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ABSTRACT
Sphingosine-1-phosphate (S1P), acting through five closely related G-protein coupled receptors termed S1P1–5, has recently emerged as a

possible regulator of smooth muscle cell (SMC) physiology with the potential to induce contraction, proliferation and stress fiber formation. In

the present study, real-time quantitative PCR was used to determine the expression patterns of S1P receptor subtypes in human primary

pulmonary artery smooth muscle cells (PASMC). We report here that subconfluent PASMC express predominantly S1P2 and S1P3 receptors

and we show that S1P1 receptor mRNA levels are significantly up-regulated following basic fibroblast growth factor (bFGF) treatment. As a

consequence, increased responsiveness, as measured by impedance and ERK1/2 phosphorylation, was observed upon stimulation with a

specific S1P1 receptor agonist SEW2871. We therefore demonstrate, for the first time, that a growth factor that was previously shown to be

involved in physiological and pathological changes of SMC function induced S1P1 receptor expression and we propose that S1P1 receptor up-

regulation could contribute to vascular remodeling. J. Cell. Biochem. 105: 1139–1145, 2008. � 2008 Wiley-Liss, Inc.
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P roliferation and migration of vascular smooth muscle cells

(SMC) are important physiological processes during embryo-

nic development and later during vascular repair. Growth factors

and cytokines are known to influence SMC physiology [Panettieri,

1998] and recently, sphingosine-1-phosphate (S1P), a bioactive

sphingolipid metabolite, has emerged as a potential regulator of

SMC function. A number of biological effects in SMC have been

observed in response to S1P, including S1P-stimulated DNA

synthesis and proliferation in rat SMC [Kluk and Hla, 2001;

Tamama et al., 2001; Lockman et al., 2004], modulation of platelet-

derived growth factor (PDGF)-induced migration of rat and mouse

SMC [Tamama et al., 2001; Inoue et al., 2007] and contraction of

human vascular and airway SMC [Ohmori et al., 2003; Rosenfeldt

et al., 2003]. Recent studies also described S1P-induced epidermal

growth factor (EGF) receptor expression and tyrosine phosphory-

lation, resulting in increased rat aortic SMC proliferation

[Tanimoto et al., 2004; Hsieh et al., 2008]. In guinea pig

airway SMC, the S1P1 receptor and platelet-derived growth factor

b (PDGFb) receptor were shown to form complexes and to promote

mitogenic signaling [Waters et al., 2003]. These findings support the

idea of a functional cross-talk between S1P and growth factors in

SMC physiology.

S1P binds and activates members of the S1P receptor family, a

group of five G-protein coupled receptors including the S1P1, S1P2,
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S1P3, S1P4, and S1P5 receptors. It is assumed that the biological

function of S1P in different cell types depends on the relative S1P

receptor expression and the abundance of corresponding intracel-

lular coupling partners. In the case of human SMC, little is known

about S1P receptor subtype expression and even less is known about

factors that regulate their expression. Non-quantitative RT-PCR or

Northern blot experiments were previously used to determine the

expression levels of S1P receptor subtypes in SMC derived from

blood vessels of various origins. From the five well-known

receptors, only S1P2 and S1P3 receptor transcripts were detected

in all studies, whereas the presence of the remaining receptors

was variable [Kluk and Hla, 2001; Tamama et al., 2001; Ryu et al.,

2002; Ohmori et al., 2003]. Regulation of S1P receptor expression

was demonstrated in activated T lymphocytes [Jin et al., 2003],

during myogenic differentiation [Meacci et al., 2003], in cancer cells

[Dolezalova et al., 2003], during endothelial cell differentiation [Hla

and Maciag, 1990], and in endothelial cells in response to vascular

endothelial growth factor (VEGF) or hydrogen peroxide stimulation

[Igarashi et al., 2003, 2007]. Only one study, in rat SMC, has shown

changes in S1P receptor expression in response to different cell

densities [Kluk and Hla, 2001].

In the present study quantitative real-time PCR was employed to

determine the expression patterns of S1P receptor subtypes in

primary human SMC derived from various blood vessels with
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particular emphasis on the analysis of S1P receptor expression and

functional consequences in primary human pulmonary artery

smooth muscle cells (PASMC). We report here that subconfluent

PASMC express predominantly S1P2 and S1P3 receptors and we

show that the S1P1 receptor mRNA levels are significantly lower

when compared to S1P2 and S1P3 receptor transcript levels.

However, S1P1 receptor expression was significantly up-regulated

following basic fibroblast growth factor (bFGF) treatment and

consequently increased receptor signaling was observed upon

stimulation with a specific S1P1 receptor agonist. We demonstrate,

for the first time, that bFGF, which was previously shown to be

involved in physiological and pathological changes of SMC

function, induces S1P1 receptor expression and we propose that

S1P1 receptor up-regulation could contribute to changes in SMC

function.
MATERIALS AND METHODS

CELLS AND REAGENTS

Human AoSMC, CASMC, and PASMC (Cambrex, Walkersville, MD)

were cultured in a humidified atmosphere (5% CO2/95% air) at 378C
in SmGM-2 BulletKit medium (Cambrex). Cell passages 7–9 were

used for all experiments.

SU5402, AG1478, and SEW2871 were purchased from Calbio-

chem (San Diego, CA). S1P was purchased from Biomol (Plymouth

Meeting, PA), VEGF165 was purchased from Biosource International

(Nivelles, Belgium) and PDGF-BB was purchased from Oncogene

(San Diego, CA).
QUANTIFICATION OF S1P RECEPTORS mRNA BY REAL-TIME

PCR (Q-PCR)

Total RNA was isolated, reverse-transcribed and quantified in

real-time using an ABI PRISM 7000 Sequence Detection System

(Applied Biosystems, Foster City, CA) as previously described

[Birker-Robaczewska et al., 2003]. The specific primer sets and

probes for the S1P2 receptor were as follows: forward primer:

50-TGGCCGCCTCCGATCT-30, TaqMan probe: 50-CTGGCAGGCGT-

GGC-30 and reverse primer: 50-GAGAGCAAGGTATTGGCTACGAA-

30. Otherwise, TaqMan Assays-on-Demand (Applied Biosystems)

were used: S1P1 AoD Hs00173499_m1, S1P3 AoD Hs00245464_s1;

S1P4 AoD Hs00269446_s1; S1P5 AoD Hs00258220_s1. The

amplification of 18s rRNA or/and GAPDH, using the pre-developed

TaqMan Assay Reagent (Applied Biosystems) was examined as an

internal control. Expression values were calculated as cycle

threshold (CT)� 18s or CT�GAPDH and expressed in relative

expression values (1¼ no detectable expression, defined as CT� 38

cycles). All amplifications were performed in duplicate.
ERK1/2 DETECTION

PASMC were seeded in 12-well plates at a density 105 cells/well and

grown for 48 h in PASMC-conditioned medium supplemented or not

with 8 ng/ml bFGF. Next, the cells were starved for 4 h in basal

SmBM medium (Cambrex) containing 0.1% fatty acid-free BSA.

Cells were subsequently stimulated for 10 min with tested
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compounds and lysed immediately thereafter. Cell lysates were

analyzed for phosphorylated pERK1/2 and total ERK1/2 by ELISA

according to manufacturer’s protocol (Biosource International,

Nivelles, Belgium). pERK1/2 levels were normalized against total

ERK1/2.
IMPEDANCE MEASUREMENTS

The assay was performed using the 6� 96 well real-time cell

electronic sensing (RT-CESTM) device (ACEA Inc., San Diego, CA),

placed in a 378C/5% CO2 incubator. PASMC were seeded in 96-well

electrode plates at 2� 104 cells/well density and grown for 48 h in

PASMC-conditioned medium supplemented or not with 8 ng/ml

bFGF. Next, the cells were starved for 4 h in basal SmBM medium

(Cambrex) containing 0.1% fatty acid-free BSA. Cells were

subsequently stimulated with tested compounds and the induced

impedance changes were monitored for several hours. Analysis of

the impedance traces was performed using ACEA software.
STATISTICAL ANALYSIS

Results were analyzed with a one-sided Wilcoxon rank sum test as

implemented in R 2.7.0 (www.r-project.org). In all cases, statistical

significance was defined as P< 0.05.
RESULTS

EXPRESSION OF S1P RECEPTOR SUBTYPES

To compare the S1P receptor subtype expression patterns in

different human vascular smooth muscle cell types, the expression

levels of the different S1P receptors were analyzed in cultured

primary aortic smooth muscle cells (AoSMC), coronary artery

smooth muscle cells (CASMC) and pulmonary artery smooth muscle

cells (PASMC). Total RNA was isolated from low passage number

cells that were cultured until they reached subconfluency and the

amount of mRNA corresponding to each S1P receptor subtype (S1P1,

S1P2, S1P3, S1P4, and S1P5) was measured by quantitative real-time

PCR (Q-PCR) using receptor-specific TaqMan probes. The observed

expression pattern in all examined SMC types was very similar

irrespective of SMC tissue origin. S1P2 and S1P3 receptor transcripts

were generally highly abundant, whereas lower and more variable

S1P1 receptor expression levels were found. The expression levels of

the S1P5 receptor were consistently low, while those of the S1P4

receptor were below the detection limits in all three SMC types

(Fig. 1).
INDUCIBLE S1P1 RECEPTOR TRANSCRIPTION IN PASMC

Increased S1P1 receptor expression was previously reported in rat

pup primary vascular SMC cultures at high cell density and minor

changes in S1P3 and S1P2 receptor mRNA levels were observed at

different stages of cell monolayer confluency [Kluk and Hla, 2001].

To investigate if similar regulation could be observed in adult

human SMC, PASMC were chosen as example. The cells were seeded

at different densities and total RNA was isolated after 24 h. Q-PCR

analysis revealed a pronounced decrease in S1P1 receptor mRNA

with increasing cell density, moderate decrease in S1P2 receptor
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. S1P receptor subtype expression in primary human SMC. Total mRNA

was prepared from subconfluent AoSMC (hatched bar), CASMC (striped bar)

and PASMC (filled bar) and expression levels of S1P1, S1P2, S1P3, S1P4, and

S1P5 receptor mRNA were determined by quantitative PCR. Data are

means� SD of three independent experiments. AoSMC, aortic smooth muscle

cells; CASMC, coronary artery smooth muscle cells; PASMC, pulmonary artery

smooth muscle cells; SMC, smooth muscle cells.
mRNA, whereas no significant changes were observed in S1P3

receptor expression levels (Fig. 2A). Furthermore, S1P1 receptor

mRNA levels decreased further after a prolonged incubation time of

72 h, whereas S1P2 receptor expression remained constant and S1P3

receptor expression appeared to increase (Fig. 2A). This suggested

that cell density, possibly through cell contact inhibition, influenced

S1P1 receptor expression. However, a gradual depletion of unknown

stimulating factor(s) during cell culture could also contribute to the

observed decrease in S1P1 receptor transcription.

To further elucidate this hypothesis, S1P1 receptor expression

levels were measured in PASMC that were seeded in regular medium

or in medium that was pre-conditioned with PASMC for 72 h and

subsequently supplemented with different components such as

5% fresh fetal bovine serum (FBS) with or without additional growth

factor cocktail (GF), containing epidermal growth factor (EGF), basic

fibroblast growth factor (bFGF) and insulin. Q-PCR analysis was

then performed 24 h after seeding.

These experiments demonstrated a fourfold increase of S1P1

receptor transcripts in growth factor (GF)-supplemented/pre-

conditioned medium (Fig. 2B), whereas a more moderate response

was observed in fresh FBS-supplemented/pre-conditioned medium.

In addition, a cumulative effect of combined GF supplement/fresh

FBS was seen. Summarizing, these results suggest that gradual

growth factor depletion, rather than contact inhibition, is

responsible for S1P1 receptor mRNA down-regulation.

bFGF-INDUCED S1P1 RECEPTOR EXPRESSION IN PASMC

In order to identify the specific growth factor(s) that were able to

induce S1P1 receptor expression, PASMC were seeded in pre-

conditioned medium and treated for 24 h with increasing

concentrations of EGF, bFGF or insulin. S1P1 receptor mRNA levels

increased fivefold in presence of increasing concentrations of bFGF

and the observed accumulation of S1P1 receptor mRNA was

completely suppressed in presence of the FGF receptor kinase
JOURNAL OF CELLULAR BIOCHEMISTRY
inhibitor SU5402, but not the EGF receptor kinase inhibitor AG1478

(Fig. 3). S1P2 receptor and S1P3 receptor mRNA levels remained

largely unaffected under all experimental conditions (data not

shown). A moderate but dose-independent increase in S1P1 receptor

expression was also observed in presence of EGF (Fig. 3). This effect

was not inhibited by AG1478 or SU5402, indicating a non-specific

effect of the peptide. Insulin was not able to induce any change in

S1P1 receptor expression (data not shown). Furthermore, VEGF165

and PDGF-BB, two other growth factors involved in smooth muscle

cell physiology, were not able to influence S1P1 receptor mRNA

levels (data not shown).

bFGF-INDUCED INCREASED S1P1 RECEPTOR FUNCTIONALITY

IN PASMC

To address the functional consequence of the bFGF-induced S1P1

receptor up-regulation, the specific S1P1 receptor agonist SEW2871

was used and PASMC stimulation was measured using impedance

technology. This technology allows real-time monitoring of cell

shape changes upon receptor activation [Xi et al., 2008]. To this end,

PASMC were seeded in pre-conditioned medium in presence or

absence of bFGF and SEW2871-induced dose-dependent responses

were measured. In bFGF pre-treated PASMC the response was of

much higher magnitude and more sustained than in untreated

PASMC, which is consistent with the higher levels of S1P1 receptor

upon bFGF pre-incubation (Fig. 4A). Since signal integration from

S1P1 and PDGFb receptors was demonstrated in SMC [Waters et al.,

2003], the response of PASMC to PDGF-BB stimulation was also

examined under the same experimental settings. Interestingly, the

magnitude of response to PDGF-BB was also much stronger in bFGF

pre-treated PASMC compared to the untreated cells (Fig. 4B) and an

additive response was observed when both SEW2871 and PDGF-BB

were used for stimulation (Fig. 4C). The response to bFGF was very

weak and unchanged by PASMC pre-treatment (Fig. 4D).

Since S1P1 receptors couple exclusively to Gai proteins, the

functionality of the induced S1P1 receptors was further addressed in

an ERK1/2 phosphorylation assay. As in the impedance assay, ERK1/

2 activation was measured upon stimulation with the specific S1P1

receptor agonist SEW2871 in bFGF-treated or untreated PASMC. In

PASMC that were cultured in pre-conditioned medium lacking

additional additives, stimulation with SEW2871 was unable to

induce ERK1/2 phosphorylation, which is consistent with the very

low levels of S1P1 receptor in these cells (Fig. 5A). However, when

PASMC were cultured for 48 h in pre-conditioned medium in the

presence of bFGF, the specific S1P1 receptor agonist induced a

twofold increase in ERK1/2 phosphorylation compared to the

response in untreated cells (Fig. 5B). PDGF signaling was also

strongly enhanced by bFGF treatment. PDGF-BB induced a fivefold

increase in ERK1/2 phosphorylation in bFGF pre-treated PASMC

compared to a twofold increase in untreated cells (Fig. 5A,B). ERK1/

2 activation after co-stimulation with SEW2871 and PDGF-BB did

not exceed the magnitude of activation induced by PDGF-BB alone

(Fig. 5A,B).

Altogether, these results demonstrate that bFGF specifically

induced expression of S1P1 receptors in PASMC, which is associated

with increased S1P1 receptor signaling. In addition, enhanced
bFGF INDUCES S1P1 RECEPTORS IN PASMC 1141



Fig. 2. S1P1 receptor mRNA levels are regulated in PASMC. A: Different PASMC densities (10%, 30%, 60%, 90%) were seeded in full medium and cultured for either 24 h (left

panel) or 72 h (right panel) without medium change and S1P1 mRNA levels were measured by Q-PCR. Data are means� SEM of three independent experiments performed in

duplicate. �P< 0.05 compared to cells seeded at 10% density at 24 h. B: 105 PASMC were seeded in a 12-well plate in PASMC-conditioned medium in presence or absence of FBS

and/or growth factors (EGF, bFGF, and insulin) supplements. After 24 h cells were lysed and S1P1 receptor mRNA levels quantified by Q-PCR. Results are expressed as relative

increase compared to cells seeded in conditioned medium (FBS 1x, GF 1x) (set as 100%), and represent the mean� SD of one representative experiment done in duplicate. bFGF,

basic fibroblast growth factor; EGF, epidermal growth factor; FBS, fetal bovine serum; GF, growth factors.
signaling of PDGF receptor(s) paralleled increased S1P1 receptor

signaling.

DISCUSSION

In the present study, we analyzed and compared the expression

profiles of known S1P receptor subtypes in primary human smooth

muscle cells isolated from various blood vessels. A similar

expression pattern was detected in all three investigated SMC

types, with a predominant expression of the S1P2 and S1P3 receptor,

which is in agreement with previous reports [Kluk and Hla, 2001;

Tamama et al., 2001; Coussin et al., 2002; Ryu et al., 2002]. This

highly consistent expression pattern suggests that S1P2 and S1P3

receptors play a role in general SMC physiology. S1P2 receptor
1142 bFGF INDUCES S1P1 RECEPTORS IN PASMC
activation has been implicated in functions related to SMC

migration and proliferation [Tamama et al., 2001; Ryu et al.,

2002; Inoue et al., 2007], whereas S1P3 receptor activation has been

shown to be involved in SMC contraction, at least in cerebral and

basilar arteries [Salomone et al., 2003].

Regulation of S1P receptor expression was previously demon-

strated in rat vascular SMC [Kluk and Hla, 2001]. There, S1P1, S1P2,

and S1P3 receptor mRNA levels increased at higher cell densities.

Using quantitative RT-PCR, we now provide evidence that S1P1

receptor expression is also highly regulated in human PASMC.

However, in contrast to rat vascular SMC, we observed that S1P1, but

not S1P2 or S1P3, receptor transcript levels decreased with

increasing cell densities or cell culture duration. It remains to be

clarified if the observed differences between the different studies are

due to the species differences or SMC developmental stage.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. bFGF-mediated S1P1 receptor mRNA induction in PASMC. 105 PASMC

were seeded in a 12-well plate in PASMC-conditioned medium supplemented

with increasing concentrations of bFGF and EGF and cultured for 24 h. When

indicated, cells were incubated with AG14787 (5 mM) or SU5402 (20 mM) for

45 min before addition of bFGF or EGF. Q-PCR results are expressed as relative

increase compared to untreated cells (set as 100%), and represent the

mean� SD of two experiments done in duplicate. �P< 0.05 compared to

untreated cells.

Fig. 4. Increased response of bFGF pre-treated PASMC to S1P1 receptor

agonist and PDGF-BB. Untreated (hatched bars) or pre-treated with 8 ng/ml

bFGF for 48 h (filled bars) PASMC were serum starved for 4 h then stimulated

with SEW2871 (A), PDGF-BB (B), PDGF-BBþ 1 mM SEW2871 (C) or bFGF (D).

Impedance changes in response to compound addition were monitored for

several hours (inset A shows SEW2871 response in bFGF pre-treated PASMC).

Traces were normalized to the time point of compound addition and the results

expressed as fold induction of cell index compared to vehicle stimulation 1 h

later (indicated by hatched bar on inset A). Data are means� SD of three

independent experiments. Impedance changes between bFGF pre-treated and

untreated PASMC were statistically significant (�P< 0.05). PDGF-BB, platelet-

derived growth factor BB.
In the present study we further demonstrate that bFGF specifically

promoted a concentration-dependent up-regulation of S1P1

receptors. Induction of S1P1 receptor expression by bFGF was seen

within the physiologically relevant concentration range (2–5 ng/ml)

[Vesely et al., 2004], whereas a variety of other growth factors that

were tested, including insulin, EGF, VEGF165 and PDGF-BB, had no

marked effect on S1P1 receptor expression under these experimental

conditions. The expression levels of other S1P receptor subtypes

were not significantly changed by bFGF treatment. In a recent study

by Igarashi et al. [2003] VEGF was shown to induce S1P1 receptor

mRNA and S1P1 receptor protein levels in endothelial cells, thereby

leading to enhanced S1P signaling responses. In our hands VEGF165

had no effect on S1P1 expression in PASMC, suggesting that

multiple growth factors are able to regulate S1P1 receptor mRNA

expression in a cell type-specific manner.

Based on two previous reports, it appears possible that bFGF

induced an increase in nuclear factor-kB (NF-kB) expression,

leading to S1P1 receptor up-regulation in PASMC. A first report

showed that bFGF rapidly enhanced transcriptional activity of

NF-kB in rat vascular SMC [Hoshi et al., 2000] and a second report

described three potential NF-kB binding sites in the S1P1 receptor

promoter region [Liu and Hla, 1997]. Further experiments are

required to establish the exact mechanism of bFGF-induced S1P1

receptor up-regulation in human PASMC.

bFGF is produced by a number of cells types, including SMC, and

it was shown to have diverse activities in SMC physiology, such as

protection from apoptosis [Miyamoto et al., 1998], induction of

other growth factors and growth factor receptors [Bonner et al.,

1996; Belgore et al., 2003], promotion of proliferation [Padro et al.,

2002] and migration [Pickering et al., 1997]. It was also reported that

vascular structures resulting from the exposure to both bFGF and
JOURNAL OF CELLULAR BIOCHEMISTRY bFGF INDUCES S1P1 RECEPTORS IN PASMC 1143



Fig. 5. Effect of bFGF pre-treatment on S1P1 receptor mediated ERK1/2 phosphorylation. Untreated (A) or pre-treated with 8 ng/ml bFGF for 48 h (B) PASMC were serum

starved for 4 h then stimulated for 10 min with 2 ng/ml PDGF-BB, 1 mM SEW2871 or both. The results show the mean relative ERK1/2 phosphorylation� SD normalized against

total ERK1/2 of one representative experiment done in duplicate. ERK1/2, extracellular signal-regulated kinase 1/2.
S1P had highly developed adherens junction complexes that were

not seen in similar structures arising from exposure to bFGF alone

[Lee et al., 1999]. Our results further support the idea of cross-talk

between S1P1 and bFGF receptors.

We show that bFGF induced the expression of functional S1P1

receptors in PASMC, which are then able to activate ERK1/2

phosphorylation upon agonist stimulation. These results provide

new insight into the mechanism of mitogenic bFGF signaling. It was

previously shown [Xu et al., 2002] that sphingosine kinase and Gai

proteins participate in the mitogenic effects of bFGF in SMC. Here,

we show that S1P1 receptors are up-regulated by bFGF and we

suggest the S1P acts as an additive component that could potentiate

the bFGF-induced mitogenic response.

In summary, we provide evidence that S1P1 receptor expression

in human PASMC is highly up-regulated by bFGF, resulting in a

potentiation of S1P-induced intracellular signaling. To our knowl-

edge this is the first report showing induction of S1P receptor

subtype expression by bFGF in SMC and we propose a

coordinated effect of bFGF and S1P1 receptor-mediated signaling

in vascular remodeling. Our results provide important information

on possible integration of bFGF and S1P signals in SMC biology

and may therefore contribute to the better understanding of

SMC disease states, where increased levels of these two agents are

found.

ACKNOWLEDGMENTS

We thank Dr. S. Flores for editorial and B. Renault for technical
assistance. We also thank Dr. W. Fischli for his encouragement and
support, as well as Axel Klenk and Modest von Korff for help with
statistical analyses.
1144 bFGF INDUCES S1P1 RECEPTORS IN PASMC
REFERENCES

Belgore F, Lip GY, Blann AD. 2003. Basic fibrobrast growth factor induces the
secretion of vascular endothelial growth factor by human aortic smooth
muscle cells but not by endothelial cells. Eur J Clin Invest 33:833–839.

Birker-Robaczewska M, Boukhadra C, Studer R, Mueller C, Binkert C, Nayler
O. 2003. The expression of urotensin II receptor (U2R) is up-regulated by
interferon-gamma. J Recept Signal Transduct Res 23:289–305.

Bonner JC, Badgett A, Lindroos PM, Coin PG. 1996. Basic fibroblast growth
factor induces expression of the PDGF receptor-alpha on human bronchial
smooth muscle cells. Am J Physiol 271:L880–L888.

Coussin F, Scott RH, Wise A, Nixon GF. 2002. Comparison of sphingosine
1-phosphate-induced intracellular signaling pathways in vascular smooth
muscles: Differential role in vasoconstriction. Circ Res 91:151–157.

Dolezalova H, Shankar G, Huang MC, Bikle DD, Goetzl EJ. 2003. Biochemical
regulation of breast cancer cell expression of S1P2 (Edg-5) and S1P3 (Edg-3)
G protein-coupled receptors for sphingosine 1-phosphate. J Cell Biochem
88:732–743.

Hla T, Maciag T. 1990. An abundant transcript induced in differentiating
human endothelial cells encodes a polypeptide with structural similarities to
G-protein-coupled receptors. J Biol Chem 265:9308–9313.

Hoshi S, Goto M, Koyama N, Nomoto K, Tanaka H. 2000. Regulation of
vascular smooth muscle cell proliferation by nuclear factor-kappaB and its
inhibitor, I-kappaB. J Biol Chem 275:883–889.

Hsieh HL, Sun CC, Wu CB, Wu CY, Tung WH, Wang HH, Yang CM. 2008.
Sphingosine 1-phosphate induces EGFR expression via Akt/NF-kappaB and
ERK/AP-1 pathways in rat vascular smooth muscle cells. J Cell Biochem 103:
1732–1746.

Igarashi J, Erwin PA, Dantas AP, Chen H, Michel T. 2003. VEGF induces S1P1
receptors in endothelial cells: Implications for cross-talk between sphingo-
lipid and growth factor receptors. Proc Natl Acad Sci USA 100:10664–
10669.

Igarashi J, Miyoshi M, Hashimoto T, Kubota Y, Kosaka H. 2007. Hydrogen
peroxide induces S1P1 receptors and sensitizes vascular endothelial cells to
sphingosine 1-phosphate, a platelet-derived lipid mediator. Am J Physiol Cell
Physiol 292:C740–C748.
JOURNAL OF CELLULAR BIOCHEMISTRY



Inoue S, Nakazawa T, Cho A, Davastan F, Shilling D, Daum G, Reidy M. 2007.
Regulation of arterial lesions in mice depends on differential smooth muscle
cell migration: A role for sphingosine-1-phosphate receptors. J Vasc Surg
46:756–763.

Jin Y, Knudsen E, Wang L, Bryceson Y, Damaj B, Gessani S, Maghazachi AA.
2003. Sphingosine 1-phosphate is a novel inhibitor of T-cell proliferation.
Blood 101:4909–4915.

Kluk MJ, Hla T. 2001. Role of the sphingosine 1-phosphate receptor EDG-1 in
vascular smooth muscle cell proliferation and migration. Circ Res 89:496–
502.

Lee MJ, Thangada S, Claffey KP, Ancellin N, Liu CH, Kluk M, Volpi M, Sha’afi
RI, Hla T. 1999. Vascular endothelial cell adherens junction assembly and
morphogenesis induced by sphingosine-1-phosphate. Cell 99:301–312.

Liu CH, Hla T. 1997. The mouse gene for the inducible G-protein-coupled
receptor edg-1. Genomics 43:15–24.

Lockman K, Hinson JS, Medlin MD, Morris D, Taylor JM, Mack CP. 2004.
Sphingosine 1-phosphate stimulates smooth muscle cell differentiation and
proliferation by activating separate serum response factor co-factors. J Biol
Chem 279:42422–42430.

Meacci E, Cencetti F, Donati C, Nuti F, Farnararo M, Kohno T, Igarashi Y,
Bruni P. 2003. Down-regulation of EDG5/S1P2 during myogenic differen-
tiation results in the specific uncoupling of sphingosine 1-phosphate signal-
ling to phospholipase D. Biochim Biophys Acta 1633:133–142.

Miyamoto T, Leconte I, Swain JL, Fox JC. 1998. Autocrine FGF signaling is
required for vascular smooth muscle cell survival in vitro. J Cell Physiol
177:58–67.

Ohmori T, Yatomi Y, Osada M, Kazama F, Takafuta T, Ikeda H, Ozaki Y. 2003.
Sphingosine 1-phosphate induces contraction of coronary artery smooth
muscle cells via S1P2. Cardiovasc Res 58:170–177.

Padro T, Mesters RM, Dankbar B, Hintelmann H, Bieker R, Kiehl M, Berdel
WE, Kienast J. 2002. The catalytic domain of endogenous urokinase-type
plasminogen activator is required for the mitogenic activity of platelet-
derived and basic fibroblast growth factors in human vascular smooth
muscle cells. J Cell Sci 115:1961–1971.

Panettieri RA, Jr. 1998. Cellular and molecular mechanisms regulating
airway smooth muscle proliferation and cell adhesion molecule expression.
Am J Respir Crit Care Med 158:S133–S140.
JOURNAL OF CELLULAR BIOCHEMISTRY
Pickering JG, Uniyal S, Ford CM, Chau T, Laurin MA, Chow LH, Ellis CG, Fish
J, Chan BM. 1997. Fibroblast growth factor-2 potentiates vascular smooth
muscle cell migration to platelet-derived growth factor: Upregulation of
alpha2beta1 integrin and disassembly of actin filaments. Circ Res 80:627–
637.

Rosenfeldt HM, Amrani Y, Watterson KR, Murthy KS, Panettieri RA, Jr.,
Spiegel S. 2003. Sphingosine-1-phosphate stimulates contraction of human
airway smooth muscle cells. FASEB J 17:1789–1799.

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

Salomone S, Yoshimura S, Reuter U, Foley M, Thomas SS, Moskowitz
MA, Waeber C. 2003. S1P3 receptors mediate the potent constriction of
cerebral arteries by sphingosine-1-phosphate. Eur J Pharmacol 469:125–
134.

Tamama K, Kon J, Sato K, Tomura H, Kuwabara A, Kimura T, Kanda T, Ohta H,
Ui M, Kobayashi I, Okajima F. 2001. Extracellular mechanism through the
Edg family of receptors might be responsible for sphingosine-1-phosphate-
induced regulation of DNA synthesis and migration of rat aortic smooth-
muscle cells. Biochem J 353:139–146.

Tanimoto T, Lungu AO, Berk BC. 2004. Sphingosine 1-phosphate trans-
activates the platelet-derived growth factor beta receptor and epidermal
growth factor receptor in vascular smooth muscle cells. Circ Res 94:1050–
1058.

Vesely D, Astl J, Lastuvka P, Matucha P, Sterzl I, Betka J. 2004. Serum levels
of IGF-I, HGF, TGFbeta1, bFGF and VEGF in thyroid gland tumors. Physiol
Res 53:83–89.

Waters C, Sambi B, Kong KC, Thompson D, Pitson SM, Pyne S, Pyne NJ. 2003.
Sphingosine 1-phosphate and platelet-derived growth factor (PDGF) act via
PDGF beta receptor-sphingosine 1-phosphate receptor complexes in airway
smooth muscle cells. J Biol Chem 278:6282–6290.

Xi B, Yu N, Wang X, Xu X, Abassi YA. 2008. The application of cell-based
label-free technology in drug discovery. Biotechnol J 3:484–495.

Xu CB, Zhang Y, Stenman E, Edvinsson L. 2002. D-erythro-N,N-dimethyl-
sphingosine inhibits bFGF-induced proliferation of cerebral, aortic and
coronary smooth muscle cells. Atherosclerosis 164:237–243.
bFGF INDUCES S1P1 RECEPTORS IN PASMC 1145


