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Lysophosphatidic acid (LPA) acts through the cell surface G protein—-coupled receptors, LPA1, LPA2, or
LPAS3, to elicit a wide range of cellular responses. It is present at high levels in intraperitoneal effusions of
human ovarian cancer increasing cell survival, proliferation, and motility as well as stimulating production
of neovascularizing factors. LPA2 and LPA3 and enzymes regulating the production and degradation of
LPA are aberrantly expressed by ovarian cancer cells, but the consequences of these expression changes

Expression of LPA1, LPA2, or LPA3 was inhibited or increased in ovarian cancer cells using small interfering
RNAs (siRNAs) and lentivirus constructs, respectively. We measured the effects of changes in LPA receptor
expression on cell proliferation (by crystal violet staining), cell motility and invasion (using Boyden chambers),
and cytokines (interleukin 6 [IL-6], interleukin 8 [IL-8], and vascular endothelial growth factor [VEGF]) produc-
tion by enzyme-linked immunosorbent assay. The role of LPA receptors in tumor growth, ascites formation,
and cytokine production was assessed in a mouse xenograft model. All statistical tests were two-sided.

SKOV-3 cells with increased expression of LPA receptors showed increased invasiveness, whereas siRNA
knockdown inhibited both migration (P < .001, Student t test) and invasion. Knockdown of the LPA2 or
LPAS3 receptors inhibited the production of IL-6, IL-8, and VEGF in SKOV-3 and OVCAR-3 cells. SKOV-3
xenografts expressing LPA receptors formed primary tumors of increased size and increased ascites vol-
ume. Invasive tumors in the peritoneal cavity occurred in 75% (n = 4) of mice injected with LPA1 express-
ing SKOV-3 and 80% (n = 5) of mice injected with LPA2 or LPA3 expressing SKOV-3 cells. Metastatic
tumors expressing LPA1, LPA2, and LPA3 were identified in the liver, kidney, and pancreas; tumors
expressing LPA2 and LPA3 were detected in skeletal muscle; and tumors expressing LPA2 were also found
in the cervical lymph node and heart. The percent survival of mice with tumors expressing LPA2 or LPA3

Background
in ovarian cancer cells were unknown.
Methods
Results
was reduced in comparison with animals with tumors expressing B-galactosidase.
Conclusions

Expression of LPA2 or LPA3 during ovarian carcinogenesis contributes to ovarian cancer aggressiveness,
suggesting that the targeting of LPA production and action may have potential for the treatment of ovar-
ian cancer.
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Lysophosphatidicacid (LPA, 1-acyl-2-lyso-sn-glycero-3-phosphate),
the simplest glycerophospholipid, mediates a wide range of biologic
actions, including stimulation of DNA synthesis, cell proliferation,
cytoskeleton reorganization, cell survival, drug resistance, cell
adhesion, migration, cytokine production, and ion transport (1,2).
The biologic functions of extracellular LPA are mediated through
specific G protein—coupled receptors (GPCRs), including Edg-2/
LPAL, Edg-4/LPA2, and Edg-7/LPA3, that belong to the endothe-
lial differentiation gene (Edg) family (3-5). Other members of the
Edg family, Edg-1/51P1, Edg-3/S1P3, Edg-5/S1P2, Edg-6/51P4,
and Edg-8/S1P5, are high-affinity receptors for the structurally
related lysophospholipid sphingosine 1-phosphate (S1P) (6,7).
LPA receptors may heterodimerize, thereby increasing their selec-
tivity and broadening their spectrum of activity (8). Recently, the
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GPCRs GPR23/p2y9 (LPA4) (9), GPR92/93 (LPAS) (10,11),
GPR87/95 (LPA6) (12), p2y5 (13), and p2yl0 (14) have been
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reported to be novel, non-Edg family LPA receptors that have
little sequence homology to LPA1-3. The physiological roles and
the relevance of these new receptors to LPA function have not yet
been determined. LPA can also bind to and activate the intracel-
lular receptor PPARYy, leading to physiological and pathophysio-
logical effects, in particular aberrations in thrombosis and
atherogenesis (15,16).

LPA also increases the expression and production of neovascu-
larizing factors such as interleukin 6 (IL-6), interleukin 8 (IL-8),
vascular endothelial growth factor (VEGF), growth-regulated
oncogene alpha (Gro-a), urokinase plasminogen activator (uPA),
and other oncogenesis-related proteins by ovarian cancer cells
(17-21). It has been extensively studied for its roles in signal trans-
duction and physiological responses in the context of wound heal-
ing and multiple pathophysiological processes such as ischemia
reperfusion injury, fibrosis, autoimmune disease, and cancer (22).

LPA was first implicated in human oncogenesis by our observa-
tion that LPA is present at high levels in the ascitic fluid of ovarian
cancer patients (23,24). This could be due to the increased number
of ovarian cancer cells present in the peritoneal cavity, as ovarian
cancer cells can produce LPA (25). It could also be due to irritation
of the peritoneal mesothelium (mesothelial cells produce LPA)
(26); aberrations in the production and action of LPA due to
altered levels of autotaxin (27), the enzyme that produces LPA; or
altered levels of lipid phosphate phosphohydrolases (LPPs), which
metabolize LPA (28,29). Introduction of LPP3 into ovarian cancer
cells decreases their growth both in vitro and in vivo (29).

Further evidence of a critical role for LPA in ovarian cancer was
provided by the observation that LPA2 and LPA3 receptors are
aberrantly overexpressed in the majority of ovarian cancer cells
(30). We found that LPA1 mRNA levels are similar in normal and
transformed ovarian epithelial cells (31,32); however, higher
expression of LPA2 and LPA3 mRNA was detected in most ovar-
ian cancer cell lines compared with normal ovarian epithelial cells
(30,31). Using real-time reverse transcription—polymerase chain
reaction (RT-PCR) we confirmed that LPA2 and LPA3 mRNAs
are overexpressed in a substantial portion (15%-30% and 44%-—
49%, respectively) of ovarian cancers compared with tissues from
normal ovaries, benign ovarian tumors, and other normal tissues of
nonovarian origin (31). Aberrant expression of the LPA2 and/or
LPA3 receptors, whether a cause or a consequence of cell transfor-
mation, has also been associated with other malignancies, including
thyroid (33), colorectal (34) and breast (35) cancer. However, there
is no evidence that the increased expression of LPA2 or LPA3 is
causally linked to the malignant phenotype of cancer cells.

In this study, we investigated whether aberrant LPA receptor
expression contributes to the malignant properties acquired by
ovarian cancer cells, by exploring in vitro and in vivo systems of
knockdown and overexpression of each Edg family LPA receptor
in SKOV-3 cells, an ovarian cancer cell line exhibiting low to
modest levels of endogenous LPA receptors (18).

Methods

Materials and Reagents
LPA (18:1) was obtained from Avanti Polar Lipids, Inc (Alabaster,
AL). Before use, it was dissolved in phosphate-buffered saline
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CONTEXT AND CAVEATS

Prior knowledge

Signaling by lysophosphatidic acid (LPA) has effects on survival
and proliferation of ovarian cancer cells as well as the production
of neovascularizing factors. The extent to which LPA’s effects on
ovarian cancer cells are mediated by G protein—coupled receptors
LPA1, LPA2, and LPAS3, the latter two of which are typically highly
expressed in human ovarian cancer cell lines, was unknown.

Study design

Expression of individual LPA receptors was inhibited or increased
using RNA interference or lentivirus constructs, respectively, in
ovarian cancer cells. Effects of these expression changes were
studied in vitro cell assays and in a mouse xenograft model.

Contribution

Based on the sensitivity of ovarian cancer cell proliferation and
invasiveness and in vivo tumor growth to the levels of individual
LPA receptors, this study suggests that signaling by LPA via LPA2
and LPA3 receptors may play a critical role in the progression of
ovarian cancer.

Implications

The identification of individual LPA receptors that mediate LPA
action in ovarian cancer raises the possibility that these receptors
may be useful therapeutic targets.

Limitations
The role of LPA signaling in ovarian cancer was studied using cell
lines that may not be adequate models for many human cancers.

From the Editors

(PBS) containing 0.5% fatty acid—free bovine serum albumin
(BSA) (Roche Applied Science, Indianapolis, IN). Fetal bovine
serum (FBS), anti-Flag M2 antibody, and anti-B-actin antibody
were from Sigma (St Louis, MO). IL-6, IL-8, and VEGF enzyme-
linked immunosorbent assay (ELISA) kits were obtained from
R&D Systems (Minneapolis, MN). Anti-V-5 antibody was from
Invitrogen (Carlsbad, CA). The cell death detection ELISA kit was
from Roche Applied Science. SKOV-3 human ovarian cancer cells
derived from ascitic fluid and OVCAR-3 ovarian epithelial adeno-
carcinoma cells were from American Type Culture Collection
(ATCC) (Manassas, VA) and maintained in RPMI 1640 medium
(CCSG Media Preparation Facility, The University of Texas
M. D. Anderson Cancer Center, Houston, TX) supplemented
with 10% FBS. For transfectants, SKOV-3 cell medium was also
supplemented with blasticidin S HCI (10 pg/mL; Invitrogen) to
maintain stable transfection. HT-29 human colon adenocarcinoma
cells were from ATCC and maintained in Dulbecco’s modified
Eagle Medium (CCSG Media Preparation Facility) supplemented
with 10% FBS.

Generation of Lentivirus Constructs Carrying LPA
Receptors and Infection of Cells With Lentivirus

The ViralPower Lentiviral Expression System was obtained
from Invitrogen (Carlsbad, CA). The system allows creation of a
replication-incompetent, HIV-based lentivirus that can efficiently
transduce mammalian cells, as we demonstrated previously (18).
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Restriction sites (Neol (57), Xhol (3')) and a consensus Kozak
sequence were added to the cDNAs of LPA1, LPA2, and LPA3 by
PCR amplification from their pcDNA3-based expression vectors
(26). The PCR products were cloned into a Gateway entry vector
(pPENTR4) using Neol and Xhol restriction sites. The viral con-
structs were made through homologous recombination between
pENTR4-LPA1-3 and the lentiviral destination vector pLenti6/
V-5-DEST. In the resultant viral constructs, each of the LPA
receptors was tagged with V-5 at the C terminus. The down-
stream anti-blasticidin gene allows selection of stably transduced
cells. The structures of these lentiviral constructs were verified by
DNA sequencing.

High titers of viral stocks were generated by cotransfection of
293FT cells with the viral constructs and the packaging plasmids
using Lipofectamine 2000 as we described previously (18). The
ovarian cancer cell line SKOV-3 was routinely maintained in
RPMI 1640 containing 10% FBS. SKOV-3 cells in six-well plates
were infected with 1 mL of undiluted viral stocks in the presence
of polybrene (7.5 pg/mL). Two days later, blasticidin (10 pg/mL)
was added to the culture. Discrete colonies resistant to blasticidin
appeared within 2-3 weeks. These colonies were then detached by
trysinization and expanded to 60- and 100-mm dishes sequentially
for further experiments.

Western Blotting

SKOV-3 cells were infected with recombinant lentivirus carrying
LacZ, LPA1, LPA2, or LPA3 tagged with V-5. Cells were lysed in
ice-cold Triton X-100 lysis buffer (18). Cellular protein concentra-
tions were determined by BCA reaction kit (Pierce, Rockford, IL).
Equal amounts of total cellular proteins were resolved by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, transferred to
Immobilon (polyvinylidene difluoride), and immunoblotted with
antibodies following the protocols of manufacturers. Expression of
the V-5-tagged LacZ and LPA1, LPA2, and LPA3 receptors were
analyzed by immunoblotting with anti-V-5 antibody. The immu-
nocomplexes were captured by horseradish peroxidase-conjugated
secondary antibodies (Bio-Rad, Hercules, CA) and visualized with
ECL (GE-Amersham Biosciences, Piscataway, NJ). The intensity
of protein bands was quantified by densitometry. The blot was
reprobed with anti—B-actin antibody to confirm equal amounts of
protein loading among samples. Three repetitions of western blot-
ting using SKOV-3 cells infected with recombinant lentivirus were
performed to confirm data.

Cell Proliferation Assay

Cells were seeded in 96-well plates (5000-10000 cells per well)
and then transfected with small interfering RNAs (siRNAs) (100
nM) against LPA1, LPA2, or LPA3 as indicated. Nontargeting
siRNA was included as a control. Twenty-four hours after siRNA
delivery, cells were serum starved overnight prior to incubation
with vehicle (0.5% BSA in PBS) or 10 pM LPA for an additional
48 hours. Triplicates were performed for each treatment. Cells
were then washed with ice-cold PBS and stained with 0.5% crystal
violet containing 20% methanol for 30 minutes at room tempera-
ture. After washing, the dye was extracted in Sorenson’s buffer (36)
for 1 hour and the absorbance was measured at 570 nm using a
microplate reader. Results were presented as 95% confidence
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interval (CI) from triplicate samples. This set of experiments was
performed twice with similar results.

Cell Motility Assay

Parental SKOV-3 or tumor cells recovered from nude mouse
xenografts were cultured in RPMI 1640 containing 10% FBS as
described above. After overnight starvation, cells expressing LacZ
or one of the LPA receptors were detached by trypsinization,
washed, and resuspended in serum-free RPMI 1640 medium. The
ability of cells to migrate through an uncoated Boyden chamber
(8 pm) or to invade through a Matrigel-coated Boyden chamber was
assessed using the transwells from BD Biosciences (San Jose, CA).
Briefly, cells were seeded in transwells at 25000 cells in 500 pl
serum-free medium (upper chamber) and placed in 24-well plates
(lower chamber) containing 750 pl of serum-free medium with
LPA (10 pM) or vehicle (0.5% BSA in PBS). Cells were cultured
in the transwells for an additional 24 hours (for migration assay) or
48 hours (for invasion assay). Cells remaining in the upper surface
of the transwells were removed with cotton swabs. Cells migrated
through the transwell and those that attached on the surface
underneath were stained with crystal violet for 15 minutes. The
transwells were then rinsed with water and air dried before exami-
nation under a microscope. Cells were counted (two fields for each
treatment), and the results are presented as number of cells
observed in three microscopic fields with x200 magnification.
Experiments were repeated three to four times, all with similar
results.

RNA Interference

The siRNAs targeting LPAI, LPA2, and LPA3 and nontarget
control siRNA were obtained from Dharmacon in a format of
SMARTpool. siRNAs were delivered into cells by electroporation
with Nucleofector using Solution T according to the manufacturer’s
protocol (Amaxa Biosystems, Gaithersburg, MD). siRNA-induced
gene knockdown was confirmed by RT-quantitative PCR (qPCR)
24 hours after siRNA delivery.

RT-qPCR

Total cellular RNA was isolated from siRNA-treated cells with
Trizol reagent (Invitrogen) according to the manufacturer’s proto-
col. qPCR was performed using One-Step RT-PCR Tagman
master mix (Applied Biosystems, Foster City, CA) with primers
and probe sets designed by the FileBuilder Software (Applied
Biosystems, Assays by Design). Fluorogenic Tagman probes were
obtained from Applied Biosystems. LPA receptor mRNA was
quantified by real-time PCR (ABI PRISM 7700 Sequence
Detection System, Applied Biosystems). Results were normalized
to the levels of B-actin. Data were presented as % of control =
mRNA with siRNA targeting LPA receptors/mRNA with nontar-
geting siRNA x 100%. Most RT-qPCR experiments were repeated
six times with similar results. Representative experiments are
presented.

Measurement of IL-6, IL-8, and VEGF Production

Parental SKOV-3 or tumor cells recovered from xenografts were
cultured in serum-free medium in the presence or absence of LPA
for 24 hours and the culture supernatants were collected. For in
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vivo studies, serum and ascites were collected from nude mice
bearing SKOV-3 xenografts with or without exogenously expressed
LPA receptors. Production of IL-6, IL-8, and VEGF in culture
supernatants or in serum and ascites were quantified by ELISA
using the QuantiGlo IL-6, QuantiGlo IL-8, or QuantiGlo VEGF
ELISA kits (R&D Systems). Concentrations of these cytokines in
samples were calculated based on the absorbance compared with
standard curves (pg/mL) performed in the same assay. Results
were repeated two to four times and are plotted against the LPA
doses and presented as fold increase over control cells (treated with
vehicle alone).

Mouse Xenograft Model

Four sets of mouse experiments were performed in this study, with
each group including at least five mice. All animal studies were
conducted in compliance with the policies and regulations of the
University of Texas M. D. Anderson Cancer Center Institutional
Animal Care and Use Committee (IACUC). To analyze the
consequence of overexpression of LPA receptors in vivo, BALB/c
Nu/Nu mice (female, 4-6 weeks old) were injected either subcu-
taneously on the left flank with 2 x 10° cells per injection or
intraperitoneally with 10 x 10¢ cells per injection. The cells used
for injection had contained vectors for overexpression of the LPA
receptors as described above. Mice were monitored beginning at
8 days after injection and measured once every 3 days (days 11
and 14) until tumor burdens in experimental groups required
euthanasia (day 17, LPA3-expressing tumors). The sizes of
subcutaneous tumors were measured with a digital caliper.
Development of ascites was monitored by the measurement of
abdominal circumference and body weight, which was further
confirmed by magnetic resonance imaging (MRI). The volume of
ascites was estimated by MRI (measured from the femoral neck to
the level of the upper pole of the right kidney) and is presented as
the mean volume of three representative live mice in each group.
Ascites formation was scored positive when the abdominal
circumference increased at least 15%, and MRI of selected mice
confirmed their presence in all cases. For the assessment of
survival, per IACUC guidelines, mice were euthanized when the
abdominal circumference increased 60% above normal controls.
Animals were euthanized by carbon dioxide asphyxiation. Blood
was collected from the tail vein of living mice, following the
protocol recommended by the University of Texas M. D.
Anderson IACUC.

Apoptosis Assay

SKOV-3 cells derived from xenograft tumors were cultured in
60-mm plates (1 x 10* cells) for 24 hours in the medium containing
10% FBS followed by another 48 hours in the medium containing
0.1% FBS. Cells were then exposed to UV radiation (0-200 x 100
J/cm?). Four hours later, both floating and attached cells were col-
lected and washed with PBS. Cells were lysed in 200 pl of lysis
buffer, and the cytoplasmic DNA fragments were captured by
immobilized antihistone antibody and horseradish peroxidase—
conjugated anti-DNA POD antibody. The immune complex was
visualized and quantified using a colorimetric ELISA-based reac-
tion (Roche Biomedicals, Indianapolis, IN) that detects fragmented
DNA in the cytosol. The data are presented as mean absorbance
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of triplicate samples from a representative experiment that was
repeated three times.

Histology and Histochemistry

Tumor-bearing mice were subjected to necropsy after carbon
dioxide asphyxiation. A total of 19 mice were used in this study
(LacZ = 5, LPA1 =4, LPA2 = 5 and LPA3 = 5). Tumor tissues and
organs were collected on a gross examination block. Each organ
was examined by gross pathology before fixation in 3.7% formal-
dehyde and embedded in paraffin. Paraffin sections (5 pm) were
processed for hematoxylin and eosin staining in order to determine
organ lesion and tumor invasion. One slide per block was exam-
ined by a pathologist (C. Stephens) unless requested otherwise, to
confirm the presence or absence of specific characteristics (ie, inva-
sion or metastases).

Statistical Analysis

Results for cell counts to determine migration, invasion, prolifera-
tion, and cytokine measurement were assessed with the analysis of
variance (ANOVA) and Student ¢ test. Mouse survival time was
defined as the time from injection with SKOV-3 cells transduced
with LPA receptors or LacZ until the animals died (or were termi-
nated per JACUC protocol, which specifically limits the tumor
volumes allowed and abdominal circumference for ascites). The
data on survival were estimated by week and plotted using the
Kaplan—Meier method. Differences in survival between the groups
of mice were assessed using the log-rank test. Statistical analyses
were performed using Microsoft Excel extension files (Redmond,
WA), SigmaPlot graphing software (San Jose, CA), and GraphPad
Prism software (San Diego, CA). All statistical tests were two-
sided. The threshold for statistical significance was .05.

Results

Effect of LPA and LPA Receptors on Cell Proliferation,
Cytokine Production, and Cancer Cell Migration/Invasion
We previously reported that LPA stimulates cell proliferation and
increases 1L-6, I1L-8, and VEGF production by ovarian cancer
cells, including SKOV-3 cells (18). To determine whether these
biologic effects are mediated through specific LPA receptors, we
introduced siRNAs targeting LPA1, LPA2, and LPA3 into
SKOV-3 cells. These cells express relatively low levels of these
receptors (LPA2 > LPA3 > LPAIl) as assessed by quantitative
PCR (4), and LPA4 is not expressed at detectable levels in ovarian
cancer cells (4). Consistent with our previous reports, proliferation
as measured by crystal violet staining of cells that had been
pretreated with nonspecific siRNA and with 10 pM LPA for 48
hours was 1.8-fold (95% CI = 1.53 to 2.1, P = .017) that
of untreated control cells (Figure 1, A). Treatment of cells with
LPA for 24 hours also caused marked increases in IL-6 (mean
increase = 1.73-fold, 95% CI = 1.65 to 1.8, P < .001), IL-8
(mean increase = 2.34-fold, 95% CI = 1.99 to 2.68, P = .009), and
VEGF (mean increase = 1.82, 95% CI = 1.31 to 2.33, P = .056)
production as measured by ELISA relative to untreated control
cells (Figure 1, A). Similar results were observed in OVCAR-3
human ovarian cancer cells and HT-29 human colon cancer cells
(Supplementary Figure 1, available online).
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Figure 1. Assessment of the role of
individual lysophosphatidic acid (LPA)
receptors in LPA-induced cell prolifera-
tion; interleukin 6 (IL-6), interleukin 8
(IL-8), and vascular endothelial growth
factor (VEGF) production; and cell
migration and invasion in ovarian can-
cer cells. A) SKOV-3 cells were trans-
fected with small interfering RNAs
(siRNAs) against LPA1, LPA2, or LPA3,
or with nontargeting (scrambled)
siRNA control. After incubation with 10
uM LPA for 48 h, cells were stained
with crystal violet and counted to
determine cell proliferation. For the
determination of IL-6, IL-8, and VEGF
cytokine production, culture superna-
tants were collected, clarified, and
analyzed by enzyme-linked immuno-
sorbent assay. Results are presented
as percent of control cells (treated with
0.5% bovine serum albumin in phos-
phate-buffered saline). Mean values
are presented with 95% confidence
intervals (Cls). Differences between
groups were assessed using Student t
test. B) Cells were transfected with
siRNA, and after 24 h, mRNA was
extracted and real-time PCR was per-
formed to confirm the efficiency of
gene knockdown by the specific
siRNAs. The results are given in arbitrary
units, and P values from Student t test
comparing LPA receptor siRNA values
with controls are indicated. C) SKOV-3
cells were transfected with siRNAs,
and, 24 h after siRNA delivery, cells
were seeded in the upper chamber of
transwells coated with Matrigel (for
invasion assay) or uncoated (for migra-
tion assay). Mean cell counts are given
with error bars representing 95% Cls
for the mean. Statistically significant
P values are indicated. ,PCR = quanti-
tative polymerase chain reaction.

Treatment of cells with siRNA targeting LPA1 slightly
decreased some LPA-induced responses in SKOV-3 cells (mean
values for control and treated, IL-6 = 100 and 136, respectively,
mean increase = 36, 95% CI = 25 to 46, P = .006; IL-8 = 100 and
178, respectively, mean increase = 78, 95% CI = 44 to 113,
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P=.072). Targeting LPA2 or LPA3 expression decreased the rela-
tive increase seen after LPA treatment of the cytokines IL-6, IL-8,
and VEGF by a greater extent than LPA1 overall in OVCAR-3
and HT-29 cells (Figure 1, A, and Supplementary Figure 1, A and
B, available online). In SKOV-3 cells in which LPA2 was targeted,
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the difference in IL-6 (mean values for control and treated = 100
and 112, respectively, mean increase = 12, 95% CI =7 to 31, P =
.012), IL-8 (mean increase = 24, 95% CI = 11 to 38, P =.013), and
VEGF (mean values for control and treated = 100 and 118, mean
increase = 18,95% CI =15 to 21, P =.091). In cells in which LPA3
was targeted, the difference in IL-6 mean values for control and
treated were 100 and 157, respectively, mean increase = 57, 95%
CI = 53 to 60, P = .029; the difference in LPA3 IL.-8 mean values
for control and treated were 100 and 153, respectively, mean
increase = 53,95% CI = 38 to 67, P = .024; the difference in LPA3
VEGF mean values for control and treated were 100 and 138,
respectively, mean increase = 38, P = .167. Treatment of SKOV-3
with siRNAs targeting LPA2 and LPA3 also led to decreases in the
stimulation of cell proliferation, although these were not statisti-
cally significant owing to the wide variation in proliferation of
control cells. Similar results in terms of proliferation were observed
in the OVCAR-3 cells that express moderate levels of LPA2 and
higher levels of LPA3 (4) but not LPA1 receptors. We conducted
similar experiments in HT-29 colon cancer cells, which exclusively
express LPA2, and demonstrated that LPA2 siRNA effectively
blocked each of these responses (Supplementary Figure 1, B, avail-
able online). RT-qPCR analysis confirmed that introducing these
siRNAs into SKOV-3 cells markedly decreased expression of the
specifically targeted LPA receptors (Figure 1, B). Taken together,
these results suggest that elevated LPA receptor levels in cancer
cells contribute to LPA receptor-mediated cell proliferation and
cytokine production.

LPALI has been hypothesized to be required for the effect of
LPA on cell migration (37,38); however, whether LPA1 is the sole
receptor mediating migration and invasion of ovarian cancer cells
is unclear. To measure migration and invasion, cells were seeded
in transwells (upper Boyden chamber, uncoated for migration and
coated with Matrigel for invasion) and inserted into 24-well plates
(lower chamber) containing 10 pM of LPA and incubated for 24
hours (migration) or 48 hours (invasion). LPA treatment increased
chemotaxis and invasion of SKOV-3 cells (number of migrated in
LPA-treated and untreated cells = 198 and 62, respectively, differ-
ence = 136, 95% CI = 125 to 146, P < .001; number of invaded
LPA-treated and untreated cells = 165 and 49, respectively, differ-
ence = 116, 95% CI = 80 to 151 treated value, P = .031) (Figure 1,
C). siRNA targeting of each LPA receptor markedly decreased
LPA-induced chemotaxis and invasion (siLPA3 migration: number
of migrated LPA-treated and untreated cells in the presence of
random RINA sequence and siRNA targeting LPA3 = 32 and 38,
difference = 6,95% CI =4 t0 9, P <.001; siLPA3 invasion: number
of invaded LPA-treated and untreated cells = 29 and 63, respec-
tively, difference = 34, 95% CI = 27 to 41, P = .040). The results
suggest that not only LPAI but also LPA2 and LPA3 contribute to
motility and invasion in vitro.

Effect of of LPA2 or LPA3 Receptor Expression on
Tumorgenicity of SKOV-3 Cells in Nude Mice

To directly assess the role of LPA receptors in ovarian carcinogen-
esis, we generated a lentivirus system to express each of the Edg
LPA receptors in SKOV-3 cells and characterized their effects on
tumorgenicity in nude mouse xenograft models. Although it has
been difficult to ectopically overexpress the Edg LPA receptors, in
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particular the LPA2 receptor, in mammalian cells by most DNA
transfection approaches (37), the lentivirus system provides highly
efficient gene transfer and expression in ovarian cancer cell lines
(18). SKOV-3 cells were infected with lentivirus containing the
coding sequences of LPA1, LPA2, or LPA3 tagged with the V-5
epitope at their C terminus. LPA3 was highly expressed, whereas
LPA1 and particularly LPA2 were only modestly expressed in the
SKOV-3 cells as evidenced by western blot analysis (Figure 2, A).

To determine the effect of LPA receptor overexpression on the
behavior of SKOV-3 cells in vivo, female nude mice were injected
subcutaneously with control cells expressing LacZ or with cells
expressing LPA1, LPA2, or LPA3. The volumes of the subcutane-
ous tumors were monitored on a weekly basis. Overall, higher
expression levels of the exogenous LPA1 and LPA2 receptors were
confirmed in tumors removed from mice (after 5 weeks at the
conclusion of the experiment) (Figure 2, A, and Supplementary
Figure 2, available online) compared with the corresponding cells
used for injection (Figure 2, A). Unfortunately, the lack of sensitive
LPA receptor antibodies precluded direct comparison between the
levels of endogenous and transfected receptors.

Expression of the LPA2 or LPA3 receptors led to statistically
significantly enhanced tumor growth in nude mice (Figure 2, B,
data are means of n = 8/9 mice per group, P < .001, two-way

A Transfected SKOV-3 cells
LacZ LPAl LPA2 LacZ LPA3
45 kDa" R
<— LPAI o -<3 5
WB: V-5 <— LPA2 % T

WB: f-actin - —1— 3-Actin —— p-Actin

Tumor cells from transfected SKOV-3 cells
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45kDa -
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<+— LPAI
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<}—— LPA3

WB: p-actin ———<}— - Actin —— B-Actin
B 800 1
700 A
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Tumor size (mm®)

200 1
100 1

weekl week2 week3 weekd week5

Figure 2. Tumorgenicity of SKOV-3 cells expressing exogenous lyso-
phosphatidic acid (LPA) receptors. A) SKOV-3 cells were infected with
recombinant lentivirus carrying LacZ, LPA1, LPA2, or LPA3 proteins
tagged with the V-5 epitope. Expression of LacZ and LPA receptors was
analyzed by immunoblotting with anti-V-5 antibody. The blot was re-
probed with anti-B-actin antibody to confirm equal amounts of protein
loading among samples. B) Female nude mice (4-6 weeks old, 8-9 mice
for each group) were injected subcutaneously with 1 x 10¢ SKOV-3 cells
expressing LacZ, LPA1, LPA2, or LPA3. The formation of subcutaneous
tumors was monitored and measured with a digital caliper. Error bars
represent 95% confidence intervals for the mean tumor volume and
P values are from Student t test, comparing tumor sizes at week 5 with
those in mice injected with cells expressing LacZ or LPA.

JNCI | Articles 1635



repeated-measures ANOVA test for tumor growth in LacZ
control vs LPA receptor; the mean week 5 tumor volume in mice
injected with control cells and cells expressing LPA2 receptor was
219 and 589 mm’, respectively, mean increase = 370 mm?, 95% CI
=404 to 774 mm’, P = .013). Cells expressing the LPAI receptor
showed a smaller but statistically significant increase in tumor
growth rates compared with the control cells expressing LacZ.
These results indicate that expression of LPA1, LPA2, or LPA3
increases the in vivo growth of (or confers a survival advantage on)
ovarian cancer cells.

LPA Responsiveness in Tumor-Derived Cells Expressing
LPA Receptors

To determine whether the overexpressed LPA receptors mediated
cellular responses to LPA, we isolated LacZ-, LPA1-, LPA2-, or
LPA3-expressing tumor cells from xenografts in nude mice. After
plating in culture, these tumor cells continued to express V-5—
tagged LPA receptors at levels similar to those in tumor tissues
(data not shown). We then performed motility assays to determine
whether overexpression of the LPA receptors increased LPA-
induced migration and invasion in SKOV-3 tumor cells. We
observed increased cell motility in response to LPA stimulation in
all of the LPA receptor-transduced tumor cells (Figure 3, A).
Surprisingly, overexpression of LPA2 and LPA3 had greater effects
on LPA-induced cell migration than LPA1 or LacZ and especially
compared with LacZ for invasion. Taken together the data indicate
that LPA1, and especially LPA2 and LPA3, may be involved in
LPA regulation of tumor cell motility in ovarian cancer cells.

We then introduced siRNAs targeting the overexpressed LPA
receptors to tumor-derived cells. Real-time PCR analysis indicated
that mRINA of the receptors was decreased by 60%-80% (Figure
3, B). The decreases in LPA receptor expression led to statistically
significant inhibition of LPA-mediated cell migration and invasion
relative to that observed in the absence of siRNA targeting of the
LPA receptors (Figure 3, C).

We also characterized LPA-mediated proliferation in the
xenograft-derived SKOV-3 cells. As analyzed by crystal violet
staining, the cells that overexpressed LPA2 or LPA3 grew faster
than control cells in response to LPA (Figure 3, D). As expected
from the studies with the primary cells, the effects of LPA1 on
proliferation were modest. Similar to what was observed for LPA-
induced cell migration and invasion, siRNA suppression of the
LPA receptor expression inhibited LPA-induced proliferation in
these cells (Figure 3, E).

We have shown previously that LPA induces the production of
VEGF, IL-8, and IL-6 by ovarian cancer cells (21,31). We ana-
lyzed LPA-dependent cytokine production in culture supernatants
of the LacZ-, LPA1-, LPA2-, and LPA3-expressing tumor cells.
Expression of LPA2 and LPA3 receptors led to the production of
more IL-6 and IL-8 in response to LPA stimulation (Figure 3, D).
LPA2-expressing cells were the most responsive to LPA and the
only cells in which we observed a statistically significant increase in
VEGF production, consistent with our previous observations that
LPA2 is the major receptor isotype driving LPA-mediated cytokine
production (21,31). LPA-induced cytokine production in the
LPA2- or LPA3-expressing cells was substantially reduced by
siRNA targeting LPA receptors (Figure 3, E).
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Effect of Exogenous Expression of LPA2 or LPA3
Receptors on UV-Induced Apoptosis

LPA is a potent survival factor protecting cells from serum with-
drawal and chemotherapeutic drug—induced apoptosis (1,39,40).
To determine whether overexpression of Edg LPA receptors in
SKOV-3 cells would promote cell survival, we exposed the LacZ-,
LPA1-, LPA2-, and LPA3-expressing tumor cells to UV light at
200 pJ/cm?. The treatment caused substantial cell death through
apoptosis in LacZ- and LPAl-expressing cells as measured by
DNA fragmentation with an ELISA-based assay (R&D Systems).
In contrast, cells expressing LPA2 and LPA3 were less sensitive
to UV irradiation, with UV-induced DNA fragmentation reduced
by 50% as compared with LacZ- or LPAl-expressing cells
(Supplementary Figure 3, A, available online). UV resistance was
reversed by siRNA targeting LPA2 or LPA3 but not LPAI
(Supplementary Figure 3, B, available online), indicating that
expression of LPA2 or LPA3 promotes SKOV-3 cell survival
under stress conditions.

Intraperitoneal Tumor Growth and Ascites Formation in
Nude Mice After LPA Receptor Expression

Most ovarian cancer cell lines are not sufficiently aggressive to
support tumor formation following intraperitoneal injection in
nude mice, although many do form tumors after subcutaneous
injection. However, orthotopic intraperitoneal tumorgenicity is
more relevant to human ovarian cancer. Large numbers of
SKOV-3 cells (10 x 10°¢ cells) must be injected in the peritoneal
cavity of nude mice for palpable tumors and/or ascites to be detect-
able after a long latency period. To determine whether SKOV-3
cells would become more aggressive with overexpression of the
Edg family LPA receptors, lentivirus-transduced SKOV-3 cells
expressing LacZ, LPA1, LPA2, or LPA3 were injected intraperito-
neally into nude mice. Before the injection of the cells, RT-PCR
was used to demonstrate specific expression of individual LPA
receptors (Figure 4, A). In each lentivirus-transduced cell line, we
detected no compensatory changes in other nontransduced LPA
receptors. Mice that developed ascites had at least a 15% increase
in abdominal circumference and then exhibited lethargic behavior
with continued abdominal growth. Representative mice were
selected from each group for noninvasive MRI to confirm the
presence of ascites. The percentage of mice showing signs of
ascites formation was much higher in mice injected with LPA
receptor—expressing cells than those injected with LacZ-expressing
cells (Figure 4, B). Seventeen days after cell injection, only two
mice (n =15) injected with the LacZ-expressing cells showed signs
of ascites. At this time point, ascites was detected in 5 of 14 mice
injected with LPA1-, 8 of 15 mice injected with LPA2-, and 13 of
15 mice injected with LPA3-expressing cells. Seven of 15 mice
injected with LPA3-expressing cells showed signs of ascites forma-
tion within 10 days.

To demonstrate that the increase in abdominal circumference
was due to the development of ascites, MRI was performed on the
17th day after cell injection to measure ascites volumes (and tumor
sizes) in three mice (chosen randomly) from each group. MRI per-
mits a noninvasive assessment of tumor volume and ascites forma-
tion in the peritoneal cavity (41). MRI images and MRI measurement
of ascites volume, respectively (Figure 4, C), demonstrated that most
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of the mice injected with cells expressing LPA receptors developed increases in tumor volume in mice with LPA receptor—
considerable amounts of ascites, whereas mice injected with expressing tumors, particularly those expressing LPA2 and LPA3
LacZ-expressing cells did not. Furthermore, we observed marked  (Figure 4, D), and in all cases MRI assessment confirmed that a
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greater than 15% increase in abdominal circumference was a valid
means of detecting ascites formation circumference measurements.

The Effect of Expression of LPA Receptors on IL-6 and IL-8
Production In Vivo

Previous reports demonstrated that serum levels of IL-6, IL-8,
and VEGF are elevated in ovarian cancer patients and that these
levels correlate with chemotherapy resistance and poor patient
outcomes (42-44). To determine whether expression of LPA
receptors alters the production of angiogenic factors by ovarian
cancer cells in vivo, we measured the concentrations of IL.-6, T1.-8,
and VEGF in serum from mice bearing intraperitoneal SKOV-3
tumors expressing LacZ, LPA1, LPA2, or LPA3 (Figure 5). Using
ELISA kits specific for detection of human proteins and not cross-
reactive with mouse homologs, we demonstrated statistically sig-
nificantly higher levels of IL-6 (Figure 5, A), IL-8 (Figure 5, B),
and VEGF (Figure 5, C) in mice bearing tumors expressing
LPA1, LPA2, and LPA3. The highest level of expression of each
angiogenic factor was observed in LPA3-expressing tumors
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(increase in 1L-6 relative to cells expressing LacZ = 57 pg/mL,
95% CI = 28 to 90, P = .008; increase in IL.-8 relative to cells
expressing LacZ = 224 pg/mL, 95% CI = 110 to 267, P < .001;
increase in VEGF relative to cells expressing LacZ = 627 pg/mL,
95% CI =334 t0 922, P = .003). When levels of these factors were
assessed in relation to tumor volume, there was a strong correla-
tion (eg, correlation coefficient for the volume of LPA2-expressing
tumors and IL-6 levels = 0.73; correlation coefficient for the vol-
ume of LPA2-expressing tumors and IL-8 = 0.87; correlation
coefficient for the volume of LPA3-expressing tumors and IL-6
levels = 0.78) suggesting that increased tumor volume could, in
part, contribute to the relative levels of these factors present in
serum. Much higher concentrations of IL-6, IL-8, and VEGF
were detected in ascites than in serum (data not shown), suggest-
ing that overexpression of LPA receptors by tumor cells stimulates
these cells to synthesize and secrete angiogenic factors in ascites
that then circulate to the bloodstream. Similar differences in IL-6
and IL-8 levels have been found in ascites and plasma of human
patients with ovarian cancer (42-44).
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In Vivo Effect of Exogenous LPA Receptor Expression on
Tumor Cell Invasion and Metastasis

To investigate tumor invasion and metastasis in vivo, we performed
necropsy in tumor-bearing mice on the 17th day after intraperito-
neal injection of SKOV-3 cells expressing LacZ, LPA1, LPA2, or
LPA3. Invasion was observed in multiple organs in the mice bearing
SKOV-3 tumors expressing LPA receptors, particularly in those in
which tumors expressed LPA2 or LPA3 (Figure 6, A). Eighty
percent of the mice bearing LPA2 or LPA3 tumors displayed
lesions in the liver, kidney, gastrointestinal tract, adrenal glands,
and ovaries and uterus, and bone marrow. In contrast, although
mice with LacZ-expressing tumors demonstrated seedings of intra-
peritoneal organs such as uterus, ovary, adrenal gland, and spleen,
only one of five demonstrated evidence of metastasis to bone mar-
row. The LPA2 and LPA3 receptor—expressing tumors were found
in other distant sites including skeletal muscle, while only LPA2
receptor—expressing tumors were found in the cervical lymph node
and heart, a rare site of metastasis. In two of five of the LPA2
receptor—expressing tumors, cervical lymph nodes were partially
replaced with neoplastic and malignant epithelial cells. This is an
indication of distant metastases that was not seen in vivo using
LPA1 or LPA3 receptor—expressing cells to establish tumors.

In addition, invasive tumors were observed in the peritoneal
cavity in three of four of mice injected with LPAl-expressing
SKOV-3 and in four of five of mice injected with LPA2- or LPA3-
expressing SKOV-3 cells (Figure 6, B). In contrast, five mice
injected with LacZ-expressing SKOV-3 cells did not develop any
signs of tumor invasion. Taken together, the histopathologic
examination results indicate that LPA receptors are major con-
tributors to invasion and metastases of ovarian cancer cells in vivo.

LPA2 or LPA3 Receptor Expression in Ovarian Cancer and
Survival Rate

In an independent experiment, nude mice (four or five per group)
were injected intraperitoneally with lentivirus-transduced SKOV-3
cells expressing LacZ, LPA1, LPA2, or LPA3 receptors. Mice bearing
LPA3-expressing cells did not survive beyond 4 weeks, and all mice
injected with LPA2-expressing cells exhibited morbidity requiring
euthanasia within 5 weeks (Supplementary Figure 4, available online).
However, all the mice injected with LacZ or LPAl-expressing cells
lived for 6 weeks or longer. Thus, a substantial reduction occurred in
the survival of mice injected with LPA2- or LPA3-expressing cells
compared with mice injected with LacZ- or LPAl-expressing cells.

Discussion

Ovarian cancer leads to more fatalities than any other form of
gynecological cancer in the developed world. The dismal prognosis
results from an inability to detect the tumor at an early, curable stage
and from a lack of effective therapies for advanced disease (45). We
have previously found that LPA is present at high concentrations in
ascites of ovarian cancer patients (23,24). As ascitic fluid of ovarian
cancer represents the in vivo microenvironment of tumor cells,
LPA’s effects on tumor cells may contribute to the development and
progression of ovarian cancer (30,31). The relevance of LPA to the
pathogenesis of ovarian cancer is supported by numerous lines of
evidence: 1) LPA promotes growth and survival of ovarian cancer
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Figure 5. Serum levels of interleukin 6 (IL-6), interleukin 8 (IL-8), and
vascular endothelial growth factor (VEGF) from mice intraperitoneally
injected with SKOV-3 cells expressing lysophosphatidic acid (LPA)
receptors. Female nude mice were injected intraperitoneally with the
lentivirus-transduced SKOV-3 cells (10 x 10° per mouse) that express
LPA1, LPA2, or LPA3 receptors. Three weeks later, blood was collected
from the tail vein to determine concentrations of IL-6 (A), IL-8 (B), and
VEGF (C) in serum. Each data point corresponds to IL-8 or IL-6 in indi-
vidual mouse serum (LacZ [n = 23], LPA1 [n =22], LPA2 [n = 23], or LPA3
[n = 24]) or VEGF in mouse serum (LacZ [n = 10], LPA1 [n = 9], LPA2 [n =
10], or LPA3 [n = 10]). Data points represent concentrations determined
by enzyme-linked immunosorbent assay. P values are derived from
comparisons with LacZ controls using Student t test, and horizontal
lines represent the mean of values.

cells (24,30,31,46); 2) LPA stimulates migration and invasion of
ovarian cancer cells (47-49); 3) ovarian cancer cells can produce LPA,
forming an autocrine loop mediating growth, survival, and motility
of tumor cells; 4) LPA action increases expression of angiogenic and
metastatic factors such as IL-6, IL.-8, VEGF, uPA, and Cox-2
(17-20,50); 5) exogenous LPA can increase growth and metastasis by
ovarian cancer cells (24); 6) ovarian cancer cells can induce LPA pro-
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duction by mesothelial cells, thereby increasing invasion and metasta-
ses (26); 7) expression of LPP3, an enzyme that dephosphorylates
LPA, reduces the growth and survival of ovarian cancer cells in nude
mice (29); 8) inhibitors of autotaxin, the main enzyme producing LPA,
decrease metastatic potential in a number of tumor models (51,52).

Our previous studies indicated that the LPA2 and LPA3 recep-
tors are overexpressed in primary ovarian cancers (31). It was
unclear, however, whether increases in their expression are caus-
ally linked to ovarian oncogenesis or merely represent a conse-
quence of cell transformation. In the current study, we ectopically
overexpressed the Edg LPA receptors in the SKOV-3 ovarian
cancer cells. In vitro and in vivo analysis of control cells and cells
expressing each LPA receptor demonstrated that exogenous
expression of Edg family LPA receptors enhanced cellular
responses to LPA and led to a more malignant phenotype in vivo,
especially in cells expressing LPA2 or LPA3 receptors. These
results provide direct evidence that LPA receptor expression and
LPA signaling regulate the behavior and aggressiveness of ovarian
cancer cells. Therefore, the overexpression of the LPA2 or LPA3
receptor observed in ovarian cancer likely plays a role in the
development and/or progression of this disease.

Under normal circumstances, LPA in the bloodstream and
body fluids is at submicromolar concentrations or lower, likely
reflecting its rapid clearance or degradation (30,53). The major
pathway for inactivation of LPA in most cell types is dephospho-
rylation to form monoacylglycerol by LPP (53,54). In ovarian
cancer, LPA levels are abnormally high in the ascitic fluid that
bathes tumor cells. The concurrent increases in expression of LPA
receptors observed in ovarian cancer suggests that increased LPA
levels in the tumor microenvironment are not sufficient to amplify
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LPA signaling without overexpression of specific LPA receptors.
"This requirement for increased expression of LPA receptors could
be due in part to the presence of LPP and other LPA-metabolizing
enzymes in ovarian cancer cells that control the level of active,
accessible LPA at the cell membrane (55).

The three Edg LPA receptors are not functionally equivalent.
The LPAI receptor is commonly expressed in normal tissues, and its
expression pattern is not consistently altered in ovarian cancer (3,31).
The LPA2 receptor is normally expressed in lung, kidney, spleen,
thymus, and testes, and the LPA3 receptor, in the heart, lung, kidney,
testes, and intestine (4,5,56). Acquisition of the LPA2 or LPA3
receptor during ovarian carcinogenesis may lead to novel cellular
responses to LPA. We have demonstrated that the LPA2 receptor is
more effective than LPA1 and LPA3 in LPA-mediated production of
the cytokines IL-6, IL-8, and Gro-a (18,21,39). The study of LPA2
transgenic mice also suggests a critical role for LPA2 in the
production of VEGF and uPA in the ovary (57). Unlike LPAI and
LPA2, the LPA3 receptor is expressed at low levels in normal tissues
(12), with its expression largely confined to malignant cells (31).
Previous studies showed that LPA3 has a preference for LPA with an
unsaturated fatty acyl chain in sx-2 LPA (5,58). These unsaturated
isoforms of LPA are abundant in ascites of ovarian cancer. The ligand
selectivity of LPA3 may permit a unique set of cellular responses that
are not triggered by the activation of other LPA receptors.

Considerable effort has focused on determining which receptors
lead to specific functional responses. The demonstration that altering
levels of LPA1, LPA2, and LPA3 all affected cellular proliferation,
production of growth factors, motility, invasion, tumor growth,
ascites formation, and metastases suggests that the three receptors
are pleomorphic in function. Alternatively, specific Edg family LPA
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receptors may form heterodimers with other receptors (8), resulting
in novel signaling and different functional outcomes. Nevertheless,
our work suggests that certain receptors are more efficient in
mediating particular functions. For example, LPA1 was much less
efficient than either LPA2 or LPA3 in mediating cellular prolifera-
tion. Surprisingly, LPA2 and LPA3 when expressed in ovarian cancer
cells were more efficient at increasing in vitro motility and invasion
and in vivo tumor growth, in particular metastasis to distant organs
such as skeletal muscle, cervical lymph node, and heart. Our results
are in contrast to those of previous reports (59,60) implicating LPA1
in the metastasis of breast cancer cells to bone marrow. Whether this
inconsistency represents differences between breast and ovarian can-
cer cells or a unique interaction between breast cancer cells and the
environment in the bone marrow remains to be determined.

This study had several potential limitations. One is the use of a
single cell line, SKOV-3, for most of the experiments to ascertain
the role of Edg family LPA receptors in tumorgenicity. We
observed similar effects using OVCAR-3 and HT-29 in vitro, but
the effect of expression of the Edg family of receptors in other lines
and lineages in vivo are not known. The SKOV-3 xenograft could
be extended by studies of spontaneous or transgenic models of
ovarian and other cancers. Second, we characterized the Edg family
LPA receptors; however, additional LPA receptors have recently
been discovered (13,14). Itis not yet known whether these receptors
play a role in ovarian carcinogenesis. Finally, it is not clear whether
the effects of altered expression of the Edg family of LPA receptors
are solely due to signaling through each receptor or whether there
is cooperativity mediated by the formation of receptor heterodimers
or through downstream signaling with endogenous receptors.

In summary, our results demonstrate that expression of exoge-
nous LPA2 or LPA3 causes characteristic changes associated with
ovarian cancer progression. The involvement of LPA in ovarian
cancer and other human malignancies warrants thorough investi-
gation of LPA production and action as potential targets of cancer
therapy. Inhibition of LPA functionality could be achieved through
controlling LPA production/metabolism or availability with immun-
oneutralizing antibodies or through blocking LPA receptor bind-
ing or signaling. The location of LPA receptors on the cell surface
and previous success in designing drugs that target GPCRs suggest
that LPA2 and LPA3 receptors are ideal candidates for therapeutic
exploitation in ovarian cancer.
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