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Abstract Lysophosphatidic acid (LPA) is a receptor-active
lipid mediator with a broad range of biological effects. Ova-
rian cancer cells synthesize LPA, which promotes their mo-
tility, growth, and survival. We show that a murine homolog
of a human protein previously reported to hydrolyze LPA is
a highly selective detergent-stimulated LPA phosphatase
that can be used to detect and quantitate LPA. Use of this
protein in novel enzymatic assay demonstrates that SK-OV-3
ovarian cancer cells release physiologically relevant levels
of biologically active LPA into the extracellular space. LPA
release is markedly increased by nucleotide agonists acting
through a P2Y, purinergic receptor. Promotion of LPA for-
mation by nucleotides is accompanied by stimulation of
phospholipase D (PLD) activity. Overexpression of both
PLD1 and PLD2 in SK-OV-3 cells produces active enzymes,
but only overexpression of PLD2 results in significant am-
plification of both nucleotide-stimulated PLD activity and
LPA production. SK-OV-3 cells express and secrete a phos-
pholipase A, activity that can generate LPA from the lipid
product of PLD, phosphatidic acid. il Our results identify a
novel role for nucleotides in the regulation of ovarian can-
cer cells and suggest an indirect but critical function for
PLD2 in agonist-stimulated LPA production.—Luquain, C., A.
Singh, L. Wang, V. Natarajan, and A. J. Morris. Role of phos-
pholipase D in agonist-stimulated lysophosphatidic acid syn-
thesis by ovarian cancer cells. J. Lipid Res. 2003. 44: 1963-1975.
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Lysophosphatidic acid (LPA) is a naturally occurring lyso-
phospholipid with diverse actions on a broad range of cell
types. Responses to LPA include stimulation of cell growth,
differentiation, survival, and alterations in cell morphol-
ogy and motility. LPA binds to cell surface G-protein-cou-
pled receptors termed LPAI-3. These receptors are widely
expressed and signal through actions of members of both
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the Gq and G; families of heterotrimeric G-proteins. Many,
but possibly not all, of the effects of LPA on cells are medi-
ated by these receptors (1, 2).

While the signaling actions of LPA have been well char-
acterized, much less is known about the pathways and en-
zymes involved in the synthesis and inactivation of this me-
diator. LPA is a normal constituent of serum, where it is
produced and released by activated platelets (3-5). LPA
production has also been demonstrated for a small num-
ber of other cell types (6, 7). LPA can be synthesized both
de novo and through pathways that are initiated by phos-
pholipase-catalyzed degradation of precursor glycerophos-
pholipids (8). Hydrolysis of lysophospholipids could gen-
erate LPA directly, and enzymes that catalyze this reaction
with selectivity for lysophosphatidylcholine (lysoPC) have
been reported (9, 10). LPA can also be generated by phos-
pholipase A (PLA)-catalyzed hydrolysis of phosphatidic acid
(PA), which can be formed in stimulated cells through ac-
tions of inositol lipid-specific phospholipase C (PLC), di-
acylglycerol kinase, or phosphatidylcholine-specific phos-
pholipase D (PLD) (11). How LPA that is formed from
cellular lipids accumulates in the extracellular space is not
clear. Studies with platelets implicate membrane microves-
icles released in response to agonist activation as key inter-
mediates in LPA production, but the relevance of this
pathway to the process of LPA production by other cell
types is unknown (4).

LPA plays a central role in the growth invasiveness and
resistance to chemotherapeutics of ovarian cancer cells (12—
14). Ovarian surface epithelial cells, from which these can-
cers are commonly derived, are resistant to many of these ef-
fects of LPA, suggesting that acquisition of enhanced LPA
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responsiveness is associated with transformation and that
targeting LPA synthesis or signaling might provide a novel
treatment strategy for the disease (14). Ovarian tumors
grow in the peritoneal cavity, where patients accumulate as-
cites fluid. Ovarian cancer ascites contain physiologically sig-
nificant levels of LPA, and it is likely that ovarian cancer cells
themselves are the source of this LPA (14, 15). Certain ova-
rian cancer cell lines have been shown to release LPA consti-
tutively and in response to pharmacological agents, includ-
ing Ca2* ionophore, phorbol esters, and LPA itself. The use
of primary alcohols that divert PA produced by PLD to bio-
logically inactive phosphatidylalcohols implicates PLD in
the pathway of LPA synthesis by ovarian cancer cells, but the
mechanism involved is unclear (16).

Sensitive measurement of LPA is presently a compli-
cated process that generally involves either radiolabeling
approaches or combined liquid chromatography mass
spectrometry. Here we show that a murine homolog of a
human enzyme previously reported to hydrolyze LPA is a
highly specific LPA phosphatase that can be used to detect
and quantitate LPA. We have used this validated assay to
identify a novel role for nucleotides and a specific PLD en-
zyme, PLD2, in the control of LPA synthesis by SK-OV-3
ovarian cancer cells.

MATERIALS AND METHODS

General reagents

McCoy’s tissue culture medium, penicillin, streptomycin, and
fetal bovine serum were obtained from the tissue culture facility,
UNC Lineberger Comprehensive Cancer Center, Chapel Hill,
NC. Nucleotide agonists, ATP, ADP, uridine 5’ triphosphate
(UTP), UDP, 2-methyl thio-adenosine triphosphate (2MeSATP),
diadenosine tetraphosphate (Ap4A), and suramin were obtained
from Sigma Chemical Co. (St. Louis, MO). Phospholipids, sphin-
gosine 1-phosphate (S1P), and ceramide 1-phosphate (C1P) were
from Avanti Polar Lipids (Alabaster, AL, or BIOMOL, Inc., Ply-
mouth Meeting, PA), and phosphoinositides were purified from
brain lipid extracts as described previously. Other reagents were
from previously identified sources (17-19).

Cell culture

The ovarian cancer cell line SK-OV-3 was a generous gift from
Dr. Gordon Mills (University of Texas, MD Anderson Cancer
Center, Houston, TX). These cells were also obtained from the
American Type Culture Collection (Manassas, VA). SK-OV-3 cells
from both sources behaved identically in the assays reported in
this paper. Cells were propagated in McCoy’s medium supple-
mented with 10% fetal bovine serum, 1.5 mM r-glutamine, and
100 U/ml of penicillin/streptomycin. Cells were generally used
at low passage number and resuscitated from frozen stocks fre-
quently during this study.

PLD assays

In vivo PLD activity was measured by transphosphatidylation
as described previously (17-19). Cells were seeded in 12-well
dishes (5 X 105 cells/well) and allowed to attach in the complete
growth medium. The medium was replaced 24 h later with McCoy’s
media containing 10% FCS and 2 pCi/well [*H]palmitic acid.
After 24 h, the medium was removed, and cells were incubated
in McCoy’s medium without serum for 1 h. Butan-1-ol was added
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to a final concentration of 0.3%. The cells were incubated at
37°C for a further 10 min, and then reactions were initiated by
the direct addition of the appropriate nucleotides from concen-
trated stock solutions. For investigations into the antagonist ac-
tion of ATP on UTP-stimulated PLD activity, cells were preincu-
bated with varying concentrations of ATP for 10 min and were
then incubated for 10 min with different concentrations of UTP
in the continuing presence of ATP. Unless otherwise noted, as-
says were for 10 min, after which the incubations were termi-
nated by removal of the culture medium and addition of ice-cold
MeOH-0.1 M HCI (1:1; v/v). Lipids were extracted using acidi-
fied organic solvents before resolution by TLC in the organic
phase of a solvent comprised of 2,2 4-trimethylpentane-ethyl
acetate-acetic acid-water (5:11:2:10; v/v/v/v) using an unlined,
unequilibrated chromatography tank. [SH]phosphatidylbutanol
(PtdBut) bands, identified by unlabeled or [“C]PtdBut stan-
dards, were scraped and quantitated by liquid scintillation count-
ing. PLD activity was determined in vitro using previously de-
scribed methods (17-19).

Lipid extractions from cells and culture medium

LPA release by SK-OV-3 cells was measured by both an enzy-
matic procedure and a bioassay. For sample preparation, cells
were seeded in 100 mm-diameter dishes and allowed to attach in
the basic growth medium. The cells were grown to ~75% conflu-
ence, and the medium was replaced 24 h later with McCoy’s me-
dium without serum. After 2 h of incubation, the medium was
then removed, cells were incubated in McCoy’s medium contain-
ing 1 mg/ml BSA, and cells were treated with vehicle or nucle-
otide agonists. The medium was collected and centrifuged at 100 g
for 10 min to remove any unattached cells. Lipids were then ex-
tracted from the medium using acidified organic solvents with
back extraction using a synthetic lower phase followed by three
washes with a synthetic upper phase. The lower phases, which
were removed by evaporation, were collected. Samples were
stored in a small volume of CHClg at —20°C.

Cloning and expression of murine lysophosphatidic
acid phosphatase

A full-length ¢cDNA encoding of this enzyme, identified by
blast searches of the IMAGE Consortium Expressed Sequence
Tag database, was obtained from Research Genetics, Inc. (Bir-
mingham, AL) and sequenced. The sequence has been depos-
ited in GenBank with accession number AF216223. Murine lyso-
phosphatidic acid phosphatase (mLPAP) was expressed in insect
cells using a baculovirus vector and purified using an N-termi-
nally appended His6 epitope tag. In general, purifications were
from a 225 cm? flask of sf9 cells that generated sufficient enzyme
for 100 to 200 assays. Cells were lysed in 5 ml ice-cold 5 mM Tris
(pH 7.4) containing protease inhibitors by brief sonication, and
the lysate was cleared by centrifugation. The purification was con-
ducted at 4°C. Proteins were bound to 1 ml of Talon Superflow
resin (Clontech, Inc.) in a capped, 10 ml disposable column for
1 h, and then the caps were removed and the column was
drained and washed with 3 X 10 ml of extraction buffer. For the
final stages of the purification, the column was washed with 10
ml of 0.1 M Tris (pH 7.5), and then bound proteins were eluted
with sequential 1 ml applications of 0.1 M Tris (pH 7.5) contain-
ing 150 mM imidazole. LPAP activity was determined using assay
buffer containing 0.1 M Tris (pH 7.5), 100 uM lipid substrate,
and 0.3 mM Triton X-100 (22, 23). In some experiments, the Tri-
ton X-100 concentration was varied.

Coupled enzymatic assay for LPA

Recombinant LPAP was expressed and purified as described
above. Lipids extracted from SK-OV-3 cell culture medium were
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dried and resuspended in 50 pl of 0.1 M Tris (pH 7.5) contain-
ing 0.6 mM Triton X-100 by vortexing followed by brief bath son-
ication, and then an equal volume of purified LPAP (~1 ng) was
added to a final volume of 100 pl. Standard amounts of LPA (0-
100 pmol) were run in parallel to unknown samples. The phos-
phatase reactions were run to completion (generally 30-60 min)
as determined by a separate assay with [32P]LPA. Released phos-
phate was quantitated by a highly sensitive cycling reaction in
which maltose phosphorylase generates glucose substrate for glu-
cose oxidase, and peroxide formed by this latter reaction reacts
with Amplex Red to generate resorufin, which is quantitated
spectrophotometrically. The enzymes and reagents required for
the phosphate detection step of the assay were obtained from
Molecular Probes, Inc. (Eugene, OR), and the assays were per-
formed exactly as described by the manufacturer. For the quanti-
tation step of the assay, 50 pl of each dephosphorylation reaction
was transferred directly to individual wells of a 96-well microtiter
plate. Fifty microliters of 0.1 M Tris (pH 7.5) containing Amplex
Red, maltose, glucose oxidase, and horseradish peroxidase was
added to each well. The reactions were incubated at room tem-
perature in a plate-reading spectrophotometer (BioTek, Inc.),
which shook the plate and took an absorbance reading at 563
nM every 30 min for 12 h. Progress curves for the reactions with
known quantities of LPA generated a series of standard curves
for the assay, which in turn were used to determine LPA mass in
the unknown samples.

Measurement of LPA activity using recombinantly
expressed LPA2 receptor

We used cultured insect cells expressing the LPA2 (Edg4) re-
ceptor by means of a recombinant baculovirus constructed with a
c¢DNA encoding human LPA2 vector, generously provided by
Kevin Lynch (University of Virginia), to detect LPA activity. In
these cells, stimulation of the LPA2 receptor by agonist binding
produces rapid increases in intracellular Ca?*, which can be
readily detected using fluorescent indicators (20). In brief, se-
rum-free adapted sf9 cells were cultured in suspension in SF900
II serum-free medium. Monolayer cultures of these cells were in-
fected with baculoviruses at a multiplicity of 10 and cultured for
48 h. Cells were dislodged by gentle shaking, recovered by cen-
trifugation, and resuspended at ~10° cells/ml in Grace’s me-
dium without serum. The cells were loaded by incubation with
10 mM Fura-2 AM (Molecular Probes, Inc.) on ice for 1 h, during
which time the cells were gently mixed periodically. The cells
were then washed once in Grace’s medium to remove unincor-
porated indicator followed by resuspension in SF900 II medium.
After a further 30 min incubation at room temperature to allow
deesterification of the trapped indicator, the cells were recov-
ered by centrifugation and resuspended at 10° cells/ml in SF900
II medium. One milliliter of the cell suspension was added to a
stirred cuvette, and fluorescence measurements were made us-
ing a SPEX Fluromax-2 fluorimeter. Excitation was at 340 nm
and 380 nm, and the fluorescence signal was detected at 510 nm.
The fluorescence ratio was used to monitor intracellular Ca%*.
For control experiments, a 1 wM solution of oleyl LPA was pre-
pared by sonication of a dried lipid film in serum-free Grace’s
medium containing 1 mg/ml BSA. Dried lipid samples prepared
from cell culture media as described above were resuspended in
the same manner and added directly to the cuvette. In some
cases, extracted lipids were resuspended in 0.3 mM Triton X-100
and incubated with purified LPAP or heat-inactivated LPAP us-
ing the assay conditions described above. Enzyme-treated sam-
ples were reextracted as described for samples obtained from
cell culture medium, dried, and resuspended in serum-free
Grace’s medium containing 1 mg/ml BSA before addition to the
cuvette.

Analysis of [3?P]LPA released by SK-OV-3 cells

After washing with PBS, SK-OV-3 cells were incubated at 37°C
in phosphate-free DMEM containing 100 pnCi/ml [3P]H3PO,.
After 90 min, cells were washed three times with phosphate-free
DMEM to remove unincorporated [32P]H3PO,, and they were
then incubated at 37°C with nucleotide agonists and other phar-
macological agents for 10 min in phosphate-free DMEM contain-
ing 1% BSA. In experiments using adenovirus vectors (see be-
low), cells were infected 48 h before the experiment. The culture
medium was collected and treated as described above to extract
lipids, and the lower phases were dried under Ny and then dis-
solved in chloroform-methanol (1:1; v/v). Lipids were then
separated by two-dimensional TLC using chloroform-methanol-
28% ammonia (65:25:5; v/v/v) for the first dimension and chlo-
roform-methanol-acetic acid-water (45:20:5:0.5; v/v/v/v) for the
second dimension. Labeled lipids were detected and quantified
using a PhosphorImager (Image Quant software, Molecular Dy-
namics, Sunnyvale, CA) and quantitated as arbitrary units. The
identity of each 3?P-labeled phospholipid was achieved by comi-
gration with unlabeled internal standards visualized with iodine
vapor.

Reverse transcription-polymerase chain reaction

Total cellular RNA was extracted using Trizol reagent (Life
Technologies, Grant Island, NY) according to the manufacturer’s
instructions. Confluent SK-OV-3 cells were directly lysed by add-
ing Trizol in a 75 cm? flask. The resulting RNA pellet was finally
washed with 70% ice-cold ethanol, air dried, and redissolved in
100 pl of diethyl pyrocarbonate-treated water. Reverse transcrip-
tion-polymerase chain reaction (RT-PCR) was carried out using
the Titan-One Tube RT-PCR Kit (Roche Diagnostics Corp., India-
napolis, IN). Specific primers for the human PLD1 and PLD2,
and P2X, P2Y;, P2Y,, P2Y,, and P2Y; receptors were constructed
based on cDNA sequences previously determined by us or obtained
from GenBank: PLD1 forward (5'-CGCATCCCCATTCCCAC-
TAG-3") and PLD1 reverse (5'-CACAGCAATTCAAGCCTGGT-3")
(313 bp); PLD2 forward (5'-CCGTTTCTGGCCATCTATGA-3')
and PLD2 reverse (5" TGGCTGCATGTCTGGTGGAG-3') (358 bp);
P2X; forward (5-TCTCCGAGAGGCCGAGAACT-3') and P2X; re-
verse (5'-GGTAGTTGGTCCCGTTCTCC-3') (380 bp); P2Y; forward
(5'-TACTACCTGCCGGCTGTCTA-3") and P2Y; reverse (5'-CTG-
AGTAGAAGAGGATGGGG-3") (380 bp); P2Y, forward (5'-GGCC-
CCTGGAATGACACCAT-3') and P2Y, reverse (5'-GCGCTGGTGG-
TGACAAAGTA-3") (512 bp); P2Y, forward (5'-GTTTGCTATGGA-
CTCATGGC-3") and P2Y, reverse (5'-CACTAGTGCCAGGGAAG-
AGG-3") (363 bp); P2Y;; forward (5'-GCACGGCCGTGTACACCC-
TAAA-3") and P2Y; reverse (5'-TACACACACTAGCCAGGCAGCC-
3") (269 bp).

First-strand cDNA synthesis was carried out in a 50 pl volume at
50°C for 30 min. Amplification was performed using the follow-
ing profile: 2 min at 94°C followed by 35 cycles of 30 s at 94°C, 30 s
at 50-70°C gradient, 1 min at 68°C, and a final extension step of
7 min at 68°C. The products were separated in a 1.5% agarose gel
containing 1 mg/ml ethidium bromide.

Lysis and fractionation of SK-OV-3 cells

To prepare lysates and subcellular fractions for in vitro enzyme
assays, SK-OV-3 cells were washed in PBS and harvested by scrap-
ing in ice-cold lysis buffer containing 20 mM Tris (pH 7.5), 1 mM
EGTA, 0.1 mM benzamidine, and 0.1 mM PMSF. Nuclei and bro-
ken cells were removed by centrifugation at 500 g for 10 min. The
supernatant obtained was separated into a total membrane and
cytosolic fraction by centrifugation at 35,000 g for 30 min. The
membrane fraction was resuspended in lysis buffer.
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Adenovirus-mediated and transient expression of PLD1
and PLD2

Adenovirus vectors for expression of wild-type and catalytically
inactive mutants of PLD1 and PLD2 were generated using the
AdEasy system (Stratagene, Inc., La Jolla, CA). In brief, PLD1
and PLD2 cDNAs were subcloned into pShuttle-cytomegalovirus
(CMV), and the PLD cDNAs and CMV promoter were transferred
into the adenovirus genome by homologous recombination in
an adenovirus-packing cell line according to the manufacturer’s
instructions. The adenoviruses were propagated in HEK293 cells
and high titer purified preparations generated. Subconfluent
monolayers of SK-OV-3 cells in 6-well plates were infected with
vector control, wild-type PLD1, or wild-type PLD2 adenoviruses
at a multiplicity of ~10. Viral infection was allowed to proceed for
6 h, and then the medium was changed and the cells incubated
in McCoy’s medium containing 10% serum for a further 48 h.
For determinations of intact cell PLD activity, cells were labeled
with [®H]palmitic acid for the final 24 h as described above.

Vectors for expression of PLD1 and PLD2 with N-terminally
appended enhanced green fluorescent protein (EGFP) tags
(EGFP-PLD1 and EGFP-PLD2) have been described previously
(18). SK-OV-3 cells were cultured in McCoy’s medium supple-
mented with 10% of FBS. Thirty-five millimeter-diameter dishes
of 50% confluent cells were transfected with 1 g pCGN-hPLD1
or pCGN-hPLD2 using lipofectamine in Opti-MEM (Life Tech-
nologies, Inc.). The transfection medium was removed after 24 h
and replaced with complete McCoy’s medium. The cells were
harvested 24 h later by washing in PBS followed by scraping into
ice-cold lysis buffer containing 20 mM Tris (pH 7.5), 5 mM
EGTA, 0.1 mM benzamidine, and 0.1 mM PMSF. The lysate was
disrupted by sonication on ice with a probe-type sonicator, and
the material was used in assays within 24 h.

Measurement of PLA activity

PLA activity was measured by monitoring conversion of [32P]PA
or 1- or 2-[*H]palmitoyl PA into [*?P]LPA or [*H]LPA using mi-
nor adaptations of previously described methods (21). Briefly,
the substrate preparation used contained final concentrations of
100 pM radiolabeled PA (0.2 wCi/assay) and 1 mM I-palmi-
toyl,2-oleyl-PC in 400 mM Triton X-100 mixed micelles in 100
mM HEPES (pH 7.5), 2 mM DTT, 5 mM EDTA, and 1 mM ATP.
The assay volume was 100 pl and reactions were carried out at
37°C for 30 min. At the end of the incubation, lipids were ex-
tracted using acidified organic solvents. Lipid extracts were ana-
lyzed by TLC with a solvent system of chloroform-methanol-20%
NH,OH (60:35:5; v/v/v). Radiolabeled LPA and PA were local-
ized by reference to unlabeled standards run in parallel. The ap-
propriate regions were scraped from the plate and associated ra-
dioactivity quantitated by liquid scintillation counting.

Other methods

SDS-PAGE, Western blotting, and protein determination were
performed as described previously (18). PLD1 and PLD2 were
expressed in sf9 cells using baculovirus vectors and purified as
described previously (18).

RESULTS

Identification and characterization of murine LPAP

An LPA-selective phosphatase was previously purified
from rat liver. Expression of a cDNA encoding as a likely
human homolog of this enzyme in COS-7 cells resulted in
increased rates of hydrolysis of LPA in cell extracts; how-
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ever, the recombinant protein was not purified, and its se-
lectivity for a range of phospholipid monoester substrates
was not evaluated (22, 23). Because of the obvious poten-
tial of this enzyme as a tool to detect and manipulate LPA
levels, we sought to define its catalytic properties and sub-
strate selectivity more fully. We identified a murine ho-
molog of human LPAP by BLAST searches of the Gen-
Bank expressed sequence tag database. The cDNA obtained
encodes a protein of 418 amino acids with a predicted mo-
lecular mass of 47.6 kDa. The amino acid sequence is 75%
identical (85% conserved) to that of human LPAP. Because
we did not identify murine cDNA sequences with higher
homology, we presume that this is the murine homolog of
the previously identified human gene (23). Like the hu-
man homolog, mLPAP contains a putative mitochondrial
import sequence at the N-terminus (residues 1-9), followed
immediately by a postimport proteolytic processing motif
(marked with an arrowhead in Fig. 1). The sequence con-
tains a histidine phosphatase catalytic motif, RHGXRXP.
An alignment of human and murine LPAP with lysosomal
histidine acid phosphatase highlighting these sequence
motifs is shown in Fig. 1.

mLPAP is a highly specific LPA phosphatase

MLPAP was expressed in insect cells using recombinant
baculovirus vectors. The protein was engineered to con-
tain an N-terminal His6 tag to facilitate purification. The
protein was predominantly cytosolic and could be readily
purified by metal ion affinity chromatography (Fig. 2A).
Purified preparations of LPAP actively hydrolyzed LPA.
With 100 wM substrate, LPAP activity was stimulated over
100-fold by the Triton X-100, with maximal activity ob-
served at 0.3 mM Triton X-100 (Fig. 2B). LPAP exhibited
considerable activity in the presence of 5 mM EDTA with
no added divalent cations. Inclusion of Mg?* to give free
Mg?* concentrations in excess of the chelator produced a
very modest 1.4-fold increase in LPAP activity that was
maximal at 0.5 mM Mg?*. Ca?* did not stimulate LPAP ac-
tivity and actually produced a small decrease in LPAP ac-
tivity at low concentrations (data not shown). Using opti-
mal assay conditions (i.e., 0.3 mM Triton X-100 and 100
pM substrate), we examined the specificity of purified
LPAP for a number of glycerophospholipid substrates
(Fig. 2C). We estimated the specific activity of the purified
His6-tagged LPAP with LPA as substrate to be ~13 umol/
min/mg, which is ~10-fold higher than reported for a pu-
rified native preparation of a rat homolog of the enzyme
(22). S1P, C1P, and the phosphoinositides phosphatidyl-
inositol 4-phosphate (PI4P) and phosphatidylinositol 4,5-
bisphosphate (PI(4,5)Py) were not substrates for mLPAP.
Activity against PA was 1.6% of that observed with LPA. We
were unable to exclude the possibility that this low level
of activity actually reflected hydrolysis of minor quantities of
LPA contaminating these preparations, and in support of
this idea we were unable to detect concurrent forma-
tion of diglyceride when the enzyme was incubated with
[BH]PA. Activity against freshly prepared HPLC-purified
[32P]1PA was less than 0.2% of that observed with LPA. Ac-
tivities with S1P and C1P were less than 0.7% and 0.3%, re-
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hLPAP 228 ) NDRI DS S )
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mLPAP 280

hLPAP 288

LAP 242

mLPAP 340

hLPAP 348

LAP 300

mLPAP 395

hLPAP 403

LAP 360

mLPAP

hLPAP e

LAP 420 EDHA

Fig. 1. Sequence alignment of human and murine lysophosphatidic acid phosphatase (mLPAP) with human lysosomal histidine acid
phosphatase precursor. Sequences were analyzed using AlignX (Informax, Inc.), and the alignment shown generated using BOXSHADE.
The putative mitochondrial localization sequence is bracketed and the site of post-import proteolysis marked with an arrowhead. The con-

sensus histidine acid phosphatase active site is boxed.

spectively, of that observed with LPA, while no hydrolysis
of PI4P or PI(4,5)P; could be detected (Fig. 2C). LPAP
did not discriminate between 10:0 (v/v), 14:0 (v/v), 16:0
(v/v), 18:0 (v/v), and 18:1 (v/v) LPA species (data not
shown).

Coupled enzymatic assay for LPA

We exploited the high selectivity of LPAP for LPA to
develop an enzymatic assay for LPA, in which phosphate
released by the enzyme is utilized by a sensitive coupled-
enzyme reaction to generate a product that can be quan-
titated by spectrophotometric or fluorescence measure-

ments. A schematic overview of the assay is shown in Fig.
3A. Standard quantities of LPA were dried in microcentri-
fuge tubes, resuspended in Triton X-100 (final concentra-
tion 0.3 mM), and incubated with purified LPAP for 1 h
at 37°C. The phosphate released was quantitated by com-
bining the dephosphorylation reaction with the phos-
phate assay reagents in a microtiter plate, which was incu-
bated at room temperature in a shaking plate-reading
spectrophotometer. It was not necessary to stop the phos-
phatase reaction, and the constituents of the phosphatase
reaction mixture did not interfere with the phosphate de-
tection step. The phosphate detection reaction was moni-
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Fig. 2. Purification and characterization of mLPAP. A: His6-
tagged mLPAP was expressed in sf9 cells using a baculovirus vector,
purified by metal ion affinity chromatography, and analyzed by
SDS-PAGE on a 12.5% gel. Positions of molecular weight markers
are shown. B: Activity of purified lysophosphatidic acid phos-
phatase (LPAP) was determined using 100 uM lysophosphatidic
acid (LPA) and the indicated concentrations of Triton X-100.
The data are means of duplicate determinations from a representa-
tive experiment. C: Purified mLPAP was incubated with 100 pM of
the indicated substrates in the presence of 0.3 mM Triton X-100
and phosphatase activity determined by measuring the release of
inorganic phosphate. The data shown are means = SD of triplicate
determinations and are representative of results obtained using
three separate enzyme preparations.

tored spectrophotometrically for 12 h, with data collection
every 30 min and a series of progress curves generated
(Fig. 3B). For measurements of LPA in the range of 1-20
pmol, we generated a standard curve for the reaction at
times between 5 h and 10 h.

Nucleotide agonists stimulate production of biologically
active LPA by SK-OV-3 cells

Certain breast and ovarian cancer cell lines have been
reported to produce LPA both constitutively and in re-
sponse to phorbol esters and Ca2* ionophore, but aside
from LPA itself, no physiological agonists that regulate
this process have been identified (16). We used our assay
to test the ability of a number of different agonists to pro-
mote LPA production by the ovarian cancer cell line SK-
OV-3. We found that these cells released LPA into the
culture medium constitutively, and that after 30 min extra-
cellular LPA levels reached ~3 pmol/ml. Production of LPA
was increased ~4-fold by stimulation with 10 nM PMA. We
used the LPA assay described above to screen agonists for
their ability to stimulate LPA production by SK-OV-3 cells
and found that ADP, ATP, and to a greater extent UTP
(approximately a 2-fold increase) promoted LPA produc-
tion by these cells (Fig. 4A). Production of LPA in both
the presence and absence of UTP was time dependent. In
the absence of a stimulus, LPA concentrations reached a
level of ~4 pmol/ml after 15 min, and this was increased
to ~17 pmol/ml in the presence of UTP. LPA accumula-
tion in the medium was not linear with time. Intact SK-
OV-3 cells actively dephosphorylate exogenously provided
LPA, which is likely due to endogenous expression of lipid
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Fig. 3. Enzymatic determination of LPA. A: Schematic diagram
showing the basic principle of the coupled enzymatic procedure
used for quantitation of LPA mass. B: Standard amounts of LPA
(which was independently quantitated by phosphorous analysis af-
ter wet digestion in perchloric acid) were incubated with purified
mLPAP and phosphate released quantitated as described in the
text. The data shown are reaction progress curves obtained for 1-100
pmol LPA and are from a representative experiment that has been
repeated many times with similar results.

phosphate phosphatases (LPPs) (41), so it is likely that
the accumulation of LPA in the medium of unstimulated
and UTP-stimulated SK-OV-3 cells reflects an equilibrium
between rates of synthesis and degradation (Fig. 4B). The
effects of UTP on LPA production by SK-OV-3 cells were
concentration dependent. One-tenth micromolar UTP
produced a small but significant increase in LPA after 15
min of stimulation. LPA accumulation was increased fur-
ther by 1 pM and 10 uM UTP (Fig. 4C). We were not able
to determine whether the effects of UTP on LPA produc-
tion were saturable because, for reasons that are presently
unclear, concentrations of UTP in excess of 30 uM pro-
duced an inhibition of LPA production by the cells (data
not shown, but see Fig. 6).

To validate the results obtained using the enzymatic as-
say, we also measured LPA production by SK-OV-3 cells af-
ter radiolabeling the cells with [32P]PO,2". In these ex-
periments, LPA was quantitated in the culture medium
after two-dimensional TLC. The plates were analyzed using
a PhosphorImager and lipid species quantitated as arbi-
trary units. In a 30 min assay, unstimulated SK-OV-3 cells
produced 46 * 8 units of LPA, and this was increased to
243 * 28 units (mean = SD, n = 3) upon stimulation with
10 pM UTP. These experiments confirm that SK-OV-3
cells produce LPA both constitutively and in response to
stimulation with UTP.

LPA produced by SK-OV-3 cells is receptor active

To examine the biological activity of LPA produced by
SK-OV-3 cells, we determined the ability of lipids ex-
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Fig. 4. Constitutive and purinergic agonist-stimulated production
of LPA by SK-OV-3 cells. A: SK-OV-3 cells were incubated in a serum-
free medium containing no agonist, 10 nM PMA, or 10 pM uridine
5’ triphosphate (UTP), 1 mM ATP, or 1 mM ADP. After 15 min, the
medium was collected and processed for determination of LPA mass.
The data are means * SD of triplicate determinations. B: SK-OV-3
cells were incubated with vehicle (closed triangle) or 10 puM UTP
(closed circle) for the indicated times and LPA accumulation in the
medium determined. The data are means * SD of triplicate determi-
nations. C: SK-OV-3 cells were treated with the indicated concentra-
tions of UTP for 10 min and LPA levels in the culture medium deter-
mined. The data are means * SD of triplicate determinations.

tracted from the culture medium of these cells to pro-
mote intracellular Ca?* mobilization mediated by the
LPA2 receptor expressed in sf9 cells. SK-OV-3 cells were
stimulated with 10 mM UTP for 10 min, and the medium-
collected lipids extracted as described for the LPA mea-
surements. When dried lipid extracts from the medium
were resuspended in insect cell culture medium contain-
ing 0.1 mg/ml BSA and applied to Fura-2-loaded sf9 cells
expressing the LPA2 receptor, we detected a rapid and sus-
tained increase in the ratio of fluorescence emission at
340 nm and 380 nm, which was indicative of a rise in intra-
cellular Ca®>* (Fig. 5A). This increase was not seen when
the extracted material was applied to uninfected sf9 cells
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0 20 40 60 0 20 40 60
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Fig. 5. A: SK-OV-3 cells were treated with 10 uM UTP for 10 min
and the medium collected. Lipids were extracted from the medium
with organic solvents, dried, and resuspended in insect cell culture
medium as described in the text. The ability of this material to pro-
mote Ca®" mobilization in Fura-2-loaded sf9 cells expressing the
LPA2 receptor was determined. B: The effect of preincubation of
the extracted material with native or heat-inactivated LPAP on the
ability to mobilize intracellular Ca?* was determined. Arrows indi-
cate the times of injection of the indicated material. The data
shown are fluorescence ratios used to monitor intracellular Ca2*
and are from a representative experiment that has been repeated
many times with similar results.

or to sf9 cells that were infected with baculoviruses for the
PAR-1 thrombin receptor, which is not responsive to lyso-
phospholipids (data not shown). The activity responsible
for activation of LPA2 receptor-mediated Ca?* mobiliza-
tion was abolished by pretreating the material with puri-
fied LPAP, but not by pretreatment with LPAP that had
been inactivated by heating (Fig. 5B). The experiments
shown in Fig. 5 used lipids isolated from 10 ml of culture
medium from SK-OV-3 cells that were stimulated with 10
pwM UTP for 15 min. On the basis of LPA measurements
made in parallel, we estimate that the final concentration
of LPA derived from this lipid extract in the cuvette is 0.1-
0.2 wM, which is well within the range of LPA concentra-
tions reported to activate the LPA2 receptor when ex-
pressed in sf9 cells (20). Taken together, these results
show that LPA produced by SK-OV-3 cells is capable of ac-
tivating cell surface LPA receptors.

Identification of a P2Y, purinergic receptor coupled to
PLD in SK-OV-3 cells

Having established an involvement of nucleotide ago-
nists in regulation of LPA production by ovarian cancer
cells, we were interested in determining the receptor sub-
type involved and the signaling pathways that it regulates.
Nucleotide agonists have been reported to stimulate PLD
activity in a number of systems, and as this enzyme con-
verts membrane phospholipids to PA, it has been impli-
cated in LPA production by platelets and ovarian cancer
cells (16). We found that ATP, UTP, and ADP all induced
a rapid and robust increase in PLD activity when applied
to serum-starved SK-OV-3 cells. Concentration response
curves revealed that at low concentrations in the range of
1078 to 10~* M of UTP, ATP, and ADP, each increased in-
tracellular PLD activity in a concentration-dependent
manner with a rank over a potency of UTP > ATP > ADP.
The maximal increase in PLD activity-evoked UTP was
greater than that observed for ATP and ADP (Fig. 6A).
Surprisingly, although at concentrations below 1075 M,
UTP produced a concentration-dependent increase in
PLD activity, at concentrations above 1075 M, UTP was in-
hibitory to PLD activity (Fig. 6B). UDP had no effect on
PLD activity over the range of concentrations tested (data
not shown). This agonist pharmacology is consistent with
the involvement of a G-protein-coupled P2 purinergic re-
ceptor in SK-OV-3 cell responses to nucleotides; therefore,
we examined effects of two P2Y-receptor subtype selective
agonists on PLD activity. 2MeSATP, a specific P2Y,-recep-
tor agonist, had no effect on PLD activity at concentra-
tions of up to 1073 M. Together with the agonist pharma-
cology observed for ATP and UTP, this is consistent with
the involvement of a P2Y, or P2Y, receptor (Fig. 6B) (24,
25). To discriminate between these two subtypes of recep-
tor, we examined effects of Ap4A, which has been re-
ported to be a selective agonist at P2Y; and P2Y, receptors
(26, 27). Ap4A did not have any effect on PLD activity at
concentrations up to 107® M and produced a very modest
stimulation of PLD activity at higher concentrations, sug-
gesting that relevant receptor was not of the P2Y, subtype.
Consistent with this finding, we observed that suramin,
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Fig. 6. Pharmacological and RNA expression analysis of
phosphatidylcholine-specific phospholipase D (PLD)-coupled
P2 purinergic receptors in SK-OV-3 cells. A, B: SK-OV-3 cells
were prelabeled with [3H]palmitic acid, and PLD activity was
determined by measuring transphosphatidylation activity in
the presence of butanol as described in the text. Cells were ex-
posed to vehicle or the indicated concentrations of a series of
purinergic agonists for 10 min. A: UTP (closed triangle), ATP
(closed square), ADP (closed circle). B: UTP (closed triangle),
2-methyl thio-adenosine triphosphate (closed circle), and dia-
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which has been reported to block P2Y; and P2Y, receptor-
mediated responses (28), had little effect on the stimula-
tion of PLD by ATP in SK-OV-3 cells (Fig. 7A). ATP ap-
pears to act as a partial agonist at P2Y, receptors, and in a
recombinant expression system, ATP has been shown to
produce a rightwards shift in the concentration-response
curve to UTP (29). We observed that preincubation with
ATP resulted in a substantial decrease in PLD activation in
response to a subsequent challenge with UTP, and that
this effect was most pronounced at low UTP concentra-
tions (Fig. 7B).

Effective antibodies for the purinergic receptors are not
available, so we used RT-PCR with P2Y receptor-specific
primers to selectively detect receptor transcripts in RNA
isolated from SK-OV-3 cells. This analysis resulted in am-
plification of products with the expected sizes for P2Yj,
P2Y,, P2Y,, and P2Yj receptors. PCR products amplified
from P2Y, and P2Y; receptor mRNAs were especially
prominent (Fig. 6C). The PCR primer sets used were de-
signed to amplify cDNA fragments of their intended tar-
gets containing unique restriction-enzyme sites. Digestion
with these restriction enzymes was used to confirm the
identity of the PCR products generated in these experi-
ments. No products were detected in control experi-
ments, where the RT step or one or both of the primers
was omitted (data not shown). Thus, RNA analysis and
pharmacological experiments together suggest that the
actions of nucleotides on SK-OV-3 cell PLD activity are
most likely mediated through a P2Y, purinergic receptor.

1970  Journal of Lipid Research Volume 44, 2003

denosine tetraphosphate (closed diamond). The data shown
are means * SD of triplicate determinations from a represen-
tative experiment. C: RT-PCR was performed on RNA from
SK-OV-3 cells using primer sets selective for human P2X,,
P2Y,, P2Y,, P2Y,, and P2Y, receptors. Products were analyzed
on a 1.5% agarose gel and visualized by staining with ethidium
bromide. The amplified products were of the predicted size
for P2Y, (418 bp), P2Y, (512 bp), P2Y, (363 bp), and P2Y,
(269 bp).

Identification of PLD isoforms coupled to purinergic
receptors in SK-OV-3 cells

Two PLD enzymes, PLD1 and PLD2, have been identi-
fied in mammalian cells. While there is evidence that both
can be regulated by cell surface receptors, very little is
known about the selectivity with which different G-protein-
coupled receptors activate specific PLD isoforms (30).
RNA analysis by RT-PCR using PLD isoform-specific prim-
ers revealed the presence of transcripts for both PLD1 and
PLD2 in SK-OV-3 cells (data not shown). In agreement
with these results, Western blotting using PLD isoenzyme-
specific antibodies resulted in detection of proteins with
the expected mobilities of both PLD1 and PLD2 in ex-
tracts from SK-OV-3 cells (Fig. 8A, B). As discussed below,
membrane fractions of SK-OV-3 cells contain PLD activi-
ties with the properties of PLD1 and PLD2 that can be
readily measured in vitro. Taken together, these results
suggest that both PLD1 and PLD2 are expressed in SK-OV-3
cells. We used recombinant adenovirus vectors to overex-
press PLD1 and PLD2 in SK-OV-3 cells and investigate the
consequences of this overexpression on purinergic recep-
tor signaling and LPA production. Infection of SK-OV-3
cells with these viruses resulted in a substantial increase in
the appropriate PLD proteins measured by Western blot-
ting (Fig. 8A, B). Using an exogenous substrate assay in
vitro consistent with the RNA analysis and Western blot-
ting experiments, SK-OV-3 cell membranes contained
readily measurable PLD activity that was dependent on
PI(4,5)Py and modestly increased by guanosine 5'-O-(3-
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Fig. 7. Effects of suramin and ATP on UTP-stimulated PLD activ-
ity in SK-OV-3 cells. A: PLD activity was determined using the
transphosphatidylation assay in SK-OV-3 cells that were exposed to
vehicle or the indicated concentrations of ATP in the presence
(black bars) or absence (open bars) of 100 wM suramin for 10 min.
The data are the means = SD of triplicate determinations from a
representative experiment. B: The effect of 1 mM ATP on stimula-
tion of PLD activity by the indicated concentrations of UTP was de-
termined as described in the text. The data are means * SD of trip-
licate determinations from a representative experiment.

thio)-triphosphate (GTPvyS)-preactivated ADP-ribosylation
factor 1 (ARF1). Infection of the cells with these PLD1 or
PLD2 adenoviruses produced substantial increases in
PI(4,5)Po-dependent PLD activity. PLD1 activity was sensi-
tive to stimulation by ARF, while PLD2 activity was much
less responsive to this activator (Fig. 8C).

Intact cell PLD activity was determined after labeling
substrate phospholipids with [3H]palmitic acid by a
transphosphatidylation assay. Infection of the cells with
adenovirus for expression of PLD2 produced a modest in-
crease in basal PLD activity, and the increase in PLD activ-
ity was more dramatic when the cells were stimulated with
nucleotide agonists and PMA. By contrast, adenovirus-
mediated expression of PLD1 produced a more modest in-
crease in UTP-stimulated PLD activity and much smaller
increases in PLD activity in response to stimulation with
ATP and PMA. These results suggest that PLD2 is much
more responsive to activation of the P2Y, receptor than is
PLDI1. SK-OV-3 cells express LPA receptors (12). We
found that adenovirus-mediated expression of PLD1 but
not PLD2 in these cells produced a 2-fold increase in LPA-
stimulated PLD activity (data not shown). Together with
our demonstration that adenovirus-expressed PLD1 is ac-
tive in SK-OV-3 cells when measured in vitro, these results
suggest that the apparent preference shown by the P2Y,
receptor for activation of PLDZ2 activity does not arise
from some undefined impairment of recombinantly ex-
pressed PLDI.
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Fig. 8. Adenovirus-mediated expression of PLD1 and PLD2 in SK-
OV-3 cells. A: SK-OV-3 cells were infected with a control adenovirus
or with adenoviruses for expression of PLD1 or PLD2 as described
in the text. After 48 h, the medium was removed and cells scraped
into ice-cold lysis buffer before disruption by sonication. PLD activ-
ity was measured in lysates from these cells using exogenous sub-
strate as described in the text. Assays contained no activator (gray
bars), 1 mM guanosine 5’-0-(3-thio)-triphosphate preactivated ADP-
ribosylation factor 1 (ARF1) (black bars), or ARF1, but phosphatidyl-
inositol 4,5-bisphosphate was omitted from the substrate prepara-
tions (white bars). The data are means = SD of triplicate determina-
tions from a representative experiment. B, C: Lysates from SK-OV-3
cells infected with control adenovirus, adenoviruses for expression
of PLD1 and PLD2, or from sf9 insect cells that were infected with
recombinant baculoviruses for expression of PLD1 and PLD2 were
analyzed by SDS-PAGE on a 10% gel followed by Western blotting
using PLD isoform-specific antibodies. D: SK-OV-3 cells were in-
fected with control adenovirus (white bars) or adenoviruses for ex-
pression of PLD1 or PLD2 (gray and black bars, respectively), and
PLD activity was determined by the transphosphatidylation assay de-
scribed in the text after treatment of the cells with vehicle, 1 mM
ATP, 10 pM UTP, or 10 nM PMA for 10 min. The data shown are
mean * SD of triplicate determinations from a representative ex-
periment.

A role for PLD2 in LPA synthesis

We used the adenovirus expression system described
above to explore the role of PLD1 and PLD2 in constitu-
tive and purinergic agonist-regulated LPA production by
SK-OV-3 cells. Catalytically inactive mutants of PLD1 and
PLD2 have been reported to have interfering effects on
endogenous PLD activities and PLD-regulated processes
in a number of different cell types (31, 32). We found that
adenovirus-mediated expression of an inactive PLD2 mu-
tant (PLD2K898R), but not of an inactive PLD1 mutant
(PLD1K556R), produced a significant (P < 0.1) 30-40%
inhibition of both ATP- and UTP-stimulated increases in
PLD activity in SK-OV-3 cells (Fig. 9A). We therefore ex-
amined the effects of adenovirus-mediated overexpression
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of wild-type or inactive mutants of PLD1 and PLD2 on
basal- and UTP-stimulated LPA production by SK-OV-3
cells. Overexpression of PLD1 had no significant effect on
basal- or UTP-stimulated LPA production by the cells. By
contrast, overexpression of PLD2 produced a robust and
significant (P < 0.1) 2.2-fold increase in UTP-stimulated
LPA production by these cells and a more modest rise in
basal LPA production. Expression of inactive PLD1 had
no significant effect on basal- or agonist-stimulated LPA
production by SK-OV-3 cells, but we found that adeno-
virus-mediated expression of the catalytically inactive PLD2
mutant produced a modest but not statistically significant
inhibition of basal- and nucleotide-stimulated LPA pro-
duction (Fig. 9B). Taken together, these data suggest that
PLD2 is selectively coupled to activation by nucleotide re-
ceptors and has a role in agonist and possibly also consti-
tutive LPA production by SK-OV-3 cells.

PLA and lysophospholipase activities in SK-OV-3 cells
The simplest way in which PLD2 could participate in
LPA production by SK-OV-3 cells would be through direct
hydrolysis of lysoPC. To test the activity of PLD1 and PLD2
against this substrate, both enzymes were purified and in-
cubated with [3H]choline-labeled lysoPC under assay con-
ditions that support high activity against PC. In the case of
PLDI1, assays contained 1 mM GTPvyS-preactivated ARFI.
While both enzymes could readily hydrolyze PC, no activity
was observed with lysoPC as substrate (Table 1). Interest-

1.75 - o Control o Control
o UTP o UTP

= ATP

>

ve)

8
—-

15 1

PLD Activity (Fold Increase)
LPA (pmol)

1.25

Fig. 9. Effects of adenovirus-mediated expression of wild-type
and inactive mutants of PLD1 and PLD2 on PLD activity, and con-
stitutive- and agonist-stimulated LPA production by SK-OV-3 cells.
A: SK-OV-3 cells were infected with adenovirus control or with vi-
ruses for expression of catalytically inactive mutants of PLDI1 or
PLD2. PLD activity was determined in cells treated with vehicle
(white bars), 10 pM UTP (gray bars), or 1 mM ATP (black bars) for
10 min. The data are means = SD from a representative experi-
ment. B: SK-OV-3 cells were infected with control adenovirus or
with adenoviruses for expression of wild-type or catalytically inac-
tive mutants of PLD1 and PLD2. Serum-starved cells were treated
with vehicle or with 10 wM UTP for 10 min, and LPA production
quantitated as described in the text. The data are means * SD of
triplicate determinations.
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ingly though, we were able to detect a lysoPC PLD activity
in SK-OV-3 cell membranes, and more dramatically in SK-
OV-3-cell culture medium (Table 1). PLD could also par-
ticipate indirectly in production of LPA by generating PA
substrate for the actions of PLA enzymes. We used a com-
bination of [32P]PA and PA that was selectively labeled in
either the 1- or 2-acyl chains in an attempt to measure
such activities in extracts and culture medium from SK-
OV-3 cells. We found that SK-OV-3 cell lysates, subcellular
fractions, and culture medium contained a PA-specific
PLA activity that was selective for release of the sn-2-acyl
chain. Although we have not identified the enzyme re-
sponsible, the properties of this activity are similar to
those of a Ca®>-independent PA-preferring phospholipase
Ay (PLAy) that has been reported in other cell types (11).
Our results identify a potential pathway for formation of
LPA from PA in SK-OV-3 cells, in which PA generated by
the action of PLD is a substrate for LPA production by a
substrate-selective PLA,.

DISCUSSION

Although possibly all mammalian cell types are respon-
sive to LPA, only a few cells have been shown to actively re-
lease this mediator into extracellular space. Extensive inves-
tigations into the enzymes and pathways involved in LPA
production by cells have been hampered by the technical
challenge of measuring LPA mass. LPA is a minor constitu-
ent of cells and biological fluids, so quantitation of LPA in
these materials requires both resolution of LPA from more
abundant lipids and an effective detection step. Chemical

TABLE 1. Phospholipase and lysophospholipase activities of purified
PLD proteins, SK-OV-3 cell fractions, and medium

Source of Enzyme Substrate Product(s)
% substrate
Purified PLD1 1-[*H] palmitoyl-PC PA 78
1-[*H]palmitoyl-lysoPC lysoPA 0
Purified PLD2 1-[*H] palmitoyl-PC PA 85
1-[*H]palmitoyl-lysoPC LPA 0
SK-OV-3 cells
Particulate 1-[*H]palmitoyl-lysoPC LPA 0.8
Soluble 1-[*H] palmitoyl-lysoPC LPA 0.3
Medium 1-[*H]palmitoyl-lysoPC LPA 17
SK-OV-3 cells
Particulate [32P]dipalmitoyl-PA LPA 0.1
Soluble [32P] dipalmitoyl-PA LPA 2.5
Medium [32P]dipalmitoyl-PA LPA 5.5
SK-OV-3 cells
Particulate 1-[*H] palmitoyl-lysoPA LPA 0.1
Soluble 1-[*H] palmitoyl-lysoPA LPA 1.3
Medium 1-[*H] palmitoyl-lysoPA LPA 2.3

LPA, lysophosphatidic acid; PA, phosphatidic acid; PLD, phospholi-
pase D; PC, phosphatidylcholine; lysoPC, lysophosphatidylcholine.

The indicated purified proteins or material derived from SK-OV-3
cells or culture medium was incubated with the indicated radiolabeled
substrates under conditions described in the text. The reactions were
terminated and analyzed by TLC followed by autoradiography, fluorog-
raphy, or liquid scintillation counting. Products were identified by chro-
matography with authentic standards and are expressed as a percentage
of the total amount of substrate added to each reaction.
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analysis of LPA can be accomplished by tandem chromatog-
raphy/mass spectrometry or by radiolabeling cellular phos-
pholipids with a suitable precursor and chromatographic
separation of LPA from other labeled metabolites. Alterna-
tively, bioassays for LPA have been developed that exploit
the selectivity of LPA receptors or LPA-metabolizing en-
zymes for the lipid. These include the use of LPA acyltrans-
ferase with radiolabeled fatty acyl CoA of known specific ra-
dioactivity or the combination of phospholipase-B and
coupled detection of the glycerol-3-phosphate formed by a
redox-coupled dehydrogenase reaction (3-8, 10, 33, 34).
Here we show that mLPAP can be used to selectively de-
phosphorylate LPA in lipid extracts from biological sam-
ples. This enzyme can therefore be used for measurement
of LPA by coupling this selective dephosphorylation to a
highly sensitive enzymatic assay for phosphate. Recombi-
nant LPAP is relatively simple to generate, and the basic as-
say procedure uses commercially available reagents and
common laboratory equipment. The lower sensitivity limit
of the assay is ~2-5 pmol, which is more than adequate for
detection of LPA production by cultured cells.

We have used this assay to make four novel observations
about the mechanisms involved in the generation of LPA
by cultured ovarian cancer cells. First, we show that these
cells generate functionally significant levels of LPA. Serum-
deprived SK-OV-3 cells release LPA into the culture me-
dium in a time-dependent manner, reaching an approxi-
mate concentration of ~4 nM after 1 h. This rate of LPA
production is somewhat higher than that reported for cul-
tured adipocytes (33, 35). Although LPA concentrations
were not determined, several ovarian cancer cell lines have
been shown to release radiolabeled LPA into the culture
medium constitutively and in response to LPA itself (16).
Our data substantiate and extend these findings and are
consistent with the proposal that ovarian cancer cells
themselves are the source of LPA in ovarian cancer ascites
fluid. The levels of LPA generated by these cells are suffi-
cient for biological activity, and they support the idea that
autocrine actions of LPA may provide a relevant stimulus
for growth and survival of ovarian cancer cells (14).

Our second observation is that nucleotide agonists pro-
mote LPA release by ovarian cancer cells. The most effica-
cious agonist tested, UTP, increased LPA production al-
most 4-fold over basal. Pharmacological studies and RNA
analysis implicate a G-protein-coupled P2Y, receptor in
this process. Activation of phospholipase-C and conse-
quent Ca%* mobilization has been reported in response to
purinergic agonists in two other ovarian cancer cell types
(36, 37). While it is now not clear if there are differences
in purinergic responses between normal ovarian surface
epithelium and ovarian cancer cells, our results suggest
that purinergic agonists may play an unappreciated role
in the development and progression of this disease. Un-
like LPA, purinergic agonists are generally not capable of
eliciting a mitogenic response, yet surprisingly, extracellu-
lar ATP was found to stimulate proliferation of an ovarian
cancer cell line (37). Our finding that purinergic agonists
stimulate production of LPA by SK-OV-3 cells raises the
possibility that the mitogenic actions of nucleotides are in-

direct and mediated by autocrine actions of LPA pro-
duced in response to purinergic receptor activation.

Third, our work identifies a role for PLD in the signaling
pathways initiated by nucleotide agonists in ovarian cancer
cells. Members of the P2Y class of receptors couple to mem-
bers of both the pertussis toxin-sensitive G; family of hetero-
trimeric G-proteins and to the pertussis toxin-insensitive G,
and possibly Gj9,13 families. Consequent responses to ago-
nist activation of these receptors therefore typically include
inhibition of adenylate cyclase and activation of inositol lipid-
specific PLC with subsequent Ca? mobilization and increases
in protein kinase-C activity (25). We found that purinergic
agonists also produce a robust stimulation of PLD activity in
SK-OV-3 cells. Overexpression studies using adenovirus vec-
tors indicated that PLD2 was selectively responsive to puri-
nergic receptor activation. To substantiate the results of
these overexpression studies, we used catalytically inactive
mutants of PLD1 and PLD2, which have been shown to exert
inhibitory effects on endogenous PLD activities and pre-
sumptively PLD-regulated processes (31, 32). Although the
mechanisms involved have not been defined, it is likely that
the interfering actions of these mutants arise from competi-
tion with their endogenous counterparts for regulatory pro-
teins. We found that adenovirus-mediated expression of an
inactive mutant of PLD2 but not PLD1 produced a signifi-
cant inhibition of purinergicreceptorstimulated PLD activ-
ity in SK-OV-3 cells. Although PLD2 can clearly respond to
extracellular signals, in contrast to PLD1, which is directly re-
sponsive to GTP binding proteins and protein kinase-C, little
is known about the regulatory mechanisms involved (30).
Differential localization of PLD1 or PLD?2 to specific intracel-
lular membranes likely underlies some of the regulatory and
functional differences between these two enzymes. Although
attempts to localize endogenous PLD enzymes in SK-OV-3
cells using antibodies available to us were inconclusive, stud-
ies using transient overexpression of GFP-tagged variants of
PLDI1 and PLD2 indicated that both enzymes localized pre-
dominantly to intracellular membranes, possibly endosomes,
and not to the plasma membrane (unpublished observa-
tions). While these findings do not readily explain the differ-
ential coupling of PLD2 to purinergic receptor activation,
they suggest that the enzyme is being activated in an intracel-
lular membrane compartment.

Finally, our work implicates activation of a specific PLD
enzyme, PLD2, in the pathways by which purinergic ago-
nists promote LPA production by ovarian cancer cells.
These enzymes generate PA by hydrolysis of PC, and while
a variety of genetic and cell biological evidence supports
roles in membrane trafficking, their precise roles in cell
regulation remain to be defined. Western blotting, RNA
analysis, and in vitro assays conducted under conditions
that can discriminate between the two enzymes reveal that
SK-OV-3 cells express both PLD1 and PLD2. Adenovirus-
mediated overexpression of PLD2 produced a modest in-
crease in constitutive LPA production by SK-OV-3 cells and
a more substantial increase in purinergic agonist-stimu-
lated LPA production. The latter of these processes was sig-
nificantly attenuated by infection of the cells with an ade-
novirus for expression of a catalytically inactive PLD2
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mutant. Together, these data suggest that PLD2 functions
in pathways that control agonist-regulated and possibly
constitutive-LPA production by ovarian cancer cells. How
this is achieved is at present unclear. The simplest possibil-
ity is that PLD2 generates LPA directly by hydrolysis of
lysoPC, but this does not seem to be the case, as we found
that neither PLD1 nor PLD2 can hydrolyze lysoPC under
conditions in which they are highly active against PC. How-
ever, our results demonstrate that lysates from SK-OV-3
cells as well as culture medium contained a Ca?*-indepen-
dent PLA, activity that preferentially hydrolyzed PA to gen-
erate LPA. Enzymes with this type of activity have been de-
scribed by several groups, but at present we do not know if
the relevant genes are expressed in SK-OV-3 cells (38, 39).

Our results suggest a potential pathway for LPA synthesis
by SK-OV-3 cells in which PLD-catalyzed formation of PA
from cellular phospholipid substrates precedes formation
of LPA by PLAy activity, and are consistent with the previ-
ous observation that primary alcohols inhibit LPA produc-
tion by ovarian cancer cells (16). We cannot, however, ex-
clude an indirect regulatory role for PLD in LPA synthesis
and, given the widely demonstrated roles for these en-
zymes in control of membrane transport and exocytosis,
and the likely roles of these processes in delivering en-
zymes and substrates for LPA production into the extracel-
lular space, this possibility merits further investigation.

Ovarian cancer ascites fluid contains biologically active
levels of LPA, which stimulate the growth, survival, motil-
ity, and resistance to chemotherapeutics of primary ova-
rian cancer cells and ovarian cancer cell lines but not of
immortalized ovarian surface epithelium. This altered re-
sponsiveness to LPA may reflect changes in expression of
LPA receptors in ovarian cancer cells or up-regulation of
LPA signaling responses, most notably the PI3-kinase
pathway (14). Overexpression of the LPP3, which inacti-
vates LPA in the extracellular space and thereby opposes
the signaling actions of the lipid, was shown to result in
decreased growth and tumorigenic potential and in-
creased rates of apoptosis in several ovarian cancer cell
lines, including SK-OV-3 cells (40). Our results suggest
that the pathways responsible for LPA synthesis by ovarian
cancer cells may provide a similar target for therapeutic
intervention in ovarian cancer.fill
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