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Lysophosphatidic acid (LPA) receptors belong to G protein-coupled transmembrane receptors (LPA recep-
tors; LPA; to LPAg). They indicate a variety of cellular response by the interaction with LPA, including cell
proliferation, migration and differentiation. Recently, we have reported that constitutive active mutated
LPA; induced the strong biological effects of rat neuroblastoma B103 cells. In the present study, we exam-
ined the effects of mutated LPA; on the interaction between B103 cells and endothelial F-2 cells. Each LPA
receptor expressing B103 cells were maintained in serum-free DMEM and cell motility assay was per-
formed with a Cell Culture Insert. When F-2 cells were cultured with conditioned medium from Lpar1
and Lpar3-expressing cells, the cell motility of F-2 cells was significantly higher than control cells. Inter-
estingly, the motile activity of F-2 cells was strongly induced by mutated LPA, than other cells, correlat-
ing with the expression levels of vascular endothelial growth factor (Vegf)-A and Vegf-C. Pretreatment of
LPA signaling inhibitors inhibited F-2 cell motility stimulated by mutated LPA;. These results suggest that
activation of LPA signaling via mutated LPA; may play an important role in the promotion of angiogenesis
in rat neuroblastoma cells.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Lysophosphatidic acid (LPA) receptors belong to G protein-
coupled transmembrane receptors [1-3]. As far, at least six types
of LPA receptors (LPA; to LPAg) have been identified [4,5]. LPA
receptors provide a variety of cellular responses by the interaction
with LPA, including cell proliferation, differentiation, migration
and protection from apoptosis [1-5]. The distribution and pattern
of LPA receptor expression are dependent on types of cells [6]. Each
LPA receptor is not functionally equivalent and it acts as a positive
or negative regulator of the biological effects [1].

In previous reports, the aberrant expressions of LPA receptors
were found, such as ovarian, colon and breast cancer cells [7-9].
We have also reported that the reduced expressions of LPA recep-
tor genes due to DNA hypermethylation occurred in human colon
cancer and rodent cancer cells [10-12]. On the other hand, LPA
per se can enhance malignant property of cancer cells, such as cell

Abbreviations: LPA, lysophosphatidic acid; LPA,, LPA receptor-1; VEGF, vascular
endothelial growth factor; RT, reverse transcription; PCR, polymerase chain
reaction.
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proliferation, migration and invasion [1,4]. In fact, a high level of
LPA production was detected in plasma and ascites from patients
with ovarian cancers [13,14]. Furthermore, frequent mutations of
Lpar1 gene occurred in rat lung and liver tumors, but not Lpar2
to Lpar5 genes [15-17]. Therefore, it is suggested that LPA signaling
via LPA receptors may be involved in the pathogenesis of cancer
cells. However, the biological function of LPA receptor is not fully
understood in cancer cells.

To address this issue, we generated each LPA receptor express-
ing cells from rat neuroblastoma B103 cells which showed no
detectable LPA response, and indicated that constitutive active mu-
tated Lparl-expressing B103 cells markedly enhanced malignant
property of B103 cells [18,19]. In the present study, we examined
the effects of mutated LPA; on the interaction between B103 cells
and endothelial F-2 cells.

Angiogenesis is the important step of producing new blood ves-
sels from the existing vasculature and promotes the activity of
invasion and metastasis of cancer cells [20]. In the present study,
to evaluate the role of mutated LPA; on the interaction between
B103 cells and endothelial cells, we measured cell proliferation
rate and motile activity of endothelial cells cultured with condi-
tioned medium from mutated Lpari-expressing B103 cells,
compared with other LPA receptor expressing B103 cells.
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2. Materials and methods
2.1. Cell culture

Each LPA receptor (Lpar1, Lpar2 and Lpar3)-expressing (lpal-1,
Ipa2-2 and lpa3-3-2, respectively) and mutated Lparl-expressing
(Ipa1A-1) cells from B103 cells were used [18]. Cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) (Nacalai
Tesque Inc., Kyoto, Japan) containing 10% fetal bovine serum
(FBS) in 5% CO, atmosphere at 37 °C. LPA receptor-unexpressing
AB2-1bf (vector) cells were used as control [18].

2.2. Quantitative real time RT-PCR analysis for Vegf gene expressions

For quantitative real time RT-PCR analysis, a Smart Cycler II
System (TaKaRa Bio, Inc., Shiga, Japan) and a SYBR Premix Ex Taq
(TaKaRa) was used according to the manufacturer’s protocol. The
first strand cDNA was synthesized from 1.0 pg RNA sample of each
cell with Transcriptor First Strand cDNA Synthesis Kit (Roche Diag-
nostics Co., Ltd., Mannheim, Germany). Primer pairs used in this
assay were as follows: for Vegf-A (NCBI accession number
NM_031836), F 5'-GCAATGATGAAGCCCTGGAG-3', R 5'-GCTGGCTTT
GGTGAGGTTTG-3'; for Vegf-C (NCBI accession number AY032729), F
5-CCTGGAAAATGTGCCTGTGAA-3', R 5'-GCTGCATGTTTGATGGTGG
A-3'. The data for each gene was normalized to rat Gapdh [21].

2.3. Effects on cell proliferation of F-2 cells by LPA receptor expressing
cells

To assess the interaction between LPA receptor expressing cells
and endothelial cells, mouse endothelial F-2 cells were used [22].
F-2 cells were plated at 2000 cells/well in a 96-well plate and cul-
tured with 100 pl of serum-free DMEM containing 30% superna-
tant from each LPA receptor expressing cells treated with LPA
(10 uM) (Avanti Polar Lipid, Alabaster, AL, USA) for 48 h. For cell
proliferation assay, a solution from a Cell Counting Kit-8 (CCK-8)
(Dojin Chemistry, Kumamoto, Japan) was added to the plate and
cells were further incubated for 1 h. The absorbance of the culture
medium at 450 nm was determined. The assay was always done in
triplicate [18,19].

2.4. Effects on cell migration of F-2 cells by LPA receptor expressing
cells

For cell motility assay, we used a Cell Culture Insert (BD Falcon,
NJ, USA) with 8 um pore size. F-2 cells were seeded in the filter at
1 x 10° cells in 200 pl serum-free DMEM (upper chamber) and
placed in 24-well plates (lower chamber) containing 800 pl of
supernatants from each LPA receptor expressing cells. After 24 h,
cells remaining in the upper side of the filter were removed with
cotton swabs. The number of cells migrated to the lower side of
the filter was counted after Giemsa staining [19].

2.5. Effects on cell migration of F-2 cells by mutant Lpar1-expressing
cells treated with LPA signaling inhibitors

To assess the effects of LPA signaling inhibitors on cooperation
between mutant Lparl-expressing cells and F-2 cells, pertussis
toxin (PTX) (Pure Chemical Industries, Ltd.), U-73122 (Cayman
Chemical Co., Ann Arbor, MI, USA) and Y-27632 (Mitsubishi Phar-
ma Co., Osaka, Japan) were used. In the condition of serum-free
DMEM, IpalA-1 cells were pretreated with 100 ng/ml PTX for
24 h, 10 uM U-73122 for 15 min, or 10 pM Y-27632 for 15 min be-
fore the treatment of LPA (10 uM) [18,19]. After 48 h, supernatants

from IpalA-1 cells treated with those inhibitors were collected and
used for the measurement of cell motile activity of F-2 cells.

3. Results and discussion

Since naive B103 cells express very low levels of endogenous
each LPA receptor and indicate no response to LPA treatment, they
have been widely used to exogenously introduce LPA receptor
genes and investigate the cellular function of LPA signaling
[18,19]. Using B103 cells, we generated constitutive active mutated
Lpar1-expressing cells, which lacked the carboxyl terminal region
of LPA; [18]. This clone indicated significantly high cell prolifera-
tion, motility, invasion and tumorigenicity, whereas wild-type
LPA; inhibited those activities [19]. Moreover, mutated LPA; also
enhanced matrix metalloproteinase-2 (Mmp-2) expression and
activation in B103 cells [21]. In the present study, we examined
the effects of mutated LPA; on the interaction between B103 cells
and endothelial F-2 cells, using this clone.

Angiogenesis is regulated by various growth factors, including
VEGF family. VEGFs are produced by tumor cells and promote angi-
ogenesis, and its suppression leads to the inhibition of tumor
growth [23,24]. Therefore, we first measured the expression levels
of Vegf-A and Vegf-C genes in LPA receptor expressing cells by
quantitative real time RT-PCR analysis. The expressions of Vegf-A
gene in Ipal-1, Ipa3-3-2 and IpalA-1 cells were significantly high-
er than those of control cells. IpalA-1 cells also indicated high
expression levels of Vegf-C gene, but not other cells (Fig. 1A).

Next, to assess the effects on cell growth of F-2 cells by LPA
receptor expressing cells, LPA expressing cells were maintained
in serum-free DMEM with LPA treatment (10 uM) for 48 h. Then,
F-2 cells were cultured with serum-free DMEM containing 30%
supernatants from each LPA expressing cell. Ipal-1 and Ipa3-3-2
cells showed slightly high growth rate, compared with other cell
(Fig. 1B). For cell motility assay, supernatants from each LPA
expressing cell were also used. When F-2 cells were cultured with
supernatants from Ipal-1 and Ipa3-3-2 cells, cell motility of F-2
cells was significantly higher than AB2-1bf cells, but not Ipa2-2
cells. Interestingly, IpalA-1 cells induced markedly high cell mo-
tile activity than other cells, correlating with the expression levels
of Vegf-A and Vegf-C genes (Fig. 2).

Since Ipa1A-1 cells induced the highest cell motile activity of F-
2 cells with Vegf expressions, we examined whether LPA signaling
via G proteins may participate in the stimulation of Vegf expres-
sions and F-2 cell motility by mutated LPA;. It is well known that
LPA; couples to Gi, Gq and G12/13 [18,19]. Therefore, Ipal1A-1 cells
were pretreated with PTX, U-73122 or Y-27632 before the treat-
ment of LPA. After 48 h, cells were harvested and RNA was ex-
tracted from each cell for expression assay. Supernatants were
also collected for the motility assay. PTX is an inhibitor of Gi pro-
tein. U-73122 inhibits PLC which is a downstream effector of Gq
and Y-27632 inactivates ROCK which is a downstream effector of
G12/13 [18,19]. The expression of Vegf-A gene in IpalA-1 cells
was significantly inhibited by PTX, U-73122 and Y-27632. The
treatment of U-73122 significantly suppressed Vegf-C expression,
but not PTX and Y-27632 (Fig. 3A). Cell motile activity of F-2 cells
was significantly suppressed by conditioned medium from IpalA-
1 cells pretreated with PTX, U-73122 and Y-27632 (Fig. 3B).

To confirm the activation of F-2 cell migration by mutated
LPA;, we also cultured mouse fibroblast 3T3 cells and mutated
Lpar1-expressing fibroblast (3T3-a1A) cells [18,19]. The expres-
sion levels of Vegf-A in 3T3-al (Lparl-expressing) and 3T3-
alA cells were significantly higher than those of 3T3-AB (con-
trol) cells. 3T3-alA cells also indicated the high expression of
Vegf-C (Fig. 4A). Using supernatants from each cell, the effects
on cell proliferation and motile activities of F-2 cells were mea-
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Fig. 1. (A) Expression levels of Vegf-A and Vegf-C genes mRNAs relative to Gapdh mRNA in LPA receptor expressing B103 cells by quantitative real time RT-PCR analysis. Cells
were maintained in serum-containing medium. Columns indicate the mean of three studies; bars indicate SD. *p < 0.01 vs. AB2-1bf (control) cells. (B) Cell proliferation rate of
endothelial F-2 cells cultured with conditioned medium from LPA receptor expressing B103 cells treated with LPA for 48 h. F-2 cells were cultured in serum-free DMEM
containing 30% supernatant from each cell. Data are expressed as the percentage of cell number on day 0.
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Fig. 2. The effects of mutated Lpar1-expressing B103 cells on cell motile ability of endothelial F-2 cells with a Cell Culture Insert. F-2 cells were incubated in serum-free
DMEM (upper chamber) and supernatants (lower chamber) from each LPA receptor expressing cells treated with LPA (10 uM). (A) Representative phase contrast micrographs
of F-2 cells migrated to lower side of the filter. Cells were stained by Giemsa solution. (B) Phase contrast micrographs of F-2 cells incubated with supernatants from IpalA-1
cells (magnified). (C) The number of F-2 cells migrated to the lower side. Columns indicate the mean of three studies; bars indicate SD. *p < 0.01 vs. F-2 cells incubated with

supernatants from AB2-1bf cells.

sured. Although no significant difference of cell proliferation
rate was found (Fig. 4B), F-2 cells cultured with supernatants
from 3T3-alA cells showed markedly high cell motile activity
as well as IpalA-1 cells (Fig. 4C and D).

Previously, the relevance between LPA signaling and angiogen-
esis in cancer cells has been reported. In ovarian cancer cells, LPA

induced VEGF expression and production via LPA,, but not LPA,
[25]. The production of VEGF was inhibited by knockdown of LPAR2
or LPAR3, suggesting that LPA signaling via LPA, and LPA; may play
a critical role in the progression of ovarian cancer cells [26]. By
contrast, LPA induced VEGF secretion in colon cancer cells which
expressed LPA; or LPA, exclusively [27]. Moreover, LPA increased
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Fig. 3. (A) Effects of LPA signaling inhibitors on Vegf-A and Vegf-C expressions in Ipal1A-1 cells.
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Ipa1A-1 cells were pretreated with 100 ng/ml PTX for 24 h, 10 pM U-73122 for
15 min, or 10 uM Y-27632 for 15 min before the treatment of LPA (10 nM). After 48 h, cells were harvested and RNA was extracted from each cell. (B) Effects of LPA signaling
inhibitors on F-2 cell motility by Ipa1A-1 cells. Data are indicated as a percentage of control without inhibitor treatment. Columns indicate the mean of three studies; bars
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Fig. 4. (A) Expression levels of Vegf-A and Vegf-C genes mRNAs relative to Gapdh mRNA in 3T3-AB, 3T3-al and 3T3A-1 cells by quantitative real time RT-PCR analysis.
Columns indicate the mean of three studies; bars indicate SD. *p < 0.01 vs. 3T3-AB (control) cells. (B) Cell proliferation rate of endothelial F-2 cells cultured with conditioned
medium from 3T3-AB, 3T3-al and 3T3A-1 cells treated with LPA for 48 h. F-2 cells were cultured in serum-free DMEM containing 30% supernatant frOm each cell. Data are
expressed as the percentage of cell number on day 0. (C) Representative phase contrast micrographs of F-2 cells migrated to lower side of the filter. Cells were stained by
Giemsa solution. (D) The number of F-2 cells migrated to the lower side. Columns indicate the mean of three studies; bars indicate SD. *p < 0.01 vs. F-2 cells incubated with

supernatants from 3T3-AB cells.

VEGF-C expression and tube formation in endothelial cells through
LPA] and LPA3 [28]

In summary, the present study demonstrated that mutated LPA;
markedly enhanced cell motile activity of endothelial cells, corre-
lating with Vegf expressions. Since frequent Lpar1 mutations were
detected in rat lung and liver tumors [15,16], it is suggested that
LPA signaling via mutated LPA; may play important roles in the
acquisition of malignant potency of cancer cells.
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