
Review

Sphingosine kinase, sphingosine-1-phosphate, and apoptosis

Michael Maceykaa, Shawn G. Payneb, Sheldon Milstienb, Sarah Spiegela,*

aDepartment of Biochemistry, Medical College of Virginia Campus, Virginia Commonwealth University, 1101 E. Marshall St., Richmond, VA 23298-0614, USA
bLaboratory of Cellular and Molecular Regulation, National Institute of Mental Health, Bethesda, MD 20892, USA

Received 5 February 2002; received in revised form 16 April 2002; accepted 29 October 2002

Abstract

The sphingolipid metabolites ceramide (Cer), sphingosine (Sph), and sphingosine-1-phosphate (S1P) play an important role in the

regulation of cell proliferation, survival, and cell death. Cer and Sph usually inhibit proliferation and promote apoptosis, while the further

metabolite S1P stimulates growth and suppresses apoptosis. Because these metabolites are interconvertible, it has been proposed that it is not

the absolute amounts of these metabolites but rather their relative levels that determines cell fate. The relevance of this ‘‘sphingolipid rheostat’’

and its role in regulating cell fate has been borne out by work in many labs using many different cell types and experimental manipulations. A

central finding of these studies is that Sph kinase (SphK), the enzyme that phosphorylates Sph to form S1P, is a critical regulator of the

sphingolipid rheostat, as it not only produces the pro-growth, anti-apoptotic messenger S1P, but also decreases levels of pro-apoptotic Cer and

Sph.

Given the role of the sphingolipid rheostat in regulating growth and apoptosis, it is not surprising that sphingolipid metabolism is often

found to be disregulated in cancer, a disease characterized by enhanced cell growth, diminished cell death, or both. Anticancer therapeutics

targeting SphK are potentially clinically relevant. Indeed, inhibition of SphK has been shown to suppress gastric tumor growth [Cancer Res. 51

(1991) 1613] and conversely, overexpression of SphK increases tumorigenicity [Curr. Biol. 10 (2000) 1527]. Moreover, S1P has also been

shown to regulate angiogenesis, or new blood vessel formation [Cell 99 (1999) 301], which is critical for tumor progression. Furthermore,

there is intriguing new evidence that S1P can act in an autocrine and/or paracrine fashion [Science 291 (2001) 1800] to regulate blood vessel

formation [J. Clin. Invest. 106 (2000) 951]. Thus, SphK may not only protect tumors from apoptosis, it may also increase their vascularization,

further enhancing growth. The cytoprotective effects of SphK/S1P may also be important for clinical benefit, as S1P has been shown to protect

oocytes from radiation-induced cell death in vivo [Nat. Med. 6 (2000) 1109]. Here we review the growing literature on the regulation of SphK

and the role of SphK and its product, S1P, in apoptosis.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Sphingolipid metabolism

Sphingolipids are ubiquitous constituents of eukaryotic

membranes characterized by the presence of an acylated

sphingoid base, ceramide (Cer). Cer is deacylated by ceram-

idases, yielding a sphingoid base, the most common of these

in mammals is sphingosine (Sph). In order for the sphingoid

base to be catabolized, it must be phosphorylated on the 1-

OH by Sph kinases (SphK). The product of this reaction,

Sph-1-phosphate (S1P), is irreversibly degraded in the

endoplasmic reticulum by S1P lyase to ethanolamine phos-

phate and hexadecenal. Cells also contain S1P phosphatase

and Cer synthase activities, allowing S1P to be converted

back to Cer. Cells maintain a dynamic equilibrium in the

levels of Cer, Sph, and S1P (Fig. 1). This is more than a

salvage pathway, as Cer, Sph, and S1P have all been

demonstrated to be second messengers, conserved from

yeast to man. Although specific enzymes of sphingolipid

metabolism have distinct localization and topology, the

subcellular locations of Cer, Sph, and S1P have not been

well defined yet.
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Resting cells typically have very low levels of all three

sphingolipid metabolites. Metabolism and signaling is com-

monly initiated by activation of different forms of sphingo-

myelinases, enzymes that cleave the membrane lipid

sphingomyelin to Cer and phosphocholine. In many cell

types, increased Cer leads to cell growth arrest and apopto-

sis (reviewed in Refs. [7,8]). For example, UV, anticancer

drugs, and cytokines activate sphingomyelinases, increase

endogenous Cer levels, and induce apoptosis [8–10]. Cer

increases are often necessary for apoptosis, as demonstrated

by protection from apoptosis of cells lacking acidic sphin-

gomyelinase activity and re-sensitization to apoptosis by

exogenously added Cer [6,11–13]. There is also compelling

evidence that certain anticancer drugs induce apoptosis via

increasing de novo synthesis of Cer [14–16]. Moreover,

recent data suggest that capping of Fas is a Cer-dependent

event required for optimal Fas killing in some cell types

[17].

Sph is not produced by de novo biosynthesis. It only is

formed by deacylation of Cer. In the de novo Cer biosyn-

thetic pathway, dihydro-Sph is an intermediate, which is N-

acylated to dihydro-Cer prior to introduction of the 4–5

trans double bond characteristic of Sph [18]. Sph is a protein

kinase C inhibitor [19] and increased Sph levels also inhibit

cell growth and induce apoptosis. For example, apoptosis

mediated through Fas increases ceramidase activity and

concomitant Sph levels in Jurkat cells leading to apoptosis

[20]. Consistent with a role for Sph in apoptosis, it has

recently been demonstrated that caspase-3-like proteases are

activated during Sph-induced apoptosis in hepatoma cells

[21]. However, it is still not clear whether increased Sph

levels are sufficient to induce apoptosis.

Unlike Cer and Sph, S1P promotes cell growth and

inhibits apoptosis (reviewed in Refs. [22,23]). Many external

stimuli, particularly growth and survival factors, activate

SphK, leading to an increase in S1P levels and a concomitant

decrease in Cer levels. The antagonistic effects of these

metabolites are regulated by enzymes that interconvert Cer,

Sph, and S1P. Thus, conversion of Cer and Sph to S1P

simultaneously removes pro-apoptotic signals and creates a

survival signal, and vice versa. This led to the proposal of a

‘‘sphingolipid rheostat’’ as a critical factor determining cell

fate [24]. According to this hypothesis, it is not the absolute

levels but the relative amounts of these antagonistic metab-

olites that determines cell fate. In agreement, it has been

shown that increased S1P protects against Cer-induced

apoptosis, and depletion of S1P enhances Cer-induced

apoptosis [24–27]. Cells overexpressing acid ceramidase

are protected from tumor necrosis factor-a (TNF-a)-induced

apoptosis [28], presumably by shunting Cer to S1P. It has

also been shown that deletion of the acid sphingomyelinase

gene as well as exogenous addition of S1P protect oocytes in

vivo from radiation-induced apoptosis [6].

The roles of Cer and Sph in apoptosis have been dis-

cussed recently in several excellent reviews [7,8,10], and in

this review, we will focus on the role of SphK and its product

S1P in apoptosis.

2. SphK, the enzymes

The first mammalian SphK, murine or mSphK1, was

cloned [29] based on tryptic peptides derived from highly

purified rat SphK [30]. Two isoforms were cloned, termed

mSphK1a and mSphK1b, that likely arose from alternative

mRNA splicing and that differ by only a few amino acids at

their amino-termini. Subsequently, human SphK1 was also

cloned [31–33]. mSphK1 and hSphK1 have similar and

broad adult tissue distributions, with mRNA being more

highly expressed in brain, heart, lung, and spleen. With an

Fig. 1. Metabolism of S1P in mammalian cells. De novo synthesis of sphingolipids begins with the condensation of serine and palmitate to 3-ketosphinganine,

which is reduced to dihydrosphingosine. Ceramide synthase catalyzes the N-acylation of DHS to dihydroceramide. The 4–5 trans double bond is then

introduced, forming Cer. Sph is not produced by the de novo pathway and can only be formed by deacylation of ceramide. Sphingomyelin synthase adds a

phosphocholine to the primary hydroxyl of Cer, forming sphingomyelin. Many agonists activate sphingomyelinases, which remove the head group and form Cer.

Sph can be phosphorylated to form S1P that can either be converted back to Sph by specific phosphatases or irreversibly broken down to hexadecenal and

phosphoethanolamine by the action of S1P lyase. For abbreviations, see text.
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apparent molecular mass of 49 kDa, mSphK1 appears to

function as a monomer [30]. SphK1 has no signal sequence

or transmembrane domains, and is predominantly found in

the cytosol [29]. As expected, the naturally occurring erythro

enantiomers of Sph and, to a lesser extent, dihydro-Sph, are

the best substrates for recombinant SphK1, while the known

SphK inhibitors, threo-dihydrosphingosine (DHS) [34] and

N,N-dimethylsphingosine (DMS) [35], act as competitive

inhibitors [36].

On the basis of homology to SphK1, a second SphK

(SphK2) was cloned from both mouse and human [37].

SphK2 contains 200 amino acids more than SphK1, and its

mRNA is ubiquitously expressed in adult tissues. SphK1

and SphK2 have five conserved domains of approximately

50% identity, the second of which has a conserved ATP

binding domain found in a related lipid kinase family, the

diacylglycerol kinases [37,38]. Unlike SphK1, SphK2 has a

slightly higher preference for erythro-dihydro-Sph and,

though inhibited by DMS, is not inhibited by threo-DHS.

Although SphK2 has seven transmembrane domains pre-

dicted by hydropathy analysis, most of the SphK2 activity

in transfected cells is found in the cytosol [37]. While type

1 and type 2 SphK are the only isoforms cloned to date

from mammalian cells, SphK activities have been found in

various tissues that have properties that do not correspond

to either of the known SphKs [39,40] and data base

searches of other species have identified SphK homologues

in plants, insects, and zebra fish. Thus, there may be many

more SphKs remaining to be definitively identified and

many more potential roles of phosphorylated sphingoid

bases.

3. Activation of SphK

There is a rapidly growing list of agonists, especially

growth and survival factors, that have been reported to

increase SphK activity. These include ligands for G-protein

coupled receptors (GPCR), including acetylcholine [41,42],

prosaposin [43], lysophosphatidic acid [44], formylmethio-

nine peptide [45], and others [46–48]. Even S1P itself has

been shown to activate SphK through a specific GPCR [49].

Agonists of growth factor receptor tyrosine kinases also

mediate activation of SphK, including PDGF [50], nerve

growth factor (NGF) [25], and epithelial growth factor

(EGF) [51]. Cross-linking of immunoglobulin receptors

FcgRI [52], FcgRIII [53], FcqRI [54], and the endogenous

ganglioside GM1 [55] also activate SphK. Although in most

cases the mechanisms are unknown, many other biologically

active agents also activate SphK including TNF-a [56],

vitamin D3 [57], phorbol ester [58,59], AlF4
� [45], serum

[50], and oxidized LDL [60]. In most of these cases,

activation of SphK is required for the signaling effects

observed. Proof for the involvement of SphK activation

and concomitant S1P production was usually based on the

ability of inhibitors of SphK to block agonist-induced effects

and/or the ability of exogenously added S1P or a precursor to

bypass the agonist. As with most signaling systems, agonist-

induced stimulation of SphK shows some specificity. For

example, EGF stimulates SphK in a HEK cell line stably

overexpressing muscarinic acetylcholine receptor (mAChR)

M3 but not in a HEK cell line stably overexpressing mAChR

M2 [51].

Many of the reports of SphK activation cited above were

based on either measured increases of cell-associated S1P or

in vitro SphK assays. As cells also have S1P phosphatase

and S1P lyase activities [40], it is possible that an increase in

S1P may not be the result of agonist-induced activation of

SphK but due to inhibition of S1P phosphatase and/or S1P

lyase. However, several lines of evidence suggest that SphK

activation is indeed the major mechanism for agonist-

induced S1P accumulation. First, while there are a number

of reports of activation of sphingomyelinase, ceramidase,

and SphK, neither S1P phosphatase nor S1P lyase have been

shown to be regulated. Thus, the low basal levels of S1P in

cells suggest that S1P levels are likely to be regulated

primarily by synthesis rather than degradation. Perhaps the

best evidence that SphK activation controls S1P levels in

response to agonist stimulation comes from experiments

with a dominant negative form of SphK1 [38]. A point

mutation was made in the putative ATP binding domain that,

by analogy to the highly similar diacylglycerol kinase

sequence, should inactivate SphK1. Indeed, the mutant

protein did not have any measurable SphK activity when

expressed in HEK cells. Moreover, though expression of the

catalytically inactive mutant had no effect on basal SphK

activity in these cells, it prevented the activation of SphK in

response to TNF-a, interleukin-1h, and phorbol esters. This

suggests that the mutated SphK acts as a dominant negative,

perhaps competing with the wild-type enzyme for activating

factors.

How do agonists increase SphK activity? No definitive

answer can be put forward at this time, but there are some

provocative clues. Pitson et al. [32] purified hSphK1 from

placenta and from Escherichia coli expressing the recombi-

nant protein. They compared a number of physical and

enzymatic properties between the two, and found surprisingly

little difference, indicating that SphK1 is not post-transla-

tionally modified and is active under basal conditions. A hint

to the mechanism of SphK activation comes from the obser-

vation that the majority of both SphK1 and SphK2 activities

are found in the cytosol [29,30,37,40], while the hydrophobic

substrate Sph is generated in membranes. Additionally, both

SphKs are stimulated by the acidic membrane phospholipid

phosphatidylserine [37]. Thus, translocation to membranes

could be one means of activating SphK, either by direct

association with an activating membrane component or by

bringing it in close proximity to its substrate. Indeed, in

NIH3T3 fibroblasts, PDGF induces translocation of SphK1

to the leading edge of lamellipodia [61] after short-term

treatment and to the nucleus after long-term stimulation

[62]. However, translocation cannot account for all of the
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SphK activation, even by PDGF, as increased activity has

been measured in cytosolic preparations devoid of mem-

branes (for example, Refs. [63,64]).

A recent study identified a TNF receptor-associated factor

2 (TRAF2) binding motif of SphK that mediated the inter-

action between TRAF2 and SphK resulting in the activation

of the enzyme, which in turn is required for TRAF2-mediated

activation of NF-nB but not JNK [65]. In addition, it was

shown that the interaction of TRAF2 with SphK and sub-

sequent activation of SphK are critical for prevention of

apoptosis by TNF-a [65].

Another possible mechanism of activation was uncov-

ered during the first successful purification of SphK when it

was found that the enzyme bound to a calmodulin affinity

column in a calcium-dependent manner [30]. By motif

search, both hSphK1 and mSphK1 were found to contain

putative calcium/calmodulin binding domains [29,31]. Con-

sistent with a role for calcium in SphK activation, some of

the agonists activate SphK by initiating an increase in

cytosolic calcium [42,47,66], but this may not be required

in all cell types (for example, Ref. [44]). Using TRMP cells

which have no functional PDGF receptors, Olivera et al.

[66] added back PDGF receptors mutant for the various

phospho-tyrosine effector binding sites. They found that

PDGF-induced activation of SphK was restored only when

the specific tyrosine residue required for PLCg activation

leading to calcium mobilization was intact, suggesting that

calcium is required for SphK activation in these cells.

Further support for calcium-induced activation of SphK

was provided by the demonstration that the intracellular

calcium chelator BAPTA-AM inhibited PDGF-induced acti-

vation of SphK. Conversely, increasing intracellular calcium

via inhibition of ER calcium pumps or with a calcium

ionophore activated SphK in the absence of PDGF. Similar

results were obtained in HEK cells stably expressing

mAChR M2 and M3, in which receptor activation results

in PLC activation and SphK activation [42]. Again, SphK

activation was blocked by chelating intracellular calcium

with BAPTA-AM, while calcium ionophores activated

SphK in these cells. Moreover, the classical PLC/IP3 medi-

ated calcium entry pathway is only transiently stimulated,

while activation of SphK results in a positive feedback loop,

with S1P further causing sustained calcium release.

How calcium modulates SphK activity is unclear. Addi-

tion of calcium to SphK1 preparations had no discernable

effect on activity measured in vitro [30], nor was there any

effect of adding calcium/calmodulin to SphK1 from human

placenta or recombinant SphK1 [32]. This suggests that

regulation of SphK1 by calcium/calmodulin is either an

indirect effect mediated by another cellular protein or that

it is involved in subcellular localization.

Another possible calcium-mediated mechanism for SphK

activation is phosphorylation by classical PKCs, which are

activated upon binding calcium and diacylglycerol. In sup-

port of this notion, cellular SphK activity is increased by

treatment with PKC activators [24,36,58], such as phorbol

esters, and there are several consensus PKC phosphorylation

sites in both SphK1 and SphK2. In these studies, phorbol

ester itself did not have a direct effect on SphK activity, and

the SphK activation was inhibited by PKC inhibitors, thus

implicating PKC activity in SphK activation. The physio-

logical relevance of these results is unclear, however, as

PDGF-induced activation of SphK in TRMP cells was

independent of PKC, and down-regulation of PKC as well

as PKC inhibitors did not influence PDGF-induced SphK

activation [66].

Several lines of evidence suggest that PKA can also

activate SphK. First, the SphK1 sequence contains a

consensus PKA phosphorylation site. Second, in pheochro-

mocytoma PC12 neuronal cells, both forskolin and dibu-

tyryl cAMP, two activators of PKA, stimulate SphK

activity [67]. Likewise, SphK activity in RP-11 rat peri-

osteal cells is also stimulated by forskolin treatment [68].

However, to date, definitive evidence demonstrating that

SphK is phosphorylated and that this regulates its activity

is still lacking.

Both monomeric and heterotrimeric G-proteins are impor-

tant players in many signaling pathways. Several heterotri-

meric G-proteins have been shown to play a role in activation

of SphK, including Gai, inhibitable by pertussis toxin

[42,43,45,49], Ga13 [69], and likely GaS [67]. There is also

evidence that the small G-protein Ras may activate SphK1. In

NIH3T3 cells overexpressing constitutively active V12-Ras,

SphK activity was twofold higher than in vector controls [2].

When V12-Ras was co-expressed with a catalytically inac-

tive, dominant-negative mutant of SphK1, SphK activity was

repressed to vector levels. The interaction of dominant-

negative SphK1 with V12-Ras has functional consequences,

as the ability to form foci was reduced to a level similar to that

of cells expressing V12-Ras alone treated with the SphK

inhibitor, DMS. Neither DMS nor the dominant-negative

SphK1 had any effect on the ability of another oncogene,

v-Src, to form foci, indicating that SphK activity is not

necessary for foci formation in general, although inhibitors

of SphK suppress tumor growth [1]. Together, these data

suggest that Ras may activate SphK1, and that the increase in

SphK activity and concomitant production of S1P may be

required for Ras signaling. Moreover, GTPgS, an activator of

both heterotrimeric and small G proteins, increased SphK

activity when added to permeabilized cells [70] or to cell

extracts [45]. While the latter were not probed for possible

plasma membrane contaminants, these results raise the intri-

guing possibility that SphK activity can be directly regulated

by cytosolic G proteins.

SphK has also been reported to be activated in a PLD-

dependent manner. In interferon-g-primed U937 cells, clus-

tering of FcgRI led to the activation of SphKwithin 30 s. This

activation was shown to be PLD-dependent as butan-1-ol,

which inhibits the formation of phosphatidic acid, but not

inactive butan-2-ol, inhibited SphK activation [71]. PLD

potentially could activate SphK by stimulating its transloca-

tion to membranes.
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4. SphK and apoptosis

A number of studies demonstrate the pro-growth and anti-

apoptotic effects of SphK. Perhaps the clearest of these

involve the enforced expression of SphK1. Expression of

SphK1 in NIH3T3, HEK293, and Jurkat T cells results in

four- to eightfold increases in S1P levels but, somewhat

paradoxically, almost 1000-fold increase in SphK activity

measured in vitro [63]. The SphK1 overexpressing cells had

decreased levels of Cer and Sph. Surprisingly, these cells still

responded to PDGF like the vector controls with a roughly

twofold increase in SphK activity upon stimulation with

PDGF, suggesting that the recombinant enzyme behaved

the same as the native enzyme and possibly that cellular

activator(s) of SphK are abundant. The SphK1 transfected

cells had higher growth rates and were protected from

apoptosis induced by serum withdrawal or Cer addition.

The protection from Cer-induced apoptosis was blocked by

the SphK inhibitor, DMS. However, this cytoprotective effect

did not extend to all apoptosis inducers, as the broad spectrum

protein kinase inhibitor staurosporine killed vector and

SphK1 cells equally well. Jurkat T cells are known to un-

dergo apoptosis induced by Fas in a Cer-dependent manner

[72]. SphK1 overexpression has also been shown to protect

PC12 cells from apoptosis due to growth factor withdrawal or

exogenous Cer [73] by inhibiting caspase cleavage and

activation of the pro-apoptotic kinase JNK.

That overexpression of SphK1 is able to protect against

apoptosis induced by exogenous Cer, Fas, and serum with-

drawal is intriguing: all of these treatments stimulate sphin-

gomyelinase activity and increase cellular Cer levels, which

activate pro-apoptotic signaling pathways [72,74]. There-

fore, it is possible that some of the survival activity of SphK1

may be a consequence of decreasing levels of the pro-

apoptotic sphingolipid metabolites Cer and Sph. However,

exogenous S1P mimicked the effect of overexpression of

SphK1 in PC12 cells and restored resistance to apoptosis,

thereby confirming that the protective effect of SphK was

due to S1P generation [25].

In yeast, a compelling case can also be made for a role of

SphK in the removal of Sph rather than in S1P synthesis per

se. The brewer’s yeast Saccharomyces cerevisiae expresses

   

Fig. 2. S1P promotes survival and inhibits apoptosis by acting as an intracellular second messenger and/or by intercellular actions. Growth stimuli and cytokines

induce activation of SphK, increasing intracellular levels of S1P. S1P, in turn, promotes survival through several signaling cascades, including activation of ERK

and inhibition of JNK. S1P can also act in an autocrine and/or paracrine fashion by binding to and activating a family of cell surface, S1P-specific G-protein

coupled receptors leading to activation of pro-survival pathways. See text for details.

M. Maceyka et al. / Biochimica et Biophysica Acta 1585 (2002) 193–201 197



two long-chain sphingoid base kinases, Lcb4p and Lcb5p,

with Lcb4p accounting for most of the cellular activity [75].

Heat stress in yeast induces de novo synthesis of sphingo-

lipids, which is required for the heat-induced, transient cell

cycle arrest at G0/G1 [76–78]. In a clever series of experi-

ments, it was shown that de novo synthesis of dihydro-Sph

or phyto-Sph (the fungal analog of Sph), but not Cer or S1P,

was responsible for heat-induced cell cycle arrest [79]. A

yeast strain with deletion of both LCB4 and LCB5 showed

wild-type cell cycle arrest but was delayed in entering S

phase, suggesting that Sph induces G0/G1 arrest and that

SphK removes the Sph block allowing progression to S

phase. These results are intriguing, and may represent a

mechanism of cell cycle control conserved in higher eukar-

yotes, as overexpression of SphK1 in NIH 3T3 fibroblasts

expedited the G1/S transition and increases the percentage of

cells in S phase [63]. Additionally, activation of SphK by

either cholera toxin B subunit or PDGF increased activity of

CDK2, a cyclin-dependent kinase that promotes progression

through the G1/S transition [55,80]. This CDK2 activation

was blocked when DHS was used to inhibit SphK, again

implicating SphK in cell cycle regulation. Interestingly, the

time course for CDK2 activation correlates with the

increased nucleoplasmic SphK activity and translocation of

GFP-SphK1 to the nuclear envelope [62]. Recently, it was

found that overexpression of SphK1 in NIH3T3 fibroblasts

induced a transformed phenotype, allowing them to form

tumors when transplanted onto nude mice [2].

Interesting evidence for an evolutionarily conserved role

for S1P in cell growth and survival also comes from studies

of the slime mold, Dictyostelium discoideum. Li et al. [81]

found that Dictyostelium null for S1P lyase had greater

viability in stationary growth phase than the wild-type

parentals and were resistant to the anti-cancer drug cisplatin

[82], thus suggesting a role for S1P even in this primitive

organism.

5. S1P and apoptosis

S1P was originally proposed to be an intracellular second

messenger [83]. However, the demonstration that the endo-

thelial differentiation gene-1 (EDG-1) family of GPCRs bind

S1P has injected a note of caution into the interpretation of

findings with exogenous S1P treatment of cells. Moreover,

direct intracellular targets for S1P have yet to be identified.

Complicating matters still further is the fact that S1P can be

released from cells as an autocrine or paracrine signal [4].

Nonetheless, there is substantial evidence implicating S1P as

a second messenger. It should be noted that all of the S1P-

specific GPCRs examined have nanomolar Kd’s [84–86],

while exogenous addition normally requires micromolar

levels of S1P for efficient uptake and observable effects

[87]. More direct evidence that S1P is an intracellular

messenger comes from several types of experiments. First,

introduction of S1P directly into the cytosol, either by

microinjection [41,87] or by release from caged-S1P [88],

has the same biological effects as exogenous addition in

certain cell types. Moreover, the S1P analogue, dihydro-S1P,

which binds and activates S1P-specific GPCRs, does not

reproduce all of the effects of exogenous S1P. This indicates

that the known S1P-specific GPCRs are not involved, even

in an autocrine fashion [84–86]. Furthermore, Sph-1-phos-

phonate, which lacks the 1-oxygen and neither activates

S1P-specific GPCRs nor can be hydrolyzed to Sph, has the

same cytoprotective effect on HL-60 cells as S1P [87]. The

strongest evidence for an intracellular role of S1P is the

demonstration that S1P, but not dihydroS1P or Sph, caused

the release of calcium from non-IP3 releasable stores in

permeabilized cells or isolated microsomes [89–91]. In fact,

S1P is now recognized as a major mediator of initiation and

regulation of intracellular calcium (reviewed in Ref. [69]). In

sum, these results clearly implicate S1P as a bona fide,

intracellular second messenger.

Proving, however, that S1P is the intracellular mediator

that promotes cell survival is complicated by the possibility

of conversion of S1P to other signaling molecules and the

possibility of signaling through extracellular receptors (see

below). Nevertheless, the weight of evidence supports the

conclusion that S1P does act intracellularly to inhibit apop-

tosis. One well controlled series of experiments used primary

human umbilical vein endothelial cells (HUVEC) and a

spontaneously transformed HUVEC line, C11 [27].

HUVECs are resistant to apoptosis induced by TNF-a, but

C11 cells are not. TNF-a stimulates Cer production in both

cell lines, but only in HUVECs is SphK also stimulated.

Phorbol ester-induced stimulation of SphK in C11 cells

protects them from apoptosis, and production of Cer, inde-

pendent of SphK activation, kills both types of HUVECs,

indicating that SphK is responsible for protecting them from

Cer-mediated apoptosis. S1P is the intracellular mediator

required for protection of HUVECs from apoptosis because

inhibition of SphK by DMS was permissive for TNF-a-

induced apoptosis, and this effect could be overcome by

exogenous addition of S1P.

How does intracellular S1P protect cells from apoptosis?

The ERK1/2 family compared to the JNK and p38 families

of mitogen activated protein kinases have opposing regu-

latory effects on survival and apoptosis [92]. Indeed, the

antagonistic effects of S1P and Cer/Sph are mediated in part

by reciprocal activation/inhibition of ERK1/2 and JNK/p38

[92–95]. While the role of ERK1/2 is generally thought of

as promoting proliferation, ERK has also been shown to

play a direct role in blocking apoptosis [92]. For example,

ERK can act upstream of cytochrome c release from

mitochondria by inactivating the pro-apoptotic Bcl-2 mem-

ber, Bad, and downstream of cytochrome c release by

inhibition of caspase activation [96]. S1P has been shown

to activate ERK in Swiss 3T3 fibroblasts, and the SphK

inhibitor DHS blocked PDGF- but not EGF-induced acti-

vation of ERK, which was reversed by exogenous S1P [80].

These results implicate S1P as a mediator of PDGF receptor
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signaling to ERK. In U937 leukemia cells, TNF-a activates

ERK in a SphK-dependent manner: DMS inhibits TNF-a-

induced activation of ERK and exogenous S1P activates

ERK independently of TNF-a [56]. Conversely, S1P pro-

motes survival by inhibition of JNK. For example, in U937

cells, S1P inhibited Cer-induced activation of JNK [24].

Together, these results demonstrate a role for S1P in

stimulating anti-apoptotic MAP kinase cascades and inhib-

iting pro-apoptotic MAP kinase cascades.

Phosphatidylinositol-3-kinase (PI3K) is generally con-

sidered to provide anti-apoptotic signals. One of the PI3K

products, phosphatidylinositol 3,4,5-trisphosphate, activates

phosphatidylinositol-dependent kinases (PDKs). In conjunc-

tion with phosphatidylinositol trisphosphate, PDK phos-

phorylates and activates Akt, which blocks Bad-induced

cytochrome c release, thereby inhibiting apoptosis. Akt may

inhibit caspase 9 by direct phosphorylation, and initiate NF-

nB activation by phosphorylating InB-kinase [97]. In the

human hepatoma cell line Huh-7 and in normal human

hepatocytes, TNF-a stimulated SphK, increased S1P, and

activated PI3K and Akt [64], protecting the cells from

apoptosis. Inhibition of SphK blocked TNF-a-induced acti-

vation of PI3K and Akt as well as the apoptosis protective

effect. This inhibition could be bypassed by exogenous

addition of S1P, suggesting that S1P is involved in Akt

activation. Indeed, S1P partially activated Akt in the

absence of TNF-a. This effect was completely inhibited

by pertussis toxin, indicating that exogenous S1P activates

Akt through a Gai coupled receptor. However, pertussis

toxin did not block the TNF-a-induced activation of Akt,

suggesting that S1P may be activating Akt through both

receptor- and non-receptor-driven processes.

S1P has been shown to stimulate several transcription

factors that have been implicated in cell growth regulation

and protection against apoptosis, including AP-1 and NF-nB
[98,99]. Cross-linking of ganglioside GM-1 by cholera toxin

B subunit increased SphK activity and AP-1 activation [55].

Activation of AP-1 was inhibited by DHS, indicating that

SphK-dependent formation of S1P is required. S1P also

stimulated AP-1-dependent transcription in Swiss 3T3 cells

[100] and in MC3T3-E1 osteoblast cells [101]. In HUVECs,

TNF-a stimulated SphK, which in turn activated NF-nB,
leading to transcription of adhesion molecules [56]. Activa-

tion of NF-nB also required SphK, as it was blocked by

DMS, and exogenous S1P activated NF-nB in the absence of

TNF-a. Curiously, however, in U937 cells, S1P activated

NF-nB in a TNF-a-independent manner. In this case, S1P

activation was linked to the ability to release Ca2 + from

intracellular stores, as raising intracellular Ca2 + with the ER

Ca2 + pump inhibitor thapsigargin reproduced the effect of

S1P. Moreover, S1P activation of NF-nB was blocked by

either inhibition of the Ca2 +-dependent protein phosphatase

calcineurin, or by chelation of intracellular Ca2 + with BAP-

TA-AM [102].

Many cells die by apoptosis when they become de-

tached from the substratum, a process referred to as anoi-

kis. In this regard, detachment of adherent HL-60 cells

decreased SphK activity and led to apoptosis [103], and

the SphK inhibitor DMS likewise induced apoptosis in the

attached cells. The requirement for SphK activity was

linked to an increase in S1P, rather than the decreased

Cer or Sph levels, because exogenous S1P rescued the

detached cells from anoikis, while exogenous Cer did not

induce cell death in attached cells. These results suggest

that SphK is activated downstream of cellular attachment

signals, i.e. integrin clustering, perhaps by the tyrosine

kinases focal adhesion kinase or Src, and that S1P may be

an anchorage-dependent survival signal. Furthermore, these

results, together with the observation that S1P also stimu-

lated cell surface expression of the adhesion molecules E-

selectin and VCAM-1 in HUVECs [56], indicate a broad

role for S1P in cell adhesion.

6. S1P as an extracellular inhibitor of apoptosis

Although many studies support an intracellular site of

action for the anti-apoptotic effects of S1P, there are some

contradictory reports that propose an extracellular mecha-

nism for S1P-induced cell survival and proliferation medi-

ated by S1PRs. For example, nanomolar concentrations of

S1P protected the T lymphoblastoma cell line Tsup-1 from

Cer- and Fas-induced apoptosis as well as reduced levels of

the pro-apoptotic protein Bax [104]. Transfection with

antisense plasmids for S1P3/EDG-3 and S1P2/EDG-5

inhibited both S1P-induced protection from apoptosis and

reduction in levels of Bax. S1P treatment also stimulated

cell proliferation and inhibited apoptosis induced by serum

starvation in HTC4 hepatoma cells stably expressing S1P3
or S1P2, as well as inducing signaling events relevant to

survival, such as ERK activation, induction of c-Jun and c-

Fos, and inhibition of caspase-3 activation [105]. In endo-

thelial cells, S1P1 antisense attenuated S1P inhibition of

Cer-induced apoptosis [3]. Inhibition of Gai protein and

ERK activity by pertussis toxin and PD98059, respectively,

also attenuated the cytoprotective effect of S1P, suggesting

that the pro-survival mechanisms of S1P are mediated via

an S1P1/Gai/ERK pathway in endothelial cells. More

recently Kwon et al. [106] demonstrated that antisense

S1P1 significantly inhibited, and S1P3 antisense partially

inhibited, S1P-induced survival of endothelial cells. They

reported that the S1P-induced survival was mediated via

activation of Ca2 +-sensitive eNOS, which was also

inhibited by treatment with antisense S1P1 and S1P3, and

proposed an S1P1- and S1P3/Gai/PLC/Ca
2 +-dependent S1P

signaling pathway.

These contradictory reports leave open the question as

to the site of action or targets of ‘‘anti-apoptotic’’ S1P.

Recently, it was demonstrated that PDGF-induced cell

motility is mediated via stimulation of SphK and produc-

tion of intracellular S1P that can then act in an autocrine or

paracrine manner to transactivate S1P1 [4,5] (Fig. 2). It is
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conceivable that SphK/S1P signaling may function in a

similar manner to promote cell survival. However, not

much is known about translocation of S1P across mem-

branes. Further complicating the matter, CFTR has recently

been shown to be a S1P transporter, regulating the uptake

of S1P from extracellular sources [107]. MAP kinase

activation by S1P was decreased in cells transfected with

CFTR, and it was suggested that CFTR may divert S1P

away from surface receptors, thereby modulating the bio-

logical activity of cell surface S1P receptors.
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