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In the present study, we determined the agonist specificity and

the signalling mechanisms of a putative sphingosine 1-phosphate

(S1P) receptor, AGR16. In CHO cells transiently transfected

with an AGR16 expression vector, but not in cells transfected

with an empty vector, the addition of a low concentration of S1P

(1 nM) caused an increase in the intracellular free Ca#+ con-

centration ([Ca#+]
i
) by mobilization of Ca#+ from both intra- and

extra-cellular pools. To determine the spectrum of agonists for

AGR16, we employed K562 cells, which in the naive state do not

respond at all to either S1P or structurally related lipids with an

increase in [Ca#+]
i
. In K562 cells stably expressing AGR16,

S1P and sphingosylphosphorylcholine (SPC) dose-dependently

increased [Ca#+]
i
with half-maximal values of 3 nM and 100 nM

respectively. In CHO cells stably expressing AGR16 (CHO-

AGR16), but not in parental CHO cells, we observed specific

binding of [$#P]S1P, which was displaced by unlabelled S1P and

SPC. In CHO-AGR16 cells, but not in parental CHO cells, S1P

stimulated the production of inositol phosphates and Ca#+

mobilization which was only 30% inhibited by pertussis toxin

INTRODUCTION

Accumulating evidence now indicates that the lysosphingolipids

sphingosine 1-phosphate (S1P) and sphingosylphosphorylcholine

(SPC) constitute a group of important extracellular lipid

mediators [1–4]. Both S1P and SPC have been shown to regulate

such diverse cellular functions as proliferation [5,6], migration

[7,8] and cell shape change [9,10] in a variety of cell types. It was

demonstrated previously [11–13] that S1P at high concentrations

could act directly on intracellular Ca#+ stores to induce Ca#+

release. This observation, together with the finding that growth

factors and other extracellular stimuli induce activation of

sphingolipid metabolism leading to the production of S1P

[8,14,15], suggested that S1P might act as an intracellular second

messenger. However, subsequent studies have revealed that S1P
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(PTX), different from the case of the recently identified S1P

receptor EDG1. Also in CHO-AGR16 cells, but not in CHO

cells, S1P at higher concentrations activated mitogen-activated

protein kinase (MAPK) in a PTX-sensitive and Ras-dependent

manner. S1P also induced the activation of two stress-activated

MAPKs, c-Jun N-terminal kinase and p38, in a manner that

was totally insensitive to PTX. In CHO-AGR16 cells, S1P

induced stress-fibre formation, with an increase in myosin

light chain phosphorylation, in a PTX-insensitive and Rho-

dependent manner. S1P also induced an increase in the

cellular cAMP content in CHO-AGR16 cells, which contrasts

sharply with the case of EDG1. These results establish

that the S1P receptor AGR16 is coupled via both PTX-

sensitive and -insensitive G-proteins to multiple effector

pathways.

Key words: adenylate cyclase, G-protein-coupled receptor,

lysophospholipid, mitogen-activated protein kinase,

phospholipase C.

and SPC activate multiple intracellular signalling molecules,

including phospholipase C [8,16,17], phospholipase D [6,16],

mitogen-activated protein kinase (MAPK)}extracellular-signal-

regulated kinase (ERK) [8,18], protein kinase C (PKC) [19] and

the K+ [I
K(Ach)

] channel [20]. Also, many of the lysosphingolipid-

induced cellular responses were shown to be inhibited by pertussis

toxin (PTX) pretreatment [8,16,21]. Moreover, it was demon-

strated that the addition of S1P to culture medium, but not the

intracellular injection of S1P, induced morphological changes in

NIE-115 neuronal cells [9]. It was also reported that immobilized

S1P covalently linked to glass particles was able to activate

platelets [22]. These observations favour the view that lyso-

sphingolipids exert many of their biological activities via cell-

surface receptors [4]. Importantly, it was recently demonstrated

[23] that S1P is present in the plasma at a readily detectable level,
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implying physiological and pathophysiological roles for S1P as a

first messenger.

The present study demonstrates that AGR16}H218}EDG5

(endothelial differentiation gene 5) [24,25], a member of EDG

receptor family with a seven-transmembrane structure [26–28], is

a functional receptor for S1P, with signalling characteristics

clearly distinct from those of EDG1, the first S1P receptor

identified [29–31]. We originally cloned AGR16 from rat aortic

smooth muscle [24]. We have defined the intracellular signalling

pathways activated by AGR16, and determined the ligand

specificity of AGR16, by studying responses in mammalian cells

(CHOandK562) transiently or stably transfectedwith anAGR16

expression vector. While this paper was in preparation, it was

reported [32] that the overexpression of AGR16 in Jurkat T-cells

and Xenopus oocytes conferred the ability to respond to S1P and

SPC, with stimulation of serum-response-element-driven trans-

criptional activity and Ca#+ efflux respectively. However, other

functional aspects of AGR16 as the receptor for S1P, as well as

the agonist specificity of AGR16, have not been elucidated.

It was demonstrated recently that another S1P receptor,

EDG1, is coupled to MAPK in a PTX-sensitive manner in

mammalian cells [29,30] and to inhibition of adenylate cyclase in

both mammalian cells [33] and Sf9 insect cells [30]. In addition to

these observations, we independently found thatEDG1 is coupled

exclusively via G
i

to multiple signalling pathways, including

activation of phospholipase C, Ca#+ mobilization and inhibition

of adenylate cyclase, in mammalian expression systems [31].

Unlike EDG1, we report that AGR16 is coupled largely

via PTX-insensitive G-proteins to phospholipase C, Ca#+

mobilization, and c-Jun N-terminal kinase (JNK) and p38

MAPKs. When activated with higher concentrations of S1P,

AGR16 is coupled via a PTX-sensitive G-protein to the Ras}
MAPK pathway.

MATERIALS AND METHODS

Cells

CHO (CHO-K1) cells and K562 cells were obtained from the

RIKEN Cell Bank (Tsukuba, Japan) and the Japanese Cancer

Research Resources Bank (Tokyo, Japan) respectively, and were

grown in Ham’s F12 (CHO cells) and RPMI (K562 cells) medium

respectively supplemented with 10% (v}v) fetal calf serum

(Equitech-Bio, Ingram, TX, U.S.A.), 100 units}ml penicillin and

100 µg}ml streptomycin (Wako Pure Chemicals, Osaka, Japan).

At 24 h before each experiment, cells were switched to the

respective medium supplemented with 1% (v}v) fetal calf serum.

Measurement of intracellular free Ca2+ concentration ([Ca2+]i),
inositol phosphate production and cAMP content

[Ca#+]
i
was measured as described previously [34,35], except that

BSA was not included in the buffer, in fura-2-loaded trypsinized

cells using a CAF-110 spectrofluorimeter (Japan Spectroscopy,

Inc., Tokyo, Japan), with excitation at 340 and 380 nm and

emission at 500 nm.

For measurement of the production of inositol phosphates,

cells were prelabelled with 4 µCi}ml myo-[2-$H]inositol in Ham’s

F12 medium supplemented with 1% (v}v) fetal calf serum for

24 h, and stimulated with S1P in the presence of 10 mM LiCl for

30 min [35]. The fraction containing total inositol phosphates

was separated as described [34,35] and the radioactivity was

quantified by liquid scintillation counting.

For measurement of cellular cAMP content, cells were

incubated with or without 0.5 µM forskolin for 5 min in the

presence of 0.2 mM3-isobutyl-1-methylxanthine, and then stimu-

lated with S1P for 5 min. The reaction was terminated by adding

HCl (final concentration 0.1 M), and the amount of cAMP in the

acid extracts was measured by RIA using a Yamasa cAMP kit

(Choshi, Japan) [34].

Plasmids and transfections

Rat full-length AGR16 cDNA (DDBJ}GenBank}EMBL ac-

cession no. AB016931) was cloned by hybridization screening of

a λgt10 cDNA library made from rat aortic smooth muscle cells

[24]. AGR16 cDNA was ligated into the mammalian expression

vector pME18S (obtained from Dr. K. Maruyama, Tokyo

Medical and Dental College, Tokyo, Japan) at the EcoRI site

downstream of the SRα promoter. Transfections of cells were

carried out by using Lipofectamine (GIBCO-BRL) as described

[36]. Stable transfectants were selected with G418 as

described [35].

Assays of MAPK, JNK and p38 activities

For measurement of the MAPK activity in transiently transfected

cells, CHO cells in 35 mm-diam. dishes were co-transfected with

pME18S-Myc-MAPK [36] and either pME18S-[Asn"(]Ras

([Asn"(]Ras cDNA was obtained from Dr. G. Cooper, Harvard

Medical School, Cambridge, MA, U.S.A.) or the empty vector

pME18S. The cells were lysed in lysis buffer containing 50 mM

Tris (pH 8.0), 1 mM EDTA, 150 mM NaCl, 1 mM Na
$
VO

%
,

1 mM PMSF, 10 µg}ml each of leupeptin and aprotinin, 0.5%

sodium deoxycholate, 0.1% SDS and 1% Nonidet P-40. Myc-

tagged MAPK was immunoprecipitated by using a mouse

monoclonal anti-(Myc epitope) antibody (clone 9E10). The

MAPK activity associated with the immune complex was assayed

in �itro using myelin basic protein (Sigma) as a substrate, as

described [36]. The band shift of p42 ERK was detected by

Westen blot analysis of total cell lysate with a mouse monoclonal

anti-ERK antibody (clone 03-6600; Zymed Laboratories Inc.)

[31,37]. The densities of the bands corresponding to phos-

phorylated and non-phosphorylated p42 ERKs were quantified

using a densitometer (PDI), and the ratio of phosphorylated}
(phosphorylated plus non-phosphorylated) bands was calculated

for each sample.

For measurement of JNK activity in CHO cells and CHO-

AGR16 cells, cells were lysed in lysis buffer containing 25 mM

Hepes (pH 7.5), 1% Triton X-100, 0.5% Nonidet P-40, 500 mM

NaCl, 50 mM NaF, 5 mM EDTA, 3 mM EGTA, 1 mM Na
$
VO

%
,

10 µg}ml each of leupeptin and aprotinin, and 1 mM PMSF

[36,38]. JNK1 was immunoprecipitated using rabbit polyclonal

anti-(JNK1 C-terminus) antibody (Santa Cruz; C-17). The

immunoprecipitate was incubated with 30 µl of JNK assay buffer

containing 3 µg of glutathione S-transferase (GST)–c-Jun-(5–89)

at 30 °C for 30 min, as described [36,38].

For measurement of p38 MAPK activity, cells were lysed in

lysis buffer containing 50 mM Tris (pH 8.0), 60 mM β-

glycerophosphate, 0.5% Nonidet P-40, 0.2% SDS, 100 mM

NaF, 1 mM Na
$
VO

%
, 2 mM EGTA, 10 µg}ml each of aprotinin

and leupeptin, and 0.6 mM PMSF [39]. p38 MAPK was immuno-

precipitated using goat polyclonal anti-(p38 C-terminus) anti-

body (Santa Cruz; C-20-G). The immunoprecipitate was incu-

bated with 30 µl of JNK assay buffer containing 1 µg of

GST–ATF2-(1–109) (where ATF2 is activating transcription

factor 2) at 30 °C for 30 min. The reaction was terminated and

analysed as described for MAPK and JNK [36,38].
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Phalloidin staining of stress fibres and microscopy

At 48 h before stimulation with S1P, cells were switched to

medium containing 1% (v}v) fetal calf serum with or without the

indicated toxins. Cells were stimulated with S1P, washed with

PBS, fixed in 3.7% formaldehyde in PBS for 10 min,

permeabilized with 0.1% Triton X-100 in PBS for 5 min, and

then incubated in a buffer containing 20 mM Hepes (pH 7.2) and

50 mM glycine. For actin localization, cells were incubated with

0.1 µg}ml tetramethylrhodamine B isothiocyanate (TRITC)-

conjugated phalloidin (Amersham) for 60 min at room tem-

perature. Cells were viewed on an Olympus microscope, and

photographed on Fuji Neopan 400 film.

Phosphorylation of 20 kDa myosin light chain (MLC)

Cells were treated as described for phalloidin staining, lysed in

Laemmli SDS sample buffer and analysed by Western blotting

using an anti-phospho-MLC antibody [40] and an anti-MLC

antibody [41].

[32P]S1P binding

Cells on a 12-well plate were washed with binding medium

[RPMI 1640 medium containing 10 mM Hepes (pH 7.4) and

incubated in binding medium containing 0.5 nM [$#P]S1P

(6000 c.p.m.}well) in the presence or absence of various conc-

entrations of unlabelled S1P for 150 min at 25 °C [22]. [$#P]S1P

was prepared enzymically from sphingosine and [γ-$#P]ATP

using sphingosine kinase obtained from human platelets [42].

The time-course study revealed that [$#P]S1P binding to cells

became saturated by 150 min. After washing the cells three times

with ice-cold binding medium, cell-bound radioactivity was

counted. Specific binding was determined by subtracting non-

specific binding in the presence of 10 µM S1P from each binding

value.

Materials

S1P, SPC and ceramide (C
)
)-1-phosphate were obtained from

Biomol (Plymouth Meeting, PA, U.S.A.). To examine the purity

of S1P and SPC, 3 nmol of each of these lipids was applied to

silica gel 60 HPTLC plates (Merck, Darmstadt, Germany), and

the plates were developed in butanol}acetic acid}water (3:1 :1,

by vol.). The bands were identified by primulin staining, and

visualized under UV light. The R
f
values for S1P and SPC were

found to be 0.48 and 0.20 respectively, and no other band was

detected. Sphingosine, lysophosphatidylserine (purified from

bovine brain), lysophosphatidylcholine (C
")

), lysophosphatidyl-

ethanolamine (C
")

), ceramide (C
'

and C
")

), phosphatidic acid

(diC
")

), lysophosphatidic acid (LPA; C
")

) and glucosyl-

sphingosine were purchased from Sigma. Lysophosphatidyl-

inositol (purified from bovine liver) was purchased from Avanti

(Birmingham, AL, U.S.A.). Fura-2 acetoxymethyl ester solution

and C3 toxin were purchased from Wako Pure Chemicals. S1P

was dissolved in DMSO at 2 mM, divided into aliquots and

stored at ®80 °C. Other lipids were dissolved in methanol. Final

solvent concentrations did not exceed 0.25%. Rabbit polyclonal

anti-MLC antibody and mouse monoclonal anti-phospho-MLC

antibody were kindly donated by Dr. Y. Sasaki (Asahi Chemical

Industry, Fuji, Japan).

RESULTS

Most of the mammalian cell lines often employed for the

expression of exogenous genes respond to even low concen-

trations (C 1 nM) of S1P [21], suggesting that they abundantly

Figure 1 Competition of [32P]S1P binding to intact CHO-AGR16 cells by
unlabelled S1P and related lipids

CHO-AGR16 cells were incubated with [32P]S1P in the presence of unlabelled S1P or related

lipids (1 µM), as described in the Materials and methods section. Sph, sphingosine ; SM,

sphingomyelin ; PA, phosphatidic acid ; LysoPI, lysophosphatidylinositol. Values are

mean³S.E.M. of three determinations.

express endogenous S1P receptor(s). However, we found that

CHO cells did not respond to low concentrations of S1P with

either an increase in [Ca#+]
i

or other responses (see below).

Therefore we first employed CHO cells for the analysis of

AGR16 functions

We established a CHO clone stably expressing the AGR16

receptor (CHO-AGR16). We detected specific binding of [$#P]S1P

to CHO-AGR16 cells, which was inhibited dose-dependently by

the addition of unlabelled S1P with an IC
&!

value of 200 nM. In

parental CHO cells, specific binding of [$#P]S1P was only 10% of

that observed for CHO-AGR16 cells. We examined competition

of [$#P]S1P binding to CHO-AGR16 cells by related lipids. SPC,

a structurally related sphingolipid, reduced [$#P]S1P binding

when present at 1 µM (Figure 1). Other related lipids examined,

including sphingosine and sphingomyelin, did not inhibit [$#P]S1P

binding to CHO-AGR16 cells.

We studied the signalling mechanism of AGR16 receptors. We

first examined S1P-induced Ca#+ mobilization in the transient

transfection assay. In CHO cells transiently transfected with the

AGR16 expression vector, S1P at 1 nM caused a biphasic,

sustained increase in [Ca#+]
i

with a peak [Ca#+]
i

increment of

122³13 nM ²mean³S.E.M. (n¯ 3), as evaluated as the average

[Ca#+]
i
increase in a cell population´ (Figure 2A). In the absence

of extracellular Ca#+ (0 mM Ca#+ plus 0.1 mM EGTA), S1P still

elicited a transient increase in [Ca#+]
i
, although the amplitude of

the peak [Ca#+]
i
increase was diminished compared with that in

the presence of extracellular Ca#+, and the sustained plateau

phase of the [Ca#+]
i
increase was abolished. Thus the activation

of AGR16 leads to mobilization of Ca#+ from both intra- and

extra-cellular pools. SPC at 10 nM also increased [Ca#+]
i
, whereas

sphingosine up to 1 µM did not. In sharp contrast, CHO cells

transfected with an empty vector did not respond at all to either

S1P or SPC at the concentrations described.

Higher concentrations of S1P (" 10 nM) and SPC (& 500 nM)

slightly increased [Ca#+]
i
in parental CHO cells, suggesting that

these cells express a certain level of endogenous S1P receptors.

Human erythroleukaemia K562 cells do not respond to S1P,

SPC, LPA or other related lipids at concentrations up to 1 µM

with an increase in [Ca#+]
i
[43]. In order to examine the dose-

dependent Ca#+-mobilizing effects of S1P and related lipids, we

established a K562 clone stably expressing AGR16 (K562-
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Figure 2 S1P-induced increase in [Ca2+]i in CHO cells transiently
transfected with AGR16, and dose-dependent effects of various lipids on
[Ca2+]i in K562 cells stably expressing AGR16

(A) CHO cells that were transiently transfected with either an AGR16 expression vector or an

empty vector were loaded with fura-2, and stimulated with 1 nM S1P, 10 nM SPC or 1 µM

sphingosine in the presence or absence of extracellular Ca2+. (B) K562-AGR16 cells were

stimulated with various concentrations of lipids. The maximal increase in [Ca2+]i, with 500 nM

S1P, was 90³19 nM (n ¯ 3). Values are means³S.E.M of three determinations.

AGR16). Northern analysis of mRNA from K562-AGR16 cells

confirmed the expression of AGR16 mRNA, but not of the

mRNAs for the other S1P receptors EDG1 [29–31,33] and

EDG3 [32]. In K562-AGR16 cells, S1P increased [Ca#+]
i
dose-

dependently, with an EC
&!

value of 3 nM; the concentration

giving the maximal response was 500 nM (Figure 2B). SPC was

a much less potent agonist, with an EC
&!

value of approx.

100 nM. The maximal response obtained with SPC at 500 nM

was approx. 60% of that attained with S1P. Other lipids

examined, including sphingosine, sphingomyelin, ceramide,

Figure 3 PTX sensitivity of S1P-induced inositol phosphate production in
CHO-AGR16 cells, and expression of Gα proteins in CHO and K562 cells

(A) Cells prelabelled with myo-[2-3H]inositol were pretreated (­) or not (®) with 100 ng/ml

PTX for 24 h, and then stimulated with 1 µM S1P for 30 min in the presence of 10 mM LiCl.

(B) Cell lysates (30 mg of protein per sample) from CHO, K562 or COS-7 cells were separated

on a 10% (w/v) polyacrylamide gel and analysed for expression of Gsα, Gq/11α, Giα and G12α
by Western blot analysis using respective specific antibodies.

ceramide 1-phosphate, glucosylsphingosine, lysophosphatidylin-

ositol, lysophosphatidylcholine, lysophosphatidylethanolamine,

lysophosphatidylserine and phosphatidic acid, did not increase

[Ca#+]
i

in K562-AGR16 cells when present at concentrations

up to 1 µM. LPA at 1 µM slightly increased [Ca#+]
i

(20% of

the maximal response obtained with S1P) in K562-AGR16 cells.

However, unlike the SPC-induced [Ca#+]
i

response, the LPA-

induced [Ca#+]
i
increase was not abolished by the prior addition

of S1P (1 µM), suggesting that the LPA-induced response was

not mediated by AGR16.

Since S1P caused an increase in [Ca#+]
i
in CHO cells transiently

transfected with AGR16, we examined whether S1P stimulated

phospholipase C in CHO-AGR16 cells. We found that S1P

stimulated inositol phosphate production by 2.2-fold (Figure

3A). In parental CHO cells, in contrast, S1P failed to induce a

detectable increase in inositol phosphate production. Pre-

treatment of CHO-AGR16 cells with PTX (100 ng}ml for 24 h)

inhibited S1P-induced inositol phosphate production by approx.

30% (Figure 3A). Similarly, PTX pretreatment reduced the

increase in [Ca#+]
i
by 30% (results not shown). Both CHO cells

and K562 cells were found to express Gα
i
, Gα

q
}
""

, Gα
s
and Gα

"#
,

as evaluated by Western blot analysis (Figure 3B).

We next examined the effect of S1P on MAPK activity and its

activation mechanisms in CHO-AGR16 cells. S1P (1 µM) rapid-

ly activated MAPK, with a peak activation at 3 min followed by

a gradual decline, as evaluated by detection of the band shift of
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Figure 4 S1P stimulates MAPK activity in CHO-AGR16 cells

(A) Time course of S1P-induced MAPK activation. CHO-AGR16 cells and parental CHO cells

were stimulated with 1 µM S1P for the indicated time periods. (B) Dose-dependent MAPK

activation by S1P. CHO-AGR16 cells were stimulated with various concentrations of S1P for

3 min. MAPK activation was evaluated by detection of the band shift of p42 ERK by Western

analysis using anti-ERK antibody, as described in the Materials and methods section. Values

are means³S.E.M of three determinations.

p42 ERK (Figure 4A). S1P-induced MAPK activation increased

in a dose-dependent fashion, with an EC
&!

value of approx.

200 nM and a maximally effective concentration of approx.

3 µM (Figure 4B). In parental CHO cells, in contrast, S1P did

not activate MAPK detectably. Pretreatment of CHO-AGR16

cells with PTX inhibited S1P-induced MAPK activation strongly

(by approx. 70%), as in the case of CHO cells stably expressing

EDG1 (CHO-EDG1 cells) (Figure 5A). The addition of genistein,

a tyrosine kinase inhibitor, also attenuated S1P-induced ERK

activation by 50%. In contrast, down-regulation of PKC by

prolonged pretreatment with phorbol 12,13-dibutyrate (1 µM

for 24 h) only minimally (16%) inhibited S1P-induced MAPK

activation. Down-regulation of PKC totally abolished MAPK

activation by acute stimulation with phorbol 12,13-dibutyrate,

confirming that down-regulation-sensitive PKC isoforms were

effectively depleted (results not shown). We also examined

whether S1P-induced AGR16-mediated activation of MAPK

was dependent upon Ras. CHO-AGR16 cells were co-transfected

Figure 5 S1P-induced MAPK activation is dependent on Ras and sensitive
to PTX and genistein

(A) CHO-AGR16 cells and CHO-EDG1 cells (which stably express EDG1) were pretreated with

PTX (100 ng/ml for 24 h), genistein (100 µM for 60 min) or phorbol 12,13-dibutyrate (PDBu ;

1 µM for 24 h), and stimulated with 1 µM S1P for 3 min. Cell lysates were separated on a

10% (w/v) polyacrylamide gel, followed by Western blotting using an anti-ERK antibody. (B)

CHO-AGR16 and CHO cells were transiently co-transfected with a Myc-tagged MAPK

expression vector and either an [Asn17]H-Ras expression vector or an empty vector, and then

stimulated with 1 µM S1P for 3 min. Autoradiograms of myelin basic protein (MBP) and

Western blots of Myc–MAPK are shown above the bar graphs. Note that the levels of expression

of Myc-tagged MAPK were similar between transfection groups. Values are means³S.E.M. of

three determinations. Abbreviation : PSL, photostimulated luminescence.

with an expression vector for Myc-tagged MAPK and either an

expression vector for a dominant-negative form of Ras ([Asn"(]H-

Ras) or an empty vector. After stimulation with S1P, Myc-

tagged MAPK was immunoprecipitated using anti-(Myc epitope)

antibodies, followed by measurement of the in �itro MAPK

activity using myelin basic protein as a substrate. The levels of

expression of Myc-tagged MAPK were similar among the

transfection groups, as evaluated by Western analysis using the

anti-(Myc epitope) antibody (Figure 5B). S1P induced a 25-fold

stimulation of MAPK activity in CHO-AGR16 cells, as com-

pared with only a 2-fold increase in parental CHO cells. The

expression of [Asn"(]H-Ras in CHO-AGR16 cells inhibited S1P-

induced MAPK activation by more than 80%, indicating the

Ras-dependence of the S1P-induced MAPK activation.

We next examined the coupling of AGR16 to two other

members of the MAPK family, JNK and p38 MAPK. S1P at

10 nM caused a rapid and sustained activation of both JNK and
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Figure 6 S1P activates JNK and p38 MAPK in a PTX-insensitive manner

Time courses of S1P-induced activation of JNK (A) and p38 MAPK (B) are shown. CHO-AGR16

cells and CHO cells were stimulated with 10 nM S1P for the indicated time periods. CHO-

AGR16 cells on some dishes were pretreated with 100 ng/ml PTX for 24 h. Autoradiograms

are shown in the upper panels. JNK1 and p38 MAPK were immunoprecipitated by employing

specific antibodies, and the immune complex kinase assay was performed as described in the

Materials and methods section, using as substrates GST–c-Jun-(5–89) for JNK and GST–ATF2-

(1–109) for p38. Values are means³S.E.M. of three determinations, and are expressed relative

to the activity in cells at time zero, which was given an arbitrary value of 1.

p38 in CHO-AGR16 cells (Figure 6). JNK activity had increased

significantly over the basal value by 10 min, and reached a

maximal value of 4.5-fold at 20 min (Figure 6A). The time course

of the activation of p38 was similar to that of JNK (Figure 6B).

In parental CHO cells, in contrast, S1P only activated JNK

slightly (1.5-fold), and did not activate p38 MAPK over the basal

unstimulated value. The S1P-induced activation of both JNK

and p38 in CHO-AGR16 cells increased dose-dependently, and

became maximal at 100 nM S1P (results not shown). The S1P-

induced, AGR16-mediated activation of both JNK and p38

MAPK was entirely insensitive to PTX pretreatment (100 ng}ml

for 24 h) (Figures 6A and 6B).

Figure 7 S1P induces stress-fibre formation in CHO-AGR16 cells in a Rho-
dependent manner

CHO-AGR16 cells and CHO cells were pretreated with either PTX (100 ng/ml for 24 h) or C3

(20 µg/ml for 48 h), or were left untreated, and were then stimulated with 10 nM S1P for

10 min. Cells were fixed and stained with tetramethylrhodamine B isothiocyanate (TRITC)-

conjugated phalloidin for actin stress-fibre localization.

Figure 8 S1P induces an increase in MLC phosphorylation in CHO-AGR16
cells in a Rho-dependent manner

CHO-AGR16 cells and CHO cells were pretreated and stimulated as described in the legend to

Figure 7. The cells were solubilized in Laemmli SDS sample buffer and analysed by Western

blotting using anti-phospho-MLC antibody or anti-MLC antibody. The density of bands was

quantified by densitometry using a densitometer (PDI). Values are means³S.E.M. of three

determinations, and are expressed relative to the value in non-stimulated cells, which was given

an arbitrary value of 1. * and † denote statistically significant differences (P ! 0.05) compared

with the untreated group and the S1P-treated group respectively.

We also explored whether AGR16 is coupled to Rho-de-

pendent signalling pathways, by examining the effect of S1P on

stress-fibre formation in CHO-AGR16 cells. Stimulation of

CHO-AGR16 cells with S1P (10 nM) led to the formation of

stress fibres (Figure 7). Pretreatment of CHO-AGR16 cells with
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Table 1 S1P increases cellular cAMP content in CHO-AGR16 cells

Cells were preincubated with or without forskolin (0.5 µM) for 5 min, and then stimulated with

S1P (1 µM) for 5 min in the presence of 0.2 mM 3-isobutyl-1-methylxanthine. Cellular cAMP

content was determined by radioimmunoassay. Results are means³S.E.M. of three

determinations. * and † indicate statistically significant effects of S1P treatment compared with

untreated cells and forskolin-treated cells respectively.

Cells Stimulation

cAMP

content

(pmol/well)

CHO None 0.83³0.01

S1P 0.90³0.07

Forskolin 9.07³0.77

Forskolin­S1P 7.52³0.64

CHO-AGR16 None 0.84³0.11

S1P 4.83³0.36*

Forskolin 4.71³0.49

Forskolin­S1P 11.62³0.32†

Figure 9 S1P increases cellular cAMP content in a dose-dependent
manner

CHO-AGR16 cells (E) and CHO cells (D) were stimulated with various concentrations of S1P

in the presence of 0.2 mM 3-isobutyl-1-methylxanthine. Cellular cAMP contents were determined

by radioimmunoassay. Results are means³S.E.M. of three determinations.

C3 toxin (20 µg}ml for 48 h) completely abolished S1P-induced

stress-fibre formation, but PTX pretreatment had no effect. In

parental CHO cells, S1P induced stress-fibre formation only

weakly. We also examined whether S1P caused an increase in

MLC phosphorylation, which is thought to underlie S1P-induced

stress-fibre formation [44,45], in a Rho-dependent manner. S1P

increased MLC phosphorylation [as evaluated by Western blot

analysis using an anti-phospho-MLC antibody which specifically

recognizes monophosphorylated (Ser"*) MLC] in CHO-AGR16

cells, but not in CHO cells (Figure 8). Pretreatment of the cells

with C3 toxin abolished the S1P-induced increase in MLC

phosphorylation. Total amounts of MLC, as evaluated by anti-

MLC immunoblotting, were similar among cells treated in

various ways.

Finally, we examined how S1P affects the cellular cAMP

content via AGR16 receptors. In CHO-AGR16 cells, S1P (1 µM)

caused a 6-fold increase in the cellular cAMP content (Table 1).

In forskolin-stimulated CHO-AGR16 cells, S1P caused a further

2.5-fold increase in the cellular cAMP level. In contrast, S1P did

not change the cellular cAMP content in parental CHO cells. The

stimulatory effect of S1P on the cellular cAMP content in CHO-

AGR16 cells was dose-dependent (Figure 9).

DISCUSSION

In the present study, we functionally characterized the putative

S1P receptor AGR16 by expressing it in two mammalian cell

lines, CHO and K562. Many of cell lines usually employed for

the expression of exogenous genes, including COS, NIH 3T3 and

HEK293 cells, respond vigorously to S1P [21]. In contrast, CHO

cells respond to S1P exclusively at high doses, with only a slight

increase in [Ca#+]
i
, and K562 cells do not respond at all to S1P

or related lipids, even at high doses [43]. By employing mam-

malian expression systems with a very low or no background of

responses to S1P, we here establish that AGR16 is a functional

receptor with a substantially high selectivity for S1P, which is

coupled via both PTX-sensitive and -insensitive G-proteins to

multiple signalling pathways.

We first demonstrated in the present study that CHO-AGR16

cells bind [$#P]S1P. Among a number of related lipids, including

LPA, only SPC reduced binding of [$#P]S1P to CHO-AGR16

cells (Figure 1). Thus AGR16 receptors are selective for S1P and

SPC, contrasting with the two other members of EDG family,

EDG2 and EDG4, which are responsive to LPA, but not to S1P

[46–49]. Consistent with this, detailed examination of the Ca#+-

mobilizing potencies of various lipids in K562-AGR16 cells

revealed that S1P, and less potently SPC, increase [Ca#+]
i
(Figure

2B). LPA induces a slight increase in [Ca#+]
i
in K562-AGR16

cells.However, this response is probably mediated by endogenous

LPA receptors [42–45], since the response to LPA is not abolished

by the prior addition of S1P.

The S1P-induced activation of phospholipase C is only par-

tially (30%) inhibited by PTX pretreatment (Figure 3A). The

AGR16-induced [Ca#+]
i
increase is also only partially inhibited

by PTX. Thus AGR16 triggers phospholipase C activation with

Ca#+ mobilization primarily via a PTX-insensitive G-protein,

most likely of the G
q

class. This contrasts sharply with the case

of EDG1, the first S1P receptor to be identified [29,30], which we

found recently to be coupled exclusively via G
i
to phospholipase

C activation and Ca#+ mobilization [31]. On the other hand,

AGR16 mediates MAPK activation largely via a PTX-sensitive

G-protein, most likely of the G
i

class (Figure 5A). AGR16-

mediated MAPK activation is dependent on Ras and is sensitive

to genistein, but not to PKC down-regulation (Figure 5A). These

modes of MAPK activation are similar to those reported

previously for G
i
-coupled MAPK activation by other hepta-

helical receptors. Interestingly, the EC
&!

value (200 nM) for S1P-

induced MAPK activation is as much as 70-fold higher than that

for the S1P-induced [Ca#+]
i
increase (compare Figures 2 and 4B).

Thus the coupling of AGR16 via G
i
to MAPK appears to be

much less efficient than the coupling via G
q
to Ca#+ mobilization.

This characteristic of AGR16 again clearly differs from EDG1,

which is efficiently coupled via G
i
to MAPK [29–31].

The present study also shows that AGR16 is linked to at least

three additional signalling pathways, i.e. JNK, p38 MAPK

and the Rho-dependent pathway, through PTX-insensitive

mechanisms. In contrast with AGR16-mediated MAPK ac-

tivation (Figures 4 and 5), a low concentration of S1P (10 nM)

effectively activates both JNK and p38 MAPK in CHO-AGR16

cells in a manner totally insensitive to PTX (Figure 6). Previous

studies showed that both the α and βγ subunits of several classes

of heterotrimeric G-proteins, including G
i
, G

q
and G

"#/"$
, could

mediate the activation of JNK [36,50–52] and p38 MAPK

[50,51]. Since the S1P-induced activation of JNK and p38
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MAPK is PTX-insensitive, G
q

and G
"#/"$

are likely candidates

for G-proteins that mediate the activation of these kinases.

Identification of the exact heterotrimeric G-protein(s) responsible

for the activation of JNK and p38 MAPK awaits further investi-

gation.

The activation of AGR16 also promotes stress-fibre formation

and MLC phosphorylation (Figures 7 and 8). Botulinum C3

toxin, which specifically ADP-ribosylates and inactivates Rho

[53], abolishes S1P-induced stress-fibre formation and the in-

crease inMLC phosphorylation, indicating thatAGR16 mediates

these responses via Rho. It has been demonstrated that actin–

myosin-interaction-driven contraction is probably the driving

force that promotes the Rho-mediated formation of stress fibres

and focal adhesions [44]. Contractility in non-muscle cells is

regulated by the phosphorylation status of MLC [45]. An S1P-

induced, Rho-dependent increase in MLC phosphorylation is

most probably mediated by a recently identified Rho-associated

protein kinase, called Rho kinase}ROK}ROCK [54]. A recent

study [52] showed that the PTX-insensitive G-protein G
"#/"$

is

linked to Rho-dependent signalling pathways. Very recently, it

was demonstrated that the p115 Rho guanine nucleotide

exchange factor interacts with Gα
"#

and Gα
"$

, and that Gα
"$

directly stimulates its guanine nucleotide exchange activity

[55,56]. Consistent with this, AGR16-mediated stress-fibre

formation is PTX-insensitive. It is of note that PTX-insensitive,

Rho-mediated gene expression has recently been reported for

EDG1 as well [29]. Thus AGR16 appears to be linked to the

activation of multiple low-molecular-mass G-proteins, including

Ras and Rho, via distinct heterotrimeric G-proteins

The present study also shows that stimulation of AGR16

causes an increase in the cellular cAMP content (Table 1 and

Figure 9). Our observation is consistent with a previous report [8]

that S1P induced an increase in the cellular cAMP content in

human vascular smooth muscle cells, but contrasts with the case

of EDG1, which was shown to mediate a decrease in the cellular

cAMP content [30,31,33]. Although we did not examine the

mechanisms of the AGR16-mediated increase in cellular cAMP,

there are several possibilities. First, AGR16 may be weakly

coupled to G
s
, leading to the activation of adenylate cyclase.

Secondly, activation of AGR16 may stimulate the generation

and release of chemical mediators such as prostaglandins, which

then activate their own G
s
-coupled receptors in an autocrine}

paracrine fashion. Thirdly, the AGR16-mediated [Ca#+]
i
increase

and PKC activation may alter the activities of adenylate cyclase

and}or cAMP phosphodiesterase, leading to an increase in the

cellular cAMP content. These possibilities remain to be

elucidated.

The present study, together with recent observations

[29–31,33], reveal that AGR16 and EDG1 are both high-affinity

S1P receptors, but each has distinct signalling characteristics.

The recent report by An et al. [32] demonstrates that EDG3 also

functions as a receptor for S1P. At present, however, the agonist

specificity and signalling mechanisms of EDG3 are incompletely

understood. A more complete exploration of the S1P receptor

family should provide a better understanding of the lyso-

sphingolipid signalling system.

We thank R. Suzuki for excellent secretarial assistance. This work was supported by
grants from the Ministry of Education, Science and Culture of Japan.
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