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Abstract

Human-amniotic WISH cells express the lysophosphatidic acid (LPA) receptor, LPA1, LPA2 but not LPA3. When WISH cells were

stimulated with LPA, phospholipase D (PLD) activation was dramatically induced via a cytosolic calcium increase and protein kinase C

activation. We also found that LPA stimulated two kinds of mitogen-activated protein kinase (MAPK), extracellular signal-regulated

kinase (ERK) and p38 kinase via PLD-dependent signaling pathways in WISH cells. In terms of the LPA-mediated functional modulation

of WISH cells, we observed that LPA stimulates the induction of two early genes (c-Jun and c-Fos) and cellular proliferation in WISH

cells. We examined the signaling pathways involved in LPA-mediated cellular responses. LPA-induced early gene induction was

completely blocked by normal butanol (n-butanol) but not by t-butanol, suggesting that PLD activity is essentially required for the process.

PD98059 (20-amino-30-methoxyflavone) but not SB203580 (4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole)

also significantly blocked LPA-induced early gene induction, suggesting a crucial role for ERK. Pertussis toxin (PTX) did not affect on the

LPA-induced early gene induction and ERK activation, ruling out the role of Gi/o protein(s) in the process. The cellular proliferation of

WISH cells was also dramatically inhibited by n-butanol or PD98059. This study demonstrates the physiological role of LPA on the

modulation of early gene induction and on WISH cell proliferation, and the crucial role played by PLD in the process.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Lysophosphatidic acid (LPA) is an important lipid med-

iator, with wide-ranging physiological activities [1,2]. LPA

has been reported to induce cellular proliferation in several

cell types, including primary ovarian carcinoma cells and

prostate cancer cell lines [3,4]. Some reports have demon-

strated that LPA dramatically affects the actin cytoskele-

ton, especially in neuronal origin cells [5]. LPA also

regulates the tissue remodeling processes occurring during

growth, differentiation, and the regression of the corpus

luteum [6]. In terms of LPA cell surface receptors, a family

of G-protein coupled receptors called endothelial differ-

entiation genes (EDGs) has been shown to contain specific

LPA receptors. This family includes EDG2/LPA1, EDG4/

LPA2, and EDG7/LPA3 [7,8]. Although many previous

reports have demonstrated the pivotal role of LPA in the

modulation of several biological responses, the expression

of LPA receptors in amnion cells and the role of LPA in

these cells have not been previously studied.

LPA can be produced in activated cells by the hydrolysis

of preexisting cellular membranes phospholipids [9].

Serum is regarded as a major reservoir of LPA, and serum

LPA can be generated by platelets activated by thrombin
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[10]. Recently, reproductive tissues have been reported to

be important source of locally synthesized LPA [11]. Since

LPA is present in follicular fluid and in the ascites of

ovarian cancer patients, LPA in the ovary is considered to

be produced by the ovary itself [12]. However, the role of

LPA in the regulation of reproduction has not been fully

investigated.

In this study, we aimed to investigate whether LPA

receptors are expressed on human amnion-derived WISH

cells and LPA modulate cellular activity of the cells. We

also investigated the signaling pathways involved in the

LPA-mediated WISH cell activation.

2. Materials and methods

2.1. Reagents

The reverse transcription-polymerase chain reaction kit

was purchased from Invitrogen Corporation (Carlsbad,

CA), and fetal calf serum from Hyclone (Logan, UT).

Enhanced chemiluminescence reagents were from Amer-

sham Biosciences (Piscataway, NJ), and phospho-ERK1/2,

phospho-p38 kinase, ERK2, c-Jun, and c-Fos antibodies

from New England Biolabs (Beverly, MA). PD98059 (20-
amino-30-methoxyflavone) and SB203580 (4-(4-fluoro-

phenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imi-

dazole) were obtained from Calbiochem (San Diego, CA)

and were dissolved in dimethyl sulfoxide before being

added to cell culture. The final concentrations of dimethyl

sulfoxide in culture were 0.1% or less.

2.2. Cell culture

The WISH human amnion cell line was obtained from

the American Type Culture Collection (Manassas, VA).

WISH cells were cultured in RPMI 1640 media supple-

mented with 2 mM L-glutamine, 100 U/ml penicillin,

100 mg/ml streptomycin, and 10% fetal calf serum at

37 8C in a humidified 5% CO2 atmosphere. The cells were

subcultured twice weekly by trypsinization and seeded in

either 12- (2 � 105 cells per well) or 6-well plates (5 � 105

cells per well).

2.3. RT-PCR analysis

mRNAwas isolated using a QIAshredder and an RNeasy

kit (Qiagen, Hilden, Germany). mRNA, M-MLV reverse

transcriptase, and pd(N)6 primers (GIBCO BRL, Gaithers-

burg, MD) were used to obtain cDNA. The primers used for

the RT-PCR analysis have been reported previously [13].

The sequences of the primer used were as follows; LPA1

receptor (349 bp product): sense, 50-TCT TCT GGG CCA

TTT TCA AC-30; anti-sense, 50-TGC CTR AAG GTG

GCG CTC AT-30. LPA2 receptor (798 bp product): sense,

50-CCT ACC TCT TCC TCA TGT TC-30; anti-sense,

50-TAA AGG GTG GAG TCC ATC AG-30. LPA3 receptor

(382 bp product): sense, 50-GGA ATT GCC TCT GCA

ACA TCT-30; anti-sense, 50-GAG TAG ATG ATG GGG

TTC A-30. GAPDH (246 bp product): sense, 50-GATGA-

CATCAAGAAGGTGGTGAA-30, anti-sense, 50-GTC

TTA CTC CTT GGA GGC CAT GT-30. We ran 30 PCR

cycles of 94 8C (denaturation, 1 min), 62 8C (annealing,

1 min), and 72 8C (extension, 1 min). PCR products were

electrophoresed on a 2% agarose gel and visualized by

ethidium bromide staining.

2.4. [Ca2þ]i measurements

Intracellular calcium concentration ([Ca2þ]i) was deter-

mined using Grynkiewicz’s method using fura-2 pentaa-

cetoxymethylester (fura-2/AM) [14]. Briefly, prepared

cells were incubated with 3 mM fura-2/AM at 37 8C for

50 min in fresh serum free RPMI 1640 medium with

continuous stirring. 2 � 106 cells were aliquoted for each

assay into Ca2þ free Locke’s solution (154 mM NaCl,

5.6 mM KCl, 1.2 mM MgCl2, 5 mM HEPES, pH 7.3,

10 mM glucose, and 0.2 mM EGTA). Fluorescence was

measured at 500 nm at excitation wavelengths of 340 and

380 nm, and the calculated fluorescence ratio was trans-

lated into [Ca2þ]i.

2.5. Measurement of phosphatidylbutanol formation

The production of phosphatidylbutanol (PBt) was deter-

mined using a slight modification of the method previously

reported [15]. WISH cells were seeded at 1 � 106 cells/ml

in RPMI 1640 medium containing 10% FBS, and cultured

for 20 h with serum free RPMI1640 medium. The cells

were then loaded with [3H]myristic acid (5 mCi/ml) for 4 h

at 37 8C, washed twice with serum-free RPMI 1640 med-

ium, and stimulated with LPA in the presence of 0.5%

normal butanol (n-butanol). After 30 min, the reactions

were quenched by adding 0.5 ml ice-cold methanol, and

the medium was aspirated. Total lipids were extracted after

adding 0.5 ml of chloroform and 0.5 ml of 1 M NaCl, by

vigorous vortexing. The lower phase obtained after cen-

trifugation at 550 � g for 10 min was dried under nitrogen.

The lipids were then dissolved in chloroform: methanol

(95:5), spotted onto silica gel 60 TLC plates, and separated

using a solvent system containing chloroform:methanol:a-

cetic acid (90:10:10), as described previously [15]. In order

to determine the quantity of PBt and the total lipids, we

used a Fuji BAS-2000 image analyzer (Fuji Film Co.,

Ltd.).

2.6. Western blot analysis

WISH cells were plated in a six-well plate and treated

LPA for different times. The cells were then washed with

cold-PBS, scraped off, and pelleted at 700 � g at 4 8C. The

cell pellet obtained was resuspended in lysis buffer
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(50 mM Tris–HCl, pH 8.0, 5 mM EDTA, 150 mM NaCl,

0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride,

and protease inhibitor cocktail), cleared by centrifugation,

and the supernatant saved as a whole-cell lysate. Proteins

(30 mg) were separated by 10% reducing SDS-polyacry-

lamide gel electrophoresis and electroblotted in 20%

methanol, 25 mM Tris, and 192 mM glycine onto a nitro-

cellulose membrane. The membrane was then blocked with

5% nonfat dry milk in Tris-buffered saline-Tween 20

(25 mM Tris–HCl, 150 mM NaCl, and 0.2% Tween 20),

incubated with antibodies for 4 h, washed, and re-incu-

bated for 1 h with secondary antibodies conjugated to

horseradish peroxidase. Finally, the membrane was washed

and developed using an enhanced ECL system.

2.7. Cellular proliferation assay

WISH cells were routinely grown in RPMI 1640 sup-

plemented with 10% fetal bovine serum, 100 units/ml

penicillin, and 100 mg/ml streptomycin at 37 8C under

5% CO2. For LPA treatment, the cells were seeded in

24-well plates, in triplicate, at 5 � 104 cells per well.

Complete medium was replaced with serum free medium

to starve the cells for 24 h. LPAwas added to the cultures to

promote growth activity with or without several kinase

inhibitors. [3H]thymidine (1 mCi/ml) was added and incu-

bation was continued for 24 h. The medium was then

removed and the cells were fixed with 5% cold trichlor-

oacetic acid (TCA) for 15 min. TCA precipitated material

was solubilized in 1 M NaOH for 1 h and neutralized by

adding 1 M HCl. [3H]thymidine uptake was determined by

liquid scintillation counting.

2.8. Statistics

The results are expressed as means � S:E: of the number

of determinations indicated. The student’s t-test was used

to compare individual treatments with their respective

control values. Significance was accepted when P < 0:05.

3. Results

3.1. Expression of LPA receptors in WISH cells

Previously we reported that human amnion-derived

WISH cells express cell surface receptors for S1P [16].

In this study, we investigated whether cell surface receptors

for LPA are expressed on WISH cells. To determine which

LPA receptor isoforms are expressed on WISH cells, we

analyzed the mRNA expressions of different LPA receptors

by semi-quantitative RT-PCR. As shown in Fig. 1, WISH

cells expressed two forms of LPA receptor, namely, LPA1

and LPA2 (Fig. 1); we were unable to detect LPA3 expres-

sion (Fig. 1). We confirmed that the RT-PCR product

obtained without the addition of reverse transcriptase

did not contain a DNA band (Fig. 1), indicating that WISH

cells express LPA1 and LPA2.

3.2. Stimulation of intracellular calcium increase via

phospholipase C activation by LPA in WISH cells

Several previous reports have demonstrated that the

activation of LPA-specific receptors by LPA binding

causes diverse intracellular signals, including intracellular

calcium increases [3–5]. To confirm that LPA receptors

on WISH cells are functional, we examined the effect

of LPA upon intracellular calcium concentration ([Ca2þ]i)

in WISH cells. As shown in Fig. 2A, the stimulation

of WISH cells with 5 mM of LPA caused a [Ca2þ]i

increase in the presence or in the absence of extracellular

calcium. One of the well-known mechanism of [Ca2þ]i

increase in the absence of extracellular calcium is the

phospholipase C (PLC)-dependent inositol-1,4,5-trispho-

sphates-mediated response [17]. To determine the role of

Fig. 1. Expression of LPA receptors in WISH cells. RT-PCR analysis was

performed on mRNA isolated from cultured WISH cells. The data

presented are representative of three independent experiments. RTase

indicates M-MLV reverse transcriptase.

Fig. 2. The effect of LPA on intracellular calcium increase in WISH cells.

WISH cells were stimulated with 5 mM of LPA, and [Ca2þ]i was

determined fluorometrically using fura-2/AM. Peak [Ca2þ]i levels were

recorded (A). WISH cells were pretreated with 5 mM of U73122 or 5 mM

of U73343 prior to 5 mM of LPA, and [Ca2þ]i was determined (B). Data are

representative of four independent experiments (A, B).
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PLC on LPA-induced [Ca2þ]i increase, we pretreated the

cells with a specific PLC inhibitor, U-73122 or with its

inactive analogue U-73343. Fig. 2B shows that U-73122,

but not U-73343, completely inhibited LPA-induced

[Ca2þ]i increase. This result indicates that LPA stimulates

[Ca2þ]i increase via PLC activation in WISH cells.

3.3. Activation of phospholipase D via protein kinase

C- and Ca2þ-dependent signaling by LPA in WISH cells

Phospholipase D (PLD) is regarded as a key enzyme,

which is involved in the modulation of several functions

in several cell types [18,19]. In this study, we examined

the effect of LPA on PLD activity in WISH cells by using

the transphosphatidylation reaction, which is character-

istic of PLD in the presence of 0.5% n-butanol. LPA

stimulated the formation of PBt in a concentration depen-

dent manner, with maximal activity at 5 mM (Fig. 3A).

The kinetics of LPA-stimulated PBt formation was also

examined. When WISH cells were stimulated with 5 mM

LPA for various times, PBt formation dramatically

increased within 2 min of stimulation and plateaued at

5 min (Fig. 3B).

In order to investigate the signaling pathway leading to

PLD activation by LPA, we examined the roles of several

signaling molecules. The addition of an effective concen-

tration (5 mM) of the PLC-inhibitor (1-[6-((17b-3-Meth-

oxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1H-pyrrole-

2,5-dione; U73122) or the PKC-inhibitor (GF109203X)

almost completely inhibited LPA-induced PLD activation

(Fig. 3C), which was also almost completely inhibited

when WISH cells were preincubated with 10 mM BAPTA/

AM prior to LPA stimulation (Fig. 3C). However, pre-

treatment with LY294002, a phosphatidylinositol 3-kinase-

selective inhibitor, did not affect the PLD activity induced

by LPA (Fig. 3C), suggesting that LPA stimulates PLD

activation in a PLC/Ca2þ- and PKC-dependent manner in

WISH cells.

3.4. Role of PLD on the stimulation of extracellular

signal-regulated protein kinase phosphorylation by

LPA in WISH cells

Mitogen-activated protein kinase (MAPK) has been

reported to mediate extracellular signals to the nucleus in

various cell types [20]. In this study, we examined

whether LPA stimulates MAPKs by Western blotting

with anti-phospho-specific antibodies to each enzyme.

When WISH cells were stimulated with 5 mM LPA

for different times, the phosphorylation level of extra-

cellular signal regulated protein kinase (ERK) transiently

increased, showing maximal activity after 2–5 min

of stimulation (Fig. 4A), and returning to the baseline

10 min after stimulation (Fig. 4A). Another important

MAPK, p38 kinase, was also transiently phosphorylated

by LPA stimulation with kinetics that resembled those

of ERK phosphorylation (Fig. 4A). Many studies have

demonstrated that n-butanol exerts its anti-PLD effect

in part by suppressing PA formation [21–23]. Therefore,

we examined whether n-butanol inhibits LPA-induced

ERK phosphorylation in WISH cells, by stimulating

WHSH cells with LPA in the presence of 0.5% n-butanol

for 5 min. As shown in Fig. 4B, n-butanol inhibited

Fig. 3. Effect of LPA on the formation of PBt in WISH cells. WISH

cells were cultured with serum free medium for 20 h, and then labeled

with [3H]myristic acid (2 mCi/ml) for 4 h. After three washes with PBS

the labeled cells were stimulated with various concentrations of LPA in

the presence of 0.5% n-butanol for 15 min (A) or with 5 mM of LPA

in the presence of 0.5% n-butanol for various times (B). [3H]myristic

acid-labeled WISH cells were pretreated with U73122 (5 mM), BAPTA/

AM (10 mM), GF109203X (5 mM), or LY294002 (50 mM), or with

vehicle alone (C) for 15 min, and then stimulated with LPA (5 mM) for

15 min in the presence of 0.5% n-butanol. The amount of [3H]PBt

formed is expressed as a percentage of total labeled lipids. Data are

average values � S:E: of three independent experiments performed in

triplicate.
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LPA-induced ERK phosphorylation, but t-butanol did not

(Fig. 4B). These results indicate that LPA stimulates

ERK phosphorylation via a PLD-mediated pathway.

3.5. Early gene induction by LPA in WISH cells

In order to examine the effect of LPA on the regulation

of gene expression, we investigated the effect of LPA

on early gene induction. As shown in Fig. 5A, the stimula-

tion of WISH cells with 5 mM of LPA enhanced the

expression of c-Fos at 1–3 h later (Fig. 5A). The stimula-

tion of WISH cells with 5 mM of LPA also enhanced

c-Jun expression, which showed maximal activity in

1–6 h after treatment (Fig. 5A). We investigated the

role of the two MAPKs (ERK and p38 kinase) on LPA-

induced early gene induction using two different MAPK

inhibitors. PD98059, a selective MEK inhibitor, was found

to block LPA-induced early gene induction (Fig. 5B).

However, SB203580, a selective p38 kinase inhibitor,

did not affect LPA-induced early gene induction. These

results indicate that MEK-dependent ERK activity, but

not p38 kinase activity, is essentially involved in

LPA-induced early gene induction. We also examined

the role of PLD in LPA-induced early gene induction in

WISH cells. As shown in Fig. 5C, LPA-induced early gene

induction was inhibited by 0.5% n-butanol but not by 0.5%

t-butanol, suggesting the crucial role played by PLD in this

process.

Fig. 4. Activation of MAPKs by LPA in WISH cells. WISH cells were

stimulated with 5 mM of LPA for various times (A). The cells were then

stimulated with vehicle or 5 mM LPA in the presence of 0.5% n-butanol or

0.5% t-butanol (B). Each sample (30 mg of protein) was subjected to 10%

SDS-PAGE, and phosphorylated ERK or p38 kinase was determined by

immunoblotting using anti-phospho-ERK antibody or anti-phospho-p38

kinase antibody. The results shown are representative of at least three

independent experiments.

Fig. 5. Effect of LPA on early gene induction in WISH cells. WISH cells were treated with 5 mM of LPA for various times (A); or cells were preincubated

with PD98059 (50 mM) or SB203580 (20 mM) for 15 min prior to adding 5 mM LPA for 1 h (B). Cells were stimulated with vehicle or 5 mM LPA in the

presence of 0.5% n-butanol or 0.5% t-butanol (C). LPA-treated WISH cells were lysed and the extracted protein was immunodetected with c-Fos or c-Jun

specific antibodies. Western blotting analysis was performed with anti-actin antibody to confirm equal protein loadings. The results shown are representative

of at least three independent experiments.
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3.6. Involvement of pertussis toxin (PTX)-insensitive

pathway on the LPA-induced early gene induction

We investigated the role of PTX-sensitive G-protein on

LPA-induced early gene induction. Cultured WISH cells

were preincubated with 100 ng/ml of PTX prior to being

stimulated with 5 mM LPA. We found that pretreatment

with PTX did not block early gene induction by LPA

(Fig. 6A), showing that LPA induces early gene induction

in a PTX-insensitive manner. Fig. 5B shows that LPA-

stimulated early gene induction was inhibited by >95% by

PD98059, thus indicating the critical role played by ERK

in this process. We also examined the effect of PTX on

LPA-induced ERK phosphorylation. When WISH cells

were preincubated with 100 ng/ml of PTX prior to being

stimulated with 5 mM LPA, LPA-induced ERK phosphor-

ylation was not found to be blocked (Fig. 6B). This result

supports our notion that LPA stimulates early gene induc-

tion via a PTX-insensitive pathway and that ERK is

critically involved in this process.

3.7. Involvement of PLD and ERK activity on the

LPA-induced cellular proliferation

In order to examine the effect of LPA on the regulation

of cell proliferation, we investigated the effect of LPA on

[3H]thymidine incorporation in WISH cells. As shown in

Fig. 7A, the stimulation of WISH cells by several con-

centrations of LPA for 24 h induced [3H]thymidine

incorporation in a concentration-dependent manner. The

stimulation of WISH cells with 10 mM of LPA enhanced

this [3H]thymidine incorporation by around two-fold ver-

sus the unstimulated control (Fig. 7A). Several studies have

reported that PA, a product of phosphatidylcholine hydro-

lysis by PLD, is involved in the modulation of various

cellular functions [21–23]. In this study, we found that LPA

stimulates PLD activity in WISH cells (Fig. 3). In order to

examine the role of PLD on this LPA-stimulated cell

proliferation, we used a well-known PA acceptor, n-buta-

nol. LPA stimulated the formation of PBt not of PA in the

presence of 0.5% n-butanol, as shown in Fig. 3, whereas PA

formation during treatment with LPA was not blocked in

the presence of 0.5% t-butanol. Fig. 7B shows that the

LPA-induced [3H]thymidine incorporation in WISH cells

was blocked by 85% in the presence of 0.5% n-butanol, but

not in the presence of 0.5% t-butanol. These results suggest

that PA production is essential for [3H]thymidine incor-

poration by LPA in WISH cells. We also examined the

effect of MAPKs (ERK and p38 kinase) on LPA-induced

cell proliferation in WISH cells. As shown in Fig. 7B,

LPA-induced [3H]thymidine incorporation was almost

totally inhibited in the presence of PD98059 but not in

the presence of SB203580. These results suggest that ERK,

not p38 kinase, is essential for LPA-induced [3H]thymidine

incorporation by WISH cells.

4. Discussion

Though some reports have shown that LPA is present in

the follicular fluid and have suggested that LPA is a

biological mediator of normal ovarian physiology, the

expressions of LPA receptors and the role of LPA in human

amnion-derived cells have not fully investigated. In the

present study, we found that human amnion-derived WISH

cells express two LPA receptors, LPA1 and LPA2, but not

Fig. 6. PTX does not block LPA-induced signaling in WISH cells. WISH cells were preincubated in the absence or presence of 100 ng/ml of PTX for 24 h.

Cells were stimulated with 5 mM of LPA for 1 h (A). Each sample (30 mg of protein) was subjected to 10% SDS-PAGE, and the expression levels of c-Jun and

c-Fos were determined by immunoblot analysis using specific antibodies (A). Cells were stimulated with 5 mM of LPA for 5 min (B). Each sample (30 mg of

protein) was subjected to 10% SDS-PAGE, and phosphorylated ERK was determined by immunoblotting using anti-phospho-ERK antibody (B). The results

shown are representative of at least three independent experiments (A, B).
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LPA3, which indicates that LPA may modulate the cellular

activity of WISH cells. To identify the functional role of

LPA stimulation in WISH cells, we focused on gene

induction and cell proliferation. As shown in Figs. 5 and

7, LPA potently stimulated the induction of two early genes

(c-Fos and c-Jun) and cell proliferation. Since amnion cell

proliferation is important for the maintenance of preg-

nancy, these data in WISH cells suggests that LPA plays a

crucial role in the maintenance of pregnancy.

Previous reports have demonstrated that LPA binds to

several isoforms of cell surface receptors, namely, LPA1,

LPA2, and LPA3 [7,8]. When we performed RT-PCR to

examine the expression patterns of LPA receptors on

WISH cells, we found that WISH cells express LPA1,

LPA2, but not LPA3 (Fig. 1). According to previous reports,

LPA1 and LPA2 interact with G proteins of the Gi/o,

Gq/11/14, and G12/13 families, whereas LPA3 combines with

Gi/o and Gq/11/14 proteins [24–26]. In our study, we inves-

tigated the effect of PTX, (which specifically inactivates

Gi/o-mediated signaling pathways) on LPA-induced signal-

ing. When WISH cells were pretreated with 100 ng/ml of

PTX for 24 h prior to LPA stimulation, LPA-induced c-Fos

and c-Jun expressions were not inhibited (Fig. 6A), and

LPA-stimulated ERK activation was not blocked by PTX

pretreatment, as shown in Fig. 6B. These results suggest

that LPA modulates ERK activation and leads to early gene

induction, and that PTX-insensitive G-protein coupled

receptors are involved in this process in WISH cells.

To investigate the signal pathway of the early gene

induction by LPA in WISH cells, we examined the role

of these MAPKs. We observed that LPA stimulated both

ERK and p38 kinase activity (Fig. 4A). To determine the

role of ERK or p38 kinase on LPA-induced early gene

expression, we pretreated WISH cells with two different

MAPK-selective inhibitors, i.e., PD98059 and SB203580

(selective ERK and p38 kinase inhibitors, respectively).

The preincubation of WISH cells with PD98059 prior to

LPA stimulation blocked c-Fos and c-Jun expression by

LPA (Fig. 5B); however, SB203580, did not affect LPA-

induced early gene expression (Fig. 5B). This indicates that

ERK, but not p38 kinase, plays a key role in LPA-induced

early gene expression in amnion cells.

Our previous report demonstrated that one of the impor-

tant lipid mediators, sphingosine-1-phosphate (S1P), is

present in human-amniotic fluid [16]. Since S1P potently

stimulates cyclooxygenase-2 (COX-2) expression and

prostaglandin E2 (PGE2) synthesis [16], we tested the

effects of LPA on COX-2 expression and PGE2 synthesis.

However, LPA did not potently stimulate COX-2 expres-

sion or PGE2 synthesis (data not shown), suggesting that

WISH cell activity can be differentially modulated by S1P

or LPA. Previous reports have suggested that LPA may

modulate cellular activity by inducing the production or

secretion of one or more polypeptide hormones [27–29].

To investigate the role of LPA on the regulation of labor, we

examined the effect of LPA on the production and secretion

of pro-inflammatory cytokines (IL-1b and TNF-a), which

are pivotally required for labor response. The stimulation

of WISH cells with LPA for various lengths of time did not

affect the induction of IL-1b and TNF-a (data not shown).

Taken together with the result that LPA did not signifi-

cantly stimulate PGE2 synthesis, it seems that LPA may

not be crucially involved in the regulation of labor in terms

of regulating pro-inflammatory aspect of amnion-derived

cells.

In conclusion, the present study indicates that LPA acts

on the LPA-specific receptor LPA1 and LPA2, which are

expressed on human amnion-derived WISH cells. Since

this study is the first to report on the expression of LPA

receptors on human amnion-derived WISH cells, further

Fig. 7. Effect of LPA on the cellular proliferation of WISH cells. WISH

cells (5 � 104) were treated with various concentrations of LPA for 24 h

(A), or cells were preincubated with vehicle, 50 mM PD98059 (15 min),

20 mM SB203580 (15 min), 0.5% n-butanol (1 min), or 0.5% t-butanol

(1 min) prior to being treated with 10 mM of LPA for 24 h (B). Cells were

harvested and [3H]thymidine incorporation was measured. The results

shown are representative of three independent experiments performed in

triplicate (A, B).
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studies on the pathophysiological and physiological roles

of LPA on the maintenance of labor response are required.

Acknowledgments

This work was supported by the Korea Science and

Engineering Foundation through the Medical Science and

Engineering Research Center for Cancer Molecular Ther-

apy at Dong-A University.

References

[1] Graler MH, Goetzl EJ. Lysophospholipids and their G protein-coupled

receptors in inflammation and immunity. Biochim Biophys Acta

2002;1582:168–74.

[2] Steiner MR, Urso JR, Klein J, Steiner SM. Multiple astrocyte re-

sponses to lysophosphatidic acids. Biochim Biophys Acta 2002;1582:

154–60.

[3] Fang X, Schummer M, Mao M, Yu S, Tabassam FH, Swaby R, et al.

Lysophosphatidic acid is a bioactive mediator in ovarian cancer.

Biochim Biophys Acta 2002;1582:257–64.

[4] Xie Y, Gibbs TC, Mukhin YV, Meier KE. Role for 18:1 lysopho-

sphatidic acid as an autocrine mediator in prostate cancer cells. J Biol

Chem 2002;277:32516–26.

[5] Fukushima N, Ishii I, Habara Y, Allen CB, Chun J. Dual regulation of

actin rearrangement through lysophosphatidic acid receptor in neuro-

blast cell lines: actin depolymerization by Ca2þ-alpha-actinin and

polymerization by rho. Mol Biol Cell 2002;13:2692–705.

[6] Fukushima N, Weiner JA, Kaushal D, Contos JJ, Rehen SK, Kingsbury

MA, et al. Lysophosphatidic acid influences the morphology and

motility of young, postmitotic cortical neurons. Mol Cell Neurosci

2002;20:271–82.

[7] Budnik LT, Mukhopadhyay AK. Lysophosphatidic acid antagonizes

the morphoregulatory effects of the luteinizing hormone on luteal

cells: possible role of small Rho-G-proteins. Biol Reprod 2001;65:

180–7.

[8] Daaka Y. Mitogenic action of LPA in prostate. Biochim Biophys Acta

2002;1582:265–9.

[9] Eder AM, Sasagawa T, Mao M, Aoki J, Mills GB. Constitutive and

lysophosphatidic acid (LPA)-induced LPA production: role of phos-

pholipase D and phospholipase A2. Clin Cancer Res 2000;6:2482–91.

[10] Eichholtz T, Jalink K, Fahrenfort I, Moolenaar WH. The bioactive

phospholipid lysophosphatidic acid is released from activated plate-

lets. Biochem J 1993;291:677–80.

[11] Budnik LT, Mukhopadhyay AK. Lysophosphatidic acid and its role in

reproduction. Biol Reprod 2002;66:859–65.

[12] Tokumura A, Miyake M, Nishioka Y, Yamano S, Aono T, Fukuzawa

K. Production of lysophosphatidic acid by lysophospholipase D in

human follicular fluids of in vitro fertilization patients. Biol Reprod

1999;61:195–9.

[13] Moller T, Contos JJ, Musante DB, Chun J, Ransom BR. Expression

and function of lysophosphatidic acid receptors in cultured rodent

microglial cells. J Biol Chem 2001;276:25946–52.

[14] Bae YS, Bae H, Kim Y, Lee TG, Suh PG, Ryu SH. Identification of

novel chemoattractant peptides for human leukocytes. Blood 2001;97:

2854–62.

[15] Bae YS, Kim Y, Kim JH, Lee TG, Suh PG, Ryu SH. Independent

functioning of cytosolic phospholipase A2 and phospholipase D1 in

Trp-Lys-Tyr-Met-Val-D-Met-induced superoxide generation in hu-

man monocytes. J Immunol 2000;164:4089–96.

[16] Kim JI, Jo EJ, Lee HY, Cha MS, Min JK, Choi CH, et al. Sphingosine

1-phosphate in amniotic fluid modulates cyclooxygenase-2 expression

in human amnion-derived WISH cells. J Biol Chem 2003;278:

31731–6.

[17] Rhee SG, Bae YS. Regulation of phosphoinositide-specific phospho-

lipase C isozymes. J Biol Chem 1997;272:15045–8.

[18] Foster DA, Xu L. Phospholipase D in cell proliferation and cancer.

Mol Cancer Res 2003;1:789–800.

[19] Liscovitch M, Czarny M, Fiucci G, Tang X. Phospholipase D:

molecular and cell biology of a novel gene family. Biochem J

2000;345:401–15.

[20] Johnson GL, Lapadat R. Mitogen-activated protein kinase pathways

mediated by ERK, JNK, and p38 protein kinases. Science 2002;

298:1911–2.

[21] Bae YS, Ju SA, Kim JY, Seo JK, Baek SH, Kwak JY, et al. Trp-Lys-

Tyr-Met-Val-D-Met stimulates superoxide generation and killing of

Staphylococcus aureus via phospholipase D activation in human

monocytes. J Leukoc Biol 1999;65:241–8.

[22] Williger BT, Ho WT, Exton JH. Phospholipase D mediates matrix

metalloproteinase-9 secretion in phorbol ester-stimulated human fi-

brosarcoma cells. J Biol Chem 1999;274:735–8.

[23] Lim HK, Choi YA, Park W, Lee T, Ryu SH, Kim SY, et al. Phos-

phatidic acid regulates systemic inflammatory responses by modulat-

ing the Akt-mammalian target of rapamycin-p70 S6 kinase 1 pathway.

J Biol Chem 2003;278:45117–27.

[24] Moolenaar WH. Bioactive lysolipids and their G protein coupled

receptors. Exp Cell Res 1999;253:230–58.

[25] Contos JJ, Ishii I, Chun J. Lysophosphatidic acid receptors. Mol

Pharmacol 2000;58:1188–96.

[26] Ishii I, Contos JJ, Fukushima N, Chun J. Functional comparisons of the

lysophosphatidic acid receptors, LPA1/VZG-1/EDG-2, LPA2/EDG-4

and LPA3/EDG-7 in neuronal cell lines using a retrovirus expression

system. Mol Pharmacol 2000;58:895–902.

[27] Schwartz BM, Hong G, Morrison BH, Wu W, Baudhuin LM, Xiao YJ,

et al. Lysophospholipids increase interleukin-8 expression in ovarian

cancer cells. Gynecol Oncol 2001;81:291–300.

[28] Xu Y, Casey G, Mills GB. Effect of lysophospholipids on signaling in

the human Jurkat T cell line. J Cell Physiol 1995;163:441–50.

[29] Cui MZ, Zhao G, Winokur AL, Laag E, Bydash JR, Penn MS, et al.

Lysophosphatidic acid induction of tissue factor expression in aortic

smooth muscle cells. Arterioscler Thromb Vasc Biol 2003;23:224–30.

340 J.I. Kim et al. / Biochemical Pharmacology 68 (2004) 333–340


	Stimulation of early gene induction and cell proliferation by lysophosphatidic acid in human amnion-derived WISH cells: role of phospholipase D-mediated pathway
	Introduction
	Materials and methods
	Reagents
	Cell culture
	RT-PCR analysis
	[Ca2+]i measurements
	Measurement of phosphatidylbutanol formation
	Western blot analysis
	Cellular proliferation assay
	Statistics

	Results
	Expression of LPA receptors in WISH cells
	Stimulation of intracellular calcium increase via phospholipase C activation by LPA in WISH cells
	Activation of phospholipase D via protein kinase C- and Ca2+-dependent signaling by LPA in WISH cells
	Role of PLD on the stimulation of extracellular signal-regulated protein kinase phosphorylation by LPA in WISH cells
	Early gene induction by LPA in WISH cells
	Involvement of pertussis toxin (PTX)-insensitive pathway on the LPA-induced early gene induction
	Involvement of PLD and ERK activity on the LPA-induced cellular proliferation

	Discussion
	Acknowledgements
	References


