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Abstract

In ovarian cancer, the molecular targeted chemotherapeutics could increase the efficiency of low-
dose radiotherapy while decreasing injury to adjusted organs. In irradiated A2780 human ovarian
carcinoma cells, cytosolic phospholipase A2 (cPLA,) inhibitor AACOCF3 prevented activation of
pro-survival Akt signaling and enhanced cell death. The potential molecular mechanisms of this
effect could involve signaling through lysophosphatidic acid receptors. In the heterotopic A2780
tumor model using nude mice, cPLA; inhibition significantly delayed tumor growth compared to
treatment with radiation or vehicle alone. These results identify cPLA, as a molecular target to
enhance the therapeutic ratio of radiation in ovarian cancer.
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1. Introduction

Ovarian cancer is the fifth leading cause of cancer death among American women; it causes
more mortality than any other gynecological cancer [1]. In 2009, twice as many women died
of ovarian cancer compared to cancer of the uterine corpus, and more than three times as
many compared to cervical cancer. Despite improvements in treatment over the past several
decades, the mortality rates for ovarian cancer have remained relatively unchanged [1].
Following diagnoasis, the primary form of treatment usually involves either a
salpingooophorectomy or total hysterectomy [2]. The surgical removal of cancerous tissue is
then succeeded by the administration of chemotherapeutic drugs such as cisplatin and other
platinum-based chemotherapies [2]. These therapeutic agents have afforded modest
increases in survival rates partially due to the acquired resistance [3]. Nonetheless, the
combination of a platinum-based agent and a taxane such as paclitaxel is still considered the
standard of care for the treatment of epithelial ovarian cancer [4;5;6].

Many women who have undergone surgery and chemotherapy regimens will eventually
relapse due to microscopic residual disease. Such patients have an average survival of less
than 3 years after chemotherapy [4]. Radiation therapy has been used to eliminate residual
disease and thus reduce or delay recurrences [7]. However, the incorporation of radiation
into the treatment protocols for ovarian cancer has been met with mixed results [8;9]. The
reluctance to target ovarian cancer cells with radiation partially results from injury to vital
organs [10]. To avoid high levels of cytotoxicity to abdominal organs, radiation doses are
currently limited to 30 Gy or less [10]. Despite these limitations, several studies have shown
a survival advantage by using radiation therapy after surgery alone or surgery plus
chemotherapy [9;10;11]. Furthermore, newer targeted therapies induce less toxicity as
compared to traditional methods, and trials are underway to re-evaluate the role of
radiotherapy in ovarian cancer [6].

Since cytotoxicity is a key limiting factor for the efficacy of radiotherapy, the use of agents
that sensitize ovarian cancer to radiation-induced cell death could potentially improve the
tumor response for ovarian cancer patients. We have previously shown that cytosolic
phospholipase A2 (cPLAy) is a promising target for tumor sensitization to radiation therapy
[12;13]. This cytosolic enzyme is found in many different human and rodent tissues
including ovarian tissue [14]. cPLA; cleaves phosphatidylcholine (PC) at the sn-2 position,
resulting in the formation of lysophosphatidylcholine (LPC) and arachidonic acid (AA) [15].
LPC has been implicated in cellular processes such as proliferation, migration, growth factor
production, apoptosis, and adhesion molecule expression [15;16;17]. We have shown that in
vascular endothelial cells, radiation-induced cPLA,-dependent accumulation of LPC leads
to the phosphorylation/activation of the pro-survival kinases extra-cellular signal regulated
protein kinase (ERK1/2) and Akt and results in radioresistance [12;13]. LPC can also be
converted to lysophosphatidic acid (LPA) via the actions of lysophospholipase D (LPLD),
also known as autotaxin (ATX) [18;19;20;21]. Among other functions, LPLD/ATX and
LPA are important in angiogenesis, cell migration and metastasis of tumor cells, and tumor
aggressiveness [19;22;23;24,25]. Ovarian cancers generate larger quantities of LPA than
nonmalignant cells [26]. This phenomenon is attributed to the high activity of LPLD/ATX
with the substrate specificity towards LPC that was found in peritoneal fluids from patients
with ovarian cancer [27]. The prominent production of LPA in most ovarian cancers
suggests that this is an autocrine system that promotes growth and invasion in such cancers.
It has been demonstrated that specific G-protein coupled receptors (GPCRs) mediate the
cellular effects of LPA [22]. Three of seven identified LPA-specific receptors, Edg-2/LPAL,
Edg-4/LPA2, and Edg-7/LPA3, belong to the endothelial cell differentiation gene (EDG)
family. Most ovarian cancer cells overexpress LPA receptors relative to normal ovarian
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cells, especially LPA2 and LPA3 [28;29;30]. Moreover, expression of LPA receptors was
found to determine tumorigenicity and aggressiveness of ovarian cancer cells [23].

To investigate whether these cPLA,—dependent signaling events contribute to the ovarian
cancer response to radiation, we assessed the effects of cPLA, inhibition with
arachidonyltrifluoromethyl ketone (AACOCF3) on irradiated ovarian carcinoma cells both
in cell culture and in vivo. AACOCF3 is an analog of arachidonic acid that is able to
permeate cell membranes and interact with cPLA, active site [31;32]. This inhibitor has
been used for previous studies by our laboratory [12;13] as well as by other groups
[25;33;34]. In the present study, we found that inhibition of cPLA, prior to irradiation
decreased cell survival and tumor growth of cisplatin-sensitive ovarian cancer. These results
suggest that cPLA, is a potential molecular target for increasing the sensitivity of ovarian
cancer cells to ionizing radiation.

2. Materials and methods

2.1. Cell cultures and treatment

The human ovarian epithelial adenocarcinoma cell lines A2780 and CP70 (obtained from
Dr. Thomas C. Hamilton, Dept. of Medical Oncology, Fox Chase Cancer Center,
Philadelphia, PA) were maintained in RPMI 1640 (Life Biosciences) plus 10% fetal bovine
serum, 1% penicillin/streptomycin, 2 mM L-glutamine, and 0.25 units/ml insulin (Life
Technologies, Grand Island, NY). The cells were kept in a 37°C and 5% CO, environment.
AACOCF3 was purchased from EMD Biosciences (San Diego, CA). Cells were pre-treated
with either vehicle (70% EtOH) or 1 pmol/L AACOCF3 (in 70% EtOH) for 30 minutes
prior to irradiation. A Mark | 137Cs irradiator (J.L. Shepherd and Associates) was used to
deliver radiation to the cells.

2.2. Clonogenic survival

A2780 and CP70 cells were plated and allowed to attach for 3 hours. Cells were then treated
with vehicle 70% EtOH or 1 umol/L AACOCF3 for 30 minutes, followed by irradiation
with 0, 2, 4, 6, or 8 Gy. The medium was changed after irradiation. After 10-14 days, plates
were fixed with 70% EtOH and stained with 1% methylene blue. Colonies consisting of >50
cells were counted with a dissection microscope. The average surviving fraction was
calculated as (number of colonies/number of cells plated)/(number of colonies for
corresponding control/number of cells plated) with SEM from two experiments performed in
triplicates.

2.3. Western immunoblot analysis

A2780 or CP70 cells were plated and allowed to grow to near confluency and treated as
required. Cells were harvested at 2, 3, 5, 10, 15, and 30 minutes and 2, 6, 18, and 24 hours
after the beginning of irradiation. Total protein extraction was performed using an M-PER
kit (Thermo Fisher Scientific, Rockford, IL). Protein concentration was quantified using
BCA reagent (Thermo Fisher Scientific, Rockford, IL). Protein extracts (100 pg) were
subjected to Western immunoblot analysis using antibodies for the detection of phospho-
ERK1/2Thr202/Tyr204 tota] ERK1/2, phospho-AktTr308/Ser473 and total Akt (all from Cell
Signaling Technologies, Danvers, MA). Antibody to B-actin (Sigma Aldrich, St. Louis, MO)
was used to evaluate protein loading in each lane. Immunoblots were developed using
Western Lightning Chemiluminescense Plus detection system (PerkinElmer, Wellesley,
MA) according to the manufacturer’s protocol.

To assess for LPLD/ATX, LPA1, and LPA2, A2780 and CP70 cells were plated and
allowed to grow to sub-confluency. Then conditioning media were collected, and cells were
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lysed. The conditioning medium was analyzed using an antibody to LPLD/ATX (Santa
Cruz); the cell lysates were analyzed using antibodies to LPA1 (Novus Biologicals,
Littleton, CO), LPA2 (Santa Cruz Biotechnology, Santa Cruz, CA), and B-actin (Sigma
Aldrich, St. Louis, MO).

2.4. Mouse tumor model, treatment, and tumor growth delay study

Female athymic nude-Foxn1™ mice were purchased from Harlan Laboratories and
maintained in sterile housing. Institutional Animal Care and Use Committee guidelines were
followed when handling and treating all mice used in this study (IACUC animal protocol M/
07-358). A2780 cells (108) were implanted into mouse hind limbs. Once tumors exceeded
200 mm3, the mice were stratified into four groups of 5 animals, each representing similar
distributions of tumor sizes. A2780 tumor-bearing animals were administered
intraperitoneally with vehicle (70% EtOH) or 10 mg/kg AACOCF3 30 minutes prior to
irradiation with 3 Gy (Therapax DXT 300 X-ray machine; Pantak Inc.). The vehicle only
and AACOCF3 only groups were not exposed to any radiation but were transported to the
radiation facility along with the rest of the mice. The four treatment groups were EtOH only,
EtOH plus irradiation, AACOCF3 only, and AACOCF3 plus irradiation. Treatment was
repeated for 3 consecutive days. Tumor size was measured every other day by external
digital caliper measurements.

2.5. Measurement of LPA levels in irradiated cells

A2780 cells were plated, allowed to grow to confluency, and irradiated with 3 Gy. LPA
levels were measured in the conditioning medium up to 120 minutes after irradiation using a
competitive ELISA kit according to manufacturer’s protocols (Echelon Biosciences, Inc.,
Salt Lake City, UT).

2.6 Statistical analysis

The mean and S.E.M. of each treatment group were calculated. Variance was analyzed by
Student's t-test; P-value <0.05 was considered statistically significant.

3. Results

3.1. Inhibition of cPLA, with AACOCF3 decreases clonogenic survival of irradiated A2780
cells

To determine whether cPLA; inhibition affects cellular viability in irradiated tumor cells, we
performed clonogenic survival assays for A2780 and CP70 cells (Fig. 1). Treatment with
AACOCF3 decreased colony formation and enhanced cell death among irradiated A2780
cells. Statistically significant decreases in colony formation were observed at 2, 6, and 8 Gy
among AACOCF;-treated cells, with the maximum effect occurring at 6 Gy (Fig. 1A). In
contrast to A2780, CP70 cells displayed less radio-sensitivity overall and failed to exhibit
decreased survival in response to cPLA; inhibition and irradiation (Fig. 1B).

3.2. lonizing radiation causes early activation of Akt in A2780 cells and late activation of
ERK1/2 in both A2780 and CP70 cells

We have previously shown that activation of cPLA, in response to irradiation of vascular
endothelial cells resulted in phosphorylation of ERK1/2 and Akt within a few minutes
[12;13]. To determine if these kinases are activated in irradiated human ovarian carcinoma
cells, we performed a time course study for both A2780 and CP70 cells (Fig. 2A). In the
A2780 cells, considerably increased Akt phosphorylation was observed at 3, 5, 10, and 30
minutes after the beginning of irradiation with 3 Gy. An increase in early (<30 minutes)
ERKZ1/2 phosphorylation was not significant compared to Akt (Fig. 2A). In CP70 cells, we
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did not observe changes in early Akt and ERK1/2 phosphorylation (Fig. 2B).Since the
pattern of ERK1/2 phosphorylation is often biphasic [35;36] and late phosphorylation of
ERKZ1/2 is known to be induced by cytotoxic insults in ovarian carcinoma cells [37;38], we
also assessed late activation of ERK1/2 in irradiated A2780 and CP70 cells. Western blot
analysis revealed significant induction of ERK1/2 phosphorylation at 6, 18, and 24 hours
following irradiation with 3 Gy in both A2780 and CP70 cell lines (Fig. 2).

3.3. Inhibition of cPLA, with AACOCF3 prevents early activation of Akt in A2780 cells

To determine whether radiation-induced early phosphorylation of Akt (5 min after IR) and
late phosphorylation of ERK1/2 (18 h after IR) is cPLA,-dependent, we treated A2780 and
CP70 ovarian carcinoma cells with AACOCF3 for 30 minutes prior to irradiation with 3 Gy
(Figure 3). In A2780 cells, cPLA; inhibition prevented early Akt activation (Fig. 3A, 5 min)
but had no effect on ERK1/2 activation at 18 hours (Fig. 3A, 18 h). Inhibition of cPLA, also
had no effect on radiation-induced late ERK1/2 activation in CP70 cells (Fig. 3B).

3.4. Inhibition of cPLA, with AACOCF3 delays tumor growth in irradiated heterotopic
mouse model of A2780 ovarian carcinoma

Previous studies by our laboratory have shown decreased growth of lung tumors in
heterotopic mouse models treated with AACOCF3 and fractionated radiotherapy [13]. Using
a similar model, we wanted to determine if cPLA, inhibition could also increase the efficacy
of radiation therapy and delay tumor growth in A2780 ovarian tumors. Tumor-bearing mice
were given 3 consecutive daily treatments of vehicle control or AACOCF3 (10 mg/kg) in the
presence or absence of radiation. Treatment response was monitored by caliper
measurements at 48 h intervals. Radiation alone substantially inhibited growth of A2780
carcinoma cells and, for the first 10 days after treatment initiation, this treatment group
demonstrated a nearly identical increase in tumor volume compared to mice that received a
combined treatment of AACOCF3 and radiation (Fig. 4). After day 10, however, a visible
distinction between these tumor growth rates could be detected. Subsequently, 31 days after
the initiation of treatment, a statistically significant tumor growth delay was observed in
mice that received a combination of AACOCF3 and radiation compared to mice treated with
radiation (Fig. 4, delay of 10 days) or vehicle alone (Fig. 4, delay of 19 days).

3.5. LPLD/ATX, LPA1, and LPA2 are expressed in A2780 and CP70 cells, and LPA levels in
A2780 cells increase following irradiation

We have shown that the primary lipid second messenger that is produced by radiation-
induced cPLA, activation is LPC [12]. Since LPC is often converted to LPA by LPLD/
ATX, and increased activity of LPLD/ATX and LPA receptors is associated with ovarian
cancer progression [23;24;25], we assessed the protein levels of LPLD/ATX and LPA
receptors 1 and 2 (LPAL and LPAZ2) in non-irradiated A2780 and CP70 cells. The basal
levels of LPLD/ATX and LPA2 were approximately the same in both cell lines, but A2780
cells displayed much higher levels of LPAL (Fig. 5A). To determine whether LPA
production is increased in response to radiation, LPA levels in A2780 cells were measured at
2-120 minutes after the beginning of irradiation with 3 Gy (Fig. 5). Elevated LPA
production was detected within minutes after irradiation, but the most pronounced increase
in LPA concentration occurred at 60 minutes after exposure (Fig. 5B).

4. Discussion

Activation of pro-survival signaling cascades in response to ionizing radiation contributes to
radioresistance and poor treatment outcomes. One important enzyme in this process is
cPLA, [39]. We have demonstrated that radiation-induced activation of cPLA, leads to the
production of LPC and subsequent activation of pro-survival kinases, such as Akt and
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ERKZ1/2, resulting in the promotion of cellular proliferation and tumor growth. Inhibition of
cPLA, prevents radiation-induced pro-survival signaling and, thus, improves tumor response
to radiation therapy [12;13].

We studied the effects of cPLA, inhibition on the radiation response of two human ovarian
carcinoma cell lines, A2780 and CP70. A2780 cells are known to be more sensitive to
cisplatin while CP70 cells were derived by exposure of A2780 cells to cisplatin resulting in
acquired cisplatin resistance [38;40;41]. Since radiation is a cytotoxic DNA-damaging insult
similar to cisplatin, CP70 cells were also more resistant to radiation compared to A2780.
With the acknowledged role of cPLA; in radioresistance, we checked whether inhibition of
this enzyme would affect survival of irradiated ovarian carcinoma cells. Contrary to our
expectations, cPLA, inhibition did not affect radiation response of radioresistant CP70 cells,
but rather decreased survival of irradiated radiosensitive A2780 cells (Fig. 1). These data
suggested that radiation induces cPLA, activation in A2780 cells; however, the response of
CP70 cells to radiation is cPLA, independent. Indeed, we found that early activation of Akt
occurs in A2780 but not in CP70 cells, and that it is abrogated with cPLA; inhibition (Figs.
2,3). Interestingly that radiation-induced late activation of ERK1/2 occurs in both cell lines,
and it is cPLA, independent (Figs 2,3). Involvement of this late activation of ERK1/2 in
survival of ovarian carcinoma cells treated with the DNA-damaging drug cisplatin has been
reported by us previously [37;38;41;42;43;44]. The cPLA,-dependent pro-survival signaling
in irradiated ovarian carcinoma cells introduces new possibilities for pharmacologic
interventions. In a tumor growth study, cPLA, inhibition and irradiation resulted in a
significant tumor growth delay of 10 days compared to mice that received radiation alone
and 19 days compared to mice treated with vehicle alone (Fig. 4).

To elucidate the molecular mechanisms of cPLA,-dependent radiation response in A2780
cells, we performed screening experiments for possible players in cPLA,/LPC pathway.
Since LPC is frequently converted to LPA by LPLD/ATX, and LPA is associated with
ovarian cancer progression, we investigated the effects of radiation on LPA production.
Increased LPA concentration was detected within minutes of irradiation in A2780 cells and
continued to rise until reaching a maximum level at 60 minutes (Fig. 5B). Interestingly, LPA
has been reported to also activate cPLA,, thus possibly forming an autocrine loop in which
it increases its own production [17;23;33;34]. The enhanced levels of LPC [45;46], LPA
[17;23;25;47;48;49], and LPLD/ATX [20;24] have been found in the ascites of ovarian
cancer patients. Furthermore, the previously-described “ovarian cancer activating factor”
(OCAF) was later determined to be a combination of different forms of LPA [48]. Ascitic
LPA levels in ovarian cancer were the highest among all cancers studied in one report [47];
this potent lipid mediator is also implicated in the generation of ascites, a major cause of
morbidity in ovarian cancer [34]. Based on the higher than normal levels of LPC and LPA in
the plasma of ovarian cancer patients, these bioactive lipids are being investigated as
potential biomarkers of ovarian cancer.

In addition to LPA generation, we also observed that ATX/LPLD and LPA receptors 1 and 2
are present in both A2780 and CP70 cells (Figure 5A). LPA receptors are abnormally
expressed in several different human cancers, and their activation correlates with
tumorigenesis [19; 23; 47; 50]. Importantly, A2780 cells exhibited much higher expression
of LPA1 compared to CP70 cells. This striking low level of LPA1 expression could be
acquired by CP70 cells as a result of cispltin resistance and could be a key element in
sensitivity of irradiated A2780 to cPLA, inhibition compared to CP70 cells. Further
investigation is needed, however, in order to determine the detailed molecular mechanisms
of LPA receptors involvement in the differential response of ovarian cancer to radiation
therapy.
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We summarize these findings in Figure 6. We propose that upon irradiation of ovarian
carcinoma cells (A2780), the production of the second messenger LPC is increased as a
result of radiation-induced cPLA, enzymatic cleavage of PC. LPC can move through the
cellular membrane and trigger activation of pro-survival signal transduction pathways
through direct binding to RTKSs (receptor tyrosine kinases) such as Flk-1 in endothelial cells
as we reported previously [12]. Alternatively, LPC could be further metabolized to LPA,
another biologically active lysophospholipid, by LPLD/ATX. LPA in turn activates LPA-
specific GPCRs, LPA1 and LPA2. Activation of these receptors initiates pro-survival signal
transduction pathways such as ERK1/2 and Akt. These data suggest that resistance to cPLA;
inhibition in irradiated CP70 cells is determined by lack of cPLAZ2 activation and
dramatically low expression of LPA1 compared to A2780 cells (Fig. 5A). This could
interrupt radiation-induced cPLA»-dependent pro-survival signaling which is intact in
A2780 cells and, thus, desensitize CP70 cells to cPLA, inhibition.

A major cause of mortality in ovarian cancer patients is disease recurrence after initial
treatment. Three-quarters of women who have a complete clinical response to chemotherapy
will have a relapse. [8]. Radiation therapy could potentially reduce the rates of recurrence in
ovarian cancer patients. The development of novel molecular targeted therapy that enhances
radiation-induced cancer cell death while reducing normal tissue injury may improve the
outcome of ovarian cancer. Taken together, these findings identify cPLA, as one of key
players in the response of ovarian carcinoma cells to ionizing radiation and a potential
pharmaceutical target to lower radiation doses and to enhance radiotherapeutic ratio.
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Fig. 1.

Inhibition of cPLA, with AACOCF3 enhances cell death in irradiated ovarian carcinoma
A2780 but not in CP70 cells. A2780 (A) and CP70 (B) cells were plated and treated with 1
UM AACOCF;3 for 30 min prior to irradiation. After 1 week, colonies consisting of > 50
cells were counted and normalized for plating efficiency. Shown are average surviving
fractions and SEM from three experiments; * p < 0.05.
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Fig. 2.

Radiation induces distinct phosphorylation of pro-survival kinases Akt and ERK1/2 in
A2780 and CP70 cells. A2780 (A) and CP70 (B) were treated with 3 Gy and lysed at 3
minutes-24 hours after the beginning of irradiation. Shown are the Western blot analyses
with phospho-specific antibodies to AktThr308/Ser473 or ERK 1/2Thr202/Tyr204 tota] Akt or
ERKZ1/2, and actin.
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Fig. 3.

cPLA, is required for radiation-induced early Akt and ERK1/2 phosphorylation in A2780
but not in CP70 cells. A2780 (A) and CP70 (B) cells were treated with 1 uM AACOCF3 for
30 min prior to irradiation with 3 Gy and lysed 5 minutes or 18 hours after the beginning of
irradiation. Shown are the Western blot analyses with phospho-specific antibodies to
AktThr308/Ser473 or ERK1/2TNr202/Tyr204 total Akt or ERK1/2, and actin.
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Fig. 4.

Inhibition of cPLA, with AACOCF3 decreases tumor size in irradiated mouse models.
Using heterotopic tumor models of A2780 human ovarian carcinoma, nude mice were
treated intraperitoneally with vehicle (control) or 10 mg/kg AACOCF3, and tumors were
irradiated 30 minutes later with 3 Gy. Treatment was repeated for 5 consecutive days.
Tumor volumes were calculated using external caliper measurements. Shown are the mean
A2780 tumor volumes in each of the treatment groups (control, IR, AACOCF3, and
AACOCF3 + IR) with SEM from group of 5 mice; * p < 0.05.
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Fig. 5.

LPLD/ATX, LPA and LPA 1 and 2 are expressed in ovarian cancer cells A2780 and CP70.
(A). A2780 and CP70 ovarian carcinoma cells were grown to sub-confluency. Shown is
Western blot analysis of total protein from conditioning medium using anti-LPLD/ATX
antibody and from cell lysates using antibody to LRAL, LPA2 and actin. (B). A2780 cells
were irradiated with 3 Gy. LPA levels were measured in conditioning medium from A2780
cells at 0-120 minutes after irradiation using ELISA. Shown are average LPA concentration
and SEM from three experiments.
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Fig. 6.

Proposed sequence of molecular events in irradiated ovarian carcinoma cells. lonizing
radiation triggers activation of cPLA, followed by increased production of LPC and LPA,
which activate pro-survival pathways by bind to specific receptors (FIk-1, LPAL and LPA2).
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