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Abstract
It has long been known that sphingolipids, especially sphingomyelin, a principal component of
myelin, are highly enriched in the central nervous system and are structural components of all
eukaryotic cell membranes. In the last few years, substantial evidence has accumulated from studies
of many types of cells demonstrating that in addition to their structural roles, their breakdown
products form a new class of signaling molecules with potent and myriad regulatory effects on
essentially every cell in the body. While the sphingolipid metabolites sphingosine and its precursor
ceramide have been associated with cell growth arrest and apoptosis, sphingosine-1-phosphate (S1P)
enhances proliferation, differentiation, and cell survival as well as regulates many physiological and
pathological processes. The relative levels of these three interconvertible sphingolipid metabolites,
and thus cell fate, are strongly influenced by the activity of sphingosine kinases, of which there are
two isoforms, designated SphK1 and SphK2, the enzymes that phosphorylate sphingosine to produce
S1P. Not much is yet known of the importance of S1P in the central nervous system. Therefore, this
review is focused on current knowledge of regulation of SphK1 and SphK2 on both transcriptional
and post-translational levels and the functions of these isozymes and their product S1P and its
receptors in the central nervous system.

Keywords
Sphingosine kinase; Sphingsosine-1-phosphate; Phosphorylation; Transcription; Post-translational
modifications; Central nervous system

1. Introduction
The interconvertible sphingolipid metabolites, ceramide, sphingosine, and sphingosine-1-
phosphate (S1P), are now recognized as important bioactive mediators that regulate many
cellular and physiological processes [1]. To highlight just a few of these, ceramide and
sphingosine have been shown to be involved in cell cycle arrest and apoptosis [2], while S1P
has been implicated in cell proliferation, survival, migration, angiogenesis, and differentiation
[1]. The relative levels of ceramide and sphingosine compared to S1P, also known as the
sphingolipid rheostat, is critical in determining cell fate [1]. Thus, increased levels of S1P can
protect against apoptosis mediated by increases in cellular ceramide, a major response to stress
[3]. The synthesis and metabolism of sphingolipids was recently discussed in an excellent
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review [4] and will not be discussed here. However these pathways are shown in Fig. 1 and
the reader is referred to this comprehensive review for detailed information.

S1P can act intracellularly to increase DNA synthesis and suppress apoptosis and regulate
calcium mobilization [5], although the intracellular targets of S1P are still elusive. The most
well-characterized functions of S1P are mediated by binding to five ubiquitously expressed G
protein-coupled receptors (named S1P1–5) [1,6]. The S1P receptors couple to a variety of G
proteins with varying affinities for different effector molecules that activate numerous
downstream signaling pathways [7]. Thus, depending on the spectrum of S1P receptors
expressed in a given cell type, S1P can activate various pathways regulating numerous
important cellular and physiological functions [8].

Sphingosine kinases (SphKs), the enzymes that produce S1P by phosphorylating sphingosine,
are essential elements in the regulation of S1P levels, and hence the levels of its precursors,
sphingosine and ceramide. There are two isoforms of SphK, SphK1 and SphK2, that have
different properties and subcellular locations [9], suggesting that they have distinct biological
functions, although they may be able to complement each other for some vital functions since
production of S1P is critical for brain and cardiovascular system development [10]. Many
studies have established that expression of SphK1 is associated with cell survival and
proliferation. Presumptive evidence suggests that sphk1 may be an oncogene: overexpression
of SphK1 in NIH 3T3 cells enhances foci formation, colony growth in soft agar, and tumor
formation in SCID mice [11]; MCF7 human breast cancer cells overexpressing SphK1 produce
larger and more abundant tumors in xenografts [12]; and SphK1 is expressed at high levels in
many types of cancers [13]. The biological functions of SphK2 are not yet clearly defined and
appear to vary depending on the cell type. However, when overexpressed, SphK2 generally
acts as a “bad” kinase and induces cell cycle arrest and apoptosis [14,15]. Because there is such
a paucity of information on the role of SphKs and S1P at the molecular level in the central
nervous system, this review will first focus on current knowledge of transcriptional and post-
transcriptional regulation of SphKs gleaned from studies in various types of cells.

2. Structure and localization of sphingosine kinases
In humans, the sphk1 gene is located on chromosome 17 (17q25.2) while the sphk2 gene is on
chromosome 19 (19q13.2). SphK1 and SphK2 are highly homologous and contain five
conserved domains, one of which includes the conserved diacylglycerol kinase ATP binding
domain [16]. Although SphK1 and SphK2 display 80% amino acid sequence similarity [17],
they differ in their central regions and N termini. SphK1 lacks transmembrane domains or
identifiable signal sequences and is mainly cytosolic [18]. SphK1 is abundantly expressed in
adult mouse heart, spleen, lung, and brain, whereas SphK2 expression is highest in brain,
kidney, and liver [17]. SphK2 is about 240 amino acids longer than SphK1 at its N terminus
and contains several transmembrane domains [17]. In addition, SphK2 possesses a nuclear
localization signal within its N terminal region, which when mutated, prevents it from entering
the nucleus and inhibiting DNA synthesis [14]. Unlike SphK1, which is mainly localized to
the cytosol in all cells, SphK2 localization is cell type-specific. For example, in HEK 293 cells,
SphK2 can be detected in the plasma membrane, mitochondria, ER, Golgi, and in the cytosol
[9], whereas, in COS7, HeLa, MCF7, and NIH 3T3 cells, it is predominantly localized to the
nucleus [19,20].

2.1. Activation of sphingosine kinases
A broad range of external stimuli has been reported to activate SphK1, among which are various
growth factors including platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), vascular endothelial growth factor (VEGF), nerve growth factor (NGF), basic fibroblast
growth factor (bFGF), transforming growth factor beta (TGFβ), and insulin-like growth
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factor-1 (IGF-1), cytokines such as TNF-α and interleukins, and hormones (estradiol and
prolactin) (reviewed in [21]). Many of these stimuli activate SphK1 in a biphasic manner. That
is to say, the first phase of activation is rapid (minutes) and transient, most likely via post-
translational modifications that increase enzymatic activity and its translocation to the plasma
membrane where its substrate sphingosine resides, and a second phase of activation over the
next 24 h that entails upregulation of transcription. Much less is known about regulation of
SphK2 activity.

2.2. Post-translational activation of SphK1 and SphK2
Several SphK1 interacting proteins have been identified by the yeast two-hybrid approach
[22]. Although some have been shown to interact with SphK1 in mammalian cells, none have
yet been implicated in the regulation of SphK1 activity or S1P production. Crosslinking of the
high affinity IgE receptor (FcεRI) on mast cells activates SphK1, increasing production of S1P,
which is secreted and regulates mast cell functions in an autocrine or paracrine manner by
binding to S1P receptors. Recently, activation of SphK1 was shown to be due to direct
interaction with Lyn tyrosine kinase [23]. This interaction explicitly enhanced the enzymatic
activities of both SphK1 and Lyn, although SphK1 was not phosphorylated by Lyn. More
recently, SphK2 was also reported to be activated upon FcεRI crosslinking [24]. In addition,
Fyn, another Src protein tyrosine kinase, is also essential for SphK1 and SphK2 activation,
since mast cells from Fyn deficient mice exhibit impaired SphK1 and SphK2 enzyme activity
and S1P production [24]. However, neither SphK1 nor SphK2 are substrates for Fyn. Rather,
activation of SphK1 by Fyn involves the adapter Grb2-associated binder 2 and
phosphatidylinositol 3-kinase, but activation of SphK2 is independent of this pathway [24].

In contrast, some activators require Ca2+ to stimulate SphK. For instance, activation of SphK1
by platelet-derived growth factor BB (PDGF-BB) is blocked by chelation of intracellular
Ca2+ with BAPTAAM [25]. Specifically, PDGF activation of SphK1 requires phosphorylation
of the PDGF receptor on tyrosine-1021, which is necessary for the subsequent association with
PLCγ, thus leading to production of InsP3 and downstream mobilization of calcium [25].
Moreover, it has been proposed that SphK1 contains several putative Ca2+/calmodulin binding
sites [18]. In agreement, translocation of SphK1 to the plasma membrane induced by the PKC
activator phorbol ester is inhibited by the loss of the functional calmodulin binding site [26].
In spite of these findings, direct activation of SphK1 by Ca2+ or calmodulin has not been
detected.

EGF is one of the most potent, and most well studied, activators of SphK1. In MCF7 cells,
EGF stimulates SphK1 activity and induces its translocation from the cytosol to the plasma
membrane [27]. A novel EGF pathway involving sequential activation of c-Src, PKCδ, and
subsequent activation and translocation of SphK1 to the plasma membrane was recently
described in glioblastoma cells [28]. Several lines of evidence suggest that PKCδ and SphK1
may be downstream targets of EGF-activated c-Src in these glioma cells: (i) EGF induced rapid
phosphorylation and translocation of PKCδ to the plasma membrane, which was blocked by
the Src inhibitor PP2; (ii) EGF also induced translocation of SphK1 to the plasma membrane
which was blocked by inhibition of c-Src and by downregulation of PKCδ; and (iii) down-
regulation of PKCδ and SphK1 abolished EGF-induced plasminogen activator inhibitor-1
(PAI-1) expression. It is important to note that although, the high expression of EGFR alone
is not a prognostic marker in gliomas, patients expressing high levels of both EGFR and PAI-1
have a shorter overall survival prognosis [29]. Thus, our recent results suggest that SphK1 is
a downstream target of PKCδ that is indispensable for PAI-1 upregulation by EGF and might
have important implications for glioma invasiveness. Interestingly, in primary
cytotrophoblasts, the PI3K inhibitor LY294002 blocked EGF-stimulated SphK1 activity,
indicating the possible involvement of the PI3K/Akt pathway [30]. Altogether, these studies
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suggest that EGF might utilize diverse signaling pathways to rapidly enhance SphK1 activity.
Additionally, EGF induced sustained activation of SphK1 that lasted for 24 h. Similar sustained
activation of SphK1 was also described in both primary human fibroblasts and in WI-38
fibroblasts in response to TGFβ, suggestive of an increase in transcription [31,32]. NGF and
bFGF also incite persistent activation of SphK1 in pheochromocytoma PC12 cells; however,
EGF and IGF-1 only transiently stimulate SphK1 in these cells [33]. Moreover, NGF instigates
translocation of SphK1 to the plasma membrane and local production of S1P, which
differentially activates the S1P1 and S1P2 receptors [34]. While the precise mechanism of
SphK1 activation by NGF is still not known, it is mediated by the TrkA tyrosine kinase receptor
for NGF [35], which activates the Ras/ERK, PI3K/Akt, and PLCγ pathways [36]. In T24
bladder tumor cells, activation of the tyrosine kinase VEGF receptor by VEGF, a potent
proangiogenic growth factor, induces phosphorylation and activation of PKC via Flk-1, which
in turn transiently activates SphK1 by direct phosphorylation [37].

The protein kinase C activator, phorbol 12-myristate 13-acetate (PMA), also has been shown
to transiently stimulate SphK1 by inducing PKC-dependent phosphorylation and translocation
to the plasma membrane [38]. Furthermore, stimulation of SphK1 by PMA, as well as the pro-
inflammatory cytokine TNF-α, requires its phosphorylation on Ser225 [39]. SphK1 possesses
a docking site for ERK1/2 [40] and both ERK1 and ERK2 phosphorylate SphK1 at Ser225
[39], which is crucial for its translocation to the plasma membrane [39]. This translocation is
also important for its oncogenic signaling [41]. TNFα and interleukin-1β (IL-1β) have also
been shown to transiently increase SphK1 enzyme activity in A549 epithelial lung carcinoma
cells [42]. This activation does not stem from increases in its mRNA or protein levels; therefore,
it is most likely due to a phosphorylation event similar to that described above.

As SphK1 has been identified as an important pro-survival factor, it seems logical that its
activity or expression might be regulated by other pro-survival components. One of these is
Bcl-2 which was initially described as an oncogene in follicular lymphomas [43], and later
found to be an anti-apoptotic protein that promotes cell survival [44]. Interestingly, Bcl-2
expression protects SphK1 from proteolysis induced in response to DNA damaging drugs
[45]. Additionally, overexpression of Bcl-2 in A-375 human melanoma cells increased SphK1
enzyme activity as well as its expression [46]. Of note, SphK1 mediates BCR/ABL-induced
upregulation of another anti-apoptotic protein Mcl-1 in chronic myeloid leukemia cells. In
these cells, SphK1 expression and activity are upregulated by BCR/ABL via the ERK1/2, PI3K,
and JAK2 pathways [47].

A novel “criss-cross” transactivation mechanism important for proliferation that involves
activation of SphK1 by 17β-estradiol (E2) has also been reported [48]. In MCF7 human breast
cancer cells, E2 binding to the estrogen receptor activates SphK1 and increases S1P production.
Subsequently, S1P is secreted and signals through the S1P3 receptor to increase
metalloproteinase activity and production of EGF which then activates the EGF receptor
[49]. More recently, the hormone prolactin as well as E2 were also reported to biphasically
activate SphK1 in MCF-7 cells [50]. The initial activation of SphK1 occurred rapidly after
stimulation, followed by a much later increase in mRNA and protein expression and both
phases of activation were ablated by MEK and PKC inhibitors [50]. Moreover, the increase in
the proliferation and migration in response to either E2 or prolactin was significantly reduced
by downregulating SphK1 expression, suggesting that activation of SphK1 is critical for these
responses.

Very few studies have examined the mechanism of activation of SphK2. In addition to
activation of SphK2 by crosslinking of FcεRI [51], EGF-induced activation of SphK2 was
observed in HEK 293 and MDA-MB-453 breast cancer cells [52]. EGF-induced migration of
MDA-MB-453 cells was decreased by knock-down of either SphK1 or SphK2, suggesting that
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activation of both isozymes by EGF contributes independently to the motility responses in
these cells. In a follow-up study, it was shown that activation of SphK2 induced by EGF resulted
from EGFR-mediated ERK1/2-depenent phosphorylation of SphK2 [53]. Site-directed
mutagenesis indicated that hSphK2 is phosphorylated on Ser351 and Thr578 by ERK1 and
that phosphorylation of these residues is important for EGF-stimulated migration of MDA-
MB-453 cells [53].

Lastly, it was recently shown that PMA-induced phosphorylation of SphK2 on a putative
nuclear export sequence (NES) located in the central region of the protein stimulated CRM1-
mediated export from the nucleus to the cytosol [54]. Furthermore, mutation of two serine
residues (Ser-419 and Ser-421) phosphorylated within this NES-like motif abolished SphK2
export. Thus, post-translational modification via phosphorylation of SphK2 may be an
important regulator of its activity and localization.

2.3. Transcriptional regulation of sphk1
To date, a great deal of our knowledge of the regulation of the sphk1 gene stems from studies
that were first performed in rodent cells. The rat sphk1 gene contains a 3.7 kb CpG island,
within which there are six transcription start sites, potentially yielding six alternative first
exons; thus indicating that multiple splice variants of the rat sphk1 gene exist (sphk1a-f) [55].
In the brain, the hypomethylated region of sphk1a is in the 5′ end of the CpG island, and a
tissue-dependent, differentially methylated region (T-DMR) is situated approximately 800 bp
upstream of the sphk1a first exon. The T-DMR is hypomethylated in the brain, where
sphk1a is the sole isoform. In contrast, the T-DMR is hypermethylated in the heart where
sphk1a, as well as the other isoforms, is not expressed. These results suggest that
hypermethylation of the T-DMR is associated with sphk1a suppression. Moreover, several
endogenous antisense transcripts to sphk1, termed Khps1, have also been described [56]. Of
these, Khps1a spans the T-DMR within the CpG island, and its expression induces the
demethylation of CG sites within the T-DMR. Interestingly, the expression of sphk1 or
Khps1 is mutually exclusive, suggesting that the CpG island regulates the intrinsic expression
of sphk1.

Little is known of the regulation of Sphk1 expression, but several transcription factors that
regulate both the human and rat sphk1 genes have been identified. The 55-bp fragment localized
in front of exon 1d mediates NGF induction of rat sphk1 gene transcription [57]. This fragment
contains one activator protein-2 (AP-2), and two specificity protein 1 (Sp1) binding sites.
Interestingly, the proximal Sp1 site, and not the distal Sp1 site, is required for the intrinsic
expression of the rat sphk1 gene. However, analysis of the 5′ flanking region of the human
sphk1 gene revealed that a 300 bp fragment containing one Sp1 and two AP-2 binding motifs,
effectively mediates sphk1 transcription upon PMA treatment in human megakaryoblastic
leukemia MEG-01 cells (Fig. 2) [58]. Moreover, an unknown protein, other than AP-2, binds
to the AP-2 binding motifs of the promoter. Furthermore, MEK and PKC inhibitors also
prevented the sphk1 promoter activity induced by PMA. These results imply that PMA-induced
sphk1 gene expression is mediated by transcription factors that are activated by the PKC and
ERK signaling pathways.

Histamine also upregulates SphK1 expression in endothelial cells via the PKC and ERK
pathways and requires the AP-2 and Sp1 binding motifs of the sphk1 gene [59]. The importance
of these binding motifs in the transcriptional regulation of sphk1 was solidified by the
observations that increased promoter activity induced by prolactin and GDNF also utilized
AP-2 and Sp1 binding motifs in MCF-7 cells [50] and TGW human neuroblastoma cells
[60]. Moreover, upregulation of SphK1 expression by prolactin also required STAT5
activation, while GDNF induced transcription through the PI3K pathway in addition to the
ERK1/2 pathway.
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Subjecting glioma cells to hypoxic stress activates SphK1 and increases its expression, effects
that may be important in more hypoxic areas in the center of a brain tumor [61]. The increase
in SphK1 activity resulted in increased intracellular S1P production and secretion. Hypoxia is
known to enhance stability hypoxia-inducible factors (HIFs), transcription factors that bind to
hypoxia response elements (HREs) and regulate hypoxia-inducible genes (Fig. 2). In this
regard, the sphk1 5′ flanking region possesses multiple putative HRE sites and a reporter
construct containing 3124 bp upstream of the transcription start site conferred response to
hypoxic stress [61]. Furthermore, HIF-1α and HIF-2α both bind exclusively to a region within
the 5′ flanking region that contains an evolutionarily conserved HRE site. Notably, HIF-2α,
and not HIF-1α, activates transcription of the sphk1 gene under hypoxic conditions [61]. In
contrast to sphk1, sphk2 transcriptional regulation remains unexplored.

3. Functions of sphingosine kinases and S1P in the brain
The brain is the organ that contains the highest concentration of S1P [62]. During pathological
conditions, such as brain injury or stroke, local concentrations of S1P may be further increased
as S1P could be released from platelets in blood clots [63]. Moreover, high expression levels
of SphK1 have been correlated with decreased rates of survival for patients diagnosed with
glioblastoma multiforme, the most invasive primary brain tumor [64]. SphK activity and S1P
also protect cultured mesencephalic neurons against glutamate-induced neurotoxicity [65].

There have been contradictory reports as to which SphK isoform is predominantly responsible
for S1P production in normal brain tissue [66,67]. One study has reported that SphK1 is the
primary isoform in mouse brain [66], and is highly abundant in the cerebellum where it is
located within the dendrites and dendritic spines of Purkinje cells [68]. As discussed above, it
seems most likely that both SphK1 and SphK2 are expressed in the brain and probably even
within the same cells as neither of the single SphK knockout mice display a remarkable CNS
phenotype, while the double SphK1–SphK2 knockout mice have a severe brain defect [10].

A substantial presence of SphK2 in the brain is more consistent with reports on the effects of
the potent immunosuppressant FTY720 in the CNS. It is well established that FTY720 is
phosphorylated in vivo by SphK2, converting it to a S1P mimetic and potent S1P receptor
agonist that accumulates in CNS white matter [69]. In experimental allergic encephalitis
models, FTY720-phosphate affects the blood-brain barrier and glial repair mechanisms, which
restores nerve function [70]. Moreover, FTY720 seems to be a highly promising drug for
treatment of relapsing multiple sclerosis and is currently in Phase III trials [71].

Thus, clearly both SphK1 and SphK2 must be expressed in the brain, but far more is known
about the functions of SphK1 there. bFGF, another growth factor present in the brain, induced
secretion of S1P from cerebellar astrocytes, which was prevented by inhibiting SphK1 [72].
S1P in turn increased DNA synthesis and activated ERK1/2 via one of its Gi/Go coupled
receptors, of which S1P1, S1P2, and S1P3 are expressed in cerebellar astrocytes. S1P also
signals in autocrine and/or paracrine manners in hippocampal neurons to facilitate glutamate
secretion induced by secretagogues and SphK1 may be involved in the underlying regulation
of synaptic transmission [73]. SphK1 is not only capable of regulating functions in the brain
via its product S1P, but also through corresponding effects on intracellular levels of its substrate
sphingosine. Thus, conversion of sphingosine to S1P can also regulate calcium levels in
neurons as sphingosine inhibits voltage-operated calcium channels (VOCC), which prevents
calcium entry in response to depolarization [74,75]. In agreement, expression of SphK1 in
GH4C1 rat pituitary cells reduced inhibition of the VOCC by sphingosine [76].

An interesting observation was made that SphK1 interacts with and is activated by neural
plakophilin-related armadillo repeat protein (δ-catenin/NPRAP) in hippocampal neurons
[77]. Moreover, a SphK inhibitor decreased δ-catenin/NPRAP-dependent neuronal cell
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migration [77]. S1P also plays an important role in motility of glioblastoma cells [78], and as
previously mentioned, is critical for the process of invasion. Furthermore, S1P signals through
S1P1, S1P2, and S1P3 to stimulate glioma cell proliferation, and activation of S1P1 and S1P3
also amplifies glioma migration and invasion [79].

4. S1P receptors in the CNS
Although receptors for S1P are abundant in the central nervous system, only a few studies have
addressed cell-specific functions of S1P via its receptors and most of these have been focused
on isolated cells in culture (Table 1). It has previously been demonstrated that in PC12 cells
and dorsal root ganglion (DRG) neurons, NGF induces translocation of SphK1 to the plasma
membrane [34]. S1P thus causes activation of S1P1 leading to Rac activation and neurite
extension. In addition, NGF downregulates S1P2 and S1P3, which leads to neurite retraction
by activation of Rho [34]. Evidence for the role of S1P in CNS neuroexcitability emerged from
some observations of S1P2 knockout mice. It was noticed that homozygous knockout mice
occasionally exhibited seizure activity characterized behaviorally by a 2–10 s wild running
episode followed by a 15–60 s period of freezing [80]. These events occurred only in 3–7 week
old mice and were accompanied by changes in electrical activity of the brain [80]. However,
recent studies have demonstrated that S1P2 knockout mice are profoundly deaf from postnatal
day 22 and display a progressive loss of vestibular function [81–83].

S1P enhances the excitability of cultured rat DRG neurons that is likely mediated via S1P
receptors, as blockade of G-protein signaling abrogated these effects of S1P [84]. Moreover,
S1P generated intracellularly from ceramide can also increase neuronal excitability by
mechanisms that are poorly understood [85]. S1P was also recently shown to have two actions
on glutamate secretion in primary hippocampal neurons: (i) it can act as a secretagogue to
trigger glutamate secretion and (ii) to potentiate depolarization-evoked glutamate secretion
[73]. Depolarization-induced glutamate release was dependent on SphK1, S1P formation, and
subsequent S1P1 activation. These findings indicate that S1P, through its autocrine action,
facilitates glutamate secretion in hippocampal neurons and may be involved in mechanisms
underlying regulation of synaptic transmission [73]. Furthermore, neural stem/progenitor cells
migrate toward a damaged area of the CNS to reduce the damage. It was recently reported that
S1P concentration in the spinal cord was increased after a contusion injury, due to accumulation
of microglia and reactive astrocytes in the injured area. Moreover, this locally increased S1P
induced migration of transplanted neural stem/progenitor cells through its receptor S1P1 [86].

S1P is also involved in growth and survival of oligodendrocytes [87], the myelinating cells of
the CNS. The survival promoting effect of neuotrophin-3 (NT-3) on oligodendrocyte
precursors was shown to be dependent on SphK1 and S1P itself was able to stimulate CREB
phosphorylation, an important NT-3 survival signaling pathway [88]. S1P5, which is
exclusively expressed on oligodendrocytes and throughout their development, has different
functions depending on the developmental stage. It mediates process retraction of
oligodendrocyte precursors and promotes survival of mature oligodendrocytes [89]. Moreover,
activation of S1P5 inhibits oligodendrocyte progenitor migration [90]. S1P receptors are
differentially modulated in oligodendrocyte progenitors by PDGF resulting in downregulation
of S1P5 and upregulation of S1P1 [91]. Moreover, S1P1 is involved in PDGF-induced
proliferation of oligodendrocyte progenitors. Thus, S1P1 and S1P5 may have different
functions during oligodendroglial development, and possibly during remyelination [91].

Destruction of oligodendrocytes is a key pathological process in multiple sclerosis (MS). The
current therapies available for MS utilize an immunomodulatory approach to prevent T-cell-
and macrophage-mediated destruction of brain-resident oligodendrocytes and axonal loss.
Recently, the sphingosine analogue, FTY720 (Fingolimod), was shown to significantly reduce
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relapse rates in MS patients and is currently in Phase III clinical trials [92]. FTY720 is a pro-
drug that is phosphorylated in vivo by SphK2 but not SphK1 [93,94] to biologically active
FTY720-phosphate (FTY720-P), a mimetic of S1P. FTY720-P binds to four of the five known
S1P receptors, but not to S1P2. Although it is a S1P1 receptor agonist, it has been shown to
cause prolonged receptor downregulation [95]. As S1P1 is required for lymphocytes to sense
and move towards the S1P gradient between tissues and blood, its loss prevents egress of
thymocytes and lymphocytes from secondary lymphoid tissues into the circulation[95–97]. It
has been assumed that the beneficial effects of FTY720 result from retardation of lymphocyte
mobilization to sites of inflammation without an induction of a generalized state of
immunosuppression. However, the mechanisms underlying the action of FTY720 in MS have
not yet been definitively identified. For example, FTY720 has been shown to also have direct
effects on oligodendrocyte progenitors [98]. Treatment of these cells with FTY720 causes
activation of ERK1/2 and Akt, accompanied by protection from apoptosis [91,98]. FTY720P
also regulates oligodendrocyte progenitor differentiation into mature oligodendrocytes [91].
However, FTY720 also arrested oligodendrocyte differentiation, an effect that was
counteracted by NT-3, which not only enhanced the survival of oligodendrocyte progenitors
induced by FTY720, but also stimulated their maturation [98]. FTY720 also was recently
shown to induce time-dependent modulation of S1P receptors on human oligodendrocyte
progenitors with consequent functional responses that were directly relevant for the
remyelination process [91]. Altogether, these observations suggest that in addition to its
immunosuppressive functions, FTY720 could also have a beneficial effect in MS by these
direct actions on oligodendrocyte progenitors. However, the finding that FTY720 impedes the
differentiation of these cells raises the question of whether FTY720 therapy for MS should
include the use of differentiation-enhancing factors, such as NT-3 [98]. This approach could
ensure both protection of existing oligodendrocyte progenitor pools against immune-mediated
insults as well as stimulation of remyelination by enhancing the maturation of these cells.

Much less is known of the roles of S1P in other types of glial cells. Astrocytes, the major type
of glial cell in the brain, are another target of FTY720 in the CNS as they express S1P1,
S1P2, and S1P3 [99]. FTY720-Pas well as another agonist of S1P1, SEW2871, stimulate
astrocyte migration [100]. Astrocytes also express SphKs and can synthesize S1P and release
it for autocrine/paracrine actions [101]. An interesting finding was that fibroblast growth factor
(FGF),whose synthesis was earlier shown to be increased by S1P [102], can also stimulate S1P
release from astroglial cells [72], suggesting a signaling amplification loop that further adds
to the complexity of the relationship between growth factors and S1P. Moreover, S1P is present
at high levels in blood and can enter the brain during CNS injury. Reactive astrogliosis, a
prominent component of CNS injury with potentially harmful consequences, could also involve
S1P-mediated proliferation of astrocytes [103].

In injured spinal cords, reactive astrocytes and microglia around the injury sites colocalize to
regions with high levels of S1P [86], suggesting that the accumulation of reactive astrocytes
and microglia after spinal cord injury may be responsible for the increased level of S1P. Only
one study so far has examined functions of S1P and the expression of S1P receptors in
microglia, resident brain macrophages [104]. While S1P1, S1P2, S1P3, and S1P5 were all
expressed by acutely isolated microglia, S1P3 expression was lost after 2 weeks in culture
[104]. In addition, stimulation of microglia with S1P induced the release of TNF-α, suggesting
the potential involvement of S1P in CNS inflammation [104].

5. Perspectives
Knowledge of SphKs and the functions of S1P has grown immensely over the past several
years, and this trend will surely continue. It is truly amazing that so much has been written
about the functions of S1P, yet so little is still known of the regulation of the enzymes that
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determine its levels. It is a growing field, with important implications for future therapeutics
for neurodegenerative disorders, particularly MS. Progress in developing specific agonists and
antagonists of S1P receptors as well as specific inhibitors of SphK1 and SphK2 will provide
the necessary tools to understand their functions and development of new approaches to target
the S1P axis.

Abbreviations
CNS, central nervous system
DRG, dorsal root ganglion
EGF, epidermal growth factor
EGFR, EGF receptor
ERK, extracellular regulated kinase
E2, 17β-estradiol
FGF, fibroblast growth factor
GDNF, glial-derived nerve growth factor
HIF, hypoxia-inducible factor
HRE, hypoxia-responsive element
IGF-1, insulin-like growth factor-1
MEK, mitogen-activated protein kinase kinase
MS, multiple sclerosis
NES, nuclear export signal
NGF, nerve growth factor
NPRAP, plakophilin-related armadillo repeat protein
NT-3, neurotrophin-3
PDGF, platelet-derived growth factor
PI3K, phosphatidylinositol 3-kinase
PKC, protein kinase C
PLC, phospholipase C
PMA, phorbol 12-myristate 13-acetate
S1P, sphingosine-1-phosphate
SphK, sphingosine kinase
SPL, S1P lyase
VEGF, vascular endothelial growth factor
VOCC, voltage-operated calcium channels

Acknowledgements
This work was supported by NIH grants RO1NS044118 (T.K.), R01AI50094 (S.S.), R01CA61774 (S.S.) and
R37GM043880 (S.S.). S.M. was supported by the Intramural Research Program of the National Institute of Mental
Health.

References
1. Spiegel S, Milstien S. Sphingosine-1-phosphate: an enigmatic signalling lipid. Nat. Rev. Mol. Cell

Biol 2003;4:397–407. [PubMed: 12728273]
2. Ogretmen B, Hannun YA. Biologically active sphingolipids in cancer pathogenesis and treatment. Nat.

Rev. Cancer 2004;4:604–616. [PubMed: 15286740]
3. Cuvillier O, Pirianov G, Kleuser B, Vanek PG, Coso OA, Gutkind S, Spiegel S. Suppression of

ceramide-mediated programmed cell death by sphingosine-1-phosphate. Nature 1996;381:800–803.
[PubMed: 8657285]

4. Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from sphingolipids. Nat. Rev.
Mol. Cell Biol 2008;9:139–150. [PubMed: 18216770]

Bryan et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Olivera A, Spiegel S. Sphingosine-1-phosphate as a second messenger in cell proliferation induced by
PDGF and FCS mitogens. Nature 1993;365:557–560. [PubMed: 8413613]

6. Herr DR, Chun J. Effects of LPA and S1P on the nervous system and implications for their involvement
in disease. Curr. Drug Targets 2007;8:155–167. [PubMed: 17266539]

7. Ishii I, Fukushima N, Ye X, Chun J. Lysophospholipid receptors: signaling and biology. Annu. Rev.
Biochem 2004;73:321–354. [PubMed: 15189145]

8. Hla T, Lee MJ, Ancellin N, Paik JH, Kluk MJ. Lysophospholipids—receptor revelations. Science
2001;294:1875–1878. [PubMed: 11729304]

9. Hait NC, Oskeritzian CA, Paugh SW, Milstien S, Spiegel S. Sphingosine kinases, sphingosine 1-
phosphate, apoptosis and diseases. Biochim. Biophys. Acta 2006;1758:2016–2026. [PubMed:
16996023]

10. Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, Proia RL. Essential role for sphingosine
kinases in neural and vascular development. Mol. Cell Biol 2005;25:11113–11121. [PubMed:
16314531]

11. Xia P, Gamble JR, Wang L, Pitson SM, Moretti PA, Wattenberg BW, D'Andrea RJ, Vadas MA. An
oncogenic role of sphingosine kinase. Curr. Biol 2000;10:1527–1530. [PubMed: 11114522]

12. Nava VE, Hobson JP, Murthy S, Milstien S, Spiegel S. Sphingosine kinase type 1 promotes estrogen-
dependent tumorigenesis of breast cancer MCF-7 cells. Exp. Cell Res 2002;281:115–127. [PubMed:
12441135]

13. French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, Eberly JL, Yun JK, Smith CD. Discovery
and evaluation of inhibitors of human sphingosine kinase. Cancer Res 2003;63:5962–5969.
[PubMed: 14522923]

14. Igarashi N, Okada T, Hayashi S, Fujita T, Jahangeer S, Nakamura SI. Sphingosine kinase 2 is a nuclear
protein and inhibits DNA synthesis. J. Biol. Chem 2003;278:46832–46839. [PubMed: 12954646]

15. Liu H, Toman RE, Goparaju S, Maceyka M, Nava VE, Sankala H, Payne SG, Bektas M, Ishii I, Chun
J, Milstien S, Spiegel S. Sphingosine kinase type 2 is a putative BH3-only protein that induces
apoptosis. J. Biol. Chem 2003;278:40330–40336. [PubMed: 12835323]

16. Liu H, Chakravarty D, Maceyka M, Milstien S, Spiegel S. Sphingosine kinases: a novel family of
lipid kinases. Prog. Nucl. Acid Res 2002;71:493–511.

17. Liu H, Sugiura M, Nava VE, Edsall LC, Kono K, Poulton S, Milstien S, Kohama T, Spiegel S.
Molecular cloning and functional characterization of a novel mammalian sphingosine kinase type 2
isoform. J. Biol. Chem 2000;275:19513–19520. [PubMed: 10751414]

18. Kohama T, Olivera A, Edsall L, Nagiec MM, Dickson R, Spiegel S. Molecular cloning and functional
characterization of murine sphingosine kinase. J. Biol. Chem 1998;273:23722–23728. [PubMed:
9726979]

19. Okada T, Ding G, Sonoda H, Kajimoto T, Haga Y, Khosrowbeygi A, Gao S, Miwa N, Jahangeer S,
Nakamura S. Involvement of N-terminal-extended form of sphingosine kinase 2 in serum-dependent
regulation of cell proliferation and apoptosis. J. Biol. Chem 2005;280:36318–36325. [PubMed:
16103110]

20. Sankala HM, Hait NC, Paugh SW, Shida D, Lepine S, Elmore LW, Dent P, Milstien S, Spiegel S.
Involvement of sphingosine kinase 2 in p53-independent induction of p21 by the chemotherapeutic
drug doxorubicin. Cancer Res 2007;67:10466–10474. [PubMed: 17974990]

21. Spiegel S, Milstien S. Functions of the multifaceted family of sphingosine kinases and some close
relatives. J. Biol. Chem 2007;282:2125–2129. [PubMed: 17135245]

22. Alemany R, van Koppen CJ, Danneberg K, Ter Braak M, Meyer Zu Heringdorf D. Regulation and
functional roles of sphingosine kinases. Naunyn Schmiedebergs Arch. Pharmacol 2007;374:413–
428. [PubMed: 17242884]

23. Urtz N, Olivera A, Bofill-Cardona E, Csonga R, Billich A, Mechtcheriakova D, Bornancin F,
Woisetschlager M, Rivera J, Baumruker T. Early activation of sphingosine kinase in mast cells and
recruitment to FcepsilonRI are mediated by its interaction with Lyn kinase. Mol. Cell Biol
2004;24:8765–8777. [PubMed: 15367693]

24. Olivera A, Rivera J. Sphingolipids and the balancing of immune cell function: lessons from the mast
cell. J. Immunol 2005;174:1153–1158. [PubMed: 15661867]

Bryan et al. Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. Olivera A, Edsall L, Poulton S, Kazlauskas A, Spiegel S. Platelet-derived growth factor-induced
activation of sphingosine kinase requires phosphorylation of the PDGF receptor tyrosine residue
responsible for binding of PLCgamma. FASEB J 1999;13:1593–1600. [PubMed: 10463951]

26. Sutherland CM, Moretti PA, Hewitt NM, Bagley CJ, Vadas MA, Pitson SM. The calmodulin-binding
site of sphingosine kinase and its role in agonist-dependent translocation of sphingosine kinase 1 to
the plasma membrane. J. Biol. Chem 2006;281:11693–11701. [PubMed: 16522638]

27. Sarkar S, Maceyka M, Hait NC, Paugh SW, Sankala H, Milstien S, Spiegel S. Sphingosine kinase 1
is required for migration, proliferation and survival of MCF- 7 human breast cancer cells. FEBS Lett
2005;579:5313–5317. [PubMed: 16194537]

28. Paugh BS, Paugh SW, Bryan L, Kapitonov D, Wilczynska KM, Gopalan SM, Rokita H, Milstien S,
Spiegel S, Kordula T. EGF regulates plasminogen activator inhibitor-1 (PAI-1) by a pathway
involving c-Src, PKC{delta}, and sphingosine kinase 1 in glioblastoma cells. FASEB J 2008;22:455–
465. [PubMed: 17855624]

29. Muracciole X, Romain S, Dufour H, Palmari J, Chinot O, Ouafik L, Grisoli F, Branger DF, Martin
PM. PAI-1 and EGFR expression in adult glioma tumors: toward a molecular prognostic
classification. Int. J. Radiat. Oncol. Biol. Phys 2002;52:592–598. [PubMed: 11849778]

30. Johnstone ED, Mackova M, Das S, Payne SG, Lowen B, Sibley CP, Chan G, Guilbert LJ. Multiple
anti-apoptotic pathways stimulated by EGF in cytotrophoblasts. Placenta 2005;26:548–555.
[PubMed: 15993704]

31. Yamanaka M, Shegogue D, Pei H, Bu S, Bielawska A, Bielawski J, Pettus B, Hannun YA, Obeid L,
Trojanowska M. Sphingosine kinase (SPHK1) is induced by TGF-beta and mediates TIMP-1
upregulation. J. Biol. Chem 2004;279:53994–54001. [PubMed: 15485866]

32. Kono Y, Nishiuma T, Nishimura Y, Kotani Y, Okada T, Nakamura S, Yokoyama M. Sphingosine
kinase 1 regulates differentiation of human and mouse lung fibroblasts mediated by TGF-beta1. Am.
J. Respir. Cell Mol. Biol 2007;37:395–404. [PubMed: 17641298]

33. Rius RA, Edsall LC, Spiegel S. Activation of sphingosine kinase in pheochromocytoma PC12
neuronal cells in response to trophic factors. FEBS Lett 1997;417:173–176. [PubMed: 9395290]

34. Toman RE, Payne SG, Watterson K, Maceyka M, Lee NH, Milstien S, Bigbee JW, Spiegel S.
Differential transactivation of sphingosine-1-phosphate receptors modulates nerve growth factor-
induced neurite extension. J. Cell Biol 2004;166:381–392. [PubMed: 15289497]

35. Edsall LC, Pirianov GG, Spiegel S. Involvement of sphingosine 1-phosphate in nerve growth factor-
mediated neuronal survival and differentiation. J. Neurosci 1997;17:6952–6960. [PubMed: 9278531]

36. Patapoutian A, Reichardt LF. Trk receptors: mediators of neurotrophin action. Curr. Opin. Neurobiol
2001;11:272–280. [PubMed: 11399424]

37. Shu X, Wu W, Mosteller RD, Broek D. Sphingosine kinase mediates vascular endothelial growth
factor-induced activation of ras and mitogen-activated protein kinases. Mol. Cell Biol 2002;22:7758–
7768. [PubMed: 12391145]

38. Johnson KR, Becker KP, Facchinetti MM, Hannun YA, Obeid LM. 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. J. Biol. Chem
2002;277:35257–35262. [PubMed: 12124383]

39. Pitson SM, Moretti PA, Zebol JR, Lynn HE, Xia P, Vadas MA, Wattenberg BW. Activation of
sphingosine kinase 1 by ERK1/2-mediated phosphorylation. EMBO J 2003;22:5491–5500.
[PubMed: 14532121]

40. Sharrocks AD, Yang SH, Galanis A. Docking domains and substrate-specificity determination for
MAP kinases. Trends Biochem. Sci 2000;25:448–453. [PubMed: 10973059]

41. Pitson SM, Xia P, Leclercq TM, Moretti PA, Zebol JR, Lynn HE, Wattenberg BW, Vadas MA.
Phosphorylation-dependent translocation of sphingosine kinase to the plasma membrane drives its
oncogenic signalling. J. Exp. Med 2005;201:49–54. [PubMed: 15623571]

42. Billich A, Bornancin F, Mechtcheriakova D, Natt F, Huesken D, Baumruker T. Basal and induced
sphingosine kinase 1 activity in A549 carcinoma cells: function in cell survival and IL-1beta and
TNF-alpha induced production of inflammatory mediators. Cell Signal 2005;17:1203–1217.
[PubMed: 16038795]

Bryan et al. Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



43. Tsujimoto Y, Cossman J, Jaffe E, Croce CM. Involvement of the bcl-2 gene in human follicular
lymphoma. Science 1985;228:1440–1443. [PubMed: 3874430]

44. Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell survival. Science 1998;281:1322–1326.
[PubMed: 9735050]

45. Taha TA, Osta W, Kozhaya L, Bielawski J, Johnson KR, Gillanders WE, Dbaibo GS, Hannun YA,
Obeid LM. Down-regulation of sphingosine kinase-1 by DNA damage: dependence on proteases and
p53. J. Biol. Chem 2004;279:20546–20554. [PubMed: 14988393]

46. Bektas M, Jolly PS, Muller C, Eberle J, Spiegel S, Geilen CC. Sphingosine kinase activity counteracts
ceramide-mediated cell death in human melanoma cells: role of Bcl-2 expression. Oncogene
2005;24:178–187. [PubMed: 15637591]

47. Li QF, Huang WR, Duan HF, Wang H, Wu CT, Wang LS. Sphingosine kinase-1 mediates BCR/
ABL-induced upregulation of Mcl-1 in chronic myeloid leukemia cells. Oncogene 2007;26:7904–
7908. [PubMed: 17599053]

48. Sukocheva OA, Wang L, Albanese N, Pitson SM, Vadas MA, Xia P. Sphingosine kinase transmits
estrogen signaling in human breast cancer cells. Mol. Endocrinol 2003;17:2002–2012. [PubMed:
12881510]

49. Sukocheva O, Wadham C, Holmes A, Albanese N, Verrier E, Feng F, Bernal A, Derian CK, Ullrich
A, Vadas MA, Xia P. Estrogen transactivates EGFR via the sphingosine 1-phosphate receptor Edg-3:
the role of sphingosine kinase-1. J. Cell Biol 2006;173:301–310. [PubMed: 16636149]

50. Doll F, Pfeilschifter J, Huwiler A. Prolactin upregulates sphingosine kinase-1 expression and activity
in the human breast cancer cell line MCF7 and triggers enhanced proliferation and migration. Endocr.
Relat. Cancer 2007;14:325–335. [PubMed: 17639048]

51. Olivera A, Urtz N, Mizugishi K, Yamashita Y, Gilfillan AM, Furumoto Y, Gu H, Proia RL, Baumruker
T, Rivera J. 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
2006;281:2515–2525. [PubMed: 16316995]

52. Hait NC, Sarkar S, Le Stunff H, Mikami A, Maceyka M, Milstien S, Spiegel S. Role of sphingosine
kinase 2 in cell migration towards epidermal growth factor. J. Biol. Chem 2005;280:29462–29469.
[PubMed: 15951439]

53. Hait NC, Bellamy A, Milstien S, Kordula T, Spiegel S. Sphingosine kinase type 2 activation by ERK-
mediated phosphorylation. J. Biol. Chem 2007;282:12058–12065. [PubMed: 17311928]

54. Ding G, Sonoda H, Yu H, Kajimoto T, Goparaju SK, Jahangeer S, Okada T, Nakamura S. Protein
kinase D-mediated phosphorylation and nuclear export of sphingosine kinase 2. J. Biol. Chem
2007;282:27493–27502. [PubMed: 17635916]

55. Imamura T, Ohgane J, Ito S, Ogawa T, Hattori N, Tanaka S, Shiota K. CpG island of rat sphingosine
kinase-1 gene: tissue-dependent DNA methylation status and multiple alternative first exons.
Genomics 2001;76:117–125. [PubMed: 11560121]

56. Imamura T, Miyauchi-Senda N, Tanaka S, Shiota K. Identification of genetic and epigenetic
similarities of SPHK1/Sphk1 in mammals. J. Vet. Med. Sci 2004;66:1387–1393. [PubMed:
15585953]

57. Sobue S, Hagiwara K, Banno Y, Tamiya-Koizumi K, Suzuki M, Takagi A, Kojima T, Asano H,
Nozawa Y, Murate T. Transcription factor specificity protein 1 (Sp1) is the main regulator of nerve
growth factor-induced sphingosine kinase 1 gene expression of the rat pheochromocytoma cell line,
PC12. J. Neurochem 2005;95:940–949. [PubMed: 16135093]

58. Nakade Y, Banno Y, K TK, Hagiwara K, Sobue S, Koda M, Suzuki M, Kojima T, Takagi A, Asano
H, Nozawa Y, Murate T. Regulation of sphingosine kinase 1 gene expression by protein kinase C in
a human leukemia cell line, MEG-O1. Biochim. Biophys. Acta 2003;1635:104–116. [PubMed:
14729073]

59. Huwiler A, Doll F, Ren S, Klawitter S, Greening A, Romer I, Bubnova S, Reinsberg L, Pfeilschifter
J. Histamine increases sphingosine kinase-1 expression and activity in the human arterial endothelial
cell line EA.hy 926 by a PKC-alphadependent mechanism. Biochim. Biophys. Acta 2006;1761:367–
376. [PubMed: 16571380]

60. Murakami M, Ichihara M, Sobue S, Kikuchi R, Ito H, Kimura A, Iwasaki T, Takagi A, Kojima T,
Takahashi M, Suzuki M, Banno Y, Nozawa Y, Murate T. RET signaling-induced SPHK1 gene

Bryan et al. Page 12

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression plays a role in both GDNF-induced differentiation and MEN2-type oncogenesis. J.
Neurochem 2007;102:1585–1594. [PubMed: 17555548]

61. Anelli VV, Gault CR, Cheng AB, Obeid LM. Sphingosine kinase 1 is upregulated during hypoxia in
U87MG glioma cells: role of hypoxia-inducible factors 1 and 2. J. Biol. Chem 2008;283:3365–3375.
[PubMed: 18055454]

62. Edsall LC, Spiegel S. Enzymatic measurement of sphingosine 1-phosphate. Anal. Biochem
1999;272:80–86. [PubMed: 10405296]

63. Tosaka M, Okajima F, Hashiba Y, Saito N, Nagano T, Watanabe T, Kimura T, Sasaki T. Sphingosine
1-phosphate contracts canine basilar arteries in vitro and in vivo: possible role in pathogenesis of
cerebral vasospasm. Stroke 2001;32:2913–2919. [PubMed: 11739995]

64. Van Brocklyn JR, Jackson CA, Pearl DK, Kotur MS, Snyder PJ, Prior TW. Sphingosine kinase-1
expression correlates with poor survival of patients with glioblastoma multiforme: roles of
sphingosine kinase isoforms in growth of glioblastoma cell lines. J. Neuropathol. Exp. Neurol
2005;64:695–705. [PubMed: 16106218]

65. Shinpo K, Kikuchi S, Moriwaka F, Tashiro K. Protective effects of the TNF-ceramide pathway against
glutamate neurotoxicity on cultured mesencephalic neurons. Brain Res 1999;819:170–173.
[PubMed: 10082875]

66. Fukuda Y, Kihara A, Igarashi Y. Distribution of sphingosine kinase activity in mouse tissues:
contribution of SPHK1. Biochem. Biophys. Res. Commun 2003;309:155–160. [PubMed: 12943676]

67. Blondeau N, Lai Y, Tyndall S, Popolo M, Topalkara K, Pru JK, Zhang L, Kim H, Liao JK, Ding K,
Waeber C. Distribution of sphingosine kinase activity and mRNA in rodent brain. J. Neurochem
2007;103:509–517. [PubMed: 17623044]

68. Terada N, Banno Y, Ohno N, Fujii Y, Murate T, Sarna JR, Hawkes R, Zea Z, Baba T, Ohno S.
Compartmentation of the mouse cerebellar cortex by sphingosine kinase. J. Comp. Neurol
2004;469:119–127. [PubMed: 14689477]

69. Meno-Tetang GM, Li H, Mis S, Pyszczynski N, Heining P, Lowe P, Jusko WJ. Physiologically based
pharmacokinetic modeling of FTY720 (2-amino-2[2-(-4-octylphenyl)ethyl]propane-1,3-diol
hydrochloride) in rats after oral and intravenous doses. Drug Metab. Dispos 2006;34:1480–1487.
[PubMed: 16751263]

70. Foster CA, Howard LM, Schweitzer A, Persohn E, Hiestand PC, Balatoni B, Reuschel R, Beerli C,
Schwartz M, Billich A. Brain penetration of the oral immunomodulatory drug FTY720 and its
phosphorylation in the central nervous system during experimental autoimmune encephalomyelitis:
consequences for mode of action in multiple sclerosis. J. Pharmacol. Exp. Ther 2007;323:469–475.
[PubMed: 17682127]

71. Baumruker T, Billich A, Brinkmann V. FTY720, an immunomodulatory sphingolipid mimetic:
translation of a novel mechanism into clinical benefit in multiple sclerosis. Expert Opin. Investig.
Drugs 2007;16:283–289.

72. Bassi R, Anelli V, Giussani P, Tettamanti G, Viani P, Riboni L. Sphingosine-1-phosphate is released
by cerebellar astrocytes in response to bFGF and induces astrocyte proliferation through G(i)-protein-
coupled receptors. Glia 2006;53:621–630. [PubMed: 16470810]

73. Kajimoto T, Okada T, Yu H, Goparaju SK, Jahangeer S, Nakamura S. Involvement of sphingosine-1-
phosphate in glutamate secretion in hippocampal neurons. Mol. Cell Biol 2007;27:3429–3440.
[PubMed: 17325039]

74. Tornquist K, Saarinen P, Vainio M, Ahlstrom M. Sphingosine 1-phosphate mobilizes sequestered
calcium, activates calcium entry, and stimulates deoxyribonucleic acid synthesis in thyroid k.
Endocrinology 1997;138:4049–4057. [PubMed: 9322911]

75. Titievsky A, Titievskaya I, Pasternack M, Kaila K, Tornquist K. Sphingosine inhibits voltage-operated
calcium channels in GH4C1 cells. J. Biol. Chem 1998;273:242–247. [PubMed: 9417071]

76. Blom T, Bergelin N, Slotte JP, Tornquist K. Sphingosine kinase regulates voltage operated calcium
channels in GH4C1 rat pituitary cells. Cell Signal 2006;18:1366–1375. [PubMed: 16321506]

77. Fujita T, Okada T, Hayashi S, Jahangeer S, Miwa N, Nakamura S. Delta-catenin/NPRAP (neural
plakophilin-related armadillo repeat protein) interacts with and activates sphingosine kinase 1.
Biochem. J 2004;382:717–723. [PubMed: 15193146]

Bryan et al. Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



78. Van Brocklyn JR, Young N, Roof R. Sphingosine-1-phosphate stimulates motility and invasiveness
of human glioblastoma multiforme cells. Cancer Lett 2003;199:53–60. [PubMed: 12963123]

79. Young N, Van Brocklyn JR. Roles of sphingosine-1-phosphate (S1P) receptors in malignant behavior
of glioma cells. Differential effects of S1P(2) on cell migration and invasiveness. Exp. Cell Res
2007;313:1615–16127. [PubMed: 17376432]

80. MacLennan AJ, Carney PR, Zhu WJ, Chaves AH, Garcia J, Grimes JR, Anderson KJ, Roper SN, Lee
N. An essential role for the H218/AGR16/Edg-5/LP(B2) sphingosine 1-phosphate receptor in
neuronal excitability. Eur. J. Neurosci 2001;14:203–209. [PubMed: 11553273]

81. Maclennan AJ, Benner SJ, Andringa A, Chaves AH, Rosing JL, Vesey R, Karpman AM, Cronier SA,
Lee N, Erway LC, Miller ML. The S1P(2) sphingosine 1-phosphate receptor is essential for auditory
and vestibular function. Hear. Res 2006;220:38–48. [PubMed: 16945494]

82. Herr DR, Grillet N, Schwander M, Rivera R, Muller U, Chun J. Sphingosine 1-phosphate (S1P)
signaling is required for maintenance of hair cells mainly via activation of S1P2. J. Neurosci
2007;27:1474–1478. [PubMed: 17287522]

83. Kono M, Belyantseva IA, Skoura A, Frolenkov GI, Starost MF, Dreier JL, Lidington D, Bolz SS,
Friedman TB, Hla T, Proia RL. Deafness and stria vascularis defects in S1P2 receptor null mice. J.
Biol. Chem 2007;282:10690–10696. [PubMed: 17284444]

84. Zhang YH, Vasko MR, Nicol GD. Intracellular sphingosine 1-phosphate mediates the increased
excitability produced by nerve growth factor in rat sensory neurons. J. Physiol 2006;575:101–113.
[PubMed: 16740613]

85. Zhang YH, Fehrenbacher JC, Vasko MR, Nicol GD. Sphingosine-1-phosphate via activation of a G-
protein-coupled receptor(s) enhances the excitability of rat sensory neurons. J. Neurophysiol
2006;96:1042–1052. [PubMed: 16723416]

86. Kimura A, Ohmori T, Ohkawa R, Madoiwa S, Mimuro J, Murakami T, Kobayashi E, Hoshino Y,
Yatomi Y, Sakata Y. Essential roles of sphingosine 1-phosphate/S1P1 receptor axis in the migration
of neural stem cells toward a site of spinal cord injury. Stem Cells 2007;25:115–124. [PubMed:
16990586]

87. Yu N, Lariosa-Willingham KD, Lin FF, Webb M, Rao TS. Characterization of lysophosphatidic acid
and sphingosine-1-phosphate-mediated signal transduction in rat cortical oligodendrocytes. Glia
2004;45:17–27. [PubMed: 14648542]

88. Saini HS, Coelho RP, Goparaju SK, Jolly PS, Maceyka M, Spiegel S, Sato-Bigbee C. Novel role of
sphingosine kinase 1 as a mediator of neurotrophin-3 action in oligodendrocyte progenitors. J.
Neurochem 2005;95:1298–1310. [PubMed: 16313513]

89. Jaillard C, Harrison S, Stankoff B, Aigrot MS, Calver AR, Duddy G, Walsh FS, Pangalos MN,
Arimura N, Kaibuchi K, Zalc B, Lubetzki C. Edg8/S1P5: an oligodendroglial receptor with dual
function on process retraction and cell survival. J. Neurosci 2005;25:1459–1469. [PubMed:
15703400]

90. Novgorodov AS, El-Alwani M, Bielawski J, Obeid LM, Gudz TI. Activation of sphingosine-1-
phosphate receptor S1P5 inhibits oligodendrocyte progenitor migration. FASEB J 2007;21:1503–
1514. [PubMed: 17255471]

91. Jung CG, Kim HJ, Miron VE, Cook S, Kennedy TE, Foster CA, Antel JP, Soliven B. Functional
consequences of S1P receptor modulation in rat oligodendroglial lineage cells. Glia 2007;55:1656–
1667. [PubMed: 17876806]

92. Kappos L, Antel J, Comi G, Montalban X, O'Connor P, Polman CH, Haas T, Korn AA, Karlsson G,
Radue EW. Oral fingolimod (FTY720) for relapsing multiple sclerosis. N. Engl. J. Med
2006;355:1124–1140. [PubMed: 16971719]

93. Allende ML, Sasaki T, Kawai H, Olivera A, Mi Y, van Echten-Deckert G, Hajdu R, Rosenbach M,
Keohane CA, Mandala S, Spiegel S, Proia RL. Mice deficient in sphingosine kinase 1 are rendered
lymphopenic by FTY720. J. Biol. Chem 2004;279:52487–52492. [PubMed: 15459201]

94. Kharel Y, Lee S, Snyder AH, Sheasley-O'neill L, S, Morris MA, Setiady Y, Zhu R, Zigler MA, Burcin
TL, Ley K, Tung KS, Engelhard VH, Macdonald TL, Lynch KR. Sphingosine kinase 2 is required
for modulation of lymphocyte traffic by FTY720. J. Biol. Chem 2005;280:36865–36872. [PubMed:
16093248]

Bryan et al. Page 14

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



95. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, Allende ML, Proia RL, Cyster
JG. Lymphocyte egress from thymus and peripheral lymphoid organs is dependent on S1P receptor
1. Nature 2004;427:355–360. [PubMed: 14737169]

96. Graler MH, Goetzl EJ. The immunosuppressant FTY720 down-regulates sphingosine 1-phosphate
G protein-coupled receptors. FASEB J 2004;18:551–553. [PubMed: 14715694]

97. Cyster JG. Chemokines, sphingosine-1-phosphate, and cell migration in secondary lymphoid organs.
Annu. Rev. Immunol 2005;23:127–159. [PubMed: 15771568]

98. Coelho RP, Payne SG, Bittman R, Spiegel S, Sato-Bigbee C. The immunomodulator FTY720 has a
direct cytoprotective effect in oligodendrocyte progenitors. J. Pharmacol. Exp. Ther 2007;323:626–
635. [PubMed: 17726159]

99. Rao TS, Lariosa-Willingham KD, Lin FF, Palfreyman EL, Yu N, Chun J, Webb M. Pharmacological
characterization of lysophospholipid receptor signal transduction pathways in rat cerebrocortical
astrocytes. Brain Res 2003;990:182–194. [PubMed: 14568343]

100. Mullershausen F, Craveiro LM, Shin Y, Cortes-Cros M, Bassilana F, Osinde M, Wishart WL,
Guerini D, Thallmair M, Schwab ME, Sivasankaran R, Seuwen K, Dev KK. Phosphorylated
FTY720 promotes astrocyte migration through sphingosine-1-phosphate receptors. J. Neurochem
2007;102:1151–1161. [PubMed: 17488279]

101. Anelli V, Bassi R, Tettamanti G, Viani P, Riboni L. Extracellular release of newly synthesized
sphingosine-1-phosphate by cerebellar granule cells and astrocytes. J. Neurochem 2005;92:1204–
1215. [PubMed: 15715670]

102. Sato K, Ishikawa K, Ui M, Okajima F. Sphingosine 1-phosphate induces expression of early growth
response-1 and fibroblast growth factor-2 through mechanism involving extracellular signal-
regulated kinase in astroglial cells. Brain Res. Mol. Brain Res 1999;74:182–189. [PubMed:
10640689]

103. Sorensen SD, Nicole O, Peavy RD, Montoya LM, Lee CJ, Murphy TJ, Traynelis SF, Hepler JR.
Common signaling pathways link activation of murine PAR-1, LPA, and S1P receptors to
proliferation of astrocytes. Mol. Pharmacol 2003;64:1199–1209. [PubMed: 14573770]

104. Tham CS, Lin FF, Rao TS, Yu N, Webb M. Microglial activation state and lysophospholipid acid
receptor expression. Int. J. Dev. Neurosci 2003;21:431–443. [PubMed: 14659994]

105. Sato K, Ui M, Okajima F. Differential roles of Edg-1 and Edg-5, sphingosine 1-phosphate receptors,
in the signaling pathways in C6 glioma cells. Brain Res. Mol. Brain Res 2000;85:151–160.
[PubMed: 11146117]

106. Osinde M, Mullershausen F, Dev KK. Phosphorylated FTY720 stimulates ERK phosphorylation in
astrocytes via S1P receptors. Neuropharmacology 2007;52:1210–1218. [PubMed: 17379261]

107. Lepley D, Paik JH, Hla T, Ferrer F. The G protein-coupled receptor S1P2 regulates Rho/Rho kinase
pathway to inhibit tumor cell migration. Cancer Res 2005;65:3788–3795. [PubMed: 15867375]

108. Malchinkhuu E, Sato K, Maehama T, Mogi C, Tomura H, Ishiuchi S, Yoshimoto Y, Kurose H,
Okajima F. S1P(2) receptors mediate inhibition of glioma cell migration through Rho signaling
pathways independent of PTEN. Biochem. Biophys. Res. Commun 2007;366:963–968. [PubMed:
18088600]

109. Kim K, Kim YL, Sacket SJ, Kim HL, Han M, Park DS, Lee BK, Lee WK, Ha HJ, Im DS. Sphingosine
1-phosphate (S1P) induces shape change in rat C6 glioma cells through the S1P2 receptor:
development of an agonist for S1P receptors. J. Pharm. Pharmacol 2007;59:1035–1041. [PubMed:
17637200]

Bryan et al. Page 15

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Abridged scheme showing pathways for synthesis and degradation of S1P and its actions
through S1P receptors expressed in the brain.

Bryan et al. Page 16

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Regulatory elements within the 5′ flanking region of the sphk1 gene. See text for more details.
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Table 1
S1P receptors and functions in neurons and glial cells

Receptor Functions Reference

S1P1 Regulates neurite outgrowth/extension in neurons [34]

Depolarization-induced glutamate release is dependent on [73]

SphK1, S1P formation, and subsequent S1P1 activation

Migration of neural stem cells toward a site of spinal cord injury [86]

Mediates stimulation of ERK/Egr-1/FGF-2 in C6 glioma [105]

Mediates ERK activation in astrocytes [106]

Promotes astrocyte motility [100]

Mediates PDGF-induced mitogenesis of oligodendrocyte
precursors

[91]

S1P2 Inhibits neurite extension in neurons [34]

Maintenance of vestibular and cochlear hair cells [82]

Inhibits glioblastoma motility [107,108]

Increases glioma invasion [79]

Induces morphology changes in C6 glioma cells [109]

Induced PLC/Ca2+ in C6 glioma cells

Essential for neuronal development/excitability in zebrafish [80]

Spontaneous seizures in S1P2 null mice [80]

Loss of vestibular function in S1P2 null mice [81–83]

S1P3 May inhibit neurite extension in PC12 cells [34]

S1P4 Only expressed in lymphatic and hematopoietic tissues

S1P5 Stimulation of PLC-Ca2+ and PLD in C6 glioma [105]

Inhibits oligodendrocyte progenitor migration [90]

Induces process retraction and cell survival in oligodendroglial
cells

[89]
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