 receptor
BAY 60-6583 A2B receptor agonist Tocris bioscience

(£)-5’-Chloro-5’-deoxy-ENBA

Al receptor agonist

Tocris bioscience

SLV320

Al receptor antagonist

Tocris bioscience

SCH 442416 A2A receptor antagonist Tocris bioscience

PSB 603 A2B receptor antagonist Tocris bioscience
P2 receptor

A 740003 P2X7 receptor antagonist Tocris bioscience

AR-C 118925 P2Y?2 receptor antagonist Tocris bioscience

5 BDBD P2X4 receptor antagonist Tocris bioscience

MRS 2179 P2Y1 receptor antagonist Tocris bioscience

34




5. Materials and Methods

Table 5.4. List of antibodies for western blot analysis

Antibodies Manufacturer Concentration

Goat Anti-PARP R&D system, Wiesbaden 1:2500

Mouse Anti-f-Actin (C4) Santa Cruz Biotechnology, 1:2000
Heidelberg

Mouse Anti-pS6K (Thr389) Cell signaling technology 1:1000

Rabbit Anti-A1 adenosine receptor Alomone labs, Jerusalem 1:200

Rabbit Anti-A2A adenosine receptor | Alomone labs, Jerusalem 1:200

Rabbit Anti-A2B adenosine receptor | Alomone labs, Jerusalem 1:200

Rabbit Anti-A3 adenosine receptor Alomone labs, Jerusalem 1:200

Rabbit Anti-Akt1/2/3 Santa Cruz Biotechnology, 1:200
Heidelberg

Rabbit Anti-p-Akt1/2/3 Santa Cruz Biotechnology, 1:2000
Heidelberg

Rabbit Anti-pAMPK (Thr172) Santa Cruz Biotechnology, 1:200
Heidelberg

Rabbit Anti-P2X, receptor Santa Cruz Biotechnology, 1:200
Heidelberg

Rabbit Anti-P2X; receptor Santa Cruz Biotechnology, 1:200
Heidelberg

Rabbit Anti-P2Y receptor Santa Cruz Biotechnology, 1:200
Heidelberg

Rabbit Anti-P2Y, receptor Santa Cruz Biotechnology, 1:200
Heidelberg

Rabbit Anti-P2Y receptor Alomone labs, Jerusalem 1:200

Rabbit Anti-P2Y; receptor Alomone labs, Jerusalem 1:200

Rabbit Anti-P2Y 3 receptor Alomone labs, Jerusalem 1:200
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Table 5.5. List of equipment

Equipment

Manufacturer

Biosphere” Pipette tips with aerosol filter
10 pl, 100 pl, 1000 pl

Sarstedt AG & Co., Niimbrecht

Cell culture flask
T25, T75, T175

Sarstedt AG & Co., Niimbrecht

Chromatography paper
Whatman®

International Ltd, Maldstone,
UK

Cryovial for cell storage (Cryo Pure)

Sarstedt AG & Co., Niumbrecht

Immobilon®-P Transfer Membrane,
Pore size 0.45 um

Millipore Corporation, Billerica, USA

Parafilm®

Pechiney Plastic Packaging, Chicago, USA

PCR-reactions micro tubes 0.2 ml

Applied Biosystems/Applera, Darmstadt

Pipette tips
10 pl, 200 pl, 1000 pl, 5 ml

Sarstedt AG & Co., Numbrecht

Reaction tube 1.5 ml, 2 ml

Sarstedt AG & Co., Niimbrecht

Round-bottom cleared 96-well plate

Sarstedt AG & Co., Niimbrecht

Sterile cell culture micro plate
6-well and 24-well

Sarstedt AG & Co., Niimbrecht

Sterile cell culture microplate 96-well
(Costar®)

Corning Inc., Corning, USA

Sterile cell culture microplate 96-well -PS
Clear-flat bottom, white-border Cellstar®

Greiner Bio-One GmbH, Frickenhausen

Sterile filter from Cellulose acetate 0.2 pm

VWR, Darmstadt

Sterile single used pipette 10 ml

VWR, Darmstadt

Conical tube 15 and 50 ml

Sarstedt AG & Co., Nimbrecht

Cell scraper

Sarstedt AG & Co., Numbrecht

Table 5.6. List of instrument

Instrument

Manufacturer

Analytical balace ABS 220-4

Kern & Sohn GmbH, Balingen-Frommen

Analytical balance BP 2218

Sartorius AG, Gottingen

Autoclave Systec V-65

Systec GmbH, Wettenberg
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Instrument Manufacturer
Centrifuge: Hettich Zentrifugen, Tuttlingen
MIKRO 200R
ROTINA 420R
Drying cabinet Heraeus Instrument GmbH, Hanau

Flow cytometer (CyFlow space)

Partec GmbH, Miinster

Gel electrophoresis chamber Bio-Rad
MINISUB® Cell GT

Bio-Rad Laboratories GmbH, Miinchen

Incubator Heracus® Function-line
Heraeus®/

Thermo Electron Corporation,
Dreieich

Laminar air flow
Werkbank MSC advantage

Thermo Scientific, Dreieich

Magnetic Stirrer IKA® RCT basic

IKA-Werke GmbH & Co.KG, Staufen

Microplate reader FLUOstar for absorption
detection

BMG Labtechnologies, Offenburg

Microplate reader LUMIstar for
luminescence detection

BMG Labtechnologies, Offenburg

Microplate reader NOVOstar for
fluorescence detection

BMG Labtechnologies, Offenburg

Axio Vert.Al Inverse microscope

Zeiss, Oberkochen

Nano cuvette IMPLEN

Implen GmbH, Miinchen

Nano Photometer P300

Implen GmbH, Miinchen

Hemocytometer for cell counting

LO-Laboroptik GmbH, Bad Homburg

PCR working bench

Envirco Corporation, Sandorf, US

pH-Meter 713

Metrohm GmbH & Co. KG, Filderstadt

Roller mixer SRT6

Bibby Scientific LTD, Stone(Staffordshire),
UK

Semi-dry-blotting apparatus

Carl Roth GmbH & Co. KG, Karlsruhe

Shaking machine Duomax 1030

Heidolph Instruments, Schwalbach

Themo cycler for RT-PCR

Eppendorf, Jiilich

Ultra sonicator
Sonorex Super RK514BH

Bandelin electronic GmbH & Co. KG,
Berlin

UV-Vis-Spectrometer
Spectronic Genesys10 Bio

Thermo Electron GmbH, Dreicich
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Instrument Manufacturer
Voltage source : Bio-Rad Laboratories GmbH, Miinchen
Power Pack 3000 Biometra GmbH, Gottingen
Standard Power Pack P25

Vortex-Genie®

VWR, Darmstadt

Water bath
Julabo 19/ED

JULABO Labortechnik GmbH, Seelbach

Western Blot-Detections system INTAS
ChemiLux ECL Imager HR16 Pro

INTAS Science Imaging Instruments
GmbH, Gottingen

Table 5.7. List of software

Software

Manufacturer

CalcuSyn version 2.1

Biosoft, Cambridge, U.K.

Compusyn version 1.0

ComboSyn, Inc. , New Jersey, USA

FloMax 2.82

Partec GmbH, Miinster

GraphPad Prism® version 4.00 for windows

GraphPad Software, San Diego, USA

Imagel 1.47v

Wayne Rasband, National Institutes of
Health, USA

INTAS ChemoStar

INTAS Science Imaging Instruments
GmbH, Gottingen
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5.2 Buffers and solutions

5.2.1 Cell culture

Phosphate Buffer Saline (PBS) 10X

NaCl 81.8 g
KCl 22 g
Na,HPO, x 2H,0 142 ¢
KH,PO4 204 ¢
Distilled H,O g:s. to 1000 ml

5 N of NaOH was used to adjust pH of the buffer to 7.4. Then, final volume of buffer was
adjusted to 1000 ml using volumetric flask. The 50 ml aliquot part of PBS 10X in conical
tube was stored at -20°C.

PBS 1X

NaCl 140 mM
KCl 3 mM
Na,HPO,4 x 2H,0 8 mM
KH,PO4 1.5 mM

PBS 10X was diluted 1:10 to obtain PBS 1X. The PBS 1X solution in a glass bottle was then

sterilized at 121°C for 15 min using autoclave and stored at 2-8°C.

Eosin solution 0.4% (w/v) for cell counting

50 mg of eosin was dissolved in 15 ml of NaCl 0.9% (w/v) solution. The eosin solution was
then stored at 2-8°C.

5.2.2 RT-PCR

Tris-EDTA (TE) 10X

Tris-Cl pH 7.5 10 mM
EDTA 1 mM
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TE 10X was prepared from 1 M stock solution of Tris-Cl (pH 7.5) and 500 mM stock
solution of EDTA (pH 8.0) by mixing 10 ml of 1 M Tris-Cl stock solution and 2 ml of 500
mM EDTA stock solution then final volume was adjusted to 1000 ml with distilled water.

1 M Tris (free base) stock solution
60.57 g of Tris (hydroxymethyl) aminomethane (MW 121.4 g/mole) was dissolved in 500 ml
of distilled water. pH was adjusted to 7.5 using HCI (18.5 % v/v).

500 mM EDTA stock solution
18.6 g of EDTA (MW 372.2 g/mole) was dissolved in 100 ml of distilled water. pH was
adjusted to 8.0 using 5 N NaOH. Note; EDTA was not able to soluble until pH reached 8.0

thus vigorous stirring with moderate heat and time are recommended.

TAE 10X

Tris base 242 ¢
Acetic acid 57 ml
EDTA disodium salt 1.85 g
Distillated H,O q.s. to 500 ml

Tris base and EDTA disodium salt were weight and 400 ml of distilled water was added into
beaker. Mixture was mixed well until became a clear solution then acetic acid was added.

Final volume was adjusted to 500 ml with distilled water in a volumetric flask.

5.2.3 Western blot analysis

Radioimmunoprecipitation assay (RIPA) lysis buffer

Tris HCI (pH 8.0) 50 mM
EDTA 2 mM
Sodium Chloride 150 mM
SDS 0.1 % (W/v)
Triton X-100 1 % (W/v)
Sodium deoxycholate 0.5 % (W/v)
Distilled H,O q.s. to 100 ml
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RIPA lysis buffer was prepared according to the recipe then 1 tablet of protease/phosphatase
inhibitor was added. 1 ml aliquot part of RIPA lysis buffer plus protease/phosphatase
inhibitor in 1.5 ml reaction tube was stored at -20°C. The lysis buffer was freshly thawed

before using and avoided to repeat another freeze/thaw process.

Loading buffer 2X

Tris 0.197 g (125 mM)
Sodium dodecyl sulfate (SDS) 0.6 g (6% w/v)
2-Mercaptoethanol 1 ml (10 % (v/v)
Glycerol 3 ml (30 % v/iv)
Bromophenol blue 1 pipet tip

Distilled H,O q.s.to 10 ml

Tris and SDS were dissolved in 5 ml of distilled water then the mixture was mixed until
became a clear solution. After that, glycerol and 2-Mecaptoethanol were added into the
solution then pH was adjusted to 6.7 with 5 N NaOH. Final volume was adjusted to 10 ml
with distilled water. Finally, Bromophenol blue was added into buffer solution and buffer

was stored at 2-8°C.

10% (w/v) ammonium persulfate (APS) solution

1 g of ammonium persulfate was dissolved in 10 ml of distilled water and stored at -20°C.

Collecting gel buffer 4X

Tris 606 g (0.5 M)
Sodium dodecyl sulfate (SDS) 40 ¢ (0.4 % w/v)
Distilled H,O q.s. to 1000 ml

pH of buffer was adjusted to 6.8 with 18.5% (v/v) of HCI. Buffer was stored at room

temperature.
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Separating gel buffer 4X

Tris 181.8 g (1.5 M)
Sodium dodecyl sulfate (SDS) 4.0 g (0.4 % w/v)
Distilled H,O g.s. to 1000 ml

pH of buffer was adjusted to 8.8 with 18.5% (v/v) HCIl. Buffer was stored at room

temperature.

SDS running buffer 10X

Tris 30 g (25 mM)
Glycine 144 g (192 mM)
Sodium dodecyl sulfate (SDS) 10 g 1 % (w/v)
Distilled H,O g:s. to 1000 ml

SDS running buffer 10X was stored at 2-8°C.

SDS running buffer 1X
SDS running buffer 10X was diluted 1:10 in distilled water to obtain SDS running buffer 1X

and stored at room temperature.

TBS 10X

Tris 24228 g (200 mM)
Sodium Chloride (NaCl) 90.0 g (9 % w/v)
Distilled H,O q.s. to 1000 ml

pH was adjusted to 7.4 with 18.5% (v/v) HCI. Buffer was stored at 2-8°C.

TBST 10X
Buffer was prepared from TBS 10X plus 1% (w/v) of Tween20 and stored at 2-8°C.

TBS 1X and TBST 1X buffers

TBS 10X and TBST 10X were diluted 1:10 in distilled water to obtain TBS 1X and TBST
1X, respectively. Buffers were stored at 2-8°C.
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Semi-dry buffer
Buffer contained 10% (v/v) of methanol in SDS running buffer 1X and was stored at room

temperature.
Blocking solution
Solution contained 3% non-fat milk in TBST 1X. Solution was freshly prepared and should

be used within 24 h.

5.2.4 Calcium assay

Krebs-HEPES buffer 5X (calcium and magnesium free)

NaCl 17330 g (593 mM)
KCl 0.876 g (23.5 mM)
KH,PO4 0.408 g (6 mM)
NaHCOs 0.882 ¢ (21 mM)
Glucose 5269 g (58.5 mM)
HEPES (free acid) 5958 ¢ (50 mM)
Distilled H,O q.s.to 500 ml

pH was adjusted to 7.4 with 5 N NaOH. 100 ml aliquot part of the buffer was stored at -20°C.

Krebs-HEPES buffer 1X (containing Ca’* and Mg*")

100 ml of Krebs-HEPES buffer 5X was transferred into 500 ml volumetric flask then 650 pl
of 1 M CaCl, and 600 pl of 1 M MgSO,4 were added into buffer solution. Final volume was
adjusted to 500 ml with distilled water. The 100 ml aliquot part of the buffer was then stored
at -20°C.

20 % (w/w) Pluronic F-127
0.2 g of Pluronic F-127 was weight in 2 ml reagent tube. Then, dimethylsulfoxide (DMSO)
was added until the weight reached 1 g. (approximately 720 pl of DMSO was used). Solution

was stored at room temperature.
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Oregon Green stock solution
39.7 ul DMSO was added into 50 pg Oregon Green 488 BAPTA-1, AM (original package).
Then, solution was mixed well with vortex at 1500 rpm for 1 to 2 min. 3 pl aliquot part of

Oregon green stock solution in 2 ml reagent tube was stored at -20°C.

5.2.5 cAMP reporter gene assay

Luciferase assay reagent (LAR) pH 7.8

Tricine 5376 ¢ (30 mM)
MgSO4 x 7H,0 1233 ¢g (10 mM)
EDTA 0.075 g (0.5 mM)
DTT 0.771 g (10 mM)
Distillated H,O g.s. to 500 ml
ATP 0.5 mM
Coenzyme A 0.5 mM
D-luciferin 0.5 mM

Tricine and EDTA were weight into beaker then 400 ml of distilled water was added. The
mixture was mixed for 15 min or until became a clear solution. Then, MgSO4 and DTT were
added. pH of a clear solution was adjusted to 7.8 with 5 N NaOH and final volume was
adjusted to 500 ml with distilled water. LAR was stored at -20°C. 10 mM stock solution of
ATP, Coenzyme A, D-luciferin were prepared in distilled water, stored at -20°C and added
into LAR freshly before using.

Luciferase Lysis Reagent (LLR) pH 7.8

Tricine 0.717 g (8 mM)
DTT 0.077 ¢ (1 mM)
EDTA 0292 ¢ (2 mM)
Triton X-100 25 g (5% wiv)
Distillated H,O g.s. to 500 ml

Tricine and EDTA were weight in the beaker then 400 ml of distilled water was added.

Mixture was mixed for 15 min or until became a clear solution. After that, Triton X-100 and
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DTT were added into the solution. pH was adjusted to 7.8 with 5 N NaOH then final volume
was adjusted to 500 ml with distilled water. LLR was stored at -20°C.

5.2.6 MTT assay

MTT solution
250 mg of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
dissolved in 50 ml of PBS 1X. The mixture was mixed well until became a yellow clear

solution and stored at 2-8°C.

5.2.7 Cell cycle analysis

70% ethanol solution for cell fixation
Absolute ethanol was diluted in distilled water to prepare 70% (v/v) then the solution was

stored at 2-8°C.

Filtered distilled water
Distilled water was filtered through 0.2 um-cellulose filters and stored at -20°C.

Propidium iodide (PI) stock solution
Propidium iodide was dissolved in filtered distilled water to obtain the concentration of 500

ug/ml. A stock solution was stored at 2-8°C and protected from light.
Sheath fluid
Sheath fluid is a commercial sterile 0.9% NaCl plus 0.01% of sodium azide (NaN3). Sheath

fluid should be prepared freshly and put in the ultrasonic bath at least 30 min before using.

DNase-free RNase stock solution (10 mg/ml)
DNase-free RNase was dissolved in filtered distilled water and stored at -20°C.
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PI staining solution (per 1 well)

Triton X-100 0.5 ul
DNase-free RNase (stock solution) 10 ul
Propidium iodide (stock solution) 20 ul
Sheath fluid q.s. to 500 ul

Sheath fluid was pipetted into 15 ml conical tube then Triton X-100 was added. The mixture
was mixed well until became a clear solution then PI stock solution and DNase-free RNase
stock solution were added. PI staining solution should be prepared freshly before staining the

cells, protected from light and always kept on ice.

5.2.8 Apoptosis assay

Propidium iodide (PI) stock solution
Propidium iodide was dissolved in filtered distilled water to obtain the concentration of 500

ug/ml. The stock solution was stored at 2-8°C and protected from light.

Sheath fluid
Sheath fluid is a commercial sterile 0.9% NaCl plus 0.01% of sodium azide (NaN3). Sheath
fluid should be prepared freshly and put in the ultrasonic bath at least 30 min before using.

Filtered distilled water
Distilled water was filtered through 0.25 um-filters and stored at -20°C.

Hypotonic PI staining buffer

Sodium citrate 0.1% (w/v)
Triton X-100 0.1% (v/v)
PI stock solution 100 pg/ml

Sodium citrate was dissolved in filtered distilled water and the mixture was mixed until
became a clear solution before Triton X-100 was added. PI stock solution was added at the
last step and final volume was then adjusted with filtered distilled water. Buffers was

protected from light and stored at 2-8°C.
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5.3 Methods

5.3.1 Cell culture

General cell culture

Cell culture was performed under laminar airflow with aseptic technique. All the materials
and reagents for cell culture were sterilized at 121°C for 20 min by autoclave in order to
avoid bacterial contamination.

A2780, A2780CisR and HEY cell lines were cultivated in Roswell Park Memorial Institute
1640 (RPMI1640) while HEK293 cell line was cultivated in Dulbecco Modified Eagle
Medium (DMEM). The RPMI1640 and DMEM were supplemented with 10% fetal bovine
serum (FBS) and 1.2% penicillin/streptomycin (10,000 IU/ml penicillin and 10,000 mg/ml
streptomycin). Cell lines were grown in T75 cell culture flask at 37 °C in a humidified
atmosphere containing 5% CO, until cells reached 80% to 90% confluence. Then, cells were
washed one time with 6 ml of PBS 1X and detached with 3 ml of 0.05% trypsin/0.02%
EDTA in PBS. Cells were then incubated in the incubator for 2 min (A2780, A2780CisR and
HEK293 cells) or 4 min (HEY cells) in order to allow cells to detach from the flask. After 2
to 4 min incubation time, 7 ml of complete medium was added into the flask to stop the
reaction of trypsin then all the cells were harvested from the flask and transferred to 50 ml
conical tube. Cell suspension was then centrifuged at 266 g, 4°C for 4 min. Finally,
supernatant was gently removed and cell pellet was suspended with 5 ml complete medium.

This cell suspension can be used for further experiments.

Cell counting

In order to count the exactly number of cells in cell suspension, a hemocytometer was used
for cell counting. 10 pl of harvested cell suspension was diluted in 90 pl of 0.4% eosin
solution. 10 to 15 ul of cell suspension in eosin solution were filled in between
hemocytometer and coverslip until all four quadrants of hematocytometer (Figure 5.1) were
totally filled with cell suspension without appearance of bubbles. Then, cells were counted
under microscope. The total cell numbers obtained from four quadrats of hemocytometer was
used to calculate the exactly amount of cells per microliter using the equation below. The

dilution factor was 10.
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1mm

00025 mmn®

Figure 5.1. Hemocytometer

[ Cell number per pl = (n + 0.4) x DF ]

n = Total cell number from four quadrats

DF Dilution Factor

The cell number per microliter was then used to calculate the exactly amount of cells per well
for further experiments. Some of cell suspension was put in a new T75 flask for a backup.

Cell lines were cultured at least once a week and the medium was changed every 48 to 72 h.

5.3.2 Reverse Transcriptase — Polymerase Chain Reaction (RT-PCR)

RNA extraction

Cell lines were cultivated in T25 flask to reach 80% to 90% confluence then RNA was
extracted using My-Budget RNA Mini Kit (Bio-budget, Germany) followed the protocol for
eukaryotic cells. Briefly, cells pellet was harvested as described before in general protocol for
cell culture. Then, cell pellet was lysed with lysis buffer (from the RNA Mini Kit) after that
genomic DNA was selectively removed by adhering to a first centrifugation filter. RNA was
bound to a second centrifugation filter; contaminants were removed by washing steps. The
total RNA was eluted through RNase-free water. The purification and concentration of RNA
were determined by Nano Photometer. The 1 pg aliquot part of purified RNA in 0.2 ml PCR-

reaction tube was stored at -20°C.
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Reverse Transcription (RT) from RNA to cDNA

lug of purified RNA was used to prepare cDNA using High Capacity cDNA Reverse
Transcription Kit and Oligo(dT),3; anchored Primer (See Table 5.8) with the following
program setting in the thermo cycler: 10 min at 25°C followed by 120 min at 37°C. The 20 ul
of cDNA was diluted in 100 pl of TE buffer 1X, pH 7.5 and stored at -20°C for the further
PCR reaction.

Table 5.8. Components for reverse transcription

Component Weight/volume

Purified RNA I pg
Reaction buffer 1X 1 ul
dNTP 25X 0.4 pnl
Oligo(dT)23-Primer [0.5 pg/ul] 0.5 ul
Reverse Transcriptase 2.5 ul

[1:5 in Ampuwa water]

Ampuwa water g.s. to 20 ul

Primer design
Specific primers of purinergic receptors were designed using primer design tool from the

website www.ncbi.nlm.nih.gov/tools/primer-blast/ [Ye et al., 2012]. Then, the primer

sequences were produced by Eurofins Genomics (Ebersberg, Germany). The 125 uM primer
stock solutions were prepared in TE buffer 1X and stored at -20°C. All the primers sequences

are shown in Table 5.9.
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Table 5.9. Sequences of forward and reverse primers for PCR

Sequences Product
Receptor Forward Primer (5’-3’) Reverse Primer (5°-3°) size
(bp)
Housekeeping Gene
ACTB | TCCTTCCTGGGCATGGAGT GCACTGTGTTGGCGTACAG | 103
P1 receptor (adenosine receptor)

Al CCCTCTCCGGTACAAGATGG GCAGCACCCACACAAAGAAG 239
A2A ATCCCGCTCCGGTACAATGG GAGTGGTTCTTGCCCTCCTT 146
A2B ATCTGTGTCCCGCTCAGGTAT ATAAGCAGTGGGGGCAGAAC 272

A3 CTGGGAAAGACCTATCAGGCA GCTTCAAAGTGTTGCCTACCC 195

P2 receptor
P2X1 AATGACCACCATCGGCTCTG CCCCATGTCCTCAGCGTATT 133
P2X2 GACCCTTGCCCGTGTATTGG CCACACTCTGCCCCTTGTTG 111
P2X3 TCCGTTTCCCCCTCTTCAAC CAAGATGGGGCAGAAAGGGT 113
P2X4 GTCATCGGGTGGGTGTTTGT AGAAGTGTTGGTCACAGCCA 105
P2X5 TGATGGACGTCAAGGACAGA ATTCCTATCACGCCACCCTC 148
P2X6 CGTGGTCTATGTGGTAGGGT TGAGTGACGGAAACCCCTTTG 111
P2X7 ACACCGCAGACTACACCTTC GGGATATCGGGACACACAACC 104
P2Y1 TTACGACACCACCTCAGACG TGAAAGTATCTCCCGCCAAG 115
P2Y2 CGACTGCTAAACCAGCCTA ATGTTGATGGCGTTGAGGGT 188
P2Y4 ACAACCAGCAACAAAGGGACCA | AGCAAACAAGAGTGACCAGGC 136
CC AGG
P2Y6 ACGGCAGCATCCTCTTCCTCACC | CAGCAGGAAGCCGATGACAGT 256
GA
P2Y11 GCCAACGTCTCGGGTGCCAAG CGGCCACCAGGAACTCAACCA 121
C
P2Y12 ATGCCAAACTGGGAACAGGACC | AATGGCCTGGTGGTCTTCTGGT 139
AC AG
P2Y13 ACTCACACCTGGCACCCTGG AGCCCTAACAGCACGATGCCC 100
P2Y14 AGTAGCATTGTGTTCTTTGGGC | AACAGCAAGGAGGAGCATGAG 146

C

Polymerase Chain Reaction (PCR)

cDNA from reverse transcription reaction and specific forward and reverse primers were

pipetted into 20 ul PCR-reaction tubes together with 2X QuantiTect-SYBR"-Green master

mix and Ampuwa water as shown in Table 5.10.
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Table 5.10. Components for PCR

Reagent Volume
cDNA in TE 1X buffer 1.5 ul
125 uM Forward primer stock solution 0.8 ul
125 uM Reverse primer stock solution 0.8 ul
2X QuantiTect-SYBR"*-Green master mix 10 pl
Ampuwa water q.s. to 20 pul

PCR program consisted of an initial denaturation step at 95°C 120 s for 1 cycle then
continued with 94°C for 20 s followed by 57°C for 30 s and 72°C 60 s for 40 cycles.

10 pul of PCR products was diluted in 15 pl of ampuwa water and 5 ul of loading dye. PCR
product solution of purinergic receptors and ACTB as housekeepting gene were then
separated using 2% agarose gel in TAE 1X buffer as running buffer with the constant 125 V
for 45 min. The separated DNA bands were detected under Intas Gel iX Imager UV system.
GeneRuler 50 bp was used as DNA ladder.

5.3.3 Western blot analysis

Protein preparation

Cells were cultivated in T25 flask overnight before treated with test compounds. After
appropriate incubation time, cells were washed twice with PBS1X then 50 ul of RIPA lysis
buffer were added onto the cells. Cells were detached from the flask using scraper and
transferred into 1.5 ml reagent tube. Cell lysate was incubated with RIPA lysis buffer on a
roller mixer for 30 min at 4 to 8°C. After that, cell lysate was centrifuged at 14,000 g for 15
min at 4°C. Supernatant containing protein sample was pipetted into new 1.5 ml reagent tube.
10 ul of protein sample was used for protein concentration assay (BCA assay) and the rest
was mixed 1:1 with loading buffer 2X. The protein sample in loading buffer was heated at 95
°C for 10 min and stored at -80°C.
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Bicinchoninic acid (BCA) assay for protein concentration

The principle of BCA assay is protein bonds in the protein samples can reduce Cu”" to Cu'*
which then forms a complex with bicinchoninic acid. The Cu'" - bicinchoninic acid complex
is purple-colored and can be detected at an absorption wavelength of 566 nm. The amount of
reduction is proportional to protein in the sample.

Bovine Serum Albumin (BSA) stock solution (2 mg/ml) was diluted in distilled water to
prepare protein standard in a concentration of 1500, 1000, 750, 500, 250, 125 and 25 ug/ml.
While, protein samples were diluted 1:10 in distilled water. 25 pl of either BSA standard
dilutions or protein samples were added in wells of a 96-well plate in replicate. The BCA
working reagent was prepared in a ratio 50:1 of Reagent A (Thermo Scientific, Germany) to
Reagent B (4% w/v CuSOy). 200 pl of BCA working reagent were then added into each well
of protein standards and protein samples and incubated at 37°C. After 30 min, absorption was
measured at 544 nm using a FLUOstar microplate reader. BSA calibration curve was used to

calculate protein concentration of each protein sample.

Gel preparation

Gels were prepared at least one day before electrophoresis. All the components were pipetted
according to Table 5.11 into 50 ml conical tube. APS solution and TEMED were added at the
last. Separating gel solution was firstly poured in between glass plates separated by spacers of
1 mm thickness. Bubbles on the surface of the separating gel solution were removed by
adding isopropanol then separating gel solution was allowed to polymerize for 10 to 15 min.
After that, isopropanol was discarded then collecting gel solution was poured in the upper
part of the separating gel. Bubbles should be avoided. Then, comb was inserted into the
collecting gel solution in between two glass plates in order to make pockets for protein
samples. The collecting gel solution was allowed to polymerize for 10-15 min. Gels were
stored in aluminum foil with wet paper towel at 2-8°C overnight. The separating gel was
prepared based on molecular mass of proteins of interest. In this study, the 8 to 12% of
separating gel and 5% of collecting gels were used. The components for preparing one gel are

shown in Table 5.11.
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Table 5.11. Gel components for one gel preparation

Component Separating gel Collecting gel

8% 10% 12% 5%

Rotiphorese“Gel 30 1.6 ml 2.0 ml 2.4 ml 0.5 ml

Distilled H,O 2.9 ml 2.5ml 2.1 ml 1.75 ml

Separating gel buffer 4X 1.5 ml 1.5 ml 1.5 ml -

Collective gel buffer 4X - - - 0.75 ml

10 % APS solution 60 pul 60 pul 60 pul 30 ul

TEMED 6 ul 6 ul 6 ul 3ul

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

The protein samples in loading buffer were loaded onto the gel placed in electrophoresis
chamber filled with running buffer 1X. Electrophoresis was performed at 80 V for 15 min or
until all samples were entered to the separating gel. Then, voltage was increased to 160 V and
electrophoresis was performed until the bromophenol blue band of the loading buffer left the
separating gel. Separated proteins were then transferred onto a PVDF membrane using semi-
dry blotting for 1 hour at room temperature (constant electric current at 40 mA per
membrane). The PVDF membrane was activated by immersing in 100% methanol for a few
seconds, until the entire membrane is translucent then soaked in semi-dry buffer for at least
15 min prior to protein blotting. After blotting, PVDF membrane was blocked with 3% non-
fat milk in TBST 1X for 1 h at room temperature. Then, the membrane was incubated with
specific primary antibodies overnight at 4 to 8°C on a shaking machine. The specific primary
antibodies were prepared in 3% non-fat milk in TBST 1X plus 0.01% NaN3 at a dilution of
1:2500 up to 1: 200.

On the next day, the membrane was washed twice with TBST 1X for 30 min and once with
TBS 1X for another 30 min before incubation with a HRP-coupled secondary antibody
(concentration 1:3000 in blocking solution) for 1 h at room temperature. Then, membrane
was washed again twice with TBST 1X and once with TBS 1X for 30 min in each washing
step. Finally, the membrane was then incubated in 1 ml of Luminol reagent (Reagent A to
Reagent B, 1:1) for 2 min. The luminescence of labeled protein bands was detected by Intas

Chemochem system using INTAS ChemiLux ECL Imager HR16 Pro.
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5.3.4 Calcium assay

This assay was used to study the activity of G-protein coupled receptors (GPCR). Activation
of Gg-coupled receptors, a subtype of GPCR results in the release of intracellular calcium
from intracellular calcium stores. By using Oregon Green BAPTA-1 AM which can penetrate
cell membrane into intracellular space and binds with Ca®’, resulting in increase of
fluorescence which correlates with intracellular calcium released upon receptors activation.

Schematic diagram for GPCR-induced calcium releases is shown in Figure 5.2.
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Figure 5.2. Monitoring of GPCR-induced calcium releases

The specific ligands activate Gq-coupled receptors at the cell membrane leading to activation of
phospholipase C (PLC) converting phosphatidylinositol-4,5-bisphosphate (PIP,) to the second
messenger inositol-1,4,5-trisphosphate (IP3). IP; then stimulates calcium channels at the membrane of
endoplasmic reticulum resulting in calcium ion releases into the cytoplasm. Oregon Green BAPTA-1
AM penetrates into the cells then is cleaved by cytosolic esterase to Oregon Green BAPTA-1 which
then is able to form a chelate with calcium ion, resulting in the increase of fluorescence correlates

with intracellular free calcium released upon GPCR activation.
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Cell lines were seeded at a density of 30,000 cells per well into 96-well plates and incubated
at least overnight before treatment. At the measurement day, cells should reach 80% to 90%
confluence in each well. Cells were then washed twice with Krebs-HEPES buffer 1X to avoid
cleavage of Oregon Green BAPTA-1 AM by esterase in complete medium. Then, Oregon
Green working solution was prepared by mixing 3 pl of Oregon Green BAPTA-1 AM stock
solution and 3 pl of 20% Pluronic F-127 in 2 ml of Krebs-HEPES buffer 1X. 20 pl of Oregon
Green working solution was added onto the cells in each well and incubated for 1 h in an
incubator. During the incubation time, reagent plate containing 80 pl per well of either
increased concentrations of agonist (for “agonist mode”) or a constant concentration of
agonist (3 to 5-fold of EC50 of agonist for “antagonist mode”) was prepared in a clear round-
bottom 96-well plate. After cells were labeled with Oregon green BAPTA-1 for 1 h, the
Oregon green working solution was gently removed from the wells to reduce a high
background then 180 ul of Krebs-HEPES buffer 1X was replaced in each well (“agonist
mode”). In case of “antagonist mode”, 20 pl of increased concentrations of antagonist and
160 pul of Krebs-HEPES buffer 1X were incubated in the cells for 30 min (in an incubator)
after removal of Oregon green working solution. A 96-well plate containing cells labeled
with Oregon green BAPTA-1 and a round-bottom 96-well plate containing agonist solutions
were placed in NOVOstar fluorescence microplate reader on a measurement plate position
and reagent plate position, respectively. The 20 pl of agonist solution (in reagent plate) was
then injected into each well of 96-well plate containing cells labeled with Oregon green
BAPTA-1 (measurement plate) by NOVOstar fluorescence microplate reader injector.
Fluorescence was monitored according to the instrument setting shown in Table 5.12. The
fluorescence-time curves of untreated control, agonist alone or in combination with
antagonist are shown in Figure 5.3. Baseline fluorescence intensity (average fluorescence
intensity between 1 to 4 s) was subtracted from maximum fluorescence intensity (maximum
fluorescence intensity between 5 to 53 s) then was used to calculate respective ECsy or ICsg

values of test compounds using GraphPad Prism version 4.0 for windows.
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Figure 5.3. Fluorescence-time curves obtained from calcium assay after treatment with agonist
in a presence or absence of antagonist compared with untreated control.
Fluorescence intensity is increased upon time after injection of agonist onto the cells whereas

fluorescence intensity is decreased in a presence of antagonist.

Table 5.12. NOVOstar microplate reader instrument setting for calcium assay

Fluorescence Well mode
Measurement plate COSTAR 96
Reagent plate COSTAR 96
Gain 1895
Excitation filter 485-P
Emission filter 520
Required value 55%
Positioning delay 0.5s
Air volume to aspirate 10 ul
Air volume to dispense 10 pl
Target temperature 37°C
Injection speed 33 ul/s
Dispense depth 6.5 mm
Use air gap Yes
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Wash cycle 1
Rinse cycle 3
Pump 1
Injection start time 11.6s
Kinetic window 1 Kinetic window 2
Staring time 0s 11.6
Number of interval 4 49
Number of flash 10 10
Interval time ls 04s
End time 4s 31.2s

5.3.5 cAMP reporter gene assay

The assay was performed in order to evaluate functional activity of adenosine receptors by
using reporter gene system. Upon receptors activation, a stimulation or inhibition of adenylyl
cyclase results in increase or decrease of cyclic AMP (cAMP) levels, respectively. According
to G-protein coupling of each subtype of adenosine receptors, Gs-coupled receptors activation
results in increase of cAMP levels. Whereas activation of Gj-coupled receptors, resulting in
decrease of cAMP levels. cAMP activates protein kinase A (PKA) which in turn
phosphorylates cAMP response element binding protein (CREB). Phosphorylated CREB
(pCREB) together with other transcription factors can bind to promoter regions containing 5’-
TGACGTCA-3’ sequence of cAMP response element (CRE), and in consequence induce
downstream gene transcription. [Shan et al., 2010]. In this study, human ovarian cancers cells
A2780, A2780CisR and HEY were transiently transfected with CRE-luciferase reporter gene
(CRE-luc gene). Therefore, cell signaling after an activation of adenosine receptors leads to
transcription of CRE-luciferase reporter gene, resulting in conversion of D-luciferin to oxy-
luciferin which exhibits luminescence in correlates to cAMP levels. Theory of cAMP reporter

gene assay upon Gs-coupled receptors activation is shown in Figure 5.4.
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Figure 5.4. Theory of cAMP reporter gene assay.

Once ligands activate Gs-coupled receptors, cAMP levels are increased. cAMP then activates protein
kinase A (PKA) leading to phosphorylation of cAMP response element binding protein (CREB).
Then, pCREB binds to CRE initiating the transcription of luciferase. Luciferase then converts D-

luciferin to oxyluciferin, generating a luminescence signal.

Transient transfection
According to a protocol for transient transfection of PolyFect transfection reagent (Qiagen,
Germany) Briefly,

1. The day before transfection, cells were seeded in a 6-well plate (in a density of
400,000 cells per well) with 3 ml of complete medium per well. Cells should have 40
to 80% confluence on the day of transfection. Then, cells were incubated at 37 °C and
5% CO; in an incubator overnight.

2. Next day, 1.5 pg of CRE-luc plasmid were diluted in medium without FBS, total
volume should be 100 pl. Then, 12 ul of PolyFect transfection reagent was added and
solution was mixed well by pipetting up and down then incubated for 10 min at room
temperature (20-25°C) to allow complex formation. Note: this amount of plasmid and

transfection reagent is for one well.
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3.

While complex formation took place, old medium was gently aspirated from the cell
plate and cells were washed once with 2 ml PBS 1X. Then, 1.5 ml of new complete
medium was added per well.

After 10 min incubation time, 600 pul of complete medium was added into the reaction
tube containing transfection complexes. Transfection complex solution was mixed
well by pipetting up and down twice and immediately transferred to the cells in 6-well
plate. Cell plate was gently swirled to ensure uniform distribution of the complexes.
Cells with transfection complexes solution were incubated in the incubator to allow

gene expression for 24 h.

Treatment and luminescence measurement

I.

After 24 h transfection, cells were harvested and seeded into a white, clear-bottom 96-
well plate and allowed to grow for 48 h in the incubator. Cells should grow until reach
80 to 90% confluence after 48 h incubation. For A2780 cell line, transfected cells
were seeded at a density of 60,000 cells per well.

To test for agonist activity, old medium was gently aspirated then 90 pul of freshly
medium without FBS and 10 pul of increased concentrations of adenosine were added.
Adenosine dilutions were then incubated for 3 h. In case of antagonist mode, 80 ul of
medium without FBS and 10 pl of increased concentrations of selective antagonists
were added. The selective antagonists were incubated 30 min before 10 pl of
adenosine (200 uM) was added. Adenosine was then incubated for another 3 h in the
incubator.

LUMIstar Galaxy plate reader was switched on and temperature was set at 25°C.
LUMIstar instrument setting is shown in Table 5.13.

After 3 h incubation time, medium containing adenosine and/or selective antagonists
was removed then 100 pl of LLR was added per well. LLR was incubated on the cells
for 20 min at 4 to 8°C in order to lyse the cells.

After cells were completely lysed (by observing under a microscope). The cells plate
was placed in LUMIstar Galaxy microplate reader for 10 min.

ATP, Coenzyme A and D-luciferin were added into LAR. Then, an injector of
LUMIstar Galaxy microplate reader was primed by flushing LAR solution twice to
allow the LAR solution filled in an injection tube. Luminescence was measured after
injection of LAR solution into the wells. Average luminescence intensity from 4 to 13

s which displayed stable luminescence intensity were used to calculate respective
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ECsp or ICsy values of test compounds using GraphPad Prism version 4.0 for

windows. The luminescence-time curves obtained from cAMP reporter gene assay are

shown in Figure 5.5.
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Figure 5.5. Luminescence-time curves obtained from cAMP reporter gene assay after treatment

with non-selective agonist (adenosine) alone or in combination with antagonists compared to

untreated control.

(A) Adenosine treatment increases luminescence intensity according to an activation of both G- and

Gi-coupled receptors and a presence of selective Gj-coupled receptors antagonist further increases

luminescence intensity achieved from adenosine alone. (B) A presence of selective Gs-coupled

receptors antagonist decreases luminescence intensity achieved from adenosine alone in a

concentration-dependent manner.

Table 5.13. LUMIstar luminescence plate reader instrument setting for cAMP assay

Measuring mode:

Luminescence, well-mode

Measuring plate:

Greiner pClear™-plate 655098

Spectrum range: 290-700 nm
Positioning delay: 0.5 sec
Temperature: 25°C
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Reading direction: Horizontal
Number of interval: 130
Measuring interval time: 0.1 sec
Start measuring: 0 sec
Time to start injection: 0.3 sec
Total time per well: 13 sec

5.3.6 MTT assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is a substance used for
study of cell viability. Yellow MTT solution is converted by mitochondrial dehydrogenase
enzyme in the living cells to violet formazan precipitate. Then, the formazan precipitate is
solubilized in dimethyl sulfoxide (DMSO) or isopropanol. Absorption derived from formazan
solution correlates with cell viability.

Cells were seeded into 96-well plates (in a density of 8,000 cells per well for a total 72 h
incubation time) and incubated overnight. Next day, 90 pul of complete medium and 10 pl of
test compounds were added on the cells. After appropriate time of incubation, 25 ul of 5
mg/ml of MTT in PBS 1X was added directly to each well. MTT solution was incubated in
the cells in an incubator until violet formazan precipitate appeared. Supernatant containing
MTT solution was aspirated and the formazan precipitate was then dissolved in 75 pl
dimethyl sulfoxide (DMSO). Absorption was measured at 544 nm (test wavelength) and 690
nm (background wavelength) using the FLUOstar absorption plate reader. Background
absorption at 690 nm was subtracted from the absorption at 544 nm then a concentration-
effect curve was plotted and the respective ICsy was calculated using GraphPad Prism version

4.00 for Windows according to the equation below.

Y = Bottom + (Top — Bottom)/ 1 + 10 (08 FC50~%) > Hill stope

X = logarithm of concentration

Y = the response

61




5. Materials and Methods

Y starts at Bottom and goes to Top with sigmoidal shape: this is identical to the four

parameter logistic equation.

Combination treatment using MTT assay

Combination treatment was performed by MTT assay. Cells were seeded in a density of
4,000 cells per well into 96-well plates and incubated overnight. A confluence of the cells in
untreated control wells should be reached 80 to 90 % at a measurement day (A2780 and HEY
cell lines were seeded 4,000 cells per well while A2780CisR cell was seeded 4,500 cells per
well and HEK293 was seeded 5,000 cells per well). Next day, ATP or adenosine was added
and incubated 48 h prior to 72 h co-incubation with increased concentrations of cisplatin.
Selective antagonists or dipyridamole were incubated 60 min and 30 min, respectively prior
to ATP or adenosine administration. Absorption was measured in the same manner as MTT
assay for single treatment.

The combination index (CI) values indicate synergism (CI < 0.9), additive effect (CI = 1.0) or
antagonism (CI > 1.1) of drug interaction in the combination treatments were calculated
according to Chou-Talalay method [Chou TC., 2006] using Calcusyn software version 2.1
and Compusyn software version 1.0 for windows. The obtained absorption from MTT assay
was used to calculate “Fraction affected” (see formula below) which indicates inhibitory

effect of ATP/adenosine alone or in combination with cisplatin on cell lines.

Fraction affected =
ractt I mean absorption of 0.9% NacCl

mean absorption of treatment
100 — ] x 100|| =+ 100

Concentrations of ATP, adenosine, cisplatin and fraction affected values of certain treatment
condition (single and combination treatments) were used for calculation of “CI values” by the

software according to an equation below.

o D Dk (D),
= (D1 (Dye N (Dm)l[faf'(l — f‘a)]b’nn
N (D)
D,)lf/ (1 — f)]7™
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(D), and (D), refer to Concentration of drug 1 or drug 2, (Dy,); and (Dy,), refer to median-
effect dose of drug 1 or 2, f, is a fraction affected of certain combination treatment and m;

and m; are slope of median-effect plot of drug 1 or 2.

5.3.7 Cell cycle analysis

Cell lines were seeded at a density of 100,000 to 150,000 cells per well in 6-well plates
overnight before treatment. At the day of cell fixation, cells should reach 60 to 80%
confluence. Reference wells included untreated control and 50 nM of paclitaxel for 24 h

which was served as G2/M phase-arrest control.

Cell fixation

After appropriate treatment time, supernatant and PBS 1X which was used to wash cells in
each well were transferred to 15 ml conical tubes. Afterward, cells were detached from the
wells with 0.02% typsin and transferred to the same 15 ml conical tube containing
supernatant and PBS 1X. Cell suspension was then centrifuged at 266 g, 4°C for 4 min. Cell
pellet was suspended in 1 ml of PBS 1X and centrifuged at 266 g, 4°C for 4 min. Then, cell
pellet was re-suspended with 1 ml of cold PBS 1X (2 to 8°C) then cell suspension was slowly
dropped into 9 ml of cold 70% ethanol (-20°C) and stored at -20°C overnight before analysis

by flow cytometer.

Cell cycle analysis by flow cytometer

Cells suspension in 70% ethanol fixation was centrifuged at 266 g, 4°C for 30 min to separate
all the cells out of ethanol solution. Then, supernatant was aspirated carefully without
removing some floating cells which remained at the surface of cell suspension. After that,
cells were washed with cold PBS 1X (2 to 8°C) and centrifuged for another 30 min. This
washing step was performed twice in order to get rid of ethanol solution from cell suspension.
After washing step, cell pellet was stained with 500 pl of PI staining solution and incubated
for 15 min at 37°C in an incubator. PI staining cells were then diluted in sheath fluid to limit
the cell number injected into flow cytometer (cell count should less than 1,000 cells per
second in order to obtain accurate cell counting through flow cytometer). A minimum total
cells count was 10,000 cells. The intact cells with propidium iodide staining can be separated
into G1, S and G2/M phase depending on DNA content. Cells that are in S phase will have
more DNA than cells in G1. They will take up proportionally more dye and will fluoresce

63



5. Materials and Methods

more brightly until they have doubled their DNA content whereas cells in G2/M will be
approximately twice as bright as cells in G1. Fluorescence derived from Pl-staining cells was
shown in the histogram of FL2-PI (PI staining channel). Particular range of G2/M phase can
be estimated by G2/M phase arrest-inducing by paclitaxel treatment (Figure 5.6A). G1-phase
peak can clearly be seen and separated from S phase based on a histogram of untreated
control (Figure 5.6B). Percentages of cells in each phase from FL2 channel histogram were

used for cell cycle evaluation.
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Figure 5.6. Histogram of PI staining cells in FL2 channel obtained from obtained from cell cycle
analysis.

(A) Histogram of cells treated with 50 nM paclitaxel as a reference for G2/M phase arrest. (B)
Histogram of untreated control cells as a reference for G1 and S phase. RN1, RN2 and RN3 indicate
G2/M, G1 and S-phase, respectively.

5.3.8 Apoptosis assay

Cell lines were seeded at a density of 50,000 cells per well in 24-well plates overnight before
treatment. The day after, old complete culture medium was replaced by new complete
medium containing test compounds then cells were incubated for certain stated incubation
times. Controls included untreated cells, 10% DMSO-treated cells and cisplatin-treated cells.
After appropriate incubation time, the whole 6-well plate was centrifuged at 1200 rpm, 4°C
for 5 min to settle down the entire apoptotic floating cells to bottom of the wells. Afterward,
supernatant was gently removed and 500 pl of hypotonic PI staining buffer was then added

into each well. The PI staining buffer was incubated in the cells at least 6 h before analysis by
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flow cytometer. The homogenous Pl-stained cells suspension was diluted in sheath fluid to
obtain a final volume of 1 ml in a flow cytometer cuvette. Cell count should less than 1,000
cells per second in order to obtain accurate cell counting through flow cytometer. The
minimum total cells count was 10,000 cells. The histogram of cells in FL2-PI channel will
clearly show apoptotic cells populations in the subGl phase (apoptosis cells) which
containing nuclear DNA fragments (Fig. 5.7). Cell debris was excluded from the interested

populations. Percentage of apoptosis cells in subG1 phase was used for the evaluation.
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Figure 5.7. Histogram of PI staining cells in FL2 channel obtained from apoptosis assay.
Histogram of untreated control cells showed no cells populations in the subG1 region (A) whereas
cells treated with apoptotic-inducing compounds showed an increasing subG1 region (B). RN1 and

RN2 indicate subG1 region and normal cell cycle region.

5.4 Statistics

ECso or ICsy values were estimated after fitting the data from at least three-independent
experiments to the four-parameter logistic equation using GraphPad Prism version 4.00 for
Windows. Data were presented with standard error of the mean (P value < 0.05). Statistical
comparison was analyzed using Student’s #-test. (*), (**) and (***) indicate P value < 0.05, <

0.01 and < 0.001, respectively.
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6. Results

Effect of purinergic ligands on chemosensitivity of cisplatin

Purinergic ligands used in this study are adenosine triphosphate (ATP) and adenosine, ligands
for P2 nucleotide and P1 receptors, respectively. Parental A2780, cisplatin-resistant subline
A2780CisR and HEY served as models for human ovarian cancer cells for the evaluation of
ATP and adenosine effects on cisplatin sensitivity.

Note: P2 receptor expression and function, including ATP effects on cisplatin sensitivity in

HEY cells were mainly studied in another Ph.D. project and are thus not presented here.

6.1 Characterization of ovarian cancer cells for purinergic receptor expression

In order to obtain an overview on purinergic receptor expression in ovarian cancer cell lines,
parental A2780, cisplatin-resistant subline A2780CisR and HEY cell lines were characterized
by reverse-transcription polymerase chain reaction (RT-PCR) and western blot analysis for

gene and protein expression.

6.1.1 P2 receptor expression
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Figure 6.1. Gene expression of P2Y (A) and P2X (B) receptors in A2780 and A2780CisR cells
obtained from RT-PCR.

“L” indicates DNA ladder and B-actin was used as housekeeping gene. Data shown are representative

data from at least two-independent experiments.

Gene expression profiles in Figure 6.1A and 6.1B demonstrated that P2Y;, P2Y,, P2Yy,
P2Y 3 and P2X4 receptors are expressed in both A2780 and A2780CisR cells whereas P2Y
receptors are expressed only in A2780 cells while P2X5 receptors are slightly detected only in
A2780CisR cells.
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Figure 6.2. Protein expression of P2Y receptors (P2Y,, P2Y,, P2Y,, P2Y;; and P2Y ;) and P2X
receptors (P2X, and P2X;) in A2780 and A2780CisR cells obtained from western blot analysis.
B-actin was used as a loading control. Data shown are representative data from at least two-

independent experiments.
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Protein expression profiles shown in Figure 6.2 confirmed the expression of P2Y,, P2Y>,
P2Y¢ and P2Y,; receptors in A2780 and A2780CisR cells as well as a higher protein
expression of P2X7 in A2780CisR than in A2780 cells which is an agreement with RT-PCR
results. Protein expression of P2Y 3 and P2X, are relatively lower compared to their higher

expression found by RT-PCR.

6.1.2 P1 receptor expression
Next, gene and protein expression profiles of adenosine receptors were analyzed in human

ovarian cancer cells A2780, A2780CisR and HEY by RT-PCR and western blot analysis.
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Figure 6.3. Gene expression profile of adenosine receptors A1, A2A, A2B and A3 subtypes in
A2780, A2780CisR and HEY cell lines obtained from RT-PCR.

“L” indicates DNA ladder and B-actin was used as housekeeping gene. Data shown are representative

data from at least two-independent experiments.

Gene expression profile shown in Figure 6.3 exhibited that A1, A2A and especially A2B
adenosine receptor subtypes are expressed in A2780, A278CisR and HEY cells whereas the
A3 receptor subtype cannot be detected by RT-PCR.
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Figure 6.4. Protein expression of Al, A2A, A2B and A3 adenosine receptors in A2780,
A2780CisR and HEY cells obtained from western blot analysis.
B-actin was used as loading control. Data shown are representative data from at least three-

independent experiments.

Protein expression profile shown in Figure 6.4 confirmed the expression of Al, A2A and
A2B adenosine receptors in A2780, A2780CisR and HEY cells. A small band for the A3

receptors pointed at a slight protein expression of the A3 receptor subtype.

6.2 Functional activity of purinergic P2 and P1 receptors
After analysis of receptor expression, functional activity of P2 and Pl receptors was
evaluated either by calcium assay or cyclic adenosine monophosphate (cAMP) reporter gene

assay, respectively.

6.2.1 Evaluation of P2 receptor functional activity by calcium assay

Upon P2 receptor activation, calcium ions are released from intracellular compartments into
the cytoplasm. Oregon Green BAPTA-1 AM is a fluorescent dye which can penetrate through
the cell membrane and upon cleavage of ester bonds then binds calcium ions in the
cytoplasm. Fluorescence intensity correlates with calcium binding. Thus, P2 receptor
activation is correlated with an increase in intracellular fluorescence. In this study, ADP,
ATP, UDP and UTP were used as agonists for activation of P2 receptors. Results are shown

in Figure 6.5.
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Figure 6.5. Concentration-effect curves of UTP, ATP, ADP or UDP in A2780 cells monitored by
calcium assay. Increasing concentrations of UTP, ATP, ADP and UDP were injected onto wells
containing A2780 cells. Then, fluorescence intensity was measured by NOVOstar plate reader. Data
shown are mean + SEM from a typical experiment out of a set of at least two, each performed in

triplicate.

Figure 6.5 demonstrated that calcium ions are released in a concentration-dependent manner
after stimulation by UTP, ATP, ADP, or UDP in A2780 cells. These results indicated
functional activity of P2 receptors in A2780 cells. The potencies of P2 receptor agonists are

shown in Table 6.1 as mean ECsy and pECso £ SEM.
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Table 6.1. Summary of ECsy and pECsy £ SEM values of UTP, ATP, ADP and UDP in A2780
cells obtained from calcium assay.

Increasing concentrations of UTP, ATP, ADP or UDP were injected into wells containing A2780
cells. Then, fluorescence intensity was measured by NOVOstar plate reader. Data shown are from at

least two-independent experiments.

Agonist ECs¢ (uM) pECs, £ SEM
uTP 3.39 5.47+0.09
ATP 6.46 5.19+0.11
ADP 44.7 4.35+0.10
UDP 85.1 4.07+0.12

As shown in Table 6.1, UTP and ATP exhibit higher potency than ADP and UDP.
Next, P2 receptor antagonists were used to investigate if the increase in fluorescence related
to intracellular calcium release induced by UTP or ATP was P2 receptor-mediated. The non-

selective P2 receptor antagonist suramin was pre-incubated 30 min prior to addition of UTP

or ATP to A2780 cells.
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Figure 6.6. Inhibitory effect of suramin on UTP- or ATP-induced increase in fluorescence in
A2780 cells.

Increasing concentrations of suramin were incubated 30 min prior to injection of 7 uM UTP (A) or 15

uM ATP (B). Data shown are mean = SEM from a typical experiment out of a set of at least two, each

performed in triplicate.

The concentration-effect curves shown in Figure 6.6 demonstrate that suramin inhibits the
fluorescence intensity induced by UTP or ATP in a concentration-dependent manner

resulting in pICsy values of 4.24 £ 0.16 (Ki = 17.1 uM) and 4.09 + 0.22 (Ki = 26.0 uM),
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respectively, in A2780 cells. These results indicate that the increase in fluorescence intensity

upon UTP or ATP injection is mediated via P2 receptors expressed in A2780 cells.

To assess which subtypes of P2 receptors are responsible for ATP and UTP signaling in
A2780 cells, selective P2 receptor antagonists were tested. Only antagonists for P2 receptor
subtypes shown to be expressed by RT-PCR and western blotting (Figures 6.1 and 6.2) were
included in the experiments. Therefore, the selective P2Y,, P2Y,, P2Y,,, P2X4 and P2X;
receptor antagonists MRS 2179, AR-C118925, NF340, 5-BDBD and A 740003, respectively,
were pre-incubated 30 min before injection of either ADP or ATP to A2780 cells. ADP is
known as selective agonist for the P2Y, receptors whereas ATP acts as agonist for many

subtypes of P2 receptors [Burnstock, 2006].
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Figure 6.7. Effects of the selective P2Y, P2Y;, P2X, and P2X; receptor antagonists MRS 2179,
NF340, 5-BDBD and A 740003 on ADP or ATP-induced P2 receptor activation in A2780 cells.

The selective antagonists were added 30 min before injection of 36 uM ATP or 150 uM ADP to
A2780 cells. Control indicates untreated cells. Data shown are mean = SEM from at least two-

independent experiments, each performed triplicate.
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Figure 6.7 shows that none of the selective P2Y;;, P2X, and P2X; receptor antagonists
NF340, 5-BDBD and A 740003 can inhibit ATP-induced P2 receptor activation. Similarly,
the selective P2Y; receptor antagonist MRS 2179 does not inhibit ADP-induced P2Y,
receptor activation. Thus, ADP- or ATP-induced receptor activation is not mediated by
P2Y,, P2Y,;, P2X4 or P2X; receptors. Next, the selective P2Y, receptor antagonist AR-

C118925 was incubated 30 min prior to ATP administration. The result is shown in Figure

6.8.
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Figure 6.8. Inhibitory effect of AR-C118925 on ATP-mediated fluorescence increase in A2780
cells.

The selective P2Y, receptor antagonist AR-C118925 was pre-incubated 30 min before injection of
100 uM ATP. Data shown are mean = SEM from a typical experiment out of a set of two, each

performed in triplicate.

In contrast to the results obtained with the selective P2Y, P2Y;, P2X4 and P2X; receptor
antagonists, the selective P2Y, receptor antagonist AR-C118925 is able to inhibit ATP-
mediated P2 receptor activation in a concentration-dependent manner (Figure 6.8), yielding a
pICso value of 5.63 = 0.11 (Ki = 0.13 uM) in A2780 cells. This result indicated that P2Y,

receptors are responsible for ATP-mediated P2 receptor activation in A2780 cells.
To investigate if P2Y, receptors play a more general role in human ovarian cancer cells, HEY

cells were studied for effects of ATP and AR-C118925 by calcium assay. Results are shown
in Figure 6.9.
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Figure 6.9. Functional activity of P2 receptors in HEY cells measured by calcium assay.

(A) Concentration-dependent effect of ATP on fluorescence intensity in HEY cells. (B)
Concentration-dependent inhibitory effect of AR-C118925 on ATP-induced receptor activation in
HEY cells. AR-C118925 was incubated 30 min before injection of 100 pM ATP. Data shown are

mean = SEM from a typical experiment out of a set of at least two, each performed in triplicate.

Figure 6.9A showed that ATP could activate P2 receptors in HEY cells, giving an ECs, value
of 0.20 uM which is 32-fold lower than the ECsy of ATP achieved in A2780 cells. Moreover,
Figure 6.9B showed that the selective P2Y, receptor antagonist AR-C118925 inhibits ATP-
induced receptor activation in a concentration-dependent manner, giving a pICso value of 5.14
+ 0.15 (Ki 14.4 nM). The inhibitory effect of AR-C118925 on ATP-induced receptor
activation in HEY cells is qualitatively similar as in A2780 cells, confirming that the P2Y,

receptor plays a major role for the functional effects of ATP in ovarian cancer cell lines.

To further extend the findings in HEY and A2780 cells, functional studies were undertaken in
A2780CisR cells, a cisplatin resistant cell line [Engelke et al., 2016], shown to express P2
receptors (Figure 6.1 and 6.2). Results using ATP and ADP are shown in Figure 6.10.
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Figure 6.10. Stimulation by ATP or ADP of P2 receptors in A2780CisR cells measured by
calcium assay.

(A) Fluorescence intensity after injection of 100 or 1000 pM of ATP and ADP. (B) Fluorescence
intensity after injecting increasing concentrations of ATP to A2780CisR cells. Fluorescence was
measured by NOVOstar microplate reader. Control indicates untreated cells. Data shown are mean +

SEM from at least two-independent experiments.

Figure 6.10 showed that ATP and ADP have no significant effects in A2780CisR cells in the
calcium assay compared to untreated cells, suggesting that P2 receptors are expressed in
A2780CisR cells (Figure 6.1 and 6.2) but possibly rather few and functionally not active.

Further studies with nucleotides were thus not performed in A2780CisR.

6.2.2 Evaluation of the functional activity of P1 receptors by cAMP assay

Since Al, A2A, and A2B receptors were found to be expressed in A2780, A2780CisR and
HEY cells (Figure 6.3 and 6.4), adenosine-mediated receptor activation was analyzed by a
cyclic adenosine monophosphate (cCAMP) reporter gene assay.

A2A and A2B receptors are Gs-coupled receptors whereas Al and A3 receptors are Gij-
coupled receptors. Activation of Gs-coupled receptors leads to an increase in cAMP levels
whereas Gi-coupled receptor activation results in a decrease of cAMP levels. The cAMP
reporter gene assay was used to examine luminescence correlating with cAMP levels after
receptors activation. The non-selective agonist adenosine was used for activation of
adenosine receptors. Forskolin served as a positive control for an increase in cAMP. The
luminescence achieved from adenosine-activated receptors in A2780 cell lines is shown in

Figure 6.11.
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Figure 6.11. Effect of adenosine on cAMP-dependent luminescence in A2780 cells.

Increasing concentrations of adenosine or 10 pM forskolin as control were incubated in A2780 cells
for 3 h before luminescence was measured by LUMIstar plate reader. Control indicates untreated
cells. Data shown are mean = SEM from a typical experiment out of a set of three, each performed in

triplicate. (**), (***) indicate statistical significance compared to untreated control, P value < 0.01

and < 0.001, respectively.

Adenosine is able to elevate the luminescence intensity in A2780 cells in a concentration-
dependent manner. As of 100 uM adenosine, the increase in luminescence intensity is
significant, resulting in an ECsy value of 165 pM (pECso + SEM = 3.78 + 0.21). Because
adenosine is a non- selective agonist, the luminescence levels are composed of functional
activities of G- and Gi-coupled adenosine receptors. To clarify which subtypes of adenosine
receptors are involved, potent and selective antagonists of Al, A2A and A2B receptors
SLV320, SCH442416, and PSB603, respectively, were incubated 30 min prior to application

of adenosine. Results are displayed in Figure 6.12.
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Figure 6.12. Effects of the selective adenosine receptor antagonists SLV320, PSB603 and
SCH442416 on adenosine-induced increase in luminescence in A2780 cells.

200 pM adenosine was incubated with A2780 cells in the presence or absence of selective adenosine
receptor antagonists SLV320 (Al antagonist), PSB603 (A2B antagonist) or SCH442416 (A2A
antagonist). Antagonists were incubated 30 min prior to 200 uM adenosine administration. After 3 h,
luminescence intensity was measured by LUMIstar Galaxy plate reader. Data shown are mean +

SEM from a typical experiment out of a set of three, each performed in triplicate.

Al receptors are Gj-coupled receptors. Thus, activation of Al receptors results in a decrease
of cAMP levels. As shown in Figure 6.12A, increasing concentrations of SLV320 up to 10
UM lead to an increase in adenosine-induced luminescence, resulting in an ICsy value of 0.16
UM (pICsp = SEM = 6.81 + 0.14). Further increase in SLV320 concentrations beyond 31.6
UM results in a decrease of luminescence intensity which can be explained by a loss of
selectivity of SLV320 for A1 receptors at high concentrations. As described in the literature,
SLV320 has a Ki value of 1 nM at Al receptors in vitro with a selectivity factor of at least
200 over other adenosine receptor subtypes [Kalk et al., 2007]. Thus, increase in SLV320
concentrations beyond 200 nM will result in a loss of selectivity for Al receptors and
subsequent inhibition of other subtypes of adenosine receptors as well. A2A and A2B
receptors are Gg-coupled receptors. Once these subtypes are activated, cAMP levels increase.
As shown in Figure 6.12B, the selective A2B receptor antagonist PSB603 is able to decrease
the adenosine-induced luminescence intensity in a concentration-dependent manner, giving
an ICsy value of 78.5 nM (pICsp = SEM = 7.10 £ 0.12), whereas the selective A2A receptor
antagonist SCH442416 does not show any effects (Figure 6.12C). Since A3 receptors are
basically not expressed (see Figures 6.3 and 6.4), A3 antagonists were not studied. Taken
together, these results demonstrated that adenosine effects on cAMP levels observed in

A2780 cells are mediated via A1 and A2B receptors.
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Adenosine-induced increase in cAMP levels is also detected in A2780CisR and HEY cell
lines even though the absolute cAMP-related luminescence levels is clearly lower compared
to A2780 cells (Figure 6.13). The summary of ECsy and pECsyo = SEM of adenosine in
A2780, A2780CisR and HEY cell lines is shown in Table 6.2.
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Figure 6.13. Concentration-dependent effect of adenosine in cAMP reporter gene assay in
A2780CisR and HEY cells.

A2780CisR (A) and HEY (B) cells were incubated with increasing concentrations of adenosine. After
3 h, luminescence was measured by LUMIstar Galaxy plate reader. Control indicates untreated cells.
Forskolin served as positive control. Data shown are mean + SEM from a typical experiment out of a

set of three, each performed in triplicate.

Table 6.2. Summary of ECsy and pECsy £ SEM values of adenosine in A2780, A2780CisR and
HEY cells obtained from cAMP reporter gene assay.
Cells were incubated with increasing concentrations of adenosine. After 3 h, luminescence was

measured by LUMIstar plate reader. Data shown are from at least three-independent experiments.

Cell lines ECsy (uM) pECs) = SEM
A2780 165 3.78£0.21
A2780CisR 321 349+0.34
HEY 350 3.46 +0.33

The low adenosine-induced increase in luminescence intensity (Figure 6.13) and pECsy of
adenosine (Table 6.2) in A2780CisR and HEY in comparison to A2780 cells, suggests a

much lower number of functional active adenosine receptors in A2780CisR and HEY than in

A2780 cells.
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6.3 ATP enhances cisplatin-induced cytotoxicity
The expression and functional activity of P2 receptors have already been evaluated are
described in chapter 6.1.1 and 6.2.1. Here, the cytotoxicity of ATP and combinations of ATP

and cisplatin were analyzed. Results of MTT assays are shown in Figure 6.14.
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Figure 6.14. Cytotoxicity of ATP in A2780 and A2780CisR cells (MTT assay).
A2780 or A2780CisR cell lines were incubated with increasing concentrations of ATP . After 72 h,
cell viability was evaluated by MTT assay. Data shown are mean + SEM from a typical experiment

out of a set of three, each performed in triplicate.

ATP treatment for 72 h shows low cytotoxicity to A2780 and A2780CisR cell lines. As
shown in Figure 6.14 only starting at a concentration of around 3 mM, ATP decreases cell
viability by 30% to 50% compared to untreated control. ICsy values of more than 2 mM or 5
mM in A2780 cells or A2780CisR cells, respectively, were estimated.

Next, the combination treatment of ATP and cisplatin was analyzed by MTT assay to
investigate if ATP can improve cisplatin cytotoxicity. ATP in a concentration of 100 to 500
uM was incubated 48 h prior to 72 h co-incubation with increasing concentrations of
cisplatin. Concentration-effect curves of cisplatin in the absence of ATP were included as

control in each experiment and shift factors (Sf) were calculated.
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Figure 6.15. Effect of ATP on cisplatin-induced cytotoxicity in A2780 and A2780CisR cells.

A2780 (A) and A2780CisR (B) cells were incubated with 100, 300, or 500 uM ATP for 48 h prior to
72 h co-incubation with increasing concentrations of cisplatin. Control indicates cisplatin alone
treatment. Data shown are mean = SEM from a typical experiment out of a set of three, each
performed in triplicate. (C) Concentration-effect curves obtained from simultaneous treatment of 500
UM ATP and cisplatin in A2780 cells. Data shown are mean + SEM from a typical experiment out of
a set of three, each performed in triplicate. (D) Summary of shift factors obtained from the
combination treatment of ATP and cisplatin. Data shown are mean + SEM from three-independent
experiments. (*) indicates statistical significance compared to cisplatin alone treatment (control), P

value < 0.05.
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Table 6.3. Summary of ICsy, pICsy = SEM values of cisplatin and shift factors (Sf) obtained from
combination treatments of ATP and cisplatin in A2780 and A2780CisR cells.
Data shown are representative data from at least three-independent experiments. (*) indicates

statistical significance (P value < 0.05) compared to cisplatin alone treatment (control).

Condition ICs (uM) pICso = SEM Shift factor (Sf)
A2780
control 9.55 5.02+£0.03 -
+ 100 uM ATP 5.01% 5.30£0.05 1.91
+ 300 uM ATP 3.46% 5.46 +0.02 2.76
+ 500 uM ATP 2.79% 5.55+£0.05 3.42
A2780CisR
control 52.5 4.28 £0.07 -
+ 100 uM ATP 42.6 437 +£0.04 1.23
+ 300 uM ATP 37.2 4.43+£0.04 1.41
+ 500 uM ATP 26.3% 4.58 £0.04 2.00

Figure 6.15A and 6.15B demonstrate that the combination treatment of ATP and cisplatin (48
h pre-incubation of ATP prior to 72 h co-incubation with cisplatin) is able to shift the
concentration-effect curves of cisplatin to the left, i.e., resulting in a decrease of ICsy values
of cisplatin compared to cisplatin alone treatment (control) and a shift factor of up to 3.4 in
A2780 cells. Shift factors in A2780CisR are lower than in A2780 cells but if using 500 uM
ATP still significant as shown in Figure 6.15D and Table 6.3. While simultaneous treatment
of 500 uM ATP and cisplatin has no effect on cisplatin cytotoxicity (Figure 6.15C).

Based on the results in chapter 6.2.1, ATP calcium signaling is mediated via P2Y, receptors
(Figure 6.8 and 6.9). To determine if ATP-enhanced cisplatin cytotoxicity is also mediated
via P2Y, receptors, the selective P2Y, receptor antagonist AR-C118925 was pre-incubated 1
h prior to the administration of ATP. Concentration-effect curves of cisplatin in combination
with ATP in the presence or absence of AR-C118925 were monitored and are displayed in

Figure 6.16. Corresponding ICsg, pICso = SEM and shift factors (Sf) are shown in Table 6.4.
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Figure 6.16. Effect of AR-C118925 on ATP-enhanced cisplatin cytotoxicity in A2780 cells.
20 uM of AR-C118925 was incubated 1 h prior to 500 uM of ATP for 48 h, followed by 72 h co-
incubation with increasing concentrations of cisplatin. Control indicates treatment with cisplatin
alone. Data shown are mean + SEM from a typical experiment out of a set of three, each performed in

duplicate.

Table 6.4. Summary of ICsy, pIC50 = SEM values of cisplatin and shift factors (Sf) obtained
from combination treatment of ATP and cisplatin in the presence or absence of AR-C118925 in
A2780 cells.

500 uM ATP was incubated 48 h prior to 72 h co-incubation with increasing concentrations of
cisplatin in the presence or absence of 20 uM of AR-C118925. Data shown are representative data
from three-independent experiments. (*) indicates statistical significance compared to cisplatin alone

treatment (Control), P value < 0.05.

ICs5y (uM) pICso £ SEM Sf
Control 9.74 5.01+£0.05
+ ATP 4.00%* 5.42+0.07 2.44
+ AR-C118925 + ATP 3.20%* 5.50+0.05 3.04

Figure 6.16 and Table 6.4 showed that AR-C118925 does not inhibit ATP-enhanced cisplatin
cytotoxicity. ICsy of cisplatin in the presence of ATP is significantly lower than in the
absence of ATP: 4.00 uM versus 9.74 uM, respectively. Presence of AR-C118925 gave a
similar ICsy of cisplatin as in the absence of AR-C118925 (3.20 uM), indicating that P2Y,
receptors are not involved in ATP-enhanced cisplatin cytotoxicity. AR-C118925 is known as
selective P2Y, receptor antagonist without any inhibitory effect on nucleotidases such as

CD39 or CD73 [Rafehi et al., 2017].
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However, extracellular ATP is known to be metabolized by ectonucleotidase CD39 to ADP
and AMP. AMP is then further metabolized to adenosine by CD73 [Antonioli et al., 2013].
Therefore, to evaluate if degradation of ATP to adenosine and uptake of adenosine are
involved in ATP-enhanced cisplatin cytotoxicity, the adenosine uptake inhibitor dipyridamole
(DPM) was pre-incubated 30 min prior to ATP administration followed by addition of

cisplatin. Results are shown in Figure 6.17 and Table 6.5.
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Figure 6.17. Effect of dipyridamole (DPM) on ATP-enhanced cisplatin cytotoxicity in A2780
and A2780CisR cells.

A2780 (A) and A2780CisR (B) cells were incubated with 10 uM dipyridamole 30 min prior to 500
uM ATP for 48 h followed by 72 h co-incubation with increasing concentrations of cisplatin . Control
indicates cisplatin alone treatment. Data shown are mean = SEM from a typical experiment out of a

set of three, each performed in duplicate.

Table 6.5. Summary of ICsy and pICs, £ SEM values of cisplatin obtained from combination
treatments of ATP and cisplatin in the presence or absence of dipyridamole.

500 uM ATP was incubated 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 compared to

cisplatin alone treatment and cisplatin plus ATP treatment, respectively (P value < 0.05).
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Cell lines I1Cs9, pM
(pICso + SEM)
control + ATP + dipyridamole
+ ATP

A2780 4.80 1.32% 4.29"
(5.32+0.10) (5.88 + 0.07) (537 +0.03)

A2780CisR 42.7 13.2% 40.4"
(4.37+0.08) (4.88 + 0.04) (4.40 + 0.04)

Figure 6.17 showed that the presence of dipyridamole in the combination treatment of ATP
and cisplatin abrogates the ATP effect by increasing ICsy values of cisplatin to back to the
ICs¢ of cisplatin in control (Table 6.5) in both A2780 and A2780CisR cells. These results
indicate that ATP-enhanced cisplatin cytotoxicity occurs after degradation of ATP to
adenosine. Consequently, these results led to further experiments on adenosine in

combination treatment with cisplatin.

6.4 Adenosine enhances cisplatin-induced cytotoxicity

Results in Chapter 6.3 showed that dipyridamole is able to diminish ATP-enhanced cisplatin
cytotoxicity suggesting a mechanism via ATP breakdown to adenosine. However, to obtain a
complete picture of adenosine signaling in ovarian cancer cells, the expression and functional
activity of adenosine receptors was examined (see Chapter 6.1.2 and 6.2.2). Here, the
cytotoxicity of adenosine and its ability to enhance cisplatin-induced cytotoxicity were
evaluated by MTT assay. HEY cells were included in the study in order to extend the

understanding of adenosine effects in ovarian cancer cells of different cisplatin sensitivity.

6.4.1 Cytotoxicity of adenosine and adenosine effects in combination treatment
with cisplatin
The cytotoxicity of adenosine was evaluated by MTT assay. Increasing concentrations of

adenosine from 100 to 1000 uM were incubated for 48 h. Results are shown in Figure 6.18.
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Figure 6.18. Cytotoxicity of adenosine in A2780, A2780CisR, and HEY cells after 48 h
treatment. 100, 300, 500 and 1000 uM of adenosine were incubated in A2780, A2780CisR and HEY
cell lines. After 48 h, cell viability was evaluated by MTT assay. Control indicates untreated cells.

Data shown are mean = SEM from three-independent experiments.

Adenosine shows moderate concentration-dependent cytotoxic effects in A2780, A2780CisR
and HEY cell lines. ICsg values are between 700 and 900 uM in the three examined cell lines.
Further, the combination treatment of adenosine and cisplatin was studied to assess the ability
of adenosine to enhance cisplatin-induced cytotoxicity. Adenosine was incubated 48 h prior
to increasing concentrations of cisplatin for another 72 h, resulting ICsy values of cisplatin in
the absence and the presence of adenosine were used to calculate shift factors. Results are

shown in Figure 6.19 and Table 6.6.
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Figure 6.19. Concentration-effect curves (MTT assay) of cisplatin in the absence and presence of
adenosine and resulting shift factors in A2780, A2780CisR and HEY cells. Adenosine in a
concentration of 100, 300, or 500 uM were incubated 48 h prior to addition of increasing
concentrations of cisplatin for another 72 h in A2780 (A), A2780CisR (B) and HEY (C) cell lines.
Data shown are mean + SEM from a typical experiment out of three, each performed in triplicate. (D)
Mean shift factors from the combination treatment of adenosine and cisplatin in A2780, A2780CisR
and HEY cell lines. (*) indicates statistical significance compared to cisplatin alone (P value < 0.05).

Data shown are mean = SEM from three-independent experiments.

Table 6.6. Summary of ICsy, pICsy = SEM of cisplatin and shift factors (Sf) derived from

combination treatment of adenosine and cisplatin.
Adenosine in a concentration of 100, 300 and 500 uM was incubated 48 h prior to co-incubation with
increasing concentrations of cisplatin for 72 h. Data shown are representative data from at least three-

independent experiments. (*) indicates statistical significance (P value < 0.05) in comparison to

cisplatin alone (control).
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Condition IC5y (nM) pICs = 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 4.32
A2780CisR
control 34.0 4.47+0.07 -
+ 100 uM adenosine 30.1 4.52+0.10 1.13
+ 300 uM adenosine 22.2 4.65+0.06 1.53
+ 500 uM adenosine 15.4% 4.81 £0.03 2.20
HEY
control 5.81 5.24 £0.05 -
+ 100 uM adenosine 4.46 5.35+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

The ICsy of cisplatin significantly decreases in the presence of adenosine compared to
cisplatin alone (Figure 6.19A, 6.19B, 6.19C and Table 6.6). Shift factor is the ratio of I1Csg
values of cisplatin alone and the combination of adenosine with cisplatin. 500 uM of
adenosine significantly shifted the ICsy of cisplatin by a factor of 4.3 in A2780 cells (Figure
6.19D). Similarly, significant shift factors were obtained in the presence of 500 uM of
adenosine in A2780CisR and HEY cells (Figure 6.19B and 6.19C).

6.4.2 Synergistic effects of adenosine and cisplatin in combination treatments
In addition, combination index (CI) values were calculated according to the method of Chou-
Talalay [Chou, 2006] using Compusyn software to evaluate the mode of interaction between
adenosine and cisplatin. Adenosine in a concentration of 100, 300, 500, and 700 uM was
incubated 48 h prior to 72 h co-incubation with increasing concentrations of cisplatin. Table
6.7 shows mean CI values for various concentrations in all three ovarian cancer cell lines. CI
values < 0.9 indicate synergism, CI = 1 indicates an additive effect, CI > 1, indicates

antagonism, respectively [Chou, 2006].
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Table 6.7. Combination index (CI) values derived from combination treatments of adenosine
and cisplatin in A2780, A2780CisR and HEY cell lines.

Adenosine in a concentration of 100, 300, 500 and 700 uM was 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-Talalay using Compusyn

software. Data shown are mean CI values from at least three-independent experiments.

Cell line Combination Index (CI) value

cisplatin plus adenosine (uM)
(M) 100 300 500 700
A2780 2 0.52 0.79 0.88 0.55
5 0.70 0.78 0.78 0.41
10 0.49 0.42 0.46 0.25
A2780CisR 25 0.95 0.91 0.95 0.82
30 0.90 0.76 0.87 0.82
HEY 4 0.76 0.93 0.80 0.48
6 0.74 0.74 0.78 0.64
8 0.83 0.79 0.83 0.80

Generally, at higher concentrations of cisplatin and adenosine, CI values were below 0.9,
indicating synergism between adenosine and cisplatin. Some combination treatment
conditions in A2780CisR and HEY cell lines show CI value > 0.9 indicating an additive
effect based on the CI values classification [Chou, 2006].

6.5 Adenosine signaling in ovarian cancer cells

Most studies in the literature focus on adenosine signaling pathways via adenosine receptors.
However, extracellular adenosine can also be taken up into the cells through nucleoside
transporters and initiate many cell response mechanisms [Antonioli et al., 2013 and Mello et
al., 2014]. To investigate adenosine signaling in human ovarian cancer cell lines, adenosine

receptor antagonists and a nucleoside transporter inhibitor were tested.

6.5.1 Role of adenosine receptors and nucleoside transporters in adenosine
treatment
To examine the role of adenosine receptors for the observed cytotoxic effects of adenosine,
the selective A1 and A2B receptor antagonists SLV320 and PSB603 were incubated 1 h prior

to adenosine. Furthermore, the nucleoside transporter inhibitor dipyridamole (DPM) was
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incubated 30 min prior to adenosine addition in order to determine role of adenosine uptake

via nucleoside transporters. Results are shown in Figure 6.20.
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Figure 6.20. Effect of SLV320, PSB603 and dipyridamole on adenosine cytotoxicity in A2780,
A2780CisR and HEY cell lines. 3 uM of SLV320 or PSB603, respectively were incubated 1 h or 10
uM of dipyridamole (DPM) was incubated 30 min prior to administration of 100 to 1000 pM of
adenosine for 48 h in A2780 (A), A2780CisR (B) and HEY (C) cell lines. Control indicates untreated
cells or single treatment (no adenosine) of SLV320, PSB603, or DPM. Data shown are mean £ SEM
from at least three-independent experiments. (*) and (**) indicate statistical significance compared to

adenosine alone treatment, P value < 0.05 and < 0.01, respectively.

Figure 6.20 demonstrated that neither SLV320 nor PSB603 are able to inhibit adenosine-
induced cytotoxicity whereas dipyridamole, a nucleoside transporter inhibitor, significantly

inhibits adenosine-induced cytotoxicity in A2780, A2780CisR and HEY cells.

6.5.2 Role of adenosine receptors and nucleoside transporters in the combination
treatment of adenosine and cisplatin
According to the inhibitory effect of dipyridamole on the cytotoxicity of adenosine alone

(Fig. 6.20), dipyridamole was incubated 30 min prior to adenosine administration for 48 h
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followed by co-incubation with cisplatin for another 72 h. Results are shown in Figure 6.21

and Table 6.8.
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Figure 6.21. Effect of dipyridmole on adenosine-enhanced cisplatin cytotoxicity in the
combination treatment of adenosine and cisplatin (MTT assay).

10 uM of dipyridamole was incubated 30 min prior to 500 uM of adenosine for 48 h followed by 72 h
co-incubation with increasing concentrations of cisplatin in A2780 (A), A2780CisR (B) and HEY (C)
cell lines. Bar graphs show comparison of pICsy £ SEM of cisplatin alone or in combination with

adenosine in the presence or absence of dipyridamole. (*) indicates statistical significance, P value <
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0.5. Data shown are mean = SEM from a typical experiment out of a set of three, each performed in

duplicate.

Table 6.8. Summary of ICs,, pICsy £ SEM of cisplatin and shift factors achieved from
combination treatments of adenosine and cisplatin in the presence or absence of dipyridamole
(MTT assay). 500 uM Adenosine was incubated 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 compared to cisplatin alone (control) and cisplatin plus adenosine, respectively (P value

<0.05).

Cell lines ICsp, nM
(pICso = SEM)
control + adenosine + dipyridamole
+ adenosine

A2780 3.13 0.88* 4.42"

(5.29 +£0.04) (5.54 +0.04) (5.31+£0.04)
A2780CisR 32.0 20.7* 30.8"

(4.49 £ 0.06) (4.68 £ 0.05) (4.48 £ 0.06)
HEY 5.84 2.44* 4.28"

(5.23+0.03) (5.61 £0.04) (5.37+0.03)

The presence of dipyridamole abrogated adenosine-enhanced cisplatin cytotoxicity as shown
in Figure 6.21 and Table 6.8 by increase in the ICs( of cisplatin to nearly the same value as
cisplatin alone treatment. These results demonstrated that the uptake of adenosine through
nucleoside transporters is important for the cytotoxicity of adenosine and adenosine-enhanced
cisplatin cytotoxicity.

Next, to determine a possible role of adenosine receptors in the combination treatment of
adenosines and cisplatin, the selective Al and A2B receptor antagonists SLV320 and
PSB603, respectively, were incubated 1 h prior to adenosine administration in the

combination treatment of adenosine and cisplatin. Results are shown in Figure 6.22 and 6.23.
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Figure 6.22. Effect of the selective Al receptor antagonist SLV320 on adenosine-enhanced
cisplatin cytotoxicity in A2780, A2780CisR and HEY cell lines (MTT assay).
3 uM SLV320 was incubated 1 h prior to 500 uM adenosine for 48 h followed by 72 h co-incubation
with increasing concentrations of cisplatin in A2780 (A), A2780CisR (B) and HEY (C). Data shown

are mean + SEM from a typical experiment out of a set of three, each performed in duplicate.
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Figure 6.23. Effect of the selective A2B receptor antagonist PSB603 on adenosine-enhanced
cisplatin cytotoxicity in A2780, A2780CisR and HEY cell lines (MTT assay).

3 uM PSB603 was incubated 1 h prior to 500 uM adenosine for 48 h followed by 72 h co-incubation
with increasing concentrations of cisplatin in A2780 (A), A2780CisR (B) and HEY (C). Data shown

are mean £ SEM from a typical experiment out of a set of three, each performed in duplicate.

The concentration-effect curves shown in Figure 6.22 and 6.23 showed that SLV320 and
PSB603 at a concentration of 3 uM are not able to inhibit adenosine-enhanced cisplatin
cytotoxicity in all three examined cell lines, confirming the essential role in adenosine-
enhanced cisplatin cytotoxicity of adenosine uptake via nucleoside transporters in A2780,
A2780CisR and HEY cell lines. Noteworthy, 3 uM of SLV320 or PSB603 is a concentration
which does not show any toxic effects to the cells but inhibits the functional activity of Al

and A2B receptors based on the results from cAMP assay (Figure 6.12).

6.6 Effect of ATP and adenosine on cell cycle and apoptosis induction in ovarian cancer
cell lines

Next, effects of ATP and adenosine on cell cycle arrest and induction of apoptosis were
studied. ATP and adenosive were used at concentrations exhibiting cytotoxicity and

enhancing cisplatin sensitivity.

6.6.1 ATP and adenosine effects on cell cycle
The cell cycle is an important event for every dividing living cell to control cell division,
leading to growth and proliferation. Normal cell cycle consists of three phases: G1, S and
G2/M phase. In this study, cells were incubated with 500 uM of ATP or adenosine,
concentrations which gave the highest shift factors in the combination treatment of ATP or

adenosine and cisplatin. After 48 h, cells were analyzed by flow cytometry. The specific
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phases of cell cycle were distinguished in a histogram displaying fluorescence intensity of
propidium iodide-stained nuclear DNA. Control included untreated cells and paclitaxel-
treated cells which were used to identify the G2/M phase arrest. Results are shown in Figure

6.24.
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Figure 6.24. Effect of ATP and adenosine treatment on cell cycle.

500 uM ATP or adenosine were incubated in A2780 or A2780CisR cells for 48 h. 10 or 60 pM of
cisplatin were incubated for 24 h in A2780 and A2780CisR cell lines, respectively as reference. Cells
treated with 50 nm of paclitaxel for 24 h was used as positive control for G2/M arrest. Control
indicates untreated cells. (A) Representative histograms of cell cycle after treatment with respective
conditions. (B) Summary of cell counts in specific phases of cell cycle after treatment. Data shown

are mean £ SEM from at least three-independent experiments.
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Figure 6.24 showed that treatment with 500 uM ATP or adenosine for 48 h induce cell cycle
arrest in S-phase in both, A2780 and A2780CisR cells.

6.6.2 ATP and adenosine effects on the induction of apoptosis

Ovarian cancer cells were incubated with various concentrations of ATP or adenosine for 48
h. Propidium iodide (PI) was used to stain DNA at least 6 h before analysis by flow
cytometry. Cells undergoing apoptosis can be distinguished from normal cells based on their
DNA content in the subGl region (< 2 C) in Pl-stained histograms. Percentage of apoptotic

nuclei after ATP or adenosine treatments is shown in Figure 6.25.
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Figure 6.25. Induction of apoptosis by ATP and adenosine.

ATP (A) or adenosine (B) in various concentrations of 100 to 1000 uM were incubated in A2780,
A2780CisR and HEY cells. After 48 h, cells were analyzed by flow cytometry. Data shown are mean
+ SEM from three independent experiments. (*), (**) and (***) indicate statistical significance

compared to untreated control, P value < 0.05, < 0.01 and < 0.001, respectively.

Treatment with ATP in a concentration of 100 to 1000 uM for 48 h is not able to significantly
induce apoptosis neither in A2780 nor in A2780CisR cell lines. However, adenosine is able
to induce apoptosis in a concentration-dependent manner. 500 and 1000 pM Adenosine

significantly induce apoptosis compared to untreated control in all three examined cell lines.
6.7 Adenosine uptake is essential for adenosine-induced apoptosis via caspase pathway

Results from chapter 6.5 demonstrated that adenosine uptake via nucleoside transporters

plays a crucial role for the cytotoxicity of adenosine and adenosine-enhanced cisplatin
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cytotoxicity. In order to determine if adenosine uptake or adenosine receptors are involved in
adenosine-induced apoptosis, dipyridamole and the selective Al and A2B receptor
antagonists SLV320 and PSB603 were incubated for 30 to 60 min prior to adenosine

administration. Results are shown in Figure 6.26.
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Figure 6.26. Effect of dipyridamole, SLV320 and PSB603 on adenosine-induced apoptosis in
A2780, A2780CisR and HEY cell lines. 10 uM of dipyridamole and 3 puM of either SLV320 or
PSB603 were incubated 30 or 60 min, respectively, prior to addition of 1000 uM adenosine. After 48
h, apoptotic nuclei were analysed by flow cytometry. Control indicates untreated cells. Data shown
are mean + SEM from at least three-independent experiments. (**) indicates statistical significance

compared to adenosine alone treated cells (P value < 0.01). (ns) means not significant.

Figure 6.26 demonstrated that dipyridamole completely abrogates adenosine-induced
apoptosis in all three cell lines whereas the selective Al and A2B receptor antagonists
SLV320 and PSB603 are not able to inhibit adenosine-induced apoptosis. These results
indicate that adenosine uptake plays an important role in adenosine-induced apoptosis in
A2780, A2780CisR and HEY cells.

Furthermore, to examine if adenosine-induced apoptosis is caspase mediated, the caspase
inhibitor QVD-OPh was incubated 1 h prior to adenosine administration. Simultaneously,
PARP cleavage after adenosine treatment was examined by western blot analysis. Results are

shown in Figure 6.27 and 6.28.
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Figure 6.27. Effect of the caspase inhibitor QVD-OPh on adenosine-induced apoptosis.

20 uM of the caspase inhibitor QVD-OPh was added 1 h prior to 1000 pM of adenosine for 48 h. 10,
60 and 20 pM of cisplatin were incubated in A2780, A2780CisR, and HEY cell lines for 24 h,
respectively. Apoptotic nuclei were analysed by flow cytometry. Control indicates untreated cells.
Data shown are mean + SEM from three-independent experiments. (**) and (***) indicate statistical
significance compared to adenosine treatment in the absence of QVD-OPh, P value < 0.01 and <

0.001, respectively.
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Figure 6.28. Effect of adenosine on PARP cleavage in A2780, A2780CisR and HEY cell lines.

(A) Protein expression of cleaved PARP at 24 kDa was detected after 300, 500 and 1000 uM
adenosine treatment for 48 h in A2780, A2780CisR and HEY cell lines. 5-fold of cisplatin ICs, of
each cell line was incubated for 24 h and served as positive control. Control indicates untreated cells.
Data shown are representative data from at least three-independent experiments. (B) Quantification of
western blots by densitometric analysis and ratio calculation of protein bands of cleaved PARP and -
actin was performed. Data shown are mean + SEM of density ratio of protein bands analyzed by
Imagel] software from three-independent experiments. Statistical significance (*) and (***) was

compared to untreated control, P value < 0.05 and < 0.001, respectively.

Figure 6.27 showed that QVD-OPh inhibits induction of apoptosis by adenosine similarly as
it inhibits cisplatin-induced apoptosis known to be mediated via caspase pathways. Further
confirmation that adenosine-induced apoptosis is mediated via caspase pathways came from
western blots displaying a concentration-dependent increase in PARP cleavage upon
adenosine treatment (Figure 6.28).

Next, the combination treatment of adenosine and cisplatin was assessed for induction of
apoptosis compared to cisplatin alone treatment. To mimic the conditions used in MTT assay,
500 uM adenosine were incubated for 48 h prior to 24 h co-incubation of adenosine with a 3-

fold ICs of cisplatin. .
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Figure 6.29. Induction of apoptosis by a combination of adenosine and cisplatin in the presence
or absence of dipyridamole.

500 uM of adenosine was incubated for 48 h prior to 24 h co-incubation with 3-fold ICs, of cisplatin
in A2780, A2780CisR and HEY cell lines. 10 uM of dipyridamole was incubated 30 min before
adenosine administration. The induction of apoptosis was analyzed by flow cytometry. Apoptotic
nuclei in untreated control cells were subtracted from all data. Data shown are mean + SEM from
three-independent experiments. (**) and (***) indicate statistical significance compared to cisplatin

alone treatment, P value < 0.01 and < 0.001, respectively.

Figure 6.29 showed that the induction of apoptosis achieved in combination treatments of
adenosine and cisplatin is significantly higher than cisplatin alone treatment in all three cell
lines. Moreover, dipyridamole is able to inhibit the adenosine-induced increase in apoptosis
in combinations with cisplatin, confirming that adenosine uptake plays a crucial role in
adenosine-induced apoptosis in ovarian cancer cells. Western blotting was used to analyse
changesin PARP cleavage after combination treatment of adenosine and cisplatin. Results are

shown in Figure 6.30.
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Figure 6.30. Effect of adenosine in combination with cisplatin on PARP cleavage in A2780,
A2780CisR, and HEY cell lines. (A) Western blot analysis of cleaved PARP at 24 kDa after
treatment with 500 uM adenosine for 48 h alone or in combination with 3-fold ICs, of cisplatin for
another 24 h in A2780, A2780CisR, and HEY cell lines. Control indicates untreated cells. Data shown
are representative data from at least three-independent experiments. (B) Quantification of western
blots by densitometric analysis and ratio calculation of protein bands of cleaved PARP and B-actin
were performed. Data shown are mean + SEM of density ratio of protein bands analyzed by ImageJ
software from three-independent experiments. Statistical significance (*) and (**) was compared to

cisplatin alone treatment, P value < 0.05 and < 0.01, respectively.
Figure 6.30 demonstrated that adenosine in combination with cisplatin significantly increases

PARP cleavage compared to the effect of cisplatin alone in A2780 and HEY cell lines. In
A2780CisR cells, this effect was not significant.
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6.8 Intracellular adenosine activates the AMP-activated protein kinase (AMPK)
pathway

The results of this study demonstrated so far that extracellular adenosine reduced
proliferation and induced apoptosis and that a pretreatment with adenosine increased cisplatin
cytotoxicity and apoptosis in all three examined ovarian cancer cell lines. Further,
experiments with dipyridamole and adenosine receptor antagonists revealed that adenosine
effects occur after adenosine uptake through nucleoside transporters and not via adenosine
receptors. Thus, in the next step the effects of adenosine on AMP-activated protein kinase
(AMPK) and downstream signaling were investigated. Results of AMPK activation by

adenosine treatment are shown in Figure 6.31.
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Figure 6.31. Effect of adenosine on AMP-activated protein kinase (AMPK) activation.

A2780, A2780CisR and HEY cell lines were incubated for 48 h with 500 or 1000 uM adenosine .
After 48 h, phosphorylated AMPK (Thr172) protein was detected by western blotting (A). 30 mM of
metformin was incubated for 24 h and served as positive control for AMPK activation. B-actin was
used as loading control. Data shown are representative data from at least three-independent
experiments. (B) Quantification of western blots by densitometric analysis and ratio calculation of
protein bands of pAMPK and B-actin was performed. Data shown are mean = SEM of density ratio of
protein bands analyzed by Image] software from three-independent experiments. Statistical
significance (*), (**) and (¥**) was compared to untreated control, P value < 0.05, < 0.01 and <

0.001, respectively.

Figure 6.31 showed that treatment for 48 h with adenosine increases the phosphorylation of
AMPK at Thr172 in all three examined cell lines similarly to metformin known as AMPK
activator [Dasgupta et al., 2016]. Phosphorylated AMPK (pAMPK), the activated form of
AMPK, mediates inhibition of the mTOR1 complex by phosphorylation of Raptor [Gwinn et
al., 2008]. Thus, the phosphorylation status of S6K (pS6K), a downstream target of mTORI,
was analyzed to unravel the intracellular pathway of the observed adenosine effects — from
adenosine uptake over activation of AMPK over inhibition of mTORI1 to inhibition of
phosphorylation of S6K. Results of S6K phosphorylation upon adenosine treatment are

shown in Figure 6.32.

Met Ctl —— ADO—— DPM cDDP ADOD

500  1000pM  +ADOD +cDDP

pS6K RETI —— —J———————
Lhg : . : AZTB0
Boactin W G S——
T | — e St T, TS, St
| A27B0CisR
B-actin [
pS6K
HEY

pB-actin

102



6. Results

B
* 1 A2780
—
* ZZ2 A2780CisR
—
0.6+ wx ILI . HEY
X —
*
—
0.4+ ke
—

0.2+

A12aada

Density ratio of
pS6K to B-actin expression

& & 2 2 9
& &° &0 &° © &
& & & N
N N NS S
o¥ o¥ o¥ ¢
N\ N N O
<§ S S P
x
N\
&

Figure 6.32. Phosphorylation of S6K at Thr389 after treatment with adenosine alone or in
combination with cisplatin in A2780, A2780CisR and HEY cell lines.

(A) 500 and 1000 pM of adenosine in were incubated for 48 h in the presence or absence of 20 uM
dipyridamole 30 min prior to adenosine administration. 3-fold ICs, of cisplatin in each cell line was
incubated for 24 h alone or in combination with 500 uM of adenosine for 48 h. Control indicates
untreated cells. Data shown are representative data from at least two independent experiments. (B)
Quantification of western blots by densitometric analysis and ratio calculation of protein bands of
pS6K and B-actin was performed. Data shown are mean + SEM of density ratio of protein bands
analyzed by Imagel software from three-independent experiments. Statistical significance (*), (**)

and (***) was compared to untreated control, P value < 0.05, <0.01 and < 0.001, respectively.

Figure 6.32 shows that pS6K was decreased under high dose (1000 uM) adenosine treatment
compared to control. Adenosine-induced decrease of pS6K could partially be reversed by
dipyridamole. Interestingly, whereas cisplatin has no effect on pS6K (approximately same
intensity as untreated control), the combination of adenosine and cisplatin decreases pS6K.
Thus, adenosine treatment in ovarian cancer cells leads to activation of AMPK and
subsequent inhibition of mTORI1 as estimated by decrease of pS6K. Noteworthy, treatment-
induced changes in pS6K were strongest in A2780 whereas slight but still significant
differences occurred in HEY and A2780CisR cells. This could partially explain the stronger
effect of adenosine in cisplatin sensitization in A2780 compared to A2780CisR and HEY
cells (shift factors in Table 6.6).

103



6. Results

6.9 Effect of adenosine on the HEK?293 cell line

The HEK293 cell line was included in the study in order to discriminate the effect of
adenosine in tumor cells from non-tumor cells. Adenosine treatment was applied to HEK293
cells in the same experimental setting as to the ovarian cancer cell lines. The ability of
adenosine to enhance cisplatin cytotoxicity and induction of apoptosis were analyzed by
MTT assay and apoptosis assay using 100, 300 and 500 uM of adenosine alone or in

combination with cisplatin. Results are shown in Figure 6.33 and 6.34.
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Figure 6.33 Concentration-effect curves of cisplatin in the absence or presence of adenosine in
HEK?293 cells and resulting shift factors.

Concentration-effect curves including a summary of pICsy + SEM values and shift factors derived
from combination treatment of adenosine and cisplatin in the non-cancer HEK293 cell line. 100, 300
and 500 uM of adenosine were incubated 48 h prior to 72 h co-incubation with increasing
concentrations of cisplatin. Control indicates treatment with cisplatin alone. Data shown are mean +

SEM from a typical experiment out of a set of three, each performed in triplicate.
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Figure 6.34. Induction of apoptosis by adenosine in HEK293 cells.
300, 500 and 1000 uM of adenosine were incubated for 48 h in HEK293 cells. Then, cells were
analyzed by flow cytometry. Control indicates untreated cells, and DMSO was used as positive

control. Data shown are mean = SEM from three-independent experiments.

The concentration-effect curves shown in Figure 6.33 exhibited that the combination
treatment of adenosine and cisplatin even at the highest concentration of adenosine is not able
to significantly increase pICsg values of cisplatin in HEK293 cells. Moreover, adenosine does
not induce apoptosis up to 500 uM, and at 1000 uM adenosine only a slight increase in
apoptotic cells can be detected (Figure 6.34) whereas 1000 uM adenosine massively induced
apoptosis in ovarian cancer cells (Figure 6.25).Taken together, these results indicate the
ability of adenosine to increase cisplatin-induced cytotoxicity and induction of apoptosis

selectively in ovarian cancer cells and not in non-tumor cells.
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7. Discussion

7.1 Effects of ATP in ovarian cancer cells

Extracellular ATP concentrations are higher in cancer microenvironment than in normal
tissue [Pellegatti et al., 2008 and Di Virgilio et al., 2017], leading to an intensive study of the
role of ATP in several kinds of cancer. ATP is known as agonist for many subtypes of P2
receptors including P2Y,, P2Y;; and most P2X receptors [White et al., 2006]. Among all
subtypes of P2 receptors, most studies suggest P2Y, receptors to be involved in cancer cell
growth, proliferation and cell death [Stagg et al., 2010]. There is evidence of P2Y, receptor
overexpression in colon cancer and pancreatic cancer [Kunzli et al., 2007 and Nylund et al.,
2007]. Activation of P2Y receptors can lead to an increase in cell growth in many types of
cancer such as melanoma and lung cancer [Schafer et al., 2003 and White et al., 2005]. A
study in breast cancer reported that highly metastatic breast cancer cells displayed high levels
of ATP leading through activation of P2Y, receptors to increased cell proliferation, cell
invasion through endothelial cells, increased matrix metalloproteinase-9 (MMP-9) activity
and vascular endothelial growth factor (VEGF) production [Jin et al., 2014]. In addition,
P2Y, receptor knockdown abolished ATP effects, confirming an involvement of P2Y,
receptors. These results suggested that P2Y, receptors may play an important role in cancer
metastasis via modulation of the crosstalk between cancer cells and endothelial cells [Jin et
al., 2014]. Conversely, it is reported that in some cancers such as esophageal cancer and
colorectal cancer, an activation of P2Y, receptors resulted in a decrease of cell proliferation
[Hopfner et al., 2001 and Maaser et al., 2002].

Considering the diversity of P2 receptor signaling and role of ATP in cancers, this thesis
evaluated the role of ATP and its effects on the sensitivity of ovarian cancer cells towards
cisplatin. PCR and western blotting were used to characterize the expression of P2 receptors
in A2780 cells and its cisplatin-resistant subline A2780CisR. P2Y, P2Y,, P2Y;, P2Y ;3 and
P2X4 receptors were found to be expressed in both cells. P2Y receptors were expressed only
in A2780 cells while P2X7 receptors were detected only in the A2780CisR cells (Figure 6.1
and 6.2). ATP increased the concentration of intracellular calcium in a concentration-
dependent manner, assuming functionally active P2 receptors (Figure 6.5B). The inhibitory

effect of the non-selective P2 receptor antagonist suramin on ATP-induced increase in
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intracellular calcium confirmed that ATP signaling was mediated via P2 receptors (Figure
6.6B). More specifically, the selective P2Y, receptor antagonist AR-C118925 inhibited ATP-
induced increase in intracellular calcium whereas other selective receptor antagonists for
P2Y,, P2Y,, P2X4 and P2X5 receptors did not show any inhibitory effects (Figures 6.7, 6.8
and 6.9B). These findings indicated that P2Y, receptors are functionally active and
responsible for ATP-induced P2 receptor activation in ovarian cancer cell lines. In
accordance to a recent study reporting that P2Y, receptors are expressed and functionally
active in the ovarian cancer cells SKOV-3 [Robels-Martinez et al., 2017], the data from this
thesis support a favorite role of P2Y receptors in ovarian cancer cells over other subtypes of
P2 receptors. Noteworthy, the functional activity of P2 receptors in the cisplatin-resistant cell
line A2780CisR was lower than in the parental A2780 cell line (Figure 6.10) and not
significantly different from untreated cells, possibly due to lower expression or lower
functional activity of P2 receptors in the cisplatin-resistant cell line.

Next, the cytotoxicity of ATP in A2780 and A2780CisR cells was evaluated using MTT cell
viability assay. After 72 h of ATP incubation, cell viability was decreased by 30% to 50% in
comparison to untreated control (Figure 6.14), indicating that ATP has low cytotoxicity in
A2780 and A2780CisR cell lines. However, these results are in contrast to previous studies
describing that ATP signaling via P2Y; receptors induced cell proliferation in ovarian cancer
cells [Popper et al., 1993 and Schultze-Mosgau et al., 2000]. In this thesis, 500 uM of ATP
for 48 h induced cell cycle arrest in S-phase (Figure 6.24) and slightly induced apoptosis
(Figure 6.25A). These results are in agreement with other studies in human umbilical vein
endothelial cells (HUVECs) and human aortic endothelial cells (HAECs), reporting that
treatment with ATP did not induce apoptosis but instead induced cell cycle arrest in S-phase
[Xiao et al., 2011].

The most important finding in this part of the thesis is the enhancing effect of ATP on
cisplatin cytotoxicity. The combination treatment of ATP and cisplatin (500 uM of ATP for
48 h prior to 72 h co-incubation with cisplatin) significantly decreased the ICsy values of
cisplatin compared to cisplatin treatment alone, resulting in a mean shift factor of around 3 in
parental A2780 cells and a lower shift factor of 2 in A2780CisR cells (Figure 6.15C and
Table 6.3). Even though these shift factors are rather low, they are in the range of resistance
factors of ovarian cancer cells against cisplatin and clinically meaningful [Eckstein et al.,
2009 and Engelke et al., 2016]. Interestingly, simultaneous incubation of ATP and cisplatin
in A2780 or A2780CisR cells did not decrease the ICs values of cisplatin (Figure 6.15C).
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Presence of the selective P2Y, receptor antagonist AR-C118925 prior to combination
treatment of ATP and cisplatin did however not inhibit ATP-enhanced cisplatin cytotoxicity
(Figure 6.16 and Table 6.4), indicating that P2Y, receptors are not involved in the ATP-
enhanced cisplatin cytotoxicity in ovarian cancer cells. On the other hand, presence of the
nucleoside transporter inhibitor dipyridamole completely abrogated ATP-enhanced cisplatin
cytotoxicity in A2780 and A2780CisR cells (see Figure 6.17 and Table 6.5). This result
suggests that ATP-enhanced cisplatin cytotoxicity occurred after degradation of ATP to
adenosine by ectonucleotidases CD39 and CD73 [Montalban et al., 2016] and subsequent
intracellular adenosine uptake but not via functionally active P2 receptors. These data are in
accordance with a study in cervical cancer cells reporting that an uptake of adenosine played
an essential role for ATP cytotoxicity [Mello et al., 2014]. The importance of adenosine
uptake after degradation of ATP throws light on the role of adenosine and the activity of
ectonucleotidases highly expressed in ovarian cancer cells [Montalban et al., 2016] and

excludes a major role of P2 receptor signaling.

7.2 Effects of adenosine in ovarian cancer cells

Based on the appealing role of adenosine in the combination treatment of ATP and cisplatin
discussed in topic 7.1 and literature studies addressing the effects of adenosine on growth,
proliferation and death of different cancer cells including ovarian cancer, the second part of
this thesis studied how adenosine alone and in combination with cisplatin exerts cytotoxic
effects in ovarian cancer cells with different cisplatin sensitivity. Cisplatin-sensitive A2780
cells, moderate cisplatin-sensitive HEY cells and cisplatin-resistant A2780CisR cells served
as models for ovarian cancer cells. The term cisplatin-sensitive, moderate-sensitive and
resistant were defined by their I1Csy values of cispatin shown in Table 6.6. A1, A2A and A2B
adenosine receptors were found to be expressed by PCR and western blotting whereas A3
receptors could not be detected. A cAMP reporter gene assay confirmed functionally active
Al and A2B receptors by using the selective A1 and A2B receptor antagonists SLV320 and
PSB603, respectively (Figure 6.12A and 6.12B) whereas the selective A2A antagonist
SCH442416 had no effect (Figure 6.12C), suggesting lack of functional signaling of A2A
receptors in the examined cell lines. In accordance to this thesis, expression and functional
activity of A2B receptors was also found in OVCAR-3, Caov-4 and SKOV-3 ovarian cancer
cells [Hajiahmadi et al., 2015(a)].
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In A2780, A2780CisR, and HEY cells, adenosine displayed concentration-dependent
cytotoxicity (Figure 6.18) and induction of caspase-mediated apoptosis shown by an increase
in apoptotic nuclei (sub G1), PARP-cleavage and by using the caspase inhibitor QVD-OPh
(Figure 6.25B, 6.27 and 6.28). These results are in agreement with a study by Shirali et al.
demonstrating that adenosine significantly inhibited ovarian cancer OVCAR-3 cell
proliferation in a concentration—dependent manner by inducing cell cycle arrest in G0/G1
phase, induction of apoptosis including down-regulation of Bcl-2, up-regulation of Bax and
activation of caspase-3 [Shirali et al., 2013]. In another study, NECA, a non-selective
adenosine analog, inhibited cell growth and induced apoptosis in ovarian cancer cells by
activation of caspase-3 and loss of mitochondrial membrane potential. In addition, down-
regulation of Bcl-2 and up-regulation of Bax were also observed [Hajiahmadi et al., 2015(b)].
Conversely, it is reported that activation of adenosine receptors, mainly A2B receptors
induced cell growth and proliferation in several prostate cancer cell lines (PC-3, DU145 and
LNCaP). Treatment with NECA and the selective A2B receptor agonist BAY60-6583
increased cell proliferation in a concentration-dependent manner. The involvement of A2B
receptors was confirmed by siRNA knockdown of A2B receptors and the selective A2B
receptor antagonist PSB603 diminishing NECA-induced cell proliferation [Wei et al., 2013].
A1 receptors were found to be overexpressed in primary breast cancer tissues and their
activation enhanced breast cancer cell proliferation [Mirza et al., 2005]. Further, activation of
A2A receptors on endothelial cells significantly enhanced tumor angiogenesis [Ahmad et al.,
2009]. A2A receptor activation can further protect cancer cells from cytotoxic T cells [Ohta
et al., 2006] and results in tumor immune escape [Leone et al., 2015].

Above mentioned adenosine-cancer studies emphasize adenosine signaling via adenosine
GPCRs. In contrast, in this thesis it was demonstrated that adenosine-induced cytotoxicity
and apoptosis were significantly inhibited by the nucleoside transporter inhibitor
dipyridamole whereas the selective Al and A2B receptor antagonists SLV320 and PSB603
had no effects (Figure 6.20 and 6.26). These results are supported by studies describing
adenosine effects through adenosine receptor-independent pathways. Virtanen et al. found
that treatment with low micromolar concentrations of adenosine inhibited cell invasion and
migration in breast and prostate cancer cells. These inhibitory effects occurred via intrinsic
receptor-independent mechanisms despite the abundant expression of A2B adenosine
receptors [Virtanen et al., 2014]. Another study in cervical cancer cells reported that
dipyridamole almost totally prevented the cytotoxic effect of adenosine. Moreover, induction

of apoptosis, PARP cleavage and induction of autophagy by adenosine were also inhibited by
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dipyridamole [Mello et al., 2014]. Further, a study in the hepatoma cell lines HuH-7 and
HepG2 demonstrated that dipyridamole could prevent adenosine-induced apoptosis and
cytotoxicity [Yang et al., 2011 and Wu et al., 2006]. Similarly, adenosine-induced apoptosis
in gastric cancer cell lines GT3-TKB, MKN28 and MKN45 was inhibited by dipyridamole
while it was not affected by inhibitors of adenosine receptors [Soitoh et al., 2004 and
Tsuchiya et al., 2015].

According to the literature, intracellular adenosine is converted to AMP by adenosine kinase,
leading to an increase in the AMP/ATP ratio. AMP or ADP bind to the y subunits of AMPK
and induce conformational changes of catalytic o subunits allowing phosphorylation at
Thr172 in al and a2 by the LKB1 upstream kinase [Dasgupta et al., 2016]. In this thesis, a
significant increase in phosphorylated AMPK (pAMPK) at Thr172 was observed after
adenosine treatment, indicating an activation of AMPK (Figure 6.31). Further, high
concentrations of adenosine (1000 pM) significantly decreased phosphorylated S6K (pS6K)
at Thr389, suggesting an inhibition of mTOR which could be partially reversed by
dipyridamole (Figure 6.32).

These findings may obtain significance 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 [Ohta et al.,
2006]. If thus adenosine mediates cell growth inhibition 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 [Ohta et al.,
2006 and Montalban Del Barrio et al., 2016] and short-term adenosine treatment to inhibit
cancer cell growth and to induce apoptosis after adenosine uptake into cancer cells.

The most important finding of this study is however that adenosine treatment of ovarian
cancer cells acts in a synergistic manner with cisplatin which is pharmacodynamically
equivalent to the clinically used carboplatin (Figure 6.19 and Table 6.6). Presence of
adenosine significantly enhanced cisplatin-induced cytotoxicity by decreasing the ICsy of
cisplatin by a factor of up to 4 (Figure 6.19D). This was confirmed in MTT assay, PARP
cleavage, apoptosis induction, and combination index (CI) analysis according to Chou-
Talalay [Chou, 2006] (Table 6.7). 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 (Figure 6.32).

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
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cells (Figure 6.19D). This finding could indicate that a co-treatment of cisplatin with
adenosine should start early to maintain a high sensitivity of cisplatin and possibly prevent
the development of cisplatin resistance in ovarian cancer cells. Noteworthy, the synergistic
effects of adenosine and cisplatin did not occur in the non-cancer cell line HEK293,
indicating some selectivity of adenosine effects on cisplatin sensitization for cancer over non-
cancer cells (Figure 6.33 and 6.34).

In conclusion, the second part of this thesis reveals that adenosine acts synergistically with
cisplatin in ovarian cancer cell lines and improves the chemosensitivity of cisplatin in an
adenosine receptor-independent pathway by adenosine uptake with subsequent AMPK
activation and mTOR inhibition. This may open a novel strategy to prevent / delay the

development of platinum resistance and overall improve the treatment of ovarian cancer.
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8. Conclusions

The present study emphasized the role of the purinergic ligands ATP and adenosine in order
to reinforce the sensitivity of cisplatin, a pharmacodynamically equivalent chemotherapeutic
agent to carboplatin currently used as first-line chemotherapy for ovarian cancer treatment
[Coward et al., 2015]. Adenosine has been identified as the metabolite responsible for ATP
effects. Adenosine enhances cisplatin cytotoxicity in ovarian cancer cells via a purinergic
receptor-independent pathway. After intracellular uptake, adenosine activates AMPK and
inhibits mTOR, leading to inhibition of cell growth and induction of apoptosis. These
findings suggest a beneficial role of adenosine for cisplatin or carboplatin treatment of
ovarian cancer. Due to the rather short exposure times with cisplatin in clinical treatment
cycles, there is no need for long-term co-treatment with adenosine, thus avoiding detrimental
immunological effects [Ohta et al., 2006]. The summarized findings from this current study

are shown in Figure 8.1.
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Figure 8.1 Summary results of the study
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