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There are two isoforms of sphingosine kinase (SphK)
that catalyze the formation of sphingosine 1-phosphate,
a potent sphingolipid mediator. Whereas SphK1 stimu-
lates growth and survival, here we show that SphK2
enhanced apoptosis in diverse cell types and also sup-
pressed cellular proliferation. Apoptosis was preceded
by cytochrome c¢ release and activation of caspase-3.
SphK2-induced apoptosis was independent of activation
of sphingosine 1-phosphate receptors. Sequence analy-
sis revealed that SphK2 contains a 9-amino acid motif
similar to that present in BH3-only proteins, a pro-
apoptotic subgroup of the Bcl-2 family. As with other
BH3-only proteins, co-immunoprecipitation demon-
strated that SphK2 interacted with Bcl-x;. Moreover,
site-directed mutation of Leu-219, the conserved leucine
residue present in all BH3 domains, markedly sup-
pressed SphK2-induced apoptosis. Hence, the apoptotic
effect of SphK2 might be because of its putative BH3
domain.

Sphingosine kinase (SphK),' a highly conserved enzyme
found in organisms as diverse as plants, yeast, worms, flies,
and mammals, catalyzes the phosphorylation of sphingosine to
form sphingosine 1-phosphate (S1P), a bioactive sphingolipid
metabolite (1). As a specific ligand for a family of five G protein-
coupled receptors (S1P,_5) (2), which are ubiquitously ex-
pressed and couple to various G proteins (3-5), S1P regulates a
wide variety of important cellular processes, including cy-
toskeletal rearrangements and cell movement (6-10), angio-
genesis and vascular maturation (6, 11-14), and heart devel-
opment (15). An important function for S1P in lymphocytes and
immune responses emerged from studies with the immunosup-
pressive drug FTY720, a sphingosine analogue, that is phos-
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phorylated by SphK1 (16). Phosphorylated FTY720 is a potent
agonist of all S1PRs, except S1P, (17), and modulates chemo-
tactic responses and lymphocyte trafficking (16, 17).

Although there is no doubt that S1P acts extracellularly,
several studies suggest that this important bioactive lipid, like
its precursors sphingosine and ceramide (N-acylsphingosine),
may also have intracellular functions important for calcium
homeostasis (18), cell growth (19, 20), and suppression of apo-
ptosis (21-23). Because intracellular targets of S1P have not
yet been identified, its intracellular function is still a matter of
debate (5).

Like other signaling molecules, S1P levels in cells are low
and tightly regulated in a spatial-temporal manner, and SphK
is a central regulating enzyme (1). Two distinct isoforms of
SphK, designated SphK1 and SphK2, have been cloned (24, 25).
Although highly similar in amino acid sequence and possessing
five conserved catalytic domains related to that of the diacyl-
glycerol kinase family (26, 27), SphK2 diverges in its amino
terminus and central region. These two isoenzymes have dif-
ferent kinetic properties and also differ in developmental ex-
pression (25), implying that they may have distinct physiolog-
ical functions.

Recent studies suggest that SphK1 and formation of S1P are
linked to cell growth and survival (1). Diverse external stimuli,
particularly growth and survival factors, stimulate SphK1, and
intracellularly generated S1P has been implicated in their mi-
togenic and anti-apoptotic effects. Tumor necrosis factor-a
stimulates SphK1 leading to activation of ERK1/2 (26) and of
NF-«B, critical for prevention of apoptosis (28). Similar to
platelet-derived growth factor (20), the potent angiogenic vas-
cular endothelial growth factor can also stimulate SphK1, pro-
ducing S1P, which mediates vascular endothelial growth fac-
tor-induced activation of Ras and, consequently, ERK signaling
and cell growth (29). Indeed, Ras transformation requires
SphK1 activation (30). Moreover, expression of SphK1 en-
hanced proliferation and growth in soft agar, promoted the
G;-S transition, protected cells from apoptosis (20, 23), and
induced tumor formation in mice (30, 31).

In contrast to SphK1, despite its ubiquitous expression (25),
nothing is yet known about the functions of SphK2. Here, we
examined the biological functions of SphK2 and discovered its
Janus face. Rather than promoting growth and survival,
SphK2 suppressed growth and also markedly enhanced apo-
ptosis that was independent of S1PRs. Our results suggest that

growth factor; BHS3, Bcl-2 homology 3; Ac-DEVD-AMC, acetyl- the apoptotic activity of SphK2 might be related to its putative
Asp-Glu-Val-Asp-aminomethylcoumarin. BH3 motif.
40330 This paper is available on line at http://www.jbc.org
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Fic. 1. SphK1 and SphK2 have opposite effects on apoptosis. A, NIH 3T3 fibroblasts were transfected with vector, SphK2, or SphK1 together
with GFP at 5:1 ratio. Cells were cultured in 10% serum in the absence or presence of doxorubicin (DOXO, 1 ug/ml), H,0O, (100 um), or in serum-free
medium. After 24 h, cells were fixed and the nuclei stained with Hoechst. Total GFP-expressing cells and GFP-expressing cells displaying condensed,
fragmented nuclei indicative of apoptosis were scored. The results are from a representative experiment in duplicate, and data are averages = S.D. At
least 300 cells were scored in a double-blind manner. For all treatments, p = 0.01 for SphK2-induced apoptosis compared with vector transfected cells.
Similar data were obtained in three independent experiments. B, NIH 3T3 fibroblasts were transfected with vector, SphK2, or SphK1. Cells were
cultured in the absence or presence of 10% serum for the indicated times. Lipids were extracted and S1P levels were measured as described under
“Experimental Procedures.” p = 0.01 and p = 0.005 for SphK1 and SphK2, respectively, compared with vector transfected cells. C, TSU-Pr1 prostate
cancer cells stably expressing vector (open bars) or SphK2 (filled bars) were cultured in serum-free media in the absence or presence of serum (fetal
bovine serum, 10%), doxorubicin (DOXO, 1 ug/ml), okadaic acid (OA, 30 nM), or etoposide (200 um) and apoptosis was determined after 46 h. For all
treatments except okadaic acid, p = 0.01 for SphK2-induced apoptosis compared with vector transfected cells.
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Fic. 2. SphK2 induces apoptosis in PC12 cells even in the presence of NGF. A, PC12 cells were transfected with vector, SphK2, or SphK1 together
with GFP at 5:1 ratio and then cultured in serum-free media for 24 h in the absence or presence of 100 nm S1P or 100 nM dihydro-S1P. Apoptosis was
determined as described under “Experimental Procedures.” B, PC12 cells were transfected with vector or SphK2 together with GFP at 5:1 ratio or with
SphK2-GFP and then cultured in the presence of 2% serum or 100 ng/ml NGF, and apoptosis of transfected cells was scored. For all treatments, p < 0.01
for SphK2-induced apoptosis compared with vector transfected cells. Similar data were obtained in three independent experiments.

EXPERIMENTAL PROCEDURES TransFast (Promega). Typical transfection efficiencies were 40, 70, and

Cell Culture and Transfections—NTIH 3T3 fibroblasts, human embry- ~ 15% for NIH 3T3, HEK 293, and PC12 cells, respectively. Where indi-
onic kidney (HEK 293) cells, PC12 pheochromocytoma cells, MCF-7 cated, non-clonal pools of stable transfectants selected in medium con-
human breast cancer cells stably expressing Bel-x;, and TSU-Pr1 hu- taining 1 g/liter G-418 were used to avoid clonal variability. Mouse
man prostate cancer cells were cultured and transfected as described  embryonic fibroblasts (MEFs) were derived from embryonic day 14
(20, 23, 32, 33), except for PC12 cells, which were transfected with  embryos generated by the wild type or knock-out double intercrosses as
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SphK2-GFP in 2% serum

Fic. 3. Expression of SphK2 sup-
presses BrdUrd incorporation into
nascent DNA. A, NIH 3T3 fibroblasts
were transiently transfected with GFP-
vector (open bars), SphK2-GFP (black
bars), or SphK1-GFP (gray bar). Cells
were serum-starved for 8 h and incubated
in serum-free medium (SF) or in the pres-
ence of the indicated concentration of se-
rum. After 16 h, BrdUrd was added for an
additional 3 h. Double immunofluores-
cence was used to visualize transfected
cells and BrdUrd incorporation, and the
proportion of cells incorporating BrdUrd
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among total transfected cells (expressing
the GFP) was determined. Data are
means * S.D. of duplicate cultures from a
representative experiment. At least 10
different fields with a minimum of 10-50
cells were scored. Asterisks indicate p =
0.05 compared with vector transfectants.
Similar results were obtained in two in-
dependent experiments. B-D, representa-
tive images of NIH 3T3 cells transfected
with vector-GFP (B), SphK2-GFP (C) cul-
tured in 2% serum, or SphK1-GFP trans-
fectants (D) cultured in 0.5% serum visu-
alized by double immunofluorescence.
Arrows indicate cells that are positive for
both BrdUrd and GFP. FBS, fetal bovine
serum.

described previously (34). MEFs were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal bovine
serum and antibiotics.

Sphingosine Kinase Mutants—Mammalian expression constructs of
¢DNAs for SphK1 and SphK2 were described previously (20, 25). Mu-
rine SphK2 (25) was cloned into the BglII site of pSG5-HA vector. The
QuikChange site-directed mutagenesis kit (Stratagene) was used to
prepare HA-SphK2-L.219A (forward primer, 5'-GCTTTACGAGGTGG-
CGAATGGGCTCCTTG-3’, and reverse primer, 5'-CAAGGAGCCCAT-
TCGCCACCTCGTAAAGC-3'). The mutation was confirmed by
sequencing.

The following PCR primers were used to construct expression vectors
for amino- and carboxyl-terminal fragments of mSphK2: forward, 5'-T-
GGAATTCTGGCCCCACCACCACTACTGCCAGT-3'; reverse, 5'-CTC-
TCAGTCTGGCCGATCAAGGAG-3'; forward, 5'-AACATGGAGGATG-
CCGTGCGGATG-3, reverse, 5'-TGGTTCCACCAACTCGCCATGCTT-
3’, respectively. PCR products were subcloned into pcDNA3.1/V5-His
Topo (Invitrogen).

Sphingosine Kinase Assay and Measurement of SIP—SphK activity
in cytosol and membrane fractions was determined in the presence of
sphingosine complexed with 4 mg/ml bovine serum albumin and
[vy-32P]ATP in buffer containing 200 mm KCI as described previously
(25). Specific activity is expressed as picomoles of S1P formed/min/mg of
protein. For mass measurements of S1P, cells were washed with PBS
and scraped in 1 ml of methanol containing 2.5 ul of concentrated HCIL.
Lipids were extracted by adding 2 ml of chloroform, 1 m NaCl (1:1, v/v)
and 100 ul of 3N NaOH, and phases were separated. The basic aqueous
phase containing S1P, and devoid of sphingosine, ceramide, and the
majority of phospholipids, was transferred to a siliconized glass tube.
The organic phase was re-extracted with 1 ml of methanol, 1 m NaCl
(1:1, v/v) plus 50 ul of 38 NaOH, and the aqueous fractions were
combined. S1P in the aqueous phase and total phospholipids in the
organic phase were measured as described (20).

Immaunoprecipitation—MCF-7 cells stably expressing Bcl-x; and
transfected with HA-SphK2 were lysed in buffer A (10 mm HEPES, pH
7.2, 142.5 mm KCI, 5 mm MgCl,, 1 mMm EGTA, 0.2% Nonidet P-40, and
protease inhibitors). Lysates were incubated on ice for 45 min and then
centrifuged at 10,000 X g for 5 min. Equal amounts of proteins (500 ug)
were pre-cleared by incubating with 10 ul of protein A/G-Sepharose at
4°C for 1 h. After removal of the Sepharose by centrifugation, the
pre-cleared lysates were incubated with anti-Bcl-x; antibody at 4 °C for
2 h, followed by incubation with 20 ul of protein A/G-Sepharose. After
1 h at 4 °C, the Sepharose beads were washed three times with lysis
buffer, boiled in SDS-PAGE sample buffer, electrophoresed, transferred
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Fic. 4. SphK2-induced apoptosis proceeds through cyto-
chrome c release and activation of caspase-3. NIH 3T3 vector or
SphK2 transfectants were deprived of serum for the indicated times.
Cytosolic proteins were resolved by SDS-PAGE and analyzed by immu-
noblotting with antibodies against cytochrome ¢ and caspase-3 and
subsequently with anti-ERK2 antibody to show equal loading. p17 is
the active cleaved fragment of caspase-3.

to nitrocellulose, and immunoblotted with anti-HA antibody.

Western Analysis—Unless otherwise indicated, cells were washed
with ice-cold PBS and scraped in 500 ul of buffer B (50 mm HEPES, pH
7.4, 150 mm NaCl, 1 mm EDTA, 1% Triton X-100, 2 mM sodium or-
thovanadate, 4 mM sodium pyrophosphate, 100 mm NaF, and 1:500
protease inhibitor mixture (Sigma)). For analysis of cytochrome ¢ and
caspase-3, cytosolic fractions were prepared by resuspending cells in
buffer B containing 75 mm NaCl, 1 mm NaH,PO,, 8 mm Na,HPO,, 1 mm
EDTA, 250 mM sucrose, and 700 pg/ml digitonin. Lysates were then
centrifuged at 14,000 X g for 15 min. Equal amounts (20 ug) of proteins
were separated by SDS-PAGE and then transblotted to nitrocellulose.
Anti-cytochrome ¢, anti-HA, anti-ERK2 (Santa Cruz Biotechnology),
and anti-caspase-3 (Stressgen) were used as primary antibodies. Pro-
teins were visualized by ECL (Pierce) with anti-rabbit horseradish
peroxidase-conjugated IgG (Jackson ImmunoResearch Laboratories
Inc.).

Staining of Apoptotic Nuclei—Cells were fixed by addition of an
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Fic. 5. SphK2 enhances caspase activation because of trophic factor withdrawal. A, NIH 3T3 fibroblasts stably expressing empty vector
(open bars) or SphK2 (filled bars) were cultured for 24 h in 10% fetal bovine serum in the absence or presence of doxorubicin (DOXO, 1 pg/ml), or
in serum-free media in the absence or presence of C,-ceramide (5 um). Activation of DEVD-specific caspases was measured by the cleavage of the
fluorogenic substrate Ac-DEVD-AMC. For all treatments except serum, p = 0.01 for SphK2 transfectants compared with vector transfected cells.
B, extracts from vector (open circles) and SphK2 (filled squares) PC12 cell transfectants were prepared at the indicated times after trophic factor
withdrawal, and DEVDase activity was measured.
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Fic. 6. S1IPRs are dispensable for
apoptosis induced by SphK2. A, exog- O None
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dium for 24 h, without or with S1P (10
uM) or 10% serum, and the percent of
apoptotic cells was determined. B, wild
type, S1P, or S1P, single knock-out or
S1P,/S1P, double knock-out MEFs were
transfected with GFP vector or GFP-
SphK2 and cultured for 24 h in 10% se-
rum without or with pertussis toxin (20
ng/ml) as indicated. The percentage of 10
apoptotic nuclei in cells expressing GFP
fluorescence was determined.
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equal volume of PBS containing 4% paraformaldehyde, 4% sucrose, and Fluorogenic DEVD Cleavage Enzyme Assays—Enzyme reactions
apoptosis was assessed by staining with 4 pg/ml Hoechst 33342. Cells  were performed in 96-well plates with 20 ug of cytosolic proteins and a
expressing GFP were examined with an inverted fluorescence micro- final concentration of 20 um Ac-DEVD-AMC substrate as described
scope, and apoptotic cells were distinguished by condensed, fragmented  previously (35).

nuclear regions (20). The percentage of intact and apoptotic nuclei in

cells expressing GFP fluorescence was determined. A minimum of 300 RESULTS

cells was scored in a double-blind manner. Opposite Actions of SphK1 and SphK2 in Apoptosis—SphK1

Incorporation of Bromodeoxyuridine—24 h after transfection, NIH d . £ . £S1P h v b .
3T3 cells were serum-starved in Dulbecco’s modified Eagle’s medium and concomitant formation o as generally been assocl-

supplemented with 2 ug/ml insulin, 2 ug/ml transferrin, and 20 pg/ml  ated with growth and survival (20, 23, 30). In agreement,
bovine serum albumin and then stimulated with serum. After 16 h, cells  overexpression of SphK1 in NIH 3T3 fibroblasts almost com-
were incubated for 3 h with bromodeoxyuridine (BrdUI‘d, 10 [.LM) and pletely prevented apoptosis induced by serum starvation (Flg
then fixed in 4% paraformaldehyde containing 5% sucrose (pH 7.0) for 14). Surprisingly, expression of SphK2 markedly enhanced

20 min at room temperature. After washing with PBS, cells were apoptosis of serum-starved NIH 3T3 fibroblasts (Fig. 1A4),
incubated in permeabilization buffer (0.5% Triton/PBS, pH 7.4, contain- R K X ;
where shrinkage and condensation of nuclei were clearly evi-

ing 10 mg/ml bovine serum albumin) for 20 min at room temperature .
and then incubated for 1 h at room temperature with monoclonal dent. Although S1P has been shown to protect cells against

anti-BrdUrd antibody in the presence of DNase (50 units/ml). After anticancer drug-induced apoptosis (22), SphK2 unexpectedly
being washed with PBS, cells were stained with Texas Red-conjugated  increased doxorubicin- and oxidation-induced cell death (Fig.
anti-mouse antibody in 5% bovine serum albumin/PBS for 1 h, washed 1A4). Expression of SphK2 in HEK 293 cells has previously been
with PBS, and then photographed using a Nikon Eclipse TE200 in- . .

shown to increase cellular S1P (25). It was of interest to exam-

verted fluorescence microscope connected to a CoolSnap digital camera . .
(Roper). Cells expressing GFP with positive BrdUrd staining were D€ S1P levels in SphK1 and SphK2 transfectants in serum-free

counted. At least 10 different fields with a minimum of 1050 cells were ~ conditions where expression of SphK1 suppresses and SphK2
scored per field. enhances apoptosis. As shown in Fig. 1B, S1P levels were
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Fic. 7. SphK2 is a putative member of the BH3-only pro-apop-
totic protein family. A, alignment of the putative BH3 domain of
SphK2 with those of pro-apoptotic BH3-only subfamily proteins is
shown. Dark shaded boxes indicate identical amino acids, and gray
boxes indicate very similar residues. Alignment of SphK1 and SphK2 is
shown below these. The circled residue was mutated in this study. The
red color indicates residues that form part of the SphK nucleotide
binding motif (SGDGX,,_,,K). B, SphK2 associates with Bcl-x; . MCF-7
cells stably expressing Bel-x; were transfected with vector or HA-
SphK2. Cell lysates were immunoprecipitated with anti-Bel-x; anti-
body and were immunoblotted with anti-HA antibody. HC and 66 kDa
indicate the migration of heavy chains and HA-SphK2, respectively.
Results are representative of two independent experiments.

significantly increased by overexpression of SphK2 even in the
absence of serum, albeit to a lesser extent than SphK1 (Fig 1B).

Inhibition of SphK1 and decreased S1P has previously been
shown to sensitize TSU-Prl prostate cancer cells to apoptotic
anticancer therapies (33). Yet, overexpression of SphK2 in
these cells also markedly increased cell death because of serum
withdrawal and the phosphatase inhibitor okadaic acid, as well
as the DNA-damaging drugs doxorubicin and etoposide (Fig.
10).

S1P and activation of SphK1 have also been implicated in
NGF-mediated neuronal survival (23). Similar to previous
studies (23, 36), overexpression of SphK1, or addition of S1P,
but not dihydro-S1P, suppressed apoptosis of PC12 pheochro-
mocytoma cells induced by trophic factor withdrawal (Fig. 2A).
In sharp contrast, expression of SphK2 enhanced apoptosis
induced by serum deprivation (Fig. 2A). Even in the presence of
2% serum or nerve growth factor, which protect naive PC12
cells from serum withdrawal-induced apoptosis, ectopic expres-
sion of SphK2 was still strongly apoptotic (Fig. 2B). Moreover,
SphK2 fused to GFP, which has the same sphingosine phos-
phorylating activity as wild type SphK2 (data not shown), also
induced apoptosis to a similar extent of PC12 cells cultured in
the presence of 2% serum or NGF (Fig. 2B).

Because overexpression of SphK1l markedly enhanced
growth of many types of cells and increased the proportion of
cells in the S-phase of the cell cycle (20, 28—30), we compared
the effects of transfection of SphK2 to SphK1 on cellular pro-

Sphingosine Kinase 2, a Putative BH3 Protein

liferation. In agreement with previous reports (20, 30), tran-
sient expression of SphK1-GFP in NIH 3T3 fibroblasts in-
creased DNA synthesis, as measured by incorporation of
BrdUrd into nascent DNA (Fig. 3, A and D). In contrast how-
ever, transfection of SphK2 not only reduced DNA synthesis in
serum-starved cells, it also significantly reduced DNA synthe-
sis induced by several concentrations of serum (Fig. 3, A, B,
and C).

SphK2-induced Apoptosis Is Independent of SIPR Activa-
tion—Mitochondria are a key regulatory element of stress-
induced apoptosis as release of cytochrome ¢ and its subsequent
complex with cytosolic Apaf-1 leads to activation of caspase-9
that in turn activates caspase-3 (37). SphK2 increased release
of cytochrome ¢ from the mitochondria into the cytosol and
activated caspase-3 as determined by processing to the pl7
form (Fig. 4), which preceded the appearance of fragmented
nuclei after 24 h. Moreover, SphK2 expression induced a time-
dependent increase of caspase activity, as measured with the
fluorogenic substrate Ac-DEVD-AMC, in NIH 3T3 cells after
serum deprivation or treatment with C,-ceramide or doxorubi-
cin (Fig. 5A) and in PC12 cells after serum withdrawal
(Fig. 5B).

Because the most well known functions of S1P, the product of
SphK2, are elicited by binding to S1P, 5, it was of interest to
examine whether they are involved in SphK2-mediated apo-
ptosis. To this end, we utilized mouse embryonic fibroblasts
(MEFs) isolated from single or double S1P,/S1P; knock-out
mice (34). Serum deprivation-induced apoptosis of MEFs was
clearly evident after 24 h, and deletion of S1P,, S1Pg, or both,
did not have a significant effect (Fig. 6, A and B). In agreement
with previous results with wild type MEFs (9), addition of
micromolar concentrations of exogenous S1P (Fig. 6A) sup-
pressed apoptosis in these S1P,/S1Ps-null fibroblasts. Once
more, SphK2 induced apoptosis of these cells even in the pres-
ence of 10% serum (Fig. 6B). In contrast to wild type MEFs,
which express S1P;_5, S1P,/S1P; nulls only express S1P; (34),
which is coupled solely to G; (5). Treatment with pertussis toxin
to inactivate G;, which completely blocked S1P-induced
ERK1/2 activation and DNA synthesis (data not shown), did
not abrogate the ability of SphK2 to induce apoptosis even in
these MEF's devoid of functional S1PRs (Fig. 6B).

How Does SphK2 So Profoundly Regulate Apoptosis?—We
were intrigued by the unexpected finding that SphK2 promotes
cell death whereas its close relative SphK1 enhances survival.
Sequence analysis revealed that both human and mouse
SphK2, but not their close SphK1 relatives, contain a 9-amino
acid sequence reminiscent of the Bcl-2 homology 3 (BH3) do-
main present in “BH3 domain-only” proteins (Fig. 7A) (38, 39).
These pro-apoptotic members of the Bcl-2 family have sequence
homology only within this amphipathic a-helical segment that
allows their interaction with pro-survival Bcl-2 family mem-
bers to trigger apoptosis (38, 39).

Similar to association of other BH3-only proteins with the
pro-survival Bel-x;, we found that SphK2 immunoprecipitated
with co-expressed Bcl-x;, confirming that SphK2 has a func-
tional BH3 domain (Fig. 7B). Because substitution of the highly
conserved leucine residue in the BH3 domain of these proteins
has been shown to interfere with their function (38), a similar
substitution was introduced in SphK2. This L219A mutation
diminished the apoptosis-inducing effect of SphK2 in both NIH
3T3 and PC12 cells (Fig. 8, A and C). Nonetheless, SphK2-
L219A still retained significant kinase activity albeit less than
the wild type SphK2 (Fig. 8D), although both were expressed
similarly (Fig. 8B).

To examine further whether the BH3 domain of SphK2 itself
can induce apoptosis, we expressed truncated forms of SphK2
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Fic. 8. SphK2-induced apoptosis requires the BH3 domain. NIH 3T3 (A and B) and PC12 cells (C) were co-transfected with vector, SphK2,
SphK2-L.219A, or the N- and C-terminal truncations of SphK2 together with GFP at 5:1 ratio. NIH 3T3 cells were then cultured in serum-free
medium (A) and PC12 cells in 2% serum without NGF (C) for 24 h and fixed, and the nuclei were stained with Hoechst. Total GFP-expressing cells
and GFP-expressing cells displaying condensed nuclei indicative of apoptosis were scored as described in the legend to Fig. 1. Except for the
C-terminal fragment, apoptosis induced by all other constructs was statistically different from the vector control (p = 0.01). B, equal expression
of wild type and SphK2-L219A was confirmed by Western blotting. Lysates from duplicate cultures of NIH 3T3 fibroblasts were separated by
SDS-PAGE and transferred to nitrocellulose. After blotting with anti-HA antibody to detect HA-tagged SphK2 proteins, the blot was stripped and
reprobed with anti-ERK antibody as a loading control. D, sphingosine kinase activity of the various SphK2 constructs was measured in cytosol
(open bars) and membrane fractions (filled bars) as described previously (25).

split after its BH3 domain into a 227-amino acid N-terminal
fragment and a 391-amino acid C-terminal fragment. Because
this also fragments the five conserved catalytic domains, it was
expected that both N- and C-terminal constructs would lack
kinase activity (Fig. 8D). Only the N-terminal fragment, which
contains the BH3 domain, induced apoptosis of NIH 3T3 and
PC12 cells, whereas the C-terminal fragment did not (Fig. 8, A
and C) suggesting that SphK2 may contain a functional BH3
domain.

DISCUSSION

We have discovered that in contrast to the pro-survival ef-
fects of SphK1, SphK2 enhances apoptosis in diverse cell types
induced by a variety of stress stimuli. Apoptosis induced by
SphK2 proceeded via the intrinsic mitochondrial death path-
way as evidenced by release of cytochrome ¢ and subsequent
activation of the caspase cascade. Although SphK2, similar to
SphK1, increased cellular S1P levels even under serum-free
conditions, several lines of evidence suggest that the apoptotic
effect of SphK2 does not require expression of the cell surface
receptors for S1P. First, the apoptotic effects of SphK2 were
observed in diverse cell types that have completely different
patterns of S1P receptor expression. Second, in contrast to
SphK2, addition of exogenous S1P, which activates S1P recep-
tors, suppressed rather than enhanced apoptosis. Third, SphK2
still induced apoptosis even in S1P,/S1P; double knock-out
MEFs treated with pertussis toxin, which then have no func-

tional S1PRs. Moreover, pertussis toxin did not block SphK2-
induced apoptosis (data not shown). These observations are in
sharp contrast to inhibition by pertussis toxin of numerous
other biological responses of S1P, including its mitogenic ef-
fects (1, 5, 34). Taken together, these results suggest that
S1PRs are dispensable for the apoptotic effect of SphK2 and
provide some support for intracellular actions of S1P.

Similar to our study demonstrating opposing functions of
SphK1 and SphK2, the yeast homologues Lcb4 and Lcb5, also
appear to have different functions in yeast. Deletion of LCB4
but not LCB5 prevented growth inhibition and cell death when
both S1P lyase and S1P phosphatase activities were eliminated
(40). In contrast, Lcb5, but not Lcb4, plays a role in heat stress
resistance during induction of thermotolerance (41). Intrigu-
ingly, recent studies demonstrate that Lch4 and Leb5 not only
differ in membrane association properties but they also have
different subcellular localization (42). Lcb4, but not Lcb5, is
present in the endoplasmic reticulum, and it has been sug-
gested that membrane-associated and cytosolic Leb4s play dis-
tinct roles to differentially generate biosynthetic and signaling
pools of phosphorylated long chain sphingoid bases in yeast
(42).

The BH3-only proteins are pro-apoptotic members of the
Bcl-2 family that share with their relatives only the short
9-amino acid amphipathic helix BH3 domain, which allows
their interaction with pro-survival Bcl-2 family members to



40336

trigger apoptosis (38, 43). Genetic experiments have demon-
strated that BH3-only proteins are essential for initiation of
programmed cell death throughout evolution (38). Experiments
with gene knock-out mice have shown that pathways to apo-
ptosis resulting from different damage signals require distinct
BH3-only proteins for initiation (38, 43). Our results indicate
that SphK2 has a putative BH3 motif (Fig. 7) and also demon-
strate that similar to other BH3-only proteins, SphK2 binds to
the pro-apoptotic Bel-x;,. Moreover, mutations of the critical
upstream leucine residues present in all BH3 domains (44, 45)
render them inactive. Similarly, mutation of the equivalent
leucine residue (Leu-219) in SphK2 sharply decreased its abil-
ity to induce apoptosis. However, the BH3 motif of SphK2 is
somewhat unusual. Whereas most BH3 proteins have a glycine
prior to the highly conserved aspartic acid, at least three,
Bnip3, Egl-1, and Bak, do not, and SphK2 is the only one with
a leucine in this position. In addition, the BH3 domains of
SphK2 and Nox(a) are the only known BH3 motifs that have
positively charged amino acids, arginine and lysine, respec-
tively, immediately preceding the conserved aspartic acid.

BHS3-only proteins act at an upstream point in an apoptotic
signal transduction cascade by directly or indirectly activating
Bax and Bak to induce their oligomerization resulting in per-
meabilization of the outer mitochondrial membrane, cyto-
chrome c release, and activation of caspases (reviewed in Refs.
38, 43, and 46). Death signals can engage 2 distinct classes of
BH3-only proteins to integrate diverse apoptotic stimuli into a
common cell death pathway governed by Bcl-2 and its
multi-BH domain relatives (47). BID-like “activators” directly
bind and activate mitochondrial-localized BAK and BAX, trig-
gering their oligomerization and apoptosis. Anti-apoptotic
Bcl-2 proteins sequester BID-like proteins preventing their
interaction with BAK/BAX. BAD-like "enabler” proteins sensi-
tize apoptosis by binding anti-apoptotic Bel-2 family proteins
and thus preventing the sequestration of BID-like BH3 activa-
tors (47). It is tempting to speculate that overexpression of
SphK2 or, in response to stress, the putative single BH3 do-
main of SphK2 allows it to interact with pro-survival Bcl-2
proteins, such as Bel-x;, and induce apoptosis by the sensitiz-
ing mechanism. Because the N-terminal fragment of SphK2,
which contains the BH3 domain, induced apoptosis to a lesser
extent than the holoprotein, it is also possible that SphK2 has
additional apoptosis inducing activity that has not yet been
uncovered.
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