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Abstract

The sphingolipid metabolite, sphingosine-1-phosphate (S1P), has emerged as a critical player in a
number of fundamental biological processes and is important in cancer, angiogenesis, wound healing,
cardiovascular function, atherosclerosis, immunity and asthma, among others. Activation of
sphingosine kinases, enzymes that catalyze the phosphorylation of sphingosine to S1P, by a variety
of agonists, including growth factors, cytokines, hormones, and antigen, increases intracellular S1P.
Many of the biological effects of S1P are mediated by its binding to five specific G protein-coupled
receptors located on the cell surface in an autocrine and/or paracrine manner. Therefore,
understanding the mechanism by which intracellularly generated S1P is released out of cells is both
interesting and important. In this review, we will discuss how S1P is formed and released. We will
focus particularly on the current knowledge of how the S1P gradient between tissues and blood is
maintained, and the role of ABC transporters in S1P release.
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1. Introduction: what is S1P?

Sphingosine-1-phosphate (S1P) has drawn considerable attention during the last fifteen years,
not merely as an end metabolite of sphingolipids, but as a bioactive signaling molecule [1-3].
Sphingo-lipids are structural components of all eukaryotic plasma membranes and are
commonly believed to protect the cell surface by forming the mechanically stable and
chemically resistant outer leaflet of the lipid bilayer. Discoveries that S1P regulates cell growth
[4,5] and suppresses apoptosis [6] inspired numerous researchers to investigate S1P as a
bioactive lipid mediator. These research efforts have led to numerous publications linking S1P
to multiple essential cellular processes, including cell growth and survival, regulation of cell
motility and invasion, angiogenesis and vascular maturation, lymphocyte trafficking and
immune regulation. Further, increased S1P production has been implicated in various
pathophysiological processes such as cancer, allergy, atherosclerosis, and autoimmune
diseases such as multiple sclerosis (reviewed in [1,7,8]).

Growth factors, hormones, and angiogenic factors important for cancer, such as estradiol,
epidermal growth factor (EGF), insulin-like growth factor-1 (IGF-1), and vascular endothelial
growth factor (VEGF) [9], all stimulate sphingosine kinase (SphK), the enzyme that
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phosphorylates sphingosine to produce S1P. Two isotypes of SphK have been characterized,
SphK1 and SphK2. While multiple reports support the importance of SphK1 in cancer
tumorigenesis and progression, at the present time, much less is known of the functions of
SphK2 [1,10]. S1P levels are tightly regulated by the balance between synthesis by SphKs,
reversible conversion to sphingosine by specific S1P phosphatases (SPP1 and SPP2) and other
lipid phosphate phosphohydrolases, and degradation by S1P lyase [1,2]. In contrast to S1P,
which is associated with growth and survival, its precursors, sphingosine and ceramide, are
associated with cell growth arrest and apoptosis [11,12]. Hence, it has been proposed that the
balance between these interconvertible sphingolipid metabolites, ceramide and sphingosine
versus S1P, functions as a “rheostat” that regulates cellular growth and survival in response to
cellular and environmental clues [2,6,11,12]. SphK1 is a critical regulator of this rheostat, as
it produces the pro-growth and anti-apoptotic S1P, and also reduces levels of pro-apoptotic
ceramide and sphingosine [10]. Treatment of MCF-7 breast cancer cells with doxorubicin, a
commonly used and highly potent chemotherapeutic agent against breast cancer, increases
ceramide and sphingosine levels and induces apoptosis [13]. In contrast, overexpression of
SphK1 in MCF-7 cells increases S1P levels, enhances cell proliferation, expedites the G1/S
transition of the cell cycle, and increases DNA synthesis [14,15]. Further, SphK1 over-
expression promotes breast cancer cell growth in soft agar and tumorigenesis in mice [15-
17]. In addition, oophorectomized nude mice that had been implanted with estrogen pellets
and subsequently received subcutaneous injection of SphK1-overexpressing MCF-7 cells
formed larger and more tumors than vector transfectants [15]. These mice also developed
tumors with higher microvessel density in their periphery. Moreover, it has been reported that
sphingolipid metabolism is often found to be dysregulated in cancer [10], which is in agreement
with the concept that the sphingolipid rheostat plays an important role in regulating cell fate.
SphK1 is significantly over-expressed in multiple types of cancers (brain, breast, colon, lung,
ovary, stomach, uterus, kidney, rectum, and small intestine) compared with their healthy tissue
counterparts [18-20]. SphK1 has also been shown to be associated with tumor angiogenesis
and resistance to radiation and chemotherapy. Recently, microarray analyses of 1269 breast
tumor samples revealed a worse outcome for patients with high SphK1 expression, further
supporting the notion that overproduction of S1P results in a worse prognosis for cancer
patients [21].

2. S1P receptors: why is extracellular S1P important?

One explanation why S1P, a relatively simple molecule, can evoke such diverse biological
functions is its well-established role as a ligand for five ubiquitously expressed and specific
cell surface receptors, designated S1P1_g [2,22]. S1P can also act intracellularly as a second
messenger [23,24], through still unidentified targets.

S1P receptors display tissue-specific expression patterns and are coupled to various G proteins,
enabling them to regulate a range of downstream signaling pathways, leading to regulation of
numerous physiological processes. Interestingly, activation of SphK1 involves its translocation
to the plasma membrane where its substrate sphingosine is located [25,26]. This results in
spatially restricted formation of S1P that, in turn, activates specific S1P receptors. Thus,
intracellularly generated S1P can signal “inside-out” through its cell surface receptors in an
autocrine or paracrine manner (Fig. 1), which is critical for directed cell movement of
fibroblasts and smooth muscle cells toward platelet-derived growth factor (PDGF) [27,28],
breast cancer cells toward EGF [29,30], and melanoma cells toward heregulin [31]. Because
S1P is probably generated on the inner leaflet of the plasma membrane, it is logical to assume
that to reach its cell surface receptors, S1P must be either flipped or secreted. Activation of
S1P, and downstream signaling is also crucial for the migration of mast cells toward antigen
[32], which, together with the observations that S1P provokes airway smooth muscle
contraction and its levels are significantly elevated in bronchoalveolar lavage fluid of
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asthmatics after allergen challenge, suggests that extracellular S1P perpetuates inflammation
and allergic responses [32,33].

Because S1P receptor genes are expressed in vascular tissues, it is reasonable to assume that
S1P may play an important role in angiogenesis. Indeed, homozygous S1P;~/~ mice exhibited
embryonic hemorrhage followed by intrauterine death at 12.5-14.5 days of gestation due to
incomplete coverage of blood vessels by smooth muscle cells [34]. S1P4 expression is strongly
induced in tumor vessels and injection of S1P; small interfering RNA into xenograft tumors
in mice suppresses vascular stabilization, angiogenesis and tumor growth in vivo [35].
Therefore, S1P released outside the cell appears to play a significant role in cancer progression,
inflammation and allergic responses.

Strong evidence that S1P receptors play a major role in auto-immune disease, such as multiple
sclerosis, emerged from studies with the immunosuppressant drug FTY720. Multiple sclerosis
is the most common non-traumatic cause of neurological disability in young adults, in which
autoreactive T-cells migrate across the blood-brain barrier and attack myelin sheaths, leading
to demyelination and axonal damage. FTY720 is a pro-drug that is phosphorylated in vivo by
SphK2 to a S1P mimetic that induces internalization and degradation of the S1P; receptor and
induces its prolonged down-regulation [36]. Thus, FTY720 deprives thymocytes and
lymphocytes of a S1P signal necessary for their egress from secondary lymphoid tissues [36—
38]. The results of a Phase 11, double-blind, randomized, placebo-controlled clinical trial
evaluating the efficacy and safety of FTY720 for treating relapsing multiple sclerosis showed
that the annualized relapse rate of the FTY720 group was significantly lower than the placebo
group [39]. These promising results are awaiting confirmation in the ongoing Phase Il clinical
trials and might spur the development of a new class of S1P mimetics for treatment of multiple
sclerosis.

3. Blood, a major reservoir of extracellular S1P: what is its source?

S1P receptor expression is not the sole factor that determines S1P activity. Availability of S1P
is equally as important. Interestingly, a significant concentration gradient of S1P exists between
plasma and interstitial fluids: tissue levels of S1P are generally low [40,41], whereas plasma
S1P levels are high and many-fold above the Kp for S1P receptors [42,43]. The physiological
significance of this S1P gradient is now becoming clear but how it is maintained is an active
area of investigation.

The S1P gradient is important for homing of immune cells to lymphoid organs and regulating
their egress into blood and lymph. S1P receptors on immune cells (for example, S1P; on T-
cells) sense the S1P gradient to enable their egress from lymphoid tissues. When levels of S1P
are increased in lymphoid tissues by inflammation, inhibition of tissue S1P lyase, or after
treatment with S1P mimetics, such as FTY720-phosphate, aberrant immune cell trafficking
occurs. As this important area has been extensively discussed in several recent reviews [8,44,
45], it will not be covered here.

Serum S1P levels are always higher than plasma levels [46], which is explained by the
abundance of S1P in platelets and its extracellular release upon stimulation with thrombin, a
product of the coagulation cascade, as well as shear stress during blood clotting [46—48]. It has
been suggested that in platelets, sphingosine, the precursor for S1P, is supplied either by
generation in plasma and subsequent uptake, or formation at the outer leaflet of the plasma
membrane initiated by cell surface sphingomyelin degradation [49].

Platelets were assumed to be the major source of S1P in plasma for many years as they express
a high activity of SphK1 and lack the S1P lyase that irreversibly degrades S1P [46,50].
However, recent reports have challenged this assumption, suggesting that red blood cells
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(RBC) and vascular endothelial cells (EC) may be the major cellular sources of S1P in plasma
[51]. Pappu et al. demonstrated that transcription factor NF-E2-deficient mice, which virtually
lack circulating platelets, maintained normal plasma S1P levels [52]. They also showed that
the reduction of plasma S1P levels due to elimination of hematopoietic cells by lethal whole-
body irradiation of conditional SphK1/2-double knockout mice was restored by infusion of
wild type RBCs alone. RBCs have lower SphK activity than platelets, but lack both S1P
degrading enzymes (S1P lyase and S1P phosphatases), a characteristic unique to RBCs [53].
Hanel et al. have suggested that RBCs efficiently incorporate S1P from other tissue sources,
actas a plasma store, and make S1P available for future release [54]. Although platelets contain
a much greater amount of S1P than erythrocytes, since erythrocytes are much more abundant
in blood than platelets, the total S1P provided by erythrocytes is much greater [53].

However, Hla et al. have recently concluded that RBCs are not solely responsible for
maintenance of the plasma S1P level. They demonstrated that neither elimination of
hematopoietic cells by lethal whole-body irradiation of wild type and SphK deficient mice, nor
chemically-induced anemia that removed more than two thirds of RBCs, had an effect on
plasma S1P levels [55]. They also showed that the turnover time of plasma S1P in vivo is very
rapid with a half-life of 15 min, which suggests that very active synthetic and degradative
pathways of S1P metabolism exist in vivo, and that vascular endothelium might be a major
contributor to plasma S1P, particularly under shear stress [55]. It is known that S1P in plasma
is tightly associated with albumin and lipoproteins, particularly high-density lipoprotein (HDL)
[56,57]. The interaction of S1P with lipoproteins reduces its bioactivity and active
concentration, suggesting that this may prevent full activation of S1P receptors in the vascular
wall. On the other hand, it has also been shown that the half-life of HDL-associated S1P is
approximately fourfold that of albumin-associated S1P when examined with human umbilical
vein endothelial cells [58]. This suggests that binding to lipoproteins may protect S1P from
degradation by ectoenzymes, such as lipid phosphate phosphohydrolases. This may allow a
stable reservoir of S1P in blood and modulate its delivery to S1P receptors. Furthermore, HDL-
associated S1P demonstrated a much weaker response in short-term actions, such as
intracellular calcium mobilization, but had a sustained response in long-term functions,
including cell survival and proliferation [57,58]. Therefore, it has been speculated that the anti-
atherogenic effects of HDL may, in part, be due to S1P bound to this lipoprotein [59].

4. Mechanism of S1P release for “inside-out” signaling: the role of ABC
transporters

Intracellularly generated S1P is unable to move through hydrophobic mammalian cell plasma
membranes since it possesses a polar head group. The fact that S1P levels in blood and body
fluids are maintained high compared to tissues, suggests that there must be mechanisms that
facilitate release of S1P out of cells. Blood cells, including platelets, RBCs, neutrophils, and
mononuclear cells have all been shown to release S1P. S1P is released from platelets following
stimulation with thrombin [47] and shear stress [48], which appears to closely correlate with
activation of protein kinase C [47]. RBCs, on the other hand, release S1P even without
stimulation [60].

Although the mechanism of release of S1P from cells is not completely understood, recent
studies have drawn attention to the involvement of the ATP-binding cassette (ABC) family of
transporters [61-64]. Studies originally related to multi-drug resistance in cancer cells and in
yeast identified several ABC transporters that, in addition to amphiphilic drugs, catalyze the
transport of lipids from the inner to the outer leaflet of the plasma membrane [65]. They contain
two transmembrane domains with six membrane spanning a-helices that form a channel for
substrate transport through membranes, and two cytosolic ATP-binding cassettes. Based on
phylogenetic analysis and amino acid sequence alignment, the 49 human ABC genes can be
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grouped into seven major subfamilies: ABCA-through-ABCG. These subfamilies each have
several subgroups and will be covered extensively elsewhere in this volume, and only a few
examples related to sphingolipid export are mentioned. For example, ABCB1 (previously
called multi-drug resistance-1 (MDR1) or P-glycoprotein (Pgp)) translocates a broad variety
of phospholipids and platelet-activating factor from the cytosol to the extracellular environment
[66-68], while MDR3 (ABCB4) [66] translocates phosphatidylcholine specifically. ABCC1
(also known as multi-drug resistant protein-1 (MRP1)) can also transport short-chain analogues
of glucosylceramide and sphingomyelin [69].

Previous studies from our lab have shown that S1P secreted by mast cells is important for mast
cell functions and their migration toward antigen [32]. In addition, S1P provokes human airway
smooth muscle contraction and may promote inflammation and airway remodeling in asthma
[70]. Because S1P levels are increased in bronchoalveolar lavage fluid of asthmatics after
allergen challenge, we have suggested that release of S1P from mast cells perpetuates
inflammation and allergic responses [33]. Thus, mast cells are an excellent model to study the
mechanism of S1P release. We found that S1P is exported from mast cells independently of
their degranulation and demonstrated that it is mediated by ABC transporters [61]. Antigen-
stimulated S1P release was inhibited by MK571, an inhibitor of ABCC1, but not by inhibitors
of ABCBL1. In agreement, down-regulation of ABCCL1 reduced S1P export from both rodent
and human mast cells [61]. Discovery of an active transport system for mast cell secretion of
S1P further supports the notion that S1P release may regulate migration of mast cells toward
antigen and their arrival at sites of inflammation.

It has been reported that S1P is stored in the inner leaflet of the platelet plasma membrane and
released via transporters, and not by exocytosis [62]. These authors suggested that thrombin-
stimulated S1P release from platelets is mediated by an ABC transporter, as it was inhibited
by glyburide, an ABCAL inhibitor. However, neither the ABCBL inhibitors verapamil and
cyclosporin A, nor the ABCCL inhibitor MK571 diminished stimuli-dependent S1P release,
indicating that ABCAL, rather than ABCB1 or ABCC1, is involved in this process [62]. In
addition, the existence of another ATP- and stimuli-independent but calcium-dependent
transporter of S1P has been suggested in platelets [62].

Utilizing immobilized metal affinity chromatography coupled with quantitative high-
performance liquid chromatography analysis, Lee et al. reported that human and mouse
endothelial cells synthesize and release endogenous S1P more efficiently than fibroblasts and
colon cancer cells, suggesting cellular specificity for release of S1P [63]. Further, using various
inhibitors of ABC transporters, such as glyburide, verapamil and MK571, led them to suggest
that ABCA1 and ABCC1 are involved in the release of S1P from endothelial cells. They also
examined plasma from Abcal, Abca7, and Abccl/Mrpl single null mice and found no
significant differences in S1P levels compared to their wild type counterparts. These data
suggest that either these transporters are not required for the maintenance of plasma S1P, or
that other ABC transporters may compensate for the loss of these specific transporters.

It is well known that S1P exerts a wide range of actions in the nervous system [71]. Since S1P
receptors are particularly expressed in cerebellum and S1P metabolism occurs efficiently in
cerebellar granule cells and astrocytes in primary culture, Anelli et al. investigated S1P release
from these cells [72]. Sato et al. further investigated the mechanism of the release of S1P from
astrocytes, which appears to be highly dependent on the ABCAL1 transporter, based on
inhibition by glyburide or by down-regulation of ABCA1 with specific SiRNA [64]. Moreover,
S1P release from astrocytes through ABCAL was coupled with HDL formation [64].
Interestingly, SphK1 and its product S1P stimulate ABCB1 expression and transport activity
in endothelial cells from brain capillaries, which suggests that S1P itself may regulate its own
secretion [73].
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Collectively, these reports suggest that members of the large family of ABC transporters may
be important for the export of S1P out of cells. The observation that S1P can be secreted by
ABC transporters has important implications that are not limited to blood cells, mast cells, and
central nervous system cells, but perhaps for other physiological and pathological processes
regulated by S1P, such as tumorigenesis. ABC transporters were originally characterized as
multi-drug resistance gene, and have been shown to be overexpressed in a range of solid and
hematological cancers and, in some cases, their expression correlated with negative responses
to treatment and poor outcome [74]. This might explain why a monoclonal antibody that binds
and neutralizes S1P with extremely high affinity and specificity significantly slows tumor
progression and associated angiogenesis in several animal models of human cancer [75]. The
ability of S1P to act in an autocrine or paracrine manner, and its actions on angiogenesis and
vascular maturation, are critical for tumor progression. This suggests that increased release of
S1P by cancer cells, perhaps by ABC transporters, caused by up-regulation of SphK1 or the
transporter could contribute to tumorigenesis.

Two recent studies have demonstrated that the Zebrafish two of hearts is a S1P transporter
which is required for S1P functions in migration of Zebrafish myocardial precursors [76,77].
In an earlier study, it was reported that mutations in the Zebrafish gene encoding the S1P,
homologue known as miles apart, disrupt the formation of the primitive heart tube [78]. It has
now been found that mutations of two of hearts cause exactly the same cardia bifida (two hearts)
phenotype. Two of hearts is a homologue of a multipass transmembrane protein known as
spinster homologue 2 (Spns2), amember of the Spinster-like family of putative transmembrane
transporters. It was shown that the export of S1P from cells requires Spns2 and that introduction
of the spns2 gene [76] or injection of S1P [77] prevented the cardiac defect in the mutant.
However, the biological functions of Spns2 are still not completely understood, as the
phenotype of the Drosophila spinster mutant has altered endosomal/lysosomal function and a
deficit in presynaptic release [79].

Export of S1P out of cells is not only the beginning of a fascinating story, it will surely be the
focus of much future research. It will be important to determine the functions of Spns2, whether
it is involved in secretion of S1P in response to environmental clues, and the relationship
between Spns2 and other ABC transporters, including ABCC1 and ABCAL that have been
shown to export S1P out of cells.

Acknowledgments

This work was supported by K12HD055881 (K.T.), ROLAI50094 (S.S.), 1U19A1077435-018690 (S.S.) ROLCAB1774
(S.S.) and R37GMO043880 (S.S.).

Abbreviations

S1P

sphingosine-1-phosphate
SphK

sphingosine kinase
SPL

S1P lyase
SPP

S1P phosphohydrolase
GPCR

G protein-coupled receptor
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ATP-binding cassette transporters
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multi-drug resistance

Pgp
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Fig. 1.

Formation, secretion, and actions of S1P. Many growth factors, including EGF, bind to a
tyrosine kinase receptor, to stimulate and translocate SphK1 to the plasma membrane where
its substrate sphingosine (sph) resides. This leads to spatially restricted formation of S1P that
can be exported out of cells by ABC transporter family members. S1P can then bind to its
receptors on the same or neighboring cells (S1PR) to stimulate G-protein regulated signaling
pathways.
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