THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 281, NO. 13, pp. 8518-8527, March 31, 2006
© 2006 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Regulation of Autophagy by Sphingosine Kinase 1 and Its
Role in Cell Survival during Nutrient Starvation”

Received for publication, June 7, 2005, and in revised form, January 12,2006 Published, JBC Papers in Press, January 16, 2006, DOI 10.1074/jbcM506182200

Grégory Lavieu®, Francesca Scarlatti’, Giusy Sala®, Stéphane Carpentier”, Thierry Levade’, Riccardo Ghidoni®,

Joélle Botti*l, and Patrice Codogno*!"

From the ¥INSERM U504, Institut André Lwoff, 94807 Villejuif Cedex, France, liNSERM U756, Faculté de Pharmacie, Université
Paris-Sud, 92296 Chatenay-Malabry, France, the Laboratory of Biochemistry and Molecular Biology,

San Paolo Medical School, via A. di Rudini 8, 20142 Milan, Italy, and the "INSERM U466, Institut Louis Bugnard,

Centre Hospitalier Universitaire de Rangueil, BP 84225, 31432 Toulouse Cedex 4, France

The sphingolipid ceramide induces macroautophagy (here called
autophagy) and cell death with autophagic features in cancer cells.
Here we show that overexpression of sphingosine kinase 1 (SK1), an
enzyme responsible for the production of sphingosine 1-phosphate
(S1P), in MCF-7 cells stimulates autophagy by increasing the forma-
tion of LC3-positive autophagosomes and the rate of proteolysis
sensitive to the autophagy inhibitor 3-methyladenine. Autophagy
was blocked in the presence of dimethylsphingosine, an inhibitor of
SK activity, and in cells expressing a catalytically inactive form of
SK1. In SK1"*-overexpressing cells, however, autophagy was not
sensitive to fumonisin B1, an inhibitor of ceramide synthase. In con-
trast to ceramide-induced autophagy, SK1(S1P)-induced autoph-
agy is characterized by (i) the inhibition of mammalian target of
rapamycin signaling independently of the Akt/protein kinase B sig-
naling arm and (ii) the lack of robust accumulation of the autophagy
protein Beclin 1. In addition, nutrient starvation induced both the
stimulation of autophagy and SK activity. Knocking down the
expression of the autophagy protein Atg7 or that of SK1 by siRNA
abolished starvation-induced autophagy and increased cell death
with apoptotic hallmarks. In conclusion, these results show that
SK1(S1P)-induced autophagy protects cells from death with apop-
totic features during nutrient starvation.

Macroautophagy (hereafter referred to as autophagy) is a lysosomal
catabolic pathway for macromolecules and organelles (1-3). The dis-
covery of ATG” in yeast has revealed the evolutionarily conserved
mechanism for the formation of autophagosomes that sequester cyto-
plasmic material before they fuse with the endo/lysosomal compart-
ment (4, 5). Stimulation of autophagy during the limitation of nutrient
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supply is a cell-defense mechanism by which amino acids and other
intracellular nutrients are recycled to maintain survival (6, 7) and to
repress the induction of apoptosis (8). The role of starvation-induced
autophagy is vital for newborn mice after the maternal nutrient supply is
interrupted (9).

Several years ago, cell death was divided into three types (10-13).
Type I is apoptosis, type II is autophagic cell death, and type III is cyto-
plasmic cell death. Type Il is characterized by the accumulation of auto-
phagic vacuoles. Recent studies have shown that autophagic machinery
plays a role in cell death occurring in the absence of pro-apoptotic
members of the Bcl-2 family (14) and when caspases are inhibited (15).
However, in many situations apoptosis and autophagy may both con-
tribute to cell death making difficult to clearly distinguish type I from
type II cell death (16-19).

One characteristic of autophagy is its dependence on several tumor
suppressor genes acting both in the formation of the autophagosome
and in signaling pathways controlling autophagy (20, 21). Autophagy is
thought to be a tumor suppressor mechanism, because cancer cells
often display reduced autophagic capacities (20, 21). Beclin 1 is a tumor
suppressor gene product that plays an important role, together with the
class III phosphatidylinositol 3-kinase (PI3K), during the formation of
the autophagosome (22, 23). Beclin 1 haploinsufficiency induces a high
level of tumor development in various mouse tissues (24, 25). The tumor
suppressor PTEN (phosphatase and tensin homolog deleted on chro-
mosome 10), which deactivates the class I PI3K signaling pathway, has a
stimulating effect on autophagy (26). Its deletion favors the inhibition of
autophagy by the class I PI3K signaling pathway by activating mTOR
(target of rapamycin), a conserved nutritional sensor that represses
autophagy (6, 27, 28).

However, the role of autophagy during tumor progression is probably
more complex, because autophagic vacuoles have been observed in sev-
eral types of human tumors (29). Whether these autophagic vacuoles
are associated with cell survival or cell death remains to be clearly
demonstrated.

Numerous drugs have been reported to trigger cell death with auto-
phagic features in cancer cells (20, 21, 30). However, the events that lead
to the accumulation of autophagic vacuoles by cancer treatments have
only begun to be identified (30). The antiestrogen drug tamoxifen trig-
gers autophagic cell death in human breast cancer MCF-7 cells (31). We
have recently shown that the sphingolipid ceramide is a downstream
target of tamoxifen during autophagy in MCE-7 cells (32). Ceramide
stimulates autophagy by relieving the class I PI3K/Akt/PKB pathway
and provoking the accumulation of the autophagy gene product Atg6/
Beclin 1. In line with these findings, a cell-permeable analog of ceramide
has recently been shown to induce autophagic cell death in glioma cells
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by increasing the expression of the mitochondrial bound BH3-only
BNIP3 protein (33).

Sphingolipids are ubiquitous constituents of eukaryotic membranes.
Their metabolism is a highly dynamic process generating second mes-
sengers, including ceramide, sphingosine, and sphingosine 1-phosphate
(S1P) (34-38). Ceramide is deacylated by ceramidases to generate
sphingosine, which is then phosphorylated by sphingosine kinases to
produce S1P (36). It is now generally admitted that ceramide, sphingo-
sine, and S1P have contrasting effects on the response to stress (34 —38).
Ceramide and sphingosine are often associated with cell-growth arrest
and the induction of cell death, whereas S1P favors cell proliferation and
cell survival. Thus, the dynamic balance between ceramide, sphingo-
sine, and S1P is important in determining whether cells survive or die
(36, 39). The existence of this sphingolipid rheostat stress regulator led
us to consider the role sphingosine kinase 1 (SK1) that produces S1P, in
the control of autophagy.

In the present work we show that SK1 modulates two major players of
autophagy: the mTOR signaling pathway and the expression of Beclin 1.
Stimulation of autophagy by SK1 is dependent upon the production of
S1P. In contrast to ceramide-induced autophagy, SK1(S1P)-induced
autophagy did not induce cell death but has a protective effect toward
apoptosis during nutrient starvation. These findings, and others in the
literature (32, 33), show that both the tumor-suppressor ceramide and
the tumor-promoter S1P (38) are able to trigger autophagy but with
different outcomes on cancer cell survival and death.

EXPERIMENTAL PROCEDURES
Reagents

C,-Cer and DMS were from Calbiochem (VWR International).
Fumonisin B1 (FB1) was purchased from Sigma. 3MA was from Fluka.
z-VAD-fmk was from Apotech. Cell culture medium and fetal bovine
serum were from Invitrogen. Nitrocellulose membranes were from
Schleicher & Schiill. Ceramide from porcine brain, used as an internal
standard, was from Avanti Polar Lipids Inc. The radioisotopes L-[U-
Clvaline (5.47 GBq/mmol) and [y*>-P]JATP (110 TBq/mmol) and
[9,10-*H]myristic acid (1.69 TBq/mmol), the ECL™ Western blotting
detection kit, and the donkey anti-rabbit antibody were purchased from
BD Biosciences. The mouse monoclonal anti-Beclinl was from Amer-
sham Bioscience; the mouse monoclonal anti-PARP and the rabbit
polyclonal anti-phospho-PKB Ser*”
anti-PKB was from Santa Cruz Biotechnology. The mouse monoclonal
anti-actin was from Chemicon International Inc. The rabbit polyclonal
anti-p70S6K, anti-phospho-p70S6K Thr**, anti-phospho-S6 Ser®*®,
and anti-4E-BP1 were from Ozyme, and anti-FLAG M2 was from
Sigma. The rabbit polyclonal anti-Atg7 was kindly provided by W. A.
Dunn (University of Florida, Gainesville). Goat anti-mouse and swine
anti-goat antibodies were obtained from Bio-Rad and Caltag,
respectively.

were from Cell Signaling. Goat

Plasmids

The plasmid expression vectors for human sphingosine kinase 1 and
catalytically inactive mutant human sphingosine kinase 1 (pcDNA3-
hSK1-FLAG and pcDNA3-hSK19¥*P-FLAG) were a gift from S. Pitson
and B. Wattenberg (Hanson Institute, Adelaide, Australia) (40). The
plasmid expression vector encoding for GFP-LC3 (pEGFP-LC3) was
kindly provided by T. Yoshimori (National Institute of Genetics,
Mishima, Japan). The plasmid expression vectors for PLD1 and catalyt-
ically inactive mutant PLD1 (pCGN-HA-hPLD1 and pCGN-HA-
hPLD1"*%¥¥) were kindly given by M. Frohman (SUNY, New York).
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Cell Culture and Transfection

Human breast cancer MCF-7 cells were maintained at 37 °C in 10%
CO, in DMEM, supplemented with 10% fetal bovine serum and 100
ng/ml each of penicillin and streptomycin as previously reported (32).
Beclin 1 MCEF-7/tet-off (MCEF-7.beclin 1) cells kindly provided by B.
Levine (University of Texas Southwest Medical Center, Dallas) were
used during starvation-induced autophagy. Briefly, cells were main-
tained in DMEM with 200 pg/ml hygromycin B and 2 ug/ml tetracy-
cline (41). Expression of Beclin 1 was analyzed by Western blotting 5
days after tetracycline withdrawal. Starvation was induced by incubat-
ing cells in nutrient-free medium (Hanks’” balanced salt solution plus
0.1% bovine serum albumin). Cells were transfected by using FuGENE 6
transfection reagent (Roche Applied Science), as recommended by the
manufacturer. Briefly, cells (0.5 X 10° cells/well) were plated in 6-well
plates. Two days later, 1 ug of plasmid and 3 ul of FuGENE 6 were
suspended in 100 ul of DMEM and added to the culture medium. When
cells were co-transfected with SK1, PLD1 (or empty vector), and GFP-
LC3 vectors, the transfection efficiency was 40% as determined by
counting GFP-positive cells. Cells were analyzed 24 or 48 h after co-
transfection as detailed below.

siRNA

SK1 and Atg7 knockdowns were accomplished by transfecting MCE-
7/GFP-LC3 cells with siRNAs. The RNAi target sequences were: sense,
5'-GGGCAAGGCCUUGCAGCUC-3" for SK1 (42) and sense,
5'-CCAACACACUCGAGUCUUU-3' for Atg7. As a control, siRNA
targeting the unrelated protein phosphomannomutase-2 (sense,
5'-CUGGGAAAUGAUGUGGUUG) was used. siRNA were purchased
from Eurogenetec (Seraing, Belgium). MCEF-7 cells were seeded at 8 X
10%/cm?. After 24 h, cells were transfected for 4 h with siRNA using
Oligofectamine (Invitrogen) as recommended by the manufacturer.
Cells were cultured for 24 h before analysis.

Reverse Transcription-PCR

Cells were disrupted in 4 M guanidine thiocyanate, and total RNA was
isolated by sedimentation in cesium chloride. RNA was transcribed with
superscript II (Invitrogen). SK1 was amplified by the following specific
primers (42): forward, 5'-ATCCAGAAGCCCCTGTGTAGCCTCC-
3'; reverse, 5'-GCAGCAAACATCTCACTGCCCAGGT-3'. Glyceral-
dehyde-3-phosphate dehydrogenase was amplified by following prim-
ers: forward, 5'-CGGAGTCAACGGATTTGGTCGTAT-3'; reverse,
5-AGCCTTCTCCATGGTCGTGAAGAC-3".

Autophagic Parameters

GFP-LC3 Staining—GFP-LC3 staining was carried out essentially as
described previously (43). At the indicated time after transfection GFP-
LC3 staining was visualized using an Axioplan Zeiss microscope, and
the number of GFP-LC3-positive cells with GFP-LC3 dots was
determined.

Proteolysis—Proteolysis was determined as described previously (44).
Briefly, cells were incubated for 24 h at 37 °C in normal culture medium
containing 7400 Bq/ml of ['*C]valine. Cells were rinsed three times with
PBS, pH 7.4, and then the cells were incubated for 1 h in complete
medium supplemented with 10 mM valine. After incubating for 1 h,
during which time short-lived proteins had been degraded, the medium
was replaced by fresh chase medium for another 4 h. When required,
C,-Cer (75 um), FB1 (100 um), DMS (1.5 um), and 3MA (10 mm) were
added to the chase medium. For the PLD1- or SK1-overexpressing cells,
radiolabeling with [*C]valine was started 24 h after transfection. Cells
and radiolabeled proteins from the 4-h chase medium were precipitated
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FIGURE 1. Sphingosine kinase activity and sphingolipid levels in MCF-7 cells. A, MCF-7 cells were transfected with an empty vector (control), cDNAs encoding the wild-type SK1
(SK1WT) or a catalytically inactive SK1 mutant (SK182P), Left, SK activity was analyzed as described under “Experimental Procedures.” When required 1.5 um DMS was added at the
beginning of the experiment. Middle, S1P was determined after [*H]sphingosine incorporation in control cells or SK1"*-overexpressing cells in the presence or absence of DMS.
[3HISphingosine recovery in control cells was set to 100%. Right, endogenous long-chain ceramides were quantified by the DGK assay in control cells, SK1"T-overexpressing cells,
SKS82P_expressing cells, and cells treated by C,-Cer (75 um, 2 h). B, quantification of ceramide. Endogenous long-chain ceramides were quantified by the DGK assay in SK1"'-
overexpressing cells cultured in complete medium at different time points. When required 3MA (10 mm) and DMS (1.5 um) were added, and the ceramide level was analyzed after 24 h
of treatment. The amount of ceramide (5.2 pmol of Cer/nmol of P;) in MCF-7 cells cultured in complete medium was set to 100%. Values are the mean = S.D. of three independent

experiments. *, p < 0.05 versus control cells.

in trichloroacetic acid at a final concentration of 10% (v/v) at 4°C.
Radioactivity was determined by liquid scintillation counting. Protein
degradation was calculated by dividing the acid-soluble radioactivity
recovered from both cells and medium by the radioactivity contained in
the precipitated proteins from both cells and medium.

Cell Death Assay

Cell viability was determined by the trypan blue exclusion test as
previously described (32). When required, 40 uM z-VAD-fmk was
added prior to incubation in nutrient-free medium (Hanks’ balanced
salt solution plus 0.1% of bovine serum albumin).

Western Blot Analyses

Cells were collected by centrifuging (10 min, at 1200 X g), washing
with PBS, and resuspending in lysis buffer (1% Triton X-100, 25 mm
Tris-HCl, pH 7.4, 1 mMm phenylmethylsulfonyl fluoride, 1% Protease
Inhibitor Mixture (PIC), 1 mm Na,VO,, 1 mm NaF) for 1 h at 4 °C. The
cell lysate was centrifuged (20,000 X g for 30 min at 4 °C), and the
supernatant was recovered. Protein concentrations were determined by
the bicinchoninic acid (BCA) method as recommended by the manu-
facturer. Extracted proteins were first separated in SDS-polyacrylamide
gels and then electrotransferred onto nitrocellulose membranes. After
blocking overnight with fat-free milk, the membranes were incubated
with appropriate primary antibodies: anti-Beclin 1 (1/2000), anti-PARP
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(1/1000), anti-p70S6K (1/1000), anti-phospho-p70S6K Thr** (1/1000),
anti-phospho-S6 Ser®**(1/1000), anti-4E-BP1 (1/1000), anti-FLAG
(1/1000), anti-Atg7 (1/1000), and anti-PKB and anti-phospho-PKB
Ser*”® (1/1000). Primary antibodies were detected by chemilumines-
cence using horseradish peroxidase-conjugated secondary antibodies
against rabbit, goat, or mouse immunoglobulins. Fluorographs were
quantitatively scanned using the NIH image software.

Quantification of Ceramide

Ceramide levels were measured using the DGK assay as described
previously (45). Briefly, cells were collected, and lipids were extracted
according to a previous study (46). The organic phase was divided into
1/2 and 1/6 aliquots, dried, and used for ceramide and total phospho-
lipid measurements (47), respectively. Briefly, 30 nmol of extracted lip-
ids was incubated at room temperature for 45 min in the presence of
B-octylglucoside/dioleoylphosphatidylglycerol micelles, 2 mm dithio-
threitol, 5 ug of proteins of DGK containing membranes (Calbiochem),
and 1 mm ATP mixed with [y-**P]JATP (4.8 X 10° Bq/ml) in a final
volume of 0.1 ml. At the end of the reaction, lipids were extracted, and
[**P]ceramide 1-phosphate was determined by TLC separation in chlo-
roform/acetone/methanol/acetic acid/water (10:4:3:3:1, v/v). The
radioactivity associated with ceramide 1-phosphate spots was deter-
mined after scraping and counting in a scintillation counter. Ceramide
levels were expressed in terms of the total phospholipid content.
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FIGURE 2. Sphingosine kinase 1 stimulates
autophagy in MCF-7 cells. A, GFP-LC3 staining
and quantitative analysis in MCF-7 transfected
with an empty vector (control), in SK1"T-overex-
pressing cells, in SK1°82P-expressing cells, and in
cells treated with Cy-Cer (75 um, 2 h). When
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Sphingosine Kinase Activity and Quantification of S1P

Sphingosine kinase activity was determined as described previously
(48). Briefly, cells were collected and lysed by repeated freeze-thawing
cycles in 200 ul of lysis buffer (20 mm Tris, pH 7.4, 20% glycerol, 1 mm
EDTA, 1 mm dithiothreitol, 0.01 mm MgCl,, 1 mm NazVO,,15 mm NaF,
1 mm phenylmethylsulfonyl fluoride, 1% PIC, 0.1% Triton X-100, 0.5
mM 4-deoxypyridoxine). After centrifuging at 13,000 X g for 30 min, the
protein concentration of supernatant was determined with a Coomassie
Plus Protein Assay kit (Pierce). Proteins (100 ng) were then incubated
with 25 uM D-erythrosphingosine dissolved in 0.1% Triton X-100, 2 mm
ATP, and [y-**P]ATP (3.7 X 10° Bq dissolved in 20 mm MgCl,) for 30
min at 37 °C in a final volume of 200 ul. The reaction was stopped by
adding 20 ul of HC], 1 N, followed by 800 ul of chloroform/methanol/
HCI(100:200:1, v/v). After vigorous vortexing, 250 ul of chloroform and
250 wl of KCI 2 M were added, and phases were separated by centrifu-
gation. The organic layer was dried and resuspended in chloroform/
methanol/HCI 37% (100:100:0.2, v/v). Lipids were resolved on silica
TLC plates (Whatman) in 1-butanol/acetic acid/water (3:1:1, v/v).
Labeled S1P spots were visualized by autoradiography and quantified by
scraping and counting in a scintillation counter.
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For quantification of S1P, MCEF-7 cells were labeled for 7 h in serum-
free medium with 0.3 wCi/ml p-erythro-[3-*H]sphingosine (PerkinElmer
Life Sciences). After washing with PBS, cells were scraped and lysed in
water. Radiolabeled S1P was extracted by phase partition as previously
described (49, 50) and counted by liquid scintillation.

Phospholipase D Activity—PLD activity was determined as described
previously (51) with some modifications. Briefly, 2 X 10° cells were
plated on 25-cm? flasks for 24 h; when required, cells were transfected
with PLD1 vectors (wild-type and K898R mutant). After 24 h, cells were
preincubated in 0.5% fetal bovine serum containing DMEM for 1 h.
After removing the preincubation medium, cells were labeled with
[H]myristic acid (Amersham Biosciences) for 1 h at 1.11 X 10° Bq/ml
in 0.5% fetal bovine serum containing DMEM. Cells were rinsed with
PBS and incubated for 30 min in complete medium containing 0.5%
butanol. Cells were rinsed with PBS and scraped in methanol/water
(98:2, v/v). Cells were rinsed with methanol, and the lipids were
extracted by adding equal amounts of chloroform and water. After cen-
trifuging, the lower phase was collected and dried under vacuum before
being redissolved in chloroform. Lipids were separated by TLC on sili-
ca-coated plastic sheets (Merck) in a solvent system of chloroform:
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FIGURE 3. Effect of fumonisin B1 (FB1) on auto-
phagy. GFP-LC3 staining and quantitative analysis
in SK1"WT-overexpressing cells and in cells treated
with C,-Cer (75 pm 2 h). When required, 100 um
FB1 was added. The bar represents 10 um. Values
are representative of three independent experi-
ments. *, p < 0.05 versus C,-Cer-treated cells.
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methanol:acetic acid:water (75:45:3:0.4, v/v). Radioactive components
were detected by autoradiography. PLD activity was determined by the
[*H]phosphatidylbutanol/[*H]phosphatidylcholine ratio. Phosphati-
dylcholine (Avanti polar) and phosphatidylbutanol (Biomol) diluted in
chloroform were loaded as standards and were visualized with iodine
vapor.

Statistical Analysis

Statistical analysis of the differences between the groups was per-
formed using Student’s ¢ test. p < 0.05 was considered statistically
significant.

RESULTS

Sphingosine Kinase 1 Overexpression Stimulates Autophagy—MCE-7
cells were transfected either with the cDNA encoding the wild-type SK1
(SK1™) or that encoding a mutant inactive form (SK1%°P). The activity
of SK was significantly increased in SK1“'-overexpressing cells when
compared with that observed in control cells transfected with an empty
vector or in SK19%P-expressing cells (Fig. 14). Accordingly, SK1*'-
overexpressing cells displayed a higher level of S1P compared with con-
trol cells (Fig. 14). In the presence of the SK inhibitor DMS, both S1P
production and SK activity were dramatically reduced in these cells.
In contrast, no change in the level of ceramide was detected in SK1We-
overexpressing cells at any time points after transfection (Fig. 1, A
and B).

Autophagy was first analyzed after transfection of GFP-LC3 (Fig. 24).
LC3 is areliable marker of autophagosomes in mammalian cells, and its
localization changes from a diffuse cytosolic pattern to a punctuate
pattern representing its recruitment to the autophagosomal membrane
during the induction of autophagy (43). An accumulation of autophagic
vacuoles was observed in the SK1"'-overexpressing cells but not in the
SK19%2P_expressing cells (Fig. 24). Accordingly, proteolysis sensitive to
3MA, another hallmark of autophagy (52), was increased in SK"'-over-
expressing cells (Fig. 2B). In addition, the autophagic phenotype was
abolished when SK1“'-overexpressing cells were treated with 1.5 um
DMS. However, DMS did not block C,-Cer-induced autophagy in
MCE-7 (Fig. 2), suggesting that this drug does not inhibit autophagy in
an unspecific manner. FB1, an inhibitor of CoA-dependent dihydroce-
ramide/ceramide synthase, which inhibits C2-Cer-induced autophagy,
by impairing its conversion to long-chain ceramides (see ref. 32), did not
block autophagy in SK1"*-overexpressing cells (Fig. 3). Overall, these
findings led us to conclude that the production of S1P by SK1 has a
stimulatory effect on autophagy, which is not merely a consequence of
an increase in ceramide level.

Role of mTOR in Controlling SK1(S1P)-induced Autophagy—On the
basis of genetics studies and the use of the immunosuppressor rapamy-
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cin, it has been demonstrated that the inhibition of TOR plays a central
role in stimulating autophagy throughout the eukaryotic kingdom (6,
27, 28). To confirm that a reduction of mTOR signaling activity was
involved in the control of SK1(S1P)-induced autophagy, we investigated
the phosphorylation of two known downstream effectors of mTOR,
namely p70S6K and the eukaryotic translation inhibitor, 4E-BP1 (Fig.
4A). The phosphorylation of p70S6K Thr*®°, the major rapamycin-sen-
sitive site (53), was greatly reduced in SK1"*-overexpressing cells. In line
with the mTOR-dependent phosphorylation of 4E-BP1 (54), the hyper-
phosphorylated state of 4E-BP1 was dephosphorylated to a fast-migrat-
ing band in SK1"'-overexpressing cells (Fig. 44). In contrast, mTOR
signaling was neither affected in DMS-treated SK1"'-overexpressing
cells nor in SK19%*P-expressing cells (Fig. 44). However, the phospho-
rylation of Akt/PKB that regulates autophagy upstream of mTOR (26)
was not significantly reduced in SK1"*-overexpressing cells treated or
not by DMS (Fig. 4B). In contrast, C,-Cer induced both an inhibition of
Akt/PKB and mTOR signaling (see Ref. 32 and Fig. 4). These data sug-
gest that SK1 may stimulate autophagy independently of the inhibition
of the class I PI3K/Akt/PKB signaling pathway.

Alternatively, we reasoned that forced stimulation of mTOR should
affect SK1(S1P)-induced autophagy. Recently, phosphatidic acid pro-
duced by phospholipase D has been shown to activate mTOR in a rapa-
mycin-dependent manner in nutrient-rich medium (55-57). First
MCF-7 cells were transfected with ¢cDNAs encoding PLD1"*" and a
mutant inactive form PLD1****®  An increase in PLD activity was only
observed in the PLD1""-overexpressing cells (Fig. 54). According to
previous results (55), mTOR signaling was increased in MCF-7 cells
overexpressing PLD1"" as revealed by the increase of p70S6K Thr**’
phosphorylation and that of the p70S6K substrate ribosomal protein S6
(Fig. 5B). This stimulatory effect was abolished in the presence of 100 nm
rapamycin (Fig. 5B). Moreover, the expression of PLD1"" reversed the
inhibition of mTOR signaling pathway in SK1"“'-overexpressing cells
(Fig. 5B). Interestingly, expression of the PLD1"" was able to abrogate
both the accumulation of GFP-LC3 dots and the stimulation of [**C]va-
line-labeled protein degradation observed in SK1*'*-overexpressing cells
(Fig. 5C, lower panel). In contrast, expression of PLD1*5?®F did not
inhibit autophagy in SK1“*-overexpressing cells, as exemplified by its
lack of inhibition on proteolysis (Fig. 5C, lower panel).

Effect of SKI1 on the Accumulation of Beclin 1—Ceramide-induced
autophagy is characterized by the robust accumulation of the autophagy
protein, Beclin 1 (32). A slight but reproducible accumulation of Beclin
1 was observed in SK1"'-overexpressing MCF-7 but not in cells express-
ing the mutant form of SK1 or in cells transfected with an empty vector
(Fig. 6). However, SK1-induced accumulation of Beclin 1 was less pro-
nounced than cells having an elevated level of ceramide after C,-Cer
supplementation (Fig. 6 and see Ref. 32). However, both minute changes
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FIGURE 4. Effect of SK1 on mTOR signaling pathway and Akt/PKB activation. A, anal-
ysis of mTOR signaling. Cell lysates of control MCF-7 cells (empty vector) treated or not by
1.5 umDMS, C,-Cer (75 um, 2 h)-treated cells, SK1**-overexpressing cells treated or not by
1.5 um DMS, and SK1¢82P-expressing cells were analyzed by Western blotting for p70S6K
phosphorylation at Thr®®° using a phosphospecific antibody. The expression of total
p70S6K was detected by using an anti-pan p70S6K antibody. Densitometry was per-
formed on the original fluorographs, and the ratio of phospho-Thr*®%/total p70S6K in
controlcellswassetto1.Thephosphorylationof4E-BP1wasevaluatedbyphosphorylation-
dependent band shift using anti-4E-BP1. SK1 was detected in cell lysates of SK1**-over-
expressing cells and SK1982P-expressing cells by anti-FLAG. Actin was used as loading
control. When required, 1.5 um DMS was added. B, Akt/PKB activation. Cell lysates
obtained as described above were analyzed by Western blotting for Akt/PKB phospho-
rylation at Ser*”® using a phosphospecific antibody. The expression of total Akt/PKB was
detected by using an anti-pan Akt/PKB antibody. Densitometry was performed on the
original fluorographs, and the ratio of phospho-Ser*”3/total Akt/PKB in control cells was
setto 1.Values are the mean = S.D. of three independent experiments. *, p < 0.05 versus
control cells.

in Beclin 1 accumulation and inhibition of mTOR signaling pathway
could be responsible for the stimulatory effect S1P on autophagy.
SK1(S1P)-induced Autophagy Protects Cells During Starvation—
Next, we investigated the physiological consequence of SK1(S1P)-in-
duced autophagy. According to previous results, enforced expression of
SK1"* has no deleterious effect on cell viability in MCF-7 cells (58). In
addition and as previously reported (58), the chronic supplementation
of MCF-7 cells with 100 nm S1P during 10 days neither affected cell
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growth nor viability, yet autophagic vacuoles were detected (data not
shown).

To investigate whether SK1(S1P)-induced autophagy can contribute
to cell survival during starvation, we used stably transfected MCF-7.be-
clinl sensitive to tetracycline, which express an increased expression of
Beclin 1 after removing tetracycline from the medium (Fig. 74 and Ref.
41). According to Liang et al. (41), autophagy was stimulated in MCEF-
7.beclinl cells in the absence of nutrients (Fig. 84). Inhibition of auto-
phagy by 10 mMm 3MA treatment or silencing the expression of the
autophagy protein Atg7, involved in the formation of autophagosomes
(59, 60), reduced cell viability after 48 h in nutrient-free medium (Fig. 8,
A and B). When MCF-7.beclinl cells were incubated for 48 h in nutri-
ent-free medium, a 2-fold increase in SK activity was observed (Fig. 7B)
without any significant change in ceramide level (Fig. 7C). Inhibition of
SK activity by DMS or SK1-specific siRNA severely impaired starvation-
induced autophagy and cell viability of MCF-7.beclinl cells (Fig. 8, A
and B) in the absence of any effect on ceramide level (Fig. 7C). Whatever
the approach used to inhibit starvation-induced autophagy, cell death
was characterized by the appearance of the cleaved form of the caspase
substrate PARP (Fig. 8). Both cell death and PARP cleavage were abol-
ished in the presence of 40 uMm of the pan caspase inhibitor z-VAD-fmk
(Fig. 8B). These results suggest that apoptosis is involved in the loss of
viability of MCF-7.beclinl cells during starvation when autophagy is
inhibited by manipulating the regulation by SK1 or the downstream
formation of autophagosomes. In contrast, FB1 did not inhibit autoph-
agy (Fig. 9) or cell viability (data not shown). These findings suggest that
ceramide produced by the activity of CoA-dependent dihydroceram-
ide/ceramide synthase is not required to control autophagy under these
conditions.

DISCUSSION

On the basis of overexpression and siRNA approaches, the present
work shows the role of SK1 in the regulation of autophagy. Moreover,
the production of SIP by SK1 is necessary to stimulate autophagy,
because the pharmacological inhibition of SK activity or transfection of
a catalytically inactive form of SK1 blunts autophagic capacities. How-
ever, a role for a metabolite derived from S1P cannot be totally excluded
in the regulation of autophagy because of the rapid turnover of S1P (36,
38). We had previously shown that an elevation of the level of ceramide
triggers autophagy in MCF-7 cells and in human colon cancer cells (32).
However, on the basis of measurement of ceramide level and inhibition
of ceramide synthase by FB1, we conclude that SK1-induced autophagy
is not merely due to an increase of ceramide level. Moreover, and in
contrast to ceramide-induced autophagy, the activation of Akt/PKB was
not impaired during S1P-induced autophagy. The absence of any effect
of SK1 overexpression on Akt/PKB is consistent with previous data and
with its role in cell survival and tumor growth (36). However, inhibition
of mTOR signaling was observed during SK1(S1P)-induced autophagy.
Interestingly, enforced expression of PLD1 that produces the mTOR
activator phosphatidic acid (57) counteracts the SK1(S1P)-induced
autophagy and relieves mTOR inhibition. These findings show that SK1
controls autophagy by inhibiting mTOR independently of the class I
PI3K arm. Although, the inhibition of mTOR signaling by S1P seems
odd at a first glance, in fact it is not incompatible with its stimulating
effect on cell proliferation (36, 61). mTOR is present in two complexes
that have different functions. The raptor-mTOR complex is sensitive to
rapamycin and controls cell growth, whereas the rictor-mTOR complex
controls cell proliferation and activates Akt/PKB via a feedback loop
(62). This complex has a low sensitivity to rapamycin inhibition. Further
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FIGURE 5. PLD1 overexpression inhibits S1P-induced autophagy and relieves the SK1 inhibition of mTOR signaling. A, PLD activity. Control MCF-7 cells (empty vectors) and
cells transfected with cDNAs encoding the wild-type PLD1 (PLD1"!) or a catalytically inactive PLD1 mutant (PLD1¥898%) were labeled with [*H]myristic acid and incubated in 0.5%
1-butanol-containing medium. PLD activity was determined after lipid extraction and separation by TLC (PBut, phosphatidylbutanol; PC, phosphatidylcholine) as described under
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FIGURE 6. Effect of SK1 on Beclin 1 accumulation. Cell lysates of control MCF-7 cells
(empty vector), C;-Cer (75 um, 2 h)-treated cells, SK1"*-overexpressing cells, and
SK1982P_expressing cells were analyzed by Western blotting for Beclin 1 and actin
expression. Densitometry was performed on the original fluorographs, and the Beclin
1/actin ratio in control cells was set to 1. The Western blot is representative of three
independent experiments. ¥, p < 0.05 versus control cells.

studies are needed to elucidate the effect of S1P on the activity of mTOR
complexes.

S1P, which acts intracellularly, also binds to SP1 receptors at the cell
surface (36). The role of intracellular and exogenous S1P on autophagy
remains to be investigated. Preliminary data show that dihydrosphin-
gosine, which activates cell-surface S1P receptors but does not control
cell survival (63), did not trigger autophagy, suggesting that autophagy
and cell survival are controlled by the second-messenger activity of S1P.
However, the possibility that S1P may also have a role in controlling
autophagy via its receptors cannot be ruled out, because extracellular
S1P activates signaling pathways (36, 61) such as ERK1/2, p38 mitogen-
activated protein kinase, and Akt/PKB, which are known to modulate
autophagy (26, 64, 65).

Starvation stimulates both autophagy and endogenous SK activity.
Inhibition of SK activity by DMS or silencing the expression of SK1 by
siRNA strongly impairs starvation-induced autophagy in MCF-7.beclin
1 cells. These findings show that SK1 has to be added to the list of
nutrient-sensitive proteins that regulate autophagy (66). Interestingly,
the stimulation of SK activity during nutrient deprivation has also been
reported in Saccharomyces cerevisiae (67) suggesting a general role for
SK during starvation in eukaryotic cells. In line with the role of autoph-
agy in maintaining cell survival and repressing apoptosis during starva-
tion (7-9, 68), cell death with biochemical hallmarks of apoptosis is
detectable when SK activity is inhibited or after invalidation of the
expression of SK1. These findings suggest that autophagy is a novel facet
of the role of SK1(S1P) in cell survival (36).

The cell death mediator ceramide is also able to stimulate autophagy
in human cancer cells. However, this autophagy can contribute to the
execution of a cell-death program as recently shown in glioma cells (33).
The role of the mitochondrial-associated cell-death protein BNIP3
downstream of ceramide during autophagic cell death has recently been
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FIGURE 7. Effect of starvation on SK activity and ceramide level in MCF7. beclin 1
cells. A, expression of Beclin1 was analyzed in control MCF-7 and MCF-7/tet-off clone
(MCF-7.beclin 1) before and after tetracycline removal. Actin was used as a loading con-
trol. B, SKactivity was analyzed as determined under “Experimental Procedures” in MCF-
7.beclin 1 cells cultured in tetracycline-free complete medium (CM) and in nutrient-free
medium (NF) in the presence or absence of 1.5 um DMS for 4 h. C, quantification of
ceramide. Endogenous long-chain ceramides were quantified by the DGK assay in
starved MCF-7.beclin 1 cells at different time points. When required 3MA (10 mwm) and
DMS (1.5 um) were added, and the ceramide level was analyzed after 24 h of treatment.
Ceramide was quantified in cells transfected with SK1-siRNA 24 h post-transfection. The
amount of ceramide (5.2 pmol of Cer/nmol of P;) in control MCF-7.beclin 1 cells cultured
in complete medium was set to 100%. Values are the mean = S.D. of two independent
experiments. Values are representative of three independent experiments. *, p < 0.05
versus control cells.

proposed in glioma cells. The involvement of other sensors of the integ-
rity of organelles such as death-associated protein kinase (69) is worth
considering, because death-associated protein kinase, which is regu-
lated by ceramide (70-73), also triggers autophagic cell death in cancer
cells (74).

“Experimental Procedures.” B, analysis of mTOR signaling. Cell lysates of control cells, SK1"*-overexpressing cells co-transfected or not with the cDNA encoding PLD 1" were analyzed
by Western blotting for p70S6K phosphorylation at Thr*®° using a phosphospecific antibody. The expression of total p70S6K was detected by using an anti-pan p70S6K antibody.
Densitometry was performed on the original fluorographs and the ratio phospho Thr®®%/total p70S6K in control cells was set to 1. Ribosomal S6 protein phosphorylation at Ser?>> was
detected using a phosphospecific antibody. Actin was used as loading control. When required 100 nm rapamycin was added for 2 h. C, autophagic capacities: Upper panels, GFP-LC3
staining and quantitative analysis in control MCF-7 cells, SK1**-overexpressing cells, PLD1**-overexpressing cells, SK1"*-overexpressing cells co-transfected with the cDNA encoding
PLD1"%. The bar represents 10 um. Lower panel, degradation of ['*C]valine-labeled long-lived proteins was determined in control cells and in SK1**-overexpressing cells, PLD1"*-
overexpressing cells, PLD1X898R-expressing cells, SK1*!-overexpressing cells co-transfected with cDNA encoding PLD 1% or PLD1¥898R as described under “Experimental Procedures.”
Values reported are the mean = S.D. of four independent experiments. *, p < 0.05 versus control cells.
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A

FIGURE 8. SK1-induced autophagy protects
cells from apoptosis during starvation. In A:
Upper panel, GFP-LC3 staining and quantitative
analysis in MCF-7.beclin 1 cells transfected with
control siRNA, Atg7-siRNA, or SK1-siRNA and incu-
bated in complete medium or in nutrient-free (NF)
medium for 48 h. When required 1.5 um DMS or 10
mm 3MA were added to control cells (control
siRNA). The bar represents 10 um. Lower panel,
Atg7 and actin were detected by Western blot in
cells transfected with control siRNA or Atg7-siRNA
(left). SK1 RT-PCR in cells transfected with control
siRNA, SK1-siRNA (right panel). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a
control. B: Left, MCF-7.beclin 1 cells transfected
with control siRNA, Atg7-siRNA, or SK1-siRNA were
incubated in nutrient-free medium for 48 h. Cell
viability was determined by the trypan blue exclu-
sion test. Cell viability in complete medium was set
to 100%. When required, DMS (1.5 um) or 3MA (10
mm) were added to control cells (control siRNA).
z-VAD-fmk (40 um) was added 1 h before starva-
tion and was present throughout the incubation
period in nutrient-free (NF) medium. Right, analy-
sis of PARP cleavage in MCF-7.beclin 1 cells trans- B
fected with control siRNA, Atg7-siRNA, SK1-siRNA,
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The role of ceramide in autophagy and cell death points to cross-talk
occurring between the control of autophagy and apoptosis (14, 15, 75).
Recently, it has been reported that the interaction between Bcl-2 and
Beclin 1 is required to keep autophagy in a physiological range (76).
Unbalancing this interaction in favor of Beclin 1 triggers unchecked
autophagy and autophagy gene-dependent cell death. It is of note that
ceramide-induced autophagy is characterized by an accumulation of
Beclin 1, whereas only a slight change in the accumulation of Beclin 1 is
observed during SK1(S1P)-induced autophagy. Whether the changes in
the ratio between ceramide and S1P can alter the Beclin 1/Bcl-2 rheostat
is an attractive possibility that deserves further investigations.

8526 JOURNAL OF BIOLOGICAL CHEMISTRY

In conclusion, the control of autophagy by ceramide and S1P suggests
a novel cell function for the sphingolipid rheostat (36, 39). In cancer
cells, the survival role of SK1(SP1)-induced autophagy and the role of
ceramide in cell death with autophagic features are compatible with
their functions as tumor-promoting and tumor-suppressing molecules,
respectively (38). The balance between ceramide (sphingosine) and S1P
is under the control of sphingosine kinase and S1P-phosphatase. Over-
expression of S1P phosphohydrolase induces apoptosis by increasing
the intracellular level of ceramide (77). From this, it can be hypoth-
esized that S1P phosphohydrolase could also trigger other forms of
cell death, including autophagic cell death. Alternatively, S1P lyase
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that hydrolyzes S1P into hexadecenal and ethanolamine phosphate

has been shown to enhance stress-induced ceramide and apoptosis
(78). Deletion of the gene encoding S1P lyase has been shown to
protect yeast against nutrient-deprivation induced death (79). The
study of enzymes that regulate the balance between S1P and ceram-
ide is a promising route toward a better understanding of the regu-
lation of autophagy by sphingolipids and its consequence for cell
survival and cell death.
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