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Abstract
Sphingosine-1-phosphate lyase (SPL) is a highly conserved enzyme that catalyses the final step of
sphingolipid degradation, namely the irreversible cleavage of the carbon chain at position 2-3 of a
long chain base phosphate (LCBP), thereby yielding a long-chain aldehyde and
phosphoethanolamine. LCBPs are potent signaling molecules involved in cell proliferation, survival,
migration, cell-cell interactions and cell stress responses. Therefore, tight regulation of LCBP
signaling is required for proper cell function, and perturbations of this system can lead to alterations
in biological processes including development, reproduction and physiology. SPL is a key enzyme
in regulating the intracellular and circulating levels of LCBPs and is, therefore, gaining attention as
a putative target for pharmacological intervention. This review provides an overview of our current
understanding of SPL structure and function, mechanisms involved in SPL regulation and the role
of SPL in development and disease.

1. Introduction
Sphingolipid metabolites such as long chain bases (LCBs), long chain phosphorylated bases
(LCBPs), ceramide and ceramide-1-phosphate are bioactive lipids involved in cell fate[1-3].
In general, LCBs and ceramide act as growth inhibitory molecules promoting apoptosis
whereas the phosphorylated compounds LCBP and ceramide-1-phosphate stimulate growth
and promote proliferation. Maintaining a tight balance between the levels of these metabolites
seems to be critical for normal cellular function. The biological effects of sphingosine-1-
phosphate (S1P) have been studied extensively. S1P has been shown to promote cell survival,
proliferation and migration, ischemic preconditioning, and is essential for angiogenesis and
lymphocyte trafficking[4-9]. S1P signaling is likely mediated through two separate
mechanisms. Extracellular effects are mediated via a group of G-protein coupled cell surface
receptors belonging to the endothelial differentiation gene (EDG) family now known as the
S1P receptors[10,11]. To date, five members of this family have been identified (S1P1 to
S1P5) and they show differential expression depending on tissue and cell type. The biological
effects of S1P receptor signaling are diverse and involve several pathways including mitogen-
activated protein kinase (MAPK), c-Jun N-terminal kinase (JNK), extracellular-signal-
regulated kinase (ERK), phosphoinositide 3-kinase (PI3K), adenylate cyclase, phospholipase
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C, phospholipase D and other downstream mediators[12-19]. In contrast to the well-
characterized receptor mediated effects of S1P, an intracellular S1P signaling mechanism has
been implicated but not proven definitively. Evidence from mammalian systems in which S1P
receptor signaling has been eradicated, as well as from non-mammalian systems lacking S1P
receptors, indicate a potentially receptor-independent role for S1P in regulating calcium
mobilization, heat shock resistance, caspase inhibition, activation of non-receptor tyrosine
kinases and activation of the Raf/MAPKK/ERK pathway[12,20-25]. The sphingolipid
metabolic pathway in mammalian systems has been thoroughly studied (Figure 1). LCBPs are
formed in a reaction catalyzed by sphingosine kinases[26,27]. In this reaction, LCBs generated
by sphingolipid biosynthesis, sphingolipid recycling and degradation or derived from cellular
uptake mechanisms are phosphorylated at the 1-position. Once formed, LCBPs can be
metabolized back to LCBs by dephosphorylation in a reaction catalyzed by sphingosine-1-
phosphate phosphatases or type 2 phosphatidate phosphohydrolases[22,23,28-30].
Alternatively, LCBPs can be irreversible degraded by SPL, which catalyzes the cleavage of
the carbon chain at position 2-3, yielding a long-chain aldehyde and phosphoethanolamine
[31-33]. This review will summarize our current understanding of SPL structure and function.
We discuss current knowledge of how SPL is regulated and the role that SPL plays in biological
processes from development to disease.

2. Biochemical characterization of SPL
SPL is a pyridoxal-phosphate dependent member of the carbon-carbon lyase subclass of
aldehyde-lyases. The substrate is a LCBP with the phosphate group attached at the 1-position.
SPL shows specificity towards the stereochemistry of the substrate and only the LCBP
containing the naturally occurring D-erythro-isomer of the LCB is used[34]. In contrast, SPL
shows very little specificity towards the chain length, degree of unsaturation and substitution
of the LCB backbone[35]. In mammalian and yeast cells, the majority of LCBs are compounds
containing a 18 carbon backbone. SPL metabolizes the 1-phosphorylated derivatives of the
d18:0 saturated LCB dihydrosphingosine (DHS1P), the d18:1 4-trans unsaturated LCB
sphingosine (S1P) and the t18:0 4D-hydroxylated LCB phytosphingosine (PHS1P) (Figure 2).
In addition, DHS1P substrates with chain lengths from 7 carbons to 20 carbons as well as S1P
analogs carrying methyl groups at carbon 4 or carbon 5 are metabolized[35,36]. SPL interacts
with pyridoxal 5’-phosphate as a cofactor. The molecular interactions between SPL, cofactor
and substrate have not been established experimentally although the cofactor is believed to
form a Schiff base with the free amino group of the LCB[37].

SPL is a membrane-associated enzyme. Therefore, accurate enzyme kinetic parameters are
difficult to obtain and depend on the assay conditions used for the analysis. Nevertheless, S1P
and DHS1P were found to be degraded at roughly similar rates. The Km values for DHS1P as
determined for rat liver microsomes was determined to be from 9 to 16 μM[38]. Similar values
were obtained in studies performed on human SPL overexpressed in HEK293 cells. The Km
value found for DHS1P in the latter system was 20 μM[39]. The original SPL assay is based
on the degradation of a radioactive LCBP substrate, such as [3H]DHS1P. Recently, a new assay
based on the degradation of the fluorescent S1P analog omega-(7-nitro-2-1, 3-
benzoxadiazol-4-yl)-D-erythro-S1P (Omega-NBD-D-erythro-S1P) was explored. This new
assay system was found to be comparable to the original assay, and the Km value found for the
fluorescent S1P substrate was 15 μM[39]. As new and more potent fluorescent substrates are
developed, the SPL assay will be adapted to increase sensitivity and ability to employ substrates
relevant to different species.

Several SPL inhibitors have been described. The first reported inhibitor of the enzyme was the
substrate analog 1-desoxydihydrosphingosine-1-phosphonate[40]. Other substrate analogs
found to inhibit the enzyme are the 2D,3L-isomer of DHS1P and 2-vinyldihydrosphingosine-1-
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phosphate[41,42]. The Ki values reported for these substrate analogs are the range of 2-10
μM. The ceramide analog and dihydroceramide desaturase inhibitor N-[(1R,2S)-2-hydroxy-1-
hydroxymethyl- 2-(2-tridecyl-1-cyclopropenyl) ethyl] octanamide (GT11) also inhibits SPL
activity in vivo, although only at concentrations above 5 μM (Figure 3)[43]. GT11 has no effect
on SPL activity in vitro suggesting that a structural modification of the inhibitor may be needed.
The compound 2-Amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol, also knows as
Fingolimod (trademark) or FTY720, is a synthetic sphingosine analog (Figure 3). FTY720 is
an immunomodulatory drug that targets S1P receptors following its in vivo phosphorylation
by sphingosine kinase [44]. In addition, FTY720 was found to be a modest inhibitor of SPL
activity both in vivo and in vitro[39,45]. These results suggest that the non-phosphorylated and
possibly the phosphorylated form of FTY720 (FTY720-phosphate) may inhibit SPL activity.

Another group of SPL inhibitors includes pyridoxal-phosphate analogs or compounds that
affects the binding of the coenzyme. Deoxypyridoxine acts as a competitive inhibitor of the
enzyme and semicarbazide, cyanide, and bisulfite also inhibit the enzyme, which suggest that
the coenzyme might be loosely associated. The food colorant 2-acetyl-4-(1R, 2S, 3R, 4-
tetrahydroxybutyl)-imidazole (THI), was recently demonstrated to inhibit SPL activity in
vivo although the mechanism is not understood [46]. Inhibition of the enzyme by THI was
shown to have potent immunomodulatory effects, as discussed below. Finally, SPL activity is
inhibited by divalent metal ions such as Ca2+ and Zn2+[38]. Despite the number of small
molecules reported to inhibit SPL, none are specific and non-cytotoxic.

In summary, SPL is an intrinsic membrane enzyme that is promiscuous with regard to substrate
specificity and is a critical regulator of tissue and circulating S1P levels [47]. Thus,
identification of potent and specific small molecule inhibitors of the enzyme remains an
important goal.

3. SPL structure and topology
The first report describing the cloning of a SPL gene was published in 1997[31]. In this report,
the Saccharomyces cerevisiae DPL1 (DHS1P lyase) gene was identified by its ability to
suppress sphingosine-induced growth inhibition. Subsequently, SPL homologs from Mus
musculus, Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans, Dictyostelium
discoideum and Leishmania major were identified and confirmed to encode functional SPL
enzymes by biochemical assays and functional complementation of yeast dpl1 mutants [32,
33,48-51]. To date, genomic sequencing has revealed the existence of putative SPL genes in
a wide variety of organisms including fungi, plants and mammals. The human SPL gene,
Sgpl1, encodes a predicted protein of 568 amino acids with a molecular mass of 63.5 KDa
[33]. The amino acid sequence of the murine SPL homolog displays 84% identity and 92%
similarity to human SPL. Similarity in primary sequence is also found between SPL homologs
from Drosophila melanogaster, Leishmania major, Caenorhabditis elegans, Dictyostelium
discoideum and Saccharomyces cerevisiae (Figure 4).

The first description of SPL activity by Stoffel in 1969 indicated that the major activity was
found in association with microsomal fractions, whereas a lesser amount was enriched in the
inner mitochondrial membrane [35]. Subsequent studies using both immunofluorescence and
subcellular fractionation confirmed the primary location of SPL within the endoplasmic
reticulum (ER), although the possibility that some SPL may localize to other organelles has
not been definitively ruled out [38,52,53]. How SPL is specifically localized to the ER has not
yet been established, although removal of the first 58 amino acids leads to its expression in the
soluble fraction of E. coli [33]. SPL has not been detected in serum, plasma or the extracellular
space, and there are no reports of ecto-enzymes or secreted isoforms. Thus, SPL seems to be
restricted to the intracellular environment. Its intracellular localization allows SPL to function
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as an S1P “sink”, generating a gradient between tissue and circulating S1P levels that has
physiological relevance, as discussed below.

The topology of the enzyme in the ER membrane has been predicted by structural modeling
and biochemical characterization and it belongs to the family of single-pass type III membrane
proteins also referred to as type I without a cleavable N-terminal signal sequence [38,53]. The
enzyme contains a single transmembrane segment, which is located close to the N-terminus
(see Figure 4). Its N-terminus resides in the ER lumen, whereas the large hydrophilic domain,
which is responsible for catalytic activity, is located in the cytoplasmic compartment. A 20
amino acid stretch spanning position 344-364 of the human and mouse SPL is predicted to be
involved in binding of the cofactor, since it shows high homology to other pyridoxal-phosphate
binding motifs[33]. This region is highly conserved in all SPL homologs and contains two
lysine residues (position 382 and 388 in Figure 4) that may be involved in forming an aldimine
link with the cofactor. Moreover, site-directed mutagenesis studies of the human SPL have
defined two cysteines residues C218 and C317 (position 245 and 346 in Figure 4) that are
necessary for proper enzyme activity, likely due to substrate or cofactor binding[33]. The C317
is conserved throughout the species shown in Figure 4. However the C218 is not found in
Drosophila melanogaster, Dictyostelium discoideum and Leishmania major. Interestingly, an
N-terminal truncated enzyme lacking 58 amino acids including the ER luminal sequence and
the membrane spanning domain was found to be active when expressed in bacteria [33].

In summary, SPL structure and ER localization appear to be highly conserved throughout
evolution. In the next section, we will explore mammalian SPL tissue distribution as an
indicator of the enzyme’s function in vertebrate organisms.

4. Tissue distribution of SPL
SPL is expressed in several tissues. In mice and rats, SPL expression and activity appear to be
highest in the small intestine, colon, thymus and liver and lowest in heart and brain, with the
exception of certain portions of the cerebellum and the olfactory mucosal epithelium, a
neuronal tissue in which the enzyme is highly enriched[54]. SPL expression appears to be
highest in tissues marked by rapid cell turnover, consistent with its ability to promote apoptosis
(see below). SPL expression is high in the olfactory mucosa, a unique neuronal tissue that is
subject to high rates of apoptosis due to inhaled toxicant-induced cell damage and which is
unique among adult neuronal tissues in its ability to sustain continuous neurogenesis [55]. The
high expression of SPL in intestinal epithelial cells may underlie its role in catabolizing dietary
sphingolipids [56]. However, SPL activity may also be required to maintain low S1P levels in
the cells at the villus tips, facilitating cell death and turnover in response to oxidant exposure,
other cellular stresses and as a mechanism of gut immunity. [57,58]. (Figure 5). The high
expression of SPL in thymus is likely to be necessary for maintaining low tissue S1P levels
compared to the surrounding plasma. This S1P concentration gradient between thymus and the
plasma enables T cells to exit from thymus into the circulation (see below). However, a role
for SPL in regulating lymphocyte development or epithelial functions cannot be ruled out. S1P
signaling is essential for vascular maturation during embryogenesis and continues to influence
endothelial cell biology in the adult organism. A variety of cells secrete S1P into the blood
plasma including platelets, erythrocytes, neutrophils, mast cells, mononuclear cells and
endothelial cells as reviewed in [47,59]. SPL activity in macrophages monocytes and
neutrophils, has not been characterized to date [60]. However, SPL activity is absent in platelets
and erythrocytes, suggesting that lack of SPL activity or its downregulation may be important
for S1P secretion[61]. In fact, SPL expression was found to be downregulated in mouse
vascular endothelial cells in response to laminar shear stress, thereby increasing the release of
S1P into the plasma[59]. Therefore, SPL may play a dynamic role in the regulation of local
S1P levels at the blood/vascular interface.
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In summary, SPL’s tissue distribution likely reflects its role in digestion of dietary
sphingolipids, regulation of cell turnover, and circulating S1P levels.

5. SPL regulation
Studies in Drosophila melanogaster and Caenorhabiditis elegans revealed that SPL expression
is largely restricted to the developing and adult gut [48,49,62]. Moreover, during murine
development, SPL mRNA expression is temporarily regulated and is involved in early
endodermal differentiation [53,63]. These observations led to the identification of a conserved
mechanism of transcriptional regulation of SPL by GATA transcription factors operational in
nematodes and human cells [64]. Additionally, SPL was identified as an immediate early gene
and transcriptional target of platelet-derived growth factor (PDGF)[65]. Generation of an SPL
knockout mouse revealed phenotypes consistent with PDGF signaling abnormalities, including
defects of cell migration, vascular developmental abnormalities and skeletal defects. Analysis
of the 5’ flanking region of the SPL gene suggests that other mechanisms of transcriptional
control may contribute to the regulation of SPL expression. An investigation of the promoter
region of murine Sgpl1 identified cis-elements such as early growth response factor, zinc-
binding protein factor and GC-box factor motifs [66]. Sgpl1 was also found along with other
pro-apoptotic genes to be a downstream target of mSin3A, a member of a co-repressor complex
involved in embryonic development and in regulating cellular functions such as cell cycle
progression, proliferation, DNA repair, cell survival and p53 activation [67]. In this regard, it
was found that DNA damage induced by etoposide treatment increased the expression of a
human SPL reporter construct [60].

In addition to transcriptional regulation, post-translational regulation of human SPL has also
been suggested by the finding of SPL in a screen for nitrosylated proteins [68]. SPL is predicted
to be nitrosylated on tyrosine residues Y356 and Y366 [68]. By altering the charge of the
tyrosine residues, nitrosylation may interfere with enzyme-substrate binding. Multiple protein
kinase specific phosphorylation sites are also predicted by protein sequence analysis, but these
have not been verified experimentally [69].

Thus, SPL activity is likely to be controlled at various levels, including transcriptional,
epigenetic and post-translational mechanisms of regulation.

6. SPL in development
Observations from experiments performed on simple organisms have revealed essential roles
for SPL in development. In the slime mold Dictyostelium discoideum, mutations of the SPL
gene sglA affects multiple developmental stages in the unique life cycle of this organism
[50]. The observed phenotypes are attributed to defects in actin cytoskeletal organization,
resulting in impaired pseudopodia formation, cell migration and chemotaxis. In the protozoan
parasite Leishmania major, SPL mutants were recently found to be defective in stationary phase
differentiation and virulence, raising the possibility that SPL may serve as a useful target for
antibiotic therapy for leishmanial diseases [51]. In the fruit fly Drosophila melanogaster, null
mutants of the SPL homolog Sply were flightless, and further analysis revealed a severe
myopathy affecting the thoracic flight muscles (Figure 6). In addition, Sply null mutants
reproduced poorly and demonstrated supernumerary spermathecae, degenerative ovaries and
severely reduced testes. A reproductive defect was also found in the nematode Caenorhabditis
elegans, following knockdown of SPL expression using RNA interference. The reproductive
defects found included withering of the reproductive tract, impaired egg laying and
asynchronous egg development [49].

As in simple metazoans, SPL function appears to be critical for mammalian development.
Sgpl1 expression was observed throughout development in mouse embryos [53,70].
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Homozygous Sgpl1 knockout mice do not survive beyond 3-4 weeks after birth, and they
demonstrate significant growth failure and anemia. Several congenital defects were reported,
including vascular abnormalities, skeletal defects, thoracic malformations of sternum, ribs and
vertebrae, and renal abnormalities. Embryonic fibroblasts from Sgpl1 knockout mice
demonstrated defects of migration in vitro. These vascular and cell migration defects are
reminiscent of pathological changes observed in PDGF receptor and S1P1 receptor knockout
mice [71]. Together with the identification of Sgpl1 as a downstream target of PDGF signaling,
these observations suggest that SPL may play a role in the regulation of mammalian
angiogenesis and other developmental processes.

The etiology of SPL knockout model phenotypes appears to vary in individual species. A
marked increase in the level of sphingolipid metabolites including LCBPs, LCBs and
ceramides were observed in Sply mutant flies [48]. Introduction of a second mutation inhibiting
sphingolipid synthesis normalized lipid levels and attenuated many of the mutant phenotypes,
strongly suggesting that tight control of sphingolipid intermediates is required for normal
growth and development. In contrast to Drosophila melanogaster, wherein sphingolipid
intermediates were found to be responsible for the mutant phenotypes, in Leishmania major a
lack of phosphoethanolamine production through the SPL reaction seem to be accountable for
the defects of mutants as ethanolamine supplementation completely reversed the viability and
differentiation defects resulting in stationary phase survival[51]. SPL may also mediate
biological effects through the generation of its products in Drosophila melanogaster, where
phosphoethanolamine formed in the SPL reaction was shown to be important for the formation
of phosphatidylethanolamine required for the processing of sterol regulatory element binding
protein (SREBP), a key regulator of lipid biosynthetic gene transcription [72]. Although it is
not clear how SPL products affect mammalian cells, it is interesting to note that in one study
performed in F9 murine embryonal carcinoma cells, SPL was found to promote proliferation
through an S1P-independent mechanism likely to involve its products [73]. In fact,
ethanolamine is associated with increased phosphatidylethanolamine synthesis and
proliferation in hepatocytes, is mitogenic in insulin-treated fibroblasts and is increased in
cancer cells and in response to carcinogens [74,75]. Phosphoethanolamine can be converted
to CDP-ethanolamine by ethanolamine phosphate cytidydyltransferase, a step necessary for
subsequent incorporation into the important membrane glycerophospholipid
phosphatidylethanolamine [76]. In addition, phosphoethanolamine methyltransferase can
transfer a methyl group from S-adenosyl methionine to phosphoethanolamine, yielding N-
methylethanolamine phosphate. Deletion of the latter enzyme in plants has been shown to
induce sterility and salt sensitivity [77]. Alternatively, phosphoethanolamine can be
metabolized to acetaldehyde, NH3, phosphate and water by another pyridoxal 5’-phosphate-
dependent enzyme, ethanolamine-phosphate phospho-lyase. The fate and importance of the
aldehyde formed in the SPL reaction is not well understood. The product is unstable and
converts to the corresponding alcohol and fatty acid, which could then re-enter the lipid pool.
Due to the reactivity of the aldehyde, it is also feasible that it may react with other cellular
components, including DNA and proteins.

Thus, SPL expression seems pivotal for development, as its activity is needed for proper
regulation of bioactive sphingolipid metabolites. Moreover, at least in simple organisms, SPL
activity provides cells with phosphoethanolamine that is needed for phosphatidylethanolamine
biosynthesis and regulation of genes involved in lipid metabolism.

7. SPL in cell growth and apoptosis
Sphingolipid metabolites such as LCBPs and ceramide are bioactive molecules with opposing
effects on cell fate. Cells appear to maintain a dynamic balance between these molecules [21,
23]. SPL has the ability to influence cell fate by removing pro-proliferative LCBPs from the
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sphingolipid pool and thereby shifting the balance. The potential role of SPL in regulating cell
fate and stress responses has been investigated in several systems. For example, Saccharomyces
cerevisiae dpl1 null mutants are resistant to heat stress and nutrient deprivation[25,78]. An
insertional mutagenesis screen in Dictyostelium discoideum identified mutations in the SPL
gene as the etiology of enhanced resistance to the anticancer drug cisplatin [79]. Conversely,
overexpression of SPL at different levels enhanced the sensitivity of Dictyostelium
discoideum cells to the drug [80]. An enhanced sensitivity to chemotherapy drugs including
cisplatin was also found in mammalian cells overexpressing SPL. In these cells increased SPL
activity resulted in a decrease in the ratio of S1P to ceramide and thereby a shift in the balance
between the opposing MAPKs ERK and p38, favoring p38 activation [81]. Cisplatin was
recently shown to cause a translocation of dihydroceramide synthase 1 from ER to Golgi, a
process that may contribute to mediating cell death by cisplatin; sphingosine kinase 1 blocks
both translocation and Cisplatin-induced cell death [82]. SPL may also influence this process,
although this possibility was not directly tested. SPL was also found to sensitize mammalian
cells to serum deprivation, DNA damage and other stressful stimuli by the ability to promote
apoptosis through the action of p53 and p38 tumor suppressor signaling pathways [52,60,81].
A lack or reduction in SPL activity can also lead to cell death as evidenced by increased
apoptosis found in the reproductive organs of the Drosophila melanogaster Sply null mutant
fly[83]. The sphingolipid metabolites responsible for this effect are unknown, although these
tissues show a profound accumulation of LCBs including Δ4,6-sphingadienes, which were
found to promote apoptosis in Drosophila melanogaster cell lines[84]. A similar accumulation
of LCBs was also found in the Drosophila melanogaster cell line Schneider-2 (S2) following
RNA interference against Sply[84].

Thus, SPL can affect cell growth decisions by modulating the level of LCBPs and thereby
shifting the balance of pro-survival and cytotoxic sphingolipids.

8. SPL in disease
The importance of SPL in regulating S1P levels, levels of other sphingolipid intermediates,
and cell fate is likely to contribute to tissue homeostasis and, alternatively, its dysregulation
could contribute to the pathophysiology of disease. S1P signaling plays an important role in
the immune system by affecting cell survival, migration and cytokine secretion. The
immunomodulatory drug FTY720 is rapidly phosphorylated by sphingosine kinases [44,85,
86]. The phosphorylated compound acts as an agonist for S1P receptors on thymocytes and
lymphocytes although chronic treatment with FTY720 leads to “functional antagonism”
presumably due to the disappearance of the receptor from the cell surface [87-89]. By reducing
cell surface bound S1P receptors it is believed that FTY720 treatment prevents the exit of these
cells from thymus and secondary lymphoid organs. However since FTY720 has both agonist
and antagonist properties, the means by which it inhibits cell egress from these sites remains
controversial. FTY720 has also been shown to inhibit SPL activity, which raises the possibility
that SPL inhibition may contribute to the immunological effects of the drug [45]. Inhibition of
SPL by THI also prevents T cell egress from thymus and secondary lymphoid organs [46].
This effect was explained by a reduction in the S1P gradient between thymus and the
circulation. Like the S1P receptor analogs, SPL inhibitors may, thus, define yet another class
of immunosuppressant drugs that may be useful in the treatment of autoimmune disease and
prevention of allograft rejection.

There is evidence that S1P plays a role in inflammation. Sphingosine kinase 1 was shown to
be activated downstream of the inflammatory mediator TNFα in monocytes and to contribute
to subsequent intracellular signaling, degranulation, cytokine production, and activation of
NFκB in these cells [90]. Both S1P and sphingosine kinase 1 also were shown to be necessary
for the ability of TNFα to induce expression of COX-2 and PGE2 production [91]. Cells present
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in inflammatory infiltrates express SPL [60], which raises the possibility that SPL may play a
role in the inflammatory process. Interestingly, the expression of human Sgpl1 was found to
be increased in skin of patients suffering from atopic dermatitis, a chronic relapsing
inflammatory skin disease often associated with autoimmune diseases [92].

The role of sphingolipids in regulating cell fate and stress response raises the possibility that
genes of sphingolipid metabolism may be altered in cancer and/or targets for cancer
therapeutics. This notion is consistent with the recent finding that administration of a
monoclonal S1P antibody attenuated human xenograft progression and angiogenesis in vivo
[93], as well as the observed effects of FTY720 on inhibition of tumor angiogenesis and S1P
receptor downregulation [94,95]. Numerous studies have reported sphingosine kinase 1 to be
upregulated in human cancers and in some cases enzyme activity and elevated LCBP levels
have been demonstrated [96-102]. Conversely, SPL expression and activity were found to be
downregulated during intestinal tumorigenesis in the ApcMin/+ mouse model and in human
colon cancer specimens compared to adjacent uninvolved tissues (Figure 7) [60]. These results
suggest that SPL may function in tumor suppressor/cancer surveillance pathways, and that loss
of SPL expression or activity could potentially contribute to tumorigenesis. This is consistent
with the finding that Sgpl1 is among a set of genes significantly downregulated in metastatic
tumor tissues compared to primary tumors from the same patients [103]. However, it should
be noted that SPL upregulation has also been identified as a feature of some malignant tissues.
For example, in ovarian cancer, where lysophospholipids including S1P and LPA are elevated
in malignant ascites and tissues and stimulate tumor cell proliferation, SPL was found to be
upregulated [104-106]. If SPL downregulation in intestinal adenomas is a reversible
phenomenon, it might be exploited as an adjuvant approach to enhance the therapeutic response
of tumor cells to DNA damaging agents. Conversely, SPL may also be a target for
pharmacological intervention, to transiently raise S1P levels as a means of affording protection
of reproductive function in patients receiving cytotoxic therapy and radiation [107].

9. Summary and future perspectives
It is now well established that LCBPs such as S1P are potent signaling molecules involved in
controlling cell fate. Tight regulation of these molecules is essential for proper cell functioning,
and SPL may be an important gatekeeper in this process. Evidence suggests that SPL is
dynamically regulated through transcriptional and post-translational mechanisms, enabling it
to respond to changes in lipid metabolism, nutrient availability and stressful conditions. In
simple organisms, reduced or absent SPL activity caused by gene mutations or RNA
interference results in severe developmental consequences. Loss of SPL expression in
mammals is equally deleterious, leading to early death. Changes in SPL expression and activity
are associated with intestinal tumor progression, and inhibition of SPL activity has profound
effects on the immune system and lymphocyte trafficking. Whether the role of SPL in these
processes can be exploited for medical benefit remains to be determined. The development of
conditional SPL knockout mouse models and the identification of small molecule inhibitors
of SPL should help to establish the role of SPL in physiology and disease.

Although the first SPL was cloned more than 10 years ago, our knowledge of enzyme structure
and regulation remains somewhat limited. Mechanisms responsible for SPL transcriptional
regulation are beginning to emerge. Nitrosylation and other modifications such as
phosphorylation and glycosylation have not been confirmed experimentally but are likely,
based on analysis of the polypeptide. The topology of the enzyme has been analyzed, and its
orientation in the membrane and active site location have been determined, but other functions
and aspects of polypeptide organization may yet be uncovered. A more in depth analysis of
SPL structure and regulation is needed in order to better understand this important enzyme.
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Such work will aid in the discovery and design of new SPL inhibitors as well as new ways to
reactivate the enzyme, potentially for therapeutic purposes.
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Figure 1.
Sphingolipid metabolism. LCBs formed from either sphingolipid de novo synthesis (step 1, 2)
or from sphingolipid degradation (step 9, 7) can be phosphorylated by sphingosine kinases
(step 3). The formed LCBPs can then be dephosphorylated by sphingosine-1-phosphate
phosphatase or type 2 phosphatidate phosphohydrolase activity (step 4). Alternatively, LCBPs
can be irreversible cleaved by SPL, thereby yielding an alkyl aldehyde and
phosphoethanolamine.
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Figure 2.
LCBPs metabolized by SPL. Dihydrosphingosine-1-phosphate, sphingosine-1-phosphate and
phytosphingosine-1-phosphate are the major LCBPs found in mammals and yeast and the
naturally occurring D-erythro isomer of these compounds is metabolized by SPL. SPL also
metabolizes certain forms of LCBPs containing methyl groups at C4 or C5. SPL shows broad
specificity towards the chain length of the LCBP and medium and long chain compounds are
used as substrates.
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Figure 3.
SPL inhibitors. Several sphingolipid analogs inhibit enzyme activity and lately compounds
such as the ceramide analog GT11, the LCB analog FTY720 and the LCBP analog FTY720-
phosphate has been shown to inhibit SPL. Moreover, pyridoxal-phosphate analogs including
THI, has also been shown to inhibit SPL.
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Figure 4.
Sequence alignment of SPL. ClustalW alignment of Homo sapiens, Mus musculus, Drosophila
melanogaster, Caenorhabditis elegans, Saccharomyces cerevisiae, Dictyostelium
discoideum and Leishmania major SPL. The underlined regions indicate the ER luminal
domain (green), the transmembrane spanning domain (red) and the predicted pyridoxal-
phosphate binding domain (yellow). Black shading indicates identical residues. Gray shading
indicates biochemically similar residues.
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Figure 5.
SPL expression in murine thymic epithelium and intestinal mucosa. β-galactosidase staining
was performed as described on glutaraldehyde-fixed, frozen sections of SPL reporter mouse
tissues [108]. SPL expression can be appreciated in the cytoplasm of the epithelial cells but
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not lymphocytes of the thymus (a) and in the differentiated enterocytes in the villus tips of the
jejunum (b).
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Figure 6.
Dorsal longitudinal flight muscle (DLM) abnormalities in the Drosophila SPL null mutant
Sply. Whereas the hemithoraces of the Canton-S wild-type fly invariably contains six DLM
fibers of equal proportion, Sply homozygotes exhibit a general pattern of missing fibers,
asymmetric development and compensatory hypertrophy of remaining fibers. Shown here is a
Sply homozygote with only four DLM fibers in the right hemithorax. The upper DLM fiber in
each row is marked with an arrow.

Fyrst and Saba Page 21

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
SPL downregulation in intestinal tumorigenesis. Immunohistochemistry with a murine SPL-
specific antibody used as described previously shows robust SPL expression in normal
differentiated epithelial cells of the villus of the small intestine (brown staining) in the
ApcMin/+ mouse model of colon cancer, whereas undifferentiated adenomatous areas in the
submucosa do not express SPL [60]. (Left) hematoxylin & eosin; (Right)
immunohistochemistry.
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