
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

The role of ceramide in apoptosis

Tepper, A.D.

Publication date
2000

Link to publication

Citation for published version (APA):
Tepper, A. D. (2000). The role of ceramide in apoptosis. [Thesis, externally prepared,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/the-role-of-ceramide-in-apoptosis(54090edf-5da0-4b50-982c-a2e3a571a5b3).html


Chapter T 1 

Ordering of ceramide formation, caspase activation, 
and mitochondrial changes during CD95- and 

DNA damage-induced apoptosis. 

Annemiek D. Tepper 
Evert de Vries 

Wim ]. van Blitterswijk 
Jannie Borst 

reprinted from The Journal of Clinical Investigation 
(1999) 103:971 





CERAMIDE PRODUCTION DURING THE EXECUTION PHASE 
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To evaluate the role of ceramide (Cer) in apoptosis signaling, we examined Cer formation induced by 
CD95, etoposide, or y-radiation (IR) in relation to caspase activation and mitochondr ia l changes in 
Ju rka t T cells. The Cer response to all three st imuli was mapped in between caspases sensitive to ben-
zoyloxycarbonyl-VAD-fluoromethylketone (zVAD-fmk) and acetyl-DEVD-aldehyde (DEVD-CHO). Cer 
p roduc t ion was independent of nuclear f ragmentat ion bu t associated with the occurrence of o the r 
aspects of the apoptot ic morphology. Caspase-8 inhibi t ion abrogated Cer formation and apoptos is 
induced by CD95 but did not affect the response to etoposide or IR, placing CD9S-induced Cer forma
tion downstream from caspase-8 and excluding a role for caspase-8 in the DNA damage pathways. CD95 
signal ing to the mi tochondr ia required caspase-8, whereas cytochrome c release in response to DNA 
damage was caspase-independent. These results indicate that the caspases required for the Cer response 
to etoposide and IR reside at or downstream from the mitochondria . Bcl-2 overexpression abrogated 
the Cer response to etoposide and IR and reduced CD95-induced Cer accumulation. We conclude that 
the Cer response to DNA damage fully depends on mi tochondr ion-dependent caspases, whereas the 
response to CD95 partially relies on these caspases. Our data imply that Cer is no t ins t rumenta l in the 
act ivat ion of inducer caspases or signaling to the mitochondria . Rather, Cer formation is associated 
with the execution phase of apoptosis. 

J. Clin. Invest. 103:971-978 (1999). 

Introduction 
Elevation of intracellular ceramide (Cer) levels occurs in 
response to a variety of apoptotic stimuli, including lig
ation of death receptors and anti-cancer regimens (1). 
However, the mechanisms that convey activation signals 
to the enzyme responsible for Cer production are ill 
defined, and the actual contribution of Cer to the apop
totic response remains poorly understood. 

Neutral and acid sphingomyelinases (SMases) have 
been implicated in the Cer response induced by tumor 
necrosis factor receptor-1 (TNFR-1) (2), CD95 (3, 4), y-
radiation (IR) (5), and anti-cancer drugs (6), while a role 
for increased de novo Cer synthesis in anci-cancer, drug-
induced Cer formation is controversial (6, 7). Cer for
mation was shown to be secondary to caspase activation 
in the CD9S (8,9), TNFR-1 (10), and Drosophila REAPER 
pathways (11). However, we have recently shown that 
CD95-mduced Cer production still occurs when caspas
es and nuclear segmentation sensitive to acetyl-DEVD-
aldehyde (DEVD-CHO) are inhibited (12). We therefore 
consider the possibility that Cer contributes to the effec
tor phase of apoptosis. 

Death receptors such as TNFR-1 and CD95 activate 
death effector domain (DED)-containmg caspases 
via their cytoplasmic tail (13, 14), whereas death recep
tor-independent stimuli must induce initial caspase pro
cessing at other sites. Recent reports have indicated the 
importance of mitochondria for initiating caspase activ
ity. Apoptotic stimuli can cause the release of mito

chondrial cytochrome c (cyt c) into the cytosol by an as 
yet unknown mechanism (15-17). Studies in vitro (15, 18, 
19) and in vivo (20, 21) suggest that cyt c, together with 
Apaf-1 and caspase-9 (casp-9), mediates the proteolytic 
activation of casp-3 in a dATP-dependent manner. The 
apoptosis-inhibitory protein Bcl-2 prevents the release 
of cyt c (16, 17), most likely by complex formation with 
Apaf-1 and casp-9 (22, 23). These observations have led 
to the hypothesis that the mitochondrial membrane, 
where Bcl-2 resides (24), is a site for activation of induc-
et caspases that subsequently process and activate exe
cutioner caspases, such as casp-3, -6, and -7 (25). 

Involvement of the Bcl-2 family is now considered a 
hallmark for mitochondrial participation in the apop
totic pathway. Bcl-2 and Bcl-xL have a clear cytoprotec-
tive effect when apoptosis is induced by IR and 
chemotherapeutic drugs (26-28). In addition, the antag
onistic family member Bax facilitates apoptosis induc
tion by DNA-damaging regimens (29). However, the abil
ity of the Bcl-2 family to regulate CD95-induced 
apoptosis is controversial (27, 29-32). Recently, it was 
proposed that the amount of activated casp-8 generated 
at the receptor may vary between cell types and may 
determine whether a mitochondrion-dependent path
way is used (type II cells) or not (type I cells) (30). 

We have investigated how the Cet response relates to 
mitochondrial changes and caspase activation in Jurkat 
T cells after apoptosis induction by three distinct stim
uli: CD95 ligation, the topoisomerase II inhibitor and 
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anti-cancer drug etoposide (33), and IR. To establish 
causal relationships, we used peptide-based caspase 
inhibitors: the casp-8 inhibitory protein FLIPL (FLICE-
inhibitory protein; ref. 34) and the mitochondrial regu
lator Bcl-2 (16, 17). We present evidence that Cer forma
tion depends on inducer caspase activity and cyt c release 
bu t is independent of effector caspase activation. This 
excludes a role for Cer in inducer caspase activation or in 
conveying the apoptotic signal to the mitochondria. 

Methods 
Reagents. L-^-^Clserine (54 mCi/mmol) and an enhanced 
chemiluminescence kit were purchased from Amersham 
Pharmacia Biotech(Roosendahl, the Netherlands); the etopo
side from Sigma Chemical Co. (St. Louis, Missouri, USA); and 
DEVD-CHO, benz-oyloxycarbonyl-VAD-fluoromethylketone 
(zVAD-fmk), and benzoyloxycarbonyl-LEHD-fluoromethylke-
tone (zLEHD-fmk) were from Calbiochem-Novabiochem 

Corp. (San Diego, California, USA). Mouse anti-human CD95 
monoclonal antibody (mAb) 7C11 was obtained from 
Immunotech (Marseille, France); anti-cyt c mAb 7H8.2C12 
was purchased from PharMingen (San Diego, California, 
USA); and anti-actin mAb C4 from Boehringer Mannheim 
(Almere, the Netherlands). Horseradish petoxidase-conjugat-
ed rabbit anti-mouse Ig was purchased from DAKO A/S 
(Glostrup, Denmark). DiOC6(3) was obtained from Molecu
lar Probes Inc. (Eugene, Oregon, USA). 

Cells. The J16 clone was derived by limiting dilution from the 
human T-acute lymphoblastic leukemia cell line Jurkat (12). 
The Jurkat cell line JFL2, stably transfected with FLIPL cDNA 
(34), was kindly provided by J. Tschopp (Institute of Biochem
istry, University of Lausanne, Epalinges, Switzerland). Jurkat 
cells stably transfected with the human bcl-2 cDNA and empty 
vector control cells were described previously (31). 

Cell culture and stimulation. Cells were cultured as described 
previously (12). The bcl-2- and empty vector-transfected Jurkat 
cells received additional neomycin sulphate (G418) at 200 
ug/ml. Before stimulation, cells were incubated overnight in 
synthetic Yssel's medium (35) and resuspended in Yssel's medi
um at 106 per ml in 96-welI culture plates for apoptosis assays, 
or at 5-10 X 106 per ml in 24-well culture plates for caspase and 
cyt c assays. Cells were stimulated with medium, etoposide, or 
anti-CD95 mAb, ot irradiated using a 137Cs soutce (2 x 415 Ci; 
Von Gahlen Nederland BV, Didam, the Netherlands), and incu
bated for various time periods at 37 ° C, 5% CO2. 

Apoptosis and viability assays. To measure nuclear fragmenta
tion, cells were lysed in 0.1% sodium citrate, 0.1% Triton X-100, 
and 50 ug/ml propidium iodide (36). Fluorescence intensity of 
propidium iodide-stained DNA was determined in 5,000 cells 
on a FACScan (Becton Dickinson Immunocytometry Systems, 
San Jose, California, USA), and data were analyzed using Lysys 
software (Becton Dickinson Immunocytometry Systems, San 
Jose, California, USA). Fragmented, apoptotic nuclei are recog
nized by their subdiploid DNA content. To analyze loss of 
mitochondrial transmembrane potential (A\|/m), cells (1-2 X 
10s) were incubated with DiOC6 (3) at 25 ng/ml in PBS for 10 
min at 37°C in the dark followed by FACScan analysis (37). Cell 
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jurkat cells ^16) were preincubated for 2 h with zVAD-fmk (50 u.M), DEVD-CHO (100 uM) or left untreated and then exposed to etoposide (10 Ug/ml) or IR (30 Gy). 
After 1 6 h incubation, Cer content, nuclear fragmentation, mitochondrial transmembrane potential and cell viability were determined in parallel samples as described in 
the Methods section. The results are representative of two independent experiments. 
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Figure 2 
Role ofcaspases in CD95-, etoposide-, and IR-induced Ceraccumulation 
and apoptosis. Control Jurkac cells (J16; filled bars) orjurkat cells stably 
transfected with FUPL cDNA (JF L 2 ; hatched bars) (34) were treated with 
anti-CD95 mAb(200 ng/ml) for 6 h, or etoposide (10 ug/ml) or lR(30 
Gy) for 1 6 h. Where indicated (+), cells were pretreated (2 h) and further 
incubated with 50 \iM zVAD-fmk. Cer levels were quantitated and 
expressed as -fold increase relative to time-matched medium controls. 
Apoptosis sensitivity of J1 6 and JFL2 was determined in parallel and 
expressed as percentage hypoploid cells. Cer data are representative of 
two independent experiments and show mean ± SD from duplicate sam
ples in one experiment. FLIPL, FLICE-inhibitory protein; mAb, monoclon
al antibody; zVAD-fmk, benzoyloxycarbonyl-VAD-fluoromethylketone. 

viability was assessed by determining the ability of cells to 
exclude propidium iodide (10 ug/ml). 

Preparation ofcytosolic extracts and immunoblot analysis for cyt c. 
Cells (5 X 106 per sample) were washed twice with ice-cold PBS 
and resuspended in 100 pj of extraction buffer (50 mM PIPES-
KOH [pH 7.4], 220 mM mannitol, 68 mM sucrose, 50 mM KCl, 
5 mM EGTA, 2 mM MgCl2, 1 mM dithiothreitol, and protease 
inhibitors) and allowed to swell on ice for 30 min. Cells were 
homogenized by passing the suspension through a 25-gauge nee
dle (10 strokes). Homogenates were centrifuged in a Beekman 
Airfuge (Beekman Instruments Nederland BV, Mijdrecht, the 
Netherlands) at 100,000 g for 15 min at4°C, and supernatants 
were harvested and stored at -70°C until analysis by gel elec
trophoresis. Cytosolic protein (10 u,g), as determined by the Bio-
Rad protein assay (Bio-Rad Laboratories, Munich, Germany), was 
loaded onto a 12% SDS-poly acryl amide gel (equivalents of-106 

cells per lane). Proteins were transferred to nitrocellulose sheets 
(Schleicher and Schuell, Dassel, Germany). Blots were blocked 
with 5% (wt/vol) nonfat dry milk in PBS, 0.05% Tween-20, and 
probed with anti-cyt c mAb (1:2,000) and anti-actin mAb 
(1:3,000) in PBS, 0.05% Tween-20, 1% nonfat dry milk, followed 
by a 1:7,500 dilution of horseradish peroxidase-conjugated rab
bit anti-mouse Ig, and developed by ECL. 

Cer quantification. Cellular Cer levels were determined essen
tially as described previously (12, 38). Cells (106 per ml) were 
metabolically labeled with [14C]serine (0.2 (lCi/ml) in Yssel's 
medium for 20-48 h, washed once with Yssel's medium, and 
resuspended at 5 x 106 per ml in 24-well plates. After cell stimu
lation, total lipids were extracted with chloroform/methanol 
(1:2 vol/vol), and phases were separated using 20 mM HAc. 
Extracts were spotted on Silica Gel 60 TLC plates (Merck-Vel 
Nederland BV, Amsterdam, the Netherlands) and developed as 
described previously (12,38). Radioactive lipids were made visi
ble and quantitated using a Fujix BAS 2000 TR Phosphorlmager 
(Fuji Photo Film Co., Tokyo, Japan) and identified using exter
nal lipid standards. Cer was expressed relative to total radioac

tivity in phosphatidylserine and phosphatidylethanolamine, 
both of which remained unaltered upon stimulation. 

Results 
Etoposide and IR induce Cer formation and apoptosis injurkat 
cells. We demonstrated previously that CD95 ligation 
with a specific mAb induces Cer formation i n j u r k a t 
cells (J 16), with kinetics closely paralleling nuclear frag
mentation (12). Figure la shows that apoptosis induc
tion by etoposide or IR is also accompanied by elevation 
of intracellular Cer levels, measured after metabolic 
labeling of cells with [14C]senne. The first significant 
increase in Cer levels could be observed after several 
hours (Figure lb), shortly before nuclear changes 
became apparent. Note that no significant increase in 
Cer levels was observed up to two hours after exposure 
to etoposide or IR (Figure lb, inset). The temporal rela
t ionship between Cer formation and the onset of 
nuclear apoptosis after these treatments resembles that 
observed earlier for CD95 stimulation (12). 

Cer formation induced by CD95, etoposide, and IR requires 
caspase activation. To evaluate whether caspase activation 
is required for Cer generation induced by CD95, etopo
side, and IR, we made use of the synthetic peptide 
zVAD-fmk, an irreversible broad-specificity caspase 
inhibitor (25). I n j u r k a t cells (J16), s t imulat ion with 
anti-CD95 mAb for six hours resulted in a 3.6-fold 
increase in Cer levels (Figure 2, filled bars), which was 
blocked in the presence of zVAD-fmk, in agreement 
with published data (8, 9). In response to etoposide or 
IR, cells showed an even higher elevation of Cer levels 
(Figure 2), which was also abrogated by zVAD-fmk. 
Thus, caspase activity is not only required for Cer for
mation upon CD95 ligation but also for Cer generation 
in response to DNA-damaging treatments. 

Cer formation is independent of effector caspases. We estab
lished previously that a large proport ion of the Cer 
response to CD95 ligation remains unaffected upon cas
pase inhibition by the reversible inhibitor peptide aide-
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Figure 3 
Etoposide and IR induce cyt c release in a caspase-independent manner. 
Jurkat cells (J16) were treated with zVAD-fmk(2 h, 50 uM) or left untreat
ed and then induced to undergo apoptosis by etoposide (10 (J-g/ml) or 
IR (30 Gy). Cytosolic extracts were prepared at the indicated times and 
separated by 1 2% SDS-PAGE. Cyt c and actin content were evaluated by 
immunoblot analysis. Cytc, cytochrome c. 
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hyde DEVD-CHO (12). Since DEVD-CHO preferential
ly inhibics casp-3 and related effector caspases (23), this 
indicated that Cer accumulation is independent of effec
tor caspase activation. Here, we investigated how etopo-
side- and IR-induced Cer production relate to effector 
caspases. In marked contrast to the general caspase 
inhibitor zVAD-fmk, DEVD-CHO only minimally affect
ed Cer accumulation induced by etoposide or IR where
as both inhibitors efficiently prevented nuclear segmen
tat ion (Table 1). However, whereas mitochondrial 
depolarization (A\ym) (37) upon exposure to etoposide 
and IR was completely prevented by zVAD-fmk, DEVD-
CHO had almost no protective effect (Table 1). In addi
tion, in contrast to zVAD-fmk, DEVD-CHO did not pro
tect against the loss of membrane integrity, measured by 
propidium iodide uptake (Table 1). 

These results indicate that Cer formation occurs down
stream from inducer caspases yet is independent of 
DEVD-CHO-sensitive effector caspases. Because DEVD-
CHO inhibited nuclear segmentation, but not A\ym col
lapse and membrane permeability, we conclude that Cer 
formation is associated with the occurrence of certain, 
but not all, aspects of the apoptotic morphology. 

Role of casp-8 in Cer formation and apoptosis. To identify the 
caspase(s) upstream of Cer formation, we first examined 
the requirement for casp-8 activation in CD95-, etopo
side- and IR-induced Cer formation and apoptosis using 
Jurkat cells stably transfected with FLIPL (JFL2; ref. 34). 
F L I P L IS structurally similar to casp-8: it has two DEDs 
and a caspase-like domain but lacks the active-site cys
teine that renders it catalytically inactive. Both viral and 
cellular FLIPs interact via their DED with homologous 
domains in FADD and casp-8 (potentially also in casp-
10) and therewith inhibit apoptosis induced by CD95 
and other death receptors that signal via DED-contain-
ing caspases (34, 39-41). CD95-induced Cer accumula
tion was completely blocked in the FLIPL transfectant 
JFL2 (Figure 2, hatched bars). In contrast, Cer production 
in response to etoposide or IR was unaffected by FLIPL 
(Figure 2). zVAD-fmk prevented DNA damage-induced 
Cer accumulation in JFL2 cells, just like it did in control 
cells. CD95-induced apoptosis was completely blocked in 
JFL2, as shown previously (34), whereas treatment of 
these cells with etoposide or IR resulted in comparable 
levels of apoptosis as observed in Jurkat control cells (Fig
ure 2). Thus, casp-8 activity is required for CD95-induced 
Cer accumulation and apoptosis but not for Cer forma
tion and apoptosis induced by etoposide or IR. 

Role of caspases in signaling to the mitochondria. We investi
gated the participation of the mitochondria in CD95- and 
DNA damage-induced apoptosis by the analysis of cyt c 
release into the cytoplasm. Cytosolic, mitochondria-free 
extracts of cells treated with etoposide or IR showed a pro
gressive release of cyt c (Figure 3) consistent with other 
reports (42, 43); this was evident within five hours. CD9S 
ligation also induced a rise in cytoplasmic cyt c levels, clear
ly preceding the onset of nuclear apoptosis (Figure 4), tes
tifying to the common involvement of mitochondria in die 
response to etoposide treatment, IR, and CD95. Cyt c 
release and apoptosis were inhibited in Bcl-2-overexpress-
ïng cells (J Bcl-2), corroborating mitochondrial involve
ment in CD95-inducedJurkat cell death (Figure 4a). 

Although the involvement of mitochondria in DNA 
damage-induced apoptosis is well established, the mech
anism by which these stimuli signal to the mitochondria 
remains elusive. To determine whether etoposide and IR 
require caspase activation to signal to the mitochondria, 
cyt c release was assessed in the presence or absence of 
the pan-caspase inhibitor zVAD-fmk. Figure 3 shows 
that incubation with zVAD-fmk still allowed cytosolic 
accumulation of cyt c in response to etoposide or IR, 
whereas zVAD-fmk effectively suppressed apoptosis 
(Table 1). This indicates that caspase activity is no t 
required for the mitochondrial release of cyt c in 
response to etoposide or IR Importantly, it implies that 
zVAD-fmk inhibits DNA damage-induced Cer accumu
lation and apoptosis (Figure 2 and Table 1) by targeting 
caspase(s) at, or downstream from, the mitochondria. By 
contrast, CD95-induced cyt c release was inhibited by 
FLIPL (Figure 4b), indicating that CD95 requires casp-8 
to signal to the mitochondria. 

Effect of Bcl-2 overexpression on Cer accumulation. To estab
lish possible involvement of mitochondria in the Cer 
response induced by CD95 cross-linking or DNA damage, 
we examined the effect of Bcl-2 overexpression on the Cer 
response. Etoposide and IR evoked a dramatic Cer 
response in control J neo cells, whereas Cer levels in Bcl-
2-transfected cells remained at basal values or were only 
marginally elevated (Figure 5a). Apparently, Cer formation 
induced by etoposide and IR is dependent on the mito
chondria. The caspases that were shown to act upstream 
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Figure 4 
CD95 induces cyt c release in a Bcl-2- and FLIPL-inhibitable manner. 
Cytosolic extracts (10 |i.g of protein) of J neo and J Bcl-2 (a), and Jl 6 and 
JFL2 (b), prepared after the indicated times of treatment with anti-CD95 
mAb (200 ng/ml), were separated bySDS-PAGE, and cyt c and actin con
tent were evaluated by immunoblotting. 
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Figure 5 
Bcl-2 abrogates Cer formation induced by etoposide or IR and reduces 
CD95-induced Cer formation. (a)Jurkat cells transfected with vector (J neo; 
filled bars) or with human bcl-2 cDNA (J Bcl-2; hatched bars) labeled with 
[14C]serine were exposed to etoposide (10 ng/ml) orlR(30Gy). Cer levels 
were determined after 14 and 18 h and expressed as-fold increase (means 
± SD) relative to Cer levels in time-matched untreated cells, (fc) J Neo or J 
Bcl-2 cells labeled with [,4C]serine were treated with anti-CD95 mAb (200 
ng/ml). Cer formation and nuclear segmentation were determined in the 
same set of samples at the indicated times. Solid lines show Cer expressed 
as -fold increase relative to control cells and represent three independent 
experiments. Dotted lines show the percentage of nuclear segmentation. 

induced Cer formation only partially depends on casp-9 
activation, which is consistent with our results obtained 
using Bcl-2 transfectants (Figure 5b). 

Discussion 
To evaluate the role of endogenous Cer in apoptosis 
induction, we investigated the molecular ordering of cas-
pase activation, mitochondrial events, and Cer accumu
lation induced by etoposide, IR, or CD95 ligation in 
Jurkat T cells. According to our results, we propose the 
following sequence of events (Figure 7). 

In all cases, Cer formation is dependent on inducer cas-
pase activation but independent of DEVD-CHO-sensitive 
effector caspases. Our data support earlier evidence that 
caspases control Cer formation in response to CD95 (8,9), 
TNF-0t (10), or REAPER (11). In addition, we provide 
direct information on the identity of the responsible cas
pases. Using FLIPL-transfected Jurkat cells, we demon-

of Cer formation by these stimuli reside at, or downstream 
from, the mitochondria. In the j Bcl-2 transfectant, CD95-
induced apoptosis was decreased by -50% compared with 
the response in control J neo cells (Figure 5b), whereas 
nuclear segmentation was completely inhibited (Figure 
4a). Apparently, CD9S ligation, in contrast to etoposide 
and IR can still induce significant Cer formation under 
conditions where mitochondrial participation is blocked. 

Studies in vitro and in vivo suggest that casp-9 is at the 
apex of the apoptotic protease cascade triggered by 
cytosoliccyt c(18,20, 21). Thus, casp-9 is likely to be the 
most upstream zVAD-fmk target in case of DNA dam
age-induced Cer formation and apoptosis. We therefore 
tested the effect of casp-9 inhibition on Cer production, 
using the commercially available inhibitory peptide 
zLEHD-fmk, designed to specifically inhibit casp-9 based 
on its strong preference for the tetrapeptide substrate 
LEHD-AMC (25). zLEHD-fmk significantly reduced 
etoposide- and IR-induced Cer formation at 50 |J.M and 
achieved nearly complete inhibition at 100 uM, whereas 
the Cer response to CD95 was only partially sensitive to 
zLEHD-fmk (Figure 6). In contrast, zVAD-fmk appeared 
to be a more potent and general inhibitor, blocking both 
DNA damage-induced and CD95-induced Cer forma
tion completely at 50 fXM (Figure 6). These results suggest 
that the inducer casp-9 is upstream of etoposide- and 
radiation-induced Cer accumulation, whereas CD95-

O >*-
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••c 

zVAD-fmk zLEHD-fmk 

Figure 6 
Differential effects of zVAD-fmk and zLEHD-fmk on Cer production 
induced by CD95 ligation or DNA damage. Jurkat cells (J1 6) labeled with 
[14C]serine were left untreated or preincubated for 2 h in the presence of 
zVAD-fmkorzLEHD-fmkat the indicated concentrations before addition 
ofanti-CD95 mAb (200 ng/ml), etoposide (10 u.g/ml), or exposure to IR 
(30 Gy). Quantitation of cellular Cer was performed after 5 h (anti-
CD95; open bars) or 15 h (Eto/IR; hatched bars and filled bars, respectively) 
of further incubation. Results are expressed as percentage inhibition 
(means ± SD) of the Cer response observed in the absence of inhibitor 
peptide. Shown are data from a representative experiment containing 
duplicate samples performed two times and showing similar results. 
zLEHD-fmk, benzoyloxycarbonyl-LEHD-fluoromethylketone. 
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Figure 7 
Mapping the Cer response in relation to cas-
pase activation and mitochondrial changes in 
theCD95, etoposide, and IR pathways injurkat 
cells. Cer is placed in between initiator and exe
cutioner caspases in all cases, because its accu
mulation is inhibited by zVAD-fmk but not by 
DEVD-CHO. CD95 requires casp-8, whereas 
DNA damage-induced Cer formation does not 
involve casp-8 or death receptor signaling. In 
the case of etoposide or IR, the most proximal 
zVAD-fmk target resides at, or downstream 
from, the mitochondria, since zVAD-fmk does 
not block cyt c release. Bcl-2 overexpression 
abrogates Cer formation in response to etopo
side or IR but only partially interferes with the 
CD95-induced Cer response. Possible roles of 
Cer are indicated by dotted lines. DEVD-CHO, 
acetyl-DEVD-aldehyde. 

strate that casp-8 activation is a crucial event for CD95-
induced Cer formation (Figure 2). In addition, our find
ings strongly suggest that it is the casp-8 pathway that 
couples to Cer formation, rather than the pathway initi
ated by the adaptor Daxx, which can also interact with the 
CD95 death domain and which activates JNK/SAPK (44). 

Cer formation and apoptosis induction upon etopo
side t reatment or IR does not rely on casp-8 or any other 
pathway dependent on DED-containing caspases, since 
it was not inhibited by FLIPL (Figure 2). Because FLIPL 

inhibits signaling of CD95, TNF receptor 1, TRAIL 
receptor, and TRAMP (34), our data support the con
tention that DNA damage-induced apoptosis does not 
involve death receptor signaling (27, 45-47). This is in 
direct conflict with the reported finding that doxoru
bicin- and IR-induced Cer production are dependent on 
the CD95 system injurkat cells (48). 

To our knowledge, our study is the first to document 
caspase requirement upstream of DNA damage-induced 
Cer generation based on the complete abrogation of Cer 
accumulat ion by the pan-caspase inhibitor zVAD-fmk. 
We realize that the interpretation of studies as present
ed here using peptide-based inhibitors is compromised 
by an incomplete unders tanding of their selectivities. 
The fluoro methyl ketone moiety of zVAD-fmk is known 
to irreversibly inactivate caspases by forming a 
thiomethyl-ketone adduct with the active-site cysteine 
(49), and it similarly modifies other sulfhydry 1-depend
ent enzymes. We have ruled ou t a direct inhibition of 
SMase by zVAD-fmk, independent of its effect on cas
pases, because pretreatment with zVAD-fmk (2 hours, 50 
JIM) of either intact cells, cell lysates, or Bacillus cereus 
SMase did not affect in vitro SMase activity assayed at pH 
5.0 and 7.4 (data no t shown). 

Cyt c release induced by DNA damage still occurred in 
the presence of zVAD-fmk (Figure 3), indicating that 
these s t imuli signal to the mitochondria in a caspase-

independent manner. Thus, in case of DNA damage, 
zVAD-fmk prevents Cer accumulation and apoptosis by 
targeting a caspase residing at, or downstream from, the 
mitochondria. The inhibitory effect of zLEHD-fmk sup
ports a role for casp-9 as inducer caspase required for 
DNA damage-induced Cer accumulation (Figure 6). 

Overexpression of Bcl-2 completely blocked the Cer 
response to etoposide and IR (Figure 5a), confirming that 
upon DNA damage, Cer accumulates downstream from 
the mitochondria and cyt c release, probably upon acti
vation of a caspase cascade initiated at the mitochondri
al membrane. In the case of CD95, the Cer response is in 
part independent of a mitochondrial contribution 
because it is only partially inhibited by Bcl-2 (Figure 5b). 
This pool of Cer is probably generated in parallel rather 
than upstream of the mitochondrial changes, because it 
is preceded by cyt c release (Figures 4a and 5b). 

The inhibitory effect of Bcl-2 overexpression, togeth
er with the observation that cyt c release precedes Cer 
formation upon all stimuli, argues against a role for Cer 
in signaling to the mitochondria. This is in agreement 
with reported inhibition of Cer formation by Bcl-2 dur
ing hypoxic cell death (50). However, in some studies, 
Bcl-2 or BC1-XL overexpression did not affect Cer accu
mulation in response to certain anti-cancer drugs (51, 
52) or receptor agonists (10, 53), whereas Bcl-xL, but not 
Bcl-2, interferes with TNF-0t- and camptothecin-
induced Cer formation (54). At present, we have no 
explanation for these discrepancies. 

Short-chain, cell-permeable Cer analogues (e.g., C2-
Cer) are commonly used and assumed to mimic the 
action of natural endogenous Cer species. However, 
whereas endogenous Cer was shown to accumulate 
downstream from the mitochondria, synthetic Cer ana
logues seem to act upstream: they induce cyt c release in 
Jurkat cells (data not shown) and HL60 cells (42), where
as apoptosis induction is inhibited by Bcl-2 or Bcl-xL 
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overexpression (50-55). This demonstrates that data 
obtained with short-chain Cer analogues should be 
interpreted with caution. 

Whether Cer plays a role in apoptosis signaling should 
be established by experiments in which the Cer response 
is selectively abrogated and effects on apoptosis-induc-
tion are examined. Using aSMase-deficient 
(aSMase=acid SMase) Niemann-Pick lymphoblasts and 
their aSMase-reconstituted counterparts, we previously 
ruled out a role for aSMase in the CD95-induced Cer 
response of human B-lymphoblastoid cells (38). We 
found that etoposide and IR also induced Cer formation, 
caspase processing, and apoptosis with similar efficien
cy in the presence or absence of aSMase in these cells 
(Tepper etal, unpublished results); these results are in 
conflict with studies suggesting a requirement for 
aSMase (5, 48). Because we also excluded a role for 
de novo Cer biosynthesis, using the inhibitor Fumonisin 
Bl (Tepper, A.D., manuscript in preparation), our pres
ent data are in agreement with a role for neutral SMase 
(nSMase) in the generation of the CD95-, etoposide-, 
and IR-induced Cer response. A purported nSMase 
cDNA has recently been cloned {56), but the involvement 
of this molecular species in the Cer response to apoptot-
ic stimuli has not yet been fully addressed. 

We consider the possibility that Cer accumulation affects 
the structure of cell membranes. Enzymatic generation of 
Cer from SM induces microdomain formation in large 
unilamellar vesicles {57), supporting earlier reports that 
Cer induces membrane destabilization and leakage of 
aqueous solutes from vesicles (58). In vivo, Cer may accu
mulate to high local concentrations in the plasma mem
brane, sufficient to cause defects in the permeability barri
er. Our observation that both Cer production and loss of 
membrane integrity occur in the absence of effector cas
pase activity would support such a causal relationship. 

In conclusion, our data argue against a primary func
tion of Cer in inducer caspase activation or signaling to 
the mitochondria. Rather, Cer formation is associated 
with the effector phase of apoptosis. It might provide an 
amplifying signal to mitochondria in a feedback loop of 
caspase activation (59). Alternatively, Cer may participate 
in propagation of the death signal, for instance by facil
itating the activation of effector caspases or the induc
tion of membrane-related (morphological) changes. Yet 
another possibility is that Cer accumulation has no role 
in effecting the ultimate apoptotic phenotype. Future 
availability of the proper genetic tools will permit ade
quate evaluation of these possibilities. 
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