
“Inside-Out” Signaling of Sphingosine-1-Phosphate:
Therapeutic Targets

KAZUAKI TAKABE, STEVEN W. PAUGH, SHELDON MILSTIEN, AND SARAH SPIEGEL

Division of Surgical Oncology, Department of Surgery (K.T.), Department of Biochemistry and Molecular Biology (S.W.P., S.S.),
Virginia Commonwealth University School of Medicine, Richmond, Virginia;

and National Institute of Mental Health, Bethesda, Maryland (S.M.)

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

II. Biosynthesis and metabolism of sphingosine 1-phosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
III. Mechanisms of sphingosine kinase activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
IV. Sphingosine 1-phosphate receptors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
V. Sphingosine 1-phosphate in the blood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

VI. Sphingosine 1-phosphate in human diseases and sphingosine 1-phosphate targeted therapies . . . . . 187
VII. FTY720 (fingolimod) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

A. Mechanism of action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
B. Clinical trials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

VIII. KRP-203 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
IX. Other sphingosine 1-phosphate receptor agonists. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
X. Sphingosine kinase inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

XI. Anti-sphingosine 1-phosphate monoclonal antibody . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
XII. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

Abstract——Sphingosine 1-phosphate (S1P) is a bioac-
tive sphingolipid metabolite involved in many critical
cellular processes including proliferation, survival,
and migration, as well as angiogenesis and allergic
responses. S1P levels inside cells are tightly regulated
by the balance between its synthesis by sphingosine
kinases and degradation. S1P is interconvertible with
ceramide, which is a critical mediator of apoptosis. It
has been postulated that the ratio between S1P and
ceramide determines cell fate. Activation of sphin-
gosine kinase by a variety of agonists increases intra-
cellular S1P, which in turn can function intracellu-
larly as a second messenger or be secreted out of the
cell and act extracellularly by binding to and signaling
through S1P receptors in autocrine and/or paracrine

manners. Recent studies suggest that this “inside-out”
signaling by S1P may play a role in many human dis-
eases, including cancer, atherosclerosis, inflamma-
tion, and autoimmune disorders such as multiple scle-
rosis. In this review we summarize metabolism of S1P,
mechanisms of sphingosine kinase activation, and S1P
receptors and their downstream signaling pathways
and examine relationships to multiple disease pro-
cesses. In particular, we describe recent preclinical
and clinical trials of therapies targeting S1P signaling,
including 2-amino-2-propane-1,3-diol hydrochloride
(FTY720, fingolimod), S1P receptor agonists, sphin-
gosine kinase inhibitors, and anti-S1P monoclonal
antibody.

I. Introduction

Sphingosine 1-phosphate (S1P)1, originally considered
to be merely the end metabolite of all sphingolipids, is now

under the spotlight with important new roles as a signal-
ing molecule (Spiegel and Milstien, 2003) (Fig. 1). Sphin-
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1 Abbreviations: S1P, sphingosine 1-phosphate; GPCR, G protein-
coupled receptor; FTY7220, 2-amino-2-propane-1,3-diol hydrochlo-
ride, fingolimod; ER, endoplasmic reticulum; GlcCer, glucosylceram-
ide; SphK, sphingosine kinase; SPP, S1P phosphatase; PDGF,
platelet-derived growth factor; VEGF, vascular endothelium growth
factor; EGF, epidermal growth factor; ERK, extracellular signal reg-
ulated kinase; DMS, N,N-dimethylsphingosine; DHS, DL-threo-dihy-
drosphingosine; EDG, endothelium differentiation gene; ABC, ATP
binding cassette; RTK, receptor tyrosine kinase; NK, natural killer;
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golipids are structural components of all eukaryotic cell
membranes. In the plasma membrane, they are commonly
believed to protect the cell surface by forming the mechan-
ically stable and chemically resistant outer leaflet of the
lipid bilayer. All sphingolipids contain a sphingoid long-
chain base (sphingosine) backbone, linked to a fatty acid
molecule through an amide bond. S1P is produced from
sphingosine (2-amino-4-octadecene-1,3-diol; an aliphatic
18-carbon amino alcohol with an unsaturated hydrocarbon
chain), by sphingosine kinases (Fig. 2). The discoveries
that S1P regulates cell growth (Zhang et al., 1991; Olivera
and Spiegel, 1993) and suppresses apoptosis (Cuvillier et
al., 1996) triggered the interests of many researchers to

investigate S1P as a bioactive lipid mediator. This interest
has led to literally thousands of articles linking S1P to a
myriad of essential cellular process besides the aforemen-
tioned affects on cell growth and survival, including to
name just a few, cytoskeletal rearrangements and cell mo-
tility (Wang et al., 1999; Lee et al., 2001; Rosenfeldt et al.,
2001; Graeler et al., 2002; Sugimoto et al., 2003), invasion,
angiogenesis, and vascular maturation (Lee et al., 1999;
Wang et al., 1999; English et al., 2000; Liu et al., 2000b;
Garcia et al., 2001), and trafficking of immune cells (Spie-
gel and Milstien, 2003; Cyster, 2005). One of the reasons
that such a simple molecule can play such diverse roles is
that it functions not only inside cells (Olivera and Spiegel,
2001; Kohno et al., 2006) but also as a ligand of cell surface
receptors after it is secreted into the extracellular millieu
(Spiegel and Milstien, 2003) (Fig. 1). Gene deletion studies
and reverse pharmacology have provided evidence that
many of the biological effects of S1P are mediated via five
specific G protein-coupled receptors (GPCRs), now desig-
nated S1P1–5 (Fig. 3).

Relatively high concentrations of S1P are constitutively
present in body fluids and at lower levels in tissues. In-
creased production of S1P has been linked to various
pathological conditions suggesting that it may be a target

HDL, high-density lipoprotein; MS, multiple sclerosis; FTY720-P,
FTY720 phosphate; MMF, mycophenolate mofetil; KRP-203, 2-amino-
2-{2-{4-(3-benzyloxyphenylthio)-2-chlorophenyl}ethyl}-1,3-propanediol
hydrochloride; SEW2871, 5-(4-phenyl-5-trifluoromethylthiophen-2-yl)-
-(3-trifluoromethylphenyl)-(1,2,4)-oxadiazole; JTE 013, 1-[1,3-dimethyl-
4-(2-methylethyl)-1H-pyrazolo[3,4-b]pyridin-6-yl]-4-(3,5-dichloro-
4-pyridinyl)-semicarbazide; VPC 23019, (R)-Phosphoric acid
mono-[2-amino-2-(3-octyl-phenylcarbamoyl)-ethyl] ester; mAb,
monoclonal antibody.
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FIG. 1. “Inside-out” signaling of S1P. The scheme depicts the metab-
olism and actions of S1P in broad strokes. S1P is produced by phosphor-
ylation of sphingosine by sphingosine kinases, emerging chemotherapeu-
tic targets. Several lines of evidence suggest that S1P can act
intracellularly on as yet unknown targets. S1P can also be exported from
cells via ABC transporters and act on cell surface S1P receptors in
autocrine or paracrine manners. This extracellular S1P has been targeted
by a monoclonal antibody (sphingomab) to block its proliferative and
angiogenic effects. In addition, a therapeutic agent directed toward S1P1,
FTY720 (fingolimod), is currently being developed for treatment of MS.
The flags, labeled Fig. 2, Fig. 3, Fig. 4, and Fig. 5, indicate the portion
that is shown in more detail in the respective figures.
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FIG. 2. Structures and formation of interconvertible bioactive sphin-
golipid metabolites. The relative concentrations of the bioactive sphingo-
lipid metabolites, S1P, sphingosine, and ceramide represent a rheostat
that determines cell fate. S1P is antiapoptotic and progrowth, whereas
its precursors, sphingosine and ceramide are proapoptotic and
antiproliferative.
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for therapy for disorders such as cancer, atherosclerosis,
and autoimmune diseases such as multiple sclerosis.

In this review we summarize current knowledge of
S1P synthesis and metabolism, mechanisms of sphin-
gosine kinase activation, and the role of S1P receptors
and their downstream signaling. Furthermore, we
present updates of recent experimental results and clin-
ical trials with regard to therapeutic agents that target
S1P signaling, including FTY720 (fingolimod), S1P re-
ceptor agonists, sphingosine kinase inhibitors, and anti-
S1P monoclonal antibody.

II. Biosynthesis and Metabolism of
Sphingosine 1-Phosphate

Sphingosine, the direct precursor of S1P, is not pro-
duced by de novo biosynthesis but only as a consequence
of metabolism of sphingolipids and subsequent deacyla-
tion of ceramide. Its conversion to S1P requires the
enzymatic activity of sphingosine kinases (Fig. 2). There
are two pathways that lead to ceramide production: the
endocytic sphingolipid recycling pathway and de novo
sphingolipid biosynthesis. Sphingomyelinases are re-
sponsible for turnover and recycling of sphingomyelin,
hydrolyzing it to ceramide and phosphorylcholine. There
are three major types of sphingomyelinases character-
ized by their pH optima as acidic, neutral, and alkaline
forms, which accordingly have differential cellular local-
izations. Acidic sphingomyelinase is localized to the ly-
sosomal compartment (Quintern et al., 1989) and can be
secreted to the extracellular space. Neutral sphingomy-
elinases have various subcellular locations including the
plasma membrane, endoplasmic reticulum (ER), Golgi,
and nucleus. The localization of alkaline sphingomyeli-
nase is more restricted, and it is mainly expressed in the
intestinal tract and the bile where it participates in
sphingomyelin digestion in a bile salt-dependent man-
ner (Duan, 2006). The seminal discovery that stress
factors and proinflammatory cytokines rapidly increase

sphingomyelinase activity and ceramide levels, leading
to cell death (reviewed in Obeid et al., 1993) has been
confirmed and extended by numerous reports, implicat-
ing these events in apoptotic responses to chemothera-
peutic agents, ultraviolet and �-irradiation, and many
other cellular stresses (Kolesnick and Hannun, 1999;
Hannun and Obeid, 2002). As is the case with sphingo-
myelinases, there are also acidic, neutral, and alkaline
forms of ceramidases, the hydrolases that deacylate cer-
amide to sphingosine (el Bawab et al., 2002).

The de novo biosynthesis pathway of sphingolipids is
initiated at the cytosolic leaflet of the ER, where the
enzymes required for ceramide synthesis are located.
The initial and rate-limiting reaction is the condensa-
tion of L-serine with palmitoyl-CoA to form 3-keto-
sphinganine, catalyzed by serine palmitoyltransferease
(Futerman et al., 1990; Merrill, 2002). 3-Keto-sphinga-
nine is then reduced to dihydrosphingosine by 3-keto-
dihydrosphingosine reductase and subsequently N-acy-
lated to dihydroceramide by a family of ceramide
synthases with different fatty acyl-CoA substrate pref-
erences. Dihydroceramides are then converted to vari-
ous chain-length ceramides by a desaturase. The de novo
formation of ceramide can be induced by several factors
including tumor necrosis factor-�, hypoxia, and some
chemotherapeutic agents (Huwiler et al., 2000; Ogret-
men and Hannun, 2004). Which of these pathways is the
dominant one supplying ceramide depends on the cell
type, and specific conditions cannot be generalized.

The ceramide transport protein CERT, a cytoplasmic
protein with a phosphatidylinositol-4-phosphate-bind-
ing domain, transports dihydroceramide and/or cer-
amide from the ER to the Golgi apparatus by nonvesicu-
lar transport (Hanada et al., 2003). Ceramides are
converted to sphingomyelins by sphingomyelin synthase
on the luminal side of the Golgi or to glucosylceramides
(GlcCer) on the cytosolic surface of the Golgi (van Meer
and Holthuis, 2000). Two recent studies (D’Angelo et al.,

S1P1 S1P2 S1P3 S1P4 S1P5
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FIG. 3. S1P receptors and the major downstream biological processes that they regulate. S1P receptors have been implicated in the regulation of
a wide variety of cellular and biological processes including lymphocyte trafficking, cell migration, angiogenesis, neurogenesis, and others.

INSIDE-OUT SIGNALING OF S1P 183



2007; Halter et al., 2007) have implicated FAPP2, a
protein known to play a key role in intracellular protein
transport, in transport of GlcCer between Golgi com-
partments (D’Angelo et al., 2007). Consequently, GlcCer
is released and translocated into the lumen of the distal
Golgi. Protein transport from this compartment to the
cell surface is spatially and temporally linked to ongoing
GlcCer synthesis and transport. However, it was dem-
onstrated that FAPP2 can also mediate backward trans-
port of GlcCer from the Golgi complex to the ER, where
it is processed to complex glycosphingolipids (Halter et
al., 2007). Although many details remain unresolved,
together these two studies imply an unexpected function
for FAPP2 in glycosphingolipid synthesis, and, as a con-
sequence, in protein trafficking.

When sphingosine undergoes ATP-dependent phosphor-
ylation by sphingosine kinases [sphingosine kinase 1
(SphK1) or sphingosine kinase 2 (SphK2)], S1P is produced
(Fig. 2). S1P levels in cells are tightly regulated by the
balance between its synthesis and degradation, which is
the case for many other signaling molecules. S1P can be
dephosphorylated back to sphingosine by two specific S1P
phosphatases (SPP1 and SPP2), which belong to the family
of magnesium-dependent, N-ethylmaleimide-insensitive
type 2 lipid phosphate phosphohydrolases that reside in
the ER (Le Stunff et al., 2002; Ogawa et al., 2003). S1P can
also be irreversibly degraded by a pyridoxal phosphate-
dependent S1P lyase to hexadecenal and phosphoethano-
lamine, with the latter subsequently being reused for the
biosynthesis of phosphatidylethanolamine.

Among the sphingolipid metabolites, S1P, sphingosine,
and ceramide have drawn considerable attention over the
last decade as critical mediators of cell survival and
death (Spiegel and Milstien, 2003). Not only do S1P and
ceramide exert opposing effects on cell survival but also
the fact that these sphingolipid metabolites are inter-
convertible with each other gave birth to the concept of
the sphingolipid biostat (Fig. 2), which postulates that
the dynamic ratio between S1P and ceramide deter-
mines the fate of the cell (Cuvillier et al., 1996). SphK1
converts sphingosine to S1P, thereby enhancing cell
growth and survival, and plays a crucial role in regula-
tion of this balance. Conversely, S1P phosphatases tilt
the balance from S1P to sphingosine and ceramide.
Whereas ceramide levels increase in response to many
stress stimuli including a wide array of chemotherapeu-
tic agents, suppression of apoptosis is associated with
increased S1P levels and decreased ceramide (Spiegel
and Milstien, 2002). Importantly, inhibition of SphK1
not only decreases S1P levels, it also markedly increases
ceramide levels (Spiegel and Milstien, 2002).

III. Mechanisms of Sphingosine
Kinase Activation

The two mammalian isoforms of sphingosine kinase,
SphK1 and SphK2, have five conserved domains (C1–

C5) with a unique catalytic domain contained within C1
to C3 (Alemany et al., 2007). The ATP-binding site [SG-
DGX(17–21)K(R)] is present within C2. SphK1 does not
possess any hydrophobic transmembrane domains,
whereas SphK2 has four predicted transmembrane do-
mains. Although both SphK1 and SphK2 share overall
homology and produce the same product, S1P, they dis-
play different catalytic properties, subcellular locations,
tissue distribution, and temporal expression patterns
during development and possibly have unique and spe-
cific functions. SphK1 prefers D-erythro-sphingosine as a
substrate, whereas SphK2 phosphorylates a wider range
of sphingoid base substrates, including phytosphin-
gosine and dihydrosphingosine. In contrast to pro-sur-
vival SphK1, both SphK2 overexpression (Liu et al.,
2000a; Igarashi et al., 2003) and down-regulation (Van
Brocklyn et al., 2005; Sankala et al., 2007) have been
reported to result in inhibition of cell growth and induc-
tion of apoptosis. Moreover, SphK1 and SphK2 have
opposing roles in regulation of ceramide biosynthesis
(Maceyka et al., 2005). Despite the fact that either
SphK1 or SphK2 single knockout mice develop and re-
produce normally, the double knock-out completely
eliminates S1P and is embryonically lethal because of
severely disturbed neurogenesis, including neural tube
closure, and angiogenesis (Mizugishi et al., 2005). This
observation suggests that each isoform of SphK may at
least partially compensate for the lack of the other, but
S1P is critical for neurogenesis and angiogenesis during
development.

SphK1 can be stimulated by a wide variety of growth
factors including platelet-derived growth factor (PDGF)
(Hobson et al., 2001), vascular endothelial growth factor
(VEGF) (Shu et al., 2002), epidermal growth factor (EGF)
(Sarkar et al., 2005), hepatocyte growth factor (Duan et al.,
2004), cytokines (tumor necrosis factor-�) (Xia et al., 2002;
Pettus et al., 2003; Pitson et al., 2003), steroid hormone
(estradiol) (Sukocheva et al., 2003, 2006), and GPCR li-
gands (acetylcholine) (van Koppen et al., 2001), lysophos-
phatidic acid (Delon et al., 2004), S1P itself (Meyer zu
Heringdorf et al., 2001), and many other factors (reviewed
in Spiegel and Milstien, 2003; Taha et al., 2006a; Alvarez
et al., 2007).

There are several mechanisms by which SphK1 can be
activated: 1) phosphorylation and translocation to the
plasma membrane, 2) interaction with acidic phospho-
lipids, and 3) possible association with other proteins.
All or parts of these mechanisms may be required for full
activation of SphK1. Translocation to the plasma mem-
brane places SphK1 in the vicinity of its substrate,
sphingosine, which mainly resides there. Furthermore,
this translocation enables localized production of S1P in
the vicinity of its cell surface receptors, which might
account for the specificity of its actions through different
S1P receptors (Johnson et al., 2002; Pitson et al., 2005).
Phosphorylation on Ser225 by ERK2 is essential for en-
hancing the membrane affinity and plasma membrane
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selectivity of SphK1 (Stahelin et al., 2005). Recent stud-
ies suggest that membrane recruitment of SphK1 also
involves protein-lipid interactions. Thr54 and Asn89 in
the putative membrane-binding domain of SphK1 ap-
pear to be necessary for selective binding of phosphati-
dylserine and membrane targeting (Stahelin et al.,
2005). However, it is important to note that in many
cases, the involvement of SphK1 activation and subse-
quent formation of S1P in biological processes has only
been demonstrated indirectly using blunt pharmacolog-
ical approaches that block both SphK isoforms, such as
the pan SphK inhibitors, N,N-dimethylsphingosine
(DMS) and DL-threo-dihydrosphingosine (DHS).

Much less is known of the functions and regulation of
SphK2. Recent reports indicate that EGF and the pro-
tein kinase C activator, phorbol ester, also stimulate
SphK2 (Hait et al., 2005, 2007). Both of these activate
ERK1, which in turn binds to SphK2 and phosphory-
lates it on Ser351 and Thr578, increasing its enzymatic
activity (Hait et al., 2007). Moreover, others have sug-
gested that phosphorylation of SphK2 is catalyzed by
protein kinase D, which leads to its nuclear export for
subsequent cellular signaling (Ding et al., 2007). In con-
trast, cross-linking of the IgE receptor on mast cells was
reported to activate both SphK1 and SphK2, leading to
their translocation to the plasma membrane (Olivera et
al., 2006), and stimulation of both is required for mast
cell functions (Olivera et al., 2007).

IV. Sphingosine 1-Phosphate Receptors

Since the first report identifying S1P as the ligand of
the orphan GPCR, endothelial differentiation gene 1
(EDG1) (Lee et al., 1998), the number of receptors that
bind S1P and dihydro-S1P with high affinity has expanded
to five: S1P1/EDG1, S1P2/EDG5, S1P3/EDG3, S1P4/EDG6,
and S1P5/EDG8 (Spiegel and Milstien, 2000; Chun et al.,
2002). Through these receptors that S1P can regulate
many cellular processes, such as cytoskeletal rearrange-
ments and cell motility (Wang et al., 1999; Lee et al., 2001;

Rosenfeldt et al., 2001; Graeler et al., 2002; Sugimoto et al.,
2003), invasion, angiogenesis, and vascular maturation
(Lee et al., 1999; Wang et al., 1999; English et al., 2000; Liu
et al., 2000b; Garcia et al., 2001), and lymphocyte traffick-
ing and actions (Schwab and Cyster, 2007) (Fig. 3; Table 1).

S1P receptors are ubiquitously but differentially ex-
pressed on all cells. The specific repertoire of S1P recep-
tors that are expressed, together with their differential
coupling to various heterotrimeric G-proteins (guanine
nucleotide binding proteins) that regulate numerous
downstream signaling pathways, is responsible for the
ability of S1P to regulate diverse physiological processes
in a highly specific manner. “Inside-out” signaling of
S1P is crucial for many of these functions, such as mi-
gratory responses of fibroblasts toward PDGF (Hobson
et al., 2001) and chemotaxis of mast cells toward antigen
(Jolly et al., 2004). For example, PDGF induces translo-
cation of SphK1 to the leading edge of cells, promoting
localized formation of S1P, which in turn, stimulates
S1P1 spatially and temporally in a manner important for
the directional movement of cells toward this chemoat-
tractant (Hobson et al., 2001; Rosenfeldt et al., 2001).
Interestingly, cross-talk between PDGF and S1P2 can
function in the opposite way, counteracting cell move-
ment (Goparaju et al., 2005). Therefore, a delicate bal-
ance between transactivation of S1P1 and S1P2 by
PDGF is a crucial factor that determines net cell move-
ment toward PDGF.

One mechanism for export of S1P from the inside to
the outside of mast cells has recently been elucidated
(Mitra et al., 2006) (Fig. 4). It was shown that export of
S1P from activated mast cells was mediated by a mem-
ber of the ATP-binding cassette family of transporters,
ABCC1, independently of degranulation (Mitra et al.,
2006). In agreement, it has recently been shown that
thrombin stimulation of S1P secretion from platelets is
also mediated by an ABC transporter (Kobayashi et al.,
2006; Anada et al., 2007). Moreover, the ABCA1 trans-
porter is critical for release of S1P from astrocytes (Sato

TABLE 1
S1P receptors and their G protein coupling, signaling pathways, tissue distribution, physiological actions, and agonists/antagonists

S1P receptors were originally designated as belonging to the EDG family. The accepted nomenclature is now S1P(subscript 1–5), with the numbers indicating order of
discovery and characterization.

Receptor G Protein Coupling Signaling Pathways Tissue Distribution Physiological Actions Agonists/Antagonists

S1P1/EDG1 Gi/o 2 AC, 1 ERK, 1 PLC,
1 PI3K/Akt,
1 eNOS, 1 Rac,
1 Rho

Wide Cell motility, lymphocyte
trafficking, angiogenesis,
vascular maturation and
tone, neurogenesis

FTY720-P, KRP-203,
SEW2871, VPC
23019

S1P2/EDG5 Gi/o, Gq, G12/13 8 AC, 1 PLC, 1 JNK,
1 p38, 2 Rho,
2 Rac

Wide, vascular smooth
muscle cells

Inhibits motility and
proliferation, neuronal
excitation, hearing

JTE 013

S1P3/EDG3 Gi/o, Gq, G12/13 2 AC, 1 ERK, 1 PLC,
1 Rac, 1 Rho

Heart, lung, spleen, kidney,
intestine, diaphragm,
cartilage

Bradycardia, pulmonary
epithelial barrier,
hearing

FTY720-P, VPC 23019

S1P4/EDG6 Gi/o, Gs, G12/13 1 ERK, 1 PLC Immune cells, leukocytes Cytokines? FTY720-P
S1P5/EDG8 Gi/o, G12/ 2 AC, 2 ERK, 1 JNK,

1 p54JNK
Central nervous system,

NK cells
Cell motility FTY720-P

AC, adenylyl cyclase; ERK, extracellular signal regulated kinase; PLC, phospholipase C; PI3K, phosphatidylinositol 3-kinase; eNOS, endothelial nitric oxide synthase;
JNK, c-Jun NH2-terminal kinase.
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et al., 2007). Collectively, these studies suggest that
members of the large family of ABC transporters might
be important for export of S1P out of cells.

It has long been known that S1P can also act intra-
cellularly to enhance cell proliferation and suppress
apoptosis independently of S1P receptors (Van Brocklyn
et al., 1998; Rosenfeldt et al., 2001). However, in con-
trast to the well-established actions of S1P through its
receptors, identification of direct intracellular targets
has remained elusive.

S1P1 is ubiquitously expressed and its genetic dele-
tion in mice demonstrated that it has a key role in
angiogenesis and vascular maturation (Liu et al.,
2000b), as well as in regulation of immune cell traffick-
ing (Matloubian et al., 2004), endothelial barrier func-
tion (Singleton et al., 2005), and vascular tone (Sanna et
al., 2006). Additionally, binding of S1P to S1P1 can
transactivate growth factor receptor tyrosine kinases
(RTKs), such as VEGF receptor, EGF receptor, and
PDGF receptor, through three not mutually exclusive
mechanisms: 1) intracellular receptor cross talk and di-
rect phosphorylation of the RTK by protein tyrosine
kinases; 2) induced production and/or secretion of
growth factors; and 3) participation of S1P1 and RTK in
a signaling complex (signalplex), either by direct recep-
tor/receptor interactions or by binding of both receptors
to scaffolding proteins. Conversely, binding of these
growth factors to their RTKs can also translocate and
activate SphK1 (Pitson et al., 2005), leading to spatially
restricted formation of S1P that in turn further activates
inside-out signaling (Hobson et al., 2001). Additionally,
some of these RTKs, such as PDGF receptor, can also
increase S1P1 mRNA expression (Landeen et al., 2007),
leading to further complex interplay between S1P recep-
tors and RTKs.

S1P2, like S1P1 and S1P3 receptors, is also widely
expressed and is the dominant receptor in the vascular
smooth muscle cells (Waeber et al., 2004). Although
S1P2-deficient mice are born with no apparent anatom-
ical or physiological defects, the mice develop spontane-
ous, sporadic, and occasionally lethal seizures between 3
and 7 weeks of age. At the cellular level, loss of S1P2
leads to a large increase in the excitability of neocortical
pyramidal neurons, demonstrating that S1P2 plays an
essential and functionally important role in the devel-
opment and/or mediation of neuronal excitability
(MacLennan et al., 2001). Furthermore, because S1P2 is
essential for proper functioning of the auditory and ves-
tibular systems, its deficiency results in deafness (Herr
et al., 2007; Kono et al., 2007).

S1P3 receptor is highly expressed in heart, lung,
spleen, kidney, intestine, diaphragm, and certain carti-
lages, but genetic deletion of S1P3 does not result in an
obvious phenotype (Ishii et al., 2001). However, this
receptor fine-tunes several pulmonary functions in the
adult. In S1P3 receptor-null mice, it was demonstrated
that activation of S1P3 in alveolar epithelium through
administration of S1P by the airway, but not by the
vasculature, induces lung leakage, which is due to in-
creased permeability resulting from tight junction open-
ing and loss of ZO-1, an essential component of the
cytoplasmic plaque associated with tight junctions (Gon
et al., 2005). Thus, S1P1 and S1P3 have opposing effects
on pulmonary epithelial and endothelial barriers.

S1P4 has a more restricted expression pattern and is
detectable predominantly within immune compart-
ments and leukocytes (Gräler et al., 1998, 1999). S1P4-
deficient mice have not yet been described, but a role for
this receptor in regulation of T-cell cytokine production
has been proposed (Wang et al., 2005).

S1P5 is expressed primarily in the white matter tracts
of the central nervous system with the highest levels in
oligodendrocytes, the myelinating cells of the brain (Im
et al., 2000; Terai et al., 2003). S1P5-deficient immature
oligodendrocytes display reduced responses to S1P in
vitro; however, no deficits in myelination were observed
in S1P5-deficient mice (Jaillard et al., 2005). Therefore,
the precise role of S1P5 in oligodendrocyte function re-
mains to be clarified. Recently, it was found that S1P5 is
also expressed in natural killer (NK) cells in mice and
humans and that S1P5-deficient mice had aberrant NK
cell homing during steady-state conditions and S1P5
was required for the mobilization of NK cells to inflamed
organs (Walzer et al., 2007).

V. Sphingosine 1-Phosphate in the Blood

The concentration of S1P in plasma rages from 0.2 to
0.9 �M, where it is tightly associated with albumin and
lipoproteins, particularly HDL (Murata et al., 2000),
whereas in serum, it varies from 0.4 to 1.1 �M (Caligan
et al., 2000; Berdyshev et al., 2005). This provides both
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FIG. 4. Export of S1P and neutralization with a monoclonal antibody.
S1P is produced inside cells by sphingosine kinases and can be exported
by ABC transporters. After externalization, a newly developing monoclo-
nal antibody directed toward S1P (sphingomab) can bind and sequester
S1P, thereby preventing its interaction with S1P receptors and its angio-
genic/proliferative effects.
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a stable reservoir of S1P in extracellular fluids and
efficient delivery to S1P receptors. Ample evidence indi-
cates that HDL-bound S1P is biologically active (Nofer
et al., 2004; Theilmeier et al., 2006; Matsuo et al., 2007),
suggesting that S1P may rapidly associate and dissoci-
ate from HDL. By comparison, tissue S1P levels are low,
ranging from 0.5 to 75 pmol/mg (Edsall and Spiegel,
1999; Schwab et al., 2005). Therefore, a significant con-
centration gradient of S1P exists between blood and
interstitial fluids.

The source of S1P in blood has only recently begun to
be identified. Originally, platelets, which possess highly
active SphK1 and lack the lyase that irreversibly de-
grades S1P, were proposed to be the major source
(Yatomi et al., 1997, 2001). Indeed, platelets produce
S1P during activation and thrombotic processes (En-
glish et al., 2000). Another proposed source of extracel-
lular S1P is secretion of SphK1 from vascular endothe-
lial cells that then can act as an ectokinase to
phosphorylate circulating sphingosine (Ancellin et al.,
2002). The notion that the platelets are the major con-
tributor to plasma S1P levels has recently been chal-
lenged by the observation that transcription factor
nuclear factor-E2-deficient mice, which virtually lack
circulating platelets, have normal plasma S1P concen-
trations (Pappu et al., 2007). Furthermore, recent data
showed that erythrocytes, which also lack both S1P-
degrading enzymes, S1P lyase and S1P phosphohydro-
lases (Ito et al., 2007), appear to be a major contributor
to the storage and supply of plasma S1P (Hänel et al.,
2007; Pappu et al., 2007). Studies with conditional
SphK1/2-double-knockout mice confirmed that plasma
S1P is mainly erythrocytic in origin and also showed
that lymph S1P is from a distinct radiation-resistant
source, presumably lymphatic endothelium (Pappu et
al., 2007).

VI. Sphingosine 1-Phosphate in Human Diseases
and Sphingosine 1-Phosphate-Targeted

Therapies

As mentioned above, SphK1 generates S1P that reg-
ulates proliferation, survival, movement, and invasion
of cancer cells. Indeed, fibroblasts overexpressing
SphK1 acquire a transformed phenotype and the capa-
bility to form tumors in nude mice, leading to the sug-
gestion that Sphk1 may be an oncogene (Xia et al.,
2000). Furthermore, SphK1 has been shown to be sig-
nificantly overexpressed in multiple types of cancers
(brain, breast, colon, lung, ovary, stomach, uterus, kid-
ney, rectum, and small intestine) compared with their
healthy tissue counterparts (French et al., 2003; John-
son et al., 2005; Van Brocklyn et al., 2005). Enforced
expression of SphK1 in MCF7 breast cancer cells, pro-
tected against cell death induced by the anthracycline
doxorubicin (Nava et al., 2002) and against etoposide-
induced apoptosis of HL-60 acute myeloid leukemia cells

(Bonhoure et al., 2006). These findings are consistent
with results in orthotopic nude mice models in which
overexpression of SphK1 in MCF7 cells enhanced estra-
diol-dependent tumor formation (Nava et al., 2002) and
in PC-3 prostate cancer cells which developed larger
tumors that were resistant to docetaxel (Pchejetski et
al., 2005). These animal studies suggest that SphK1 is a
potential candidate therapeutic target for cancer.

There have been mixed results in regard to the effects
of S1P on the cardiovascular system. Activation of S1P3
receptor lowers heart rate under most but not all con-
ditions (Alewijnse et al., 2004; Czyborra et al., 2006) and
predominantly causes vasoconstriction with some re-
ported evidence of vasodilation (Hemmings, 2006). S1P
also can cause coronary vasoconstriction because of cor-
onary artery smooth muscle cell contraction via S1P2
(Sugiyama et al., 2000; Ohmori et al., 2003; Hemmings,
2006). On the other hand, exogenous S1P reduces
mortality of hypoxic cardiac myocytes and is cardio-
protective in mouse and rat models of cardiac isch-
emia/reperfusion injury (Karliner, 2004). Moreover,
genetic deletion of SphK1 sensitizes the myocardium
to ischemia/reperfusion injury and appears to impair
the protective effect of ischemic preconditioning, sug-
gesting that the SphK1-S1P axis plays an important
role in protection against ischemia/reperfusion injury
(Jin et al., 2007).

S1P also plays an important role in allergic reac-
tions in the respiratory system. S1P levels are in-
creased in bronchoalveolar lavage fluid of asthmatics
after antigen challenge and correlate with increased
eosinophils (Ammit et al., 2001). S1P is known to
promote endothelial adherence junction assembly
(Lee et al., 1999), which is critical for endothelial
barrier maintenance to avoid hyperpermeability re-
sulting in pulmonary edema (Bhattacharya, 2004).
Indeed, administration of a new selective S1P1 com-
petitive antagonist (3-amino-4-(3-hexylphenylamino)-
4-oxobutylphosphonic acid) to mice induced disruption
of barrier integrity in pulmonary endothelium (Sanna
et al., 2006; Rosen et al., 2007). Intriguingly, a single
intravenous injection of S1P showed protective effects
against lung injury caused by high-volume mechani-
cal ventilation and intratracheal endotoxin instilla-
tion in an animal model (McVerry and Garcia, 2004)
that was attributed to expression of S1P1 by endothe-
lial cells (Rosen and Goetzl, 2005).

Multiple sclerosis (MS) is the most common nontrau-
matic cause of neurological disability in young adults. It
is generally believed to be an autoimmune disorder in
which autoreactive T-cells migrate across the blood-
brain barrier and attack myelin sheaths, leading to de-
myelination and axonal damage. Most patients have a
relapse after varying lengths of symptom-free periods
with worsening of symptoms that usually last several
weeks and may or may not resolve completely. The ther-
apeutic goal of currently approved immunomodulating
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treatments for MS (interferon-� and glatiramer acetate)
is to reduce the frequency, severity, and duration of
these relapses. However, these medications afford only
modest benefits (approximately 30% reduction of relapse
rates), despite administration of both. Moreover, inter-
feron-� is associated with systemic reactions in more
than 60% of patients, with implications for adherence to
treatment. Recently, it has been reported that this com-
bination therapy may even lead to the development of
progressive multifocal leukoencephalopathy, a poten-
tially life-threatening opportunistic infection (Klein-
schmidt-DeMasters and Tyler, 2005; Langer-Gould et
al., 2005). Safer and more effective therapy options with
more specific targets of action are needed. The S1P1
receptor has been shown to regulate the recirculation of
lymphocytes (Brinkmann et al., 2002; Mandala et al.,
2002; Rosen et al., 2003a,b; Xie et al., 2003) and regu-
lates their egress from secondary lymphatic organs
(Matloubian et al., 2004). Therefore, targeting S1P1 to
reduce circulating T cells might be an effective treat-
ment for multiple sclerosis and other autoimmune dis-
orders. Currently, FTY720 is undergoing clinical evalu-
ation for this purpose.

VII. FTY720 (Fingolimod)

A. Mechanism of Action

FTY720 (Novartis, Basel, Switzerland) was first syn-
thesized in 1992 by structural modification of myriocin
(ISP-1), a fungal metabolite with immunosuppressive
properties isolated from Isaria sinclairii culture broth
(Fujita et al., 1994). It is now known that FTY720 is a
prodrug that is phosphorylated in vivo by SphK2, but
not SphK1 (Allende et al., 2004; Kharel et al., 2005;
Zemann et al., 2006) to biologically active FTY720-phos-
phate (FTY720-P), a structural analog of S1P.

FTY720-P binds to four of the five known S1P receptors,
but not to S1P2. Although it is an S1P1 receptor agonist,
FTY720-P induces internalization and degradation of the
S1P1 receptor that results in prolonged receptor down-
regulation (Matloubian et al., 2004), thereby depriving thy-
mocytes and lymphocytes of an S1P signal necessary for
their egress from secondary lymphoid tissues (Gräler and
Goetzl, 2004; Matloubian et al., 2004; Cyster, 2005) (Fig.
5). The majority of circulating lymphocytes are thus se-
questered in lymph nodes, reducing peripheral lymphocyte
counts and the recirculation of lymphocytes to the central
nervous system (Brinkmann et al., 2002, 2004; Mandala et
al., 2002; Matloubian et al., 2004). Lymphocytes in second-
ary lymphoid organs and those remaining in blood con-
tinue to be functional. Interestingly, oral administration of
FTY720 resulted in a significantly lower blood lymphocyte
content compared with intravenous administration (Ko-
varik et al., 2007), which suggests that at least part of the
phosphorylation of FTY720 may occur in the liver, where
there is abundant expression of SphK2 (Liu et al., 2000a).

Lymphocyte subsets including CD3� (T cells), CD4�

(T helper cells), CD8� (B cells), CD45RA� (T naive cells),
and CD45R0� (T memory cells) are reduced by FTY720,
whereas the numbers of peripheral blood granulocytes,
monocytes, eosinophils, erythrocytes, and platelets re-
main unchanged (Kahan et al., 2003). T-cell counts are
decreased more than B-cell counts, and CD4� cells are
affected even more than CD8� cells (Budde et al., 2003).
This relative sequestration of T cells may be particularly
advantageous in treating MS, because CD4� T-cells are
considered to be major contributors to the pathophysiol-
ogy. Indeed, in animal models of MS, FTY720 prevents
the onset of disease and reduces established neurologi-
cal deficits (Brinkmann et al., 2002; Fujino et al., 2003;
Webb et al., 2004). FTY720 has the theoretical advan-
tage of retarding lymphocyte mobilization to sites of
inflammation without inducing a generalized state of
immunosuppression.

B. Clinical Trials

There has been much optimism that FTY720 could
become a large asset for suppressing transplant rejec-
tion with less toxicity, because of its actions that retard
lymphocyte mobilization without inducing generalized
immunosuppression (Brinkmann et al., 2002). It was
expected that FTY720 would decrease the required
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FIG. 5. Internalization of S1P1 by FTY720 after phosphorylation by
SphK2. FTY720 (fingolimod) is a sphingosine analog, which, after phos-
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doses of conventional immunosuppressive agents such
as cyclosporine, particularly for renal transplantation,
which is a known nephrotoxin. Unfortunately, recent
results of multiple large clinical trails were all quite
disappointing, failing to demonstrate a large advantage
of FTY720 over standard care (Tedesco-Silva et al.,
2005, 2006; Mulgaonkar et al., 2006; Salvadori et al.,
2006).

Two phase 2 clinical trials evaluating the efficacy of
FTY720 for immunosuppression in renal transplant
recipients have been published (Tedesco-Silva et al.,
2005; Mulgaonkar et al., 2006). The first study was a
multicenter, open-label, dose-finding study compar-
ing FTY720 with mycophenolate mofetil (MMF), in
combination with cyclosporine and corticosteroids
(Tedesco-Silva et al., 2005). Two hundred and eight
patients were randomized, and the main differences in
tolerability were mild and transient reductions in
heart rate and decreases in peripheral lymphocytes
that were reversible after cessation of FTY720 admin-
istration. The second phase 2 study compared low-
dose FTY720 plus full-dose cyclosporine, low- or high-
dose FTY720 plus reduced-dose cyclosporine, and
MMF plus full-dose cyclosporine, in renal transplant
patients, who were randomized into groups of 76, 74,
72, and 39, respectively (Mulgaonkar et al., 2006).
This study design was based on the notion that addi-
tion of FTY720 might allow lower cyclosporine trough
concentrations, while providing equivalent efficacy.
However, low-dose FTY720 plus reduced-dose cyclo-
sporine treatment group was discontinued early be-
cause of unusually high rejection rates. Furthermore,
enrollment in this study was stopped prematurely
because of a serious adverse event (cardiac arrest in
the FTY720 group), and as a result, the study lacked
adequate power for statistical analysis.

Two phase 3 clinical trials evaluating the efficacy of
FTY720 in combination with reduced-dose cyclosporine
in renal transplant recipients have also been published
(Salvadori et al., 2006; Tedesco-Silva et al., 2006). These
1-year multicenter studies with randomized 668 and 696
de novo renal transplant recipients, respectively, com-
pared low-dose FTY720 with reduced-dose cyclosporine,
high-dose FTY720 with full-dose cyclosporine, and MMF
with full-dose cyclosporine. Disappointingly, the study
with patients randomized to high-dose FTY720 plus re-
duced-dose cyclosporine was discontinued early because
of unusually high rejection rates. These phase 3 trials
not only failed to show an advantage of FTY720 over
standard of care but also demonstrated lower creatinine
clearances and increased risks of macular edema in the
FTY720 group. Therefore, further investigation of the
use of FTY720 in renal transplantation was terminated.
Furthermore, all phase 2 and 3 clinical trials of FTY720
described a transient but significant bradycardia after
the first dose (Budde et al., 2002; Tedesco-Silva et al.,
2005; Kappos et al., 2006). This bradycardia is probably

due to the agonistic activity of FTY720-P on cardiac
S1P3 receptors, because FTY720 failed to induce brady-
cardia in S1P3 knockout mice (Sanna et al., 2004). The
specific mechanism leading to bradycardia is believed to
involve the atrial muscarinic-gated potassium channel,
which is a key element in vagal regulation of heart rate
(Koyrakh et al., 2005). As expected, lymphopenia oc-
curred throughout the duration of FTY720 treatment.
The incidence of malignancies appeared to be low and
comparable with the incidence seen with other immuno-
suppressive therapies. Diarrhea and nausea were also
associated with FTY720 therapy during the first 6
months. However, no notable differences were seen by
12 months. Asymptomatic elevation of serum transami-
nases was also detected in half of the patients regardless
of dose.

FTY720 is considered to be particularly promising for
treatment of MS, and current therapies cannot avoid af-
fecting other regulatory cytokines, which prevent long-
term benefits and cause adverse effects. The results of a
phase 2, double-blind, randomized, placebo-controlled clin-
ical trial evaluating the efficacy and safety of FTY720 for
treating relapsing MS has been published (Kappos et al.,
2006). Two hundred and eighty-one patients were random-
ized to receive oral FTY720 or a placebo. The annualized
relapse rate. in the FTY720 group was significantly lower
than that in the placebo group. Adverse events included
nasopharyngitis and a significant reduction in forced expi-
ratory volume in 1 s, and some patients developed dys-
pnea, headache, diarrhea, and nausea. Asymptomatic ele-
vations of alanine aminotransferase levels, symptomatic
bradycardia, transient second-degree Wenckebach atrio-
ventricular block, and posterior reversible encephalopathy
syndrome were observed in FTY720 group. However, all
episodes of bradycardia and atrioventricular block oc-
curred only on the first day of therapy. Overall, the results
of this phase 2 proof-of-concept study are very promising
for the treatment of MS. The apparent higher rate of ad-
verse events, coupled with the lack of difference in efficacy
at higher doses of FTY720 warrants the exploration of the
optimal dose for treating MS. Currently, a phase 3 study,
FTY720 Research Evaluating Effects of Daily Oral therapy
in Multiple Sclerosis (FREEDOMS), to further evaluate
the safety and efficacy of FTY720, is underway.

VIII. KRP-203

Recently, another immunosuppressant, KRP-203 (Ky-
orin Pharmaceutical, Tokyo, Japan) was discovered that
was found to be a S1P1 receptor-selective agonist
(Shimizu et al., 2005), in contrast to FTY720. KRP-203
prolonged graft survival and attenuated chronic rejec-
tion in rat heart allograft models, suggesting that it not
only regulates T-cell responses but also those of B cells,
in contrast to FTY720, which does not affect B cells
(Mizushima et al., 2004). KRP-203 also markedly im-
proved allogeneic immune responses in the heart trans-
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plantation model when used in combination with low-
dose cyclosporine or MMF (Takahashi et al., 2005;
Suzuki et al., 2006). A similar positive effect was also
noted in a rat renal allograft model in which KRP-203 in
combination with a subtherapeutic dose of cyclosporine
significantly prolonged skin and renal allograft survival
and markedly improved graft kidney function (Fujishiro
et al., 2006). These results are clinically relevant be-
cause despite the fact that cyclosporine is a powerful
immunosuppressant and is regularly used for renal
transplant recipient patients, it is also known to be a
nephrotoxin. Furthermore, KRP-203 was highly effec-
tive in the treatment of lymphocyte-mediated hepatic
injury in mice (Kaneko et al., 2006) and in experimental
autoimmune myocarditis (Ogawa et al., 2007). KRP-203
was also found to significantly inhibit ongoing Crohn’s-
like enterocolitis in an interleukin-10-deficient mouse
model (Song et al., 2008). As a selective S1P1 receptor
agonist on lymphocytes, KRP-203 accelerated sequestra-
tion of circulating lymphocytes into Peyer’s patches and
mesenteric lymph nodes, resulting in a reduction of
CD4� T cells at the inflammatory site. Furthermore,
KRP-203 inhibited T helper 1-type proinflammatory cy-
tokine release in the lamina propria of the bowel, thus
ameliorating the ongoing lesions of colitis.

Use of KRP-203 with its apparent selectivity for S1P1
would help avoid the clinical adverse effects associated
with use of FTY720, which can induce transient but
significant bradycardia because of its effect on cardiac
S1P3 receptors. KRP-203 showed less of a tendency to
cause bradycardia than FTY720 in Hartley guinea pigs
(Shimizu et al., 2005). Ten-fold higher doses of phos-
phorylated KRP-203 than of FTY720-P were required to
induce transient bradycardia (Fujishiro et al., 2006).
Thus, with the given results, KRP-203 is expected to be
useful for immunointervention in inflammatory and/or
autoimmune diseases and graft rejection and potentially
more advantageous for long-term usage with less ad-
verse effects than FTY720. The results of human clinical
trials are awaited.

IX. Other Sphingosine 1-Phosphate
Receptor Agonists

The S1P1 agonist SEW2871 (Maybridge, Tintagel,
Cornwall, UK) was originally identified by high-
throughput screening of commercial chemical libraries
with a FLIPR calcium flux assay and was found to
induce lymphopenia in mice via a S1P1-dependent mech-
anism (Sanna et al., 2004). Although it is a S1P1-selec-
tive agonist, it is structurally unrelated to S1P and its
phosphorylation is not required for binding to the recep-
tor. SEW2871, like S1P, induces S1P1 internalization
and recycling, in contrast to FTY720-P, which mediates
S1P1 internalization and degradation (Jo et al., 2005).
As SEW2871 does not activate S1P3, it also does not
cause bradycardia (Brinkmann et al., 2004). SEW2871

was equivalent to S1P, although less potent, in
guanosine 5�-O-(3-thio)triphosphate binding, calcium
flux assays, ERK activation, and cell migration (Sanna
et al., 2004). SEW2871 protects the kidneys against
ischemia/reperfusion injury in animals (Awad et al.,
2006) and preserves renal function, reduces neutrophil
and macrophage infiltrates, and decreases the severity
of acute tubular necrosis (Lien et al., 2006).

JTE 013, a specific S1P2 receptor antagonist (Kawasaki
et al., 2001), is a pyrazolopyridine derivative originally
generated at the Central Pharmaceutical Research Insti-
tute, Japan Tobacco Corporation (Osaka, Japan), which is
now available from Tocris Cookson, Inc. (Ellisville, MO).
The specificity of JTE-013 was established by showing that
it inhibited specific binding of radiolabeled S1P to mem-
branes from Chinese hamster ovary cells stably trans-
fected with human S1P2 and rat S1P2 with IC50 values of
17 � 6 and 22 � 9 nM, respectively. In contrast, JTE-013
at concentrations up to 10 �M did not significantly de-
crease binding of S1P to human S1P1 or S1P3 (Ohmori et
al., 2003). Only a few animal studies have been carried out
to date with this S1P2 antagonist. Of note, S1P injection in
diabetic mice significantly accelerated cutaneous wound
healing, which was enhanced by coadministration of JTE-
013 (Kawanabe et al., 2007). However, because the inhib-
itory effects of JTE-013 on vascular contraction were also
present in basilar arteries from S1P2 knockout mice, it has
been suggested that some of the effects of JTE-013 may be
unrelated to S1P2 receptor antagonism (Salomone et al.,
2008).

VPC 23019 is an aryl amide-containing S1P analog
that acts as an unselective competitive antagonist at
both S1P1 and S1P3 receptors (Davis et al., 2005) and is
available from Avanti Polar Lipids (Alabaster, AL).
VPC23019 has been shown to inhibit S1P-induced mi-
gration of thyroid cancer cells (Balthasar et al., 2006),
ovarian cancer cells (Park et al., 2007), and neural stem
cells (Kimura et al., 2007).

X. Sphingosine Kinase Inhibitors

Because the dynamic balance between the cellular
levels of ceramide and S1P can determine cell fate, the
enzymes that regulate this balance are potential targets
for the development of new anticancer drugs that de-
crease S1P and/or increase ceramide (Spiegel and Mil-
stien, 2003). In particular, there is much interest in
isozyme-specific inhibitors of SphK1 because it is over-
expressed in human cancers and plays a pivotal role in
enhancing cancer cell proliferation and promotion of
tumorigenesis in animal models. SphK1 expression is
elevated in a variety of solid human tumors, such as
breast, colorectal, stomach, lung, ovary, uterus, and kid-
ney and may be involved in tumor progression and me-
tastasis (French et al., 2003; Johnson et al., 2005;
Kawamori et al., 2006). Increased SphK1 expression in
tumor biopsies has been shown to correlate with a sig-
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nificant decrease in survival rate in patients with glio-
blastoma multiforme (Van Brocklyn et al., 2005).

One of the first compounds to be identified as a com-
petitive inhibitor of sphingosine kinase activity was
DHS (Saphingol) (Buehrer and Bell, 1992). It was later
found that DMS, a N-methylated metabolite of sphin-
gosine, inhibited sphingosine kinase activity in a con-
centration-dependent manner and was more potent
than DHS (Yatomi et al., 1996). Since this finding, DMS
has been one of the most commonly used inhibitors of
sphingosine kinase activity in both intact cells, intact
tissues, and cell-free systems (Edsall et al., 1998; Ko-
hama et al., 1998; Pitson et al., 2000; Lee et al., 2007).
However, neither DHS nor DMS can be considered as
specific sphingosine kinase inhibitors, because they in-
hibit both SphK1 and SphK2 equally, inhibit ceramide
kinase (Sugiura et al., 2002), and can also inhibit protein
kinase C (Igarashi et al., 1989), as well as sphingosine-
dependent protein kinase (Megidish et al., 1995), 3-phos-
phoinositide-dependent kinase (King et al., 2000), and
casein kinase II (McDonald et al., 1991).

Both DHS and DMS have been used in several cancer
preclinical trials in animal models. DMS dose depen-
dently inhibited the growth of lung and gastric cancer
cells in athymic mice (Endo et al., 1991) and decreased
lung metastasis of melanoma cells (Okoshi et al., 1991).
Safingol has been evaluated in a phase I clinical trial,
which showed that it was tolerated well when combined
with doxorubicin and did not alter the pharmacokinetics
of the anticancer drug (Schwartz et al., 1997). Although
sphingosine derivatives can effectively inhibit tumor
growth in vivo, they also have been reported to cause
significant hepatotoxicity and hemolysis at higher doses
(Kedderis et al., 1995).

Screening assays identified several natural product
inhibitors of SphK (Kono et al., 2000a, 2001). B-5354c,
isolated from a novel marine bacterium, blocked the
production of S1P and caused sphingosine to accumulate
in sheep erythrocytes (Ochi et al., 2004). F-12509a, a
sesquiterpene quinone isolated from a culture broth of
the discomycete, Trichopezizella barbata SANK 25395,
was shown to be a competitive inhibitor of SphK1 (Kono
et al., 2000b; Kim et al., 2005). Although these natural
products are moderately potent SphK inhibitors, the
possibility of large-scale production remains unknown,
and their synthesis seems impractical because of their
complex structures.

A medium-throughput assay for recombinant human
sphingosine kinase fused to glutathione S-transferase was
developed, validated, and used to screen a library of syn-
thetic compounds. Five nonlipid selective inhibitors to-
ward human sphingosine kinase were identified (com-
pounds SKI I–V) with nanomolar to low micromolar
potencies, which were not competitive inhibitors at the
ATP binding site of sphingosine kinase and also induced
apoptosis of cancer cells (French et al., 2003, 2006). Among
them, 2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole was

the most selective compound isolated (IC50, 0.5 mM for
SphK activity), and demonstrated strong cytotoxicity to-
ward T24 bladder carcinoma cells (IC50, 4.6 mM) and
MCF-7 breast cancer cells (IC50, 1.2 mM). Interestingly,
this inhibitor was almost as effective in MCF-7 cells over-
expressing the multidrug resistance protein MRP1 (also
known as ABCC1 and drug transporter P-glycoprotein or
multidrug resistance gene 1, or ABCB1) (French et al.,
2003). This result is intriguing as it suggests that inhi-
bition of SphK1 may actually be effective against can-
cers that develop resistance to many chemotherapeutic
drugs. The underlying mechanism behind this observa-
tion, however, is yet to be clarified. More recently, 2-(p-
hydroxyanilino)-4-(p-chlorophenyl)thiazole was shown
to kill both androgen-sensitive (LNCaP) and hormone-
resistant human prostate cancer cells (PC-3), regardless
of their p53 status, notably by tilting the ceramide/S1P
biostat toward ceramide (Pchejetski et al., 2005). These
compounds are now commercially available (Calbiochem
or ChemBridge Corp, San Diego, CA), and they have
been used in several other studies, including studies in
murine bone marrow-derived dendritic cells (Jung et al.,
2007a,b), murine cardiac cells (Pchejetski et al., 2007),
human prostatic adenocarcinoma cells (Leroux et al.,
2007), and a rat hemorrhagic shock model (Lee et al.,
2004).

Consistent with the pharmacological effects of SphK1
inhibitors, specific knockdown of SphK1 by small inter-
ference RNA triggers apoptosis in multiple types of tu-
mor cells in vitro, including leukemic (Taha et al., 2004;
Bonhoure et al., 2006), melanoma (Bektas et al., 2005),
breast (Taha et al., 2006b), glioblastoma (Van Brocklyn
et al., 2005), and prostate (Pchejetski et al., 2005). Small
interference RNA targeted to SphK1 induced activation
of effector caspases and cytochrome c release (Bonhoure
et al., 2006; Taha et al., 2006b) and significantly in-
creased ceramide and sphingosine levels (Taha et al.,
2006b).

XI. Anti-Sphingosine 1-Phosphate
Monoclonal Antibody

Recently, Sabbadini and colleagues developed a highly
specific monoclonal antibody against S1P (anti-S1P mAb;
sphingomab) as a molecular sponge to selectively absorb
and neutralize S1P and examined its effect on tumori-
genesis (Visentin et al., 2006) (Fig. 4). Although this is
the first report using this mAb and the models were all
xenografts and allografts in nude mice, the results are
very promising. The anti-S1P mAb substantially re-
duced tumor progression, and in some cases eliminated
measurable tumors. Sphingomab blocked endothelial
cell migration and resulting capillary formation, inhib-
ited blood vessel formation induced by VEGF and basic
fibroblast growth factor, and arrested tumor-associated
angiogenesis. It also neutralized S1P-induced prolifera-
tion, decreased release of proangiogenic cytokines, and
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blocked the ability of S1P to protect tumor cells from
apoptosis in multiple tumor cell lines: human lung car-
cinoma (A549), human breast adenocarcinoma (MCF-7,
MDA MB-231, and MDA MB-468), and human ovarian
carcinoma (SKOV3).

This study suggests that the general effectiveness of
anti-S1P mAb in inhibiting xenograft tumor growth of
many types of human cancers is probably due to preven-
tion of the proangiogenic effects of the blood-borne lipid
mediator S1P. The molecular sponge approach to neu-
tralize S1P, coupled with the favorable pharmacokinet-
ics and high therapeutic indices of sphingomab, suggest
that a humanized anti-S1P mAb might provide thera-
peutic benefits in treating a broad range of human can-
cers. Clinical trials with a humanized version of this
mAb will be important to demonstrate whether it will be
of therapeutic use in humans.

XII. Conclusions

S1P is a bioactive lipid mediator that is now recog-
nized as a bona fide regulator of many important cellu-
lar and biological processes, including proliferation, sur-
vival, migration, angiogenesis, and allergic responses.
SphK1 is a key regulator that determines cell fate. S1P
signaling has been implicated in many serious medical
conditions, such as cancer, atherosclerosis, inflamma-
tion, and autoimmune diseases such as MS. Currently,
numerous studies are underway to investigate the po-
tential of new therapies targeting S1P signaling, includ-
ing FTY720 (fingolimod), S1P receptor agonists (KRP-
203 and others), sphingosine kinase inhibitors, and anti-
S1P monoclonal antibody. The positive results of
numerous cell culture and animal studies hold promise
for successful development of a new generation of S1P
targeted therapeutic agents.
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Gräler MH, Bernhardt G, and Lipp M (1999) A lymphoid tissue-specific receptor,
EDG6, with potential immune modulatory functions mediated by extracellular
lysophospholipids. Curr Top Microbiol Immunol 246:131–136, discussion 137.

Gräler MH and Goetzl EJ (2004) The immunosuppressant FTY720 down-regulates
sphingosine 1-phosphate G-protein-coupled receptors. FASEB J 18:551–553.

Hait NC, Bellamy A, Milstien S, Kordula T, and Spiegel S (2007) Sphingosine kinase
type 2 activation by ERK-mediated phosphorylation. J Biol Chem 282:12058–
12065.

Hait NC, Sarkar S, Le Stunff H, Mikami A, Maceyka M, Milstien S, and Spiegel S
(2005) Role of sphingosine kinase 2 in cell migration towards epidermal growth
factor. J Biol Chem 280:29462–29469.

Halter D, Neumann S, van Dijk SM, Wolthoorn J, de Maziere AM, Vieira OV,
Mattjus P, Klumperman J, van Meer G, and Sprong H (2007) Pre- and post-Golgi
translocation of glucosylceramide in glycosphingolipid synthesis. J Cell Biol 179:
101–115.

Hanada K, Kumagai K, Yasuda S, Miura Y, Kawano M, Fukasawa M, and Nishijima
M (2003) Molecular machinery for non-vesicular trafficking of ceramide. Nature
426:803–809.

Hänel P, Andreani P, and Graler MH (2007) Erythrocytes store and release sphin-
gosine 1-phosphate in blood. FASEB J 21:1202–1209.

Hannun YA and Obeid LM (2002) The ceramide-centric universe of lipid-mediated
cell regulation: stress encounters of the lipid kind. J Biol Chem 277:25847–25850.

Hemmings DG (2006) Signal transduction underlying the vascular effects of sphin-
gosine 1-phosphate and sphingosylphosphorylcholine. Naunyn Schmiedebergs
Arch Pharmacol 373:18–29.

Herr DR, Grillet N, Schwander M, Rivera R, Muller U, and Chun J (2007) Sphin-
gosine 1-phosphate (S1P) signaling is required for maintenance of hair cells
mainly via activation of S1P2. J Neurosci 27:1474–1478.

Hobson JP, Rosenfeldt HM, Barak LS, Olivera A, Poulton S, Caron MG, Milstien S,
and Spiegel S (2001) Role of the sphingosine-1-phosphate receptor EDG-1 in
PDGF-induced cell motility. Science 291:1800–1803.

Huwiler A, Kolter T, Pfeilschifter J, and Sandhoff K (2000) Physiology and patho-
physiology of sphingolipid metabolism and signaling. Biochim Biophys Acta 1485:
63–99.

Igarashi N, Okada T, Hayashi S, Fujita T, Jahangeer S, and Nakamura, SI (2003)
Sphingosine kinase 2 is a nuclear protein and inhibits DNA synthesis. J Biol Chem
278:46832–46839.

Igarashi Y, Hakomori S, Toyokuni T, Dean B, Fujita S, Sugimoto M, Ogawa T,
el-Ghendy K, and Racker E (1989) Effect of chemically well-defined sphingosine
and its N-methyl derivatives on protein kinase C and src kinase activities. Bio-
chemistry 28:6796–6800.

Im DS, Heise CE, Ancellin N, O’Dowd BF, Shei GJ, Heavens RP, Rigby MR, Hla T,
Mandala S, McAllister G, et al. (2000) Characterization of a novel sphingosine
1-phosphate receptor, Edg-8. J Biol Chem 275:14281–14286.

Ishii I, Friedman B, Ye X, Kawamura S, McGiffert C, Contos JJ, Kingsbury MA,
Zhang G, Brown JH, and Chun J (2001) Selective loss of sphingosine 1-phosphate
signaling with no obvious phenotypic abnormality in mice lacking its G protein-
coupled receptor, LP(B3)/EDG-3. J Biol Chem 276:33697–33704.

Ito K, Anada Y, Tani M, Ikeda M, Sano T, Kihara A, and Igarashi Y (2007) Lack of
sphingosine 1-phosphate-degrading enzymes in erythrocytes. Biochem Biophys
Res Commun 357:212–217.

Jaillard C, Harrison S, Stankoff B, Aigrot MS, Calver AR, Duddy G, Walsh FS,
Pangalos MN, Arimura N, Kaibuchi K, et al. (2005) Edg8/S1P5: an oligodendro-
glial receptor with dual function on process retraction and cell survival. J Neurosci
25:1459–1469.

Jin ZQ, Zhang J, Huang Y, Hoover HE, Vessey DA, and Karliner JS (2007) A
sphingosine kinase 1 mutation sensitizes the myocardium to ischemia/reperfusion
injury. Cardiovasc Res 76:41–50.

Jo E, Sanna MG, Gonzalez-Cabrera PJ, Thangada S, Tigyi G, Osborne DA, Hla T,
Parrill AL, and Rosen H (2005) S1P1-selective in vivo-active agonists from high-

throughput screening: off-the-shelf chemical probes of receptor interactions, sig-
naling, and fate. Chem Biol 12:703–715.

Johnson KR, Becker KP, Facchinetti MM, Hannun YA, and Obeid LM (2002) PKC-
dependent activation of sphingosine kinase 1 and translocation to the plasma
membrane: extracellular release of sphingosine-1-phosphate induced by phorbol
12-myristate 13-acetate (PMA). J Biol Chem 277:35257–35262.

Johnson KR, Johnson KY, Crellin HG, Ogretmen B, Boylan AM, Harley RA, and
Obeid LM (2005) Immunohistochemical distribution of sphingosine kinase 1 in
normal and tumor lung tissue. J Histochem Cytochem 53:1159–1166.

Jolly PS, Bektas M, Olivera A, Gonzalez-Espinosa C, Proia RL, Rivera J, Milstien S,
and Spiegel S (2004) Transactivation of sphingosine-1-phosphate receptors by
Fc�RI triggering is required for normal mast cell degranulation and chemotaxis. J
Exp Med 199:959–970.

Jung ID, Lee JS, Kim YJ, Jeong YI, Lee CM, Baumruker T, Billich A, Banno Y, Lee
MG, Ahn SC, et al. (2007a) Sphingosine kinase inhibitor suppresses a Th1 polar-
ization via the inhibition of immunostimulatory activity in murine bone marrow-
derived dendritic cells. Int Immunol 19:411–426.

Jung ID, Lee JS, Kim YJ, Jeong YI, Lee CM, Lee MG, Ahn SC, and Park YM (2007b)
Sphingosine kinase inhibitor suppresses dendritic cell migration by regulating
chemokine receptor expression and impairing p38 mitogen-activated protein ki-
nase. Immunology 121:533–544.

Kahan BD, Karlix JL, Ferguson RM, Leichtman AB, Mulgaonkar S, Gonwa TA,
Skerjanec A, Schmouder RL, and Chodoff L (2003) Pharmacodynamics, pharma-
cokinetics, and safety of multiple doses of FTY720 in stable renal transplant
patients: a multicenter, randomized, placebo-controlled, phase I study. Transplan-
tation 76:1079–1084.

Kaneko T, Murakami T, Kawana H, Takahashi M, Yasue T, and Kobayashi E (2006)
Sphingosine-1-phosphate receptor agonists suppress concanavalin A-induced he-
patic injury in mice. Biochem Biophys Res Commun 345:85–92.

Kappos L, Antel J, Comi G, Montalban X, O’Connor P, Polman CH, Haas T, Korn AA,
Karlsson G, and Radue EW (2006) Oral fingolimod (FTY720) for relapsing multiple
sclerosis. N Engl J Med 355:1124–1140.

Karliner JS (2004) Mechanisms of cardioprotection by lysophospholipids. J Cell
Biochem 92:1095–1103.

Kawamori T, Osta W, Johnson KR, Pettus BJ, Bielawski J, Tanaka T, Wargovich
MJ, Reddy BS, Hannun YA, Obeid LM, et al. (2006) Sphingosine kinase 1 is
up-regulated in colon carcinogenesis. FASEB J 20:386–388.

Kawanabe T, Kawakami T, Yatomi Y, Shimada S, and Soma Y (2007) Sphingosine
1-phosphate accelerates wound healing in diabetic mice. J Dermatol Sci 48:53–60.

Kawasaki H, Ozawa K, and Yamamoto K (2001), inventors; Japan Tobacco Inc.,
Kawasaki H, Ozawa K, and Yamamoto K, assignees. Pyrazolopyridine compounds
and use thereof as drugs. World patent WO0198301. 2001 Dec 21.

Kedderis LB, Bozigian HP, Kleeman JM, Hall RL, Palmer TE, Harrison SD Jr, and
Susick RL Jr (1995) Toxicity of the protein kinase C inhibitor safingol adminis-
tered alone and in combination with chemotherapeutic agents. Fundam Appl
Toxicol 25:201–217.

Kharel Y, Lee S, Snyder AH, Sheasley-O’Neill S, L, Morris MA, Setiady Y, Zhu R,
Zigler MA, Burcin TL, et al. (2005) Sphingosine kinase 2 is required for modulation
of lymphocyte traffic by FTY720. J Biol Chem 280:36865–36872.

Kim JW, Inagaki Y, Mitsutake S, Maezawa N, Katsumura S, Ryu YW, Park CS,
Taniguchi M, and Igarashi Y (2005) Suppression of mast cell degranulation by a
novel ceramide kinase inhibitor, the F-12509A olefin isomer K1. Biochim Biophys
Acta 1738:82–90.

Kimura A, Ohmori T, Ohkawa R, Madoiwa S, Mimuro J, Murakami T, Kobayashi E,
Hoshino Y, Yatomi Y, and Sakata Y (2007) Essential roles of sphingosine 1-phos-
phate/S1P1 receptor axis in the migration of neural stem cells toward a site of
spinal cord injury. Stem Cells 25:115–124.

King CC, Zenke FT, Dawson PE, Dutil EM, Newton AC, Hemmings BA, and Bokoch
GM (2000) Sphingosine is a novel activator of 3-phosphoinositide-dependent ki-
nase 1. J Biol Chem 275:18108–18113.

Kleinschmidt-DeMasters BK and Tyler KL (2005) Progressive multifocal leukoen-
cephalopathy complicating treatment with natalizumab and interferon �-1a for
multiple sclerosis. N Engl J Med 353:369–374.

Kobayashi N, Nishi T, Hirata T, Kihara A, Sano T, Igarashi Y, and Yamaguchi A
(2006) Sphingosine 1-phosphate is released from the cytosol of rat platelets in a
carrier-mediated manner. J Lipid Res 47:614–621.

Kohama T, Olivera A, Edsall L, Nagiec MM, Dickson R, and Spiegel S (1998)
Molecular cloning and functional characterization of murine sphingosine kinase.
J Biol Chem 273:23722–23728.

Kohno M, Momoi M, Oo ML, Paik JH, Lee YM, Venkataraman K, Ai Y, Ristimaki AP,
Fyrst H, Sano H, et al. (2006) Intracellular role for sphingosine kinase 1 in
intestinal adenoma cell proliferation. Mol Cell Biol 26:7211–7223.

Kolesnick R and Hannun YA (1999) Ceramide and apoptosis. Trends Biochem Sci
24:224–225.

Kono K, Tanaka M, Mizuno T, Kodama K, Ogita T, and Kohama T (2000a) B-535a,
b and c, new sphingosine kinase inhibitors, produced by a marine bacterium;
taxonomy, fermentation, isolation, physico-chemical properties and structure de-
termination. J Antibiot (Tokyo) 53:753–758.

Kono K, Tanaka M, Ogita T, Hosoya T, and Kohama T (2000b) F-12509A, a new
sphingosine kinase inhibitor, produced by a discomycete. J Antibiot (Tokyo) 53:
459–466.

Kono K, Tanaka M, Ono Y, Hosoya T, Ogita T, and Kohama T (2001) S-15183a and
b, new sphingosine kinase inhibitors, produced by a fungus. J Antibiot (Tokyo)
54:415–420.

Kono Y, Nishiuma T, Nishimura Y, Kotani Y, Okada T, Nakamura SI, and
Yokoyama M (2007) Sphingosine kinase 1 regulates differentiation of human and
mouse lung fibroblasts mediated by TGF-�1. Am J Respir Cell Mol Biol 37:395–
404.

Kovarik JM, Hartmann S, Bartlett M, Riviere GJ, Neddermann D, Wang Y, Port A,
and Schmouder RL (2007) Oral-intravenous crossover study of fingolimod phar-

INSIDE-OUT SIGNALING OF S1P 193



macokinetics, lymphocyte responses and cardiac effects. Biopharm Drug Dispos
28:97–104.

Koyrakh L, Roman MI, Brinkmann V, and Wickman K (2005) The heart rate
decrease caused by acute FTY720 administration is mediated by the G protein-
gated potassium channel I. Am J Transplant 5:529–536.

Landeen LK, Aroonsakool N, Haga JH, Hu BS, and Giles WR (2007) Sphingosine-
1-phosphate receptor expression in cardiac fibroblasts is modulated by in vitro
culture conditions. Am J Physiol Heart Circ Physiol 292:H2698–H2711.

Langer-Gould A, Atlas SW, Green AJ, Bollen AW, and Pelletier D (2005) Progressive
multifocal leukoencephalopathy in a patient treated with natalizumab. N Engl
J Med 353:375–381.

Le Stunff H, Peterson C, Thornton R, Milstien S, Mandala SM, and Spiegel S (2002)
Characterization of murine sphingosine-1-phosphate phosphohydrolase. J Biol
Chem 277:8920–8927.

Lee C, Xu DZ, Feketeova E, Kannan KB, Yun JK, Deitch EA, Fekete Z, Livingston
DH, and Hauser CJ (2004) Attenuation of shock-induced acute lung injury by
sphingosine kinase inhibition. J Trauma 57:955–960.

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

Lee MJ, Thangada S, Paik JH, Sapkota GP, Ancellin N, Chae SS, Wu M, Morales-
Ruiz M, Sessa WC, Alessi DR, et al. (2001) Akt-mediated phosphorylation of the G
protein-coupled receptor EDG-1 is required for endothelial cell chemotaxis. Mol
Cell 8:693–704.

Lee MJ, Van Brocklyn JR, Thangada S, Liu CH, Hand AR, Menzeleev R, Spiegel S,
and Hla T (1998) Sphingosine-1-phosphate as a ligand for the G protein-coupled
receptor EDG-1. Science 279:1552–1555.

Lee YK, Kim HL, Kim YL, and Im DS (2007) Multiple actions of dimethylsphingosine
in 1321N1 astrocytes. Mol Cells 23:11–16.

Leroux ME, Auzenne E, Evans R, Hail N Jr, Spohn W, Ghosh SC, Farquhar D,
McDonnell T, and Klostergaard J (2007) Sphingolipids and the sphingosine kinase
inhibitor, SKI II, induce BCL-2-independent apoptosis in human prostatic adeno-
carcinoma cells. Prostate 67:1699–1717.

Lien YH, Yong KC, Cho C, Igarashi S, and Lai LW (2006) S1P1-selective agonist,
SEW2871, ameliorates ischemic acute renal failure. Kidney Int 69:1601–1608.

Liu H, Sugiura M, Nava VE, Edsall LC, Kono K, Poulton S, Milstien S, Kohama T,
and Spiegel S (2000a) Molecular cloning and functional characterization of a novel
mammalian sphingosine kinase type 2 isoform. J Biol Chem 275:19513–19520.

Liu Y, Wada R, Yamashita T, Mi Y, Deng CX, Hobson JP, Rosenfeldt HM, Nava VE,
Chae SS, Lee MJ, et al. (2000b) Edg-1, the G protein-coupled receptor for sphin-
gosine-1-phosphate, is essential for vascular maturation. J Clin Invest 106:951–
961.

Maceyka M, Sankala H, Hait NC, Le Stunff H, Liu H, Toman R, Collier C, Zhang M,
Satin LS, Merrill AH Jr, et al. (2005) SphK1 and SphK2, sphingosine kinase
isoenzymes with opposing functions in sphingolipid metabolism. J Biol Chem
280:37118–37129.

MacLennan AJ, Carney PR, Zhu WJ, Chaves AH, Garcia J, Grimes JR, Anderson KJ,
Roper SN, and Lee N (2001) An essential role for the H218/AGR16/Edg-5/LPB2
sphingosine 1-phosphate receptor in neuronal excitability. Eur J Neurosci 14:203–
209.

Mandala S, Hajdu R, Bergstrom J, Quackenbush E, Xie J, Milligan J, Thornton R,
Shei GJ, Card D, Keohane C, et al. (2002) Alteration of lymphocyte trafficking by
sphingosine-1-phosphate receptor agonists. Science 296:346–349.

Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, Allende ML,
Proia RL, and Cyster JG (2004) Lymphocyte egress from thymus and peripheral
lymphoid organs is dependent on S1P receptor 1. Nature 427:355–360.

Matsuo Y, Miura S, Kawamura A, Uehara Y, Rye KA, and Saku K (2007) Newly
developed reconstituted high-density lipoprotein containing sphingosine-1-
phosphate induces endothelial tube formation. Atherosclerosis 194:159–168.

McDonald OB, Hannun YA, Reynolds CH, and Sahyoun N (1991) Activation of casein
kinase II by sphingosine. J Biol Chem 266:21773–21776.

McVerry BJ and Garcia JG (2004) Endothelial cell barrier regulation by sphingosine
1-phosphate. J Cell Biochem 92:1075–1085.

Megidish T, White T, Takio K, Titani K, Igarashi Y, and Hakomori S (1995) The
signal modulator protein 14-3-3 is a target of sphingosine- or N,N-dimethylsphin-
gosine-dependent kinase in 3T3(A31) cells. Biochem Biophys Res Commun 216:
739–747.

Merrill AH Jr (2002) De novo sphingolipid biosynthesis: a necessary, but dangerous,
pathway. J Biol Chem 277:25843–25846.

Meyer zu Heringdorf D, Lass H, Kuchar I, Lipinski M, Alemany R, Rumenapp U, and
Jakobs KH (2001) Stimulation of intracellular sphingosine-1-phosphate produc-
tion by G-protein-coupled sphingosine-1-phosphate receptors. Eur J Pharmacol
414:145–154.

Mitra P, Oskeritzian CA, Payne SG, Beaven MA, Milstien S, and Spiegel S (2006)
Role of ABCC1 in export of sphingosine-1-phosphate from mast cells. Proc Natl
Acad Sci U S A 103:16394–16399.

Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, and Proia RL (2005)
Essential role for sphingosine kinases in neural and vascular development. Mol
Cell Biol 25:11113–11121.

Mizushima T, Ito T, Kishi D, Kai Y, Tamagawa H, Nezu R, Kiyono H, and Matsuda
H (2004) Therapeutic effects of a new lymphocyte homing reagent FTY720 in
interleukin-10 gene-deficient mice with colitis. Inflamm Bowel Dis 10:182–192.

Mulgaonkar S, Tedesco H, Oppenheimer F, Walker R, Kunzendorf U, Russ G,
Knoflach A, Patel Y, and Ferguson R (2006) FTY720/cyclosporine regimens in de
novo renal transplantation: a 1-year dose-finding study. Am J Transplant 6:1848–
1857.

Murata N, Sato K, Kon J, Tomura H, Yanagita M, Kuwabara A, Ui M, and Okajima
F (2000) Interaction of sphingosine 1-phosphate with plasma components, includ-
ing lipoproteins, regulates the lipid receptor-mediated actions. Biochem J 352:
809–815.

Nava VE, Hobson JP, Murthy S, Milstien S, and Spiegel S (2002) Sphingosine kinase

type 1 promotes estrogen-dependent tumorigenesis of breast cancer MCF-7 cells.
Exp Cell Res 281:115–127.

Nofer JR, van der Giet M, Tolle M, Wolinska I, von Wnuck Lipinski K, Baba HA,
Tietge UJ, Godecke A, Ishii I, Kleuser B, et al. (2004) HDL induces NO-dependent
vasorelaxation via the lysophospholipid receptor S1P3. J Clin Invest 113:569–581.

Obeid LM, Linardic CM, Karolak LA, and Hannun YA (1993) Programmed cell death
induced by ceramide. Science 259:1769–1771.

Ochi S, Oda M, Matsuda H, Ikari S, and Sakurai J (2004) Clostridium perfringens
�-toxin activates the sphingomyelin metabolism system in sheep erythrocytes.
J Biol Chem 279:12181–12189.

Ogawa C, Kihara A, Gokoh M, and Igarashi Y (2003) Identification and character-
ization of a novel human sphingosine-1-phosphate phosphohydrolase, hSPP2.
J Biol Chem 278:1268–1272.

Ogawa R, Takahashi M, Hirose S, Morimoto H, Ise H, Murakami T, Yasue T,
Kuriyama K, Hongo M, Kobayashi E, et al. (2007) A novel sphingosine-1-
phosphate receptor agonist KRP-203 attenuates rat autoimmune myocarditis.
Biochem Biophys Res Commun 361:621–628.

Ogretmen B and Hannun YA (2004) Biologically active sphingolipids in cancer
pathogenesis and treatment. Nat Rev Cancer 4:604–616.

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

Okoshi H, Hakomori S, Nisar M, Zhou QH, Kimura S, Tashiro K, and Igarashi Y
(1991) Cell membrane signaling as target in cancer therapy. II: Inhibitory effect of
N,N,N-trimethylsphingosine on metastatic potential of murine B16 melanoma cell
line through blocking of tumor cell-dependent platelet aggregation. Cancer Res
51:6019–6024.

Olivera A, Mizugishi K, Tikhonova A, Ciaccia L, Odom S, Proia RL, and Rivera J
(2007) The sphingosine kinase-sphingosine-1-phosphate axis is a determinant of
mast cell function and anaphylaxis. Immunity 26:287–297.

Olivera A and Spiegel S (1993) Sphingosine-1-phosphate as second messenger in cell
proliferation induced by PDGF and FCS mitogens. Nature 365:557–560.

Olivera A and Spiegel S (2001) Sphingosine kinase: a mediator of vital cellular
functions. Prostaglandins 64:123–134.

Olivera A, Urtz N, Mizugishi K, Yamashita Y, Gilfillan AM, Furumoto Y, Gu H, Proia
RL, Baumruker T, and Rivera J (2006) IgE-dependent activation of sphingosine
kinases 1 and 2 and secretion of sphingosine 1-phosphate requires Fyn kinase and
contributes to mast cell responses. J Biol Chem 281:2515–2525.

Pappu R, Schwab SR, Cornelissen I, Pereira JP, Regard JB, Xu Y, Camerer E, Zheng
YW, Huang Y, Cyster JG, et al. (2007) Promotion of lymphocyte egress into blood
and lymph by distinct sources of sphingosine-1-phosphate. Science 316:295–298.

Park KS, Kim MK, Lee HY, Kim SD, Lee SY, Kim JM, Ryu SH, and Bae YS (2007)
S1P stimulates chemotactic migration and invasion in OVCAR3 ovarian cancer
cells. Biochem Biophys Res Commun 356:239–244.

Pchejetski D, Golzio M, Bonhoure E, Calvet C, Doumerc N, Garcia V, Mazerolles C,
Rischmann P, Teissie J, Malavaud B, et al. (2005) Sphingosine kinase-1 as a
chemotherapy sensor in prostate adenocarcinoma cell and mouse models. Cancer
Res 65:11667–11675.

Pchejetski D, Kunduzova O, Dayon A, Calise D, Seguelas MH, Leducq N, Seif I,
Parini A, and Cuvillier O (2007) Oxidative stress-dependent sphingosine kinase-1
inhibition mediates monoamine oxidase A-associated cardiac cell apoptosis. Circ
Res 100:41–49.

Pettus BJ, Bielawski J, Porcelli AM, Reames DL, Johnson KR, Morrow J, Chalfant
CE, Obeid LM, and Hannun YA (2003) The sphingosine kinase 1/sphingosine-1-
phosphate pathway mediates COX-2 induction and PGE2 production in response
to TNF-�. FASEB J 17:1411–1421.

Pitson SM, D’Andrea R, J, Vandeleur L, Moretti PA, Xia P, Gamble JR, Vadas MA,
and Wattenberg BW (2000) Human sphingosine kinase: purification, molecular
cloning and characterization of the native and recombinant enzymes. Biochem J
350:429–441.

Pitson SM, Moretti PA, Zebol JR, Lynn HE, Xia P, Vadas MA, and Wattenberg BW
(2003) Activation of sphingosine kinase 1 by ERK1/2-mediated phosphorylation.
EMBO J 22:5491–5500.

Pitson SM, Xia P, Leclercq TM, Moretti PA, Zebol JR, Lynn HE, Wattenberg BW, and
Vadas MA (2005) Phosphorylation-dependent translocation of sphingosine kinase
to the plasma membrane drives its oncogenic signalling. J Exp Med 201:49–54.

Quintern LE, Schuchman EH, Levran O, Suchi M, Ferlinz K, Reinke H, Sandhoff K,
and Desnick RJ (1989) Isolation of cDNA clones encoding human acid sphingomy-
elinase: occurrence of alternatively processed transcripts. EMBO J 8:2469–2473.

Rosen H, Alfonso C, Surh CD, and McHeyzer-Williams MG (2003a) Rapid induction
of medullary thymocyte phenotypic maturation and egress inhibition by nanomo-
lar sphingosine 1-phosphate receptor agonist. Proc Natl Acad Sci U S A 100:
10907–10912.

Rosen H and Goetzl EJ (2005) Sphingosine 1-phosphate and its receptors: an auto-
crine and paracrine network. Nat Rev Immunol 5:560–570.

Rosen H, Sanna G, and Alfonso C (2003b) Egress: a receptor-regulated step in
lymphocyte trafficking. Immunol Rev 195:160–177.

Rosen H, Sanna MG, Cahalan SM, and Gonzalez-Cabrera PJ (2007) Tipping the
gatekeeper: S1P regulation of endothelial barrier function. Trends Immunol 28:
102–107.

Rosenfeldt HM, Hobson JP, Maceyka M, Olivera A, Nava VE, Milstien S, and Spiegel
S (2001) EDG-1 links the PDGF receptor to Src and focal adhesion kinase activa-
tion leading to lamellipodia formation and cell migration. FASEB J 15:2649–2659.

Salomone S, Potts EM, Tyndall S, Ip PC, Chun J, Brinkmann V, and Waeber C
(2008) Analysis of sphingosine 1-phosphate receptors involved in constriction of
isolated cerebral arteries with receptor null mice and pharmacological tools. Br J
Pharmacol 153:140–147.

Salvadori M, Budde K, Charpentier B, Klempnauer J, Nashan B, Pallardo LM, Eris
J, Schena FP, Eisenberger U, Rostaing L, et al. (2006) FTY720 versus MMF with
cyclosporine in de novo renal transplantation: a 1-year, randomized controlled
trial in Europe and Australasia. Am J Transplant 6:2912–2921.

194 TAKABE ET AL.



Sankala HM, Hait NC, Paugh SW, Shida D, Lepine S, Elmore LW, Dent P, Milstien
S, and Spiegel S (2007) Involvement of sphingosine kinase 2 in p53-independent
induction of p21 by the chemotherapeutic drug doxorubicin. Cancer Res 67:10466–
10474.

Sanna MG, Liao J, Jo E, Alfonso C, Ahn MY, Peterson MS, Webb B, Lefebvre S, Chun
J, Gray N, et al. (2004) Sphingosine 1-phosphate (S1P) receptor subtypes S1P1 and
S1P3, respectively, regulate lymphocyte recirculation and heart rate. J Biol Chem
279:13839–13848.

Sanna MG, Wang SK, Gonzalez-Cabrera PJ, Don A, Marsolais D, Matheu MP, Wei
SH, Parker I, Jo E, Cheng WC, et al. (2006) Enhancement of capillary leakage and
restoration of lymphocyte egress by a chiral S1P1 antagonist in vivo. Nat Chem
Biol 2:434–441.

Sarkar S, Maceyka M, Hait NC, Paugh SW, Sankala H, Milstien S, and Spiegel S
(2005) Sphingosine kinase 1 is required for migration, proliferation and survival of
MCF-7 human breast cancer cells. FEBS Lett 579:5313–5317.

Sato K, Malchinkhuu E, Horiuchi Y, Mogi C, Tomura H, Tosaka M, Yoshimoto Y,
Kuwabara A, and Okajima F (2007) Critical role of ABCA1 transporter in sphin-
gosine 1-phosphate release from astrocytes. J Neurochem 103:2610–2619.

Schwab SR and Cyster JG (2007) Finding a way out: lymphocyte egress from
lymphoid organs. Nat Immunol 8:1295–1301.

Schwab SR, Pereira JP, Matloubian M, Xu Y, Huang Y, and Cyster JG (2005)
Lymphocyte sequestration through S1P lyase inhibition and disruption of S1P
gradients. Science 309:1735–1739.

Schwartz GK, Ward D, Saltz L, Casper ES, Spiess T, Mullen E, Woodworth J, Venuti
R, Zervos P, Storniolo AM, et al. (1997) A pilot clinical/pharmacological study of
the protein kinase C-specific inhibitor safingol alone and in combination with
doxorubicin. Clin Cancer Res 3:537–543.

Shimizu H, Takahashi M, Kaneko T, Murakami T, Hakamata Y, Kudou S, Kishi T,
Fukuchi K, Iwanami S, Kuriyama K, et al. (2005) KRP-203, a novel synthetic
immunosuppressant, prolongs graft survival and attenuates chronic rejection in
rat skin and heart allografts. Circulation 111:222–229.

Shu X, Wu W, Mosteller RD, and Broek D (2002) Sphingosine kinase mediates
vascular endothelial growth factor-induced activation of ras and mitogen-activated
protein kinases. Mol Cell Biol 22:7758–7768.

Singleton PA, Dudek SM, Chiang ET, and Garcia JG (2005) Regulation of sphin-
gosine 1-phosphate-induced endothelial cytoskeletal rearrangement and barrier
enhancement by S1P1 receptor, PI3 kinase, Tiam1/Rac1, and �-actinin. FASEB J
19:1646–1656.

Song J, Matsuda C, Kai Y, Nishida T, Nakajima K, Mizushima T, Kinoshita M,
Yasue T, Sawa Y, and Ito T (2008) A novel sphingosine 1-phosphate receptor
agonist, KRP-203, regulates chronic colitis in IL-10 gene-deficient mice. J Phar-
macol Exp Ther 324:276–383.

Spiegel S and Milstien S (2000) Functions of a new family of sphingosine-1-
phosphate receptors. Biochim Biophys Acta 1484:107–116.

Spiegel S and Milstien S (2002) Sphingosine 1-phosphate, a key cell signaling
molecule. J Biol Chem 277:25851–25854.

Spiegel S and Milstien S (2003) Sphingosine-1-phosphate: an enigmatic signalling
lipid. Nat Rev Mol Cell Biol 4:397–407.

Stahelin RV, Hwang JH, Kim JH, Park ZY, Johnson KR, Obeid LM, and Cho W
(2005) The mechanism of membrane targeting of human sphingosine kinase 1.
J Biol Chem 280:43030–43038.

Sugimoto N, Takuwa N, Okamoto H, Sakurada S, and Takuwa, Y (2003) Inhibitory
and stimulatory regulation of Rac and cell motility by the G12/13-Rho and Gi
pathways integrated downstream of a single G protein-coupled sphingosine-1-
phosphate receptor isoform. Mol Cell Biol 23:1534–1545.

Sugiura M, Kono K, Liu H, Shimizugawa T, Minekura H, Spiegel S, and Kohama T
(2002) Ceramide kinase, a novel lipid kinase: molecular cloning and functional
characterization. J Biol Chem 277:23294–23300.

Sugiyama A, Yatomi Y, Ozaki Y, and Hashimoto K (2000) Sphingosine 1-phosphate
induces sinus tachycardia and coronary vasoconstriction in the canine heart.
Cardiovasc Res 46:119–125.

Sukocheva O, Wadham C, Holmes A, Albanese N, Verrier E, Feng F, Bernal A,
Derian CK, Ullrich A, Vadas MA, et al. (2006) Estrogen transactivates EGFR via
the sphingosine 1-phosphate receptor Edg-3: the role of sphingosine kinase-1.
J Cell Biol 173:301–310.

Sukocheva OA, Wang L, Albanese N, Pitson SM, Vadas MA, and Xia P (2003)
Sphingosine kinase transmits estrogen signaling in human breast cancer cells.
Mol Endocrinol 17:2002–2012.

Suzuki C, Takahashi M, Morimoto H, Izawa A, Ise H, Fujishiro J, Murakami T,
Ishiyama J, Nakada A, Nakayama J, et al. (2006) Efficacy of mycophenolic acid
combined with KRP-203, a novel immunomodulator, in a rat heart transplantation
model. J Heart Lung Transplant 25:302–309.

Taha TA, Hannun YA, and Obeid LM (2006a) Sphingosine kinase: biochemical and
cellular regulation and role in disease. J Biochem Mol Biol 39:113–131.

Taha TA, Kitatani K, El-Alwani M, Bielawski J, Hannun YA, and Obeid LM (2006b)
Loss of sphingosine kinase-1 activates the intrinsic pathway of programmed cell
death: modulation of sphingolipid levels and the induction of apoptosis. FASEB J
20:482–484.

Taha TA, Osta W, Kozhaya L, Bielawski J, Johnson KR, Gillanders WE, Dbaibo GS,
Hannun YA, and Obeid LM (2004) Down-regulation of sphingosine kinase-1 by
DNA damage: dependence on proteases and p53. J Biol Chem 279:20546–20554.

Takahashi M, Shimizu H, Murakami T, Enosawa S, Suzuki C, Takeno Y, Hakamata
Y, Kudou S, Izawa S, Yasue T, et al. (2005) A novel immunomodulator KRP-203
combined with cyclosporine prolonged graft survival and abrogated transplant
vasculopathy in rat heart allografts. Transplant Proc 37:143–145.

Tedesco-Silva H, Mourad G, Kahan BD, Boira JG, Weimar W, Mulgaonkar S,
Nashan B, Madsen S, Charpentier B, Pellet P, et al. (2005) FTY720, a novel
immunomodulator: efficacy and safety results from the first phase 2A study in de
novo renal transplantation. Transplantation 79:1553–1560.

Tedesco-Silva H, Pescovitz MD, Cibrik D, Rees MA, Mulgaonkar S, Kahan BD,
Gugliuzza KK, Rajagopalan PR, Esmeraldo Rde M, Lord H, et al. (2006) Random-
ized controlled trial of FTY720 versus MMF in de novo renal transplantation.
Transplantation 82:1689–1697.

Terai K, Soga T, Takahashi M, Kamohara M, Ohno K, Yatsugi S, Okada M, and
Yamaguchi T (2003) Edg-8 receptors are preferentially expressed in oligodendro-
cyte lineage cells of the rat CNS. Neuroscience 116:1053–1062.

Theilmeier G, Schmidt C, Herrmann J, Keul P, Schafers M, Herrgott I, Mersmann J,
Larmann J, Hermann S, Stypmann J, et al. (2006) High-density lipoproteins and
their constituent, sphingosine-1-phosphate, directly protect the heart against isch-
emia/reperfusion injury in vivo via the S1P3 lysophospholipid receptor. Circula-
tion 114:1403–1409.

Van Brocklyn JR, Jackson CA, Pearl DK, Kotur MS, Snyder PJ, and Prior TW (2005)
Sphingosine kinase-1 expression correlates with poor survival of patients with
glioblastoma multiforme: roles of sphingosine kinase isoforms in growth of glio-
blastoma cell lines. J Neuropathol Exp Neurol 64:695–705.

Van Brocklyn JR, Lee MJ, Menzeleev R, Olivera A, Edsall L, Cuvillier O, Thomas
DM, Coopman PJP, Thangada S, Hla T, et al. (1998) Dual actions of sphingosine-
1-phosphate: extracellular through the Gi-coupled orphan receptor Edg-1 and
intracellular to regulate proliferation and survival. J Cell Biol 142:229–240.

van Koppen CJ, Meyer zu Heringdorf D, Alemany R, and Jakobs KH (2001) Sphin-
gosine kinase-mediated calcium signaling by muscarinic acetylcholine receptors.
Life Sci 68:2535–2540.

van Meer G and Holthuis JC (2000) Sphingolipid transport in eukaryotic cells.
Biochim Biophys Acta 1486:145–170.

Visentin B, Vekich JA, Sibbald BJ, Cavalli AL, Moreno KM, Matteo RG, Garland
WA, Lu Y, Yu S, Hall HS, et al. (2006) Validation of an anti-sphingosine-1-
phosphate antibody as a potential therapeutic in reducing growth, invasion, and
angiogenesis in multiple tumor lineages. Cancer Cell 9:225–238.

Waeber C, Blondeau N, and Salomone S (2004) Vascular sphingosine-1-phosphate
S1P1 and S1P3 receptors. Drug News Perspect 17:365–382.

Walzer T, Chiossone L, Chaix J, Calver A, Carozzo C, Garrigue-Antar L, Jacques Y,
Baratin M, Tomasello E, and Vivier E (2007) Natural killer cell trafficking in vivo
requires a dedicated sphingosine 1-phosphate receptor. Nat Immunol 8:1337–
1344.

Wang F, Van Brocklyn JR, Hobson JP, Movafagh S, Zukowska-Grojec Z, Milstien S,
and Spiegel S (1999) Sphingosine 1-phosphate stimulates cell migration through a
Gi-coupled cell surface receptor: potential involvement in angiogenesis. J Biol
Chem 274:35343–35350.

Wang W, Graeler MH, and Goetzl EJ (2005) Type 4 sphingosine 1-phosphate G
protein-coupled receptor (S1P4) transduces S1P effects on T cell proliferation and
cytokine secretion without signaling migration. FASEB J 19:1731–1733.

Webb M, Tham CS, Lin FF, Lariosa-Willingham K, Yu N, Hale J, Mandala S, Chun
J, and Rao TS (2004) Sphingosine 1-phosphate receptor agonists attenuate relaps-
ing-remitting experimental autoimmune encephalitis in SJL mice. J Neuroimmu-
nol 153:108–121.

Xia P, Gamble JR, Wang L, Pitson SM, Moretti PA, Wattenberg BW, D’Andrea RJ,
and Vadas MA (2000) An oncogenic role of sphingosine kinase. Curr Biol 10:1527–
1530.

Xia P, Wang L, Moretti PA, Albanese N, Chai F, Pitson SM, D’Andrea RJ, Gamble
JR, and Vadas MA (2002) Sphingosine kinase interacts with TRAF2 and dissects
tumor necrosis factor-alpha signaling. J Biol Chem 277:7996–8003.

Xie JH, Nomura N, Koprak SL, Quackenbush EJ, Forrest MJ, and Rosen H (2003)
Sphingosine-1-phosphate receptor agonism impairs the efficiency of the local im-
mune response by altering trafficking of naive and antigen-activated CD4� T cells.
J Immunol 170:3662–3670.

Yatomi Y, Igarashi Y, Yang L, Hisano N, Qi R, Asazuma N, Satoh K, Ozaki Y, and
Kume S (1997) Sphingosine 1-phosphate, a bioactive sphingolipid abundantly
stored in platelets, is a normal constituent of human plasma and serum. J Biochem
(Tokyo) 121:969–973.

Yatomi Y, Ozaki Y, Ohmori T, and Igarashi Y (2001) Sphingosine 1-phosphate:
synthesis and release. Prostaglandins 64:107–122.

Yatomi Y, Ruan F, Megidish T, Toyokuni T, Hakomori S, and Igarashi Y (1996)
N,N-Dimethylsphingosine inhibition of sphingosine kinase and sphingosine
1-phosphate activity in human platelets. Biochemistry 35:626–633.

Zemann B, Kinzel B, Muller M, Reuschel R, Mechtcheriakova D, Urtz N, Bornancin
F, Baumruker T, and Billich A (2006) Sphingosine kinase type 2 is essential for
lymphopenia induced by the immunomodulatory drug FTY720. Blood 107:1454–
1458.

Zhang H, Desai NN, Olivera A, Seki T, Brooker G, and Spiegel S (1991) Sphingosine-
1-phosphate, a novel lipid, involved in cellular proliferation. J Cell Biol 114:155–
167.

INSIDE-OUT SIGNALING OF S1P 195


