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Fumonisin B1 Induces Apoptosis in Sphingosine 1-Phosphate
Lyase-null F9 Cells through Increase of Sphingolipids Levels
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Abstract — Apoptosis is essential for a variety of pathophysiological progress. Apoptosis induction by various
agents changes cellular morphology, DNA content and lipid membrane composition. Recently, sphingosine 1-
phosphate (S1P) is avidly released from not only platelets and erythrocytes but vascular endothelium. Here we
established S1P releasing cells by deleting S1P lyase (F9-12 cells). We observed apoptosis induction by the
treatment of fumonisin B1 (FB1) in F9-12 cells but not in F9 wild-type cells. We measured high amounts of
accumulated S1P and dihydroS1P (DHS1P) in FB1-induced apoptotic F9-12 cells. We also showed DHS1P
release in an early stage of the apoptosis induction by FB1 but not by phorbol 12-myristate 13-acetate (PMA)-
induced apoptosis, suggesting differential apoptotic processes.
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INTRODUCTION

The sphingolipids metabolites ceramide, sphingosine,
and sphingosine-1-phosphate (S1P) are critical regula-
tors in cell proliferation, survival, and apoptosis. Gener-
ally, ceramide and sphingosine inhibit proliferation and
induce apoptosis, while S1P stimulates growth and sup-
presses apoptosis induced by pro-apoptotic signals.
Because these metabolites are easily able to convert into
related metabolites, it has been proposed that the rela-
tive levels of each metabolites determine cell fate
(Maceyka et al., 2002). Many external stimuli activate
sphingosine kinase (Sphk), leading to an increase in S1P
levels (Cuvillier et al., 1996). The increased S1P may be
released outside by unknown mechanisms and binds to
five kinds of S1P receptors (S1P1~S1P5) to transmit the
S1P signals to themselves and/or neighboring cells.

Previously, S1P is released from a variety of hemato-
poietic cells, including platelets (Yatomi et al., 1995), neu-
trophil (MacKinnon et al., 2002), erythrocytes (Hanel,
Andreani, and Graler, 2007; Pappu et al., 2007) and mast
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cells (Olivera et al., 2006), astrocytes (Anelli et al., 2005).
Recent data suggested vascular endothelium avidly
releases high amount of S1P, considering endothelial
cells as a major source of plasma S1P, showing its half-
life is extremely short (~15 min) (Venkataraman et al.,
2008). Although the precise mechanism of S1P release
through cellular membranes is still imaginary, some inhib-
itors or siRNA studies of ATP-binding cassette (ABC)
transporters reduce S1P release, indicating the involve-
ment of various ABC transporters as S1P carriers (Lee et
al., 2007; Mitra et al., 2006; Sato et al., 2007).

In this study, we investigated intracellular sphingolipids
accumulation and extracellular sphingolipids release in
S1P lyase-null F9-12 cells which shows high sensitivity to
fumonisin B1 (FB1) exposure. And it was found that S1P
and dihydroS1P (DHS1P) were highly accumulated in
F9-12 cells and the accumulated DHS1P were released
in an early stage of the apoptosis induction by FB1.

MATERIALS AND METHODS

Materials

D-erythro-dihydrosphingosine (sphinganine, DHS), D-
erythro-sphingosine, sphingosine 1-phosphate (S1P),
sphinganine 1-phosphate (DHS1P), and fumonisin B;
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(FB;) were purchased from Biomol Research, Inc. (Ply-
mouth Meeting, PA., USA). Internal standards; C,;-sphin-
gosine and C,,-sphingosine 1-phosphate (C,,-S1P) were
obtained from Avanti Polar Lipids, Inc. (Alabaster, Al,
USA). Alkaline phosphatase (APase) (No.P-6774),
sodium  3-[1-[(phenylamino)carbonyl]-3,4-tetrazolium-bis
(4-methoxy-6-nitro) benzene-sulfonic acid hydrate (XTT),
phenazine methosulfate (PMS) were from Sigma (St.
Louis, MO., USA). Fetal bovine serum (FBS) and culture
medium were obtained from Life Technologies, Inc.
(Gaithersburg, MD., USA). HPLC-grade acetonitrile were
purchased from Mallinckrodt Baker, Inc. (Phillipsburg,
NJ., USA). o-Phthalaldehyde (OPA) was obtained from
Nacalai Tesque (Kyoto, Japan). All organic solvents for
sphingolipids extraction were from Merck (Darmstadt,
Germany).

Cell culture

Mouse F9 teratocarcinoma cells were grown in Dul-
becco's modified Eagle's medium (D6429; Sigma) con-
taining 10% fetal calf serum supplemented with 100 units/
ml penicillin and 100 pg/ml streptomycin in 0.1% gelatin-
coated dishes.

Production of F9-12 cells and stable transformants

The pCE-puro HA-SPHK1a plasmid (1 pug) was trans-
fected into 4x10° F9 cells using LipofectAMINE™
2000 reagent. Cells were subjected to puromycin selec-
tion at 0.5 pg/ml for 1 week. One of the stable transfor-
mants, F9-9, expressed the highest level of HA-SPHK1a
among the isolated clones and was used for further anal-
yses. Then, The linearized targeting vector Neo (1 ug)
was transfected into 4x10° F9 cells using Lipo-
fectAMINE™ 2000 reagent (Invitrogen). Cells were sub-
jected to G418 selection at 900 pg/ml for 1 week.
Homologous recombination was examined by PCR
amplification of genomic DNA using primer A (5-
GTGACTTCTGGGGGAACGGAAAGC-3), located in
exon 7 but outside the genomic sequences present in the
targeting vector, and primer B (5-ATCGGAATTCCTC-
GAGTCTAGAGCG-3"), located upstream of the loxP site
(Kihara et al., 2003).

Annexin V staining assay

Apoptotic cells was visualized under the fluorescence
microscope (Carl Zeiss) by using a technique combining
fluorescein (FITC)-conjugated Annexin V (Annexin V-
FITC) and propidium iodide (PI) staining solution
(Annexin V-FITC Apoptosis Detection kit | (BD PharMin-
gen, San Diego, CA) in accordance with the manufac-

turer’s instructions.

S1P enrichment by immobilized metal affinity chro-
matography (IMAC)

PHOS-Select™ iron affinity gel (40 ul of 50% beads
slurry) was incubated with 2-5 ml of cell culture media,
containing 5-10 pmol of internal standard C17-S1P. The
binding of S1P with the IMAC resin was conducted in 250
mM acetic acid (pH 2.5-3.0) in 30% acetonitrile for 60 min
at 4 C. After washing the resin with 0.5 ml of 250 mM
acetic acid (pH 2.5-3.0) in 30% acetonitrile and subse-
quently with 0.5 ml of deionized water, bound S1P was
eluted in 0.5 ml of 150 or 400 mM ammonium hydroxide
in 25% acetonitrile (Lee et al., 2007).

Sphingolipids analysis

After treatment of FB1 or PMA, F9 cells and F9-12
cells (murine teratocarcinoma cells) were incubated with
2 or 4 ml of DMEM containing 20 mM HEPES-KOH pH
7.4, 10 mM sodium glycerophosphate, 5 mM sodium flu-
oride and 1 mM semicarbazide and 0.5% fatty acid free
BSA for trapping S1P released from the cells. Cells were
incubated in the trapping medium for 2 h. Accumulation
of extracellular S1P or DHS1P was determined by spik-
ing 5 or 10 pmol of C17-S1P to conditioned media, affin-
ity isolation with the IMAC beads followed by the HPLC
analysis of S1P or DHS1P was carried out as described
previously (Min et al., 2002).

RESULTS

S1P (DHS1P) is newly synthesized from sphingosine
(DHS) by sphingosine kinases. While S1P phosphatase
converts S1P into sphingosine by liberating phosphate
from S1P, S1P lyase disintegrates S1P into hexadecenal
and phosphoethanolamine (Desai et al., 1992).

We firstly established sphingolipids-accumulating F9
cells by deleting S1P lyase (F9-12 cells) as described
(Kihara et al., 2003). To obtain insight into potential signif-
icance of S1P lyase, sphingolipid metabolites, S1P,
DHS1P, sphingosine and DHS were measured.

The F9-12 (SPL™) cells became highly sensitive to
FB1 and high rate of cell death was observed, while the
F9 (SPL**) cells were not so strongly affected in the
same condition. By treatment of high concentration FB1
for 48 h, high population of Annexin V stained F9-12 cells
were observed (Fig. 1). Therefore, the deletion of S1P
lyase function made cells to be sensitive to FB1-induced
apoptosis, suggesting possible involvement of accumu-
lated sphingolipids on the apoptosis induction.
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Fig. 1. FB1 treatment (50 uM) for 48 h induced apoptotic cells only in F9-12 cells, not in F9 cells. Annexin V-FITC fluorescence was
largely observed, suggesting those cells were apoptotic cells. Cells were harvested and incubated with Annexin V and propidium

iodide for 1 h before microscopic observation.

Assuming that the apoptosis by FB1 was induced by
abnormal accumulation of sphingolipids, we measured
the levels of sphingosine, DHS, S1P and DHS1P both in
the F9-12 cells and the F9 cells (wild type) after FB1
treatment for 48 h. Unexpectedly, the amounts of S1P
and DHS1P in the F9-12 cells were obviously raised up
over hundred times compared with those from the wild-
type F9 cells (Fig. 2A and B). As expected from the fact
of that FB1 specifically inhibits ceramide synthase, DHS
and sphingosine was also increased both in the F9 and
the F9-12 cells (Fig. 3A and B). Considering that sphin-
gosine and DHS are pro-apoptotic and S1P and DHS1P
are anti-apoptotic, these results might suggest that accu-
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Fig. 2. FB1 treatment (50 uM) for 48 h greatly accumulates
S1P (A) and DHS1P (B). The sphingolipids measurement by
HPLC was an indirect detection of sphingosine and DHS after
dephosphorylation of S1P and DHS1P by alkaline phos-
phatase described in Material and Methods. C17-S1P (20~100
pmol) was used as an internal standard.

mulated DHS and sphingosine induced apoptosis. For
the anti-apoptotic action of S1P/DHS1P, they should be
released into extracellular media and act on S1P recep-
tors in the plasma membrane.

Next, we measured amounts of DHS and DHS1P
released from F9-12 cells after FB1 (50 uM) treatment for
8 h. During this early stage, there were a little sign of
apoptosis induction (data not shown). The collected con-
ditioned media were incubated with IMAC resin to enrich
S1P and DHSI1P in the media. In the early apoptosis
stage, significant amount of DHS1P were already
observed in F9-12 cells, indicating that DHS1P once
endogenously synthesized by FB1 treatment was readily
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Fig. 3. Nave F9-12 cells have higher S1P levels (A). FB1
treatment increases sphingosine and greatly enhanced cellu-
lar DHS levels in F9-12 cells and less in F9 cells (B). C17-sph-
ingosine (30~100 pmol) was used as an internal standard.
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Fig. 4. FB1 treatment (50 uM) for 8 h enter the F9-12 cells into
early apoptotic stage. However, the release of DHS1P (A) and

less DHS (B) was observed, indicating that the beginning for
the release of DHS1P occur in very early stage in apoptosis.
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Fig. 5. PMA treatment (100 nM) for 12 h in F9-12 cells slightly
increased the S1P levels. In this condition, there were no apo-
ptotic cells. Unlike FB1 treatment, PMA did not greatly
increase the DHS1P levels, indicating sphingolipids release
was dependent on types of proapoptotic agents.

released outside the cells (Fig. 4A). However, the release
of DHS was not observed although the DHS was quickly
accumulated by FB1 treatment in F9-12 cells (Fig. 4B).
Interestingly, the release of S1P and sphingosine was not
significantly observed in this condition (data not shown).

Alternatively, we also confirmed the concomitant incre-
ment of S1P and DHS1P levels from the cultured media
with 100 nM PMA treatment for 12 h (Fig. 5).

DISCUSSION

The F9-12 cells were extraordinarily sensitive to FB1

exposure compared to F9 wild-type cells, suggesting that
the loss of S1P lyase function was a critical factor on the
accumulation of sphingolipids such as S1P or DHS1P
and apoptosis induction (Fig. 2A and B). Indeed, inhibi-
tion of S1P lyase induces lymphocyte sequestration and
disruption of S1P gradients (Schwab et al., 2005). Thus,
F9-12 cells (S1P lyase null) with FB1 could be a model
S1P-releasing cell system to observe the role of S1P
lyase in the clearance and release of S1P.

Fumonisins are a family of mycotoxins produced by
Fusarium verticillioides. Most of FB1 toxicities can be
explained by its ability to alter sphingolipids metabolism
by inhibiting ceramide synthase. At least, the elevation in
DHS mediates the earliest toxicity of FB1 (Merrill et al.,
1993). Recent studies suggested the possible role of
DHS1P sometimes elevated by Sphkl in cell- or tissue
specific manners (Berdyshev et al., 2006; Kariya et al.,
2005).

Here, we firstly demonstrated DHS1P release by FB1
treatment in S1P lyase-null cells, suggesting that extra-
cellular DHS1P released from FB1-treated cells could act
through cell surface S1P receptors. On the other hand,
the S1P release by PMA treatment may suggest differen-
tial regulation of sphingolipids accumulation and release
by different apoptotic stimuli.

Taken together, we quantitatively measured the
released S1P and DHS1P from F9-12 cells, in which cells
are sensitive to pro-apoptotic agents. S1P lyase may play
a key role to regulate cellular S1P levels and therefore its
release into media.
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