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Abstract The sphingosine-1-phosphate (S1P) family of G protein-coupled receptors (GPCR) regulates essential
cellular processes such as proliferation, migration, cytoskeletal organization, adherens junction assembly, and
morphogenesis. S1P, a product from the breakdown of sphingomyelin, binds to the five members of this receptor family,
S1P1, S1P2, S1P3, S1P4, and S1P5, previously referred to as endothelial differentiation gene (EDG)-1, -5, -3, -6, and -8. S1P
receptors are widely expressed in different tissues, so it is not surprising that the S1P receptor family regulates many
physiological processes, such as vascular maturation, cardiac development, lymphocyte trafficking, and vascular
permeability. FTY720, a new S1P receptor agonist, is undergoing clinical trials as an immunosuppressor. Understanding
the physiological role of these receptors and the basics of the ligand-receptor interaction will potentially provide new
therapies to control a variety of diseases. J. Cell. Biochem. 92: 913–922, 2004. � 2004 Wiley-Liss, Inc.
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Sphingosine-1-phosphate (S1P) is a bioac-
tive sphingolipid that mediates a wide variety
of cellular responses in different cell types
through the interaction with the members of
the endothelial differentiation gene (EDG)
family of plasma membrane-localized G pro-
tein-coupled receptors (GPCR). Before the dis-
covery of the S1P receptors, it was believed that
S1P acted as an intracellular mediator [Zhang
et al., 1991]. This idea is supported by the fact
that increases in intracellular S1P levels take

place upon cell stimulation by growth factors
[OliveraandSpiegel, 1993], cytokines [Xiaetal.,
1999], and hormones [Sukocheva et al., 2003],
which activate sphingosine kinase activity.
However, the intracellular molecular targets
of S1P remain to be identified.

Early in 1992, Igarashi’s group suggested
that S1P could act as an extracellular mediator
in the control of cell motility through a putative
transmembrane receptor [Sadahira et al.,
1992]. To date, five S1P receptors have been
identified, and recently renamed as S1P1(EDG-
1), S1P2 (EDG-5), S1P3 (EDG-3), S1P4 (EDG-6),
and S1P5 (EDG-8). They have overlapping as
well as distinct patterns of expression in
different tissues. In addition, the coupling of
these receptors to different G proteins explains
their differential signal transduction proper-
ties, and also the varied cellular effects of S1P.
Herein, we will review the interaction of S1P
with its receptors, signaling properties and the
function of the different S1P receptors, as well
as their potential significance in human health
and disease.

CLONING, DISCOVERY, AND
CHARACTERIZATION OF S1P RECEPTORS

Thefirstmember of theS1P receptor family to
be cloned was S1P1. It was originally discovered
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as a transcript induced during endothelial cell
differentiation in vitro [Hla and Maciag, 1990].
Later, two other S1P receptors were cloned,
S1P2, from rat brain and rat vascular smooth
muscle cell [Okazaki et al., 1993; MacLennan
et al., 1994] and S1P3, from a human genomic
library [Yamaguchi et al., 1996]. The identity of
the ligand was still unknown at that time but
later studies revealed that S1P was a high
affinity ligand for S1P1 [Lee et al., 1998b].
Subsequently, S1P4 was cloned from in vitro
differentiated human and murine dendritic
cells [Graler et al., 1998]. Finally, the gene
nrg-1, which was cloned from a rat PC12 cell
cDNA library [Glickman et al., 1999], was
characterized and shown to be a S1P receptor,
S1P5 [Im et al., 2000].

The sequence analysis of these receptors
indicates that they are members of the super-
family of GPCR, and therefore, they have
related structural elements. S1P receptors
exhibit�20%aminoacid sequence identitywith
cannabinoid receptors (CB1 andCB2) and�30%
with lysophosphatidic acid receptors (LPA1–3).
The relationship of S1P receptors with LPA and
CB receptors is shown in Figure 1. S1P
receptors consist of the extracellular NH2 ter-
minus, which contain potential N-linked glyco-
sylation sites, seven transmembrane domains,
and the respective hydrophilic extracellular
and intracellular loops. Interestingly, the Asp

residue near the end of the third transmem-
brane domain is conserved in all GPCR acti-
vated by cationic ligands and is thought to be
essential for the binding of charged amines.
This Asp residue is replacedwithGlu in the S1P
receptor family. The Cys residue at the C
terminus is also conserved amongmost ofGPCR
and in the S1P familiy, and it is important as a
palmitoylation site. The intracellular hydrophi-
lic loop regions and the C-terminus contain
several potential recognition sites for phosphor-
ylation by serine/threonine protein kinases. In
the case of S1P1, our laboratory has shown the
phosphorylation of the Thr236 residue, at the
third intracellular loop, by the protein kinase
Akt [Lee et al., 2001].

All five receptors from this family bind to S1P
with high affinity except for the S1P4 receptor.
Phytosphingosine-1-phosphate was actually
shown to be a much better agonist for this
receptor [Candelore et al., 2002]. Non-phos-
phorylated sphingosine derivatives (sphingo-
sine, sphinganine, ceramide) have been shown
not to compete with the binding of S1P.
Phospholipids lacking a basic amine (sphingo-
myelin, lysophosphatidic acid, phosphatidyl
inositol) also failed to compete with S1P at
physiologically relevant concentrations. Of the
many compounds evaluated for S1P1 interac-
tion, only dihydro-S1P [Van Brocklyn et al.,
1998], sphingosylphosphorylcholine [Okamoto

Fig. 1. Phylogenetic tree representation of CB, LPA, and S1P receptors. The amino acid sequences of CB,
LPA, and S1P receptors were aligned and analyzed by the CLUSTAL program. Phylogenetic reconstruction
was done withMac Vector 7.1.1 program by using neighbor joiningmethod. The best tree, midpoint rooted
is shown.
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et al., 1998], and S1P-homophosphonate [Van
Brocklyn et al., 1999], which maintains the
appropriate chain length between the cationic
and the anionic moieties, have been shown to
displace S1P from S1P1. Lastly, competition
studies with S1P steroisomers showed that the
presence and configuration of the C3 hydroxyl
group of S1P (Fig. 2) is important for the binding
to S1P receptors [Lim et al., 2003].
In additional studies, a computational model

of the S1P1 receptor was developed to predict
the interactions with S1P [Parrill et al., 2000].
The model established three ion-pairing inter-
actions critical to the recognition of S1P by its
receptor: Arg120 and Arg292 with the phosphate
group of S1P, and Glu121 with the protonated
amino group of S1P. These predictions were
confirmed by site-directed mutagenesis fol-
lowed by binding and receptor activation assays
as well as by internalization studies. All S1P
receptors share an anionic residue that corre-
sponds to the Glu121 in S1P1, and two basic
residues that are predicted to interact with the
phosphate group. However, the confirmation of
this theoretical model for S1P2, S1P3, S1P4, and
S1P5 is lacking.
Recently, a new pharmacological modulator

of S1P receptors has been described, namely,
the immunomodulatory agent FTY720 [Brink-
mann et al., 2002; Mandala et al., 2002] (Fig. 2).
FTY720 is phosphorylated in vivo and the
phosphorylated form is a potent agonist of
S1P1, S1P3, S1P4, andS1P5. FTY720-phosphate
(FTY720-P) shares structural similarities with
S1P: it contains a lipophilic tail, a 2-amino
group, and a phosphate head group. It has a
phenyl ring inserted between the polar head
and the lipophilic tail, which has been recently
shown to confer an increase in agonism at S1P5,
loss of activity at S1P2, and loss of the stereo-
specificity of position 2 at S1P1 and S1P3

receptors [Clemens et al., 2003].

In conclusion, further studies need to be done
in order to elucidate the structure-activity
relationship of S1P for each of its receptors. In
addition, identification of S1P receptor specific
agonists/antagonists will provide further infor-
mation about the physiological/pathophysiolo-
gical role of each S1P receptor and may lead to
the development of new therapeutic agents.

SIGNALING OF S1P VIA ITS RECEPTORS:
CELLULAR EFFECTS OF S1P

Binding of S1P to its receptors activates
different signaling pathways via the heterotri-
meric G proteins. The coupling of S1P1, S1P2,
and S1P3 to G proteins has been studied by
using chimeric G proteins in the oocyte system
[Ancellin and Hla, 1999] and also by determin-
ing the binding of 35S-GTPgS to Gi, Gq, Gs, and
G13 in cell membranes, using a heterologous
expression system of insect Sf9 cells [Windh
et al., 1999]. In both studies, S1P1 coupled
exclusively to Gi, as it had been previously
reported by Lee et al. [1996]when S1P1was still
an orphan receptor. On the other hand, S1P2

and S1P3 coupled to Gi, Gq, and G13. Subse-
quently, S1P5 was shown to couple to Gi/o and
G12 in the binding assays using S1P5-over-
expressing CHO cells [Malek et al., 2001].

The downstream signaling activated by S1P
binding to its receptors has been extensively
studied in different types of mammalian cells,
such as human embryonic kidney (HEK) cells,
Chinese hamster ovary (CHO) cells, human
erythroleukemia (HEL) cells, Jurkat T cells,
and HTC4 rat hepatoma cells (reviewed in
[Pyne and Pyne, 2000; Kluk and Hla, 2002])
(Fig. 3). In S1P1 overexpressing cells, S1P
induced the stimulation of extracellular sig-
nal-regulated kinase (ERK), phospholipase C
(PLC), and phosphoinositide 3-kinase (PI3K) b,
as well as inhibition of cyclic AMP accumula-
tion. All these responses were Pertussis toxin
sensitive, indicating that they were mediated
via Gi. S1P3 and S1P2 also mediate activation of
ERK in aGi dependentway.However, these two
receptors also couple to PLC in aPertussis toxin
insensitive way, suggesting that this response
is mediated by Gq. S1P3 and S1P2 can also
mediate Rho activation through G12/13.

Lastly, the signaling through S1P4 and S1P5

has yet to be studied thoroughly. However, it
is believed that S1P4 couples to Gi, based on
the Pertussis toxin sensitivity of ERK [VanFig. 2. Chemical structures of S1P and FTY720-P.
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Brocklyn et al., 2000] and PLC activation
[Yamazaki et al., 2000]. It has also recently
been reported that S1P4 brings about activation
of Cdc42 [Kohno et al., 2003], a member of the
Rho family of GTPases. With respect to S1P5, it
has been shown to mediate inhibition of cyclic
AMPaccumulationviaGi [Imet al., 2000;Malek
et al., 2001]. In addition, S1P5 activated c-jun
N-terminal kinase (JNK) and inhibited serum-
induced ERK activation in a Pertussis toxin
insensitive way, although the mechanisms are
still unclear [Malek et al., 2001].

Through the activation of different signaling
pathways, S1P can regulate many different
cellular functions, among them, adherens junc-
tion assembly, cytoskeletal changes, migration,
proliferation, and apoptosis. The different ac-
tivities triggered by S1P depend on the pattern
of expression of S1P receptors in each cell type.
S1P1 was discovered as a transcript induced in
endothelial cells after phorbol 12-myristate 13-
acetate (PMA) treatment [Hla and Maciag,
1990]. Since PMA promotes differentiation of
endothelial cells into tubular structures, it was
hypothesized that S1P1 played a role in this
phenomenon. Later on, S1P was identified as
the ligand for S1P1 andwas shown to induce cell

aggregation and the expression of P- and E-
cadherins. These effects were dependent on the
small GTPase Rho. S1P also induced the
formation of well-developed adherens junctions
inS1P1 overexpressingHEK293 cells [Lee et al.,
1998b]. In human umbilical vein endothelial
cells (HUVEC), which express S1P1 and S1P3, it
was later shown that S1P induced translocation
of VE-cadherin and b-catenin to the adherens
junctions. This phenomenon was mediated by
S1P1 and S1P3 and required the activity of the
small GTPases Rho and Rac [Lee et al., 1999].
S1P also induced Rho-dependent stress fiber
formation, Rac-dependent cortical actin assem-
bly, and morphogenesis into capillary-like
structures.

The Rho familiy of GTPases are important
regulators of the actin cytoskeleton and cell
motility [Hall, 1998]. Indeed, S1P, which acti-
vates the small GTPases Rac and Rho [Paik
et al., 2001] is also a potent chemoattractant for
endothelial cells. S1P induced Rho-dependent
integrin clustering into focal contact sites,
which was essential for cell adhesion, spread-
ing, andmigration.Another important player in
S1P-induced migration is the protein kinase
Akt. S1P triggered phosphorylation of Akt in

Fig. 3. Dowstream signaling pathways activated by S1P
receptors. S1P1 stimulation leads to activation of ERK, PLC,
PI3K b, and inhibition of adenylate cyclase (AC) via Gi. Akt
phosphorylation of S1P1 is necessary for Rac activation. In endo-
thelial cells Rac is upstream of Rho, at least in the induction of
stress fibers. S1P2 couples via Gi to ERK and PLC activation, via
G12/13 toRhoandviaGq toPLC. Similarly, S1P3 activates ERKand
PLC and inhibits AC via Gi, it activates PLC via Gq and Rho via

G12/13. Studies with S1P2 and S1P3 null cells indicate that S1P2
couples more strongly to G12/13, and S1P3 to Gq. S1P1, S1P2, and
S1P3 can activate Rac, via PI3K. S1P4 activates ERK and PLC in a
Pertussis toxin sensitive way, and activates AC. It has recently
been reported that it brings aboutCdc42 activation. S1P5 couples
to Gi and G12/13. It inhibits AC via Gi and it also inhibits ERK
activation and activates JNK.
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endothelial cells [Igarashi et al., 2001; Morales-
Ruiz et al., 2001], which was essential for S1P-
inducedmigration [Lee et al., 2001]. In addition,
Akt binds to S1P1 and phosphorylates the third
intracellular loop at the Thr236 residue. This
phosphorylation is necessary for Rac activation,
cortical actin assembly, and chemotaxis. A S1P1

mutant, T236A, failed to activate Rac and
inducemigration, thereby, acting as a dominant
negative receptor.
Interestingly, in other cell types, like vascular

smooth muscle cells [Bornfeldt et al., 1995] and
melanomacells [Sadahira et al., 1992], S1P is an
inhibitor of migration. This effect has been
attributed to the expression of S1P2 in these
cells [Ryu et al., 2002; Arikawa et al., 2003]. In
B16 melanoma cells, expression of S1P2 but not
S1P1 or S1P3 was detected. In these cells, S1P
inhibited migration and invasion [Arikawa
et al., 2003]. This effect was abrogated by
JTE013, a specific S1P2 antagonist, indicating
again the involvement of this receptor in
inhibiting the migratory response to S1P. The
mechanism whereby S1P2 mediates inhibition
of migration is an interesting topic to address.
Both S1P2 and S1P3 couple to Gi, Gq, and G13.
However, while S1P3 promotes migration, S1P2

acts as a repellant receptor. This question has
been addressed by Takuwa’s group [Sugimoto
et al., 2003]. They showed a counteraction
between Gi and G12/13 with regards to Rac
activation and regulation of migration. S1P
receptor coupling to Gi lead to activation of
Rac and migration, while coupling to G12/13

brought about a Rho-dependent inhibition of
Rac and migration (Fig. 3). Thus, in the case of
S1P2, a robust coupling to G12/13 and a more
modest coupling toGi could explain the effects of
this receptor. This is in agreement with the fact
that S1P stimulation of Rho is considerably
impaired in S1P2 null mouse embryonic fibro-
blasts [Ishii et al., 2002].
S1P has also been shown to modulate the

migratory response of naı̈ve lymphocytes,
which express predominantly S1P1 and S1P4.
[Graeler and Goetzl, 2002; Graeler et al., 2002].
S1P, at lower concentrations, was a chemoat-
tractant for naı̈ve CD4 and CD8 T cells and also
enhanced chemotaxis to CCL-21 and CCL-5.
However, higher physiological concentrations
of S1P inhibited this response. In addition,
activation of T cell receptors resulted in
decreased expression of S1P1 and S1P4, thereby
suppressing the effects of S1P on chemotaxis.

Interestingly, S1P inhibits proliferation of
lymphocytes induced by T cell receptor activa-
tion [Dorsam et al., 2003]. Although the
mechanisms are not completely understood,
this effect is apparently mediated by S1P1 and
requires Ca2þ signaling and low levels of cyclic
AMP. Since S1P is present in serum [Yatomi
et al., 1997] and it can be released by inflam-
matory cells [Prieschl et al., 1999; MacKinnon
et al., 2002], it may be an important regulator of
the homeostasis of the immune system during
an inflammatory response.Moreover, the levels
of S1P in a specific physiological compartment
can differentially regulate the response of
lymphocytes.

Another cellular effect mediated by S1P is
mitogenesis and protection from apoptosis.
These effects have been shown in fibroblasts,
endothelial cells, and vascular smooth muscle
cells. In fibroblasts, mitogenesis was attributed
to intracellularactions of S1P [Lee et al., 1998a],
although the intracellular targets of S1P are yet
to be identified. In other cellular systems the
proliferative effect of S1P has been shown to be
Pertussis toxin sensitive. In vascular smooth
muscle cells, S1P1 and Gi signaling were re-
quired for S1P-induced DNA synthesis and
cellular proliferation. This effect was mediat-
ed by activation of p70 S6 kinase and increased
levels of cyclin D1 [Kluk and Hla, 2001].

PHYSIOLOGICAL AND
PATHOPHYSIOLOGICAL ROLE

OF S1P RECEPTORS

Among the S1P receptors, S1P1, S1P2, and
S1P3 are widely expressed in various tissues,
whereas the expression of S1P4 is confined to
lymphoid and hematopoietic tissue and S1P5 to
the central nervous system. From this pattern
of expression, it is likely to expect an important
role for these receptors in the regulation of
many different physiological functions.

The role of S1P receptors in embryonic
development is underscored by gene targeting
studies. Indeed, the phenotype of the S1P1

knock out mice shows the crucial role of this
receptor in vascular maturation [Liu et al.,
2000]. The null S1P1 embryos died between
E12.5 and E14.5 due to massive hemorrhage.
The aortae were incompletely covered with
vascular smooth muscle cells. This defect in
mural cell coveragewasalso found in thevessels
at the brain and limbs, whichwere undeveloped
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and rounded. The similar phenotype of the
conditional S1P1 knock out in endothelial cells
indicates that S1P1 signaling in the endothe-
lium is essential to regulate the coverage of
vessels by vascular smooth muscle cells
[Allende et al., 2003].

A zebrafish mutation in the mil gene called
‘‘miles apart’’ indicates a role of S1P receptors in
the development of the cardiovascular system
[Kupperman et al., 2000]. Mutants showed a
defective migration of the cardiac muscle pro-
genitor cells from lateral positions to the mid-
line resulting in the development of two hearts.
Interestingly, the product of themil gene seems
to function in the midline cells and not in the
migrating cardiomyocytes. They also had a
defect in epithelial integrity. Mil encodes a
product, most similar to S1P2, which shares
�50% identity with S1P receptors, and it is
activated by S1P, indicating the role of this lipid
mediator in embryogenesis.

Disruption of S1P2 in mice did not cause
any abnormality in embryonic development
[MacLennan et al., 2001; Ishii et al., 2002],
similar to S1P3 null mice [Ishii et al., 2001].
S1P2 null mice and S1P3 null mice were fertile
but the litter sizes were slightly smaller. This
suggests a role of S1P2 and S1P3 in reproduc-
tion, in agreement with the expression of these
receptors in the gonads [Ishii et al., 2001] and
prevention of oocyte apoptosis by S1P [Morita
et al., 2000]. MacLennan reported episodes of
seizures in S1P2 knock out mice, accompanied
by electroencephalographic abnormalities and
hyperexcitability in neocortical pyramidal neu-
rons, that often resulted in death [MacLennan
et al., 2001]. However this was not observed in
other knock-out studies of S1P2 [Ishii et al.,
2002]. Considering the role of S1P2 in decreas-
ing the length of neurites [MacLennan et al.,
2000], it can be hypothesized that S1P2 could
regulate dendritic and/or axonal growth in
different types of neurons and in the absence
of this receptor, these neurons may form
inappropriate connections leading to seizures.
That could be the cause for the marked
perinatal lethality observed in S1P2/S1P3 dou-
ble-null mice. Double null mice that survived
were apparently normal in overall health,
general behavior, and longevity. Since S1P2

and S1P3 null mice survive, it will possible to
study the physiological and pathophysiological
role of these receptors in the adult, when they
are challenged by injury or other type of stress.

In the case of S1P1, future studies of condi-
tional knock out or overexpression in different
organs/systems will provide a better under-
standing of the pathophysiological role of this
receptor. An alternative would be the use of
specific antagonists and agonists.

The immunosuppresor FTY720 is a novel
pharmacological modulator of S1P receptors
[Brinkmann et al., 2002; Mandala et al., 2002].
After in vivo administration, FTY720 is meta-
bolized to its phosphorylated derivative,
FTY720-P, which is an agonist of S1P1, S1P3,
S1P4, and S1P5 receptors. So far, sphingosine
kinase-2 is the best candidate for the activation
of FTY720 into a S1P receptor agonist [Billich
et al., 2003; Sanchez et al., 2003]. FTY720-P
elicits lymphopenia in blood and thoracic duct
by sequestering lymphocytes from circulation
into the secondary lymphoid organs, away from
peripheral tissues and graft sites. The non-
hydrolyzable phosphonate analog of FTY720-P
was also able to cause lymphopenia [Mandala
et al., 2002], indicating that the active principle
of FTY720 is its S1P receptor agonist phos-
phorylated form.

The lymphopenic effect of this immunosup-
pressormay be the result of the combination of a
modulation of both the chemotactic responses of
lymphocytes [Chen et al., 2001] and the
endothelial cell barrier at the sinus-lining
endothelium. Indeed, FTY720-P has similar
effects as S1P on endothelial cells, such as
adherens junction assembly and protection
from apoptosis [Sanchez et al., 2003]. This
protective effect of FTY720-P on endothelial
cells may have a particular relevance in the
prevention of chronic rejection after graft
transplantation. Chronic allograft vasculopa-
thy remains a leading cause of graft failure after
organ transplantation [Uretsky et al., 1992;
Aranda and Hill, 2000; Tovbin et al., 2000].
Many different risk factors determine the
accelerated arteriosclerosis after transplanta-
tion, both immunological and non-immunologi-
cal, such as genetic factors, injury of endothelial
cells after ischemia-reperfusion, viral infec-
tions, or the immunosuppressor therapy itself.
Indeed, many of the current immunosuppres-
sive drugs are associatedwith an increase of one
or more risk factors for the development of
atherosclerosis [Miller, 2002]. Both immunolo-
gical and non-immunological factors converge
in the endothelial cell injury, which predisposes
to inflammation, thrombosis, vasoconstriction,
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and vascular smooth muscle cell proliferation
[Miller, 2002]. Thus, the protective role of
FTY720-P in endothelial cellsmay be important
to prevent chronic rejection.
Another potential clinical application of

FTY720 is the treatment of vascular perme-
ability disorders. We have shown that FTY720
is actually a potent regulator of vascular per-
meability, both in vitro and in vivo [Sanchez
et al., 2003]. FTY720-P blocked vascular
endothelial cell growth factor (VEGF)-induced
paracellular permeability in vitro and micro-
vascular permeability induced by intradermal
injection ofVEGF in themouse ear. SinceVEGF
is involved in many different pathological
conditions, like tumor-induced angiogenesis,
intraocular neovascular syndromes, or inflam-
matory disorders (reviewed in [Ferrara et al.,
2003]), among others, S1P receptor ligandsmay
antagonize the effects of VEGF in these situa-
tions, by promoting the formation of well-
developed adherens junctions. Furthermore,
S1P receptor agonists can regulate vascular
tone since endothelial nitric oxide synthase is
phosphorylated and activated by Akt upon S1P
stimulation [Igarashi et al., 2001; Morales-Ruiz
et al., 2001].
In smooth muscle cells, the balance between

S1P1/3 and S1P2 seems to define the migratory
response of these cells towards S1P [Kluk and
Hla, 2001; Ryu et al., 2002]. This may be
relevant in the pathogenesis of atherosclerosis
and restenosis after angioplasty, which is char-
acterized by the migration of vascular smooth
muscle cells from the media to the intima
and proliferation. The role of PDGF, a potent
chemoattractant and mitogen for smooth mus-
cle cells, on regulation of this phenomenon has
been well established [Newby and Zaltsman,
2000]. S1P may also be involved. S1P1, S1P2,
and S1P3 receptors are expressed in pup-
intimal cells,whichhave similar characteristics
to cultured rat neointimal cells isolated from
arteries after injury [Schwartz et al., 1995].
Adult-medial vascular smooth muscle cells also
express S1P2 and S1P3, butmuch lower levels of
S1P1 in comparison with pup-intimal cells. We
showed that high levels of S1P1 expression
result in an increased proliferative and migra-
tory responses to S1P, suggesting a role of S1P1

in the pathogenesis of atherosclerosis and rest-
enosis after angioplasty. This is supported by
the fact that S1P1 is one of the genes induced
in neointimal lesions of human in-stent rest-

enosis, as determined by cDNA array analysis
[Zohlnhofer et al., 2001].

Since S1P regulates proliferation and migra-
tion, two important functions for tumor pro-
gression and metastasis, it is possible that S1P
receptor expression pattern in tumor cells may
determine the prognosis of a tumor. Indeed, S1P
has been shown to stimulate motility in several
glioma cell lines, in particular those lines which
had the highest expression of S1P1 and S1P3

[Van Brocklyn et al., 2003]. Additionally, an
interesting in vivo report indicates that S1P
treatment of B16melanoma cells inhibited lung
metastasis after injection of the cells in the
mouse tail vein [Yamaguchi et al., 2003]. Daily
intraperitoneal administration of S1P also
reduced the number of metastasis. Interest-
ingly, in S1P1 overexpressing B16 melanoma
cells, S1P treatment increased the number of
pulmonary metastatic nodules. In conclusion,
the study of the expression pattern of S1P
receptors in different tumors as well as the
synthesis of selective agonist/antagonists for
these receptors may contribute to the develop-
ment of new therapies to inhibit tumor growth
and metastasis.

FUTURE PERSPECTIVES

We are just beginning to understand the
pathophysiological role of S1P receptors. There
are still many questions to be answered, among
them, how are S1P levels modulated, what
regulates the expression and activity of S1P
receptors or which genes are regulated upon
receptor activation. Transgenic models, gene
targeting approaches, and in vivo use of small
interference RNA will help to understand the
role of S1P receptor on human health and
disease, so that in the future, specific agonist
or antagonists can be used as therapeutic
agents.
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