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Sphingosine kinase 1 (SK1) catalyzes the conversion of sphin-
gosine to the bioactive lipid sphingosine 1-phosphate. We have
previously demonstrated that FTY720 and (S)-FTY720 vinyl-
phosphonate are novel inhibitors of SK1 activity. Here, we show
that (S)-FTY720 vinylphosphonate binds to a putative allosteric
site in SK1 contingent on formation of the enzyme-sphingosine
complex. We report that SK1 is an oligomeric protein (mini-
mally a dimer) containing noncooperative catalytic sites and
that the allosteric site exerts an autoinhibition of the catalytic
site. A model is proposed in which (S)-FTY720 vinylphospho-
nate binding to and stabilization of the allosteric site might
enhance the autoinhibitory effect on SK1 activity. Further evi-
dence for the existence of allosteric site(s) in SK1 was demon-
strated by data showing that two new FTY720 analogues (a con-
jugate of sphingosine with a fluorophore and (S)-FTY720
regioisomer) increased SK1 activity, suggesting relief of autoin-
hibition of SK1 activity. Comparisons with the SK1 inhibitor,
SKi or siRNA knockdown of SK1 indicated that (S)-FTY720
vinylphosphonate and FTY720 behave as typical SK1 inhibitors
in preventing sphingosine 1-phosphate-stimulated rearrange-
ment of actin in MCF-7 cells. These findings are discussed in
relation to the anticancer properties of SK1 inhibitors.

Sphingosine 1-phosphate (S1P)?is a bioactive lipid that binds
to specific G protein-coupled receptors (S1P, ). There is a
wealth of evidence to demonstrate that S1P plays key roles in
regulating many critical processes in cell biology and, indeed, in
pathophysiological diseases such as cancer (1). The levels of S1P
are defined by its synthesis (involving sphingosine kinase,
which phosphorylates sphingosine; there are two isoforms
termed SK1 and SK2) and removal (involving hydrolysis of S1P
catalyzed by S1P lyase or dephosphorylation by S1P phospha-
tase). To date, emphasis has been placed on the discovery of
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new molecules that are capable of agonizing/antagonizing
S1P, . In this regard, FTY720 (Fingolimod ™) has been devel-
oped as a functional S1P; antagonist by virtue of its ability to
down-regulate S1P; in T lymphocytes (2) and is now licensed
(as Gilenya) for oral treatment of multiple sclerosis (3). FTY720
is a synthetic sphingosine analogue that is taken up by cells and
phosphorylated to FTY720 phosphate by SK2 (4). On release
from cells, (S)-FTY720 phosphate binds to four of the five S1P
receptors (S1P, being the exception) (2), to elicit polyubiquiti-
nation, endocytosis, and degradation of S1P; in T lymphocytes
(5). SIP/S1P, is essential for effective T lymphocyte egress and,
therefore, the FTY720 phosphate-induced down-regulation of
S1P; on T lymphocytes results in their retention in the lymph
(6).

An alternative therapeutic approach is to use a S1P-neutral-
izing antibody that reduces bioavailability of S1P at its recep-
tors. This has proven very successful as an antitumorigenic and
antiangiogenic agent in a number of disease models (7) and is
being tested in clinical trials for cancer and age-related macular
degeneration. Thus, current target intervention is confined to
inhibiting S1P binding to receptors or limiting bioavailability of
S1P at these receptors.

Recently, novel intracellular targets of S1P have been identi-
fied. Prominent examples are histone deacetylase (8) and TNF
receptor-associated factor-2 (9). These findings underscore the
importance of limiting the intracellular action of S1P. Indeed,
there is evidence for a role for SK1 in human cancers, such as
increased levels of SKI mRNA transcript and/or SK1 protein in
cancers of the stomach, lung, brain, colon, kidney, non-Hodg-
kins lymphoma, and breast (see review, see Ref. 1). For example,
high expression of SK1 and cognate S1P; and S1P; receptors is
correlated with poor survival rates and induction of Tamoxifen
resistance in estrogen receptor-positive breast cancer patients,
where the average survival time is reduced from 18 years to 7.5
years and recurrence of the disease in patients receiving
Tamoxifen is shortened by 8 years in the high SK1 expression
group (10, 11). In addition, SK1 induces chemotherapeutic
resistance in androgen-independent prostate cancer cells (a
model for castrate-independent prostate cancer), indicating
that this enzyme might have a role in the generic development
of chemotherapeutic resistance in cancer (12). Moreover,
siRNA knockdown of SK1 significantly inhibited aberrant crypt
formation and cancer development in a mouse model of colon
cancer, suggesting a key role for SK1 in both early and late
stages of carcinogenesis (13).
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Previously, we reported that FTY720 inhibits purified SK1
activity and induces the proteasomal degradation of SK1 in
mammalian cells (14). We also established that the (R) and (S)
enantiomers of FTY720 vinylphosphonate (S > R) are inhibi-
tors of purified SK1 and demonstrated that (S)-FTY720 vinyl-
phosphonate induced its proteasomal degradation in cells,
whereas their saturated counterpart, (R)- or (S)-FTY720 phos-
phonate, and (S)-FTY720 phosphate do not significantly inhibit
the enzyme (14). To elucidate the mechanisms by which spe-
cific FTY720 analogues function as SK1 inhibitors, we have now
studied their behavior with respect to enzyme inhibition kinet-
ics, proteasomal degradation of SK1, and rearrangement of
actin in MCEF-7 breast cancer cells. These studies revealed that
(S)-FTY720 vinylphosphonate appears to inhibit SK1 via a
putative allosteric site interaction. FTY720 and (S)-FTY720
vinylphosphonate induced the proteasomal degradation of SK1
and abrogated the S1P-stimulated rearrangement of actin into
lamellipodia/membrane ruffles required for cell migration.
These findings indicate that FTY720 analogues are SK1 inhib-
itors that exhibit novel properties that are favorable for antican-
cer activity.

EXPERIMENTAL PROCEDURES

Materials—All general biochemicals and anti-actin antibody
were from Sigma. High glucose Dulbecco’s modified Eagle’s
medium (DMEM), Minimum Essential Medium (MEM), peni-
cillin-streptomycin (10,000 units/ml penicillin and 10,000
pg/ml streptomycin) and Lipofectamine 2000™ were from
Invitrogen. MCF-7 Neo and MCF-7 HER218 cells were gifts
from R. Schiff (Baylor College of Medicine, Houston, TX). Anti-
ERK2 antibody was from BD Transduction Laboratories
(Oxford, UK), and anti-SK1 antibody was a gift from A. Huwiler
(University of Bern, Switzerland). Anti-FLAG M2 antibody was
from Stratagene. Anti-myc antibody was from Santa Cruz Bio-
technology (Santa Cruz, CA). Sphingosine and S1P were from
Avanti Polar Lipids (Alabaster, AL). MG132 and purified SK1
were from Enzo Life Sciences (Exeter, UK). SKi (2-(p-hydroxy-
anilino)-4-(p-chlorophenyl)thiazole) was from Merck. FTY720
was from Cayman Chemicals (Tallinn, Estonia). 4',6-Di-
amidino-2-phenylindole (DAPI) was from Vector Laboratories.
The G113A SK1 mutant was a kind gift from S. Pitson (SA
Pathology, Adelaide, Australia).

Cell Culture—MCF-7 Neo and HER218 breast cancer cells
were grown in a monolayer culture in high glucose DMEM with
10% European FCS and 100 units/ml penicillin, 100 ug/ml
streptomycin, 0.4% Geneticin (absent for parental cells), and 15
pg/ml insulin at 37 °C with 5% CO,. HEK 293 cells were cul-
tured in MEM supplemented with 10% European FCS, 100
units/ml penicillin, 100 wg/ml streptomycin, and 1% nonessen-
tial amino acids at 37 °C in 5% CO, and in the presence of
DMEM (instead of MEM) and 0.8% Geneticin for HEK 293 cells
stably overexpressing GFP-tagged SK1. HEK 293 cells were
transfected with Lipofectamine 2000™™ reagent and myc- or
FLAG-tagged SK1 or G113A SK1 plasmid constructs and
grown for 48 h.

Western Blotting—Cells were harvested in sample buffer (125
mwm Tris, pH 6.7, 0.5 mm Na,P,0,, 1.25 mm EDTA, 0.5% w/v
SDS containing 1.25% v/v glycerol, 0.06% w/v bromphenol blue,
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and 50 mm dithiothreitol) and were subjected to SDS-PAGE
and Western blotting as described previously (15). Resolved
proteins were Western blotted with anti-myc, anti-FLAG, anti-
SK1, anti-ERK?2, or anti-actin antibodies.

Immunoprecipitation—Forty-eight hours after transfection
with the indicated plasmid constructs, the medium was re-
moved, and HEK 293 cells were lysed in ice-cold immunopre-
cipitation buffer (500 ul) containing 20 mm Tris, 137 mm NaCl,
2.7 mm KCl, 1 mm MgCl,, 1 mm CacCl,, 1% (v/v) Nonidet P-40,
10% (v/v) glycerol, 1 mg/ml bovine serum albumin (BSA), 0.5
mM Na,P,0,, 0.2 mm phenylmethanesulfonyl fluoride (PMSF),
leupeptin, and aprotinin (all protease inhibitors were at 10
pg/ml, pH 8.0) for 20 min at 4 °C. The material was harvested
and transferred to microcentrifuge tubes, which were further
mixed for 60 min at 4 °C, and then centrifuged at 14,000 X g for
10 min at 4 °C to remove cellular debris. After preclearing with
protein G-Sepharose beads, equal amounts of supernatant from
each sample were taken for immunoprecipitation with protein
G-Sepharose beads and anti-myc or anti-FLAG antibodies.
After 2 h or overnight agitation at 4 °C, the supernatant was
removed by centrifugation at 14,000 X g for 15 s at 4 °C. Immu-
noprecipitates were washed twice with 1 ml of buffer A contain-
ing 10 mm HEPES, pH 7.0, 100 mMm NacCl, and 0.5% (v/v) Non-
idet P-40 and once in 1 ml of buffer A without Nonidet P-40.
Immunoprecipitates were collected by centrifugation at
14,000 X g for 15 s at 4 °C and combined with boiling sample
buffer for SDS-PAGE.

SK1 Activity Assay—SK1 activity was assayed as described
previously (16). Briefly, sphingosine was solubilized in Triton
X-100 (final concentration 0.063% w/v) and combined with
buffer 1 containing 20 mm Tris, pH 7.4, 1 mm EDTA, 1 mm
Naz;VO,, 40 mm B-glycerophosphate, 1 mm NaF, 0.007% (v/v)
B-mercaptoethanol, 20% (v/v) glycerol, 10 wg/ml aprotinin, 10
pg/ml soybean trypsin inhibitor, 1 mm PMSF, and 0.5 mMm 4-de-
oxypyridoxine. Modulation of SK1 activity was determined by
incubating 15 ng of purified SK1 or 15 ug of HEK 293 cell
lysates containing stably overexpressed or transiently ex-
pressed recombinant SK1 for 15-20 min at 30 °C, in the pres-
ence of 0.5-20 uM sphingosine, 250 um [y-**P]ATP (4.4 X 10*
cpm/nmol, in 10 mm MgCl,), and varying concentrations of
inhibitors dissolved in dimethyl sulfoxide or control (5%
dimethyl sulfoxide). Reactions were terminated by the addition
of 500 w1 of n-butyl alcohol and mixed with 1 ml of 2 M KCI. The
organic phase containing [**P]S1P was then extracted by wash-
ing twice with 1 ml of 2 M KCI before quantification by Ceren-
kov counting. The kinetic parameters were calculated using the
graph plotting and curve fitting programs Biograph (University
of Strathclyde, Glasgow, UK) and Prism 4.03 (GraphPad). Sub-
strate kinetics were analyzed according to the Michaelis-Men-
ten equation, and the inhibition constants (Kj.and K;,) were
determined using Dixon and Cornish-Bowden plots (17).

Fluorescence Microscopy—Cells were plated onto autoclaved
13-mm glass coverslips and grown to 60% confluence before
serum starvation for 48 h prior to stimulation. Cells were fixed
with 3.7% formaldehyde in PBS for 10 min and permeabilized
with 0.1% Triton X-100 in PBS for 1 min before incubation in
blocking solution (5% European FCS and 1% BSA in PBS) for 1 h
at room temperature. Coverslips were then incubated with
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FIGURE 1. Structures of FTY720 analogues.

TABLE 1
Kinetic constants
K values are means = S.D. for n = 3 experiments.

Inhibition
Inhibitor mechanism Inhibition constant(s)
M
FTY720 Competitive K,=20=*05
(8)-FTY720 Uncompetitive K, =145*44
vinylphosphonate
SKi Mixed K,,=17.0 = 35;

K, =483+ 115

phalloidin red (1:100 dilution in blocking solution) for 1 h at
room temperature. Coverslips were washed with PBS and
mounted on glass slides using Vectashield® hard set mounting
medium with DAPI. Actin rearrangement was assessed using
phalloidin red staining. Fluorescence was visualized using a
Nikon (Surrey, UK) E600 epifluorescence microscope.

Densitometry—Densitometric quantification of Western
blots was performed using ScanImage program (Scion Corpo-
ration, Frederick, MD). Statistical analysis was performed using
an unpaired Student’s ¢ test.

RESULTS

Synthesis of New FTY720 Analogues—The structural formu-
las of the FTY720 analogues are shown in Fig. 1, and the syn-
thetic schemes employed to prepare (S)-FTY720 regioisomer
and Bodipy-sphingosine (Bdp-So) are outlined in supplemental
Fig. 1 and supplemental Experimental Procedures.

Kinetic Analysis of Inhibition of SKI1 Activity by FTY720
Analogues—We have previously demonstrated that SKi (which
was identified by French et al.) (18), FTY720, and (S)-and (R)-
FTY720 vinylphosphonate inhibited purified SK1 activity,
whereas (S)- and (R)-FTY720 phosphonate are inactive (12, 14).
Using HEK 293 cells stably overexpressing SK1 (30-fold
increase in SK1 activity versus stable vector-transfected cells),
we have now investigated the kinetic mechanism by which SKi,
FTY720,and (S)-FTY720 vinylphosphonate inhibit SK1 activity
(Table 1). We found that FTY720 is a competitive inhibitor
(with sphingosine) with a K, = 2 * 0.5 um (Table 1, Fig. 24, and
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supplemental Fig. 2A4). (S)-FTY720 vinylphosphonate is an
uncompetitive inhibitor (with sphingosine) witha K}, = 14.5 =
4.4 uMm (Table 1, Fig. 2B, and supplemental Fig. 2B). This kinetic
behavior indicates that (S)-FTY720 vinylphosphonate binds to
a putative allosteric site in SK1 contingent on formation of the
SK1-sphingosine complex. Indeed, when (S)-FTY720 vinyl-
phosphonate concentration was plotted against inhibition of
catalysis at a fixed concentration of sphingosine (10 um), then a
Hill coefficient of 1.9 = 0.2 and an IC,, = 20 * 1.1 um were
obtained (Fig. 2C). A Hill coefficient of 2.2 * 0.3 was obtained at
20 uM sphingosine (data not shown). The percent inhibition of
stably overexpressed SK1 in HEK 293 cells by 50 um (S)-
FTY720 vinylphosphonate (using 10 uM sphingosine) showed
good agreement with our previous findings using purified SK1
(14), and in each case, inhibition of SK1 activity was ~80%.
Additional evidence that SK1 contains an allosteric site(s) was
demonstrated by data showing that micromolar concentrations
of Bdp-So (a conjugate of sphingosine with the Bodipy fluoro-
phore) and (S)-FTY720 regioisomer, both of which are also rel-
atively weak substrates of SK1, activated purified SK1 activity
(Fig. 2D). Bdp-So stimulated SK1 activity in a concentration-
dependent manner at a fixed concentration of sphingosine (10
uM) (Fig. 2D). Indeed, SK1 phosphorylated sphingosine in the
presence of Bdp-So with a Hill coefficient of 4.5 * 2.7 (Fig. 2D).
SKi is a mixed inhibitor of SK1 with a K;. = 17 = 3.5 um and a
K, = 48.3 £ 11.5 uM and thus was biased toward competitive
inhibition at low micromolar concentrations of SKi (Table 1,
Fig. 2E, and supplemental Fig. 2C).

Putative Allosteric Site(s) in SKI—The data presented in Fig.
3 demonstrate that SK1 is an oligomeric protein. This conclu-
sion is based on results from experiments in which wild-type
myc- and FLAG-tagged SKI are transiently co-expressed in
HEK 293 cells and where myc- and FLAG-tagged SK1 (molec-
ular mass = 42 kDa) were co-immunoprecipitated with anti-
FLAG antibody (Fig. 34). Identical results were obtained using
anti-myc antibody (Fig. 3B). The ability of SK1 to form oligo-
mers confirms data previously published by Kihara ez al. (19).

To test whether (S)-FTY720 vinylphosphonate conforms to a
model in which inhibitors can stabilize an allosteric site/do-
main that exerts an autoinhibitory effect on SK1 activity, we
created hybrid SK1 oligomers containing wild-type SK1 and
kinase-deficient SK1 mutant monomers. The assumption here
is that each monomer of the wild enzyme contains one catalytic
site and one allosteric site. Thus, co-expression of WT SK1 with
D178N SK1 mutant (mutated in the sphingosine binding site)
(20) or G81D SK1 mutant (mutated in the ATP binding site)
(21) will result in formation of hybrid SK1 oligomers containing
more allosteric sites compared with catalytic sites. Therefore, if
the allosteric site exerts an autoinhibition, then we expect the
catalytically deficient SK1 mutants to reduce catalytic activity
of WT SK1 in the oligomer. First, we demonstrated that tran-
siently overexpressed FLAG-tagged D178N SK1 mutant and
the myc-tagged G81D SK1 mutants can indeed form oligomers
with myc-tagged and FLAG-tagged WT SK1, respectively (Fig.
3, A and B). We also confirmed that the FLAG-tagged D178N
SK1 mutant exhibited <10% of the activity of the wild-type
enzyme (see Fig. 3C). To address directly whether mutant SK1
inhibits the catalytic activity of WT SK1, we transiently co-ex-
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FIGURE 2. Inhibitor kinetic analysis of SK1 in HEK 293 cells. A and B, V versus S nonlinear regression analysis of stably expressed recombinant SK1in HEK 293
cells for FTY720 (A) and (S)-FTY720 vinylphosphonate (B). C, effect of varied concentrations of (S)-FTY720 vinylphosphonate on stably expressed recombinant
SK1 activity in HEK293 cells assayed with 10 um sphingosine. D, effect of Bdp-So (50 uM final concentration and varied concentrations, right) and (S)-FTY720
regioisomer (50 um final concentration) on purified SK1 activity assayed with and without 10 um sphingosine (left). E, V versus S nonlinear regression analysis
for the effect of SKi on recombinant SK1 stably expressed in HEK 293 cells. Results are representative of three independent experiments.

pressed WT myc-tagged SK1, whose concentration was fixed,
with varying amounts of FLAG-tagged D178N SK1 mutant.
Under these conditions, the FLAG-tagged D178N SK1 mutant
inhibited WT myc-tagged SK1 activity by ~50% (Fig. 3C).

We also evaluated the nature of the inhibition kinetics with
(S)-FTY720 vinylphosphonate or FTY720 in HEK 293 cell
lysates containing transiently overexpressed WT FLAG/myc-
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tagged SK1. In common with stably overexpressed WT SK1,
(S)-FTY720 vinylphosphonate was an uncompetitive inhibitor
(with sphingosine) with a K, = 7 um, whereas FTY720 was a
competitive inhibitor with a K;, = 7 um (data not shown).
Finally, we explored the possibility that Gly'"® in SK1 might
be part of the putative allosteric site as mutation to alanine in
SK1 results in constitutive activation of the lipid kinase (22).
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constructs shown). FLAG-tagged D178N SK1-myc-tagged G81D SK1 oligomers were catalytically deficient. Results are representative of three experiments. SK1
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50 umand assayed using 10 uM sphingosine) on WT and G113A SK1 (both transiently over-expressed in HEK293 cells) activity. Results are expressed as % of SK1

activity in the absence of (5)-FTY720 vinylphosphonate or Bdp-So (control = 100% SK1 activity, n = 3 experiments).

This is a result of an increase in V, ., without alteration in
substrate binding to the enzyme. Therefore, we tested the sen-
sitivity of the G113A mutant SK1 (transiently overexpressed in
HEK 293 cells) to (S)-FTY720 vinylphosphonate and Bdp-So.
In this regard, (S)-FTY720 vinylphosphonate inhibited and
Bdp-So activated the G113A SK1 mutant to an extent similar to
that with WT SK1 (Fig. 3D).

Effects of FTY720, (S)-FTY720 Vinylphosphonate, and SKi on
SK1 Expression in MCF-7 Cells—Previously, we demonstrated
an entirely novel mechanism of functional interaction of SK1
inhibitors with SK1 that offers additional opportunities for
drug discovery (12, 14). These studies involved polyubiquitina-
tion, which directs proteasomal degradation of proteins (12),
and employed the proteasomal inhibitor, MG132 (12). We
showed that a number of SK1 inhibitors, including (S)-FTY720
vinylphosphonate, induce MG132-sensitive degradation of
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SK1 (treatment of cells for 6—48 h), thereby removing SK1
from MCEF-7 breast cancer and LNCaP prostate cancer cells
(12, 14). Indeed SK1 is polyubiquitinated, and SKi enhanced the
rate at which polyubiquitinated SK1 is degraded by the protea-
some (12). Moreover, SKi induces a ubiquitin-proteasomal deg-
radation of SK1 via a ceramide-dependent mechanism in
LNCaP cells, a consequence of an initial inhibition of SK1 cat-
alytic activity and perturbation of the ceramide-sphingosine-
S1P rheostat (12). The creation of an SK1-null cancer cell or one
with severely reduced SK1 expression results in the onset of
apoptosis, as indicated by increased poly(ADP-ribose) poly-
merase cleavage (12). Therefore, we used MCEF-7 Neo (which
expresses a vector-encoded neomycin resistance gene) (10) to
establish the effects of SKi, FTY720, and (S)-FTY720 vinylphos-
phonate on the proteasomal degradation of SK1; we deter-
mined whether this might be influenced by an oncogenic back-
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FIGURE 4. Proteasomal degradation of SK1. MCF-7 Neo or MCF-7 HER2 cells
were treated with SKior FTY720, or (S)-FTY720 vinylphosphonate ((S)-vinyl Pn)
(all at 10 um final concentration) for 24 h. MCF-7 HER2 cells were also pre-
treated with MG132 (10 um) for 30 min prior to addition of SK1 inhibitors.
Western blots were probed with anti-SK1, anti-ERK-2, and anti-actin antibod-
ies. Results are representative of three independent experiments. Bar graph
shows quantification of the effect of the SK1 inhibitors on the proteasomal
degradation of SK1 in MCF-7 Neo or MCF-7 HER2 cells by calculating the
SK1:actin ratio for each treatment (p < 0.05 for control versus SK1 inhibitor-
treated cells, n = 3 experiments).

ground of HER2. As shown in Fig. 4, treatment of MCF-7 Neo
cells with SKi, FTY720 or (S)-FTY720 vinylphosphonate for
24 h induced the degradation of SK1 (molecular mass = 42
kDa). We previously observed a HER2-dependent increase in
SK1 expression in the MCF-7 HER2 cells (HER218 cells, stably
expressing HER2) (10). These cells remain sensitive to SKi,
FTY720, or (S)-FTY720 vinylphosphonate. Indeed, all three
compounds induced the MG132-sensitive proteasomal degra-
dation of SK1 to an extent similar to that with MCF-7 Neo cells
(Fig. 4).

Effects of FTY720, (S)-FTY720 Vinylphosphonate, and SKi on
Actin Rearrangement in MCF-7 Neo Cells—W e have previously
shown that siRNA knockdown of SK1 reduced the S1P-induced
formation of a migratory phenotype in MCE-7 Neo cells, as
assessed by inhibition of S1P-stimulated actin accumulation
into membrane ruffles/lamellipodia and inhibited migration of
cells in scratch assays; this is mediated by S1P; (10). Actin is
clustered into focal adhesions in MCF-7 Neo cells. Treatment
of these cells with S1P stimulates the rearrangement of actin
from focal adhesions into membrane ruffles/lamellipodia (10)
(Fig. 5). Treatment of MCF-7 Neo cells with SKi, (S)-FTY720
vinylphosphonate (Fig. 54), or FTY720 (Fig. 5B) for 15 min
reduced the S1P-stimulated rearrangement of actin into lamel-
lipodia/membrane ruffles and reestablished actin focal adhe-
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FIGURE 5. Actin rearrangement in MCF-7 cells. MCF-7 Neo cells were
treated with (A) SKi or (S)-FTY720 vinylphosphonate ((S)-vinyl Pn) or (B) FTY720
(both at 10 um final concentration) for 15 min prior to stimulation with and
without S1P (1 um, 5 min). Actin was detected using phalloidin red staining.
Arrows in the panel for S1P treatment identify actin localized to lamellipodia/
membrane ruffles, whereas arrows in the other panels identify actin clustered
into focal adhesions. Nuclei were stained with DAPI. Results are representa-
tive of three independent experiments.

sions, thereby demonstrating activity that is consistent with
these compounds functioning as SK1 inhibitors.

DISCUSSION

We demonstrate here for the first time that (S)-FTY720
vinylphosphonate binds to a putative allosteric site(s) in SK1
contingent on formation of a SK1-sphingosine complex. This
conclusion is based on the finding that (S)-FTY720 vinylphos-
phonate inhibited SK1 activity in an uncompetitive manner
witha K, = 14.5 = 4.4 uM. We also demonstrate that SK1 is an
oligomer, consistent with a model that is conducive to alloster-
ism. Moreover, SK1 appears to contain an allosteric site(s) that
exerts an autoinhibitory effect on the catalytic sites. This con-
clusion is based on the finding that FLAG-tagged D178N SK1
mutant inhibited the catalytic activity of the WT myc-tagged
SK1 in an oliogmeric arrangement. There are three alternative
explanations for these findings, all of which can be excluded.
First, we tested whether minimal dimerization is required to
form two competent catalytic sites in a dimer by domain swap-
ping. If this were the case, then mutagenesis of Asp'”® might
disable one of the catalytic sites formed between WT SK1 and
D178N mutant SK1. The ATP binding site in monomer 1 might
form a competent active site with the sphingosine binding site
in monomer 2. Equally, the ATP binding site in monomer 2
might form a competent active site with the sphingosine bind-
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FIGURE 6. Schematic showing the on or off allosterism model for interac-
tion of SK1 with sphingosine (So), (S)-FTY720 vinylphosphonate ((S)-vi-
nyl Pn), or Bdp-So.

ing site in monomer 1. Therefore, the formation of two compe-
tent active sites in a dimeric arrangement predicts that co-ex-
pression of the two catalytically deficient mutants to equal
levels should reconstitute 50% of the wild-type activity. How-
ever, we found that co-expression of each mutant did not result
in a catalytically competent oligomer (activity of the oligomer
(~10% of WT SK1) was equivalent with that of the D178N
mutant SK1). Therefore, oligomerization is not required for
formation of two competent catalytic sites by domain swap-
ping. Second, it is possible that formation of oligomers is
required for co-operation between catalytic sites. Thus, forma-
tion of WT SK1-D178N SK1 oligomers might disrupt this
cooperation and reduce SK1 activity. However, SK1 exhibits
simple Michaelis-Menten kinetics, and thus, the catalytic sites
function independently of each other in the oligomeric
arrangement. Third, oligomerization might enable functional-
ization of the catalytic sites, and mutagenesis of Asp*”® might
impair oligomerization. However, the D178N mutant SK1 is
still able to form oligomers with WT SK1. Because the concen-
tration of competent WT catalytic sites is maintained constant
in the experiment, we can, therefore, attribute inhibition of WT
SK1 catalytic activity by the D178N mutant to putative allo-
steric site(s) that exhibit autoinhibitory activity.

The allosteric site(s) might exist in an “on” and “off” state in
equilibrium (Fig. 6). Therefore, binding of (S)-FTY720 vinyl-
phosphonate to SK1 conforms to a model in which (S)-FTY720
vinylphosphonate might stabilize the on state (which autoin-
hibits SK1 activity) of the allosteric site (which is predicted to
have a longer lifetime than the unbound allosteric site), thereby
increasing the lifetime of the autoinhibitory effect of the site on
SK1 activity. It follows that the activators of SK1, e.g. Bdp-So
and (S)-FTY720 regioisomer, might stabilize the off state,
thereby relieving inhibition of SK1 activity by the allosteric site
and resulting in activation of the enzyme (Fig. 6). We also dem-
onstrated a Hill coefficient of 1.9-2.2 for the inhibition of SK1
catalytic activity by (S)-FTY720 vinylphosphonate. Thus, stabi-
lization of the on allosteric site conformation by (S)-FTY720

MAY 27,2011+VOLUME 286-NUMBER 21

vinylphosphonate will induce equilibrium transition such that
the concentration of the on site conformation will increase by
mass action. A Hill coefficient of ~2 suggests that a dimer is
likely to contain at least two allosteric sites that function in a
cooperative manner. For Bdp-So, we obtained a Hill coefficient
of 4.5, suggesting that binding of Bdp-So to the allosteric sites is
also cooperative.

The mutation of Gly
tive activation of the lipid kinase (22), suggesting that Gly
might be part of the allosteric site and that the mutation dis-
ables its function. Indeed, one can predict that mutation might
trap the allosteric site in the off state, thereby converting SK1
into a form that is resistant to inhibition by (S)-FTY720 vinyl-
phosphonate and activation by Bdp-So. However, the G113A
mutant was still sensitive to inhibition by (S)-FTY720 vinyl-
phosphonate and activation by Bdp-So. Therefore, Gly**® is
unlikely to be involved in allosterism.

We also report that the inhibition of SK1 by SKi conforms to
a mixed inhibition model witha K. = 17 = 3.5 umand a K}, =
48.3 = 11.5 um. Therefore, SKi appears to bind to both the
catalytic site and the putative allosteric site. The latter is con-
sistent with the observation made by others that inhibition of
SK1 activity by SKi is not competitive with the second substrate,
ATP (18). These authors demonstrated that SKi is relatively
specific for SK, with no activity against ERK-2, PI3K, or PKCa
(18, 23) and that SKi inhibits proliferation and induces apopto-
sis of various tumor cell lines (18). Indeed, our findings confirm
that SKi induces the onset of apoptosis of MCF-7 Neo cells (12).
A role for SK1 in regulating the survival of MCF-7 breast cancer
cells was also evident by studies of Taha et al. (24), who dem-
onstrated that siRNA knockdown of SK1 in MCF-7 breast can-
cer cells induced apoptosis. This involves caspase activation
and is associated with increased ceramide formation and Bax
oligomerization.

Treatment of MCF-7 Neo and MCF-7 HER218 cells with
SKi, FTY720, or (S)-FTY720 vinylphosphonate induced the
proteasomal degradation of SK1. The ability of SK1 inhibitors
to induce proteasomal degradation of SK1 and to exhibit high
efficacy killing of cancer cells is likely dependent on the specific
adopted inhibitor-SK1 conformation. This conformation might
result in different extents of unfolding of SK1 required for poly-
ubiquitination and proteasomal degradation. This proteasomal
degradation is also stimulated in a ceramide-dependent manner
due to acute inhibition of SK1 catalytic activity by the inhibitor as
we demonstrated previously (12).

SKi is an effective anticancer agent in vivo and inhibits tumor
growth (syngenic tumor model with mammary adenocarci-
noma cells) and inflammation (ulcerative colitis model) (23,
25). In addition, FTY720 inhibits the growth of various tumor
mouse models (bladder, kidney, prostate, breast, liver, etc.)
(26-29) and also reduces tumor vascularization and angiogen-
esis (30). In light of our current findings, it remains to be deter-
mined whether the in vivo efficacy in cancer models of SKi and
FTY720 is related to the ability of these compounds to inhibit
SK1 catalytic activity and/or to induce proteasomal degrada-
tion of SKI.

In conclusion, the removal of SK1 from cancer cells by SK1
inhibitors suggests that the efficacy and duration of action of

113 t5 alanine in SK1 results in constitu-

113

JOURNAL OF BIOLOGICAL CHEMISTRY 18639



FTY720 Analogues and Sphingosine Kinase 1 Inhibition

these compounds in inducing apoptosis might be significantly
superior compared with compounds that simply reversibly
inhibit enzyme catalytic activity and are therefore short acting.
Moreover, the presence of a putative allosteric site(s) in SK1
offers opportunities for the implementation of new drug dis-
covery programs. Taken together, these findings provide impe-
tus for developing SK1 inhibitors, e.g. by using (S)-FTY720
vinylphosphonate as the prototype, as putative anticancer
agents, not least because their mechanism of action should
enable fewer administrations to the patient and development of
resistance might be impaired, thereby opening new avenues for
combination therapies.
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