Yukitoshi Nagahara,1 Takahisa Shinomiya,3 Sachiko Kuroda,3 Naoki Kaneko,2 Reiji Nishio2 and Masahiko Ikekita2,4
1

Department of Biotechnology, College of Science and Engineering, Tokyo Denki University, Hatoyama, Hiki-gun, Saitama, 350-0394; 2Department of Applied
Biological Science, Faculty of Science and Technology, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba 278-8510; and 3Division of Radio Isotopes and
Biosafety Research, National Research Institute for Child Health and Development, 3-35-31 Taishido, Setagaya-ku, Tokyo 154-8567, Japan
(Received August 10, 2004/Revised November 19, 2004/Accepted November 24, 2004/Online publication 17 February, 2005)

Sphingolipids are putative intracellular signal mediators in cell
differentiation, growth inhibition, and apoptosis. Sphingosine,
sphinganine, and phytosphingosine are structural analogs of
sphingolipids and are classified as long-chain sphingoid bases.
Sphingosine and sphinganine are known to play important roles in
apoptosis. In the present study, we examined the phytosphingosineinduced apoptosis mechanism, focusing on mitochondria in human
T-cell lymphoma Jurkat cells. Phytosphingosine significantly
induced chromatin DNA fragmentation, which is a hallmark of
apoptosis. Enzymatic activity measurements of caspases revealed
that caspase-3 and caspase-9 are activated in phytosphingosineinduced apoptosis, but there is little activation of caspase-8
suggesting that phytosphingosine influences mitochondrial functions.
In agreement with this hypothesis, a decrease in ∆Ψm and the
release of cytochrome c to the cytosol were observed upon
phytosphingosine treatment. Furthermore, overexpression of
mitochondria-localized anti-apoptotic protein Bcl-2 prevented
phytosphingosine apoptotic stimuli. Western blot assays revealed
that phytosphingosine decreases phosphorylated Akt and
p70S6k. Dephosphorylation of Akt was partially inhibited by protein
phosphatase inhibitor OA and OA attenuated phytosphingosineinduced apoptosis. Moreover, using a cell-free system, phytosphingosine directly reduced ∆Ψm. These results indicate that
phytosphingosine perturbs mitochondria both directly and
indirectly to induce apoptosis. (Cancer Sci 2005; 96: 83–92)

O

rganelle mitochondria play an important role in the
induction of apoptosis machinery. Upon apoptosis, mitochondria undergo PT with the opening of an apoptosis-related
pore called a mitochondrial PT pore complex, which is the basis
for mitochondria-mediated apoptosis.(1) PT pore opening results
in a reduction of ∆Ψm and the release of AIF, Smac/ DIABLO,
and cytochrome c to the cytosol.(2−6) Released AIF directly
affects nuclei and triggers chromatin condensation.(4) Cytochrome
c binds to Apaf-1 and then activates initiator caspase, caspase-9.
Activated caspase-9 in turn activates the effector caspase,
caspase-3, and activated caspase-3 cleaves a variety of substrates
to execute apoptosis by means of chromatin DNA fragmentation, morphological changes, and a loss of cell volume.(7,8)
Smac/ DIABLO promotes this cytochrome c-dependent caspase
activation by binding to the inhibitor of apoptotic proteins,
IAP.(5,6) The anti-apoptotic Bcl-2 family proteins, Bcl-2 and
Bcl-xL, inhibit apoptosis by preventing opening of the PT
pore.(1) Apoptotic signals are transmitted by many pathways to
mitochondria. One such pathway induced by most anticancer
drugs involves direct or indirect induction of PT by affecting
mitochondria.(9,10) Another pathway involves inhibition of Bcl-2
and Bcl-xL anti-apoptotic effects by specific binding with the
pro-apoptotic Bcl-2 family protein (e.g. Bax, Bid, and Bad)
migrating from the cytosol. In p53-mediated apoptosis, cytosolic
Bax is redistributed to the mitochondria to induce PT.(2) In Fas/
CD95-mediated apoptosis, caspase-8 is activated, followed by
cleavage of Bid. Cleaved (activated) Bid translocates from the
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cytosol to the mitochondria and executes the postmitochondrial
apoptotic pathway.(11) In the depletion of survival factormediated apoptosis, the PI 3-kinase pathway is attenuated. Ser/
Thr kinase Akt, also known as protein kinase B, is the major
mediator of the survival signal in the PI 3-kinase pathway that
protects cells from undergoing apoptosis.(12) Pro-apoptotic Bcl-2
family Bad is usually phosphorylated by Akt; it is thereby
captured by the 14-3-3 protein and finally degraded. Once
Akt kinase activity becomes attenuated, dephosphorylation of
Bad occurs and Bad localizes to the mitochondria, forming the
postmitochondrial apoptotic pathway.(13) Moreover, Akt itself
prevents formation of the pre- or post-mitochondrial apoptotic
pathway. Akt prevents PT by affecting the PT pore complex
protein hexokinase.(14,15) Akt also inhibits caspase-9 activity by
phosphorylating caspase-9.(16)
Sphingomyelin and its metabolites, sphingolipids, are known
to be involved in diverse types of signal transduction, including
cell proliferation, differentiation, and apoptosis. The sphingolipids ceramide and sphingosine induce apoptosis in a variety
of cells.(17−19) Ceramide is generated from sphingomyelin upon
diverse apoptotic stimuli and transfers the death signal, which is
the so-called second messenger.(17) Ceramide induces apoptosis
by inhibiting a variety of pro-growth signal kinases, including
Akt and PKC, with direct activation of protein phosphatases.(20)
In contrast, ceramide also activates pro-apoptosis kinases, such
as JNK and so-called SAPK.(20) Ceramide is further metabolized
to sphingosine. Sphingosine and its analog sphinganine are also
mediators of apoptosis in a variety of cells. Like ceramide,
sphingosine and sphinganine inhibit PKC(21,22) and Akt.(18) Recent
reports have revealed that sphingosine and its derivatives, sphinganine and phytosphingosine, dephosphorylate pro-growth
signal kinase, ERK1, and ERK2 with involvement of PKC.(23)
Moreover, sphingosine inhibits RNA primers and DNA primers,
but not DNA polymerases, to induce cell death.(19,24) However,
the study of another sphingosine analog, phytosphingosine, has
recently begun.
In the present study, we therefore examined the precise
mechanism of phytosphingosine-mediated apoptosis in T-cell
lymphoma Jurkat cells in comparison with sphingosine. It was
found that phytosphingosine, almost identically to sphingosine,
significantly induces apoptosis in Jurkat cells. We also describe
how mitochondria is involved in phytosphingosine-induced
apoptosis.
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Cells. The human lymphoid T-cell line, Jurkat, stably
transfected with a human bcl-2 expression plasmid (bcl-2) or
neomycin resistance plasmid (neo) was provided by Dr T.
Miyashita of the National Research Institute for Child Health
and Development (Tokyo, Japan).
Drugs. Phytosphingosine and sphingosine were purchased
from Sigma (St Louis, MO, USA) and dissolved in methanol
(10 mM ). FTY720 was synthesized and supplied in powder
form by Taito (Tokyo, Japan) in cooperation with Mitsubishi
Pharma (Osaka, Japan). FTY720 was dissolved in saline
(1 mM ).
Antibodies. Anti-caspase-8 antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-cytochrome c
was purchased from PharMingen (San Diego, CA, USA).
Anti-phosphorylated Akt, Akt, phosphorylated p70S6k, p70S6k,
phosphorylated SAPK/ JNK and SAPK/ JNK were purchased
from Cell Signaling Technology (Beverley, MA, USA).
Medium and cell cultures. Cells were cultured in RPMI-1640
medium supplemented with 10% fetal calf serum and 75 mg / LKanamycin, and maintained at 37°C in a humidified chamber
under an atmosphere of 95% air and 5% CO 2.
MTT assay. Cells (2 × 104) were incubated with or without
drugs in 96-well flat-bottomed plates. One hour before the
indicated incubation time, 10 µL of 5 mg/mL MTT (Sigma) was
added to each well. The plates were centrifuged at 400 × g for
5 min, and the supernatants were discarded. Colored formazan
in the living cells was developed by adding 100 µL of dimethyl
sulfoxide to each well, and the absorbance of each well was
measured using a microplate reader at 570 nm. Cell viability is
expressed as a percentage of the control absorbance.
Assessment of sub-G1 cells and cell cycle. Cells (1 × 106) were
washed with PBS and suspended in permeabilizing buffer (0.2%
Triton-X 100 in PBS). Thereafter, cells were washed with PBS,
resuspended in PBS containing 0.5 mg/mL RNase A and 2 µg /
mL PI, and analyzed by flow cytometry (FACSCalibur, Beckton
Dickinson, Mountain View, CA, USA). Data were analyzed
using Cell Quest (Beckton Dickinson) and ModFit LT software
(Verity Software House, Topsham, ME, USA).
Agarose gel electrophoresis. Apoptosis was determined by DNA
fragmentation, which was assessed by agarose gel electrophoresis.
Cells (1 × 106) were rinsed once with 10 mM Tris-HCl buffer
(pH 8.7), containing 3 mM MgCl2 and 2 mM 2-mercaptoethanol
and dissolved in 50 mM Tris-HCl buffer (pH 7.8), containing
10 mM EDTA, 0.5% sodium lauryl sarcocinate, and 1 mg /mL
proteinase K. After incubation at 50°C for 30 min, RNase A
was added at a concentration of 0.5 mg/mL and further
incubated at 50°C for 15 min. Lysates were mixed with an equal
volume of loading buffer containing TBE buffer (89 mM Tris,
pH 8.4, 2.5 mM EDTA, 89 mM boric acid), 20% glycerol, and
0.01% bromophenol blue. Samples were electrophoresed on
1.8% agarose gels in TBE containing 0.5 mg / mL ethidium
bromide.
Caspase activity assay. Cells (4 × 106) were lyzed in RIPA
buffer (25 mM Tris, pH 7.4, 150 mM KCl, 5 mM EDTA, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS), and cell
lysates were obtained by centrifugation at 10 000 × g for 5 min
at 4°C. Protein concentrations were determined using the BCA
protein assay (Pierce, Rockford, IL, USA). Cell lysates were
incubated in 250 µL of caspase buffer (50 mM HEPES, pH 7.4,
100 mM NaCl, 1 mM EDTA, 0.1% Chaps, 10% sucrose, 5 mM
dithiothreitol) containing 80 µM substrate, Ac-DEVD-MCA (for
Caspase-3), Ac-IETD-MCA (for Caspase-8), or Ac-LEHD-MCA
(for Caspase-9). After incubation at 37°C for 30 min, 250 µL of
stop solution (0.2 M glycine-HCl, pH 2.7) was added. The mixture
was centrifuged, and the release of 7-amino-4-methyl-coumarin
in the supernatant was measured using the Wallac ARVO 1420
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microtiter plate spectrofluorometer (Perkin Elmer Japan, Yokohama,
Japan) at excitation and emission wavelengths of 380 and 460 nm,
respectively.
Determination of mitochondrial membrane potential in intact
cells. Cells (2 × 105) were incubated for 15 min with medium

containing 100 nM DiOC6(3) (Molecular Probes, Eugene, OR).
After incubation, cells were washed with PBS then resuspended
in PBS to examine ∆Ψm by flow cytometry.
Preparation of cytosol fraction. Cells (1 × 107) were washed with
PBS and suspended in isotonic buffer (10 mM HEPES, 0.3 M
mannitol, 0.1 mM Digitonin, 0.1% bovine serum albumin).
After incubation on ice for 5 min, supernatant was collected
as cytosol fraction with centrifugation at 4°C for 5 min at
15 000 × g. Samples were used immediately or stored at − 80°C
until immunodetection for cytochrome c.
Preparation of cell lysates. Cells were washed with PBS and
placed on ice for 20 min in lysis buffer (50 mM Tris-HCl,
pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 50 mM NaF, 1 mM
EDTA, 0.5 mM PMSF, 0.1 mM sodium orthovanadate, 1%
protease inhibitor mix (Sigma)). Cell lysates were centrifuged
at 4°C for 15 min at 15 000 × g. Protein concentrations of
the supernatant were determined using the BCA protein assay.
Samples were used immediately or stored at −80°C until
immunodetection.
Western blots. Cell lysates (15 µg) or cytosol fractions (20 µL)
were mixed in the same volume of SDS sample buffer (4% SDS,
125 mM Tris, pH 6.8, 10% glycerol, 0.02 mg/mL bromophenol
blue, 10% 2-mercaptoethanol) and heated at 100°C for 3 min.
Proteins were separated by 12% or 4 –20% gradient polyacrylamide
gel SDS-electrophoresis and electrically transferred to a PVDF
membrane (Millipore, Bedford, MA, USA). After blocking the
membrane using 3% skimmed milk, caspase-8, cytochrome c,
phosphorylated Akt, Akt, phosphorylated p70S6k, p70S6k, phosphorylated SAPK / JNK, and SAPK / JNK were immunodetected
using specific antibodies. Thereafter, horseradish peroxidaseconjugated anti-rabbit or -mouse IgG was applied as the second
antibody, and positive bands were detected by enhanced chemiluminescence (Amersham Life Science, Buckinghamshire, UK).
Nuclear morphology. Cells (4 × 105) were incubated in dish
culture with or without 400 nM OA. After 30 min, 8 µM phytosphingosine was added and further incubated for 4 h. After
incubation, 5 µM Hoechst 33342 and 2 µg /mL PI was added
and the number of viable, apoptotic cells were counted by
fluorescence microscopy.
Determination of isolated mitochondrial membrane potential.

Cells (1 × 107) were washed with PBS, suspended in 5 volumes
of CFS buffer (220 mM mannitol, 68 mM sucrose, 2 mM NaCl,
2.5 mM KH2PO4, 0.5 mM EGTA, 2 mM MgCl2, 5 mM pyruvate,
0.1 mM PMSF, 10 mM HEPES, pH 7.4), and swollen on ice
for 20 min. Cells were disrupted by 10 aspirations through a
22-gauge needle and centrifuged at 750 × g for 5 min at 4°C
to remove the nuclei. The supernatant was centrifuged again
(10 000 × g, 10 min, 4°C) to recover mitochondria. Isolated
mitochondria were washed and resuspended in CFS buffer at a
concentration of approximately 25 µg mitochondrial protein
in 100 µL CFS buffer. After incubation with or without drugs
for 30 min at 37°C, the mitochondrial suspensions were further
incubated for 15 min with 50 nM DiOC6 (3). ∆Ψm was examined
by flow cytometry.
Results
Phytosphingosine-induced apoptosis and cell-cycle arrest in
Jurkat cells. Sphingosine is known as a potent inducer of

apoptosis.(18,24,25) To estimate the potency of the cellular
dysfunction of phytosphingosine, the MTT assay was performed
to determine cell viability. Six-hour treatment with sphingosine
significantly reduced the viability of human T-cell lymphoma
© Japanese Cancer Association doi: 10.1111/j.1349-7006.2005.00012.x
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Materials and methods

induced apoptosis. Caspase activation was observed using specific
peptide-substrates for the following: caspase-3 as the representative
for effector caspases; caspase-8 as the representative of the
receptor (Fas/CD95)-mediated initiator caspases; and caspase-9
as the representative of the mitochondria-mediated initiator
caspases. Caspase-3 as well as caspase-9 was activated after
treatment with 8 µM phytosphingosine (Fig. 3a). Caspase-3 was
activated to levels six times those of the control activity after a
6-h treatment. Caspase-9 was activated from 2 h and peaked
at 18-fold after a 4-h treatment. Caspase-9 was significantly
activated earlier than caspase-3. Most importantly, however,
both caspases were activated prior to phytosphingosine-induced
DNA fragmentation (Fig. 2b). Because caspase-8 was activated
during phytosphingosine-induced apoptosis, however, the activation
rate was rather low (1.8-fold over control levels after a 6-h
treatment). Indeed, caspase-3 specific inhibitor, Ac-DEVD-CHO,
prevented phytosphingosine-induced pro-caspase-8 cleavage
(Fig. 3b). Moreover, Z-VAD-FMK, the broad caspase inhibitor,
completely inhibited phytosphingosine-induced DNA fragmentation
(data not shown). These results indicate that phytosphingosine
induces caspases downstream from the mitochondria, but not
downstream from the receptor (Fas/CD95). Activated caspases
further fragmented the DNA.

Phytosphingosine reduced mitochondrial ∆Ψm and cytochrome c
release independently of caspase activation; overexpression of Bcl-2
prevented phytosphingosine-mediated apoptosis. Based on the

Fig. 1. Dose- and time- dependent Jurkat cell viability decreases after
treatment with phytosphingosine. Jurkat (neo) cells were incubated for
6 h, with or without drugs, at concentrations ranging from 2 to 10 µM
(a), or for the indicated times with or without 8 µM phytosphingosine
(b). At the indicated times, the cells were collected and subjected to
MTT assay. The results are presented as the percentage of absorbance
in untreated cultures. Each bar denotes the standard deviation (n = 4).

Jurkat cells in a dose-dependent manner (Fig. 1a). Jurkat cells
dropped to less than 50% viability percentage when treated
with <4 µM of sphingosine. Like sphingosine, phytosphingosine
also decreased the viability of Jurkat cells. Phytosphingosine
treatment reduced this viability dose-dependently, and a <8 µM
treatment resulted in a loss of viability to less than 50%.
Moreover, 8 µM phytosphingosine induced a time-dependent
loss of viability (Fig. 1b), suggesting that phytosphingosine
reduced Jurkat cell viability almost identically to sphingosine.
Next, the DNA content was confirmed by flow-cytometric
analysis staining with PI. As shown in Fig. 2(a), 6-h treatment
with 8 µM phytosphingosine increased sub-G1 cells from 2.4 to
17.9%. Moreover, phytosphingosine-induced DNA fragmentation
was further observed by agarose gel electrophoresis. Figure 2(b)
shows that 8 µM phytosphingosine treatment fragmented
genomic DNA, resulting in a ladder form. Furthermore, we
analyzed the percentage of cells in G1-, S-, and G2/M-phase.
Six-hour treatment of 8 µM phytosphingosine decreased the
percentage of G1-phase cells from 34.5 to 22.6% (Fig. 2c).
Conversely, the percentages of S-phase and G2/M-phase cells
increased with treatment of phytosphingosine from 46.0 to
53.6%, and from 19.5 to 23.8%, respectively. Interestingly, 8-h
treatment of 6 µM phytosphingosine increased the percentage
of sub-G1 cells (8.04%) less than the 6-h treatment of 8 µM
phytosphingosine (17.9%), but the percentages of G2/M-phase
cells were significantly increased (Fig. 2c). These results suggest
that phytosphingosine, in contrast to sphingosine, induces not
only DNA fragmentation but also G2/M cell-cycle arrest to
reduce cell viability.
Nagahara et al.

above experiments, phytosphingosine seemed to be involved
in mitochondria-mediated apoptosis. We further attempted to
estimate the upstream events of caspase activation. In mitochondriamediated apoptosis, ∆Ψm was reduced and cytochrome c was
released from mitochondria. Thus, we further examined the
perturbation of mitochondria during apoptosis by detecting ∆Ψm
and the release of cytochrome c from mitochondria to the
cytosol. For detecting ∆Ψm, we used the fluorescent cation
DiOC6(3), which can be taken up by cells ∆Ψm-dependently.
Figure 4(a) shows a reduction in ∆Ψm in response to treatment
with protonophore, CCCP. CCCP causes a dissipation of the
proton gradient across the mitochondrial membrane. According
to Fig. 4(b), 8 µM phytosphingosine began reducing ∆Ψm
30 min after treatment. This reduction was quite early, in
comparison with caspase activation (<2 h), suggesting that reduction
of ∆Ψm is an upstream event of caspase activation. In addition,
pretreatment with the broad caspase inhibitor Z-VAD-FMK
did not inhibit the reduction of ∆Ψm by phytosphingosine.
Moreover, we detected the presence of cytochrome c in the
cytosol fraction by Western blot. Figure 4(c) shows that
phytosphingosine released cytochrome c from mitochondria to
the cytosol. In agreement with the ∆Ψm experiment, Z-VADFMK did not inhibit the release of cytochrome c, indicating that
the phytosphingosine-induced ∆Ψm decrease and cytochrome c
release were independent of caspase activation. More specifically,
∆Ψm reduction and cytochrome c release occur upstream from
phytosphingosine-induced caspase activation.
Moreover, overexpression of mitochondria-localized antiapoptotic protein Bcl-2 left ∆Ψm unchanged, even after treatment with phytosphingosine (Fig. 5a). Bcl-2 overexpression
attenuated caspase activation (Fig. 5b) and DNA fragmentation
(Fig. 5c), indicating that mitochondrial dysfunction as a result
of phytosphingosine treatment is a crucial factor and that this
dysfunction must therefore occur upstream from phytosphingosineinduced apoptotic stimuli.
Phytosphingosine dephosphorylated Akt to inhibit pro-growth
signal. We next determined how phytosphingosine reduced ∆Ψm.

Because sphingosine, a phytosphingosine analog, dephosphorylates
Akt,(18) we hypothesized that phytosphingosine might also
inactivate the pro-growth signal pathway, the PI 3-kinase/Akt
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Phytosphingosine-induced mitochondria-involved caspase activation. We further determined the mechanism of phytosphingosine-

pathway. The active form of Akt is dual-phosphorylated at
Ser473 and Thr308 sites. Dual-phosphorylated active Akt
inhibits Bad from translocating to the mitochondria, and also
inhibits PT pore-opening.(12−14) Western blot analysis was performed
with phosphorylated site-specific antibodies. As shown in Fig. 6(a),
Ser473 and Thr308 sites of Akt were dual-phosphorylated
without treatment with phytosphingosine (in the steady state).
86

These Akt (Ser473) and Akt (Thr308) phosphorylations were
gradually decreased time-dependently with phytosphingosine
treatment. This result indicates that phytosphingosine inactivated
Akt. We further examined whether phytosphingosine inactivates
a downstream kinase of the PI-3 kinase/Akt pathway, p70S6k.
Figure 6(b) shows that the Thr389 site of p70S6k was dephosphorylated by treatment with phytosphingosine. In contrast
© Japanese Cancer Association doi: 10.1111/j.1349-7006.2005.00012.x
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Fig. 2. Phytosphingosine-induced apoptosis and cell cycle arrest in Jurkat cells. (a) Jurkat (neo) cells were incubated with 0 or 8 µM
phytosphingosine for 6 h. At the indicated times, the cells were collected and permeabilized. Cells were then stained with PI, and the DNA
contents were determined by flow cytometry. Values in parentheses indicate sub-G1 cell percentages. Data are representative of three
independent experiments. (b) Jurkat (neo) cells were incubated with 8 µM phytosphingosine for 0, 6, and 9 h. At the times indicated, the cells
were lyzed and DNA was prepared. DNA fragmentation was analyzed by agarose gel electrophoresis. (c) Jurkat (neo) cells were incubated with or
without phytosphingosine for indicated times and doses. Percentage of cells in each cell cycle phase were measured. Data are representative of
three independent experiments.

Direct reduction of the mitochondrial membrane potential of
isolated mitochondria by phytosphingosine. PI 3-kinase/Akt inhibi-

tion by phytosphingosine is necessary for amplification of
apoptotic signals. It has recently been suggested that inhibition
of Akt promotes pro-apoptotic signals such as p38 activation
and Bax translocation to mitochondria.(27,28) These indirect
perturbations of mitochondria by phytosphingosine are suggested
to be a phytosphingosine-induced apoptotic mechanism. We
further observed the direct effects of phytosphingosine on
mitochondria using a cell-free system. Jurkat cell mitochondria
were isolated, and ∆Ψm was detected. Similar to FTY720,
which has already been described as a direct PT inducer,(9,10)
phytosphingosine as well as sphingosine were found to directly
decrease ∆Ψm (Fig. 8). In contrast, Bcl-2 overexpression inhibited
∆Ψm reduction by phytosphingosine and sphingosine. These
findings suggest that phytosphingosine perturb mitochondria by
direct action as well as by an indirect mechanism.
Discussion

Fig. 3. Phytosphingosine-induced caspase activation. (a) Jurkat (neo)
cells were incubated with 8 µM phytosphingosine for 0, 2, 4, and 6 h.
At the times indicated, cells were lyzed and caspase-3, caspase-9, and
caspase-8 activity were determined by specific peptides, Ac-DEVD-MCA,
Ac-LEHD-MCA, and Ac-IETD-MCA, respectively. Each bar denotes the
standard deviation (n = 3). (b) Jurkat (neo) cells were incubated with or
without 20 µM Ac-DEVD-CHO for 1 h, thereafter with or without 8 µM
phytosphingosine for 4 h. Cells were collected and lyzed. Western blots
were performed with antibody for caspase-8.

to the Thr389 site, phosphorylation of the Thr421/Ser424
site was undetectable. A recent study has revealed that in
ceramide-induced apoptosis, pro-apoptotic kinase SAPK /JNK
is activated.(20) However, phytosphingosine treatment did not
alter phosphorylated SAPK/ JNK levels in comparison with the
positive control (Fig. 6c,d). Overall, phytosphingosine inactivated
the PI 3-kinase/Akt pathway upon apoptosis and caused a
progression of apoptotic stimuli.
Protein phosphatase inhibitor attenuated phytosphingosine-induced
Akt dephosphorylation. We further attempted to determine how

phytosphingosine dephosphorylated Akt and p70S6k. Ser/ Thr
protein phosphatases, including PP2A, dephosphorylate Akt
and the downstream kinase p70S6k. We have previously found
that the sphingosine analog drug, FTY720, activates PP2A and
dephosphorylates Akt.(26) We therefore investigated whether
phytosphingosine-induced dephosphorylation of Akt is associated
with PP2A activity. Cells were incubated in the presence or
absence of the PP1 and PP2A inhibitor, OA, for 30 min.
Nagahara et al.

In the present study, we have found that phytosphingosineinduced apoptosis is followed by DNA fragmentation and
caspase activation. Activation of caspase-9, reduction of ∆Ψm,
and release of cytochrome c to the cytosol suggest that
mitochondria is involved in phytosphingosine-induced apoptosis.
Phytosphingosine has been found to both directly and indirectly
(by dephosphorylating Akt) perturb mitochondria. Overexpression of mitochondria-localized anti-apoptotic protein Bcl-2
also inhibits phytosphingosine-induced apoptotic stimuli, indicating
that mitochondria play a significant role in phytosphingosineinduced apoptosis.
Caspases play an important role during apoptosis, although
caspase-independent apoptosis has recently been discovered.
Many caspases have now been found, and these caspase families
are classified as ‘initiator’ and ‘effector’ caspases. Initiator
caspases usually exist as pro-forms in the cytosol, and these
pro-forms are cleaved by mitochondria- or (Fas/CD95) receptormediated apoptotic signal molecules. Cleaved initiator caspases
cleave effector procaspases in turn. Cleaved effector caspases
perform pivotal apoptotic degradation of intracellular organelle
and proteins, including nuclei, mitochondria, and caspases
themselves. Thus, effector caspases activate initiator caspases,
activating a caspase ‘loop’. Recently, Park et al. have revealed
that phytosphingosine activates caspase-8.(29) In the present
study, we examined pivotal effector caspase, caspase-3, and
mitochondria- and receptor-mediated caspase-9 and caspase-8,
respectively. In agreement with the results of Park et al.
phytosphingosine was found to activate caspase-8, as well as
caspase-3 and caspase-9 (Fig. 3a). However, caspase-8 activation seemed to be at lower levels than caspase-3 and caspase-9
activation. This result suggests that phytosphingosine perturbs
mitochondria and activates caspase-9, which in turn activates
caspase-3. Indeed, the caspase-3-specific inhibitor Ac-DEVDCHO was found to prevent pro-caspase-8 cleavage (Fig. 3b).
This result suggests that phytosphingosine-activated caspase-8
is activated by caspase-3.
Cancer Sci | February 2005 | vol. 96 | no. 2 | 87
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Thereafter, phytosphingosine was added and the cells were
incubated for an additional 30 min. Western blot analysis was
performed with phosphorylated Akt (Ser473) antibody. Incubating
with OA did not alter the immunoreactivity of phosphorylated
Akt compared to that of untreated cells (data not shown).
Incubation of cells with OA partially attenuated phytosphingosineinduced reduction of phosphorylated Akt (Fig. 7a). These data
suggest that PP1- or PP2A-like PP activity is associated with the
dephosphorylation effects of phytosphingosine on phosphorylated
Akt. Moreover, OA partially inhibited phytosphingosine-induced
apoptosis (Fig. 7b), indicating that dephosphorylation of Akt by
phytosphingosine is one factor in the apoptosis mechanism.

Akt has a PH domain in its N-terminal and a kinase domain
in its C-terminal. PI(3,4,5)P3 and PI(3,4)P2 produced by PI 3kinase bind to the PH domain of Akt. PDK1 allows for the
phosphorylation of Akt at the Thr308 site and enables the
full activation of Akt by triggering autophosphorylation on
Ser473.(30) In Jurkat cells, which we used in the present study,
endogenous Akt from both sites and the downstream p70S6k are
phosphorylated, since Jurkat cells have a mutant form of PI 3phosphatase PTEN and, as a consequence, Jurkat cells contain
high levels of PI (3,4,5)P3 and PI (3,4)P2.(31−33) Sphingosine
reduces the survival factor of Akt kinase activity and induces
apoptosis,(18) suggesting that the sphingosine analog phytosphingosine might also dephosphorylate Akt to induce apoptosis. In
the present study, similar to sphingosine, Akt dephosphorylation
occurred with phytosphingosine treatment. Moreover, Thr389 of
88

p70S6k was dephosphorylated with phytosphingosine treatment.
The downstream kinase of the PI 3-kinase/Akt pathway, mTOR,
phosphorylates p70S6k (Thr389). It is currently considered that
phytosphingosine reduces Akt phosphorylation and in turn reduces
mTOR activity, resulting in p70S6k (Thr389) dephosphorylation.
Moreover, in the present study, phytosphingosine did not
increase the levels of phosphorylated SAPK/JNK, one of the
pro-apoptotic MAPK (Fig. 6c). Recent studies have found that
other pro-apoptotic MAPK, p38 is phosphorylated and that
anti-apoptotic MAPK, ERK1/2 is dephosphorylated with phytosphingosine treatment.(34) There is evidence that inhibition of
the PI 3-kinase/Akt pathway increases p38 signaling. Also,
overexpression of constitutively active Akt down-regulates
p38 activation.(27) Furthermore, constitutively active Akt blocks
pro-apoptotic Bcl-2 family protein Bax translocation to
© Japanese Cancer Association doi: 10.1111/j.1349-7006.2005.00012.x
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Fig. 4. Phytosphingosine affected the mitochondria
independent of caspases. (a) Jurkat (neo) cells were
incubated with or without 5 µM CCCP for 30 min.
DiOC6 (3) was added 15 min before the end of the
culture period, and ∆Ψm was analyzed by flow
cytometry. Values in parentheses indicate the median
fluorescence intensity. Data are representative of
three independent experiments. (b) Jurkat (neo)
cells were incubated with or without 50 µM Z-VADFMK for 30 min, thereafter with or without 8 µM
phytosphingosine for 30 min. DiOC6 (3) was added
15 min before the end of the culture period,
and ∆Ψm was analyzed by flow cytometry. Values
in parentheses indicate the median fluorescence
intensity. Data are representative of three independent experiments. (c) Jurkat (neo) cells were
incubated with or without 50 µM Z-VAD-FMK
for 30 min, thereafter with or without 8 µM
phytosphingosine for 4 h. Cells were collected and
cytosol fraction was obtained. Western blots were
performed with antibody for cytochrome c.

mitochondria.(27,28) The above evidence indicates that p38 and
Bax are downstream from Akt, and that inactivation of Akt by
phytosphingosine might activate p38 and Bax translocation to
mitochondria. In addition, the ERK pathway confers protection
against apoptosis by stabilizing Bcl-2 phosphorylation. (35) These
findings suggest that phytosphingosine inactivates Akt, thereby
attenuating the anti-apoptotic pathway as well as augmenting
pro-apoptotic pathways. We therefore attempted to determine
how phytosphingosine reduces Akt phosphorylation. OA, a
potent inhibitor of PP1 and PP2A inhibitor, has been found to
partially inhibit phytosphingosine-induced Akt dephosphorylation, allowing us to predict the involvement of PP1- and PP2Alike PP (Fig. 7a). It is quite reasonable that ERK1 / 2 is also
dephosphorylated by PP1 and/or PP2A. However, how phytosphingosine activates PP1- and PP2A-like PP remains to be
clarified and it still remains possible that phytosphingosine
directly inhibits Akt or upstream kinases.
Nagahara et al.

Phytosphingosine induces not only apoptosis but also
G2/M-phase cycle arrest of Jurkat cells. The progression from
G2-phase to M-phase is controlled by activation of cdc2-cyclin
B complex. Hyperphosphorylation of the cdc2-cyclin B complex
progresses, and the cell cycle proceeds from G2-phase to Mphase. Dephosphorylation of cdc2-cyclin B by PP cdc25
inactivates this complex and stops the cell cycle from entering
M-phase. PP cdc25 activity is controlled by upstream kinases/
phosphatases, and PP2A and PP1 mediate this activity from
G2-phase to M-phase. Phytosphingosine-induced G2/M-phase
arrest might be involved in phytosphingosine-induced PP
up-regulation.
Bcl-2 blocks the PT pore-opening and does not induce a
reduction of ∆Ψm or the release of cytochrome c from mitochondria.(1) In previous studies, the sphingosine analog drug FTY720
has been found to directly trigger PT, a phenomenon that is
completely inhibited by Bcl-2. (10) In the present study, similar
Cancer Sci | February 2005 | vol. 96 | no. 2 | 89
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Fig. 5. Phytosphingosine-induced apoptosis is blocked by overexpression of Bcl-2. (a) Jurkat (neo) and Jurkat (bcl-2) cells were incubated with
8 µM phytosphingosine for 0, 0.5, 1, and 2 h. DiOC6 (3) was added 15 min before the end of the culture period, and ∆Ψm was analyzed by flow
cytometry. The results are presented as averages of the median fluorescence intensity. Each bar denotes the standard deviation (n = 3). (b) Jurkat
(neo) and Jurkat (bcl-2) cells were incubated with 8 µM phytosphingosine for 0, 2, 4, and 6 h. At the times indicated, cells were lyzed and caspase3 activity was determined by specific peptide, Ac-DEVD-MCA. Each bar denotes the standard deviation (n = 3). (c) Jurkat (neo) and Jurkat (bcl-2)
cells were incubated with 8 µM phytosphingosine for 0, 6, and 9 h. At the times indicated, the cells were lyzed and DNA was prepared. DNA
fragmentation was analyzed by agarose gel electrophoresis.

to FTY720, phytosphingosine and sphingosine directly reduced
∆Ψm. Moreover, Bcl-2 overexpression inhibited ∆Ψm reduction
and further apoptotic stimuli such as caspase activation and
DNA fragmentation. These results indicate that phytosphingosine might affect the PT pore or upstream molecules (e.g. Akt)
to open the PT pore and to induce further apoptosis. We could
not detect the effects of phytosphingosine-induced Akt dephosphorylation on the opening of the PT pore, as Akt itself is
90

involved in PT pore closure.(14) Phytosphingosine induces
apoptosis in HL-60RG cells, with Akt activity being attenuated
in the steady state (data not shown). This finding suggests that
direct perturbation of mitochondria may be the major apoptotic
pathway of phytosphingosine-induced apoptosis, and that Akt
dephosphorylation may enhance this pathway. We are currently
attempting to identify the binding protein of phytosphingosine
and its analogs.
© Japanese Cancer Association doi: 10.1111/j.1349-7006.2005.00012.x
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Fig. 6. Phytosphingosine reduced phosphorylated
Akt and p70S6k. Jurkat (neo) cells were incubated
with 8 µM phytosphingosine for the indicated
times. Cells were collected and lyzed. Western
blots were performed with antibodies specific
for phosphorylated Akt (Ser473) (Thr308) and Akt
(a), phosphorylated p70S6k (Thr389) (Thr421/Ser424),
and p70S6k (b), and phosphorylated SAPK/JNK
(Thr183/Tyr185) and SAPK/JNK (d). For positive
control of phosphorylated SAPK/JNK (Thr183/Thr185),
1 h incubation with 1 µg/mL anisomysin (Aniso) was
used (c). Samples were exposed to films for 30 s,
except when detecting phosphorylated SAPK/JNK
in (d), which was exposed to film for 5 min.

Phytosphingosine is abundant in yeasts and plants. (36) In
animals, phytosphingosine is distributed in keratinocytes,
microvillus membranes in the small intestine, and leukocytes,
where there is a large amount of cell-turnover activity.(37−39) Our
present results shed light on the cell-death events constituting
the physiological effects of phytosphingosine. Moreover, we
have found that phytosphingosine can have antitumor effects,
attacking the mitochondria.
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Fig. 8. Phytosphingosine reduced ∆Ψm directly in isolated Jurkat
mitochondria. Mitochondria from Jurkat (neo) and (bcl-2) cells (25 µg
mitochondrial protein in 100 µL CFS buffer) were prepared as described
in Materials and Methods. Mitochondria were incubated with no
additives, 10 µM phytosphingosine, 10 µM sphingosine, and 10 µM
FTY720 (positive control) for 30 min at 37°C. Mixtures were then
incubated with DiOC6(3) for 15 min, and ∆Ψm was analyzed by flow
cytometry. Values in parentheses indicate the median fluorescence
intensity. (a), Jurkat (neo) mitochondria; (B), Jurkat (bcl-2) mitochondria.
Data are representative of two independent experiments.
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