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Sphingolipids have emerged as molecules whose metabolism

is regulated leading to generation of bioactive products

including ceramide, sphingosine, and sphingosine-1-phosphate.

The balance between cellular levels of these bioactive

products is increasingly recognized to be critical to cell

regulation; whereby, ceramide and sphingosine cause

apoptosis and growth arrest phenotypes, and sphingosine-

1-phosphate mediates proliferative and angiogenic responses.

Sphingosine kinase is a key enzyme in modulating the

levels of these lipids and is emerging as an important and

regulated enzyme. This review is geared at mechanisms of

regulation of sphingosine kinase and the coming to light of

its role in disease. 
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Sphingolipids

Research over the past years has shed light onto the biology of

lipids as important signal transduction molecules, whose roles

extend far beyond the confines of membranes. Sphingolipids,

in particular, have emerged as key components of various

cellular responses (Hannun et al., 2001). The biosynthetic

pathway of sphingolipids is complex with several potential

points of regulation and modulation (Hannun et al., 2001).

There are two routes of entry into the sphingolipid pathway,

and both converge on the generation of ceramide, which

makes this molecule key in the generation of the other

bioactive sphingolipids (Fig. 1A). The first route of entry is

the de novo pathway, whereby serine and palmitoyl-CoA

condense with each other, and, through a series of reactions,

generate dihydroceramide then ceramide. The second route is

the salvage pathway, which involves the hydrolysis of membrane

sphingomyelin by sphingomyelinases. Once ceramide is

generated, it can be converted into a number of other bioactive

sphingolipids, including ceramide-1-phosphate (C1P), sphingosine

(Sph), and sphingosine-1-phosphate (S1P). Clearance of

sphingolipids occurs through their conversion by the enzyme

sphingosine kinase to S1P, which is then hydrolyzed by S1P

lyase into hexadecenal and ethanolamine phosphate. It is

becoming apparent that the sphingosine kinase reaction is a

crucial step in sphingolipid metabolism, and this review will

focus on this enzyme’s regulation biochemically, in cells, and

its role in disease.

Sphingosine Kinases

Sphingosine kinase is a key enzyme in the sphingolipid

metabolic pathway as it forms an essential checkpoint that

regulates the relative levels of S1P, sphingosine, and ceramide

(Kohama et al., 1998) (Fig. 1B).

The first attempts to isolate sphingoid base kinase activity

were performed by preliminary fractionation studies on rat

liver (Hirschberg et al., 1970) and human platelets (Stoffel et

al., 1973) and the activity was localized to cytosolic fractions.

Higher level purification was later attained by Louie et al.

who partially purified dihydrosphingosine kinase activity

from bovine brain (Louie et al., 1976) and by Buehrer et al.

who partially purified sphingosine kinase activity from rat

brain (Buehre and Bell, 1992). In 1998, sphingosine kinase

was purified 6 × 105 fold to apparent homogeneity by Olivera

et al. (Olivera et al., 1998). Shortly thereafter, the first

sphingosine kinases were cloned in Saccharomyces cerevisiae,

and were identified as sphingolipid long chain base (LCB)

kinases, hence the gene nomenclature LCB4 and LCB5

(Nagiec et al., 1998). The first mammalian sphingosine kinase

(SK1) was subsequently cloned via peptide sequencing of the

rat enzyme after trypsin digestion followed by mass
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spectrometry and Edman degradation (Kohama et al., 1998).

Then, the human form of the enzyme was identified based on

sequence identity with the mouse enzyme (Nava et al., 2000;

itson et al., 2000). A second isoform of sphingosine kinase

was later cloned by blasting SK1 against the EST data base,

and the second enzyme was called SK2 (Liu et al., 2000).

Sphingosine kinases have also been identified in Caenorhabditis

elegans (Kohama et al., 1998), Drosophila melanogaster

(Herr et al., 2004), and Arabidopsis thaliana (Nishiura et al.,

2000), Dictyostelium discoideum (Min et al., 2005) as well as

other organisms.

In mammals, Northern blot analysis has shown that the two

SK isozymes differ in their temporal and spatial distribution,

with SK1 transcripts appearing before SK2 transcripts during

development (Liu et al., 2000). SK1 mRNA is most highly

expressed in the brain, heart, thymus, spleen, kidney, and lung

(Melendez et al., 2000) whereas SK2 is highest in the kidney

and the liver (Liu et al., 2000). Hydropathy plot analysis

predicts four transmembrane domains in SK2 and none in

SK1 (Spiegel and Milstien, 2003). SK1 and SK2 activities

reside mostly in the soluble extracts of cells, although a small

portion of the activities has been associated with the

membrane component as well. The yeast LCB enzymes do

not show any membrane localization signal, yet significant

SK activity resides in the membrane fractions of these

organisms (Nagiec et al., 1998). LCB4, the major SK in yeast,

was reported in the golgi, the late endosome, and the ER (Hait

et al., 2002; Funato et al., 2003).

Recently, alternatively spliced variants of human SK1 and

human SK2 have been described (Billich et al., 2003), which

differ in their amino terminal portions. The three SK1 proteins

consist of 384, 398, and 470 amino acids whereas the SK2

enzymes consist of 618 and 654 amino acids. Human SK1

localizes to chromosome 17 (17q25.2), whereas SK2 maps to

chromosome 19 (19q13.2).

While SK1 and SK2 are the only two cloned isoforms of

SK in mammalian cells, some studies have reported the

existence of at least three SKs with different properties. Banno

Fig. 1. The sphingolipid pathway. (A) The pathway of sphingolipid metabolism with the sphingosine kinase (SK) enzyme
circled in blue, and the reaction it catalyzes circled in red. (B) Close-up of the SK reaction and the three lipids SK regulates
and their biological effects in cells.
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et al. defined two activity peaks in cytosolic fractions and one

in membrane fractions of human platelets (Banno et al.,

1998). Gijsbers et al. have described SK activities associated

with the plasma membrane and the endoplasmic reticulum, as

well as the cytosol of rat kidney homogenates (Gijsbers et al.,

2001). Moreover, immunodepletion studies using SK1 and

SK2 antibodies have shown that these two proteins do not

account for the entire SK activity in various mouse tissues

(Fukuda et al., 2003). Therefore, it is possible that additional

SK enzymes exist.

Structural properties of sphingosine kinase. Sphingosine

kinase proteins constitute a novel family of lipid kinases as

they do not share homology with other lipid kinases.

Furthermore, the enzymes do not show any homology with

lipid binding domains found in other lipid-binding proteins.

The following descriptions pertain mainly to human SK

enzymes, unless otherwise specified.

Sequence analysis of SK1 reveals two putative calcium/

calmodulin binding motifs (Rhoads and Friedberg, 1997) (Fig. 2).

The first motif, located between residues 290 and 304, is of

the 1-8-14 type A form ((FILVW)XXX(FAILVW)XX-(FAILVW)

XXXXX(FILVW)) with a net positive charge of +3 to +6,

whereas the second motif is of the 1-8-14 type B form

((FILVW)XXXXXX(FAILVW)XXXXX(FILVW) with a positive

charge of +2 to +4) and is located between residues 134 and

153. SK1 has several putative PKC phosphorylation sites

(T54, S181, T205, and S371) and one putative casein kinase II

phosphorylation site (T130). Recently, S225 was shown to be

directly phosphorylated by ERK1/2 to drive SK1 translocation

to the plasma membrane in response to TNFα and PMA

(Pitson et al., 2003). The PPEE379-382 motif mediates the

interaction of SK1 with TRAF2 resulting in the activation of the

enzyme following stimulation by TNFα but not PMA (Xia et

al., 2002). Several other putative posttranslational modification

sites are also found in SK1, such as N-myristoylation sites

(amino acids 5-10, 111-116, 113-118, 293-298) and an N-

glycosylation site (N137).

Human SK2, like SK1, possesses several putative sites for

posttranslational modifications: (i) PKC phosphorylation sites

(T66, T98, T184, S311, S319, T335, S441, and T578), (ii) N-

myristoylation sites (amino acids 20-25, 176-181, 196-201,

236-241, 241-246, 243-248, 325-330, 440-445, 473-478, 538-

543, 554-559, and 604-609), (iii) a tyrosine phosphorylation

site (amino acids 70-78), (iv) casein kinase II phosphorylation

sites (S71, T106, S198, S200, S305, and S383), (v) an

amidation site (amino acids 86-89), (vi) a cAMP and cGMP

dependent protein kinase phosphorylation site (amino acids

93-96), (vii) a tyrosine sulfation site (amino acids 100-114),

and (viii) an N-glycosylation site (N267).

While the above-mentioned modifications may serve as

putative regulators of SK1 and SK2 in a differential manner,

Fig. 2. Protein sequence of human sphingosine kinase 1. SK1 has several putative posttranslational modification sites. Modifications shown in

blue have been demonstrated experimentally. Domains shown in blue give high scores when analyzed by protein analysis algorithms.

All other modifications are putative.
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SK enzymes exhibit homology domains numbered C1-C5.

The C1-C3 domains reside within the putative catalytic

domain of the enzymes, and they share homology with

diacylglycerol (DGK) and ceramide kinases (Sugiura et al.,

2002). The C4 domain is peculiar to sphingosine kinases and

appears to be less conserved in ceramide kinases (Sugiura et

al., 2002). The C5 domain is also conserved in ceramide

kinase (Sugiura et al., 2002) as well as DGKs (Yokota et al.,

2004). Recently, the ATP-binding site in SK was shown to

reside in the C2 domain of the enzyme within the consensus

sequence SGDGx17-21K (Pitson et al., 2002), and mutation of

the glycine downstream of the aspartic acid created a

dominant negative SK1 protein (Pitson et al., 2000). The

sphingosine binding site in the enzyme was reported to

involve the conserved aspartic acid residue in the C4 domain

(Yokota et al., 2004).

Other amino acids with apparent crucial functions have also

been identified in both SK1 and SK2. SK1 has a proline rich

domain at its C-terminus (last 17 amino acids) which is

reminiscent of SH3-binding domains (Ren et al., 1993; Yu et

al., 1994). Although primarily a cytosolic enzyme, SK1 has two

nuclear export sequences (NES) which function cooperatively

to relocate the enzyme from the nucleus to the cytosol

(Inagaki et al., 2003). NES1 lies between amino acids 147-

155 while NES2 between amino acids 161-169 (Inagaki et al.,

2003). Similar to SK1, SK2 has a proline rich domain, but in

this case it spreads over a larger number of amino acids

(amino acids 344-493). A nuclear localization signal (NLS) in

SK2 was mapped to R92 and R93 (Igarashi et al., 2003). SK2

has also been described as a putative BH3-only protein owing

to the presence of a 9-amino acid motif similar to that present

in BH3-only proteins, and L219 in mSK2 (which corresponds

to L218 in hSK2) appears particularly crucial for SK2’s BH3-

only like function (Liu et al., 2003).

Biochemical properties of sphingosine kinase. Prior to cloning

the first sphingosine kinase, the biochemical characteristics of

SK were determined on preparations from tissue or cell

extracts. The substrate specificity of sphingosine kinase in

human platelets was shown to be restricted to the erythro

isoforms of sphingosine and sphinganine (dihydrosphingosine),

with the naturally occurring D-enantiomers being more

effectively phosphorylated (higher Vmax) than the L-isomers,

although the Kms for both substrates are comparable (Stoffel

et al., 1973; Buehrer and Bell, 1992). The threo (D, L, and

DL) enantiomers of sphingosine and dihydrosphingosine are

competitive inhibitors of SK activity (Stoffel et al., 1973;

Buehrer and Bell, 1992). Furthermore, in addition to ATP, SK

can use other nucleotide triphosphates as donors of the

phosphate group, albeit less efficiently (Louie et al., 1976).

The pH optimum for SK activity was also shown to be in the

neutral range (7.2-7.5) (Stoffel et al., 1973; Louie et al.,

1976).

When Olivera et al. purified rat SK1 (Olivera et al., 1998),

the enzyme was shown to have a pH optimum of 6.6-7.5, and

a Km for sphingosine and ATP of 5 and 93 uM, respectively.

Its substrate specificity concurred with previous reports,

whereby the enzyme had the highest activity towards D-

erythro-sphingosine followed by D-erythro-dihydrosphingosine,

and no activity towards DL-threo-dihydrosphingosine,

Dimethylsphingosine, C2-ceramide, dioleoylacylglycerol, or

phosphatidylinositol. In fact, D, L-threo-dihydrosphingosine

and Dimethylsphingosine, both of which were previously

shown to inhibit SK activity, were also competitive inhibitors

of the purified enzyme (Buehrer and Bell, 1992; Yatomi et al.,

1996). The cloned murine SK1 reproduced all the observations

of the rat enzyme from substrate specificities to inhibitor

susceptibility (Kohama et al., 1998).

SK2 shows similar substrate specificities as SK1 with some

differences: SK1 has a higher affinity to D-erythro-sphingosine

than D-erythro-dihydrosphingosine, whereas the opposite is

true for SK2. Moreover, SK2 has a broader substrate specificity

as it can also phosphorylate phytosphingosine (which SK1

does not recognize) and DL-threo-dihydrosphingosine (an

inhibitor of SK1) as well as the immunomodulatory sphingosine

analog FTY720 (Sanchez et al., 2003), which SK1 phosphorylates

to a much lesser extent. Yeast SK activity is also insensitive to

DL-threo-dihydrosphingosine (Lanterman and Saba, 1998).

N,N-Dimethylsphingosine (DMS) is a competitive inhibitor

for SK1 and a noncompetitive one for SK2. Of cautionary

note is that DMS has also been shown to inhibit PKC (Khan

et al., 1990) and to affect muscarinic M3 responses by

mechanisms other than sphingosine kinase inhibition (Young

et al., 2000), so conclusions made from studies using this

compound need to be carefully interpreted, especially that

PKC is capable of activating SK1 (Johnson et al., 2002).

The Kms of human SK1 and SK2 for D-erythro-sphingosine

are comparable (15.6µM for SK1 and 13.8µM for SK2) (Billich

et al., 2003), and their pH optima are similar (7.4) (Pitson et al.,

2000; Liu et al., 2000). The Km of SK1 for ATP is 70-100µM

(Pitsonerg et al., 2000). SK1 activity was also shown to be

highest in the presence of Mg+2 ions, lower with Mn+2 ions, and

very low with Ca+2 ions. Other divalent ions including Zn+2, Cu+2,

Fe+2 completely abolish activity (Pitsonerg et al., 2000).

Moreover, the enzyme was found to be sensitive to salt

concentrations since increasing NaCl or KCl profoundly inhibits

SK1 activity. The opposite is true for SK2, where increasing salt

concentrations stimulates enzyme activity (increases Vmax

without affecting Km) (Liu et al., 2000). Triton X-100, on the

other hand, stimulates SK1 while suppressing SK2 activity (Liu

et al., 2000). BSA, which is often used as a vehicle for substrate

presentation, inhibits SK2 activity while having no effect on SK1

activity (Liu et al., 2000).

Both isoforms of SK are activated by anionic phospholipids,

such as phosphatidylserine (Liu et al., 2000). For SK1 in

particular, it has been shown that phosphatidylinositol, phosphatidic

acid, phosphatidylinositol bisphosphate, and cardiolipin can

all stimulate enzyme activity (Olivera et al., 1996); neutral

phospholipids, however, such as phosphatidylcholine and

phosphatidylethanolamine do not (Pitson et al., 2000; Liu et
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al., 2000). The anionic lipids enhance the Vmax of the enzyme

without affecting the Km for the substrate (Pitson et al.,

2000). Interestingly, although lipids exert an effect on SK

activity in vitro, there are no clear phospholipid-binding

domains in SK.

Regulation of sphingosine kinase: Upstream activators.

Sphingosine kinase is activated by multiple pro-growth

agonists (Maceyka et al., 2002). Upstream activators of SK

include G-protein coupled receptors (GPCRs), small GTPases,

tyrosine kinase receptors, proinflammatory cytokines,

immunoglobulin receptors, calcium, protein kinase activators,

and others. Activators of SK have been recently reviewed by

Maceyka et al. (Maceyka et al., 2002). GPCRs shown to

activate SK include acetylcholine muscarinic receptors

(Meyer zu Heringdorf et al., 1998), prosaposin, LPA (Meyer

zu Heringdorf et al., 1998), formylmethionine peptide, S1P

itself, and others. VEGF and PDGF each activate SK, and this

activation is dependent on the tyrosine phosphorylation of the

surface tyrosine receptors (Olivera et al., 1999; Shu et al.,

2002; Wu et al., 2003). NGF (Edsall et al., 1997), EGF

(Meyer zu Heringdorf et al., 1999), estrogen (Sukocheva et

al., 2003), and FcgR1 and FcgR1 immunoglobulin receptors

(Choi et al., 1996; Melendez et al., 1998) can all stimulate

sphingosine kinase. Potent mitogens such as fetal calf serum

(FCS) enhance cell proliferation via the formation of S1P

through enhanced SK activity (Olivera and Spiegel, 1993).

Phorbol esters can stimulate SK activity in balb/c 3T3

fibroblasts but not in Swiss 3T3 or B16 melanoma cells,

demonstrating cell type specific responses (Mazurek et al.,

1994). The activation of SK has been shown to be indirectly

mediated by PKC in human erythroleukemia cells (Buehrer et

al., 1996). PKC activation by PMA results in activation and

translocation of SK1 to the plasma membrane, an event

associated with the release of S1P to the extracellular medium

(Johnson et al., 2002). Activated vitamin D3 inhibits apoptosis

in HL-60 cells through the activation of SK (Kleuser et al.,

1998). TNFα rescues human umbilical vein endothelial cells

from cell death via the induction of SK activity (Xia et al.,

1998). Oxidized LDL activates sphingomyelinase, ceramidase,

and sphingosine kinase in vascular smooth muscle cells (Auge

et al., 1999), suggesting a role for these enzymes in atherogenesis.

The details of the mechanisms of activation driven by many

of these stimuli are not very well understood, but studies are

beginning to examine the molecular mediators driving SK

activation. Common to many of the activators of SK is their

ability to enhance SK activity posttranscriptionally, by affecting

the phosphorylation state of SK, its localization, or its

interaction with other proteins. In some instances, enhanced

SK activity may be due to a transcriptional/translational

induction. Some agonists activate SK biphasically: acutely via

posttranslational regulation of the protein, and more delayed

activation by transcription and translation.

Regulation by localization. Although primarily a cytosolic

enzyme, studies have shown that activation of SK1 is often

accompanied by its translocation to the plasma membrane.

PMA and TNFα both induce a rapid increase of SK1 protein

and activity at the plasma membrane and an augmented level

of S1P in the extracellular medium (Johnson et al., 2002;

Pitson et al., 2003). The translocation has recently been

shown to be mediated by PS binding of SK1 whereby the

amino acid residues Thr54 and Asn89 are required for

membrane targeting and PS selectivity of SK1 (Stahelin et al.,

2005). Membrane translocation had also been shown to

require an ERK-dependent phosphorylation of SK1 at S225

(Pitson et al., 2003). Moreover, phosphorylation in itself does

not enhance the intrinsic activity of SK1, but rather facilitates

the enzyme’s association with the membrane, where it

becomes more “oncogenic” (Xia et al., 2000; Pitson et al.,

2005). In fact, targeting a phosphorylation deficient SK1

mutant to the plasma membrane is as effective as the wild

type enzyme in conferring resistance to serum starvation

(Pitson et al., 2005; Safadi-Chamberlain et al., 2005),

demonstrating that localization of SK1 to the plasma

membrane provides a selective growth advantage to cells.

Interestingly, S225 phosphorylation may be specific for SK1

movement to the plasma membrane since it does not mediate

SK1 translocation to nascent phagosomes during infection of

macrophages by Mycobacterium tuberculosis (Thompson et

al., 2005), raising the question that other mechanisms of

regulation may be responsible for SK1 trafficking to other

membrane compartments within the cell.

Besides PMA and TNFα, other stimuli can also enhance

translocation of SK1 to the plasma membrane, and mobilize

downstream effects that are SK1-dependent. Ischemic

preconditioning, for example, has been proposed to be cardio

protective because it causes activation and translocation of

SK1 from the cytosol to the membrane (Jin et al., 2004). SK1

also protects macrophages from LPS-mediated apoptosis, and

LPS activates SK1 and induces its membrane translocation

(Wu et al., 2004). The C5a anaphylatoxin mobilizes intracellular

calcium signals and cytokine generation and enhances

macrophage motility via a process involving SK1 activation

and membrane translocation as well (Ibrahim et al., 2004;

Melendez and Ibrahim, 2004). Nerve growth factor (NGF)

induces neurite extension through a pathway involving

sequential translocation of SK1 to the plasma membrane,

followed by an S1P1-dependent activation of Rac GTPase,

which then mediates the cytoskeletal changes required for

neurite extension (Toman et al., 2004). PDGF also recruits

SK1 to the leading edge of fibroblasts, leading to S1P1

activation and formation of lamellipodia (Rosenfeldt et al.,

2001; Hobson et al., 2001).

In addition to relocation to the plasma membrane, SK1 has

also been shown to traffic to the perinuclear region (Delon et

al., 2004) and into the nucleus (Kleuser et al., 2001). PDGF

induces SK activity in both the cytosol and the nucleoplasm,

which correlates with the progression of cells through the cell

cycle (Kleuser et al., 1998). Moreover, two nuclear export
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sequences (NES1 and NES2) identified in SK1 were shown to

mediate shuttling of the protein from the nucleus to the

cytosol (Inagaki et al., 2003).

Interestingly, SK2 shows differences in its localization

depending on cell type and cell condition (Igarashi et al.,

2003). Regardless of cell density, Hela cells show the enzyme

predominantly in the nucleus, whereas HEK293 cells display

cytosolic distribution. COS7 cells, however, have higher SK2

levels in the cytosol at low confluence, yet higher nuclear

levels at high confluence. Moreover, localization of SK2 to

the nucleus inhibits DNA synthesis. Therefore, the translocation

of SK2 from the cytosol to the nucleus may be a signal for

arresting the growth of cells. As such, activation of SK within

the right cellular locale appears to be essential for appropriate

signaling downstream of the enzyme.

Regulation by protein kinase C. Studies showing activation

of SK by the PKC activator PMA are numerous. Although

both SK1 and SK2 have several putative PKC phosphorylation

sites, purified PKC has no effect on SK activity in vitro

(Buehrer et al., 1996). PKC activates SK in two phases;

acutely by translocation of the enzyme to the plasma

membrane, where it may be brought into close proximity with

activating anionic lipids, such as phosphatidylserine (Olivera

et al., 1996; Buehrer et al., 1996; Pitson et al., 2000; Johnson

et al., 2002; Pitson et al., 2003), and chronically by enhanced

transcription of SK through stimulation of its promoter activity

(Buehrer et al., 1996; Nakade et al., 2003). Interestingly,

similar to the translocation effect, the transcriptional effect of

PKC also appears to be ERK dependent (Nakade et al., 2003).

In addition to PMA, ischemic preconditioning can also

activate SK in a PKC-dependent manner, and this activation

mediates the protective effects of preconditioning, which fail

to occur in PKC-null mice (Jin et al., 2004).

Regulation by phospholipase D. Studies on monocytes in

different stages of differentiation to macrophages have shown

that FcgRI aggregation can cause calcium mobilization via

two pathways depending on the differentiation state of the

monocytes (Choi et al., 1996). In cytokine-primed monocytes,

FcgRI activation results in a PLD and SK1 dependent

transient and rapid increase in calcium from intracellular

stores. This pathway occurs independently of PLC/IP3 and it

plays a role in trafficking of internalized immune complexes

for degradation in macrophages (Melendez et al., 1998). As

monocytes become more differentiated, FcgRI activation

produces a PLC/IP3 dependent calcium wave which is slower

and more prolonged than the SK1 driven wave, owing to

calcium influx from outside the cell (Melendez et al., 1998).

Similar dual calcium waves are seen in mast cells after FcgRI

cross linking, and only the first transient and fast wave is

dependent on PLD1-driven SK1 activation at the plasma

membrane, which then induces degranulation (Choi et al.,

1996; Melendez and Khaw, 2002). The second wave is PLD1-

SK1 independent and PLC/IP3 driven and does not contribute

to degranulation (Melendez and Khaw, 2002).

The activation of SK in a PLD dependent manner is also

seen in undifferentiated U937 monocytes following ligation of

MyD-1 (CD172 or SIRP-1a), a member of the signal regulatory

phosphatase binding proteins (SIRP) (Smith et al., 2003), and

SK is necessary for the inhibition of LPS induced TNFα

secretion in those cells. Interestingly, differentiation of

monocytes to macrophages uncouples SK activation from the

MyD-1 pathway, further implicating SK in the undifferentiated

state of monocytes (Smith et al., 2003).

Another study investigating the regulation of SK1 by PLD

showed that the two proteins colocalize in the perinuclear

region in unstimulated cells, and that this colocalization is

further enhanced after activation of PLD1 (Delon et al.,

2004). Furthermore, the same study showed that SK1 binds to

the product of PLD1, phosphatidic acid (PA), which is

proposed to enhance SK1 activity in vitro (Olivera et al.,

1996; Pitson et al., 2000).

Regulation by protein-protein interaction. To date, several

SK1 interacting proteins have been described and shown to

modulate the function of sphingosine kinase in cells. In

addition to ERK-mediated translocation of SK1 to the

membrane, the activation of SK1 at the membrane by TNFα

requires its interaction with the adapter molecule TRAF2 (Xia

et al., 2002). The binding domain to TRAF2 maps to the C-

terminal portion of the enzyme (PPEE379-382). Interestingly,

while this protein-protein interaction is required for SK1

activation by TNFα, it is not necessary for the activation of

the enzyme by PMA, suggesting that, although both agonists

induce translocation of SK1 to membranes by an ERK-

dependent phosphorylation of S225, the activation of SK1 at

the membrane occurs by distinct mechanisms (Xia et al.,

2002; Pitson et al., 2003). Furthermore, the interaction of SK1

with TRAF2 is necessary for the activation of NF-aB (but not

JNK) and antiapoptosis (Xia et al., 2002). Protein-protein

interaction at the level of membranes also occurs in mast cells,

where it has been recently shown that activation of mast cells

induces interaction of SK1 with Lyn kinase, which brings the

lipid kinase into close proximity with the FcgRI receptor

within lipid raft domains (Urtz et al., 2004). This interaction

enhances the activities of both SK1 and Lyn kinase,

demonstrating reciprocal regulation between a lipid and a

protein kinase (Urtz et al., 2004).

Other proteins that interact with and modulate SK1 activity

are SK1-interacting protein (SKIP) (Lacana et al., 2002),

PECAM-1 (Fukuda et al., 2004), and aminoacylase 1 (Maceyka

et al., 2004). All three interacting proteins reduce the activity

of SK1 in vitro. SKIP also abrogates the activation of SK1 by

serum and attenuates the proliferative and antiapoptotic

effects mediated by SK1 under serum and serum starved

conditions, respectively (Lacana et al., 2002).

The interaction of PECAM-1 with SK1 is dependent on the

phosphorylation status of PECAM-1. Dephosphorylation of

PECAM-1 enhances its association with SK1 and the two
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proteins colocalize at cell-cell contacts (Fukuda et al., 2004).

Recently, SK1 was shown to promote the survival of endothelial

cells via a pathway involving induction of PECAM-1, its

dephosphorylation, followed by activation of PI3K/Akt,

which in turn is required for the upregulation of the

antiapoptotic protein Bcl-2 and downregulation of the

proapoptotic protein Bim (Limaye et al., 2005).

Aminoacylase 1 has also been identified by a yeast two

hybrid screen to interact with SK1 (Maceyka et al., 2004).

Interestingly, the full length protein and its C-terminal portion

were both found to reduce SK1 activity slightly in vitro, but

they exerted different effects in cells. While the C-terminal

protein attenuated the pro-proliferative and antiapoptotic

effects of SK1, the full length protein enhanced both effects

(Maceyka et al., 2004).

RPK118 is another SK1-interacting protein (Hayashi et al.,

2002). It binds to SK1 via its second pseudokinase domain

(PSK2), and RPK118 is proposed to regulate the localization

of SK1 by recruiting it to early endosomes (Hayashi et al.,

2002).

Interaction of SK2 with other proteins has also been

described. In fact, it is proposed that the “paradoxical”

proapoptotic effects mediated by SK2 overexpression are due

to its ability to associate with Bcl-xL and to behave as a BH3-

only protein (Liu et al., 2003). Mutation of the amino acid

involved in this interaction reduces the proapoptotic potential

of the enzyme (Liu et al., 2003).

Regulation by calcium. SK is implicated as a downstream

effector for activation by calcium as well as an upstream

mediator of calcium waves in the cell. As noted previously,

SK1 has two putative calcium/calmodulin binding motifs, and

the enzyme binds a calmodulin affinity column in the

presence of calcium (Olivera et al., 1998; Pitson et al., 2000);

however, calcium/calmodulin has no effect on enzyme

activity in vitro (Pitson et al., 2000; Young et al., 2003). In

vivo, the calcium/calmodulin inhibitor W-7 does not inhibit

activation of SK1 by the muscarinic M3 receptor, but inhibits

the translocation of the enzyme to the plasma membrane

(Young et al., 2003), suggesting a role of calcium/calmodulin

in relocation of the enzyme but not its activation.

Regulation of SK by calcium has been suggested by several

studies. Membrane depolarization enhances the activation of

SK and the production of S1P by a verapamil sensitive

mechanism, indicating that calcium influx into the cell through

voltage-gated calcium channels mediates SK activation

(Alemany et al., 2001). Calcium mobilization from intracellular

stores by the Ca+2-ATPase inhibitor thapsigargin (Chin et al.,

2002) or the calcium ionophore ionomycin (Alemany et al.,

2001) activates SK and enhances S1P production, and

inhibition of SK accelerates thapsigargin-induced cell death

(Chin et al., 2002). Activation of SK by calcium also occurs

after stimulation of the purinergic P2Y2 G-protein coupled

receptor. This activation in itself seems necessary for further

increases in calcium (Alemany et al., 2000). Inhibition of

calcium production by the calcium chelator BAPTA/AM

inhibits S1P formation in response to muscarinic receptor

activation, formyl peptide, and P2Y2, indicating further that

initial localized calcium mobilization by PLC may be required

for SK activation, which then produces S1P and leads to a

more profound calcium mobilization (van Koppen et al.,

2001). The role of PLC in producing transient calcium signals

to activate SK is further underscored in a study by Olivera et

al. where they showed that a mutation in the PLC binding

domain of the PDGF receptor abrogates SK activation, and

mobilization of calcium from intracellular stores by thapsigargin

enhances SK activity (Olivera et al., 1999). In HEK cells,

exogenous S1P itself enhances the production of intracellular

S1P, a process that is inhibited by PLC inhibitors (Blom et al.,

2005). Furthermore, increases in intracellular calcium are

completely abrogated by PLC inhibition and partially attenuated

by SK inhibition, suggesting calcium mobilization upstream

and downstream of SK (Blom et al., 2005).

Regulation by transcription/translation. In addition to the

regulation of SK1 by posttranscriptional/posttranslational

mechanisms, some studies have shown that SK1 can be

readily induced, and that one mechanism of activating the

enzyme is through increasing its levels. Several agents can

regulate SK in a biphasic manner: an acute pathway (within

minutes), which is transcription independent and a delayed

pathway (within hours) which is transcription/translation

dependent. PMA, for example, acutely causes the translocation

of SK1 to the plasma membrane (Johnson et al., 2002; Pitson

et al., 2003), while, more chronically, it can induce SK

activity through enhanced transcription, as has been shown in

human erythroleukemia (HEL) cells (Buehrer et al., 1996).

Estrogen also causes a biphasic SK response, where it initially

activates the enzyme in 15 min in an Actinomycin D

independent manner, and then again at 6 h via a transcription

requiring process (Sukocheva et al., 2003). The activation of

SK1 appears necessary for mediating downstream estrogen

effects, including ERK activation, colony growth on soft agar,

and foci formation (Sukocheva et al., 2003). Transforming

growth factor-a also induces SK1 mRNA, protein, activity

and S1P levels in dermal fibroblasts, and this induction is

required for TIMP-1 promoter activation (Yamanaka et al.,

2004). The elevation of SK1 mRNA has also been illustrated

in several tumors compared to adjacent normal tissue,

suggesting that regulation of SK by enhancing its transcript

levels (increased transcription and/or message stability) may

be an important mechanism for driving cell proliferation

(French et al., 2003).

Regulation by proteolysis. While most studies examining the

function of SK1 have focused on approaches that enhance

enzyme activity, recent work has shown that the regulation of

SK1 can also proceed in the opposite direction; namely, by

downregulating the protein and its activity. Interestingly, this

event occurs after stimulation of cells with agents that induce
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programmed cell death, such as TNFα and DNA damage

(Taha et al., 2004). TNFα induces a dose dependent loss of

SK1 protein in MCF-7 cells at time points where proteases of

cell death pathways were active. The decline in SK1 occurs

downstream of the lysosomal cysteine protease cathepsin B,

and inhibition of this protease reverses TNFα effects on SK1.

Moreover, cathepsin B may be directly involved in the loss of

SK1 since the protease cleaves SK1 in vitro. Furthermore,

confocal microscopy in MCF-7 cells shows a close

association of endogenous and overexpressed SK1 with

cathepsin B and the lysosomes (Taha et al., 2004), placing a

pool of SK1 in close proximity to cathepsin B and lending

support to SK1 regulation by the protease.

Other regulators of sphingosine kinase. Sphingosine kinase

can be activated by dibutyryl cAMP in pheochromocytoma

PC12 cells (Rius et al., 1997) and by forskolin in PC12 (Rius

et al., 1997) and periosteal RP-11 cells (Machwate et al.,

1998). Moreover, SK activation in RP-11 cells mediates the

antiapoptotic actions of forskolin (Machwate et al., 1998).

Recently the potential role of SK1 as an oncogene has been

proposed, owing to its ability to stimulate proliferation of cells

and to enhance foci formation and colony growth in soft agar

(Xia et al., 2000). SK was also shown to be activated by the

small GTPase H-Ras (V12-Ras), implicating small G-proteins

as second messengers upstream of SK1.

Sphingosine-1-phosphate (S1P) and S1P Receptors

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid

found in high concentrations in human serum (0.5 mM)

(Yatomi et al., 1997). S1P levels in the cell are controlled by

the balance of activity between synthesizing enzymes

(sphingosine kinases) and degradative enzymes (sphingosine

phosphate phosphatases and sphingosine phosphate lyase)

(Olivera and Spiegel, 2001). The most abundant source of

S1P is platelets (Yatomi et al., 1997; Yang et al., 1999), which

release it upon activation by molecules such as thrombin and

collagen (Yatomi et al., 1995). Platelets lack S1P lyase, which

explains why they may function as storage reservoirs for S1P

(Stoffel et al., 1973; Yatomi et al., 1997). S1P exerts several

effects on cells including proliferation (Zhang et al., 1991),

survival (Cuvillier et al., 1996), regulation of cell motility

(Miura et al., 2000), cytoskeletal reorganization (Garcia et al.,

2001) and yeast heat stress response (Mao et al., 1999). Its

functional role has been defined through the interaction with

cell surface G-protein coupled receptors of the Edg family

(Fukushima et al., 2001), as well as through the intracellular

action as a second messenger (Spiegel, 1999). S1P binds to

five G-protein coupled receptors (GPCRs) with affinities

ranging from 2 nM to 63 nM (Kd values) (Hla et al., 2001).

These receptors were initially named EDG (Endothelial

Differentiation Gene) receptors and have been renamed as

S1P receptors. They are: S1P1 (EDG1), S1P2 (EDG5), S1P3

(EDG3), S1P4 (EDG6), and S1P5 (EDG8).

Intracellular roles of S1P. The role of S1P as an extracellular

ligand is strongly supported by the discovery and cloning of

the EDG/S1P receptors. S1P, however, was initially proposed

as an intracellular second messenger (Olivera and Spiegel,

1993), and studies continue to show that some effects of this

lysophospholipid may be independent of S1P receptor

activation. The responses most closely associated with S1P’s

function as an intracellular effector pertain to its ability to

regulate calcium homeostasis, as well as cell growth,

proliferation, and inhibition of apoptosis. Several lines of

evidence support an intracellular function of S1P. First,

DihydroS1P is an agonist at all S1P receptors, yet it fails to

reproduce all the effects of S1P (Van Brocklyn et al., 1998).

Second, several effects of S1P are attained only with

micromolar concentrations of S1P, which are several fold

higher than the KD for S1P receptors. Third, yeast lack S1P

receptors, but still possess the S1P metabolizing enzymes and

are responsive to S1P. Fourth, plants also lack S1P receptors

but still respond to drought conditions by mobilizing S1P

dependent inhibition of stomatal opening and enhancement of

stomatal closure (Ng et al., 2001; Coursol et al., 2003).

Although S1P can mobilize calcium in cells via its

interaction with its surface receptors, several lines of evidence

point to an intracellular role for S1P in mediating calcium

increases in the cell (Meyer Zu Heringdorf, 2004). Microinjection

of S1P into cells or increasing intracellular S1P by the use of

caged S1P mobilize calcium in a PTX insensitive manner,

whereas extracellular S1P does not induce calcium mobilization

under the same conditions (in the presence of PTX) (Meyer zu

Heringdorf et al., 2003). One other study has used caged S1P

to show that the lipid acts intracellularly to inhibit cell motility

in breast cancer cells (Wang et al., 1999).

An additional effect that may be linked to an intracellular

action of S1P is pro-survival and pro-growth. Van brocklyn et

al. have shown that enhanced thymidine incorporation and

DNA synthesis by S1P are independent of the expression of

S1P1 and correlate with the uptake of S1P (Van Brocklyn et

al., 1998). Moreover, DihydroS1P, an agonist at S1P1, fails to

rescue from apoptosis induced by serum withdrawal or by

sphingomyelinase, whereas an S1P analog lacking the oxygen

at position-1 and which is not an agonist at S1P1, significantly

rescues from cell death (Van Brocklyn et al., 1998).

Interestingly, the nonhydrolyzable phosphonate analog of S1P,

in which the oxygen at position-1 is replaced by a carbon

binds S1P1 (but not S1P2 and S1P3) as effectively as S1P, yet

its effects on cell survival have not been assessed (Van

Brocklyn et al., 1999). These studies indicate that S1P may

have an S1P1 independent effect that mediates proliferation

and inhibits apoptosis under stress conditions. SK1

overexpression also increases intracellular S1P levels and

enhances progression through the cell cycle, DNA synthesis,

cell number, and also protects from death induced by ceramide

and serum deprivation, all without detectable increases in
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extracellular S1P (Olivera et al., 1999). These effects are

blocked by DMS, but not by pertussis toxin (Olivera et al.,

1999). A recent study by Olivera et al. further dissected the

extracellular and intracellular effects of S1P on downstream

biological effects. They showed that transfection of cells with

a dominant negative G12/13 inhibits stress fiber formation by

SK1 overexpression whereas RGS3CT, a stimulator of the

GTPase activity of Gi and Gq proteins (and therefore an inhibitor

of these G proteins) does not, indicating the specificity of Rho

activation by the G12/G13 pathway (Olivera et al., 2003).

None of the G protein inhibitors, however, abrogates the

proliferative and cytoprotective effects of SK1, further

supporting a GPCR independent function of SK1/S1P in these

responses (Olivera et al., 2003). Nevertheless, RGS3CT

inhibits ERK1/2 activation and cell proliferation induced by

extracellular S1P, indicating that the exogenous lipid also

promotes growth (Olivera et al., 2003). Also, in S1P2/S1P3

null mice treated with pertussis toxin to inhibit S1P1

responses as well, the growth advantage conferred by SK1

overexpression is maintained, again indicating that S1P

receptors may be dispensible for the growth promoting effects

of SK1/S1P (Olivera et al., 2003). In spite of this work, which

strongly points to a possible intracellular role for SK1/S1P, the

definite confirmation of S1P’s role as a second messenger

awaits the identification of an intracellular receptor that can

explain these effects.

SK and S1P Regulation in Pathological States

SK has been proposed to be potentially involved in several

pathological states, such as inflammation, cancer, and diabetes.

SK and S1P in inflammation and immunity. The role of SK

and S1P in inflammatory processes can be divided into their

effects on epithelial cells, hematopoeitic cells, and endothelial

cells. In cells of the immune system, SK activation has been

shown to occur following crosslinking of immunoglobulin

surface receptors, a process necessary for downstream events

in those cells (discussed earlier and (Choi et al., 1996;

Melendez et al., 1998; Melendez et al., 1998; Melendez and

Khaw, 2002; Jolly et al., 2004)). In epithelial cells, SK1

activation occurs in response to key pro-inflammatory

mediators, such as TNFα, IL-1a, and LPS, and SK mediates

the activation of several proteins known to be important in

inflammation, such as cyclooxygenase-2 and monocyte

chemoattractant protein-1 (MCP-1) (Pettus et al., 2003; Wu et

al., 2004; Chen et al., 2004). In vivo, inhibition of sphingosine

kinase attenuates shock induced lung injury (Lee et al., 2004).

Indeed, a specific role for the SK1/S1P pathway has emerged

in regulating induction of cyclooxygenase 2 (Cox2) and the

production of the inflammatory mediator PGE2 in response to

pro-inflammatory cytokines, especially TNFα and IL-1. Thus,

it was shown that TNFα or IL-1 induced early accumulation

of S1P (within 10-15 min) which derived from activation of

SK1. Specific knock down of SK1 using siRNA, but not SK2,

abrogated Cox 2 induction in response to these cytokines. On

the other hand, siRNA directed against either S1P phosphatase

or S1P lyase augmented the response to TNFα, clearly

showing that the active mediator in this case was S1P and not

another metabolically related product (Pettus et al., 2003;

Baumruker et al., 2005).

The formation of PGE2 requires the activation of phospholipase

A2 which releases free arachidonate, followed by the action of

Cox2. Interestingly, the SK1/S1P pathway was shown to

selectively mediate the induction of Cox2 and not the

activation of phospholipase A2. On the other hand, the related

sphingolipid mediator, ceramide 1-phosphate was shown to

mediate the activation of phospholipase A2 and not Cox2. In a

recent study, it was shown that the two lipid mediators are

required for the concerted action of TNFα and Il-1 in

inducing PGE2 (Pettus et al., 2005).

While SK can promote inflammation via mediating the effects

of proinflammatory mediators in epithelial and immune cells,

the responses that S1P exerts on endothelial cells points

towards a protective function. S1P increases the resistance of

endothelial cells and enhances barrier integrity (Garcia et al.,

2001). S1P also reverses the thrombin mediated vascular

dysfunction (Schaphorst et al., 2003) and inhibits VEGF

enhanced vascular permeability (Sanchez et al., 2003).

Activated protein C (APC) can protect the endothelial barrier

by activating SK1 through protease activated receptor-1

(PAR-1), thus enhancing S1P production, and S1P1 (Edg-1)

activation (Feistritzer and Riewald, 2004). Recently, a dual

effect of S1P on Weibel-Palade endothelial cell exocytosis has

been reported: a stimulatory role mediated by PLC-a activation

and an inhibitory role through eNOS activation, implicating

the same lipid in pro- and anti-inflammatory pathways,

respectively (Matsushita et al., 2004). In vivo, S1P has been

shown to have protective effects against LPS-induced lung

injury in a murine mouse model (Peng et al., 2004).

Interestingly, however, S1P enhances the secretion of IL-8 by

bronchial epithelial cells, suggesting that while it decreases

the leakiness of the vasculature, it also exerts a proinflammatory

effect by promoting neutrophil chemotaxis (Cummings et al.,

2002). S1P can also induce cyclooxygenase activation and

PGE2 production in lung epithelial cells (Pettus et al., 2003).

It also mobilizes mast cell and monocyte responses acutely

(Choi et al., 1996; Melendez et al., 1998; Melendez et al.,

1998; Melendez et al., 2002; Jolly et al., 2004) and can induce

eosinophil chemotaxis (Roviezzo et al., 2004). Therefore, the

stimulatory effect of SK and/or S1P on monocytes,

neutrophils, mast cells, and epithelial cells suggest a role for

S1P in acute inflammation.

The S1P analogue FTY720 and immune-modulation. One

of the most exciting biological applications of S1P has emerged

with the recent discovery that the immunosuppressant drug,

FTY720, acts as an S1P agonist when it is phosphorylated to

FTY720-P (Fig. 3). The biological effects of FTY720 on
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lymphocyte trafficking and the growing evidence that these

effects are mediated by the interaction of its phosphorylated

metabolite with S1P receptors implicate S1P as an

immunosuppressant (anti-inflammatory agent) via its action

on lymphocytes. FTY720 is gaining wide interest in the

transplantation field owing to its efficacy against autoimmune

diseases (Brinkmann and Lynch, 2002), and graft and transplant

rejection (Brinkmann et al., 2001) without the deterrent side

effects, such as generalized immunosuppression (Brinkmann

et al., 2001), typically seen with the widely utilized drug

cyclosporin. This effect may be due to the ability of S1P to

selectively suppress immune responses to antigens delivered

peripherally but not systemically (Rosen et al., 2003).

FTY720-P is a potent agonist at four S1P receptors: S1P1,

3, 4, and 5. The parent compound FTY720 can be phosphorylated

by both SK1 and SK2, with SK2 having more than 30 fold

higher affinity for the drug than SK1 (Billich et al., 2003).

Once in the phosphorylated state, FTY720 elicits blood

lymphopenia resulting from a combined increase in

lymphocyte homing from the blood to peripheral lymph nodes

and peyers patches, and an inhibition of lymphocyte egress

from the thymus (Yagi et al., 2000) and lymph nodes into the

bloodstream (Chiba et al., 1998). These events are

independent of cell activation and do not affect T or B cell

activation, proliferation, or effector function, and are primarily

effects of the compound on cell migration and chemotaxis

(Pinschewer et al., 2000; Xie et al., 2003; Brinkmann et al.,

2004). The role of Gi coupled S1P receptors in the FTY720

effects is illustrated by the sensitivity of the FTY720

responses to PTX (Brinkmann et al., 2000). The gradient for

migration (homing) may be initially provided by chemotactic

factors constitutively produced in peripheral lymph nodes.

Therefore, FTY720-P “primes” lymphocyte migration towards

a chemotactic signal (provided by lymph node chemokines)

(Chen et al., 2001). The chemokine signal, however, is only

required at the earlier stages of homing because mice deficient

in CC-chemokine receptor 7 (CCR7) continue to show

lymphocyte redistribution to lymph nodes by FTY720 in a

PTX sensitive manner, although the kinetics of the process are

slightly delayed (Henning et al., 2001). Recent work by

Honig et al. demonstrated that FTY720, FTY720-P, and S1P-

driven lymphocyte homing all require the induction of

multidrug transporters as well as cysteinyl leukotriene

synthesis and efflux from the cell, which in turn enhances

migration towards chemokines CCL19 and CCL21 (which act

through the CCR7 receptor) (Honig et al., 2003). Lymphocyte

homing to lymph nodes seems to be primarily the result of

FTY720-P action on lymphocyte S1P receptors (possibly

S1P1, which is pro-migratory, since FTY720-P is silent at the

anti-migratory S1P2 receptor) and requires CXCR4 ligands,

whereas other chemokines are needed for homing to other

lymphoid organs, suggesting that the migratory regulation of

lymphocytes to different anatomical compartments by FTY720-

P is regulated by distinct chemokines (Yopp et al., 2004).

Although S1P actions on S1P3 also induce migration and

FTY720-P can act on S1P3, (Sanna et al.) showed that the

S1P1 receptor mediates FTY720 effects on lymphocyte

recirculation, whereas S1P3 causes the bradycardia observed

with the compound (Sanna et al., 2004). Moreover, other

FTY720 related toxicities and hypertension effects were also

linked to the S1P3 receptor, which is highly expressed on

cardiac myocytes and perivascular smooth muscle cells

(Forrest et al., 2004). Recently, FTY720 was shown to

downregulate the expression of S1P1 and S1P4 receptors in

mouse splenic CD4 and CD8 cells (Graeler and Goetzl, 2002)

and that S1P1 is necessary for egress of T and B lymphocytes

from the thymus and peripheral lymph organs, respectively

(Matloubian et al., 2004; Cinamon et al., 2004), suggesting

that one mechanism of FTY720 mediated lymphopenia involves

downregulation of the S1P1 receptor. This is supported by the

fact that S1P1 responsiveness is strongly enhanced in T

lymphocyes before exit from the thymus and S1P1 is

downregulated in T cells retained in lymphoid organs,

supporting the proposal that FTY720 prevents egress of

lymphocytes from the thymus and lymph nodes by

downregulating S1P1. Therefore, S1P seems to be required

for egress of lymphocytes from lymphoid organs to peripheral

inflammatory sites, and exposure of lymphocytes to S1P or

FTY720-P causes aberrant internalization of the S1P1

receptor and loss of the “egress” signal (Brinkmann et al.,

2004). Internalization of S1P1 has also been described in mast

cells after SK1 overexpression, which then prevents

degranulation (Jolly et al., 2005) further indicating that acute

stimulation of S1P receptors is proinflammatory whereas

prolonged stimulation may be an anti-inflammatory signal. 

Some studies have implicated FTY720-P as a potential

antagonist to S1P stimulated functions. Graler et al. reported

that activation of CD4 and CD8 cells downregulates the

expression of S1P1 and S1P4 receptors and inhibits the effects

of S1P on chemotaxis (Graeler and Goetzl, 2002). The

compound can also inhibit migration by beta-amyloid protein

and its precursor, a process dependent on SK and S1P

(Kaneider et al., 2004).

While the homing effect seems to be due to FTY720-P

action on lymphocytes, the inhibition of egress from lymph

nodes may also be due to the additional effect of the

compound on S1P receptors expressed on the endothelial cell

surface. Of note is that the trapped lymphocytes reside on the

abluminal side of the sinus-lining endothelium in lymph

nodes (Mandala et al., 2002), suggesting an active role for the

endothelial cells in preventing egress. This speculation is

particularly intriguing in light of the recent work implicating

S1P as a key molecule that enhances the endothelial barrier

(Garcia et al., 2001; Schaphorst et al., 2003) and FTY720-P

as an agent that promotes endothelial adherens junction

assembly and that reverses VEGF induced vascular

permeability (Sanchez et al., 2003), both in a PTX-sensitive

manner. FTY720-P also induces endothelial vasodilation via

S1P3-mediated activation of Akt and eNOS (Tolle et al.,

2005). Therefore, it seems that the most clinically relevant
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effects of FTY720 (migration of lymphocytes and maintenance

and protection of endothelial cell function) are mediated by

the Gi coupled S1P receptors.

SK and S1P in atherosclerosis. SK activation is also

implicated in the pathogenesis of atherosclerosis. The

involvement arises from studies showing that S1P is a

component of HDL and LDL as well as effects of SK

induction and S1P production on the expression of adherence

molecules of endothelial cells, and the enhanced proliferation

of smooth muscle cells, coupled to the growing role of SK and

S1P in immune cell chemotaxis. Although the concentration of

S1P in plasma (0.2 µM) or serum (0.5 µM) is higher than the

KD for the S1P receptors, a large component of S1P (more

than 60%) is complexed to plasma lipoproteins, with HDL

containing more S1P than LDL and VLDL (Xu et al., 2004).

Oxidized LDL is a major risk factor for atherosclerosis, and it

can sequentially induce sphingomyelinase, ceramidase and

SK in smooth muscle cells, resulting in S1P production and

enhanced mitogenesis of these cells (Auge et al., 1999). Basic

fibroblast growth factor (bFGF) also induces hyperproliferation

in VSMCs via SK activation (Xu et al., 2002). In endothelial

cells, TNFα induced ERK and NF-kB activities as well as E-

selectin and VCAM expression are all dependent on SK

activation (Xia et al., 1998) and HDL inhibits all these effects

by interrupting SK activation by TNFα (Xia et al., 1999),

supporting an anti-atherogenic role for HDL via inhibition of

intracellular SK activation and S1P production by

proinflammatory cytokines. Some studies have also reported,

however, that HDL (despite inhibiting SK activation by

TNFα), can exert protective effects on endothelial cells

similar to TNFα. These protective effects have been attributed

to its action on S1P receptors. Both TNFα and HDL enhance

the survival of endothelial cells (Xia et al., 1999; Kimura et

al., 2001; Nofer et al., 2001; Kimura et al., 2003; Limaye et

al., 2005). In fact, HDL-induced vasorelaxation may be due to

three lipids in the particle: sphingosylphosphorylcholine

(SPC), S1P, and lysosulfatide, all of which require the S1P3

receptor for their downstream Akt induction, eNOS

activation, and vasorelaxation (Nofer et al., 2004). These data

implicate S1P as an anti-atherogenic, hypotensive, and

vasoprotective molecule (Nofer et al., 2004). In contrast, a

recent clinical trial has shown that S1P is more predictive of

obstructive coronary artery disease (CAD) than other well

established risk factors, including age, sex, family history of

CAD, diabetes mellitus, lipid profile, and hypertension

(Deutschman et al., 2003). The levels of serum S1P also

correlated with the severity of the disease (Deutschman et al.,

2003). These studies, therefore, point to an active but

controversial role for SK and S1P in atherogenesis, with some

studies implicating the lipid as a protector and others as a

mediator of atherosclerosis.

SK and S1P in cancer: Roles in angiogenesis and

vasculogenesis. One other field where SK and S1P are

gaining wide interest is cancer. As mentioned earlier, SK

mediates the growth response of several pro-growth agonists

(see above). SK1 overexpression in itself can enhance growth

of cells even without extracellular stimulation (Olivera et al.,

1999; Sukocheva et al., 2003). The enzyme has also been

proposed as an oncogene activated by Ras (Xia et al., 2000).

Targeting of SK1 to the plasma membrane, a common

mechanism of activation by growth agonists, enhances foci

formation and growth in soft agar (Pitson et al., 2005). More

importantly, S1P was detected in the ascites fluid of ovarian

cancer patients (Hong et al., 1999) and the expression levels

of SK1 were found to be higher in tumor tissue than in normal

tissue. Furthermore, inhibition of SK is anti-proliferative and

proapoptotic to several tumor cell lines (French et al., 2003).

In vivo administration of DMS and TMS inhibits the growth

and metastasis of tumor cells in nude mice models (Okoshi et

al., 1991; Endo et al., 1991; Park et al., 1994). Increased

activity of SK1 and S1P and reduced levels of sphingosine

and ceramide have been correlated with the resistance of

tumor cells to death-inducing signals such as ceramide and

FasL (Nava et al., 2000; Nava et al., 2002; Bektas et al.,

2005). Moreover, inhibition of SK activity enhances the

sensitivity of cancer cells to chemotherapy (Bektas et al.,

2005). SK1 and S1P also mediate Cox-2 induction, which is

thought to play an important role in colon and breast cancers.

Indeed, a recent study (Kawamori et al., 2005) showed that

SK1 message and protein levels are increased in human colon

cancer tissues when compared to normal. SK1 was also

induced in a mouse model of carcinogen-induced colon

cancer. SK1 induction correlated with Cox2 over expression

in those tissues, and in tissue culture studies it was shown that

SK1 was critical for basal and cytokine-induced Cox2.

One of the most exciting properties of SK and S1P is the

growing evidence implicating these mediators as proangiogenic

factors. Also, since platelets are the most abundant source of

S1P in serum, S1P may be the link between hemostasis and

angiogenesis in vascular angiogenesis during wound healing,

tissue injury, and tumor development (English et al., 2000).

S1P produces several effects on endothelial cells, which

support its role as an angiogenic molecule. These effects

include endothelial cell survival (Limaye et al., 2005),

chemotaxis (Hla, 2004), barrier enhancement (Schaphorst et

al., 2003), blood vessel stabilization via interactions with

mural cells (a process requiring N-cadherin) (Paik et al.,

2004), angiogenesis (Hla, 2004), and vasculogenesis

(Argraves et al., 2004). S1P induces migration of endothelial

cells via its action on S1P1 and S1P3 receptors, and this

pathway is mediated by Rac activation (see above and

(Kimura et al., 2000)) and requires phosphorylation of S1P1

by Akt (Lee et al., 2001). Furthermore, S1P also causes tube

formation in Matrigel by human umbilical vein endothelial

cells (HUVECs) and in vivo Matrigel assays (Lee et al.,

1999). Recent work has also shown that SK can be exported

from cells to make S1P extracellularly, which can then

promote vascular angiogenesis and maturation (Ancellin et
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al., 2002). The angiogenic function of S1P appears to be

mediated by the PI3K-beta, Akt, eNOS pathway, whereas

enhancement of endothelial survival and proliferation are

dependent on PI3K but not on eNOS (Igarashi and Michel,

2001; Rikitake et al., 2002). Moreover, knockdown of S1P1

significantly impairs angiogenic responses and abolishes the

induction of cell adhesion molecules in response to TNFα and

LPS (Krump-Konvalinkova et al., 2005). Recent work by

Chae et al. has demonstrated that tumor cells upregulate the

expression of S1P1 during angiogenesis and that S1P1 is

necessary for the angiogenic response of the tumor in vivo

(Chae et al., 2004).

In addition to its own effects on endothelial cells, S1P has

been shown to cross talk with VEGF, a well known

proangiogenic molecule. In fact, VEGF can activate SK in

cancer cells (Shu et al., 2002) and the S1P induced eNOS

activation in endothelial cells requires signaling through the

VEGF receptor Flk-1/KDR (Tanimoto et al., 2002). Moreover,

VEGF induces S1P1 mRNA and protein expression in

endothelial cells and potentiates the vascular effects mediated

by S1P (Igarashi et al., 2003). While S1P1 is the receptor

most implicated in angiogenesis, a recent study showed that a

synthetic peptide derived from the S1P3 receptor can promote

angiogenesis and vasculogenesis in vitro, suggesting that

manipulations of the S1P receptors may be used for clinical

applications such as cardiac ischemia (Licht et al., 2003).

Ischemic preconditioning in the heart is also dependent on

enhanced SK activity, further supporting a protective role for

SK and S1P in preserving cardiac function (Jin et al., 2002;

Jin et al., 2004).

The role of S1P on blood vessel formation has also been

extended to implicate the lipid in vasculogenesis. Argraves et

al. have shown that S1P promotes de novo blood vessel

formation in an allantois explant model more potently than

VEGF and very comparable to serum (Argraves et al., 2004).

Furthermore, the effects of S1P appear to be mediated through

the regulation of migratory events rather through enhancement

of survival or proliferation (Argraves et al., 2004). Also, S1P1

is critical for basal vascular integrity during development

(vasculogenesis) as illustrated by the lethality of the S1P1

receptor knockout mouse due to blood vessel defects (see

below and (Liu et al., 2000)). Furthermore, although the S1P2

and S1P3 single knockouts do not show any detectable

abnormalities, knocking out these receptors in the S1P1 null

mice displayed more severe vascular deformities than the

single S1P1 knockout, suggesting that the three S1P receptors

coordinately function to maintain vascular development in

check (Kono et al., 2004).

SK and S1P in diabetes and infection. Other pathological

effects where SK and S1P have been implicated include

diabetes and infection. The hyperproliferative role of SK and

S1P has been proposed to contribute to the early stages of

diabetic nephropathy where streptozotocin (STZ)-induced

diabetes enhances neutral ceramidase and SK activities to

result in increased mesangial proliferation, a key event in the

pathogenesis of the disease (Katsuma et al., 2002; Katsuma et

al., 2003; Geoffroy et al., 2005). The effects of S1P on

mesangial cells, however, seem to be dependent on cell

confluency, since S1P induces apoptosis in mesangial cells

cultured at low confluency due to enhanced conversion to

sphingosine (Gennero et al., 2002).

SK1 also appears to play a function in responses to

microorganisms, where it was recently shown that Mycobacterium

tuberculosis blocks phagosome maturation via inhibition of

SK1 recruitment to phagosome membranes (Malik et al.,

2003; Thompson et al., 2005).

SK Knockout Mice

Recently, SK1 knockout mice were developed and were found

to be viable, fertile, and displayed no obvious dysfunctions

(Allende et al., 2004). The mice have significant but not

complete loss of SK activity in different tissues. Interestingly,

the S1P levels are only significantly reduced in serum but not

in tissues, suggesting that other mechanisms of S1P

generation exist (Allende et al., 2004). Also, lymphocyte

trafficking is not affected and the FTY-720 compound is

phosphorylated by these mice and continues to exhibit

lymphopenia (Allende et al., 2004). This may be explained by

the fact that SK2, which is still expressed in the SK1 null

mice, phosphorylates FTY720 much more potently than SK1

(Billich et al., 2003).

Conclusions

Interest in the SK1/S1P pathway continues to increase due to

the appreciation of the multiple roles of bioactive sphingolipids

and the roles of SK1 in regulating the levels of these bioactive

lipids. SK1 has emerged as a regulated and key enzyme of

sphingolipid metabolism, involved in the regulation of

sphingolipid clearance through the SK1/S1P lyase pathway,

and involved in regulating the levels of ceramide and S1P. In

turn, S1P has been implicated in several biological processes,

notably cancer, inflammation, and angiogenesis. Studies

arrived at understanding the mechanisms by which the various

cytokines and growth factors regulate SK1 continue to

develop and promise to provide significant insight into the

pathways mediated by this enzyme. Likewise, insight into

specific mechanisms of action of S1P through the Edg/S1P

receptors as well as putative intracellular targets should shed

further light into how this pathway participates in the specifics

of regulation of inflammation and angiogenesis. Thus, this is

an expanding area of research with increasing significance.
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