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Abstract

Sphingosine 1-phosphate (S1P) is an important bioactive sphingolipid metabolite that has been
implicated in numerous physiological and cellular processes. Not only does S1P play a structural
role in cells by defining the components of the plasma membrane, but in the last 20 years it has
been implicated in various significant cell signaling pathways and physiological processes: for
example, cell migration, survival and proliferation, cellular architecture, cell-cell contacts and
adhesions, vascular development, atherosclerosis, acute pulmonary injury and respiratory distress,
inflammation and immunity, and tumorogenesis and metastasis [1, 2]. Given the wide variety of
cellular and physiological processes in which S1P is involved, it is immediately obvious why the
mechanisms governing S1P synthesis and degradation, and the manner in which these processes
are regulated, are necessary to understand. In gaining more knowledge about regulation of the
Sphingosine Kinase (SK)/S1P pathway, many potential therapeutic targets may be revealed. This
review explores the roles of the SK/S1P pathway in disease, summarizes available SK enzyme
inhibitors and examines their potential as therapeutic agents.
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1. Sphingolipid Metabolism

Over the past 20 years, sphingolipids have emerged on the scene as pleiotropic signaling

molecules implicated in the regulation of various cellular functions [3]. The first necessary
step in the de novo pathway of ceramide generation involves Palmitoyl Co-A and the amino
acid serine condensation, via the action of the enzyme serine palmitoyl transferase (SPT), to
form dihydrosphingosine (DHS) (Fig. 1). Recently shown, SPT can undergo a change in
substrate preference, from serine to alanine or glycine, leading to the production of 1-
deoxysphinganine and 1-deoxymethylsphinganine, respectively [4]. Following its synthesis,
serine-derived DHS then becomes acylated via action of the ceramide synthases to become
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dihydroceramide (Fig. 1) [5]. Dihydroceramide is then desaturated to form ceramide.
Members of the large family of CerS are responsible for the addition of varying lengths of
acyl chains, resulting in numerous dihydroceramide and ceramide species (Fig.1). Ceramide
may also be generated by the breakdown of membrane sphingomyelins or via degradation of
complex glycosphingolipids by the action of sphingomyelinases (SMase) and glucosyl
ceramidases (GCase) respectively, as seen in Fig 1. Degradation of ceramide is carried out
by the ceramidases (CDase), whereby the acyl chain is removed from ceramide and the 18
carbon amino-alcohol compound sphingosine is formed. Sphingosine then serves as the
substrate for the sphingosine kinases (SKs) which are responsible for phosphorylating
sphingosine at the primary hydroxyl group, resulting in the production of sphingosine 1-
phosphate (Fig.1) [6]. In lieu of being phosphorylated by SK to S1P, sphingosine can be
recycled back to ceramide via CerS-mediated reacylation [7]; this mechanism of ceramide
generation is referred to as the salvage pathway. Of particular interest to this review are the
SK enzymes as well as their product, the bioactive sphingolipid molecule sphingosine 1-
phosphate (S1P) (Figure 1).

2. Sphingosine 1-Phoshpate (S1P)

2.1. Metabolism and Function

The bioactive signaling molecule sphingosine is phosphorylated via the action of the
enzymes sphingosine kinase 1 (SK1) and sphingosine kinase 2 (SK2). A fine balance is
maintained between the lipid signaling molecules ceramide, sphingosine and S1P and the
SKs, along with other tightly regulated enzymes of sphingolipid metabolism, are attributed
with preserving the aforementioned lipid equilibrium [8]. The phosphate can be removed
from S1P by S1P phosphatases (SPPs) or other non-specific lipid phosphatases [9, 10].
Alternatively, S1P can be irreversibly broken down into phosphoethanolamine and
hexadecenal by S1P lyase [1] (Figure 1). Sphingosine 1-phosphate has been shown to be
involved in many normal physiological processes, as well as in disease processes [11].
Given the numerous important processes that rely on the SK/S1P pathway it is vital that we
have a solid understanding of the mechanisms by which it is regulated.

2.2. S1P Signaling

S1P is implicated in both extracellular and intracellular-mediated signaling; however, to
date, the majority of S1P effects have been attributed to its function as an extracellular
signaling molecule [12]. The lack of S1P receptors in yeast and presence of a putative S1P
receptor in the plant Arabadopsis thaliana provide significant evidence for intracellular
function of S1P [13]. Despite the evidence for S1P as an intracellular signaling molecule,
only recently have direct, intracellular molecular targets of S1P begun to be characterized.
For example, intracellular S1P generated specifically by SK1 was shown to be necessary for
TRAF2 E3 ubiquitin ligase activity, which is necessary for TNF-mediated events [13].
Moreover, nuclear S1P, derived from SK2, was reported to regulate epigenetic-mediated
gene expression via inhibition of histone deacetylaces [13] . As mentioned above, many S1P
functions are found to be receptor-mediated. The S1P family of G protein-coupled receptors,
of which there are five (S1P1R-S1P5R), couple to different alpha subunits of heterotrimeric
G proteins: for example Gaj, Gag and Ga12/13. S1P receptor expression patterns, along
with the Ga subunits to which each receptor couples dictates the activation of different
downstream targets that occur upon receptor activation, including activation of Rac, ERK,
Pl3K, adenylyl cyclase, phospholipase C, Rho and JNK, resulting in the aforementioned
cellular responses [14].

S1P is also capable of “inside-out” signaling whereby S1P is released, via the ABC family
of transporters and the more recently described spinster 2 (spns2) transporter [15, 16], from
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the cell and is able to act in an autocrine or paracrine fashion, activating S1P receptors on
the cell from which it was exported or on nearby cells [17-19]. “Inside-out” signaling is
typically initiated by ligand-induced activation of SK which occurs in response to many
signaling molecules, including growth factors, cytokines and even S1P itself [20] (for
information regarding S1PRs as therapeutic targets, please see the comprehensive review by
Aarthi, et. a/[21]). Given the wide variety of significant processes in which the SK/S1P
pathway is involved, it is of great importance to determine signals that are directly elicited
by SK and S1P, as well as those that are indirectly mediated by the pathway.

3. Sphingosine Kinase (SK)
3.1. Sphingosine Kinase 1 (SK1)

Sphingosine kinase 1 and 2 (SK1 and SK2) are the enzymes responsible for the production
of S1P from sphingosine. Surprisingly, very little is known concerning the structural
features of the SKs, as little to no overall sequence similarity is shared between these
enzymes and other known proteins, including lack of significant similarity with any well-
characterized or recognizable regulatory or catalytic domains [22]. Sequence analysis in the
forms of protein threading and motif searching have revealed weak structural similarities to
other lipid kinases including diacylglycerol kinases (DAGK) and ceramide kinase (CK), as
well as NAD Kinases and even 6-phosphofructokinases (PFKs) [23]. The crystal structure of
PFK has been solved and displays close sequence homology with the ATP-binding domain
of SK and therefore may share similar folding properties [23]. Moreover, the structure
determination of a bacterial lipid kinase, YegsS, possessing phosphatidylglycerol kinase
activity, has provided a structural foundation that may aid in determining the structure-
function relationship of other eukaryotic lipid kinases [24, 25]. Additionally, a SK1
homology model generated based on the known structure of DGKf was used in the recent
development of amidine-based SK inhibitors [26]. While the rational design of SK inhibitors
is complicated by the lack of a defined structure, perhaps we can glean information from
proteins with sequence similarity in hopes of identifying a potent inhibitor of SK which can
then ultimately aid in the determination of the crystal structure.

A result of alternative splicing, three different forms of SK1 have been identified in humans
(SK1a, SK1b and SK1c) [27]. SK1 has many important evolutionarily conserved regions
including glycine 82 which is required for catalysis, aspartate 278 which is required for
substrate binding and a diacylglycerol kinase domain [1, 28, 29]. Other regions of the SK1
enzyme that are homologous include a Ca2*/Calmodulin binding site, along with a TNF
receptor associated factor 2 (TRAF2) and ATP binding site [22]. It has been shown that SK1
contains residues that bind phosphatidylserine and other acidic phospholipids, thus
contributing to the subcellular localization of the enzyme [22, 30-33]. As with other
sphingolipid metabolizing enzymes, SK1 subcellular localization determines the outcome of
S1P signaling. While SK1 resides predominantly in the cytosol, it has been shown to
undergo translocation to the plasma membrane following phosphorylation by ERK [30].
Functionally, membrane targeting is thought to position SK1 into close proximity with its
sphingosine substrate [31]. When S1P is formed at the plasma membrane, it can then be
easily exported from the cell and act locally in an autocrine or paracrine fashion [34, 35].
S1P produced by endoplasmic reticulum-, nuclear- or mitochondrial-localized SK2 [34, 35]
is likely quickly degraded due to its closeness to ER-bound S1P Lyase and S1P Phosphatase
which degrade and dephosphorylate S1P, respectively [36]. There have been reports of
extracellular SK1, suggesting that export of SK1a from endothelial cells may influence
vascular S1P gradient [37]. Also in support of extracellular SK1, oxidized LDL immune
complexes have been shown to mediate the release of SK1 in a monocytic cell line [38, 39].
Despite those that were briefly mentioned, there exists no general, widely-accepted
mechanism of SK1 regulation as there does for many well characterized enzymes.
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Determining the specific signaling events in which the SK/S1P pathway is involved, as well
as determining the mechanisms by which the pathway is regulated during these signaling
events can help expose the pathway as a potential therapeutic target.

3.2 Sphingosine Kinase 2 (SK2)

Located on a separate gene from SK1 is the less well-characterized isoform of the SKs,
Sphingosine Kinase 2 (SK2). SK2 was originally thought to function in apoptosis and other
functions contradictory to those of SK1, including functioning as a putative BH3-only
protein capable of stimulating apoptotic signaling [40-42]. With the advent of the putative
SK2-specific enzyme inhibitor, ABC294640, many novel functions of SK2 have recently
been uncovered. First of all, inhibition of SK2 has been shown to sensitize cells to apoptotic
stimuli suggesting a positive role for SK2 in cancer [43]. Also implicating SK2 in cancer are
reports that SK2 ablation via sSiRNA prevents tumor cell proliferation and migration [44].
Moreover, SK2 has recently been implicated in ischemic preconditioning such that its
pharmacological inhibition abolished preconditioning-induced tolerance in ischemic injury
[45-47]. Compared to SK1, SK2 displays different sub-cellular localization patterns and is
thought to be in the ER, nucleus and mitochondria [48]. Other than its subcellular
localization and ERK2-mediated phosphorylation and activation, it remains unknown the
direct mechanisms by which SK2 is regulated [49]. Although SK1-deficient or SK2-
deficient mice are viable, knocking out both isoforms of SK renders blood vessel formation
inadequate for development, affects neurogenesis and neural tube closure and embryos die
by ED 13.5 [50]. This provides evidence for yet another significant physiological process,
embryonic development, which requires proper function of the SK/S1P pathway.
Determining the manner in which the SK/S1P pathway contributes to development will only
magnify the therapeutic potential of the SK/S1P pathway, especially in diseases displaying
activation of developmental programs such as cancer.

4. SK/S1P Pathway as a Therapeutic Target

4.1. Biomarker of Disease

Use of SK/S1P pathway-components as prognostic indicators and biomarkers of disease
highlights the therapeutic potential of targeting the SK/S1P pathway. Sphingosine Kinase 1
is well known to be overexpressed in numerous cancers including thyroid cancer [51], Head
and Neck Squamous Cell Carcinoma [52], glioblastoma [53], breast cancer [54, 55], gastric
cancer [56] and lung cancer [57] (Table 1). Furthermore, in clinical studies sphingosine
kinase expression and S1P levels have been correlated with cancer grade and patient
survival and therefore have the potential to be used as biomarkers of various malignancies:
for example gastric [56], breast [54, 55] and prostate cancer [58] (Table 1). Not only does
the SK/S1P pathway lend itself to cancer detection and prognosis, but it is also emerging as
a descriptive biomarker of cardiovascular disease [59, 60]. S1P has been implicated as a
potential marker of cardiovascular disease in Fabry disease and obstructive coronary artery
disease (CAD), for example. Left ventricular hypertrophy (LVH) and increased intima-
media thickening (IMT) are hallmarks of Fabry disease. Interestingly, when plasma from
diseased patients was analyzed, S1P was the most abundant component [61] (Table 1). Also,
it has been reported that serum S1P levels correlate with CAD; such that, S1P levels were
able to predict occurrence and severity significantly better than traditional predictors [62]. It
should be noted, however, that S1P is involved in many important cellular functions,
including those that regulate normal cellular behavior; therefore, when manipulating the SK/
S1P pathway with the intent of therapeutic development, it is important to understand all
facets of physiology that may be affected.
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4.2. Inflammatory Diseases

More evidence for targeting the SK/S1P pathway therapeutically emerges in inflammatory
diseases (Table 1). Fingolimod is a sphingosine analog, which acts as a substrate for SK2,
and is currently used in the clinic to prevent relapse in relapse-remitting multiple sclerosis
[63, 64]. FTY720, once phosphorylated to FTY720-P functions as an agonist to four out of
five S1P receptors, resulting in the ubiquitin-mediated degradation of the S1P1R and
inability of lymphocytes to egress from lymphoid tissues, thus dampening the inflammatory
response [65, 66]. Besides MS, the SK/S1P pathway is known to play a critical role in many
other pathological processes that possess important inflammatory components. For example,
increased activity of the SK/S1P pathway correlates with the initiation and perpetuation of
ulcerative colitis (UC) and inflammatory bowel disease (IBD) in patient samples and in
mouse models of disease [67]. SK and S1P have been shown to modulate these diseases
such that inhibition of either SK1 [68] or SK2 [43] has been shown to abrogate underlying
inflammatory components thus decreasing parameters of disease. Moreover, a recently
developed S1P1R-specific antagonist, KRP-203, was found to inhibit parameters of disease
in an IL-10 knockout model of chronic colitis by promoting lymphocyte sequestration to
secondary lymphoid tissues, reducing CD4* T cell and B220* B cell colon infiltrate and
inhibiting IF-y, IL-12 and TNFa production by colonic lymphocytes [69]. Other
inflammatory pathologies that rely, at least in part, on SK/S1P signaling include arthritis,
asthma, anaphylaxis and atherosclerosis [70-72] (Table 1). While S1P, via S1P1R signaling,
is directly involved in recruiting lymphocytes to local areas of inflammation, it is also
involved in perpetuation of inflammatory signaling. For example, inhibition of SK in a
murine collagen-induced arthritis reduced disease severity and decreased plasma levels of
TNF-a, IL-6, IF-y, and S1P [73]. Pharmacological inhibition of SK can function on two
levels to inhibit inflammatory diseases such as arthritis and atherosclerosis by 1) inhibition
of lymphocyte egress as well as 2) inhibition of secondary cytokine signaling. Discussed
later, obesity and diabetes are SK-mediated diseases with inflammatory components and
treatment options for these diseases could be expanded to include SK-targeted anti-
inflammatory therapies. Given the major role that SK/S1P has been shown to play in the
aforementioned inflammatory pathologies, it is important that the field persists in the
development of pathway modulators for the generation of novel anti-inflammatory treatment
modalities.

4.3. Other Diseases

Most recently identified, yet less well characterized are the roles of the SK/S1P pathway in
obesity and diabetes, ischemia/reperfusion injury and fibrosis (Table 1). A recent report
implicated the SK/S1P pathway as an intermediate in an /n vitro model of diabetic
nephropathy [74]. In glomerular mesangial cells, expression of dominant-negative SK1 or
pharmacological inhibition impaired high glucose-stimulated fibronectin expression;
meanwhile, kidneys from streptozotocin-induced diabetic rats exhibited hallmarks of
diabetic nephropathy, such as matrix accumulation; this occurred concomitantly with
increased SK1 message, protein and activity, as well as S1P levels [74]. Also, a recent study
found correlations between S1P levels and circulating TNF-a,, adiponectin, and free fatty
acids in obese adolescents [75] which is in support of other reports implicating sphingolipids
in the progression of obesity-related comorbidities in adults [76]. While obesity and diabetes
possess many inflammatory components, it is likely that S1P-mediated lymphocyte egress
and cytokine production can serve as a therapeutic target for some of the complications
associated with these pathologies. In addition to obesity and diabetes, the SK/S1P pathway
emerges as a potential player in ischemic preconditioning. Much of the evidence for SK in
ischemic injury comes from studies carried out using knockout animals. SK2 has been
shown to be involved in protection from ischemia in a number of studies. First, hearts from
ischemic preconditioned SK2 null mice displayed greater area of damage and less recovery
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post-ischemia than wild-type mice, suggesting a role for SK2 in ischemic preconditioning of
the myocardium [45]. Also, another study suggests that isofluorane-induced cerebral
preconditioning occurs via SK2-mediated up regulation of Hif-1a because SK2-specific
pharmacological inhibitor ABC294640-treated mice and SK2 knockout mice were not
protected from injury following cerebral preconditioning [77]. On the other hand, some
studies point to a role for SK1 in protection from I/R injury. Renal I/R injury in mice led to
induction of kidney SK1 and mice lacking SK1 exhibited increased renal injury compared to
wild-type mice [78-80]. This was rescued by overexpressing SK1, specifically in the kidney,
through a mechanism involving S1P generation and S1P1R activation [78, 81]. Regardless
of the specific isoform involved in I/R preconditioning and protection from injury, it is clear
that the SK/S1P pathway has potential as a target in the development of I/R-related
therapies. Lastly, targeting the SK/S1P pathway may be a potential arm of treatment for
fibrotic diseases including scleroderma, idiopathic pulmonary fibrosis (IPF) and cardiac
remodeling following myocardial infarction. A hallmark of IPF is the accumulation of
myofibroblasts due to improper epithelial-mesenchymal transition (EMT). S1P is a well-
known inducer of EMT and interestingly, levels are increased in IPF and correlate with lung
function [82]. Also, transforming growth factor-p (TGF-p) activates cardiac fibroblasts
following aortic banding in an SK1-dependent manner, suggesting that SK1 is involved in
myocardial fibrotic remodeling and likely plays a role in cardiac fibrosis [83]. Given the role
that TGF-p signaling plays in fibrotic diseases, as well as the role that TGF-p plays in
activating the SK/S1P pathway, inhibition of TGF-f signaling and subsequent S1P signaling
may function as a point of therapeutic intervention for pathologies possessing these
components. The SK/S1P pathway has been shown to be involved in numerous pathologies
ranging from inflammation and cancer to cardiovascular disease and diabetes; therefore, it is
imperative that continued effort be put forth to develop pathway modulators, leading to
novel and interesting therapeutic treatments.

5. Sphingosine Kinase Inhibitors

While overexpression studies using WT or kinase dead SK mutants have implicated the SK/
S1P pathway in numerous cell biologies, gene silencing techniques have dramatically
facilitated the study of SK in vitroand /n vivo. Gene silencing in the form of small
interfering siRNA, /n vitro, has elucidated a role for SK in a plethora of signaling pathways
associated with oncogenesis [84] and inflammation [85], for example, suggesting the SK/
S1P pathway as a potential therapeutic target. More recently, however, siRNA has started to
be employed /n vivo in various models of disease. For example, Pushparaj, et. al. validated
SK1 as a key player in C5a-mediated inflammation /n vivoby i.v. injection of SK1 siRNA
[86]. By optimizing /n vivo siRNA administration, they avoided the previously employed
“hydrodynamics” method whereby vascular damage occurred due to high speed and high
volume i.v. injection [86]. Using longer administration times and lower volumes, the group
achieved knockdown of SK1 in the liver, lung, spleen and peripheral blood mononuclear
cells (PBMCs) [86]. In an additional study, the same group used tail vein injection of SK1
SiRNA to establish a role for SK1 in mast cell-mediated anaphylaxis [87]. Interestingly,
results from /n vivo siRNA treatment revealed a compensatory mechanism in genetic
knockout animals, as SK2 siRNA had no effect on mast cell function, while a role for SK2
was identified in mast cell-mediated anaphylaxis using a genetic knockout model [87]. In a
novel mechanism of /n vivo administration of sSiRNA, Masood, et. a/. used nanotechnology
to deliver SK1 siRNA in a mouse model of head and neck squamous cell carcinoma
(HNSCC) [88]. SK1 siRNA carried by biocompatible gold nanorods lead to greater tumor
regression and required lower radiation doses when injected intratumorally into
subcutaneous tumors [88]. These studies lay the foundation for the use of SK siRNA for
therapeutic interventions as well as further validate the need for the development of specific
and potent mechanisms of SK inhibition.
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It has become evident that the SK/S1P pathway is involved in multiple cellular processes
that contribute to disease initiation, maintenance and progression; therefore, modulation of
the pathway can prove useful in the development of important novel therapies for the
treatment of various diseases including cancer, inflammatory diseases and vascular
disorders. Two types of SK inhibitors will be discussed at length: sphingosine analog
inhibitors and non-lipid small molecule inhibitors.

5.1. Sphingosine Analog Inhibitors

D,L-threo-dihydrosphingosine—D,L-threo-Dihydrosphingosine (DHS) (Fig..2), the
synthetic threo stereoisomer of the naturally occurring D-erythro-dihydrosphingosine, is
perhaps the earliest encountered inhibitor of SK [89]. Indicating a high degree of SK
stereoselectivity, D,L-threo-DHS acts as a competitive inhibitor of SK1 with a K of
approximately 3-6 uM (~0.2 mol%) (Fig. 2); alternatively, it acts as a substrate for SK2 and
can be further metabolized, becoming incorporated into the sphingolipid metabolic pathway
[89]. Although a fairly potent inhibitor of SK1, L-tAreo-DHS also inhibits other kinases and
is, in fact, used as a PKC-a (PKCa)-specific inhibitor in both the laboratory and the clinic
and is often referred to as safingol (Table 2) [90]. The off target effects and substrate
properties of this compound make it a less-than-ideal SK inhibitor.

Dimethylsphingosine—Originally established as an inhibitor of PKC [91], the N, N-
Dimethyl derivative of sphingosine, (dimethylsphingosine, DMS, Fig. 2), is an inhibitor of
both SK isoforms. DMS acts as a competitive inhibitor of SK1 (Ki=51M) and a non-
competitive inhibitor of SK2 (Ki=12uM) (Table 2) [92]. It was recently shown that DMS
results in ubiquitin-mediated SK1 proteasomal degradation which may lead to more
effective treatments for SK-reliant diseases [93, 94]. Unfortunately, DMS has been shown to
have off target effects limiting its use as a specific inhibitor of SK in the laboratory, as well
as in the clinic. DMS has been shown to have inhibitory effects on important cellular kinases
including ceramide kinase (CK) [95] , PKC [91], SRC kinases [96], and MAPK [97], as well
as stimulating effects on phosphatidylinositol kinase (P13K) [98], sphingosine-dependent
protein kinase 1(SDK1) [99], Casein Kinase Il [100] and epidermal growth factor receptor
(EGFR) (Table 2) [101] Concentration-dependent effects of DMS have also been observed,
such that low concentrations have been shown to enhance SK activity [102]. While many
studies have used DMS as a tool to identify functions of SK, it is important to consider its
many off target effects when interpreting results.

FTY720—FTY720 (2-amino-2-[2-(4-octylphenyl) ethyl] propane-1, 3-diol) is structurally
similar to sphingosine (Fig. 3) and the lead compound from which it was derived, ISP-1
(myriocin), was isolated from the fungus /saria sinclairii [103]. Also known as Fingolimod,
or by trade name Gilenya™, this compound is currently used in the clinic to quell
symptoms and slow the progression of multiple sclerosis (MS) (Table 2) [104, 105].
Fingolimod’s primary mode of action is through T-lymphocyte-specific immunosuppression
[104]. Following phosphorylation by SK2, FTY720-P, acts as a receptor activator at four of
the five S1IPRs: S1IP1R, S1P3R, S1P4R and S1P5R. Drug exposure leads to activation and
subsequent ubiquitin-mediated degradation of S1IP1R, the main chemotaxis-mediating
receptor in lymphocytes, resulting in T-cell sequestration to the lymph nodes [104]. Not only
does FTY720 act on the SK/S1P pathway by interacting with S1P cell-surface receptors, but
it also acts as a competitive inhibitor of SK1 (with respect to sphingosine) with a Ki around
2uM (Table 2) [93]. Similar to other SK inhibitors (see DMS and FTY720-phosphonate
discussions), FTY720 induces the proteasomal degradation of the SK1 splice variant, SK1a
[93]. Due to its success in the clinic, FTY720 has served as the basis for chemical
derivatives that have shown increased potency and specificity.
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(S)-FTY720-vinylphosphonate—Rationally designed derivatives of the previously
described FTY720, the unsaturated phosphonate enantiomers (/)- and (S)-FTY720-
vinylphosphonate (/- or Svinyl-Pn) (Fig. 2), also function to inhibit SK with the (S)-
enantiomer being superior, inhibiting purified SK1 activity by 90% [93] and purified SK2
by 70%. (S)-vinyl-Pn is more effective at inhibiting SK1 than DMS, FTY720 and SKi-II
(discussed below) and is an uncompetitive inhibitor with a Ki of approximately 15,.M
(Table 2) [93]. Like its parent compound, (S)-vinyl-Pn leads to the proteasomal degradation
of SK1 and other than S1P, is the only antagonist known to act on all five S1IPRs (Table 2)
[106], with full antagonism at S1IP1R, S1P3R and S1P4R and partial antagonism at S1IP2R
and S1P5R [107]. Also similar to its lead compound, both enantiomers of FTY720-vinyl-Pn
induce transient peripheral lymphopenia when administered to mice [107]. Other non-
specific effects include potent, dose-dependent inhibition of lysophospholipase D
(autotaxin) [107]. Further /n vivo characterization is necessary to determine the therapeutic
potential of (S)-FTY720-vinyl-Pn.

(R)-FTY720-OMe—One of the most recently developed SK inhibitors is also a derivative
of the clinically successful FTY720, (R)-FTY720 methyl ether (FTY720-OMe) (Fig. 2), and
acts competitively with sphingosine to inhibit SK2 displaying a Ki of 27uM (Table 2) [108].
In order to block the FTY720 site of phosphorylation by SK2, Lim et. al. replaced the
prochiral group with a methoxy group resulting in enantioselective, SK2-specific inhibition
(Fig. 2) [108]. The methyl ether compound, similar to its parent compound, decreased the
expression of SK2 and this was inhibited by the addition of ubiquitin-proteasomal pathway
inhibitor, MG132 (Table 2) [108]. (R)-FTY720-OMe inhibited DNA synthesis and induced
apoptosis, as well as stimulated focal adhesion assembly in HEK 293 cells [108]. Like other
Fingolimod derivatives, future studies assessing the likelihood of (R)-FTY720-OMe’s use in
the clinic are required.

SK1-I—The first SK inhibitor displaying specificity for SK1 is the water soluble
sphingosine analog, SK1-1 (BML-258; (2R,3 5,4 E)- N-methyl-5-(4-pentylphenyl)-2-
aminopent-4-ene-1,3-diol) (Figure 2) [109]. A competitive inhibitor of SK1 (Ki=10.M)
(Table 2), SK1-1 inhibited growth and survival of cultured leukemia cells as well as
inhibited growth of leukemia xenograph tumors [109]. SK1-I resulted in down regulation of
pro-survival ERK and Akt signals and did not show activity against numerous prominent
cellular kinases [109]. SK1-mediated promotion of breast cancer was abolished via SK1-1-
mediated inhibition of angio- and lymphangiogenesis [110]. With good bioavailability and
low cytotoxicity towards non-cancerous cells, this compound has potential therapeutic value
for the treatment of SK1-mediated diseases [109].

5.2. Non-lipid Small Molecule Inhibitors

SKi-ll—Discovered through a screen, the SKi group of molecules were the first non-lipid,
small molecule inhibitors of SK detected [111]. SKi-Il (1-(z-hydroxyanilino)-4-(o-
chlorophenyl)) thiazole (Fig. 2) , the most well-characterized SKi compound, is not specific
for SK1 or SK2 and displays mixed inhibition of SK1 with a competitive inhibition constant
of 17M and an uncompetitive inhibition constant of 48uM (Table 2) [93] . SKi-II has been
shown to inhibit S1P generation and proliferation, and induce apoptosis in numerous cancer
cell lines [112]. It displays good oral bioavailability and has been shown to successfully
inhibit parameters of disease in a DSS-induced mouse model of ulcerative colitis [68].
Mechanistically, SKi-II induces Cathepsin-B-mediated lysosomal degradation of SK1 such
that the half-life is reduced from greater than 24h to less than one hour, suggesting potential
off-target effects [113]. SKi-Il has been shown to lack effects on PKC, ERK and PI3K
[111]. A modification of SKi molecule, SKi-I (N’-[(2-hydroxy-1-napthyl) methylene]-3-(2-
napthyl)-1H-pyrazole-5-carbohydrazide), led to development of SK1-specific inhibitor
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SKi-178 (N’-[(1E)-1-(3,4-dimethoxy) ethyldiene]-3-(4-methoxyphenyl-1H-pyrazole-5-
carbohydrazide)) [111, 114]. One of the less well characterized SK1 inhibitors, SKi-178 is
competitive with sphingosine and is more potent that its parent molecule, with a Ki of
1.3uM (Table 2). The addition of methyl and methoxy groups to the lead compound
enhanced pharmacological properties, decreasing cytotoxicity and enhancing selectivity for
SK1 and making it the first non-lipid small molecule SK1-specific inhibitor (Fig. 2) [114].

ABC294640—Perhaps one of the best characterized /n vivo inhibitors of SK is the small
molecule, non-lipid inhibitor ABC294640 (Fig. 2) [115]. An isoform-specific inhibitor of
SK2, with a Ki=9.8u.M (Table 2), ABC294640 has exposed novel roles for SK2 in a number
of diseases, highlighting the importance of /n vitro as well as and /n vivo characterization of
pharmacological inhibitors. In the two years since its introduction, ABC294640 has been
shown to promote autophagy in tumor cells leading to non-apoptotic cell death [115], inhibit
NF,.B-mediated chemo resistance in breast cancer [116] and act synergistically with other
chemotherapeutics to decrease pro-survival signals in hepatocellular cancer [117]. In
addition to its antitumor activities, ABC294640 has shown promise as a potential therapy for
inflammatory diseases. ABC294640 attenuated TNBS (2,4,6-trinitrobenzene sulfonic acid)-
mediated gastric inflammation [118], inhibited colitis-driven colon cancer [43], prevented
arthritis in two different rodent models [119] and improved mitochondria function following
hepatic ischemia/reperfusion [47]. Development of SK2-specific inhibitor ABC294640 has
revealed many previously unknown functions of SK2 and seems promising for future
clinical use.

Amidine-based—Without a doubt, the most potent of the SK inhibitors are the recently
developed amidine-based molecules. Moving away from potentially cytotoxic long-chain
bases and adenosine analogs, potent and selective inhibitors possessing an amidine
‘warhead’ were developed (Fig. 2) [120]. The distinctive electrostatic properties of the basic
amidine group and its direct interaction with ATP y-phosphate are thought to be essential
for its inhibitory properties [120] . As previously mentioned, the amidine-based SK1-
specific inhibitor (referred to as 1a) is highly potent, exhibiting a Ki of 0.1uM,
approximately 100 times more potent than other SK inhibitors (Table 2) [120]. Compared to
the lead molecule, VPC94075 [121], the rigidity, direction of amidine functional group and
the extended tail of 1a confers its specificity for SK1 [26]. Compound 1a is competitive with
respect to sphingosine and does not affect other lipid kinases at 30-times the concentration
of the Ki [120]. When administered /n vitro, 1a decreases S1P levels as early as 10 minutes
and keeps them down for approximately 24 hours [122]. Interestingly, 1a provokes less than
a 2-fold increase in sphingosine and dihydrosphingosine and only significantly increases
ceramide levels with 10..M treatment, 100 times the concentration needed for SK1
inhibition [123]. Also, 1a is shown to inhibit pro-survival ERK and Akt signals and induce
PARP cleavage; however, this only occurs following 16 hours of treatment at 10pM [120].
In mice, S1P levels are decreased by 50% and the compound cleared from the bloodstream
by one hour post-administration [120]. SK2-selective amidine-based compound, 12aa has
been developed as well. Quaternary ammonium salts containing lipophilic phenyl backbones
and cyclohexylammonium head groups have been described recently as low M inhibitors
of SK2 (Ki ~8uM) (Fig. 2) (Table 1) [124] and inhibit the phosphorylation of SK/S1P
downstream effectors ERK and Akt [124]. Knott et. a/. followed up on this SK2-specific
inhibitor demonstrating that alkyl chain length greatly affects SK isoform selectivity [125].
Given the potency and specificity of the amidine-based SK inhibitors, there is great potential
for these compounds to be developed into successful therapeutics.

Natural Products—Although less well characterized, there have been a few natural
compounds isolated from bacteria and fungi that have inhibitory effects towards sphingosine
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kinase. B-5354 inhibits SK1 and SK2 and was isolated from a marine bacterium. With a Ki
of approximately 3uM, it acts in a non-competitive manner with respect to sphingosine and
has been shown to sensitize prostate cancer cells to chemotherapeutics [126-128]. Isolated
from the culture broth of Trichopezizella barbata, F-12509A was shown to competitively
inhibit both isoforms of SK, as well as induce apoptosis in cancer cells [126]. Lastly,
S-15183a/b is a natural product isolated from the fungus Zopfiella inermis. Although the
specificities of these compounds are not known, they have been shown to decrease S1P
generated in platelets [129]. While the natural product SK inhibitors are less well-
characterized, they provide potential lead compounds for the development of even more
potent and specific SK inhibitors.

6. Conclusions

Sphingosine kinase is an important player in regulating the balance of bioactive sphingolipid
signaling molecules ceramide, sphingosine and S1P. Pathological conditions resulting from
the deregulation of sphingolipid metabolism are numerous, and a disproportionate amount of
these conditions are known to be mediated by the SK/S1P pathway. The recent development
of high throughput SK assays [130] will no doubt facilitate the identification of novel
chemical structures and potential inhibitors by expediting the screening of chemical

libraries. Previous and ongoing development of SK inhibitors will no doubt enhance
treatment options for diseases possessing SK/S1P-dependent components.
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Table 1
Disease/Pathology Role of the SK/S1P Pathway Refs
Cancer
Thyroid, Head & Neck, Glioblastoma, Breast  Increased SK1 expression [44-47, 50]
and Lung
Gastric, Prostate, Breast and Colon SK expression and SIP levels correlate with cancer grade and [48, 49, 51]
survival;
Potential biomarker
Cardiovascular Disease
Fabry Disease S1P most abundant component in plasma from patients [54]
Coronary Artery Disease Serum S1P better predicted occurrence and severity of disease than [55]
traditional predictors
Atherosclerosis SK/S1P/S1P3R-mediated upregulation of adhesion molecule [115, 116]
expression and macrophage recruitment
Inflammatory Disease
Multiple Sclerosis Sphingosine analog, Fingolimod, clinically used to prevent MS [56, 57]
relapse
Ulcerative Colitis/Irritable Bowel Disease Inhibition of knockout of SK decreases parameters of disease by [58, 59]
abrogating underlying inflammatory components
Arthritis SK knockout decreased disease parameters in murine models of [58,117,
arthritis 118]
Asthma/Anaphylaxis S1P activation of mast cells promotes large scale allergic reaction via [119-122]
recruitment and activation of many types of immune cells; inhibition
of SK abrogates parameters of inflammation in mouse model of
allergic asthma
Other
Obesity & Diabetes SK is an intermediate in /in vitro & in vivo models of diabetic [64,123]
nephropathy via regulation of matrix deposition
Ischemia/Reperfusion Injury
-Myocardial Role for SK2 in myocardial ischemic preconditioning; SK2 knockout [38, 66-69,
prevents precondition-mediated protection 124]
Cerebral SK2 inhibition or knockout prevents isofluorane-induced cerebral
preconditioning
Renal SK1 is upregulated following I/R injury; SK1 knockout mice exhibit
greater damage following I/R injury
Fibrosis
Scleroderma TGF-B, a major player in scleroderma, mediates myoblast [125]
transdifferentiation any myofibroblast accumulation via an SK/S1P- [71, 126]
dependent manner
-Idiopathic Pulmonary Fibrosis Increased S1P levels lead to EMT, accumulation of myofibroblasts and  [72]

-Cardiac Remodeling

correlates with lung function in patients

TGF-B induces cardiac fibroblast activation and myocardial fibrotic
remodeling in an SK1-dependent manner
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