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Abstract

Intracellular calcium (Ca2+) homeostasis is very strictly regulated, and the activation of G-protein-coupled receptor (GPCR) can
cause two different calcium changes, intracellular calcium release, and calcium influx. In this study, we investigated the possible role
of lysophosphatidic acid (LPA) on GPCR-induced Ca2+ signaling. The addition of exogenous LPA induced dramatic Ca2+ influx
but not intracellular Ca2+ release in U937 cells. LPA-induced Ca2+ influx was not affected by pertussis toxin and phospholipase C
inhibitor (U73122), ruling out the involvement of pertussis toxin-sensitive G-proteins, and phospholipase C. Stimulation of U937
cells with Trp-Lys-Tyr-Met-Val-DD-Met (WKYMVm), which binds to formyl peptide receptor like 1, enhanced phospholipase A2

and phospholipase D activation, indicating LPA formation. The inhibition of LPA synthesis by phospholipase A2-specific inhibitor
(MAFP) or n-butanol significantly inhibited WKYMVm-induced Ca2+ influx, suggesting a crucial role for LPA in the process.
Taken together, we suggest that LPA mediates WKYMVm-induced Ca2+ influx.
� 2004 Elsevier Inc. All rights reserved.
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Themaintenance of the cytosolicCa2+ concentration is
very tightly regulated by various mechanisms, including
inositol-1,4,5-triphosphates (IP3)-dependent intracellular
Ca2+ release and Ca2+ influx via plasma membrane
bound Ca2+ channels [1–3]. Many G-protein-coupled
receptors (GPCR) are also involved in the regulation of
the cytosolic Ca2+ concentration. The binding of agonist
to its specific receptor causes certain morphological
changes and activates heterotrimeric G-proteins, which
cause the activation of phospholipase Cb (PLCb) [4].
PLCb elicits the hydrolysis of phosphoinositol-4,5,-bis-
phosphates (PIP2), generating IP3, and diacylglycerol,
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which are involved in the opening of endoplasmic reticu-
lum (ER)-bound IP3 receptor and in the activation of pro-
tein kinase C, respectively [4,5]. Themechanisms involved
in intracellular Ca2+ release have been exhaustively inves-
tigated. However, the mechanisms of Ca2+ influx induced
by the activation of GPCR remain controversial.

One of the suggested models for GPCR-induced Ca2+

influx is the existence of a soluble factor which mediates
ER Ca2+ store depletion and plasma membrane Ca2+

channel activation [6–8]. According to this model, deple-
tion of the ER Ca2+ store leads to the release of small
diffusible factors that act on channels to stimulate
Ca2+ entry [6–8]. Tsien and colleagues [6] termed re-
ferred to these molecules as a ‘‘calcium influx factor’’
(CIF), and suggested that CIF has hydroxyls on adja-
cent carbons, a phosphate, and a molecular weight of
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under 500. Even though several reports have suggested a
putative role for CIF on the modulation of Ca2+ influx
downstream GPCR activation, the factors involved in
GPCR-mediated Ca2+ influx are still unclear.

Lysophosphatidic acid (LPA) is a pluripotent lipid
mediator and has been reported to regulate cell growth,
differentiation, and cell motility [9–11].Many previous re-
ports demonstrated that LPA binds to cell surface recep-
tors, which are G-protein-coupled [9–11]. Until now,
three different LPA receptors have been reported, namely,
LPA1, LPA2, and LPA3 [12]. However, Lynch and col-
leagues [13] reported that LPA induces mitogenesis in
an LPA cell surface receptor-independent manner, sug-
gesting a new mode of LPA signaling. In this study, we
examined the role of LPA on GPCR-mediated Ca2+

signaling, especially Ca2+ influx. Accordingly, we investi-
gated the involvement of LPA on the Ca2+ signaling
induced by activated formyl peptide receptor like
1 (FPRL1) by using Trp-Lys-Tyr-Met-Val-DD-Met
(WKYMVm) [14,15] in U937 cells. We also checked the
direct effect of LPA on Ca2+ release and Ca2+ influx in
U937 cells.
Materials and methods

Materials. Lysophosphatidic acid (1-myristyl-2-hydroxy-sn-
glycero-3-phosphate, sodium salt), lysophosphatidylcholine (1-myri-
styl-2-hydroxy-sn-glycero-phosphocholine), lysophosphatidylethanol-
amine (1-myristyl-2-hydroxy-sn-glycero-phosphoethanolamine), and
lysophosphatidylserine (1-myristyl-2-hydroxy-sn-glycero-phosphoser-
ine) were from Avanti polar lipids (Alabaster, AL). Sphingosine-1-
phosphate, phytosphingosine-1-phosphate, MAFP (methyl arach-
idonylfluorophosphonate), AACOCF3 (arachidonyltrifluoromethyl
ketone), and BEL (bromoenol lactone) were from Biomol (Plymouth
Meeting, PA). WKYMVm was synthesized, purified, and prepared in
the Peptide Library Support Facility at Pohang University of Science
and Technology as described previously [16]. Precoated silica gel TLC
plates (F-254) were obtained from Merck (Darmstadt, FRG). RPMI
1640 was purchased from Invitrogen (Carlsbad, CA). Dialyzed fetal
bovine serum and supplemented bovine calf serum were purchased
from Hyclone Laboratory (Logan, UT). Fura-2 pentaacetoxymethyl
ester (fura-2/AM) was purchased from Molecular Probes (Eugene,
OR).

Measurement of intracellular calcium concentration. The level of
calcium concentration ([Ca2+]i) was determined by Grynkiewicz�s
method using fura-2/AM [17]. Fluorescence changes at the dual exci-
tation wavelength of 340 and 380 nm were measured, and the cali-
brated fluorescence ratio was translated into [Ca2+]i.

Measurement of the formation of inositol phosphates in cells. Ago-
nist-induced formation of inositol phosphates was determined as de-
scribed previously [18]. myo[3H]inositol-labeled U937 cells were
incubated with 20 mM Hepes at pH 7.2, 20 mM LiCl for 15 min, and
PIP2 hydrolysis was initiated by adding stimuli or solvents for the
indicated times. Total inositol phosphate formation was quantified
using Bio-Rad Dowex AG 1-X 8 anion exchange columns as described
before [18].

Measurement of phospholipase A2 (PLA2) activity in cells. Cultured
U937 cells (107 cells/ml) were prelabeled with 0.5 lCi/ml [3H]arachi-
donic acid (AA) in RPMI 1640 medium for 24 h at 37 �C in a
humidified incubator supplied with 95% air and 5% CO2, as described
before [19]. The labeled cells were then washed twice with serum-free
RPMI 1640 and incubated in RPMI 1640 medium containing 0.1%
fatty acid-free BSA for 15 min at 37 �C. After discarding the medium,
the cells were stimulated with various concentrations of the peptide for
indicated periods of time. The radioactivity in the medium and the
collected cells was determined with a liquid scintillation counter.

Measurement of phosphatidylbutanol formation in U937 cells. The
production of phosphatidylbutanol (PBtOH) was determined as de-
scribed in a previous report [19] with a slight modification. U937 cells
were resuspended to 1 · 106 cells/ml in RPMI 1640 medium containing
2.5% FBS and loaded with [3H]myristic acid (5 lCi/ml) for 90 min at
37 �C. The loaded cells were then washed twice with serum-free RPMI
1640 medium and stimulated with the peptide in the presence of 0.5%
n-butanol. Lipids were extracted and separated on silica gel 60 TLC
plates using a solvent containing chloroform:methanol:acetic acid
(90:10:10) as described previously [19]. To determine the amounts of
PBtOH and total lipids, a Fuji BAS-2000 image analyzer (Fuji Film)
was used.
Results

LPA stimulates Ca2+ influx without Ca2+ release in U937
cells

In this study, we examined the effect of LPA on cal-
cium influx in U937 cells. When U937 cells were stimu-
lated with various concentrations of LPA in the absence
of extracellular Ca2+, no significant change in the
cytosolic Ca2+ concentration was observed (Fig. 1A).
However, the addition of extracellular Ca2+ to LPA-
stimulated U937 cells caused a dramatic Ca2+ influx
(Fig. 1A). This LPA-induced Ca2+ influx increased
according to the added Ca2+ concentration and showed
maximal activity at around 1 mM (Fig. 1A). We also
tested the concentration-dependency of LPA on Ca2+

influx. As shown in Fig. 1B, Ca2+ influx was signifi-
cantly induced at 1 lM LPA in a concentration-depen-
dent manner, with maximal activity at 5–10 lM. The
addition of 20 lM LPA caused more sustained Ca2+ in-
flux (Fig. 1B). When U937 cells were stimulated with
<1 lM, such as 500 or 100 nM, no significant Ca2+ in-
flux was induced (Fig. 1B). These results indicate that
LPA stimulates Ca2+ influx without inducing Ca2+ re-
lease in U937 cells, and that for adequate Ca2+ influx,
over 1 lM LPA is required.

Since we observed that LPA induces Ca2+ influx
without Ca2+ release, we investigated the effects of lipids
structurally analogous to LPA. The stimulation of U937
cells with 20 lM lysophosphatidylcholine (LPC), lyso-
phosphatidylethanolamine (LPE), lysophosphatidylser-
ine (LPS), or phytosphingosine-1-phosphate (Ph-S1P)
did not induce significant Ca2+ influx (Fig. 1C). Under
the same experimental conditions, LPA-stimulated
U937 cells and resulted in dramatic Ca2+ influx (Fig.
1C). We also found that sphingosine-1-phosphate
(S1P) also induced Ca2+ influx in U937 cells at 20 lM
(Fig. 1C). These results indicate that Ca2+ influx is spe-
cifically induced by LPA and S1P but not by other struc-
tural analogues of LPA.



Fig. 1. The effects of LPA and its analogues on [Ca2+]i in U937 cells.
U937 cells were stimulated with 5 lM LPA in the absence of
extracellular Ca2+, and then different concentrations of Ca2+ were
added at the indicated time points (A). U937 cells were stimulated with
various concentrations of LPA in the absence of extracellular Ca2+,
and then 2 mM Ca2+ was added at the indicated time (B). The peak
level of [Ca2+]i was recorded. Results are representative of at least
three independent experiments (A,B). U937 cells were stimulated with
20 lM LPA, LPE, LPC, LPS, S1P, or Ph-S1P in the absence of
extracellular Ca2+, and then 2 mM Ca2+ was added (C). The peak level
of [Ca2+]i was recorded. Data are presented as means ± SE of five
independent experiments (C).

Fig. 2. The effects of LPA on WKYMVm-induced [Ca2+]i release and
Ca2+ influx in U937 cells. U937 cells were stimulated with vehicle (A)
or 5 lM LPA (B) for 1 min prior to adding 1 lM WKYMVm (W pep)
in the absence of extracellular Ca2+, and then 2 mMCa2+ was added at
the indicated time. [Ca2+]i was determined fluorometrically using fura-
2/AM, as described in Materials and methods and the peak level of
[Ca2+]i was recorded. Results are representative of four independent
experiments (A,B).
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LPA stimulates Ca2+ influx without ER store depletion in

U937 cells

To confirm that LPA does not stimulate ER store
depletion in U937 cells, we stimulated cells with 5 lM
LPA and then subsequently treated the cells with
1 lM WKYMVm, to asses the status of IP3-releasable
ER Ca2+ stores. As shown in Fig. 2, no significant evi-
dence of LPA-induced ER store depletion was detected
and WKYMVm-induced store release was not affected
by LPA pretreatment. Moreover, we found that LPA
pretreatment prior to U937 stimulation with
WKYMVm caused a greater Ca2+ influx increase com-
pared with stimulation by WKYMVm alone (Fig. 2).
The results indicate that LPA induces Ca2+ influx in
an ER store depletion-independent manner.

LPA induces Ca2+ influx independently of G-protein and

PLC

Several previous reports have demonstrated that LPA
act, on cell surface receptors, such as LPA1, LPA2, and
LPA3, to cause intracellular Ca2+ release, and Ca2+ in-
flux [20]. Moreover, pertussis toxin (PTX)-sensitive G-
proteins have been reported to play a role in the process
of LPA receptor-mediated Ca2+ signaling [21]. In this
study, we found that LPA induced Ca2+ influx without
intracellular Ca2+ release (Fig. 1), and thus we investi-
gated the role of PTX-sensitive G-protein on the LPA-
induced Ca2+ influx in U937 cells. Previously we demon-
strated that WKYMVm stimulates FPRL1 to cause
intracellular Ca2+ release and Ca2+ influx, and that
these events are completely inhibited by PTX [22]. When
U937 cells were preincubated with 100 ng/ml PTX for
24 h we found that LPA-induced Ca2+ influx was not af-
fected by preincubating the cells with 100 ng/ml PTX for
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24 h (Fig. 3A). However, WKYMVm-induced intracel-
lular Ca2+ release and Ca2+ influx were almost com-
pletely inhibited by PTX (Fig. 3A). Thus, Ca2+ influx
Fig. 3. The effects of PTX or PLC inhibitor on LPA- or WKYMVm-
induced [Ca2+]i signaling in U937 cells. U937 cells were cultured in the
absence or presence of PTX (100 ng/ml) for 24 h, and then the cells
were loaded with fura-2/AM. Cells were stimulated with 5 lM LPA in
the absence of extracellular Ca2+, and then 2 mM Ca2+ was added at
the indicated time (A). Cells were stimulated with 1 lM WKYMVm
(W pep) in the absence of extracellular Ca2+, and then 2 mM of Ca2+

was added at the indicated time (A). The peak level of [Ca2+]i was
recorded. Results are representative of three independent experiments
(A). Fura-2 loaded U937 cells were pretreated with U73122 (4 lM) or
U73343 (4 lM) for 3 min prior to being stimulated with 5 lM LPA, in
the absence of extracellular Ca2+, and then 2 mM Ca2+ was added at
the indicated time (B). Cells were pretreated with U73122 (4 lM) or
U73343 (4 lM) for 3 min prior to being stimulated with 1 lM
WKYMVm (W pep) in the absence of extracellular Ca2+ (B). [Ca2+]i
was determined fluorometrically using fura-2/AM, as described in
Materials and methods. The peak level of [Ca2+]i was recorded. Results
are representative of three independent experiments (B). U937 Cells
were labeled with myo[3H]inositol (1 lCi/106 cells) for 24 h at 37 �C
and then treated with various concentrations of LPA or WKYMVm
(W pep) (C). Total inositol phosphates were eluted with a solution
containing 1 M ammonium formate and 0.1 M formic acid. [3H]Ino-
sitol phosphate radioactivity was determined by counting in a
scintillation counter. Data are presented as means ± SE of five
independent experiments (C).
in response to LPA is independent of PTX-sensitive
G-protein-linked LPA receptors.

To further confirm that LPA induces Ca2+ influx
without activating IP3 release-dependent Ca2+ release,
we examined the effect of PLC inhibitor (U73122) on
LPA-induced Ca2+ influx. As shown in Fig. 3B, the
preincubation of U937 cells with a PLC-specific inhibi-
tor (U73122) did not affect LPA-induced Ca2+ influx.
Previously we demonstrated that WKYMVm stimulates
intracellular Ca2+ release and subsequent Ca2+ influx in
a PLC-dependent manner [23]. When U937 cells were
preincubated with 4 lM U73122 for 3 min, WKYMVm-
induced intracellular Ca2+ release was almost
completely inhibited (Fig. 3B), supporting our previous
report [23]. However, the inactive analogue of U73122,
U73343, did not affect WKYMVm-induced Ca2+ signal-
ing (Fig. 3B). We also investigated the effect of LPA and
WKYMVm on PI hydrolysis-dependent inositol phos-
phates formation. Stimulation of U937 cells with vari-
ous concentrations of WKYMVm caused inositol
phosphates formation in a concentration-dependent
manner, showing the maximal activity at 100 nM (Fig.
3C). However, no significant change of inositol phos-
phates formation was found after adding various con-
centrations of LPA in U937 cells (Fig. 3C). Up to
20 lM LPA was added and no change in inositol phos-
phates formation was observed. This result concurs with
the failure of LPA to induce intracellular Ca2+ release in
U937 cells (Fig. 1A). Taken together, LPA did not stim-
ulate PLC activity in U937 cells, but did induce Ca2+

influx.

Stimulation of FPRL1 by WKYMVm elicits PLA2 and

phospholipase D activation in U937 cells

We found that LPA directly induces Ca2+ influx
without eliciting ER store depletion in U937 cells (Figs.
1 and 2). To investigate the role of LPA on GPCR-med-
iated Ca2+ influx, we examined the effects of the inhibi-
tors of enzymes involved in the generation of LPA as a
downstream event of GPCR activation in U937 cells,
particularly, WKYMVm a potent FPRL1 agonist
[14,15]. At first, we verified the effect of WKYMVm
on PLA2 activity in U937 cells by measuring AA release,
as described previously [19]. When stimulated with var-
ious concentrations of WKYMVm, U937 cells re-
sponded with a concentration-dependent increase in
AA release. This effect was highest at around 100 nM,
which coincided with its maximal effect on Ca2+ mobili-
zation (Fig. 4A). At 100 nM, WKYMVm caused a rapid
release of AA from U937 cells, which peaked after 5 min
(Fig. 4B). To identify the PLA2 isoform responsible for
the WKYMVm-induced increase in AA release, we
introduced several isoform-specific inhibitors of PLA2.
Pretreatment of the cells with the cPLA2-specific
inhibitors, MAFP and AACOCF3, blocked the



Fig. 4. WKYMVm-induced activation of AA release in U937 cells. U937 cells preloaded with [3H]arachidonic acid were stimulated with various
concentrations of WKYMVm (W pep) for 30 min (A), and for various times with 100 nMWKYMVm (W pep) (B) in the presence of 0.1% fatty acid-
free BSA at 37 �C. U937 cells were suspended in HBSS containing 0.1% fatty acid-free BSA, incubated for 15 min in the presence or absence of
MAFP, AACOCF3, and BEL at the indicated concentrations at 37 �C, and stimulated for 30 min with 100 nM WKYMVm or vehicle (C). The
release of [3H]arachidonic acid into the extracellular medium was determined using a liquid scintillation counter. Data are presented as means ± SE
of four independent experiments.

Fig. 5. The effect of WKYMVm on the formation of PBtOH in U937
cells. U937 cells were serum starved for 20 h and then labeled with
[3H]myristic acid for an additional 4 h at 37 �C in RPMI containing
2.5% FBS. After three washes with PBS the labeled cells were
stimulated with various concentrations of WKYMVm in the presence
of 0.5% butanol for 10 min (A) or with 100 nM WKYMVm in the
presence of 0.5% n-butanol for various lengths of time (B). PBtOH was
resolved from total lipids by thin layer chromatography. A Fuji BAS-
2000 was used to quantify each lipid. Data are presented as
means ± SE of three separate experiments.
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WKYMVm-induced liberation of AA in a concentra-
tion-dependent manner (Fig. 4C). At a concentration
of 10 lM MAFP or AACOCF3 WKYMVm-induced
AA release was almost blocked, while another PLA2

inhibitor, BEL, which is known to be specific for iPLA2,
did not interfere with WKYMVm-induced AA release
(Fig. 4C). These results indicate that WKYMVm evokes
AA release by stimulating cPLA2, but not iPLA2, in
U937 cells.

We also examined the effect of WKYMVm on phos-
pholipase D (PLD) activation in U937 cells using trans-
phosphatidylation, a characteristic reaction of PLD in
the presence of 0.5% n-butanol. WKYMVm stimulated
PBtOH formation in a concentration-dependent manner
with maximal activity at 100 nM within 1 min (Figs. 5A
and B). The concentration dependency of WKYMVm-
induced PBtOH formation was similar to that of the
peptide-stimulated Ca2+ release and PLA2 activation
in U937 cells.

LPA is involved in FPRL1-induced Ca2+ influx

We found that the stimulation of FPRL1 by
WKYMVm induces not only intracellular Ca2+ release,
but also PLA2 and PLD activation in U937 cells (Figs.
2, 4, and 5). The activations of PLA2 and PLD can gen-
erate LPA synthesis from lipid substrates, such as phos-
phatidylcholine, in cells [24,25]. In this study, we
investigated the involvement of LPA on WKYMVm-in-
duced Ca2+ influx. Thus, we introduced a PLA2-specific
inhibitor (MAFP) or a PA acceptor (n-butanol). When
U937 cells were stimulated with 1 lM WKYMVm, po-
tent and dramatic Ca2+ changes were observed. Because
WKYMVm stimulates intracellular Ca2+ release and
Ca2+ influx, Ca2+ change should be the sum of Ca2+ re-
lease and Ca2+ influx. Preincubation with 20 lM MAFP
(a PLA2-specific inhibitor) prior to stimulating the cells
with 1 lM WKYMVm caused a significant inhibition in
this peptide-induced Ca2+ change (Fig. 6A). This result
suggests that PLA2 activity is necessary for the
WKYMVm-induced Ca2+ change in U937 cells. The
morphology of WKYMVm-induced Ca2+ change in
MAFP-pretreated U937 cells is similar to that of
WKYMVm-induced Ca2+ change in the absence of



Fig. 6. The roles of PLA2 and PLD activity on WKYMVm-induced
[Ca2+]i signaling in U937 cells. Fura-2 loaded U937 cells were
pretreated with vehicle (DMSO) or MAFP (20 lM) (A) for 3 min
prior to being stimulated with 1 lMWKYMV in the presence of 2 mM
of extracellular Ca2+ (A). Cells were pretreated with n-butanol (final
1%) or t-butanol (final 1%) for 3 min prior to being stimulated with
1 lM of WKYMVm in the presence of 2 mM extracellular Ca2+ (B).
[Ca2+]i was determined fluorometrically using fura-2/AM, as described
in Materials and methods. The peak [Ca2+]i level was recorded. Results
are representative of three independent experiments (A,B).
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extracellular Ca2+, with respect to the steepness of the
response. This suggests that MAFP may specifically in-
hibit WKYMVm-induced Ca2+ influx but not intracel-
lular Ca2+ release in U937 cells.

We also investigated the possible role of PLD activity
on WKYMVm-induced Ca2+ change. When U937 cells
were stimulated with 1 lM WKYMVm in the presence
of 1% n-butanol, the WKYMVm-induced Ca2+ change
was dramatically inhibited (Fig. 6B), and showed a pat-
tern that was similar to that of MAFP-pretreated cells
(Fig. 6A). However, the addition of 1% t-butanol did
not affect the WKYMVm-induced Ca2+ change (Fig.
6B). From these results, we believe that PA generation
after the activation of PLD by WKYMVm is required
for Ca2+ influx in these cells.
Discussion

This study demonstrates that LPA plays a role in the
regulation of Ca2+ influx in U937 cells. Moreover, the
generation of LPA is crucially required for GPCR
(FPRL1)-induced Ca2+ influx in U937 cells. Since many
reports have demonstrated the activation of cell surface
receptors, such as LPA1, LPA2, and LPA3 by LPA, we
also checked whether U937 cells express cell surface
LPA receptors by RT-PCR analysis. We found that
U937 cells express the mRNA transcript of LPA2, but
not those of LPA1 and LPA3 (data not shown). Many
reports have demonstrated that the stimulation of
LPA1, LPA2, and LPA3 by LPA result in intracellular
Ca2+ release via the activation of PLC [21,26,27]. In this
study, we examined the effect of LPA on intracellular
Ca2+ release, but we did not observe any significant
change in intracellular Ca2+ release by stimulating the
cells with LPA (Fig. 1). As a positive control, we found
that the stimulation of U937 cells with a FPRL1-specific
agonist (WKYMVm) caused a dramatic increase of
intracellular Ca2+ release, and that this was PLC-depen-
dent (Figs. 2 and 3). Furthermore, several reports have
demonstrated that intracellular Ca2+ release and MAPK
activation by LPA are inhibited by PTX, suggesting the
role of cell surface receptor-mediated PTX-sensitive G-
proteins [28,29]. However, in the present study, we
found that LPA-induced Ca2+ influx was not inhibited
by PTX (Fig. 3A), ruling out the involvement of PTX-
sensitive G-proteins. Taken together, our results suggest
that LPA modulates Ca2+ influx in its specific cell sur-
face receptors (eg LPA1, LPA2, or LPA3)-independent
manner.

In terms of GPCR-induced Ca2+ signaling, this study
demonstrates that intracellularly synthesized LPA may
play a role in the process. The stimulation of U937 cells
with a FPRL1-specific agonist, WKYMVm, resulted in
the activation of PLA2 and PLD, indicating LPA forma-
tion (Figs. 4 and 5). To investigate the role of LPA on
WKYMVm-induced Ca2+ signaling, we used a PLA2-
specific inhibitor, MAFP. The inhibition of LPA forma-
tion as a result of PLA2 inhibition caused a dramatic
reduction in WKYMVm-induced Ca2+ signaling (Fig.
6A). The morphology of WKYMVm-induced Ca2+ sig-
naling in MAFP-pretreated cells is similar to that of
WKYMVm-induced intracellular Ca2+ release (Fig.
6A). We believe that WKYMVm-induced Ca2+ influx
is a PLA2-dependent process. Since LPA formation
can be induced by the sequential activation of PLD
and PLA2 or vice versa, we also confirmed that the inhi-
bition of PA formation by the addition of a PA acceptor
(n-butanol) dramatically inhibits WKYMVm-induced
Ca2+ signaling in U937 cells (Fig. 6B). Recently Bolo-
tina and colleagues [30] demonstrated the role of lyso-
phospholipids on the activation of store-operated
calcium channel. They proposed that depletion of cal-
cium store triggers production of CIF, which cause the
activation of membrane-bound calcium-independent
PLA2, resulting in the production of lysolipids which
mediate calcium influx in a membrane-delimited fashion
[30]. In this study we demonstrated that exogenous
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addition of LPA in U937 cells elicited Ca2+ influx inde-
pendently of calcium release, Gi protein, or PLC (Figs. 1
and 3). Taking together our and Bolotina�s results, it will
be reasonable to assume that LPA may modulate cal-
cium influx in a membrane-delimited manner.

Previously Randriamampita and Tsien [6] reported
that a soluble messenger molecule in cellular extracts
could elicit store-operated Ca2+ entry. In their report,
they suggested that CIF is a phosphorylated molecule
with a molecular weight of less than 500 Da [6]. Re-
cently, Itagaki and Hauser [31] reported that sphingo-
sine-1-phosphate is a diffusible Ca2+ influx factor that
mediates store-operated Ca2+ entry. They showed that
the preincubation of neutrophils with a sphingosine ki-
nase inhibitor (DMS) prior to platelet activating factor
stimulation caused a dramatic inhibition in platelet acti-
vating factor-induced Ca2+ influx, suggesting that S1P is
involved in the GPCR-mediated Ca2+ influx as a CIF
[31]. Summarizing the findings of previous reports and
those of this study, it is reasonable to presume the exis-
tence of additional Ca2+ influx factors that are involved
in GPCR-induced Ca2+ influx. Further study is required
to identify these factors.

Several reports have demonstrated that LPA modu-
lates various cellular responses by acting on cell surface
receptors, such as LPA1, LPA2, and LPA3 [12]. How-
ever, reports on the cell surface receptor-independent
role of LPA are limited. After suggesting a new cell sur-
face receptor-independent mode of LPA action [13],
PPARc was reported to be an intracellular receptor
for LPA [32]. Due to its hydrophobic character, some
portion of LPA in the extracellular environment will
be taken up by cells and combined with some intracellu-
lar or plasma membrane-bound targets [33]. Identifica-
tion of PPARc as an intracellular receptor for LPA
supports the notion that extracellular LPA transports
to intracellular part. In this study, we demonstrated that
exogenously added LPA elicited Ca2+ influx (without
Ca2+ release) (Fig. 1). We also suggested some evidences
that intracellularly formed LPA can mediate
WKYMVm-induced Ca2+ influx (Fig. 6). On the rela-
tionship between the roles of exogenously added LPA
and intracellularly synthesized LPA by WKYMVm
stimulation in calcium influx, it will be reasonable to as-
sume that some portion of extracellularly added LPA,
which act as a mimetic of intracellularly synthesized
LPA by WKYMVm stimulation, can be transported
into cells, where LPA can induce the activation of
store-operated calcium channel, as reported previously
[30]. Moreover, exogenous PA (a structural analogue
of LPA) added to cell culture medium has been reported
to incorporate rapidly into cellular membranes and sub-
sequently participate in cellular functions [34,35]. It also
supports our notion that exogenously added LPA trans-
ports to intracellular compartment and modulates cer-
tain target molecules. The mechanism involved in the
LPA transport and delivery to the intracellular receptor
should be investigated. Since Trepakova et al. [8] re-
ported that CIF directly activates store-operated cation
channels in vascular smooth muscle cells, it should be
confirmed whether LPA directly stimulates Ca2+ chan-
nel. The results available to date indicate that unidenti-
fied intracellular target molecules modulated by LPA
exist. It would be interesting to identify such unknown
intracellular LPA receptors and to study their roles in
the regulation of cellular responses.
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