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ABSTRACT: The transfer of the gamma phosphate from ATP to sphingosine (Sph) to generate a small signaling molecule,
sphingosine 1-phosphate (S1P), is catalyzed by sphingosine kinases (SphK), which exist as two isoforms, SphK1 and SphK2.
SphK is a key regulator of S1P and the S1P:Sph/ceramide ratio. Increases in S1P levels have been linked to diseases including
sickle cell disease, cancer, and fibrosis. Therefore, SphKs are potential targets for drug discovery. However, the current chemical
biology toolkit needed to validate these enzymes as drug targets is inadequate. With this review, we survey in vivo active SphK
inhibitors and highlight the need for developing more potent and selective inhibitors.

Sphingosine 1-phosphate (S1P) is a simple polar lipid that
circulates at low micromolar concentrations in rodents,

humans, and, presumably, other mammals. S1P exerts its effects
via five cell surface G protein coupled receptors (S1P1−5) and
less well-characterized intracellular targets.1 S1P signaling was
validated as a drug target through the study of a sphingosine
analogue, FTY720 (reviewed by Brinkmann2). Administration of
FTY720 to mice and rats evokes both lymphopenia and first-
dose bradycardia.3 The efficacy of FTY720 (and its excellent
pharmacokinetics) in a variety of transplantation and auto-
immune disease models prompted further study that culminated
in its development as a medicine (fingolimod, Gilenya) for
remitting relapsing multiple sclerosis.
FTY720 is a prodrug; its first metabolite, phospho-FTY720

(formed by sphingosine kinase (SphK)), is an S1P analogue that
is an agonist at the S1P1, 3, 4, and 5 receptors.4,5 Subsequent
studies with FTY720 analogues and genetically modified mice
revealed that agonists of the S1P1 receptor drive lymphopenia
and, in primates, bradycardia, thus implicating endogenous S1P
in control of lymphocyte trafficking and heart rate.6 The insights
gained through the study of FTY720, and its clinical success, have
encouraged investigations to validate additional S1P signaling
pathwaymembers as drug targets, including individual S1P receptors,
S1P lyase (cleaves S1P to hexadecenal and phospho-ethanolamine),

and the S1P synthetic enzyme, SphK (Figure 1). Our goal with
this review is to describe the current state of affairs regarding
sphingosine kinase as a potential drug target, as revealed by
chemical biology tools that are sphingosine kinase inhibitors.
Biochemically, S1P is formed by the transfer of phosphate

fromATP to the 1-hydroxyl group in sphingosine (Sph), which is
catalyzed by SphK. Two isoforms of SphK exist in mammals:
SphK1 and SphK2. SphK1 is the smaller protein (384 vs 618
amino acids), and the amino acid sequence of the two enzymes is
80% similar and 45% overall identical.7 Variants (minor changes
at the amino termini) of SphK1 and SphK2 arise from alternate
splicing of their respective genes, but the biologic relevance, if
any, of these are unknown. The essential functions of SphK1 and
SphK2 are redundant in the sense that mice lacking either
enzyme are viable, fertile, and without obvious phenotype8−10

(humans lacking either enzyme have not been reported to date),
and the recombinant enzymes have similar KM and Vmax
constants. Salient differences include subcellular localization
(SphK2 has a nuclear localization sequence that is lacking in
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SphK1) and substrate specificity (unlike SphK1, SphK2
phosphorylates a variety of sphingosine analogues, for example,
the aforementioned FTY720).
SphK1 is the more extensively studied regarding inhibitor

development.11 In 2013, a high-resolution X-ray crystal structure
of human SphK1 was reported.12 The structure revealed a two-
domain architecture similar to that of nicotinamide adenine
dinucleotide kinases and diacylglycerol kinases, albeit with substantial
differences in the non-ATP substrate binding domain. Although
a structure of SphK2 has not been announced, the SphK1
structure enables the construction of a homology model that
might prove to be useful in guiding inhibitor design and development.

■ METABOLISMAND INTRACELLULARACTIONOF S1P

Genetic evidence from mice indicates that sphingosine, via
SphK1 and SphK2, is the sole source of S1P. S1P can be cleaved
by S1P lyase, revert to sphingosine via the action of phosphatases,
or can be extruded from the cell by the transporter, SPNS2.13 All
three routes are available in most cells examined, but the relative
fluxes of S1P through these three pathways is largely unknown.
However, the propensity of cells to secrete S1P while avidly
taking up sphingoid bases (sphingosine, FTY720) contributes to
the high extracellular concentration of S1P and low extracellular
sphingosine (this ratio is reversed inside cells).
While the GPCRs S1P1−5 are well-characterized and universally

accepted as mediating S1P signaling, there is evidence, albeit less
well developed currently, that S1P has additional intracellular
targets. Among these potential targets is ceramide synthase 2
(CerS2), which controls levels of ceramide as a negative feedback
loop to regulate levels of ceramide to induce apoptosis.14 When
synthesized in the nucleus by SphK2, S1P is reported to inhibit
histone deacetylase 1 and 2 (HDAC 1/2) with the effect of
modulating transcription of, for example, cyclin dependent
inhibitor p21 and the transcriptional regulator c-fos (Figure 2).15

If the interaction of SphK2 with transcription complexes is
generally true, then SphK2 inhibitors might exert genomic effects
by shifting the balance of some histone modifications. In the
cytosol, S1P activates NF-κB by stimulating the E3 ubiquitin
ligase of tumor necrosis factor receptor-associated factor 2
(TRAF2) to affect inflammatory, antiapoptotic, and immune
processes.16 In the mitochondria, S1P potentiates respiration by
interacting with prohibitin 2, a protein that controls mitochon-
drial assembly and function.17 Furthermore, interaction of S1P
with the effector protein BAK contributes to mitochondrial
membrane permeabilization and release of cytochrome c to
mediate apoptosis.18 Secretion of S1P was first reported to be
mediated by several ABC (ATP binding cassette) transporters
(ABCA1, ABCC1, and ABCG2).19,20 More recently, a member
of a different transporter class, spinster homologue 2 (SPNS2),13

was found to mediate release of S1P (and phospho-FTY720)
from a variety of cell types.
Physiologically, the main source of S1P is erythrocytes, which

are rich in SphK1 while lacking S1P lyase and SPNS2.21 Thus,
whole blood S1P concentration ([S1P]) is low micromolar and
plasma [S1P] is high nanomolar, whereas tissue S1P levels are
very low (indeed, so low as to make quantification problematic,
particularly in view of blood contamination).22,23 The steep
gradient of S1P is thought to be a controlling element regarding
lymphocyte egress from secondary lymphoid tissue. Exogenous
isotope- or mass-labeled S1P is rapidly (minutes) cleared from
the bloodstream.24−26 As might be expected, SphK1 null mice
have about 50% of normal S1P blood levels.9,27 Unexpectedly,
SphK2 null mice have S1P levels that are 2−3-fold higher than
those in wild-type mice.23,28,29 The latter curious phenomenon
may be a result of impaired transport of S1P from blood to tissue
mediated by SphK2,23 but, if verified with SphK2 inhibitors and
extended to nonrodent species, the results indicate that SphK1
and SphK2 inhibitors can be used to lower or raise S1P blood

Figure 1. Sphingosine’s metabolic fates.
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levels, respectively. On a practical note, the change in blood S1P
levels in response to SphK inhibitors provides a convenient
pharmacodynamic measure of target engagement.

■ POSSIBLE INDICATIONS FOR SPHK INHIBITORS
In addition to the aforementioned effects on heart rate and
lymphocyte trafficking, plasma S1P is also implicated in vascular
barrier function.30,31 Thus, agents that raise circulating S1P
might mitigate the vascular leak characteristic of, for example,
ischemia−reperfusion injury. As would be expected of a molecule
that signals through a set of widely expressed G protein coupled
receptors, S1P stimulates a variety of signaling cascades. The
propensity of S1P to oppose apoptosis pathways and to promote
cell migration coupled with the exaggerated expression of SphK1
in some human tumor specimens32−34 and a negative correlation
between SphK1 mRNA levels and survival35 has prompted
repeated suggestion that SphK1 inhibitors could be useful for an
oncology indication. Recently, S1P was found to be elevated in
the blood of sickle cell disease patients, and infusion of a SphK1
inhibitor (PF543) reduced sickling in a mouse model of the
disease.36 Although there are far more Sphk1 inhibitors described
than SphK2 inhibitors, one SphK2 inhibitor (ABC294640) has
been deployed in a variety of animal models (see below).

■ FIRST-GENERATION SPHK INHIBITORS
An ideal chemical probe inhibitor of SphK has single-digit
nanomolar potency, is highly selective (100-fold or greater) for
one isoform, and is sufficiently metabolically stable and nontoxic
to be deployed in a rodent model with once or twice daily
administration. Testing in the appropriate null mouse and a less
active enantiomer, if available, are highly desirable as negative
controls. Furthermore, the ability of the compound to change the
pharmacodynamic marker (blood S1P) in a dose-dependent
manner is expected. Engagement of the target in the tissue of
interest, as revealed by changes in sphingosine or S1P levels, is
essential. To date, no SphK inhibitor for either isoform that meets

all of these criteria has been reported, although some later-
generation SphK inhibitors approach this ideal. A SphK inhibitor
clinical candidate would need to meet additional criteria, primarily
safety and efficacy in appropriate animal models, and, depending
on indication, oral availability. However, there is insufficient
evidence available currently that provides guidance as to the degree
of isoform selectivity that is desirable for a SphK inhibitor drug.
The earliest SphK inhibitors were low-potency, not selective,

and inadequately characterized (Figure 3). The first inhibitors

announced are simple analogues of Sph. Reduction of the double
bond in Sph generated D,L-threo-dihydrosphingosine (DHS,
safingol), which has an estimated Ki of ∼3−6 μM for SphK1.37

While DHS acts as a competitive inhibitor of Sph, it is a substrate
for SphK2 and enters the sphingolipid metabolic pathway.7

Unfortunately, DHS is also a protein kinase Cα inhibitor and has
other off-target effects.38

Dimethylation of Sph affords N,N-dimethylsphingosine
(DMS), and this compound displays properties similar to DHS
with a Ki of ∼5 μM at SphK1.39 A related structure is SK1-I,
which is also a water-soluble analogue of sphingosine. It is a low-
potency SphK1 inhibitor (Ki of 10 μM) with minimal effects
against of a panel of kinases (5 μM).40 SK1-I decreased S1P levels
in vitro, which was followed by an increase in ceramide levels.

Figure 3. First-generation sphingosine kinase inhibitors.

Figure 2. Intracellular S1P signaling affects transcription and mitochondrial integrity to induce apoptosis, which is distinct from inside−out signaling via
S1P receptors.
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This compound was cytotoxic to human leukemia Jurkat-T and
glioblastoma cells, and administration in vivo had a significant
effect in reducing tumor volumes in xenographs.40,41 A number
of nonlipid inhibitors were discovered through a screening
campaign conducted by French et al.42,43 SKI-II is the most well-
characterized among this group of early compounds; it is a
nonselective SphK inhibitor and has an inhibition constant of
17μM.44 SKI-II is competitive with Sph and has been documented
to inhibit proliferation of various cancer cell lines.43 Oral
administration of SKI-II in mice revealed in vivo activity and
afforded sufficient compound exposure to inhibit tumor growth
with a 100 mg/kg dosing regimen. SKI-II also has a favorable
half-life of ∼15 h in mice. In a dextran sulfate sodium (DSS)
mouse model of ulcerative colitis, SKI-II treatment decreased
disease progression with concomitant decrease in colonic levels
of inflammatory cytokines TNFα, interleukin (IL)-1β, interferon
gamma (IFN)-γ, and IL-6 and reduction of S1P levels.45 Recent
studies suggest several possible mechanisms of action for SKI-II.
For example, treatment of several cell lines with SKI-II activated
the proteasome, which induced degradation of SphK1.46 In this
case, its activity is linked to proteasomal activation to increase
destruction of SphK1. Further studies also indicate a significant
reduction of SphK1 half-life as a consequence of lysosomal
degradation that involves cathepsin B.47 More recently, SKI-II is
also shown to inhibit the last enzyme in the de novo synthesis
of ceramide, dihydroceramide desaturase (Ki = 0.3 μM), to
regulate dihydroceramides and ceramide levels and the down-
stream metabolite, S1P.48 Thus, it appears that the in vivo effects
observed with SKI-II may be a consequence of multiple path-
ways. Further complicating studies with SKI-II is a recent report
stating that it is about 2-fold selective for SphK2 (Ki = 7.9 μM)
over SphK1 (Ki = 16 μM) and thus is essentially a dual inhibitor.
That SKI-II is a SphK1 inhibitor and binds at the Sph binding
pocket rather than the ATP binding domain has been un-
equivocally demonstrated by a co-crystal structure with SphK1 at
2.3 Å resolution (Figure 4).12 SKI-II occupies the alkyl portion of

the Sph binding domain: the chlorophenyl ring points toward the
interior of the lipid binding pocket and is situated closer to the
hydrophilic aminodiol region of Sph. In addition to a hydrogen
bond between Thr196 and NH of the aminothiazole group, what
is notable about this inhibitor is the presence of a hydrogen bond
between the phenol hydroxyl group and Asp178 of helix α7,
which, in tandem with α8, locks the gate to prevent Sph from
entering. This co-crystal structure has been used for structure-
based drug design of SphK inhibitors (vide inf ra).
An analogue of SKI-II is ABC294640, which was developed

from structure−activity studies. This compound is the most

well-studied SphK inhibitor in vivo in that it has been deployed in
numerous disease models. ABC294640 suppressed the pro-
liferation of several cancer cell lines in vitro, and several disease
models were employed to determine the therapeutic potential
of this inhibitor including lupus nephritis,49 osteoarthritis,50

diabetic retinopathy,51 Crohn’s disease,52 rheumatoid arthritis,53

and ulcerative colitis.54 ABC294640 has an inhibitory constant
of 10 μMand is selective for SphK2 over SphK1 as well as a panel
of other kinases.55 It has a half-life of 4.5 h in mice and is orally
bioavailable. Biochemical characterization of ABC294640
revealed (i) decreased S1P levels with a corresponding elevation
in ceramide levels in vitro, (ii) attenuated expression or activation
of STAT3, AKT, ERK,56 and (iii) decreased circulating S1P
levels in mice.49 It is not clear whether administration of
ABC294640 in mice evokes lower levels of S1P with acute
dosing, as the S1P levels were reported after 5 weeks of a 100mg/kg
daily dosing regimen.57 The mechanism whereby ABC294640
promotes cell death has been described to involve apoptotic and
autophagy pathways.55,58 However, recent investigation suggests an
additional mode of action by inhibiting estrogen receptors in breast
cancer cells.59

Although the affinities of the early generation sphingosine
kinase inhibitors are 2−3 log orders lower than would be
expected of an enzyme inhibitor developed by the pharmaceut-
ical industry, two early generation compounds are in clinical trials
for oncology indications. Safingol, in a drug combination, is the
subject of two studies that are currently underway or completed
(ClinicalTrials.gov identifiers NCT01553071 andNCT00084812).60

ABC294640 in being tested in a phase I clinical trial for
pancreatic cancer and unspecified solid tumors (NCT01488513)
and refractory/relapsed diffuse large B-cell lymphoma
(NCT02229981). No results from any of these trials have been
reported to date. Although significant patient responses would
surely be welcomed by all concerned, the low affinity of safingol
and ABC294640 for their putative targets makes assignment of
success (or failure) to inhibition of SphKs problematic.

■ SECOND-GENERATION SPHK1 INHIBITORS
A second wave of SphK inhibitors included a set of compounds
discovered in Pharma industry discovery programs. As is
expected, these molecules are more drug-like than earlier
inhibitors. These compounds, which were published in academic
journals and/or the patent literature, are focused on the SphK1
isoform. The compounds discovered at Genzyme are featured in
two reports by Xiang et al.61,62 as well as a patent application.63

Genzyme 51 (Figure 5) emerged as one of their best inhibitors of
SphK1, with a measured IC50 value of 58 nM, and no inhibi-
tion was observed with SphK2 at a concentration of 10 μM.
Pharmacokinetic profiling of this compound revealed 18% oral
bioavailability and a 7.6 h half-life in rat plasma. However,
whether any of these compounds affect Sph and S1P levels in
blood was not reported. A more recent addition to the catalog of
SphK1 inhibitors was disclosed by a group from Amgen.64

Hampered by the lack of hits from an in-house high-throughput
screening campaign, this group improved dual SphK inhibitors
using structure-based design. Using the crystal structure of
human SphK1 with bound SKI-II, several derivatives such as
Amgen 82 emerged as dual inhibitors (Figure 5). This com-
pound inhibits human SphK1 and SphK2 with IC50 values of
20 and 114 nM, respectively. X-ray crystal structure analysis of
Amgen 82 bound to SphK1 shows binding in the hydrophobic
site of Sph similar to that for SKI-II (Figure 6).64 In addition, the
polar headgroup (hydroxylated piperidine) mimics the interactions

Figure 4. Interactions of SKI-II with SphK1. Reprinted with permission
from ref 12. Copyright 2013 Cell Press.

ACS Chemical Biology Reviews

dx.doi.org/10.1021/cb5008426 | ACS Chem. Biol. 2015, 10, 225−233228

ClinicalTrials.gov


observed when Sph is bound to SphK1: Asp178 forms a bipartite
hydrogen bond to the ring nitrogen of piperidine and exocyclic
hydroxyl group. This hydroxyl group then forms a network of
hydrogen bonds to neighboring amino acids (Ser168, G342, A339)
mediated by a water molecule. The second hydroxyl group on the 4
position of piperidine contacts Asp81, the key active site residue that
acts as a base to activate the 1-OH of sphingosine, via a hydrogen
bond. To date, Amgen 82 is the most potent, dual SphK inhibitor
with an excellent pharmacokinetic profile and has been used as a
chemical biology tool to investigate the consequence of inhibiting
both enzymes in vivo. In a panel of cancer cell lines, Amgen 82 was
shown to attenuate levels of S1P, as expected. Unlike results with
earlier inhibitors, no appreciable effect on cell viability was observed
when administered at therapeutic concentrations; only at
significantly higher concentration is cell death seen, but this has
been attributed to detergent-like physicochemical properties of this
and related compounds. In athymic nude mice, daily dosing over 7
days at 100 mg/kg by oral gavage resulted in approximately 70%
lower plasma S1P compared to vehicle.65 The decreased S1P level
observed during the duration of the study (days 1 to 7) served as a
pharmacodynamic marker of SphK inhibition. To further
corroborate SphK inhibition, a decrease in VEGF-mediated vascular
permeability in mice by following Evans blue dye extravasation was
observed.With in vivo evidence supporting SphK inhibition in hand,
investigations that relate lower circulating S1P levels to disease states
(for example, cancer) can be tested. One long-standing hypothesis
in the field suggests the idea of a sphingolipid rheostat, wherein the
balance of sphingolipid levels within a cell determines its fate:
whether to survive or undergo apoptosis. Hence, tipping the balance

toward Sph/ceramide, via inhibition of SphK, would be a useful
therapy for hyperproliferative diseases. In a tumor xenographmodel
in mice, treatment with Amgen 82 at 300 mg/kg once a day dose
did not have a statistically significant effect on tumor volume
compared to control. Thus, on the basis of both in vitro and in vivo
work, these studies suggest that simply decreasing S1P levels in
circulation plays a minor role, if any, toward apoptosis and cancer
cell proliferation in this model. However, there are some limitations
to using Amgen 82 in mouse models. For example, Amgen 82 has
no inhibitory activity against mSphK2 (i.e., >10 μM);65 thus, in the
study described above, the blockade of S1P generation may be due
only to SphK1 inhibition. Whether additional SphK2 inhibition is
necessary for beneficial effects remain to be seen. Furthermore, it is
unclear if Amgen 82 has an effect on the level of sphingosine or
ceramide because this data is not reported; hence, relating S1P and
sphingosine/ceramide in the rheostat theory is inconclusive.
A related, single compound, PF543, bearing a hydroxyme-

thylpyrrolidine headgroup (Figure 5), was recently reported by a
group from Pfizer.66 PF543 is the most potent (Ki = 4 nM) and
selective SphK1 inhibitor described to date. PF543 is com-
petitive with Sph and is greater than 100-fold selective over
SphK2. Similar to the aforementioned Amgen compound,
inhibition of SphK1 with PF543 in cultured cancer cells did
not affect cell viability. Interestingly, a recent study reported that
blood S1P level is increased (correlates with elevated SphK1) in
mice and humans with sickle cell disease. When PF543 was
deployed both in in vitro and in vivo studies to inhibit SphK1,
reduced sickling of red blood cells was observed, suggesting a
possible therapeutic indication for sickle cell disease.36 The use of
an osmotic pump to deliver this compound in mice indicates a
poor pharmacokinetic profile and highlights the need for in vivo
stable SphK1 selective inhibitors. Nevertheless, PF-543 provides
an outstanding tool (it is available commercially) for inter-
rogating cultured cells.67

Another sphingosine analogue, K145, which features a
thiazolidine-2,4-dione, has been recently reported as a selective
SphK2 inhibitor.68 Biochemical characterization of K145 reveals
a Ki of 6.4 μM for SphK2 without any inhibition of SphK1 and
ceramide kinase (up to 10 μM). To further confirm SphK2
inhibition, compound treatment of U937 cells caused a slight
decrease in S1P levels as well as FTY720-phosphate, a SphK2
selective substrate. In contrast with Amgen 82 and PF543,
in vitro studies with U937 cells revealed an antiproliferative effect
in a dose-dependent manner, possibly through inhibition of
phosphorylation of downstream ERK and Akt signaling
pathways. In vivo studies with K145 suggest oral bioavailability,

Figure 5. Second-generation sphingosine kinase inhibitors.

Figure 6. Hydrogen-bond interaction of Amgen 82 with amino acid
residues of SphK1. Reprinted with permission from ref 64. Copyright
2013 Elsevier.
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as monitored by decrease in tumor volume, which also correlates
with a decrease in tumor S1P level. While it is unknown whether
sphingosine levels were affected by inhibitor treatment, K145
appears to be as a good starting point for further improvement.
A unique scaffold of SphK inhibitors contains a carboximida-

mide group. These compounds arose from a campaign to
develop sphingosine kinase substrates, i.e., analogues of FTY720.
Compound 1a (Figure 5) is an amidine-containing SphK1
inhibitor that, although relatively short-lived in vivo, was
sufficiently persistent to document that acute SphK1 inhibition
results in a rapid decrease in circulating S1P.27 Although 1a is
potent as a SphK1 inhibitor (Ki = 100 nM), it is rapidly cleared
in vivo when administered i.v. (half-life < 10 min), which, in turn,
results in rapid restoration of basal S1P levels. Like PF-543,
compound 1a is competitive with Sph and does not affect cell
viability at concentrations that achieve an effective SphK1
blockade. Docking of compound 1a and analogues into a model
of SphK1 suggests that the carboximidamide functionality
chelates the gamma phosphate of ATP.69

Building from compound 1a, the amidine group was replaced
with a guanidine warhead in SLR080811.70 This chemical ma-
nipulation resulted in an improved compound with a much more
favorable half-life (∼5 h) in mice. Surprisingly, SLR080811 had a
reversed selectivity with SphK2 compared to that of 1a, with a Ki
of 1 μM toward SphK2 (10-fold selective). In leukemia cells,
SLR080811 lowered S1P levels, as expected of SphK inhibitors.
As both SphK1 and 2 are present in this cell line, inhibition of
SphK2 was confirmed by monitoring the decrease in phos-
phorylation level of exogenously added FTY720 (a SphK2
specific substrate). Surprisingly, when SLR080811 was admin-
istered to mice, the blockade of SphK2 triggered a rapid increase
in blood S1P level. This result is in sharp contrast with in vivo
studies using SphK1 selective or SphK1/2 dual inhibitors or
ABC294640 (SphK2 selective inhibitor) where the concen-
tration of circulating S1P decreased.27,49,64 While the mechanism
by which SphK2 inhibition raises S1P level in vivo is currently
unknown and is being investigated, the small molecule inhibition
of SphK2 recapitulates the increased S1P levels observed in
SphK2 knockout mice.

■ CONCLUSIONS AND FUTURE DIRECTIONS
The physiological role of S1P is complex, and SphKs play a
pivotal role in the S1P signaling axis. Numerous in vitro and
in vivo studies indicate targeting SphKs for the potential
treatment of many other diseases. However, most of these data
point toward SphK1, which has been the more commonly
studied isoform. To validate SphK1 for its therapeutic potential,
small molecule inhibitors are necessary. The first-generation
inhibitors are moderately potent and nonselective and therefore
the results obtained from their application may not be a direct
result of modulating SphK1 activity but rather a consequence of
off-target effects. Thus, one of themain challenges for researchers
in the field is the development of potent and selective inhibitors
that can mount a sustained blockade of SphK1 activity in vivo. It
has been over a decade since the first inhibitor was reported; only
recently have potent and selective SphK1 inhibitors that hold
promise appeared. These include (1) Genzyme 51, which has
good pharmacokinetic properties, but measurement of bio-
markers to confidently confirm target engagement in vivo have
not yet been reported, and (2) PF543, which is the most potent
and selective SphK1 inhibitor published to date but apparently
is not ideal for in vivo studies. The recently disclosed SphK
dual inhibitor, Amgen 82, will be one of many valuable tools to

elucidate the physiological function of these enzymes. Thus far,
this compound is the best biochemically characterized inhibitor
in vitro and in vivo and has already demonstrated that inhibiting
SphKs to consequently decrease S1P concentration has no effect
on tumor cell viability. The publication of X-ray crystal structures
of SphK1 is an important landmark in the study of the enzyme,
and its availability should accelerate the development of addi-
tional inhibitors.
In contrast with SphK1, studies on SphK2 inhibitors are scarce.

However, in the past few years, momentum is building for such
studies, and roles for this enzyme are starting to be unraveled.71

Much of what is known about this enzyme is that it is responsible
for intracellular S1P generation so as to act an epigenetic factor to
control transcription or promote apoptosis depending on its
localization within the cell. Akin to SphK1, in vivo active small
molecule SphK2 selective inhibitors are necessary to decipher its
role in physiology and disease states where S1P signaling might
be awry.
Unfortunately, current SphK2 inhibitors are moderately

potent and only about 10-fold selective. The first SphK2 selec-
tive inhibitor described, ABC294640, has been tested in a variety
of animal models of disease with some success, but some of the
effects observed in in vivo studies may be attributed to off-target
effects of this low-potency compound. SLR080811 is a second-
generation SphK2 inhibitor that is about 10-fold more potent
than ABC294640 but no more selective. A curious aspect of
SphK2 is that its absence in mice results in circulating S1P levels
that are three times normal (SphK1 ablation results in one-half
normal levels). SLR080811 treatment recapitulates this
phenomenon. If the propensity to raise S1P levels is a general
property of SphK2 inhibitors and if this effect extends beyond
rodent species, then application of selective SphK inhibitors
could be used to raise or lower circulating S1P levels. Proof of the
therapeutic benefit, if any, of either maneuver awaits further
improvement of SphK inhibitors.
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