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Abstract: Lysophosphatidic acid (LPA), a naturally occurring glycerophospholipid, can
evoke various biological responses, including cell migration, proliferation and survival, via
activation of G protein-coupled receptors (GPCRs). However, the role of LPA receptors
and details of LPA signaling in migration are largely unexplored. In this study we detect
the expression of LPA1 and LPA3 receptors in rat aortic smooth muscle cells (RASMCs).
LPA stimulated RASMCs migration in a dose-dependent manner and induced the
phosphorylation of p38 mitogen-activated protein kinase (p38MAPK) and extracellular
signal-regulated kinase (ERK). LPA-induced cell migration was significantly inhibited by
specific LPA1/LPA3-receptor antagonist Dioctylglycerol pyrophosphate (8:0) (DGPP8.0)
at higher concentration. Migration of cells toward LPA was partially, but significantly,
reduced in the presence of SB-203580, a p38 MAPK inhibitor, but not PD98059, an ERK
inhibitor. In addition, pertussis toxin (PTX), a Gi protein inhibitor, induced an inhibitory
effect on p38 MAPK,ERK phosphorylation and RASMCs migration. These data suggest
that LPA-induced migration is mediated through the Gi-protein-coupled LPA1 receptor
involving activation of a PTX-sensitive Gi / p38MAPK pathway.

Keywords: lysophosphatidic acid; receptor; vascular smooth muscle cell; migration; p38
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1. Introduction

Lysophosphatidic acid (LPA) is a member of the lysophospholipid class of phospholipids that is an
intermediate in phospholipid metabolism [1]. In addition to being a key intermediate in de novo lipid
synthesis, LPA is also an important intercellular messenger, which can act as either an autocrine or
paracrine mediator. Originally reported to be the primary phospholipid growth factor in mammalian
serum [2,3], it is now known to be a mediator of diverse cellular processes, such as migration [4-6],
proliferation and cell survival [7,8], aggregation of platelets [9,10], smooth-muscle contraction [11,12],
cytoskeletal reorganization [13-14], myelination [15,16], neurogenesis [17,18] and neurotransmitter
release [19,20].

LPA elicits these cellular effects on most cell types through the activation of its specific G
protein—coupled receptors (GPCRs). At least six LPA-specific mammalian GPCRs, LPA1-6, have
been identified to date. Among the six LPA receptors, LPA1 [21], LPA2 [22] and LPA3 [23] are
members of the endothelial differentiation gene (EDG) family , share about 50% amino acid sequence
identities. The other three LPA receptors LPA4/p2y9 [24], LPAS/GPR92 [25,26],LPA6/GPRS87 [27],
which show small similarities with the Edg family GPCRs, were recently identified and comparatively
less is known about these receptors. LPA1 is the receptor with the widest distribution, the expression
of LPA2 and LPA3 is somewhat more restricted, whereas LPA4 is expressed only in the ovary [24],
LPAS5 is mainly expressed in the lymphocyte compartment of the gastrointestinal tract, sensory dorsal
root ganglia as well as embryonic stem cells [25,26], LPA6 was expressed in placenta, ovary, testis,
prostate, brain, and skeletal muscle [27].

When an agonist interacts with a specific GPCR, its associated G-protein is activated and induces a
specific intracellular pathway that leads to the final cellular response. At least three different
heterotrimeric G-proteins have been associated with the actions of LPA in various cell types: Gi/o,
Gg/11, and G12/13 [28,29].

The migration of vascular smooth muscle cells (VSMCs) is believed to play a major role in the
pathogenesis of atherosclerosis and is the main cause of restenosis after balloon angioplasty.
Elucidation of the mediators and knowledge of their mode of action may provide useful information
for the development of therapeutic treatments for these diseases [30]. In VSMCs, LPA has been shown
to stimulate migration [31]and proliferation [32]. Results derived from LPA receptor knockout mice
illustrate that LPA17 27" SMCs exhibit decreased migration in response to LPA, whereas LPA1
SMCs exhibit enhanced migration in response to upregulation of the LPA3 receptor [33].Damirin A et
al [34] demonstrated that LPA1 receptors are involved in the LDL-induced migration of human
coronary artery smooth muscle cells. However, the roles of LPA receptors in LPA-stimulated VSMCs
migration are far from been elucidated in detail. MAPKs are believed to be associated with the
migration and proliferation of VSMCs [35,36], but which subfamily of MAPKs is involved in VSMCs
remains controversial. The present study was designed to determine the involvement of LPA receptors
in LPA-stimulated migration of VSMC and the signaling pathways involved.
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2. Results and Discussion
2.1. RASMCs Migration toward LPA

In order to confirm that LPA was able to induced RASMCs migration in our model, we performed a
cellular migration assay. RASMCs (1x10° cells) were added to the upper wells of the Boyden chamber
containing LPA (0-25 uM) in the lower chamber. Cells were incubated for 6 h to allow to migration.
Results show that cells were induced by LPA to migrate to the lower well in a dose-dependent manner.
The greatest number of migrating cells occurred at 10 uM LPA. The number of migrating cells
decreased at higher LPA concentrations (Figure 1).

Figure 1. LPA-induced migration of RASMCs.
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RASMCs were stimulated with the indicated concentrations of LPA and migration
was determined using the Boyden chamber assay. Values are means £S.E.M n =3.
*P<C0.01 vs. control (OuM LPA).

2.2. LPA Receptor Expression

As we have demonstrated that LPA can induce RASMCs migration, it was then essential to
determine which LPA receptor may be responsible. Up to date, six receptors have been described,
whereas LPA4-6 are not expressed in vascular tissue. Therefore we performed Semi-quantitative
RT-PCR analysis to determine mRNA expression levels of the LPA receptors(LPA1-3) in RASMCs.
Consistant with previous results [37], LPA1 and LPA3 were expressed in RASMCs, whereas LPA2
expression could not be detected (Figure 2).

2.3. LPA-Induced Migration in RASMCs Is Mediated by LPA1 Receptor

To characterize the receptors involved in LPA-induced migration of RASMCs, cells were treated
with varying concentrations of the LPA1 and LPA3 antagonist, DGPP8:0, and LPA3 agonist, OMPT
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in the presence or absence of LPA (10 uM). The migration response to LPA was significantly inhibited
by DGPPS:0 at 10 uM and was almost completely inhibited at S0uM. However, low concentrations of
DGPP (0.1-1uM) and all concentrations of OMPT (up to 50u M) had little effect on LPA-induced
migration (Figure 3). DGPP has been shown to block LPA3 and LPA1 receptors with a Ki of 106 nM
and 6.6 puM, respectively [38]. Therefore, these data suggest that LPA induced RASMCs migration
may be mediated through the LPA1 receptor.

Figure 2. LPA receptor expression in RASMCs. Total RNA was isolated and RT-PCR was
performed to determine LPA receptor expression.
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Figure 3. Involvement of specific LPA receptor subtypes in LPA-induced migration.
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RASMCs were pretreated with the indicated concentrations of (A) DGPP (0-50 uM) (B) OMPT
(0-50 uM) for 1 h. Cellular migration assays were then performed in the presence or absence of or
LPA (10uM ). Values are means +S.E.M n =3. *P<C0.01 vs. control (LPA alone).
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2.4. P38MAPk Pathway Activation Is Required in LPA-Induced Migration

We next wanted to further elucidate the molecular cascades involved in LPA-induced migration of
RASMC:s. Cells were treated with (0- 25 uM) LPA for 10 min and Western blot analysis performed to
determine the activation of specific kinase signaling pathways using specific antibodies to detect the
phosphorylated forms of p38MAPKand ERK. LPA induced an increase in the phosphorylation of p38
MAPK and ERK in a dose-dependent manner, which reached peak at 10 uM LPA, approximately
2-fold above the basal level, and then decreased (Figure 4). We next examined the effects of DGPP on
the activity of ERKand p38MAPK. RASMCs were pretreated with DGPP (50 uM) for 30 min and then
stimulated with 10 pM LPA for 10 min. The phosphorylation of ERK and p38MAPK were completely
blocked by pretreatment with DGPP (Figure 5). To investigate the possible involvement of p38MAPK
or ERK phosphorylation in LPA-induced RASMCs migration, we examined the effects of specific
inhibitors for p38 MAPK and ERK kinases on cell migration. RASMCs were pretreated with a
p38MAPK inhibitor, SB203580 (30 uM), and an ERK inhibitor, PD98059 (30 uM), for 30 min, and
then stimulated with 10 uM LPA for 10 min. Cellular migration in response to LPA was analyzed.
LPA-induced p38MAPK activation was attenuated to the base level by pretreatment with SB203580
(Figure 6A). Migration assays show that a partial, but significant, reduction of migrated cells from
9146 (n =3) in the absence of SB203580 to 46 £6 (n= 3) in the presence of SB203580 (Figure 6B).
Pretreatment of the cells with PD98059 almost completely abolished the LPA-induced
phosphorylation of ERK, but, in contrast to SB203580, it failed to block LPA-induced VSMC
migration (Figures 6A and B).When SB203580 and PD98059 were coadministered,the inhibiting
action of SB203580 on the RASMCs migration were not strengthened (Figure 6B).

Figure 4. LPA induced phosphorylation of p38 MAPK and ERK.
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(Left panel) RASMCs were stimulated with the indicated concentrations of LPA for 10min. Total
cell lysate was resolved by SDS-PAGE and immunoblotted with the indicated antibodies. (Right
panel) Densitometric quantification of MAPK phoshorylation. P38SMAPK or ERK activation was
determined as an increase in the ratio of phospho-MAPK/total MAPK. Values are means £S.E.M n
=3. *P<70.01 vs. control (OuM LPA), AP<<0.01 vs. each other group.
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Figure 5. Effect of DGPP on p38 MAPK and ERK phosphorylation.
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A: (Left panel) RASMCs were pretreated with vehicle or DGPP (50uM) for 30 min, then
stimulated with 10pM LPA or vehicle for 10 min. Total cell lysate was resolved by SDS-PAGE and
immunoblotted with the indicated antibodies. (Right panel): Densitometric quantification of MAPK
phoshorylation. P38MAPK or ERK activation was determined as an increase in the ratio of
phospho-MAPK/total MAPK. Values are means +£S.E.M n =3. *P<C0.01 vs. control (LPA alone).
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Figure 6. Effects of p38 and ERK inhibition on LPA-induced migration of RASMC:s.
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Figure 6. Cont.
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A: (Left panel) RASMCs were pretreated with vehicle, SB203580 (30uM) or PD98059 (30uM) for
30 min, then stimulated with 10 uM LPA or vehicle for 10 min. Total cell lysate was resolved by
SDS-PAGE and immunoblotted with the indicated antibodies. (Right panel) Densitometric
quantification of MAPK phoshorylation. P38MAPK or ERK activation was determined as an
increase in the ratio of phospho-MAPK/total MAPK. *P<C0.01 vs. control (vehicle), AP<<0.01
vs.control (LPA alone). B: RASMCs were pretreated with SB2035800or/and PD98059 then treated
with 10 uM LPA. Cellular migration assays were performed. Values are means +S.E.M n =3. *P<<
0.05 vs. control (LPA alone).

2.5. Involvement of Gi Protein in LPA-Mediated Migration

Three G-proteins have been previously shown to play a role in LPA signaling, Gi/o, Gg/11, and
G12/13 [28,29]. LPA stimulates cell proliferation through activation of tyrosine kinase and MAP
kinase, Gi/o-type proteins are the most likely candidates to mediate these effects [39].And results
derived from LPA receptor knockout mice illustrate that at least in mouse embryonic fibroblasts
(MEFs), LPA1 receptors is primarily coupled to Gi [28].So we employed PTX, a specific inhibitor of
Gi/o to assess the role of G proteins in LPA-induced RASMCs migration. Overnight treatment
(12h-14h) of the cells with PTX (100 ng/ml) prevented LPA-induced phosphorylation of p38 MAPK
and ERK(Figure 7A) and almost completely abolished LPA-induced migration (Figure 7B). These
data suggest that the Gi-activated pathways are upstream of p38 and ERK activation and required for
LPA-induced RASMCs migration.

LPA is released from activated platelets, injured cells, and growth factor-stimulated cells and has
been shown to accumulate in the neointima of human atherosclerotic plaques [40]. It can also stimulate
the proliferation [31] and migration [32] of VSMCs, thus it is considerably relevant to vascular disease,
such as atherosclerosis [40,41] and vascular remodeling in vivo [32]. Although the effects of LPA have
been widely studied, little is known about the role of LPA receptors and its signaling pathways
activated by LPA in LPA-stimulated VSMCs migration. The present study shows that specific LPA
receptor subtypes mediate LPA-induced migration in RASMCs through p38 MAPK activation.
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Figure 7. LPA induces RASMCs migration through Gi pathway.
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RASMCs were pretreated overnight with 100 ng/mL PTX and then stimulated with 10 uM LPA or
vehicle for 10 min. A: (Left panel) Total cell lysate was resolved by SDS-PAGE and immoblotted
with the indicated antibodies. (Right panel) Densitometric quantification of ERK and p38
phosphorylation. ¥*P<C0.01 vs. control (LPA alone). B: RASMCs migration assay.*P<C0.01 vs.
control (LPA alone). Values are means =S.E.M n =3.

A large body of evidence suggests that LPA induces cell migration in various cell lines [4-6,41]. In
agreement with these results, we observed that LPA induces the migration of RASMCs in a
dose-dependent manner.Furthermore, we found that the greatest number of migrating cells occurred at
10 uM LPA and then dropped at higher dose. The reason for this may be that RASMCs were not sensitive
or tolerant to the LPA stimulation at higher concentration of LPA. It is generally accepted that the
diverse effects of LPA are mediated by its receptors. Receptor-mediated actions of LPA have
important influences on cell survival, cytoskeletal remodeling, cell migration, and cell proliferation. In
the present study, we demonstrate that RASMCs expressed two types of LPA receptor transcripts
(LPAT and LPA3) (Figure 2), and LPA-induced migration in RASMCs is mediated by specific LPA
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receptors. Although both LPA1 and LPA3 are expressed, data suggests that LPA1, not LPA3, is
required for LPA-induced RASMCs migration. Pretreatment of cells with an LPA1/LPA3-receptor
antogonist, DGPP, prevented LPA-induced RASMCs migration. DGPP blocks LPA1 with a Ki of 6.6
uM versus LPA3 with a Ki of 106 nM [36]. Lower concentrations of DGPP (0.1-1 pM), which inhibit
only LPA3, were relatively ineffective at blocking cell migration. However, at concentrations more
than 10 puM, which inhibit both LPA1 and LPA3, there was a significant reduction in RASMCs
migration. This was further confirmed by data demonstrating that the LPA3 selective agonist, OMPT,
hardly affected LPA-induced migration. However, since no specific LPA1 antagonist or agonist being
available, this conclusion remains to be validated by further study with specific intervention on LPA1
under our experimental conditions.

LPA receptors couple to at least three G proteins including Gq, Gi, and G12/13, LPA1 and LPA2
can couple to the Gi /o, G12/13, and Gq family, and LPA3 can couple to the Gi /o, and Gq family [42].
LPA induces various biological effects through these PTX-sensitive (Gi /o) or -insensitive (G12/13,
Gq) G-proteins. The Hirshman and Emalan groups reported [43] that antisense oligonucleotide
depletion of both Gqa and Gai-2 proteins significantly inhibited LPA-induced actin reorganization in
airway smooth muscle. These data indicate that LPA-induced actin reorganization, which is a
fundamental process in cell motility and division, is mediated by both Gi and Gq pathways. In the
present study, the migration response to LPA was completely inhibited by PTX treatment. This finding
suggests that LPA acting via a receptor that couples to the Gi-protein to induce RASMCs migration. In
contrast, Kim et al. [44] indicated that LPA coupling to Gq is the primary pathway that determines
VSMCs migration and proliferation, however,they were also able to see some component of
LPAGi-mediated signaling in the mouse VSMCs. This may be possibly due to the conditions for cell
migration in vitro are very different, cells always interact with the matrix. The extracellular matrix
might explain the discrepancy, while their assay used a Boyden chamber apparatus like our chemotaxis
assays, the filters on which the cells migrated were coated with fibronectin. The underlying mechanism
of the discrepant observations remains to be elucidated.

Data from a variety of laboratories have indicated that several signal transduction molecules,
including Src, phosphoinositide-3 kinase, and focal adhesion kinase, participate in the regulation of
migration [45-47]. Mitogen-activated protein kinases (MAPKSs), including p38 MAPK and ERK, have
been shown to be activated downstream of GPCR. In addition, MAPKSs have also been shown to be
involved in regulating the migration and proliferation of VSMCs [35,36]. But there are conflicting
views on which subfamily of MAPKSs is involved in the intracellular signal pathway for cell migration.
To check which signaling mechanism is involved in the regulation of LPA-induced RASMCs
migration, we treated cells with different inhibitors. In the present study, LPA stimulated
phosphorylation of p38 MAPK and ERK in RASMCs in a dose-dependent manner,which was in
keeping with the migration assay . DGPP treatment completely abolished the LPA-induced p38MAPK
and ERK activation, indicating that the LPA mediated the ERK and p38MAPK signaling pathways
through LPA receptors.SB203580 treatment completely abolished the LPA-induced p38MAPK
activation and, partially, but significantly, decreased migratory response to LPA. In contrast, although
PD98059 treatment completely abolished LPA-induced ERK activation it did not influence
LPA-induced migration. These data suggest a critical role for p38 MAPK, not ERK, in LPA induced
RASMCs migration.
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A growing body of evidence suggests that p38 MAPK is involved in cell migration by remodeling
the actin cytoskeleton [48,49]. P38MAPK acts as an upstream of the protein kinases that lead to the
phosphorylation of Hsp27 in various types of cells. The activation of Hsp27 plays a key role
inmodulating actin polymerization and the cytoskeletal remodeling associated with VSMCs migration
in response to stimuli such as PDGF, IL-1B, TGF-B and sphingosine 1-phosphate [50,51]. In the
present study, LPA stimulated phosphorylation of p38 and ERK in RASMCs, but the migration was
only affect by p38MAPK inhibiter. Although in some studies, ERK activation has been described as a
necessary event in VSMC migration, there are also studies citing no effect of ERK inhibition so as to
our study, or even ERK-mediated inhibition of migration [52]. This may suggests that ERK kinase can,
and probably does, participate in VSMC migration but that there is redundancy in the signaling
networks that compensates for ERK inhibition. LPA-induced increase of p38 MAPK phosphorylation
is also significantly inhibited by treatment with PTX, which demonstrates that activation of p38
MAPK by LPA is mediated through Gi-protein activation.Further experiments are required to
elucidate the interactions between Gi protein and p38 MAPK.

The involvement of a small G protein Rho in migratory activity has also been extensively examined
in the previous studies of vascular SMCs, but its role remains controversial [31,35,53,54]. Ai et al.
reported that C3 toxin, a specific inhibitor of Rho, and Y-27632, a Rho kinase or ROCK inhibitor,
have blocked vascular SMC migration induced by PDGF, and LPA, suggesting the positive
involvement of Rho or Rho kinase in SMC migration [31]. However, some results of experiments also
reported that Rho plays an inhibitory role in SMC migration [53,54]. The inhibitory role of Rho in cell
migration has also been reported in other cell systems [55,56]. Further experiments are required to
understand the role of intracellular signaling pathways, including the Rho signaling pathway, involved
in the LPA receptor-mediated regulation of migration of SMCs.

3. Conclusions

We have demonstrated that LPA can stimulate RASMCs migration through the Gi-protein-coupled
LPA1 receptor. LPA1-Gi-p38 signal cascade is important for VSMC migration in response to LPA.
Inhibition of these pathways might be advantageous for controlling VSMCs migration associated with
vascular diseases such as arteriosclerosis and restenosis.

4. Experimental Section

4.1. Materials

1-Oleoyl-sn-glycero-3-phosphate  (18:1LPA) and 1-oleoyl-2-O-methyl-rac-glycero-phospho-
thionate (OMPT) were obtained from Sigma—Aldrich. Dioctylglycerol pyrophosphate (8:0) (DGPP 8:0)
was from Avanti Polar Lipids. Pertussis toxin (PTX) was from Alexis Biochemicals Corporation. Anti-
p38 mitogen-activated protein kinase (p38 MAPK), anti-phosphorylated p38 MAPK, anti-
extracellular signal-regulated kinase (ERK), anti-phosphorylated ERK, SB203580 and PD98059 were
from Santa Cruz Biotechnologies.
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4.2. Cell Culture

VSMCs were prepared from thoracic aorta of Sprague-Dawley rats, as previously described [57].
Subcultured cells from passages 3—5 were used and demonstrated 95% positive immunostaining with
smooth muscle a-actin antibody. For the experiments, VSMCs at 80-90% confluency were used after
serum depletion with serum-free Dulbecco’s modified Eagle’s medium for 2-3 days.

4.3. Determination of LPA Receptor Expression

Total RNA was isolated from cultured VSMCs with Trizol according to the manufacturer’s protocol.
RT-PCR was performed to determine the mRNA expression level of the LPA receptor subtypes (LPA1,
LPA2, LPA3). Expression levels were normalized by GAPDH mRNA levels. The specific primer sets
for rat LPA1, LPA2 and LPA3 were as follows: LPA1 Fwd 5'-GGAAGTATGTTTGTGGCTCTG-3',
Rev 5-TTCTTGCGGAAGGTCAGG-3', LPA2 Fwd 5-TCAACACGGGACCTAATACC-3', Rev
5'-GGCGAACATAGCCAAAGAT-3', and LPA3 Fwd 5-CAGGGAGGGCAGTATGTT-3', Rev
5'-CCAGAATGGCTGTGAAGAT-3'. GAPDH primers used were Fwd 5~ ACCACAGTCCATGCCA
TCAC-3"and Rev 5-TCCACCACCCTGTTGCTGTA-3".

4.4. Cell Migration Assay

Cell migration was studied by the Boyden chamber method [58]. Briefly, test agents were placed in
the lower chamber and an 8-pm polycarbonate filter was placed between the upper and lower
chambers. Rat aortic smooth muscle cells (RASMCs) were trypsinized and resuspended at a
concentration of 1x10° cells/mL in DMEM containing 0.5% bovine serum albumin (BSA) and 100 pL
(1x10° cells) was added to the upper chamber. After incubation for 6 h at 37°C in a 5% CO2 incubator,
filters were removed and the cells on the top surface of the membrane were removed with a cotton
swab. The membranes were washed with phosphate-buffered saline, fixed with methanol and stained
with hematoxylin and eosin. The number of cells that had migrated to the lower surface was
determined by counting the cells in four randomly chosen places under a microscope at x400
magnification. The migration assay was performed in at least three independent experiments.

4.5. Measurement of ERK and p38MAPK Activation

To monitor ERK and p38 MAPK activation, SDS-PAGE was performed, followed by Western blot
analysis with specific antibodies recognizing phospho-ERK, total ERK, and phospho-p38 MAPK, and
total p38 MAPK following the manufacturer’s instructions. Briefly, treatment of RASMCs with
various agents was terminated by addition of trichloroacetic acid, and the total cellular proteins were
extracted with SDS-sample buffer [31]. An equal amount of protein (5 pg) was resolved by
SDS-PAGE and transferred to Nitrocellulose Membrane (Pierce). To determine ERK and p38 MAPK
phosphorylation, the membrane was incubated with each phosphospecific antibody. Immunoreactivity
was visualized using an enhanced ECL detection kit (Pierce) and exposed to radiographic film. The
blots were scanned and quantified by Gelpro32 (Beta 4.02 version for Windows).
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4.6. Statistical Analysis

Data were presented as mean +S.E.M, statistical significance was determined by Student’s t-tests
for comparisons between pairs of groups and by ANOVA for multiple comparisons. P<0.05 was
considered to be statistically significant.

Acknowledgements

This work was supported by a grant from the Key Program of Xiamen Health Administration,
China (No.WSKO0406).

References and Notes

1.  Moolenaar, W.H. Development of our current understanding of bioactivelysophospholipids. Ann.
NY Acad. Sci. 2000, 905, 1-10.

2. van Corven, E.J.; Groenink, A.; Jalink, K.; Eichholtz, T.; Moolenaar, W.H.
Lysophosphatidate-induced cell proliferation: identification and dissection of signaling pathways
mediated by G proteins. Cell 1989, 59, 45-54.

3. Moolenaar, W.H. Mitogenic action of lysophosphatidic acid. Adv. Cancer Res. 1991, 57, 87-102.

4. Gerrard, J.M.; Clawson, C.C.; White, J.G. Lysophosphatidic acids: III. Enhancement of neutrophil
chemotaxis. Am. J. Pathol. 1980, 100, 609-618.

5.  Limmen, G.; Virchow, S.; Riimenapp, U.; Schmidt, M.; Wieland ,T.; Otto, T.; Riibben ,H.; Jakobs,
K.H. Identification of G protein-coupled receptors potently stimulating migration of human
transitional-cell carcinoma cells. Naunyn Schmiedebergs Arch. Pharmacol. 1997, 356, 769-776.

6. Durieux, M.E.; Lynch, K.R. Signalling properties of lysophosphatidic acid. Trends Pharmacol.
Sci. 1993, 14, 249-254.

7. Swarthout, J.T.; Walling, H.-W. Lysophosphatidic acid: receptors, signaling and survival. Cell Mol.
Life Sci. 2000, 57, 1978-1985.

8. Ye, X.; Ishii, I; Kingsbury, M.A.; Chun, J. Lysophosphatidic acid as a novel cell
survival/apoptotic factor. Biochim. Biophys. Acta 2002, 1585, 108-113.

9. Gerrard, J.M.; Kindom, S.E.; Peterson, D.A.; Peller, J.; Krantz, K.E.; White, J.G.
Lysophosphatidic acids. Influence on platelet aggregation and intracellular calcium flux. Am. J.
Pathol. 1979, 96, 423-438.

10. Sandmann, G.; Siess, W.; Essler, M. Lysophosphatidic acid is the unique platelet-activating
substance in human malignant ascites. Eur. J. Med. Res. 2003, 8, 397-404.

11. Toews, M.L; Ustinova, E.E; Schultz, H.D. Lysophosphatidic acid enhances contractility of
isolated airway smooth muscle. J. Appl. Physiol. 1997, 83, 1216-1222.

12. Mori, M.; Tsushima, H. Activation of Rho signaling contributes tolysophosphatidic acid-induced
contraction of intact ileal smooth muscle of guinea-pig. Can. J. Physiol. Pharmacol. 2000, 78,
729-736.

13. Jalink, K.; Eichholtz, T.; Postma, F.R; van, Corven. E.J.; Moolenaar, W.H. Lysophosphatidic acid
induces neuronal shape changes via a novel, receptor-mediated signaling pathway: similarity to
thrombin action. Cell Growth Differ. 1993, 4, 247-255.



Int. J. Mol. Sci. 2009, 10 3206

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tigyi, G.; Fischer, D.J.; Sebok, A.; Yang, C.; Dyer, D.L.; Miledi, R. Lysophosphatidic
acid-induced neurite retraction in PC12 cells: control by phosphoinositide-Ca** signaling and Rho.
J. Neurochem. 1996; 66, 537-548.

Manning, T.J., Jr.; Rosenfeld, S.S; Sontheimer H. Lysophosphatidic acid stimulates actomyosin
contraction in astrocytes. J. Neurosci. Res. 1998, 53, 343-352.

Weiner, J.A.; Hecht, J.H.; Chun, J. Lysophosphatidic acid receptor gene vzg-1/IpAl/edg-2 is
expressed by mature oligodendrocytes during myelination in the postnatal murine brain. J. Comp.
Neurol. 1998, 398, 587-598.

Li, Y.; Gonz'alez, M.I.; Meinkoth, J.L.; Field, J.; Kazanietz, M.G.; Tennekoon, G.L
Lysophosphatidic acid promotes survival and differentiation of rat Schwann cells. J. Biol. Chem.
2003, 278, 9585-9591.

Hecht, J.H.; Weiner, J.A.; Post, S.R.; Chun, J. Ventricular zone gene-1 (vzg-1) encodes a
lysophosphatidic acid receptor expressed in neurogenic regions of the developing cerebral cortex.
J. Cell Biol. 1996, 135, 1071-1083.

Yoshida, A.; Ueda, H. Neurobiology of the Edg2 lysophosphatidic acid receptor. Jpn. J.
Pharmacol. 2001, 87, 104-109.

Shiono, S.; Kawamoto, K.; Yoshida, N.; Kondo, T.; Inagami, T. Neurotransmitter release from
lysophosphatidic acid stimulated PC12 cells: involvement of lysophosphatidic acid receptors.
Biochem. Biophys. Res. Commun. 1993, 193, 667-673.

Chun, J.; Goetzl, E.J.; Hla, T.; Igarashi, Y.; Lynch, K.R.; Moolenaar, W.; Pyne, S.; Tigyi, G.
International Union of Pharmacology. XXXIV. Lysophospholipid receptor nomenclature.
Pharmacol. Rev. 2002.54, 265-269.

Contos, J.J; Ishii, 1.; Chun, J. Lysophosphatidic acid receptors. Mol. Pharmacol. 2000, 58,
1188-1196.

Fukushima, N.; Ishii, I.; Contos, J.J.; Weiner, J.A.; Chun, J. Lysophospholipid receptors. Annu.
Rev. Pharmacol. Toxicol. 2001, 41, 507-534.

Noguchi, K.; Ishii, S.; Shimizu,T. Identification of p2y9/GPR23 as a novel G protein-coupled
receptor for lysophosphatidic acid, structurally distant from the Edg family. J. Biol. Chem. 2003,
278, 25600-25606.

Kotarsky, K.; Boketoft, A.; Bristulf, J.; Nilsson, N.E.; Norberg, A.; Hansson, S.; Owman, C.;
Sillard, R.; Leeb-Lundberg, L.M.; Olde, B. Lysophosphatidic acid binds to and activates GPR92,
a G protein-coupled receptor highly expressed in gastrointestinal lymphocytes. J. Pharmacol. Exp.
Ther. 2006, 318, 619-628.

Lee, C.W.; Rivera, R.; Gardell, S.; Dubin, A.E.; Chun, J. GPR92 as a new G12/13- and
Gg-coupled lysophosphatidic acid receptor that increases cAMP, LPAS. J. Biol. Chem. 2006, 281,
23589-23597.

Tabata, K.; Baba, K.; Shiraishi, A.; Ito, M.; Fujita, N. The orphan GPCR GPR87 was
deorphanized and shown to be a lysophosphatidic acid receptor. Biochem. Biophys. Res. Commun.
2007, 363, 861-866.

Yang, A.H.; Ishii, I.; Chun, J. In vivo roles of lysophospholipid receptors revealed by gene
targeting studies in mice. Biochim. Biophys. Acta 2002, 1582, 197-203.

Hilal-Dandan, R.; Means, C.K; Gustafsson, A.B.; Morissette, M.R.; Adams, J.W.; Brunton, L.L.;
Heller- Brown, J. Lysophosphatidic acid induces hypertrophy of neonatal cardiac myocytes via



Int. J. Mol. Sci. 2009, 10 3207

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

activation of Gi and Rho. J. Mol. Cell Cardiol. 2004, 36, 481-93.

Ross, R. The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature. 1993, 362,
801-809.

Ai, S.; Kuzuya, M.; Koike, T.; Asai, T.; Kanda, S.; Maeda, K.; Shibata, T.; Iguchi, A.; Satake, S.;
Ramos, M.A.; Miura, H.; Ueda, M. Rho-Rho kinase is involved in smooth muscle cell migration
through myosin light chain phosphorylation-dependent and independent pathways. Inhibition of
angiogenesis on glycated collagen lattices. Atherosclerosis 2001, 155, 321-327.

Yoshida, K.; Nishida, W.; Hayashi, K.; Ohkawa, Y.; Ogawa, A.; Aoki, J.; Arai, H.; Sobue, K.
Vascular remodeling induced by naturally occurring unsaturated lysophosphatidic acid in vivo.
Circulation 2003, 108, 1746 -1752.

Panchatcharam, M.; Miriyala, S.; Yang, F.; Rojas, M.; End, C.; Vallant, C.; Dong, A.; Lynch, K.;
Chun, J.; Morris, A.J.; Smyth, S.S. Lysophosphatidic acid receptors 1 and 2 play roles in
regulation of vascular injury responses but not blood pressure. Circ. Res. 2008, 103, 662-670.
Damirin, A.; Tomura, H.; Komachi, M.; Liu, J.P.; Mogi, C.; Tobo, M.; Wang, J.Q.; Kimura, T.;
Kuwabara, A.; Yamazaki, Y.; Ohta, H.; Im, D.S.; Sato, K.; Okajima, F. Role of
lipoprotein-associated lysophospholipids in migratory activity of coronary artery smooth muscle
cells. Am. J. Physiol. Heart Circ. Physiol. 2007, 292, H2513-2522.

Liu, B.; Ryer, E.J.; Kundi, R.; Kamiya, K.; Itoh, H.; Faries, P.L.; Sakakibara, K.; Kent, K.C.
Protein kinase C-9 regulates migration and proliferation of vascular smooth muscle cells through
the extracellular signal regulated kinase 1/2. J. Vasc. Surg. 2007, 45, 160-168.

Wei, C.Y.; Chou, Y.H.; Ho, F.M.; Hsieh, S.L.; Lin, W.W. Signaling pathways of LIGHT induced
macrophage migration and vascular smooth muscle cell proliferation. J. Cell Physiol. 2006, 209,
735-743.

Hayashi, K.; Takahashi, M.; Nishida, W.; Yoshida, K.; Ohkawa, Y.; Kitabatake, A.; Aoki, J.; Arai,
H.; Sobue, K. Phenotypic modulation of vascular smooth muscle cells induced by unsaturated
lysophosphatidic acids. Circ. Res. 2001, 89, 251-258.

Fischer, D.J.; Nusser, N.; Virag ,T.; Yokoyama, K.; Wang, D.A.; Baker, D.L; Bautista, D.; Parrill,
A.L.; Tigyi, G. Short-chain phosphatidates are subtype-selective antagonists of lysophosphatidic
acid receptors. Mol. Pharmacol. 2001, 60, 776-784.

Moolenaar, W.H.; Kranenburg, O.; Postma, F.R.; Zondag, G.C. Lysophosphatidic acid: G-protein
signalling and cellular responses. Curr. Opin. Cell Biol. 1997, 9, 168-173.

Siess, W. Athero- and thrombogenic actions of lysophosphatidic acid and
sphingosine-1-phosphate. Biochim. Biophys. Acta 2002, 1582, 204-215.

Rother, E.; Brandl, R.; Baker, D.L.; Goyal, P.; Gebhard, H.; Tigyi, G.; Siess, W.
Subtype-selective antagonists of lysophosphatidic Acid receptors inhibit platelet activation
triggered by the lipid core of atherosclerotic plaques. Circulation 2003, 108, 741-747.

Anliker, B.; Chun, J. Lysophospholipid G Protein-coupled Receptors. J. Biol. Chem. 2004, 279,
20555-20558.

Hirshman, C.A.; Emala, C.W. Actin reorganization in airway smooth muscle cells involves Gq
and Gi-2 activation of Rho. Am. J. Physiol. 1999, 277, L653-661.

Blanc, A.; Pandey, N.R.; Srivastava, A.K. Synchronous activation of ERK 1/2, p38 MAPK and
PKB/Akt signaling by H202 in vascular smooth muscle cells: potential involvement in vascular
disease. Int. J. Mol. Med. 2003, 11, 229-234.



Int. J. Mol. Sci. 2009, 10 3208

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hauck, C.R.; Hsia, D.A.; Schlaepfer, D.D. Focal adhesion kinase facilitates platelet-derived
growth factor-BB-stimulated ERK2 activation required for chemotaxis migration of vascular
smooth muscle cells. J. Biol. Chem. 2000, 275, 41092-41099.

Krymskaya, V.P.; Goncharova, E.A.; Ammit, A.J.; Lim, P.N.; Goncharov, D.A.; Eszterhas, A.;
Panettieri, R.A., Jr. Src is necessary and sufficient for human airway smooth muscle cell
proliferation and migration. FASEB J. 2005, 19, 428-430.

Matsumoto, T.; Yokote, K.; Tamura, K.; Takemoto, M.; Ueno, H.; Saito, Y.; Mori, S.
Platelet-derived growth factor activates p38 mitogen-activated protein kinase through a
Ras-dependent pathway that is important for actin reorganization and cell migration. J. Biol.
Chem. 1999, 274, 13954-13960.

Bakin, A.V.; Rinehart, C.; Tomlinson, A.K.; Arteaga, C.L. p38 mitogenactivated protein kinase is
required for TGF beta-mediated fibroblastic transdifferentiation and cell migration. J. Cell Sci.
2002, 115, 3193-3206.

Hedges, J.C.; Dechert, M.A.; Yamboliev, [.A.; Martin, J.L.; Hickey, E.; Weber, L.A.; Gerthofter,
W.T. A role for p38 MAPK/HSP27 pathway in smooth muscle cell migration. J. Biol. Chem. 1999,
274,24211-24219.

Kozawa, O.; Tanabe, K.; Ito, H.; Matsuno, H.; Niwa, M.; Kato, K.; Uematsu, T. Sphingosine
I-phosphate regulates heat shock protein 27 induction by a p38 MAP kinase-dependent
mechanism in aortic smooth muscle cells. Exp. Cell Res. 1999, 250, 376-380.

Wang, X.Q.; Lindberg, F.P.; Frazier, W.A. Integrin-associated protein stimulates
alpha2betal-dependent chemotaxis via Gi-mediated inhibition of adenylate cyclase and
extracellular-regulated kinases. J. Cell Biol. 1999, 147, 389-400.

Rolfe, B.E.; Worth, N.F.; World, C.J.; Campbell, J.H.; Campbell, G.R. Rho and vascular disease.
Atherosclerosis 2005, 183, 1-16.

Ryu,Y.; Takuwa, N.; Sugimoto, N.; Sakurada, S.; Usui, S.; Okamoto, H.; Matsui, O.; Takuwa, Y.
Sphingosine-1-phosphate, a platelet-derived lysophospholipid mediator, negatively regulates
cellular Rac activity and cell migration in vascular smooth muscle cells. Circ. Res. 2002, 90,
325-332.

Arikawa, K.; Takuwa, N.; Yamaguchi, H.; Sugimoto, N.; Kitayama, J.; Nagawa, H.; Takehara, K.;
Takuwa, Y. Ligand-dependent inhibition of B16 melanoma cell migration and invasion via
endogenous S1P2 G protein-coupled receptor. Requirement of inhibition of cellular RAC activity.
J. Biol. Chem. 2003, 278, 32841-32851.

Lepley, D.; Paik, J.H.; Hla, T.; Ferrer, F. The G protein-coupled receptor S1P2 regulates Rho/Rho
kinase pathway to inhibit tumor cell migration. Cancer Res. 2005, 65, 3788-3795.

Eguchi, S.; Hirata, Y.; Imai, T.; Kanno, K.; Marumo, F. Phenotypic change of endothelin receptor
subtype in cultured rat vascular smooth muscle cells. Endocrinology 1994, 134, 222-228.

Saito, S.; Frank, G.D.; Motley, E.D.; Dempsey, P.J.; Utsunomiya, H.; Inagami, T.; Eguchi, S.
Metalloprotease inhibitor blocks angiotensin II-induced migration through inhibition of epidermal
growth factor receptor transactivation. Biochem. Biophys. Res. Commun. 2002, 294, 1023-1029.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This

article is an open-access article distributed under the terms and conditions of the Creative Commons

Attribution license (http://creativecommons.org/licenses/by/3.0/).



