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Abstract
Etoposide (VP-16) a topoisomerase II inhibitor induces
apoptosis of tumor cells. The present study was designed to
elucidate the mechanisms of etoposide-induced apoptosis
in C6 glioma cells. Etoposide induced increased formation
of ceramide from sphingomyelin and release of mitochon-
drial cytochrome c followed by activation of caspase-9 and
caspase-3, but not caspase-1. In addition, exposure of cells
to etoposide resulted in decreased expression of Bcl-2 with
reciprocal increase in Bax protein. z-VAD×FMK, a broad
spectrum caspase inhibitor, failed to suppress the etopo-
side-induced ceramide formation and change of the Bax/Bcl-
2 ratio, although it did inhibit etoposide-induced death of C6
cells. Reduced glutathione or N-acetylcysteine, which could
reduce ceramide formation by inhibiting sphingomyelinase
activity, prevented C6 cells from etoposide-induced
apoptosis through blockage of caspase-3 activation and
change of the Bax/Bcl-2 ratio. In contrast, the increase in
ceramide level by an inhibitor of ceramide glucosyltransfer-
ase-1, D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol caused elevation of the Bax/Bcl-2 ratio and
potentiation of caspase-3 activation, thereby resulting in
enhancement of etoposide-induced apoptosis. Furthermore,
cell-permeable exogenous ceramides (C2- and C6-ceramide)
induced downregulation of Bcl-2, leading to an increase in
the Bax/Bcl-2 ratio and subsequent activation of caspases-9
and -3. Taken together, these results suggest that ceramide
may function as a mediator of etoposide-induced apoptosis
of C6 glioma cells, which induces increase in the Bax/Bcl-2
ratio followed by release of cytochrome c leading to
caspases-9 and -3 activation. Cell Death and Differentiation
(2000) 7, 761 ± 772.
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Introduction

Recent studies have shown that a variety of DNA-damaging
agents initiate the pathways leading to apoptosis. Etoposide,
an inhibitor of DNA topoisomerase II is one of the DNA-
damaging agents and has a potent anticancer action. Thus,
etoposide has been used clinically both as a single agent and
a constituent of combination chemotherapy regimens for the
treatment of malignant brain tumors. Several reports using
hematopoietic cells including thymocytes,1 lymphocytes,2 and
leukemic cells3,4 have demonstrated that etoposide induces
apoptotic cell death. However, the exact molecular mechan-
ism leading to apoptotic cell death by etoposide remains to be
resolved. Furthermore, it is not clear whether the results
obtained from hematopoietic cells are applicable to non-
hematopoietic cells including glioma cells.

Recently, several components involving apoptotic cell
death have been extensively studied including ceramide,
caspases and the Bcl-2 family. Ceramide is a product of
sphingomyelinase (SMase)-catalyzed hydrolysis of sphin-
gomyelin (SM). Formation of ceramide has been regarded
as a key pathway involved in apoptosis as well as
differentiation.5,6 The ability of ceramide to induce
apoptosis has been demonstrated in many cell types7 ± 9

including cells of central nervous system such as cultured
neurons,10 oligodendrocytes,11 and astrocytes,12 although
several recent biochemical analyses have questioned the
role of ceramide during apoptosis induced by Fas or tumor
necrosis factor (TNF)-a.13 ± 17 We have previously reported
that membrane permeable ceramide analogs, C2- and C6-
ceramide induce apoptosis of C6 glioma cells.18 Further-
more, a close relationship between ceramide-mediated
signaling and apoptosis of C6 cells has recently been
reported.19 These findings imply that ceramide may
function as an important modulator of glial apoptosis.

Caspases are a family of cysteine proteases, which are
homologous to the product of the Caenorhabditis elegans
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cell death gene ced3.20 More than 10 caspases have been
identified in mammals and are classified into three

subfamilies, caspase-1-, caspase-2-, and caspase-3
(CPP32/Yama/apopain)-like proteases, based on their
structures.21 Recent studies suggest the presence of two
major caspase cascades. One is initiated by activation of
cell-surface death receptors, such as Fas and TNF-a
receptor, leading to caspase-8 activation, which in turn
cleaves and activates the downstream caspases such as
caspases-3, -6, and -7.22 ± 24 The other is triggered by
cytochrome c released from mitochondria, which promotes
formation of a multi-subunit complex with Apaf-1 and
procaspase-9, leading to caspase-9 activation.25 Active
caspase-9 subsequently activates caspases-3, -6, and
-7.26,27 The latter caspase cascade is proposed to be
responsible for induction of chemical- or irradiation-induced
apoptosis in many types of cells.28 ± 30 Apoptosis is also
regulated by the Bcl-2 family proteins, including anti-
apoptotic proteins such as Bcl-2 and Bcl-XL, and pro-
apoptotic proteins such as Bax and Bak.31 ± 33 Bcl-2 has
been known to modulate susceptibility to etoposide-induced
apoptosis of mouse bone marrow cells and B cells.34,35

In the present study, we have examined the molecular
events leading to apoptosis in etoposide-treated C6 glioma
cells. Etoposide induced the changes of expression of Bcl-2
and Bax proteins, release of mitochondrial cytochrome c
and activation of caspases-9 and -3. In addition, ceramide
formation by SM hydrolysis was observed during the
apoptotic process. To date, however, the interrelationship
among expression of Bcl-2 family proteins, caspase
activation, and ceramide formation has not yet been
understood. Therefore, we have further attempted to
examine their sequential relation in the etoposide-induced
glial apoptosis. The date obtained in the present study
suggest that ceramide induces change of the Bax/Bcl-2
ratio, which regulates cytochrome c release from mitochon-
dria, leading to activation of caspase-9/-3 cascade.

Results

Etoposide induced apoptotic cell death in C6 cells

We first examined the cytotoxic effects of etoposide (VP-16) on
C6 glioma cells under phase contrast microscopy. Marked
morphological changes were observed at 12 h after the
treatment with 40 mM etoposide. Cellular processes were
retracted and the rounded cells were detached from culture
dishes. The nuclear staining with Hoechst 33258 revealed
typical apoptotic changes, condensation and fragmentation of
nuclei (Figure 1A,B). Further support to indicate apoptotic
change was provided by the characteristic pattern (laddering)
of DNA fragmentation (Figure 1C). For quantitative analysis, the
cellswithapoptoticmorphological featureswerecountedamong
over 1000 cells under fluorescent microscopy. Treatment of C6
cells with etoposide induced a concentration- and time-
dependent increase in apoptotic cells (Figure 1D).

Activation of SMase and formation of ceramide
during etoposide-induced cell death

Recently, neutral and acid SMases have been demonstrated
to involve the formation of ceramide in response to apoptotic

Figure 1 Etoposide-induced apoptotic cell death in C6 cells. (A) Untreated
cells. (B) Cells treated with 40 mM etoposide (VP-16) for 24 h. Cells were
stained with Hoechst 33258 (10 mM) for 10 min and photographed under a
fluorescent microscope. Photographs are representatives from at least 10
different cultures. (C) Agarose gel electrophoresis of oligonucleosomal DNA
fragments (DNA laddering). After 24 h exposure of C6 cells to 40 mM etoposide
(VP-16), DNA extracted from the cells was subjected to conventional agarose
gel electrophoresis. MK: 1 Kb ladder molecular weight marker. (D) C6 cells
were treated with different concentrations of etoposide (VP-16) for indicated
periods. The cells with fragmented and condensed nuclei were counted in over
1000 cells under a fluorescent microscope. Data are means+S.D. from three
independent experiments, each performed in triplicate
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inducers including chemotherapeutic agents.6,36 Therefore,
changes of both neutral and acid SMase activities were
measured in cells treated with 40 mM etoposide (Figure 2).
Etoposide gave rise to a sharp increase in neutral SMase
activity at 1 h after treatment and its activity increased
thereafter in a time-dependent manner. On the other hand,
significant changes were not observed in acid SMase activity,
although its activity was higher than that of neutral one during
time course examined.

In order to further assess the activation of neutral
SMase, the levels of intracellular ceramide during etopo-
side-treatment were measured by the enzymic analysis with
E. coli diacylglycerol kinase and also by the metabolic
labeling of cells with [14C]serine. A marked increase in
ceramide content was observed as early as 1 h after the
etoposide treatment by the diacylglycerol kinase assay
(Figure 3A). The maximal level was observed at 24 h
(threefold increase over the control level). Similar profile of
ceramide formation was observed in cells labeled with
[14C]serine (Figure 3B). Concurrently, a sharp decrease in
[14C]SM was observed as early as 3 h after etoposide-
treatment (Figure 3C) and its level was declined to
approximately 30% of the control level at 24 h.

Moreover, to confirm the pathway of ceramide forma-
tion, we investigated the effect of fumonisin B1 (FB1), an
inhibitor of sphinganine N-acetyltransferase, which is
known to inhibit de novo synthesis of ceramide.37,38

However, 100 mM FB1 had no effect on etoposide-

Figure 2 Changes in neutral and acid SMase activities in C6 cells exposed to
etoposide. C6 cells were treated with 40 mM etoposide (VP-16) for indicated
periods. The activities of neutral SMase (N-SMase) and acid SMase (A-
SMase) were determined using a mixed micelle assay system with
[methyl-14C]SM at pH 7.5 and 5.5, respectively, as described in Materials
and Methods. Data are means+S.D. from two independent experiments, each
performed in triplicate

Figure 3 Etoposide-induced ceramide formation in C6 cells. C6 cells were
treated with 40 mM etoposide (VP-16) for indicated periods. (A) Ceramide
content was measured by the E. coli diacylglycerol kinase assay as described
in Materials and Methods. Data are means+S.D. from two independent
experiments, each performed in triplicate. (B,C) Changes in [14C]ceramide (B)
and [14C]SM (C) in [14C]serine-labeled cells were measured as described in
Materials and Methods. The radioactivity in [14C]ceramide (422+19 d.p.m.)
and [14C]SM (7,670+26 d.p.m.) in unstimulated control (Time 0) was
designated as 100%. Data are means+S.D. from two independent
experiments
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induced formation of ceramide and increase in the number
of apoptotic cells (data not shown). These results indicate
that during etoposide-induced apoptosis, ceramide is
produced from SM hydrolysis, but not from de novo
synthesis.

Caspase activation and cytochrome c release from
mitochondria by etoposide

The caspase family has been suggested to play a pivotal role
in apoptosis.20 To identify the apoptotic mechanism of
etoposide-induced cell death, caspase-1(-like) and caspase-
3(-like) activities were measured spectrophotometrically
following the etoposide treatment. Etoposide failed to
activate caspase-1(-like) protease measured as DMQD
cleavage during the time course examined (Figure 4A). In
contrast, the DEVD cleaving activity began to increase from
6 h and reached a peak at 12 h after etoposide treatment
(Figure 4B), indicating activation of caspase-3(-like) protease.
The maximal activity was maintained up to 24 h and then
gradually decreased.

We further examined the processing of caspases by
immunoblot analysis (Figure 4C). Immunoreactive 45-kDa
procaspase-1 (ICE) remained unchanged during the first
6 h and was slightly decreased thereafter, probably due
to nonspecific proteolysis, since DMQD cleaving activity
was not upregulated as shown above. In contrast, the
levels of 32-kDa procaspase-3 (CPP32) began to be
degraded as early as 6 h after the etoposide treatment,
which were well correlated with the changes of DEVD
cleaving activity measured spectrophotometrically. Proces-
sing of caspase-3 was also confirmed by the time-
dependent degradation of poly (ADP-ribose) polymerase
(PARP), a well-known substrate of caspase-3 (data not
shown). In addition, immunoreactive proform of caspase-
9, which is known as an upstream activator of caspase-3,
was processed at 6 h after etoposide treatment to yield
active fragments. Activation of caspase-9 is shown to be
triggered by the release of cytochrome c from mitochon-
dria to cytosol.25 Immunoblot analysis revealed that
cytochrome c accumulated in cytosol at 3 h after
exposure to etoposide (Figure 4D). Therefore, cyto-
chrome c release from mitochondria preceded the
processing of procaspases-9 and -3.

Changes in mRNA and protein levels of Bcl-2 and
Bax during etoposide-treatment

Apoptotic cell death is also known to be regulated by Bcl-2
family proteins.31,32 The fate of cells is thought to be
determined by the balance between pro-apoptotic and anti-
apoptotic members.39 ± 41 To examine involvement of Bcl-2
and Bax in etoposide-induced apoptosis, changes in their
mRNA and protein levels were examined by RT ± PCR and
Western blotting, respectively. RT ± PCR analysis revealed
that mRNA level of bax time-dependently increased with a
reciprocal decrease of bcl-2 mRNA (Figure 5A). No
significant changes were observed in the level of GAPDH
mRNA (reference control) throughout the time course
examined.

By Western blot analysis, the etoposide-treatment was
found to cause downregulation of Bcl-2 and upregulation of
Bax in a time-dependent manner (Figure 5B). The actin
level, as reference control, indicated the equal amount of
protein loaded in each lane. The densitometric analysis
revealed that changes in the mRNA levels of bcl-2 and bax
were well correlated with those in Bcl-2 and Bax protein
expression.

Figure 4 Activation of caspase proteases and release of mitochondrial
cytochrome c by etoposide. (A,B) C6 cells were harvested after exposure to
40 mM etoposide (VP-16) for indicated periods. The cellular extracts (40 mg of
protein) were incubated with 50 mM Ac-DMQD-MCA, a substrate for caspase-
1(-like) protease (A) or 50 mM Ac-DEVD-MCA, for caspase-3(-like) protease
(B) at 378C for 1 h. Levels of released 7-amino-4-methylcoumarin were
measured using a spectrofluorometer as described in Materials and Methods.
Data are means+S.D. from three independent experiments, each performed
in triplicate. (C,D) Processing of caspases (C) and release of cytochrome c
from mitochondria to cytosol (D) were analyzed by Western blot analysis as
described in Materials and Methods. Results are representative of two
separate experiments with compatible outcomes
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Inhibition of etoposide-induced apoptosis and
activation of caspase-3, but not ceramide
formation by a caspase inhibitor

Ceramide accumulation, increase in Bax/Bcl-2 ratio and
activation of caspase-3 were also observed in a human
glioblastoma U87-MG cells exposed to etoposide (data not
shown). Therefore, these events are involved in etoposide-
induced apoptosis of glioma cells. To investigate their
sequential relationship, the effects of z-VAD×FMK, a broad
spectrum caspase inhibitor, was first examined for apoptosis
and ceramide formation. The increase in number of apoptotic
C6 cells induced by etoposide was concentration-depen-
dently suppressed by z-VAD×FMK and was decreased to less
than 20% of the total cells at 200 mM z-VAD×FMK (Figure 6A).
Preincubation of C6 cells with z-VAD×FMK inhibited the
etoposide-induced activation of caspase-3. In particular, in
the presence of 200 mM z-VAD×FMK, the DEVD cleaving
activity was reduced almost to the control level and cleavage
of procaspase-3 was almost completely prevented (data not
shown). These findings imply that the ability of the caspase
inhibitor to suppress etoposide-induced apoptosis is due to
inhibition of caspase-3 activation. However, the etoposide-
induced formation of ceramide was not affected by z-
VAD×FMK even at 200 mM (Figure 6B).

Ceramide content affects etoposide-induced
apoptosis and activation of caspase-3

To examine whether changes in ceramide content affect
etoposide-induced apoptosis and caspase-3 activation, we
used reduced glutathione (GSH) and N-acetylcystetine (NAC)
which are known to inhibit SMase activation by various
stimuli.42 ± 44 Preincubation of C6 cells with GSH or NAC
reduced ceramide accumulation induced by etoposide (Figure
7A). Under the same condition, the etoposide-induced
activation of DEVD cleaving activity was also inhibited
(Figure 7B). Moreover, degradation of procaspase-3 was
inhibited (data not shown). In a similar fashion, GSH or NAC
concentration-dependently rescued cells from apoptosis and
at 25 mM GSH or NAC, the percentage of apoptotic cells was
reduced from 60 to about 20% (data not shown).

Recently, the involvement of UDP-glucose: ceramide
glucosyltransferase-1 (GlcT-1) has been suggested in

Figure 6 Effects of a caspase inhibitor in etoposide-induced apoptosis and
formation of ceramide. C6 cells were preincubated with different doses of z-
VAD×FMK for 1 h and then exposed to 40 mM etoposide (VP-16) for 24 h. (A)
Effect of z-VAD×FMK on the percentage of the apoptotic cells. The cells with
fragmented or condensed nuclei were counted in over 1000 cells under
fluorescent microscopy. (B) Ceramide content in C6 cells treated with
etoposide in combination with or without z-VAD×FMK. Ceramide content was
measured by the E. coli diacylglycerol kinase assay as described in Materials
and Methods. Data are means+S.D. from two independent experiments, each
performed in triplicate. *P50.01 versus VP-16 alone: ANOVA with Scheffe's
post-hoc test

Figure 5 Changes in mRNA and protein levels of Bcl-2 and Bax in C6 cells
exposed to etoposide. (A) After C6 cells were treated with 40 mM etoposide for
indicated periods, total RNA was isolated with Isogen. Levels of mRNAs were
analyzed by RT ± PCR as described in Materials and Methods. (B) Cellular
proteins were subjected to SDS ± PAGE and immunoblotted with antibodies
against Bcl-2, Bax, or actin. Visualization of the proteins was performed with
ECL. Intensity of bands was quantified by a densitometer. Data represent
means+S.D. values from three different experiments, each performed in
duplicate
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regulation of the intracellular ceramide level, especially
when it is produced in excess. D-threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol (PDMP), a potent
inhibitor of GlcT-1, gives rise to increase of the ceramide
content in B16 melanoma cells.45 We next tested the
effects of PDMP in C6 glioma cells. As expected,
preincubation of C6 cells with PDMP increased the
etoposide-induced ceramide level (Figure 8A). The cer-
amide content in the cells preincubated with 100 mM PDMP
increased to approximately 180% of that in the cells treated
with etoposide alone. In the presence of 100 mM PDMP,
the etoposide-induced DEVD cleaving activity was also
elevated to 1.2-fold (Figure 8B). PDMP concentration-
dependently potentiated apoptosis induced by etoposide
(data not shown). These results collectively suggest that

the ceramide level may regulate etoposide-induced
apoptosis by affecting caspase-3 activity.

Regulation of Bax/Bcl-2 expression by ceramide
content but not by caspase-3 activity

We further investigated the roles of ceramide and caspase-3
in the changes of the Bax/Bcl-2 ratio. The effect of z-
VAD×FMK on Bcl-2 and Bax expression was first examined.
However, 200 mM z-VAD×FMK, which most effectively
inhibited etoposide-induced apoptosis, did not affect the
Bax/Bcl-2 expression by etoposide (Figure 9A). These
findings indicate that the changes in Bcl-2 and Bax
expression do not occur downstream of caspase-3 activa-
tion. Furthermore, these results imply that the observed
changes in Bcl-2 and Bax expression may not be the
consequence of cell death.

We next examined the relationship between ceramide
formation and Bax/Bcl-2 expression using GSH, NAC or
PDMP. To be of interest, blockage of etoposide-induced

Figure 8 Effects of PDMP, an inhibitor of GlcT-1, on etoposide-induced
ceramide formation and activation of caspase-3(-like) protease. C6 cells were
preincubated with different concentrations of PDMP for 1 h and then exposed
to 40 mM etoposide (VP-16) for 24 h. (A) Ceramide content in C6 cells treated
with etoposide in the presence or absence of PDMP. Ceramide content was
measured by the E. coli diacylglycerol kinase assay. (B) Activation of
caspase-3(-like) protease in the presence or absence of PDMP. Caspase-3(-
like) activity was measured fluorometrically. Data are means+S.D. from two
independent experiments, each performed in triplicate. *P50.01 versus VP-16
alone: ANOVA with Scheffe's post-hoc test

Figure 7 Effects of GSH or NAC on etoposide-induced ceramide formation
and activation of caspase-3(-like) protease. C6 cells were preincubated with
different concentrations of GSH or NAC for 1 day and then exposed to 40 mM
etoposide (VP-16) for 24 h. (A) Ceramide content in C6 cells treated with
etoposide in combination with or without GSH or NAC. Ceramide content was
measured by the E. coli diacylglycerol kinase as described in Materials and
Methods. (B) Activation of caspase-3(-like) protease in the presence or
absence of GSH or NAC. Caspase-3(-like) activity was measured
fluorometrically as described in Materials and Methods. Data are
means+S.D. from two independent experiments, each performed in
triplicate. *P50.01 versus VP-16 alone: two-way ANOVA followed by
Scheffe's post-hoc test
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ceramide formation by either 25 mM GSH or NAC
prevented the etoposide-induced downregulation of Bcl-2
concomitant with upregulation of Bax (Figure 9B). In
contrast, enhancement of ceramide formation by 100 mM
PDMP significantly enhanced increase in the Bax/Bcl-2
ratio induced by etoposide (Figure 9C). These findings
suggest that ceramide acts upstream of Bcl-2 and Bax.

Regulation of Bax/Bcl-2 expression and caspase
activation by exogenous ceramide

In order to further confirm the role of ceramide in the regulation
of Bax/Bcl-2 expression and caspase activation, we examined
the effects of cell-permeable ceramide analogs, C2- and C6-
ceramide, which both effectively induced apoptosis of C6
glioma cells.18 At 12 and 24 h after treatment with 25 mM C2-

ceramide and 50 mM C6-ceramide, respectively, approxi-
mately 80% cells became apoptotic (data not shown).
Although Bax level was not significantly increased during
the time course examined, C2- and C6-ceramide caused
decrease in Bcl-2 (Figure 10A,B), thereby increase in Bax/Bcl-
2 ratio. Processing of the initiator caspase-9 was first
observed at 6 h after C2-ceramide treatment, and the proform
was almost completely processed at 9 h. Following caspase-
9 activation, the levels of 32-kDa procaspase-3 began to be
degradated at 9 h (Figure 10C). Therefore, the data obtained
from experiments using exogenous ceramide support the
notion that ceramide induces change of the Bax/Bcl-2 ratio
due to the decrease of Bcl-2 and thereby activation of
caspases in C6 glioma cells.

Discussion

A number of recent studies indicate that caspases are closely
involved in the initiation and execution of apoptosis induced
by various stimuli.20,21 Among them, caspase-3 has been
deemed as an executor caspase. In etoposide-treated C6
cells, caspase-3 also takes a part in cell death, since a
caspase inhibitor significantly decreased the apoptotic cells.
Moreover, the number of apoptotic cells well correlated with
the extent of caspase-3 activation, when etoposide treatment
was modulated by a variety of agents. There are two main
caspase cascades leading to executor caspase-3 activa-
tion.22 ± 30 One is initiated by caspase-8 activation associated
with apoptosis induced by death receptors.22 ± 24 The other is
initiated by caspase-9 activation which is triggered by
cytochrome c release from mitochondria.25 ± 27 Two recent

Figure 10 Exogenous ceramide-induced changes in protein levels of Bcl-2
and Bax, and processing of caspases-3 and -9 in C6 cells. After C6 cells were
treated with 25 mM C2-ceramide (A) or 50 mM C6-ceramide (B) for indicated
periods, cellular proteins were subjected to SDS ± PAGE and immunoblotted
with antibodies against Bcl-2 family as described in Materials and Methods.
Cellular proteins from C6 cells exposed to 25 mM C2-ceramide were separated
by SDS ± PAGE and immunoblotted with antibodies against caspases (C) as
described in Materials and Methods. Results are representative of two
separate experiments with compatible outcomes

Figure 9 Effects of a caspase inhibitor, GSH or NAC, and PDMP on Bcl-2
and Bax expression induced by etoposide. C6 cells were preincubated with z-
VAD×FMK, GSH or NAC, or PDMP, before exposure to 40 mM etoposide (VP-
16) for 24 h. (A) Effect of 200 mM z-VAD×FMK. (B) Effect of 25 mM GSH or
25 mM NAC. (C) Effect of 100 mM PDMP. Cellular proteins were separated by
SDS ± PAGE and immunoblotted with antibodies against Bcl-2, Bax or actin as
described in Materials and Methods. Results are representative of two
separate experiments with compatible outcomes
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studies on etoposide-induced apoptosis using Jurkat T cells46

and human leukemia cells47 have highlighted that procas-
pase-9 functions as an initiator caspase in the presence of
dATP and cytochrome c. Its long N-terminal domain interacts
with Apaf-1 resulting in processing and activation of caspase-
9. Active caspase-9 then activates the effector caspase-3,
thereby leading to PARP cleavage and DNA ladder. In
agreement with these findings, our present study demon-
strated that cytochrome c is released into the cytosol following
the induction of apoptosis by etoposide and then caspases-9
and -3 are activated as initiator and effector caspases,
respectively.

Ceramide has recently emerged as a novel second
messenger for intracellular signaling pathways responding
to various extracellular stimuli,6 ± 8 although the role of
ceramide in apoptosis is still controversial.13 ± 17 Several
lines of evidence indicate that ceramide is produced from
SM by the action of endogenous neutral and/or acid
SMase.48 SM hydrolysis is shown to be induced not only

by a variety of cytokines, including TNF-a, interferon-g,
interleukin-1b, nerve growth factor, and cross-linking of
Fas, but also by physical stresses such as radiation and
heat shock. To be noted, a chemotherapeutic agent has
been demonstrated to induce formation of ceramide
through SM hydrolysis.35 It has been reported that
ceramide plays an important role in apoptotic cell death
pathway in glial and neuronal cells,10 ± 12,18 as observed in
many types of cells.7 ± 9

In the present study, etoposide caused accumulation of
ceramide by activation of neutral SMase. Moreover,
inhibition of etoposide-induced ceramide formation by
GSH or NAC prevented apoptosis. In contrast, enhance-
ment of ceramide formation by PDMP potentiated
apoptosis. Furthermore, exogenous ceramide caused
apoptosis, implying its apoptotic mediator role in C6
glioma cells. The inhibitors used (GSH, NAC, PDMP) may
have other effects than we know and therefore each result
cannot provide straightforward evidence regarding the role
of ceramide. However, the combined weight of these data
suggest that ceramide derived from SM hydrolysis functions
as an important mediator of glial apoptosis induced by
etoposide.

Lavie et al 49,50 demonstrated that multidrug-resistant
human breast cancer cells exhibited marked accumulation
of glucosylceramide compared with the parental cells.
Tamoxifen, an agent that increases the sensitivity of
multidrug-resistant cells to the toxic influence of previously
less effective drugs, has been reported to inhibit GlcT-1,
resulting in a decrease in the level of glucosylceramide with
a reciprocal increase in the ceramide content. Therefore,
these results suggest the possibility that regulation of
ceramide levels may affect sensitivity of cancer cells to
anticancer drugs.

The changes in the intracellular ceramide content by
PDMP and GSH or NAC are positively correlated with
etoposide-induced activation of caspase-3. Exogenous C2-
and C6-ceramide caused apoptosis of C6 cell with
activation of caspases-9 and -3. These results indicate
that ceramide accumulation occurs upstream of caspase
activation. Moreover, etoposide-induced ceramide accu-
mulation was well correlated with changes of the Bax/Bcl-
2 ratio. Therefore, it is tempting to speculate that
ceramide modulates the activity of executor caspase-3
via changes of the Bax/Bcl-2 ratio and release of
cytochrome c.

Recently, Dbaido et al 51 have demonstrated evidence
that p53 may function upstream of ceramide accumulation
in p53-dependent apoptotic pathways. On the other hand,
p53 has been thought to differentially regulate two of the
Bcl-2 family members that control apoptosis: Bax, an
accelerator of apoptosis, is upregulated and Bcl-2, a
suppressor of apoptosis, is downregulated.39,41 In the bax
promoter region, sequence-specific p53 binding sites are
identified. DNA damaging agents including etoposide is
known to induce expression of p53. We have observed
induction of p53 expression in response to etoposide, but
not to exogenous ceramide in C6 glioma cells (unpublished
observation). Therefore, exogenous ceramide stimulated
the decrease of Bcl-2 content but was unable to increase

Figure 11 A hypothetical scheme of etoposide-induced apoptotic cell death
of glioma cells. Etoposide induces activation of neutral SMase, which causes
SM hydrolysis and production of ceramide. The ceramide accumulation
triggers downregulation of Bcl-2 and may enhance, if any, the p53-dependent
induction of Bax. This increase in Bax/Bcl-2 ratio leads to activation of
caspases-9 and -3 through release of mitochondrial cytochrome c, thereby
leading to apoptosis. Exogenous C2- and C6-ceramide mimic etoposide-
induced ceramide pathway
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Bax level. In other words, ceramide is the primary mediator
of Bcl-2 downregulation, but may only act to upregulate
Bax, if at all, in a p53-dependent manner. The possible
mechanism of Bcl-2 reduction by ceramide has recently
been reported by Schiavone et al 52 that ceramide
destabilizes Bcl-2 mRNA via the adenine- and uracil-rich
element (ARE).

GSH and NAC, known as inhibitors for neutral sphingomye-
linase42 ± 44 and also reducing agents, inhibited changes of
Bax/Bcl-2 ratio and caspase activation in response to
etoposide. Although the exact molecular mechanism is not
disclosed, p53-dependent formation of reactive oxygen
species (ROS) has been demonstrated.53 ± 55 Li et al55 has
recently reported that this p53-dependent formation of ROS
triggers the changes of mitochondrial membrane potential.
Moreover, the recently cloned human neutral SMase is
shown to be inhibited by GSH.56,57 Indeed, Dbaido et al 51

have recently demonstrated evidence that p53 may function
upstream of ceramide accumulation in p53-dependent
apoptotic pathways. It is tempting to speculate that p53-
dependent formation of ROS may reduce intracellular GSH
level which turns neutral SMase on in etoposide-treated C6
glioma cells. Further studies are necessary to verify this
hypothesis.

In summary, we would like to propose a hypothetical
signaling sequence during etoposide-induced glial apop-
tosis (Figure 11). Etoposide causes accumulation of
ceramide derived from SM hydrolysis by neutral
SMase. The ceramide accumulation triggers downregula-
tion of Bcl-2 and may enhance, if any, p53-dependent
induction of Bax. This increase in Bax/Bcl-2 ratio leads
to activation of caspases-9 and -3 through release of
mitochondrial cytochrome c. Therefore, further under-
standing of the ceramide pathway, especially mechan-
isms of SMase activation and identification of direct
targets of ceramide, during etoposide-induced apoptosis
in glioma cells may give us a novel approach to treat
malignant gliomas.

Materials and Methods

Materials

Dulbecco's modified Eagle's medium (DMEM) was purchased from
Nipro (Osaka, Japan). Penicillin/streptomycin was from Gibco-BRL
(Grand Island, NY, USA). Fetal bovine serum (FBS) was from
Irvine Scientific (Santa Ana, CA, USA). Hoechst 33258
(bisbenzimide) staining dye, NAC, and Isogen were from Wako
(Osaka, Japan). Immobilon-P membranes were from Millipore
(Bedford, MA, USA). Reverse transcriptase was from Promega
(Madison, WI, USA). Taq DNA polymerase was from Perkin Elmer
Japan (Tokyo, Japan). The tetrapeptide substrates for caspase-1,
Ac-DMQD-MCA, and for caspase-3, Ac-DEVD-MCA, and a
protease inhibitor E-64 were obtained from Peptide Institute
(Osaka, Japan). GSH and Escherichia coli diacylglycerol kinase
were from Sigma (St. Louis, MO, USA). PDMP, an inhibitor of
GlcT-1, C2-, and C6-ceramides were purchased from Matreya
(Chalfont, PA, USA). [g-32P]ATP and ECL Western blotting
detection reagents were from Amersham (Buckinghamshire, UK).
[3-14C]Serine (49 mCi/mmol) was from ICN Pharmaceuticals, Inc.
(Irvine, CA, USA). High performance thin-layer chromatography

(HPTLC) plates were from Merck (Darmstadt, Germany). The
broad spectrum caspase inhibitor, z-VAD×FMK was from Enzyme
Systems Products (Dubin, CA, USA). Etoposide was supplied from
Nippon-Kayaku (Tokyo, Japan). The primary antibodies used were
anti-rat-Bcl-2 monoclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-mouse Bax polyclonal antibody (P-
19: Santa Cruz Biotechnology), anti-rat ICE (procaspase-1)
monoclonal antibody (Santa Cruz Biotechnology), anti-caspase-9
monoclonal antibody (Santa Cruz Biotechnology), anti-cytochrome
c polyclonal antibody (Santa Cruz Biotechnology), and anti-mouse
actin monoclonal antibody (Calbiochem-Novabiochem Interna-
tional). BCA protein assay reagents were obtained from Pierce
(Rockford, IL, USA). Other chemicals were of the highest quality
available.

Cell culture

C6 cells and U87-MG cells were obtained from Human Science
Research Resources Bank (Osaka, Japan). The cells were
maintained in DMEM supplemented with 10% (v/v) FBS, 100
units/ml penicillin and 100 mg/ml streptomycin in a humidified
atmosphere containing 5% CO2 at 378C. Prior to treatment with
etoposide, C2-, and C6-ceramide, the cells were plated at a density
of 56104/ml and incubated for 2 days. For treatment with C2- and
C6-ceramide, cells were then rinsed twice with phosphate-buffered
saline (PBS) and cultured in DMEM medium without FBS for 24 h.
Then, 25 mM C2-ceramide or 50 mM C6-ceramide was delivered into
the culture medium without FBS.18 For preincubation with z-
VAD×FMK or PDMP, these agents were delivered in the medium
1 h before exposure to etoposide. Preincubation with GSH or NAC
was performed for 1 day before etoposide treatment. Adequate
concentration of each agent was determined from dose-response
curves versus the extent of cell death (data not shown). Etoposide
was dissolved in dimethyl sulfoxide (DMSO) at 10 mM and stored
at room temperature. It was diluted in the complete medium before
each experiment.

Fluorescent microscopy

Apoptotic cells stained with Hoechst 33258 were quantified by
fluorescent microscopic analysis.58 Briefly, cells treated with etopo-
side were harvested and fixed in 1% glutaraldehyde for 30 min. The
cells were rinsed with PBS and stained with 10 mM Hoechst 33258 for
10 min. Nuclear morphology was observed under a fluorescent
microscope (Olympus BX60, Tokyo, Japan).

Measurement of cellular ceramide level by
diacylglycerol kinase assay

Cellular ceramide level was measured as previously described.58

Briefly, lipids extracted from cells were first treated in 0.1 M KOH in
chloroform:methanol (1 : 2, v/v) at 378C for 1 h. Ceramide was
converted to ceramide 1-[32P]phosphate by E. coli diacylglycerol
kinase in the presence of [g-32P]ATP, and then lipids were separated
o n H P T L C p l a t e s i n a s o l v e n t s y s t e m o f c h l o r o -
form:acetone:methanol:acetic acid:water (50 : 20 : 15 : 10 : 5, v/v).
Following autoradiography, spots corresponding to ceramide 1-
phosphate were scraped into vials and the radioactivity was counted
in a scintillation counter (Beckman LS-6500). Quantitation of ceramide
was based on a standard curve of known amounts of ceramide. The
changes in ceramide content were normalized based on total protein.
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Measurement of [14C]ceramide and [14C]SM in
[14C]serine-labeled cells

To label sphingolipid, C6 cells (56105 cells/10 ml) were cultured for
72 h in the medium containing 25 mCi of [14C]serine. Lipids were
extracted as described previously58 and the lower phase was
collected and evaporated under a flow of nitrogen gas. The extracted
lipids were incubated in 0.1 M KOH in chloroform:methanol (1 : 2, v/v)
at 378C for 1 h. Samples were then separated on HPTLC plates using
the solvent system of chloroform : methanol : water (70 : 30 : 50, v/v) for
SM or chloroform : methanol (95 : 5, v/v) for ceramide. Following
autoradiography, spots were scraped and the radioactivity was
determined by liquid scintillation counter (Beckman LS-6500). The
changes in ceramide content were normalized based on total protein.

SMase assay

Membrane and cytosolic fractions were prepared from cells after
exposure to etoposide. Briefly, cells were washed in ice-cold PBS and
homogenized in lysis buffer (25 mM Tris/HCl, pH 7.5, 2 mM EDTA,
2 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, and 20 mg/ml E-64)
with 20 strokes in a glass homogenizer with a Teflon pestle
(Iuchiseieido, Tokyo, Japan). The post-nuclear homogenate was
centrifuged at 100 0006g for 1 h and the pellet was resuspended in
lysis buffer. The activities of both neutral and acid SMases were
determined using a mixed micelle assay system as described.59 For
determining neutral SMase activity, the membrane fractions (20 mg
protein) were mixed with [methyl-14C]SM (40 000 c.p.m. in 1 nmol of
bovine brain SM in 0.25% Triton X-100 solubilized by sonication) in
0.1 M Tris/HCl buffer (pH 7.4) containing 6 mM MgCl2. After
incubation for 30 min at 378C, the reaction was stopped by the
addition of 1.5 ml of chloroform : methanol (2 : 1, v/v) followed by 0.2 ml
of H2O. After phase separation, a portion of the upper phase was
transferred to scintillation vials and the radioactivity was determined by
liquid scintillation counting. Negative controls containing no enzyme
was run concomitantly. Acid SMase activity in membrane was
measured as above except that the Tris/HCl buffer was replaced
with 0.1 M sodium acetate buffer (pH 5.5) containing 5 mM EDTA.

Activity of caspase proteases

Cells were harvested after exposure to etoposide for indicated periods
of time and washed three times with PBS, and then suspended in
buffer containing 50 mM Tris/HCl (pH 7.4), 1 mM EDTA and 10 mM
EGTA. After addition of 10 mM digitonin, cells were incubated at 378C
for 10 min. Lysates were centrifuged at 9006g for 3 min, and the
resulting supernatant (40 mg protein) was incubated with 50 mM of
enzyme substrate at 378C for 1 h. Levels of released 7-amino-4-
methylcoumarin (AMC) were measured using spectrofluorometers
(Hitachi F-3000 and F-2000, Japan) with excitation at 380 nm and
emission at 460 nm.56 Excitation and emission slit widths were
adjusted to 10 and 20 mm, respectively. One unit was defined as the
amount of enzyme required to release 0.22 nmol AMC per min at
378C.

RNA extraction and reverse transcription-
polymerase chain reaction (RT ± PCR)

Total RNA was isolated from C6 cells with Isogen, according to the
manufacturer's instruction. RNA (2 mg) was reverse transcribed using
random hexamer-mixed primers. Primer sets for rat bcl-2 and bax were

newly designed; 5'-GAACACCAGAATCAAGTGTTCG-3' (sense) and
5'-TCAGGTGGACCACAGGTGGC-3' (antisense) for bcl-2,59 and 5'-
AGGGTTTCATCCAGGATCGAGC-3' (sense) and 5'-AGGCGGTGAG-
GACTCCAGCC-3' (antisense) for bax.60 The PCR primer set for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was prepared
according to the previous report.61 The temperatures used for PCR
were as follows: denaturation at 948C for 30 s; annealing at 588C for
1 min; and extension 728C for 1 min. The numbers of amplification
cycles were determined to individual primer sets in order to maintain
exponential rate of product amplification. The number of cycles
determined for GAPDH was 22, for bax was 26, and for bcl-2 was 30,
respectively. Amplified DNA fragments were subjected to electrophor-
esis on 1.5% agarose gel and visualized by ethidium bromide staining.
The intensity of bands was quantified by a densitometer (Atto
Densitograph, Tokyo, Japan).

Preparation of cytosolic fraction for measurement
of cytochrome c release

Cytosolic extracts were prepared according to the previous report.29

Briefly, cells were collected at the indicated times and washed twice
with ice-cold PBS and resuspended in 100 ml of extraction buffer
(50 mM HEPES-KOH, pH 7.4, 220 mM mannitol, 68 mM sucrose,
50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM dithiothreitol, 1 mM
phenylmetylsulfonyl fluoride, and 1 mM E-64). After incubation on ice
for 20 min, cells were homogenized with 20 strokes in a glass
homogenizer with a Teflon pestle. Nuclei were removed by
centrifugation at 10006g for 10 min at 48C in a microcentrifuge.
Supernatants were then further centrifuged at 10 0006g for 15 min at
48C. The supernatant was further clarified by centrifugation at
100 0006g for 60 min at 48C.

Western blot analysis

For the analysis of processing of procaspases, cells were solubilized
with ice-cold lysis buffer containing 1% Triton X-100, 50 mM NaCl,
25 mM HEPES (pH 7.4), 1 mM EDTA, 1 mM EGTA, 1 mM
phenylmethylsulfonyl fluoride, and 10 mg/ml E-64. Insoluble materials
were removed by centrifugation at 10006g for 10 min at 48C in a
microcentrifuge. Supernatants were then further centrifuged at
10 0006g for 15 min at 48C. The supernatant was further clarified
by centrifugation at 100 0006g for 60 min at 48C.

Western blot analysis

For the analysis of processing of procaspases, cells were solubilized
with ice-cold lysis buffer containing 1% Triton X-100, 50 mM NaCl,
25 mM HEPES (pH 7.4), 1 mM EDTA, 1 mM EGTA, 1 mM
phenylmethylsulfonyl fluoride, and 10 mg/ml E-64. Insoluble materials
were removed by centrifugation at 10 0006g for 10 min. Extracted
proteins (60 mg/well) were separated by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS ± PAGE) on 13% polyacry-
lamide gels, and were electrophoretically transferred onto Immobilon-
P membrane. Blocking was performed in Tris-buffered saline
containing 5% skimmed-milk powder and 0.1% Tween-20. The
membranes were probed with antibodies against CPP32 (procas-
pase-3), ICE (procaspase-1), caspase-9, cytochrome c, Bcl-2, Bax, or
actin proteins. Detection was performed with ECL system. Protein
content was determined with BCA protein assay using bovine serum
albumin as a standard.
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Statistical analysis

Data are expressed as means+S.D. Significance was assessed by
one-way or two-way ANOVA, followed by Scheffe's post-hoc test. P
values less than 0.01 was considered as significant.

Acknowledgements
This work was supported in part by Grants-in-Aid for Scienti®c Research
on Priority Areas (10212204), Grant-in-Aids for Scienti®c Research (B)
(09480162) and (C) (10670136) from The Ministry of Education, Science,
Sports and Culture of Japan, Special Coordination Funds for Promoting
Science and Technology from The Science and Technology Agency of
Japan, and The Naito Foundation.

References

1. Sun XM, Snowden RT, Skilleter DN, Dinsdale D, Ormerod MG and Cohen GM

(1992) A flow-cytometric method for the separation and quantitation of normal

and apoptotic thymocytes. Anal. Biochem. 204: 351 ± 356

2. Roy C, Brown DL, Little JE, Valentine BK, Walker PR, Sikorska M, Leblanc J and

Chaly N (1992) The topoisomerase II inhibitor teniposide (VM-26) induces
apoptosis in unstimulated mature murine lymphocytes. Exp. Cell Res. 200: 416 ±

424

3. Kaufmann SH (1989) Induction of endonucleotic DNA cleavage in human acute

myelogenous leukemia cells by etoposide, camptothecin, and other cytotoxic

anticancer drugs: a cautionary note. Cancer Res. 49: 5870 ± 5878

4. Lennon SV, Martin SJ and Cotter TG (1990) Induction of apoptosis (programmed

cell death) in tumor cell lines by widely divergingstimuli. Biochem. Soc.Trans. 18:

343 ± 345

5. Okazaki T, Bieloawska A, Bell RM and Hannun YA (1990) Role of ceramide as a

lipid mediator of 1a, 25-dihydroxy vitamin D3-induced HL-60 cell differentiation.

J. Biol. Chem. 265: 15823 ± 15831

6. Hannun YA (1996) Functions of ceramide coordinating cellular responses to

stress. Science 274: 1855 ± 1859

7. Kolenick R and Golde D (1994) The sphingomyelin pathway in tumor necrosis

factor and interleukin-1 signaling. Cell 77: 325 ± 328

8. Susin SA and Kroemer G (1997) The central executioner of apoptosis: multiple

concentrations between protease activation and mitochondria in Fas/APO-1/

CD95- and ceramide-induced apoptosis. J. Exp. Med. 186: 25 ± 37
9. Wiesner DA, Kilkus JP, Gottschalk AR, Quintans J and Dawson G (1997) Anti-

immunoglobin-induced apoptosis in WEHI-231 cells involves the slow formation

of ceramide from sphingomyelin and is blocked by Bcl-XL. J. Biol. Chem. 272:

9868 ± 9876

10. Wiesner DA and Dawson G (1996) Staurosporine induces programmed cell

death in embryonic neurons and activation of the ceramide pathway. J.

Neurochem. 66: 1418 ± 1425

11. Scurlock B and Dawson G (1999) Differential responses of oligodendrocytes to

tumor necrosis factor and other pro-apoptotic agents: role of ceramide in

apoptosis. J. Neurosci. Res. 55: 514 ± 522

12. Mangoura DM and Dawson G (1998) Programmed cell death in cortical chick

embryo astrocytes is associated with activation of protein kinase PK 60 and

ceramide formation. J. Neurochem. 70: 130 ± 138

13. Sillence DJ and Allen D (1997) Evidence against an early signaling role for

ceramide in Fas-mediated apoptosis. Biochem. J. 324: 29 ± 34

14. Watts JD, Gu M, Polverino AJ, Patterson SD and Aebersold R (1997) Fas-

induced apoptosis of T cells occurs independently of ceramide generation. Proc.

Natl. Acad. Sci. USA 94: 7292 ± 7296

15. Hsu SC, Wu CC, Luh TY, Chou CK, Han SH and Lai MZ (1998) Apoptotic signal of
Fas is not mediated by ceramide. Blood 91: 2658 ± 2663

16. Watts JD, Gu M, Patterson SD, Aebersold R and Polverino AJ (1999) On the

complexities of ceramide changes in cells undergoing apoptosis: lack of

evidence for a second messenger function in apoptosis induction. Cell Death

Differ. 6: 105 ± 114

17. Watts JD, Aebersold R, Polverino AJ, Patterson SD and Gu M (1999) Ceramide

second messengers and ceramide assays. Trends Biochem. Sci. 24: 228

18. Yoshimura S, Sakai H, Ohguchi K, Nakashima S, Banno Y, Nishimura Y, Sakai N

and Nozawa Y (1997) Changes in the activity and mRNA levels of phospholipase

D during ceramide-induced apoptosis in rat C6 glial cells. J. Neurochem. 69:

713 ± 720

19. Sanchez C, Galve-Roperh I, Canova C, Brachet P and Guzman Z (1998) Delta 9-

tetrahydrocannabiol induced apoptosis in C6 glioma cells. FEBS Lett. 436: 6 ± 10
20. Kumar S (1995) ICE-like proteases in apoptosis. Trends Biochem. Sci. 20: 198 ±

202

21. Alnemri ES, Livingstone DJ, Nicholson DW, Salvesen NA, Thornberry NA, Wong

WW and Yuan J (1996) Human ICE/CED-3 protease nomenclature. Cell 87: 171

22. Boldin MP, Goncharov TM, Goltsev YV and Wallach D (1996) Involvement of

MACH, a novel MORT 1/FADD-interacting protease, in Fas/APO-1- and TNF

receptor-induced cell death. Cell 85: 803 ± 815

23. Muzio M, Chinnaiyan AM, Kischkel FC, O'Rourke K, Shevchenko A, Scaffi C,

Bretz JD, Zhang M, Ni J, Gentz R, Mann M, Krammer PH, Peter ME and Dixit VM

(1996) FLICE, a novel FADD-homologous ICE/CED-3-like protease, is recruited

to the CD95 (Fas/APO-1) death-inducing signaling. Cell 85: 817 ± 827

24. Srinivasula SM, Ahmad M, Fernandes-Alnemri T, Litwack G and Alnemri ES

(1996) Molecular ordering of the Fas-apoptotic pathway: the Fas/APO-1

protease Mch5 is a CrmA-inhibitable protease that activates multiple ced-3/ICE-

like cysteine proteases. Proc. Natl. Acad. Sci. USA 93: 14486 ± 14491

25. Zou H, Li Y, Liu X and Wang X (1999) An Apaf-1 cytochrome c multimeric

complex is a functional apoptosome that activates procaspase-9. J. Biol. Chem.

274: 11549 ± 11556
26. Zou H, Hezel WJ, Liu X, Lutschg A and Wang X (1997) Apaf-1, a human protein

homologous to C. elegans CED-4, participates in cytochrome c-dependent

activation of caspase-3. Cell 90: 405 ± 413

27. Srinvasula SM, Ahmad M, Fernandes-Almeri T and Alnemri ES (1998)

Autoactivation of procaspase-9 by Apaf-1 mediated oligomerization. Mol. Cell

1: 949 ± 957

28. Kluck RM, Bossy-Wetzel E, Green DR and Newmeyer DD (1997) The release of

cytochrome c from mitochondria: a primary site for Bcl-2 regulation of apoptosis.

Science 275: 1132 ± 1136

29. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI, Jones DP and Wang X

(1997) Prevention of apoptosis by Bcl-2: release of cytochrome c from

mitochondria blocked. Science 275: 1129 ± 1132

30. Bossy-WetzelE, NewmeyerDD andGreen DR(1998)Mitochondrial cytochrome

c release in apoptosis occurs upstream of DEVD-specific caspase activation and

independently of mitochondrial transmembrane depolarization. EMBO J. 17:

37 ± 49

31. Farrow SN and Brown R (1996) New members of Bcl-2 family and their protein

partners. Curr. Opin. Genet. Dev. 6: 45 ± 49
32. Kroemer G (1997) The proto-oncogene Bcl-2 and its role in regulating apoptosis.

Nature Med. 3: 614 ± 620

33. Boise L, Gonzalez-Garcia M, Postema CE, Ding L, Lindsten T, Turka LA, Mao X,

Nunez G and Thompson CB (1993) Bcl-x, a bcl-2-related gene that functions as a

dominant regulator of apoptotic cell death. Cell 74: 597 ± 608

34. Kamesaki S, Kamesaki H, Jorgensen TJ, Tanizawa A, Pommier Y and Cossman

J (1993) Bcl-2 protein inhibits etoposide-induced apoptosis through its effects on

events subsequent to topoisomerase II-induced DNA strand breaks and their

repair. Cancer Res. 53: 4251 ± 4256

35. Kondo S, Yin D, Takeuchi J, Morimura T, Oda Y and Kikuchi H (1994) Bcl-2 gene

enables rescue from in vitro myelosuppression (bone marrow cell death) induced

by chemotherapy. Br. J. Cancer 70: 421 ± 426

36. Jaffrezou JP, Levade T, Bettaieb A, Andrieu N, Bezombes C, Maestre N,

Vermeersch S, Rousse A and Laurent G (1996) Daunorubicin-induced

apoptosis: triggering of ceramide generation through sphingomyelin hydro-

lysis. EMBO J. 15: 2417 ± 2424

37. Harel R and Futerman AH (1993) Inhibition of sphingolipid synthesis affects

axonal outgrowth in cultured hippocampal neurons. J. Biol. Chem. 268: 14476 ±

14481
38. Posse de Chaves EI, Bussiere M, Vance DE, Campenot RB and Vance JE (1997)

Elevation of ceramide within distal neurites inhibits neurite growth in cultured rat

sympathetic neurons. J. Biol. Chem. 272: 3028 ± 3035

Cell Death and Differentiation

Ordering of ceramide formation, caspase activation, and Bcl-2 family
M Sawada et al

771



39. Miyashita T, Krajewski S, Krajewski M, Wang HG, Lin HK, Liebermann DA,

Hoffman B and Reed JC (1994) Tumor suppressor p53 is a regulator of bcl-2 and

bax gene expression in vitro and in vivo. Oncogene 9: 1799 ± 1805

40. Tamatani M, Ogawa S, Nunez G and Tohyama M (1998) Growth factors prevent

changes in Bcl-2 and Bax expression and neuronal apoptosis induced by nitric

oxide. Cell Death Differ. 5: 911 ± 919

41. Selvakumaran M, Lin HK, Miyashita T, Wang HG, Krajewski S, Reed JC,

Hoffman B and Liebermann D (1994) Immediate early up-regulation of bax
expression by p53 but TGF b1: a paradigm for distinct apoptotic pathways.

Oncogene 9: 1791 ± 1798

42. Liu B, Andrieu-Abadie N, Levade T, Zhang P, Obeid LM and Hannun YA (1998)

Glutathione regulation of neutral sphingomyelinase in tumor necrosis factor-a-

induced cell death. J. Biol. Chem. 273: 11313 ± 11320

43. Sigh I, Pahan K, Khan M and Singh A (1998) Cytokine-mediated induction of

ceramide production is redox-sensitive. J. Biol. Chem. 273: 20354 ± 20362

44. Yoshimura S, Banno Y, Nakashima S, Hayashi K, Yamakawa H, Sawada M,

Sakai N and Nozawa Y (1999) Inhibition of neutral sphingomyelinase activation

and ceramide formation by glutathione in hypoxic PC 12 cell death. J.

Neurochem. 73: 675 ± 683

45. Komori H, Ichikawa S, Hirabayashi Y and Ito M (1999) Regulation of intracellular

ceramide content in B16 melanoma cells. J. Biol. Chem. 274: 8981 ± 8987

46. Sun XM, MacFarlane M, Zhuang J, Wolf BB, Green DR and Cohen GM (1999)

Distinct caspase cascades are initiated in receptor-mediated and chemical-

induced apoptosis. J. Biol. Chem. 274: 5053 ± 5060

47. Perkins C, Kim CN, Fang G and Bhalla KN (1998) Overexpression of Apaf-1

promotes apoptosis of untreated and paclitaxel- or etoposide-treated HL-60
cells. Cancer Res. 58: 4561 ± 4566

48. Schmandner R, Wiegmann K, Bernardo K, Kreder D and Kronke M (1998) TNF

receptor death domain-associated proteins TRADD and FADD signal activation

of acid sphingomyelinase. J. Biol. Chem. 273: 5916 ± 5922

49. Lavie Y, Cao H, Bursten SL, Giuliano AE and Cabot MC (1996) Accumulation of

glycosylceramides in multidrug-resistant cancer cells. J. Biol. Chem. 271:

19530 ± 19536

50. Lavie Y, Cao H, Volner A, Lucci A, Han T, Geffen V, Giuliano AE and Cabot MC

(1997) Agents that reverse multidrug resistance, tamoxifen, verapamil, and

cyclosporin A, block glycosphingolipid metabolism by inhibiting ceramide

glycosylation in human cancer cells. J. Biol. Chem. 272: 1682 ± 1687

51. Dbaido GS, Pushkareva MY, Rachid RA, Alter N, Smyth MJ, Obeid LM and

Hannun YA (1998) p53-dependent ceramide response to genotoxic stress. J.

Clin. Invest. 102: 329 ± 339

52. Schiavone N, Rosini P, Quattrone A, Donnini M, Lapucci A, Ciiti L, Bevilacqua A,

Nicolon A and Capaccioli S (2000) A conserved AU-rich element in the 3'
untranslated region of bcl-2 mRNA is endowed with a destabilizing function that is

involved in bcl-2 down-regulation during apoptosis. FASEB J. 14: 174 ± 184

53. Johnson TM, Yu XZ, Ferrans VJ, Lowenstein RA and Finkel T (1996) Reactive
oxygen species are downstream mediators of p53-dependent apoptosis. Proc.

Natl. Acad. Sci. USA 93: 11848 ± 11852

54. Polyak K, Xia Y, Zweier JL, Kinzler KW and Vogelstein B (1997) A model for p53-

induced apoptosis. Nature 389: 300 ± 305

55. Li PF, Diets R and von Harsdorf R (1999) p53 regulates mitochondrial membrane

potential through reactive oxygen species and induces cytochrome c-

independent apoptosis blocked by Bcl-2. EMBO J. 18: 6027 ± 6036

56. Tomiuk S, Zumbansen M and Stoffe W (2000) Characterization and subcellular

localization of murine and human magnesium-dependent neutral sphingomye-

linase. J. Biol. Chem. 275: 5710 ± 5717

57. Chatterjee S, Han H, Rollins S and Cleveland T (1999) Molecular cloning,

characterization, and expression of a novel human neutral sphingomyelinase. J.

Biol. Chem. 274: 37407 ± 37412

58. Yoshimura S, Banno Y, Nakashima S, Takenaka K, Sakai H, Nishimura Y, Sakai

N, Shimizu S, Eguchi Y, Tsujimoto Y and Nozawa Y (1998) Ceramide formation

leads to caspase-3 activation during hypoxic PC12 cell death. J. Biol. Chem. 273:

6921 ± 6927

59. Sato T, Irie S, Krajewski S and Reed JC (1994) Cloning and sequencing of a
cDNA encoding the rat Bcl-2 protein. Gene 140: 291 ± 292

60. Oltvai ZN, Milliman CL and Korsmeyer SJ (1993) Bcl-2 heterodimerizes in vivo

with a conserved homolog, Bax, that accelerates programmed cell death. Cell 74:

609 ± 619

61. Weir L, Chen D, Pastore C, Isner JM and Walsh K (1995) Expression of gax, a

growth arrest homeobox gene, is rapidly down-regulated in the rat carotid artery

during the proliferative response to balloon injury. J. Biol. Chem. 270: 5457 ±

5461

Cell Death and Differentiation

Ordering of ceramide formation, caspase activation, and Bcl-2 family
M Sawada et al

772


	Ordering of ceramide formation, caspase activation, and Bax/Bcl-2 expression during etoposide-induced apoptosis in C6 glioma cells
	Introduction
	Results
	Etoposide induced apoptotic cell death in C6 cells
	Activation of SMase and formation of ceramide during etoposide-induced cell death
	Caspase activation and cytochrome c release from mitochondria by etoposide
	Changes in mRNA and protein levels of Bcl-2 and Bax during etoposide-treatment
	Inhibition of etoposide-induced apoptosis and activation of caspase-3, but not ceramide formation by a caspase inhibitor
	Ceramide content affects etoposide-induced apoptosis and activation of caspase-3
	Regulation of Bax/Bcl-2 expression by ceramide content but not by caspase-3 activity
	Regulation of Bax/Bcl-2 expression and caspase activation by exogenous ceramide

	Discussion
	Materials and Methods
	Materials
	Cell culture
	Fluorescent microscopy
	Measurement of cellular ceramide level by diacylglycerol kinase assay
	Measurement of [14C]ceramide and [14C]SM in [14C]serine-labeled cells
	SMase assay
	Activity of caspase proteases
	RNA extraction and reverse transcription-polymerase chain reaction (RT–PCR)
	Preparation of cytosolic fraction for measurement of cytochrome c release
	Western blot analysis
	Western blot analysis
	Statistical analysis

	Acknowledgements
	Note
	References


