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PUBLISHER’S NOTE

Expression of Concern: Caspase-dependent initiation of
apoptosis and necrosis by the Fas receptor in lymphoid cells:
onset of necrosis is associated with delayed ceramide increase

Claudio A. Hetz, Martin Hunn, Patricio Rojas, Vicente Torres, Lisette Leyton and Andrew F. G. Quest

There are issues in J. Cell Sci. (2002) 115, 4671-4683 (doi:10.1242/jcs.00153).

There are irregularities with the background in Fig. 3E and Fig. 9A. Also, in Fig. 4, several data points are unexpectedly similar between the
two FACS plots in panel A, and the first two lanes of the blot in panel D are duplicated. The authors no longer have the original data, but state

that the conclusions of the paper are not affected.

A report by Instituto de Ciencias Biomédicas, Universidad de Chile, decided that there had been ‘to some extent data manipulation but not
falsification’ of this and other papers authored by Claudio Hetz and concluded that the key findings of this paper are unaffected.

Without the original data, it is difficult to determine how these issues arose, so the journal is publishing this note to alert readers to
our concerns.
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Summary

Engagement of the Fas receptor promotes apoptosis by forms of caspase-8-dependent cell death were also
activation of caspases. In addition, alterations in plasma detected downstream of Fas in Jurkat T-cells, where Fas-
membrane lipid orientation and intracellular ceramide  dependent PS externalization and delayed ceramide
levels are often observed. In A20 B-lymphoma cells, FasL- production, which is similar to results shown here in A20
induced cell death and phosphatidylserine (PS) cells, have been reported. However, for Raji B-cells,
externalization were completely prevented by the generic lacking lipid scrambling and ceramide production in
caspase inhibitor z-VAD-fmk. By contrast, the caspase-3 response to Fas activation, only apoptosis was detected.
inhibitor Ac-DEVD-cho only partially restored cell Short-chain C2- or C6-ceramides, but not the respective
viability and had no effect on surface exposure of PS. Flow inactive dihydro compounds or treatment with bacterial
cytometric analysis after FasL treatment identified two sphingomyelinase, induced predominantly necrotic rather
populations of dead cells. In one, death was dependent on than apoptotic cell death in A20 B-, Raji B- and Jurkat T-
caspase-3 and paralleled by DNA fragmentation and cell cells. Thus, delayed elevation of ceramide is proposed to
shrinkage. In the second, death occurred in the absence promote necrosis in those Fas-stimulated cells where
of caspase-3 activity and apoptotic features but was also caspase-8 activation was insufficient to trigger caspase-3-
blocked by zVAD-fmk. By morphological criteria these dependent apoptosis.

were identified as apoptotic and necrotic cells,

respectively. Using fluorescent substrates, caspase-3

activity was detected only in the apoptotic cell population, Key words: Lymphoid cells, Fas, Apoptosis, Necrosis, Caspases,
whereas caspase-8 activity was detected in both. Both Ceramide

Introduction DNA, cell shrinkage and disassembly into membrane-enclosed

The interaction between FasL and the Fas (Apo-1/CD95)esicles as a consequence of caspase activation (Rathmell and
receptor plays an essential role in the control of T- and B-cellhompson, 1999). Apoptotic and necrotic cells are both
activity and maintenance of immunological tolerancerecognized by phagocytes, but only apoptotic cells are
Repeated antibody stimulation of CD%-cells results in high €liminated without release of cytosolic components to the
levels of Fas and FasL expression and, as a consequence, tHeddronment, thereby preventing an inflammatory response
cells die (Abbas, 1996; Cornall et al., 1995; Matiba et al., 1997Fadok et al., 2000; Sauter et al., 2000). Necrosis, on the other
Nagata, 1997). Likewise, Fas is involved in the elimination ohand, is characterized by swelling of the cells and organelles,
active or autoreactive B-lymphocytes (Cornall et al., 1995fesulting ultimately in disruption of the cell membrane and cell
Nagata, 1997). lysis (Majno and Joris, 1995).

FasL binding stabilizes the trimeric form of the Fas receptor, Initially, FasL was only thought to trigger cell death by
thereby allowing recruitment of the Fas-associated deatapoptosis. Recently, however, inhibition of Fas-induced
domain (DD)-containing protein (FADD). FADD then binds to apoptosis in L929 fibrosarcoma cells by a caspase inhibitor
and activates caspase-8, an initiator caspase, which in tuad to necrosis mediated by oxygen radicals (Vercammen et
activates downstream effector caspases, including caspased3 1998a; Vercammen et al., 1998b). Also, primary activated
(Martins and Earnshaw, 1997; Nagata and Golstein, 19995; cells can be efficiently killed by FasL, TNFand TRAIL
Suda et al., 1993). As a consequence, many cellular proteiitsthe absence of active caspases (Holler et al., 2000). These
are degraded, leading to cell death. results suggested that Fas, like TNFR-1 (Laster et al., 1988),

Depending on the cell type and the stimulus, a cell may digiggers apoptotic or necrotic death.
either by apoptosis or necrosis. Apoptosis is characterized by Treatment with FasL, TNE-or IL-1[3 leads to formation of
chromatin condensation, internucleosomal degradation of thmeramide, in addition to caspase-3 activation (Garcia-Ruiz et
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al., 1997; Gudz et al., 1997). Ceramide reportedly modulatddaterials and Methods

the activity of a large number of proteins (Heinrich et al., 1999 aterials

Venkataraman and Futerman, 2000) and, in doing SO, Maghe detergents nonidet P-40 (NP-40), sodium deoxycholate and 3-[(3-
promote apoptosis. In addition, ceramide directly modulategholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS)
mitochondria function, for instance by inhibiting the and bacterial SMase (Staphylococcus aureus) were from Sigma
mitochondrial respiratory complex Il (Garcia-Ruiz et al., (Buchs, Switzerland). The fluorogenic caspase substrates (Ac-DEVD-
1997; Gudz et al., 1997; Quillet-Mary et al., 1997).amc, Ac-YVAD-amc) and caspase inhibitors (Ac-DEVD-cho, Ac-
Sphingomyelin hydrolysis by either neutral (nSMase) or acidi¢/ VAD-cho,  zVAD-fmk) were from Alexis Biochemicals
sphingomyelinases (aSMase) is generally implicated i%Laufelﬂngen, Switzerland). The cell-permeable caspase-3 substrate

; ; . : AM-DEVD-fmk was from Promega (Madison, WI) and the cell-
ceramide production (Hannun et al., 1996; Kolesnick an ermeable caspase-8 substrate FAM-LETD-fmk from Intergen (New

Kronke, 1998). . . . . York, NY). C6-ceramide, dihydro-C6-ceramide, C2-ceramide and
Treatment of lymphoid cells with FasL induces elevationyjnydro-C2-ceramide were from Biomol Research Laboratories Inc.

of intracellular ceramide levels. However, data are conflictingwangen, Switzerland). Brain ceramides and dioctanoylglycerol were
with regard to the kinetics of the ceramide response and th@®m Avanti Polar Lipids Inc. (Alabaster, AL). n-Oct§to-
SMases involved downstream of Fas. Some authors hagtycopyranoside ULTROL grade was from Calbiochem (Lucerne,
found a rapid transient response within minutes to an houswitzerland). Protease inhibitors, RNAse A and annexin-V binding
that depends on initiator caspases, like caspase-8, and Ikidswere from Boehringer Mannheim/Roche Biochemicals (Basel,
been attributed to activation of an aSMase (Cifone et alSwitzerland). Cell medium,fetal calf serum and antibiotics were from
1995; Genestir et al, 1998). Alernatvly, others havélCO-BRL (Baseh Swzeriand) Organi sohvents of e Pghes
reported t.hat apoptosis of lymphoid cells is generall)? combinant human FasL was from Apotech SA (Geneva,
accomp_anled by caspase-8-depen_dent, delayed Ce_ram'gﬁitzerland). Anti-human Fas antibodies (clone IPO-4) were from
production (after several hours) owing to the hydrolysis okamaya Biochemical Company (Seattle, WA).

plasma membrane sphingomyelin as a consequence of
phospholipid scrambling. Increases in ceramide levels
followed the kinetics of nuclear fragmentation and occurred®!l culture . . ) .
addition, Raji B-cells, which do not produce ceramides upoﬁf Biochemistry, University of Lausgnne, Switzerland) were cultured
Fas activation, display apoptotic features in mitochondria anf§ DMEM supplemented with 10% fetal calf serum, antibiotics

0,000 U/ml Penicillin, 1Qug/ml streptomycin) and 5@M ethanol-
the nucleus (Tepper et al., 1997; Tepper et al., 2000). The &hiol at 37°C and S%Qg@Ramog, Dgudi)and Ezgji human B-

observations argue strongly against a role for ceramides |yhoma lines and the EBV-transformed human B-lymphoblast cells
triggering apoptosis. Also, data obtained using aSMasggs and LM, all provided by Maria-Rosa Bono (Faculty of Basic
knock-out mice and overexpression of a nSMase have failestiences, University of Chile), were cultured in RPMI supplemented
to implicate these SMases in either Fas-induced ceramiddgth 10% fetal calf serum and antibiotics at 37°C, 5% CO
production or apoptosis of B- and T-cells (Brenner et al.,
1997; Cock et al., 1998; Tepper et al., 2001). Thus, althougI
evidence abounds suggesting that ceramide can promo
apopt.OSIS, the eXte’?t to which ceramide formation is essentlF"jllours at 37°C. To test the effect of C6-ceramide or caspase inhibitors,
remains controversial and appears to depend largely on t

. Blls were preincubated for 30 minutes. Then caspase activity was
cellular system used (Cifone et al., 1995; Hannun et al., 199G;casured using a previously described protocol (Hetz et al., 2002)

Hofmann and Dixit, 1998). _ _ modified from Boldin et al. (Boldin et al., 1996).
Here we investigated some of these questions, with a focus

on A20 B- and Jurkat T-lymphoma cells, where cell death is |

readily induced with recombinant, soluble FasL. We observelfl Situ caspase-3/caspase-8 assay

that FasL stimulated two distinct types of Caspase-gcaspase activity was detected using the caspase-3 substrate FAM-

dependent cell death: apoptosis that occurred via activatiﬂgg_\r/g}fr;nll‘ (ﬁﬁ{é’ggga“gv?%z?;’m)) ?Qﬁgsv%sﬁﬁﬁjftiiﬁsﬁgﬁftf@M'

?Iis(gagft?asrgjizgggnnevi:/;oss'?:a\évg;;t :?!Iki(?\ d%g%i%g?wt;dy(l)sr?”? anufacturer, by ﬂO\’N cytometrly (FAbS; Becton Dickinson, Mountain
) R - : w, CA) and the Cell Quest program.

other hand, FasL also significantly increased ceramide levels ) Q prog

after 3 hours in A20, as previously described for Jurkat T-

cells. Treatment with cell-permeable ceramides or bacteriiability assays

SMase led to necrosis in both cell types. In Raji B-cellsCell viability was analyzed by FACS as described before (Hetz et al.,

lacking ceramide production owing to absence of lipid2002). A20 cells were incubated with either C6-ceramide or dihydro-

scrambling (Tepper et al., 2000), Fas activation triggered onl 6-ceramide (DH-C6;ceram|qe) at the concentrations indicated for up

spoptost ot ol enbey soncentaions tsted, Wheeas oo [ e oo s i or i e s nhawr

permeable ceramides and bacterial SMase promoted necros{s. . ) X °

In the presence of FasL, addition of cell-permeable ceramid DEVD-cho (100uM), Ac-¥VAD-cho (100uM) or 2VAD-fmk (10

. ). Then FasL was added, and cells were incubated for another 16
only promoted necrosis in A20 and Jurkat cells when addegh \rs at 37°C. Cells were harvested and stained withgl®l of

within the first 4 hours after FasL. Thus, Fas-induced lipithropidium iodide (PI) for determination of cell viability. For DNA
scrambling and delayed elevation of intracellular ceramideontent analysis cells were permeabilized with methanol and stained
levels are suggested to promote necrosis in cells where Fagith PI. Samples containing roughly10* cells were analyzed by
failed to trigger caspase-3-dependent apoptosis. FACS using the Cell Quest program. Alternatively, cells were sorted

vitro caspase-3/caspase-1 assay
0 and Jurkat cells (& cells) were treated with FasL for 0-8
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by FACS using P! fluorescence emission as the parameter for selectiorurine B-lymphoma cell line A20 was initially employed as a
and nuclear morphology was analyzed by confocal microscopy awodel system, together with FasL-insensitive A20R cells as
described below. . _ _ controls. Resistance to FasL-induced cytotoxicity in the latter
Cell viability was also quantified by alternative methods using the:ase is probably due to downregulation of Fas (Hahne et al.,
reagents 3-(4,5-dimethyithazol-2-yl)-5-3-carboxymethoxy-phenyl)-2-1 ggg) - |ncubation of A20 cells with recombinant soluble

(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine methOSUhtat%uman FasL for 16 hours induced cell death in a concentration-

(PMS) according to the recommendations of the supplier (Promeg ependent fashion (not shown), whereby 90% dead cells were

observed with 100 ng/ml (Fig. 1A). No decrease in cell
viability was observed in A20R cells under similar conditions
Diacylglycerol kinase assay (data not shown).

Ceramide concentrations were determinedxib08 cells as previously Addition of 100uM of the caspase-3 inhibitor Ac-DEVD-
described (Preiss et al., 1987, Walsh and Bell, 1986) using braicho following FasL treatment increased cell viability by 30%,
ceramide (Avanti Polar Lipids, Alabaster, AL) as a standardyhereas incubation with 1Q0M of the caspase-1 inhibitor Ac-
Determinations were done in triplicate in each experiment. On averageAD-cho did not protect A20 cells. Pre-incubation of cells
(n=6), basal ceramide and diacylglycerol levels in A20 or A20R Ce”%/vith the broad-range caspase inhibitor zVAD-fmk (1K)

were 2.9+1.0 pmol/nmol lipid phosphate (or 132455 pmol pdi0% : F
cells) and 14+3.2 pmol/nmol lipid phosphate (or 630+184 pmol pegompletely protected cells against FasL-induced cell death

5x1(P cells), respectively. These values are referred to as 100%. F_ig. 1A'. see be'OV.V Fig. 5). Thes_e observations are cqn_sjstent
with the interpretation that activation of caspase-8, an initiator

caspase upstream of caspase-3, represents an early event
DNA fragmentation assay triggered by Fas, leading to cell death. Interestingly, inhibition
A20 cells (Xx10%/ml) were incubated in complete medium with FasL, of caspase-3 and related caspases only partially restored cell
C6-ceramide, dihydro-C6-ceramide or combinations thereof for 4iability upon treatment with FasL.
hours at 37°C. For the inhibition experiments, cells were preincubated Caspase-3 activation, measured directly by monitoring
for 30 minutes with caspase inhibitors. Subsequently, cells wergleavage of the fluorogenic substrate Ac-DEVD-amc, was
harvested by brief centrifugation and lysed by addition of 00 getectable within 2 hours and rose until 8 hours after addition

phenol/chloroform/isoamylalcohol (25:24:1) and centrifuged. Then ) PR ) :
1751l of the agueous phase were mixed withl 20x buffer H (50 of FasL to over 10-fold, eight-fold or two-fold baseline values

mM Tris-HCl pH 7.5, 10 mM MgGl 100 mM NaCl, 1 mM in the presence 100, 32 or 10 ng/ml_ FasL, respectively (Fig.
dithioerythrol) and 0.5ul RNase A solution (500 mg/ml), incubated 1B). During the same period, no activation of caspase-1 was
for 30 minutes at 37°C and analyzed by electrophoresis on a 2@€tectable using the fluorogenic substrate Ac-YVAD-amc (data
agarose gel containing 0.5 mg/ml ethidium bromide. DNA bands wergot shown). Western blot analysis, using a caspase-3-specific
visualized by exposure to UV light. antibody revealed that pro-caspase-3 protein levels began to
decline within 1 hour of treatment with FasL (100 ng/ml) and
essentially disappeared within 2-3 hours, as did polyADP-
ribose polymerase, a caspase-3 target (data not shown).

A hallmark of apoptosis is the generation of DNA fragments

CellTiter96® Aqueous).

Assessment of chromatin condensation and morphological
changes

Cells were treated as described previously (viability assays) a . : i
stained after 16 hours cells with Pl |@@/ml) for 5 minutes. After ”(Sif defined length, which lead to a ladder-like pattern after

: o ; tion by size. Also in A20 B-lymphoma cells, incubation
washing twice in PBS, cells were treated with glycerol-DABCO anc>€Para - . >
viewed by an SLM-400 Carl Zeiss confocal microscopy uponW|th FasL led to DNA laddering (Fig. 1C), and this effect was

excitation at 543 nm using a 570 nm emission filter (UACI, ICBM,concentration dependent (data not shown). Pretreatment of
University of Chile). As a control, cells were permeabilized bycells with the caspase-3 inhibitor Ac-DEVD-cho or the broad-
addition of 500ul ice-cold ethanol and incubated for 10 minutes atspectrum caspase inhibitor zVAD-fmk reduced DNA
—20°C before staining with PI. A total of 200 cells were analyzeddegradation or blocked it, respectively. By contrast, Ac-
Alternatively, cells were washed in PBS and fixed with 3%YVAD-cho did not protect A20 cells from Fas-induced DNA
g|UtaI‘a|dehyde, 100 mM Na-CaCOdy|ate for 1.5 hours at 4°C. Aﬂ:eaegradatlon (Flg 1C) PS exposure on the Ce” Surface was
post-fixation in 1% As@and dehydratior:j, ce:ls werel embedded dilnd termined by flow fluorocytometric analysis of annexin-V-
EPSON 812 resin. Sections were stained with uranyl acetate and le B
citrate and were observed in a Zeiss TEM 109 Electron Microscopg Cbbmtdé%%/' A]E)Ft)r? ararlllce (f)tf PtS or: the tcel.ltﬁ lir(f)%ce, /oblsltzarv?_d
(Electron Microscopy Center, ICBM, Department of Morphology, or abou o of the cells after treatment wi ng/mi as
University of Chile). for5 hc_)urs, was inhibited by zZVAD-fmk but not by Ac-DEVD-
cho (Fig. 1D) or Ac-YVAD-cho (data not shown). Thus, by
- . . several criteria, caspase-3 was implicated in the execution of
Quantification of phosphatidylserine exposure apoptosis in FasL-stimulated A20 cells; however, FasL-
Presence of phosphatidylserine in the outer leaflet of the plasmiaduced cell death could only be partially blocked by the
membrane was detected following instructions of the manufacturer byaspase-3 inhibitor Ac-DEVD-cho, suggesting the existence of

5x10° cells per experiment. cell death.

Results Ac-DEVD-cho treatment of A20 B-lymphoma cells
FasL-induced caspase-3 activation and apoptosis in A20 revealed an alternative death signaling pathway
cells. originating from Fas

To study the signaling events in FasL-induced apoptosis, theell viability after FasL treatment was investigated by an
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A. Fig. 1.Cell viability, caspase-3 activation, DNA fragmentation and
__100 surface exposure of phosphatidylserine in FasL-stimulated A20 B-
& 80 lymphoma cells. (A) Cells were incubated for 30 minutes without (—)
= or with either 10uM Ac-DEVD-cho (DEVD or D), 10uM Ac-
£ 680 YVAD-cho (YVAD or Y) or 10uM zVAD-fmk (zVAD or z). Then,
= 40 cells were incubated for another 16 hours either without (white bars)
S 20 or in the presence of 100 ng/ml of FasL (gray bars), and cell viability

was determined by the MTS assay. (B) Caspase-3 activity was
0~ x ; ' determined using the substrate Ac-DEVD-amc after incubation of
FasL S cells (0-8 hours) with 10 (open circles), 32 (filled circles) or 100
Casp.Inh. - - DEVD YVAD zVAD

(open squares) ng/ml FasL. (C) Cells were treated as described in
B (A), and after 4 hours of incubation with FasL, DNA fragmentation
’ was analyzed by electrophoresis in agarose gels. (D) A20 cells were

9‘31200 incubated (0 to 5 hours) with 100 ng/ml of FasL alone or 3 hours
) 900 with FasL following pre-incubation with the inhibitor Ac-DEVD-cho
‘§ (D) or zZVAD-fmk (z), and then phosphatidylserine exposure on the
®™ 600 cell surface was detected using Annexin-V-FITC. Only Pl-negative
§ cells, which represented approximately 90% of the total cell

2 300 population, are shown. Data shown are the means with standard
8 deviations from (A,B,D) or results representative of (C) three

independent experiments.

roughly 60% of the dead cells were hypodiploid, whereas the
remaining 30% possessed normal DNA content. Ac-DEVD-
cho reduced the hypodiploid population from 60 to 35% but
had no effect on dead cells with normal DNA content. Ac-
YVAD-cho had no effect at the same concentration on either
dead cell population observed in response to FasL, whereas
zVAD-fmk eliminated both.

PI binding was also analyzed in permeabilized cells, where
hypodiploid (apoptotic) cells were readily distinguishable from
the rest (Fig. 2C). Addition of FasL (100 ng/ml) increased the
hypodiploid population by 50%. This increase was
100+ substantially reduced by Ac-DEVD-cho and completely
eliminated by zVAD-fmk. Taken together, these results
suggested that FasL triggered apoptotic cell death in A20 cells
via a caspase-3-dependent mechanism. However, a significant
fraction of the cells (about 30%) died in a distinct fashion,
requiring initiator caspases but not caspase-3 activation and
occurring in the absence of characteristics of apoptosis.

FasL
Casp. Inh.

754

50

Annexin* cells (%)

25+

0_

01 2 3 46 2z D Morphological analysis of cells treated with FasL

Time () To further characterize this alternative Fas-mediated pathway,
cell death observed in A20 cells in response to treatment with
100 ng/ml FasL for 16 hours was also characterized by electron
alternative method using propidium iodide (PI), which labelamicroscopy (Fig. 3A-C). Predominantly two cell populations
DNA and permits the detection of cells that have lost theiwere detectable in response to FasL (Fig. 3B,C). In one
membrane integrity (Hetz et al., 2002). In the absence of Fasphppulation, signs of apoptosis, such as nuclear fragmentation,
no or little A20 cell death was detectable and, as &hromatin condensation and membrane blebbing were
consequence, cells were only poorly Pl positive (Fig. 2A, NT)observed (Fig. 3B), whereas the other was characterized by the
Upon addition of 100 ng/ml FasL (Fig. 2A, FasL), an increas@resence of disrupted nuclei and many vacuolar structures (Fig.
in staining was visible for a majority (90%) of the cells,3C). In addition, the nuclear and cellular morphology after 16
corresponding to the population found previously to be nonhours of treatment with FasL were analyzed. Nuclear
viable (Fig. 1A). Surprisingly, the dead cell population wasmorphology was revealed by PI fluorescence using confocal
heterogeneous, being composed of hypodiploid (M1) anchicroscopy (Fig. 3D). Upon treatment with FasL (100 ng/ml),
normodiploid (M2) cells. In the presence of Ac-DEVD-cho,58+10% shrunken dead cells with condensed chromatin and a
only the hypodiploid population was reduced, whereas witli.5-fold reduced cell volume (A: apoptotic cells) were visible.
zVAD-fmk, cell viability in general was maintained and neitherFACS analysis following Pl staining confirmed that the
dead cell population was detectable (Fig. 2A, DEVD+FasL antlypodiploid cell population was indeed smaller than non-
zVAD+FasL, respectively). Quantification of several suchtreated cells (data not shown). Additionally, FasL induced
experiments (Fig. 2B) showed that upon FasL treatmerdpproximately 37+8% swollen dead cells with normal nuclear
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Fig. 2. FasL induced both apoptotic and necrotic cell death in A20 B- A.
lymphoma cells. Cells were incubated for 30 minutes with or without FaslL

100uM Ac-DEVD-cho (DEVD) or 10uM zVAD-fmk (zVAD). 4 M1, w2,
Then FasL was added to a final concentration of 100 ng/ml, and cells

were incubated for another 16 hours. Subsequently, cells were

stained with PI, and cell survival was determined by flow cytometric

analysis. (A) In response to FasL, two populations of Pl-positive,

dead cells, indicated as M1 (hypodiploid population) and M2 (dead 100 10" 10? 10° 10* 10° 10" 10? 10° 10*
cells with intact DNA), were distinguishable. (B) Statistical analysis
of results from experiments as indicated in A, showing the means DEVD+FasL ZVAD+FasL

with standard deviation of three independent experiments. As ° M2
additional negative controls, results obtained with cells resistant to :

FasL (A20R) are also shown. (C) In parallel, cells analyzed as in A

were permeabilized with methanol and stained with Pl to quantify

total DNA content. Data shown are representative of three

. . . . . a 1 2 ] 4 (1] 1 2 3 4
independent experiments with similar outcomes. 108101 107 107 10¢10°10' 107 10 10

Cell counts

Pl Fluorescence Intensity

B.
staining and a roughly three-fold increased cell volume. Thi & O Hypodiploid
second type of FasL-induced cell death is referred to from he 2 o B Normal DNA content
on as necrosis (N, necrotic cells). £
To confirm that the two populations of dead cells identifiec S 40 |k
by FACS analysis (Fig. 2A) corresponded to apoptotic an 3

necrotic cells, both dead cell populations were isolated b
FACS cell sorting and then characterized by confoca
microscopy. As expected, apoptotic and necrotic populatior
were highly enriched in cells with either condensed.
fragmented DNA or normal nuclear morphology, respectively C.

(Fig. 3E). Taken together, the data demonstrate that apopto NT 50 4 Fast
and necrotic cell death occurred in response to FasL treatme 6% 1 56%
in A20 cells and that the resulting two cell populations coulc

be easily identified and quantified by FACS analysis.

A question arising at this point was whether a homogeneot
A20 cell population was responding in two different ways tc
FasL or whether the behavior of two distinct A20 cell
subpopulations was being analyzed: one that died via apopto:
and a second that died by necrosis. To address this issl 50
several clonesnE6) were isolated from the parent population 1 39%,
by serial dilution and subsequently tested for their response _
FasL (100 ng/ml). For all clones exactly the same pattern ¢ -
cell death was observed as documented for the parent c 0
population (Fig. 2A,B), namely roughly 60% apoptosis versu: 10°10' 10% 10° 10 10°10" 107 10° 10
30% necrosis (data not shown). Thus, the A20 cell DNA Content .
characterized here represent a homogeneous cell populati
that respond to FasL in two biochemically and
morphologically distinguishable ways. region R2), which was accompanied by caspase-3 activation

(Fig. 4B) in approximately 65% of cells. No caspase-3

) o activation was detected in the remaining population (Fig. 4B,
In situ caspase-3 and caspase-8 activity in FasL-treated region R1). Interestingly, caspase-8 activity was detected in
A20 cells both populations of cells (Fig. 4B, R1 and R2) and was
Apoptosis is generally accompanied by a reduction in celfompletely blocked by the pre-treatment withNd of zVAD-
volume. Thus, this parameter was employed to discriminatenk (data not shown). Furthermore, in the analysis of the
between apoptotic and necrotic cells (Fig. 4A) and determineuclear morphology after FACS cell sorting of the cell
caspase activity in situ at time points when cell viability wagpopulation with reduced cell volume (R2), in which caspase-
still preserved (Fig. 4B). In addition, the subpopulations wer@ activation was observed, nuclear condensation and
isolated by FACS sorting and characterized in terms of thefragmentation (Fig. 4C, R2) were detected, although this was
nuclear morphology (Fig. 4C) and evidence for DNAnot the case for the rest of the cells that died by necrosis
fragmentation (Fig. 4D). Cell-permeable fluorogenic(Fig. 4C, R1). Electrophoretic analysis of DNA (Fig. 4D),
substrates, which become fluorescent upon cleavage ligolated from the two subpopulations (R1 and R2), revealed
caspases, were employed for caspase-3 (FAM-DEVD-fmkDNA fragmentation, akin to that observed for the entire
and caspase-8 (FAM-LETD-fmk) activity. Treatment of A20 population (F), only in the R2 but not in the R1
cells with FasL for 4 hours led to cell shrinkage (Fig. 4A,subpopulation.

Casp. Inh. - - DEVD YVAD zVAD

10°10" 107 10° 10*  10°10" 10% 10° 10*

Cell counts

_ DEVD+FasL
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Comparative analysis of Fas-induced cell death in A20 results suggest that Fas-dependent activation of initiator
B-, Jurkat T- and Raji B-cells caspases above a threshold value may be necessary to trigger
To increase the relevance of these observations described f&spase-3 dependent apoptosis. For Jurkat cells, as previously
A20 cells, additional models were sought. Jurkat T-cells anghown with A20 cells (Fig. 4), activation of caspase-3 only
Raji B-cells were selected because of their susceptibility tgccurred in cells of reduced volume (apoptosis), whereas
Fas-dependent apoptosis. The ability of FasL (A20, Jurkat) diaspase-8 activation was essentially detectable in all cells (data
anti-Fas antibodies (Raji) to induce apoptosis and/or necrosi®t shown). Thus, caspase-8 activation was a generic event
was assessed at different concentrations (F|g 5A) Botﬁccurring downstream of Fas in A20 and Jurkat cells, whereas
apoptosis and necrosis were found to occur side-by-side at eve@spase-3 activation was only observed in the subset of cells
the lowest concentrations of FasL tested and increased up @@mmitted to apoptosis.

concentrations of roughly 100 ng/ml in A20 B- and Jurkat T-

cells. Thereafter, as FasL concentrations increased further, a ) ) . ]

decline in necrosis was detectable. For A20 B- and Jurkat eramide generation after FasL stimulation

cells, results similar to those illustrated for FasL were als®revious reports have shown that, upon Fas ligation, lipid
obtained using the anti-Fas antibody (data not shown), whilsecond messengers like ceramides are produced in lymphoid
the same treatment of Raji B-cells triggered a concentratiorcells owing to the hydrolysis of plasma membrane
dependent increase in apoptosis only (Fig. 5A). Interestinglgphingomyelin as a consequence of lipid scrambling
very low concentrations of zVAD up to @M selectively  (Brenner et al., 1997; Cock et al., 1998; Tepper et al.,,
reduced Fas-induced apoptosis without affecting necrosis t997; Tepper et al.,, 2000; Tepper et al.,, 2001). This
both A20 and Jurkat cells (Fig. 5B). Taken together, thesphenomenon is reflected in PS exposure on the cell surface.
Interestingly, we found that PS externalization
occurred in both apoptotic and necrotic cells as
evidenced by elimination of Annexin-V
staining on most FasL-treated A20 cells in the
presence of zVAD (Fig. 1D). Similar results
were also obtained with A20 and Jurkat T cells

in experiments analyzing the apoptotic and
necrotic cell populations by FACS and
comparing Annexin-V staining versus cell
volume following FasL treatment. PS exposure
was detected in both populations of cells. As
predicted from the literature, no Annexin-V

NT FasL

Fig. 3. Morphological analysis and DNA staining of
A20 B-lymphoma cells treated with FasL. Untreated
cells (A) or cells treated with 100 ng/ml FasL (B,C)
for 16 hours were analyzed by electron microscopy.
Necrotic FasL-treated cells (C) were characterized by
disruption of the nuclei and abundance of vacuolar
structures, whereas apoptotic cells observed in
response to FasL were characterized by nuclear
fragmentation, strong condensation of chromatin and
membrane blebbing (B). The black bar shown for
untreated cells (A) is equivalent tquin. All images

are shown at the same magnification. Alternatively,
cells were left untreated (NT) or incubated with 100
ng/ml FasL for 16 hours, stained with Pl and
analyzed by confocal microscopy (D). As a
comparison, non-treated cells are shown. Non-treated
cells permeabilized with methanol (NT, Met-OH) and
stained with PI (control, permeabilized) are shown as
controls in Fig. 8A at the same magnification.
Necrotic nuclei were Pl positive, but retained a
normal structural appearance (N); apoptotic nuclei
were characterized by strong condensation of
chromatin (A). Phase contrast and fluorescence
images from the same optical section are shown.

(E) Alternatively, hypodipliod and normodiploid cells
were separated by FACS using Pl fluorescence
intensity as a parameter and analyzed subsequently
by confocal microscopy (D). Images are shown at
similar magnification. The bar in white is equivalent
to 13um.

Phase
contrast

Nuclear
staining

E. Normodiploid Hypodiploid

Nuclear

staining
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staining was detectable for Raji cells following Fas ligationWalsh and Bell, 1986). Upon treatment of A20 cells with
(Fig. 5C). FasL, ceramide levels increased noticeably and were at least
Intriguingly, results in Fig. 5 indicated that Fas-inducedtwo-fold above basal levels after 8 hours, whereas no such
necrosis may be linked to lipid scrambling and PS exposurehanges were detected in diacylglycerol levels (Fig. 6A). No
because such events do not occur in Raji B-cells. Thus, levedgynificant changes in ceramide levels were detectable within
of the lipid second messenger ceramide were measured in A#te first hour of stimulation when A20 was compared with
cells using the diacylglycerol kinase assay (Preiss et al., 198FasL-insensitive A20R cells (data not shown). Fluctuations in
ceramide levels observed at the 3 hour time point were often
A. NT FasL within the range of fluctuations observed in A20R cells. On
109 R2: 12% 1049 R: 62% average 1f=6 or more determinations), FasL treatment
104 = 10°4 P 3 increased ceramide levels to 132+28 and 212+47 percent of
baseline values, after 3 hours and 8 hours, respectively (Fig.
6B). Moreover, the kinetics of ceramide release described here
S were similar to those previously reported in response to Fas
104 R1: 28% activation for Jurkat T-cells and U937 promyelocytic leukemia
cells (Sillence and Allan, 1997; Tepper et al., 1997; Tepper et
100 — T T 100 T T al., 2000). Thus, Fas-induced necrosis was observed in A20
100 10" 102 10% 10¢ 100 10' 102 10% 10* and Jurkat cells where lipid scrambling, PS exposure and
Forward scatter Forward scatter delayed ceramide increases occurred, but not in Raji cells
lacking such events.

de scatter
scatter

7 81024
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107

B. Caspase-3 Caspase-8
1507 activity 501 activity
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Cell-permeable C2- and C6-ceramides, but not the
corresponding dihydro-ceramides, induced non-
apoptotic death of A20 B-lymphoma cells

Intracellular release of ceramide upon FasL stimulation was
detected either concomitantly with or after caspase-3 activation
and onset of DNA fragmentation, suggesting that ceramide was
unlikely to be mediating apoptosis. To evaluate whether and
0 how ceramide might contribute to cell death, A20 cells were
LU LA treated with the cell-permeable ceramide analogues N-acetyl-
100 10! 102 10° 10¢ 10° 10 10 10° 10 (C2-ceramide) and N-hexanoyl-sphingosine (C6-ceramide).
FAM-DEVD Fluorescence FAM-LETD Fluorescence  cg_ceramide treatment for 16 hours reduced A20 viability in
a concentration-dependent manner, whereas dihydro-C6-
C. Nuclear staining D. NT R1 F R2 ceramide (DH-C6-ceramide) had no such effect (Fig. 7A). DH-
R2 C6-ceramide is similar to C6-ceramide but lacks a critical 4-
trans double bond in the sphingosine backbone that is linked
to biological activity of ceramides. Similar reductions in cell
viability were also observed upon cell treatment with C2-
ceramide, whereas DH-C2-ceramide had no effect (data not
shown). Also, incubation of A20 B-lymphoma cells with 100
MM dioctanoylglycerol, a short-chain cell-permeable
_ o . diacylglycerol analog, did not affect A20 cell viability (data
Fig. 4. Caspase-3 and caspase-8 activity in FasL-stimulated A20 B- ot shown). Analysis of cell viability after C2 and C6-ceramide
lymphoma cells. (A) Cells were incubated for 4 hours either without .o atment by the PI exclusion method revealed that cells died
(NT) or in the presence of 100 ng/ml of FasL. (FasL), and cell with no or little alteration in DNA content as assessed both by

volumes were determined by FACS analysis by plotting forward - - . . .
scatter versus side scatter. After treatment with FasL, approximatehyPNA addering (Fig. 7C) and flow cytometric analysis (Fig.

65% of cells showed a reduction in cell volume (Region 2, R2). This” D:E), suggesting that cell death occurred predominantly by
phenomenon was not observed in non-treated cells (Region 1, R1).N€crosis. In agreement with this interpretation, cell death
(B) Caspase-3 and caspase-8 activity in situ were determined by floilduced by cell-permeable ceramides was not associated with
cytometric analysis using the cell permeable substrates FAM-DEVDeaspase-3 activation (Fig. 7B) and was not inhibited by Ac-
fmk and FAM-LETD-fmk, respectively. Non-treated cells (dotted DEVD-cho, Ac-YVAD-cho or zVAD-fmk (data not shown).
line), or cells treated with 100 ng/ml FasL from regions R1 (grey  Similar observations were also made in the presence of brain
line) anq R2 (black line) region, are shown. Alterna_tlvely, both c_eII ceramides (predominantly C18-ceramides), although higher
populations R1 and R2 were separated by cell sorting. Then, elth_er concentrations around 2QM were required to reduce cell
nuclear morphology was analyzed by confocal microscopy fonowmgviability by 50% (data not shown). Likewise, necrosis was

permeabilization with methanol and PI staining (C) or DNA . : -
fragmentation was visualized following electrophoresis in agarose ©PSe€rved for different human B-lymphoma cell lines (Raji,

gels (D). In the latter experiments, cells treated with 100 ng/ml FasLRamos, Daudi and M12), EBV-transformed human B-
(F) or left untreated (NT) served as controls. Results shown are  lymphoblast cells (GES and LM) as well as Jurkat cells upon
representative of two independent experiments performed in treatment with cell-permeable ceramides (data not shown and

duplicates. Fig. 7E).
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Fig. 5. Comparison of FasL-induced cell death in A20, Jurkat and Raji cells. (A) Cells
were incubated either with increasing concentrations up to 400 ng/ml of FasL (A20, Jurk&ttmulation are shown in A20 cells.

cells) or up to 400 ng/ml of anti-Fas antibody (Raji cells) for 16 hours, stained with Pl an(B) Comparison in A20 and A20R cells of

cell death was assessed. (B) A20 and Jurkat cells were incubated with or without (NT) 1€8ramide levels at the time points 3-8 hours
ng/ml FasL after pre-treatment for 30 minutes with the indicated low concentrations (0-5following FasL addition. Results shown

uM) of zVAD-fmk (zVAD). Cell death was quantified by flow cytometric analysis (see Fig(means with standard deviation) were either
2). Squares or empty bars indicate the percentage of apoptotic cells, and circles or grayfrom an individual experiment done in

bars indicate necrotic cells (A,B). Results averaged from three experiments are shown. triplicate in which ceramide levels were

Also, PS exposure on the cell surface of A20, Jurkat and Raiji cells was detected by FAGHready visibly elevated after 3 hours (A) or
using Annexin-V-FITC 5 hours following Fas activation (C). Subpopulations R1 and R2 were averaged from two or more independent
indicated for A20 and Jurkat cells were obtained as described in Fig. 4. Results shown asgperiments done in triplicate for each time

representative of two independent experiments.

Modification of endogenous ceramide levels by
treatment with bacterial SMase

C6-ceramide analogs, brain-ceramides or treatment with
bacterial SMase.
To further analyze the role of ceramide in Fas-induced cell FasL-induced caspase-3 activation, cell shrinkage and onset
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Fig. 6. Ceramide and diacylglycerol levels in
FasL-stimulated A20 and A20R cells. After
addition of 100 ng/ml FasL, A20 or A20R cells
were incubated for the indicated time periods
at 37°C. Lipids were extracted and analyzed
using the diacylglycerol kinase assay and
expressed as a percentage of basal levels.
(A) Ceramide (open circles) and diacylglycerol
(filled circles) levels 0-8 hours after FasL

point.

death, endogenous ceramide levels were increased by treatiofgDNA fragmentation were apparent within the first 2-3 hours

cells with the recombinanStaphylococcus aureuSMase.

of FasL (100 ng/ml) addition. Significantly, elevated ceramide
Such treatment of A20 cells increased cellular ceramide levelsvels, however, were observed at later time points. This raised

(data not shown) and reduced cell viability in a dose-dependetite possibility that intracellular ceramide production may serve

fashion (Fig. 7F). Interestingly, analysis of Pl uptake and DNAas a mechanism permitting A20 cells to die by necrosis in cells
content (Fig. 7G) suggested that cells died predominantly byhere caspase-3 activation either did not occur or was

necrosis. As expected, A20 cell death triggered by bacterigsufficient to trigger apoptosis. In agreement with this
SMase occurred in the absence of caspase-3 activation (détgpothesis, concomitant addition of C2-ceramide with FasL

not shown). In conclusion,

Fas-induced apoptosis antesulted almost exclusively in necrotic cell death after 16 hours

ceramide-induced cell death were distinct events in A20, JurkéEig. 8A). As ceramide addition was delayed, the ratio of

and Raji cells; however, necrosis observed in response to Faapoptotic to necrotic cell

death became

resembled cell death triggered by the cell-permeable C2- amdminiscent of the pattern observed with FasL alone (Fig. 8A),

increasingly
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Fig. 7.Cell-permeable ceramides or 100 1

treatment with bacterial SMase induced
death by a caspase-3-independent
mechanism. (A) A20 cells were incubated
for 16 hours with 0-12Q0M C6-ceramide
(open circles) or dihydro-C6-ceramide
(closed circles). Cell viability was
determined by the MTS assay and expressed 0 T T T T | 1
as percentage of cell viability observed for 0 20 40 60 80 100 120 _0 10 40 80 DH F FCé
non-treated cells. (B) Caspase-3 activity was Ceramides (M) Ceramides (M)

determined after treatment of A20 cells for 4

hours either with C6-ceramide at the C. D. 60-
concentrations indicated, with §0/
dihydro-C6-ceramide (DH), with 100 ng/ml
FasL (F), with 100 ng/ml FasL and g
C6-ceramide (F/C6) or remained untreated.
Values are shown as a percentage of the
caspase-3 activity in the presence of 100
ng/ml FasL alone. (C) Alternatively, DNA
fragmentation was analyzed by ] -

electrophoresis in agarose gels after cgﬁ} 50 s oo 10° 10" 10* 10° 10*
treatment with FasL or different (uM) Pl fluorescence
concentration of ceramides for 4 hours.

(D) A representative experiment is shown E. O Hypodiploid

where A20 cells were treated with 100 100 1 m Normal DNA content

C6- (black) or dihydro-C6 (gray) ceramide
for 16 hours and cell survival was
determined by flow-cytometric analysis
following PI staining. (E) A20, Jurkat and
Raji cells were either not treated (NT) or
treated with 10QuM C6-ceramides (C6) or
100 ng/ml FasL (F) for 16 hours. Then cells 0
were harvested, stained with Pl and cell NT F C6 NT F C6 NT F C6
survival was determined by flow cytometric A20 Raiji Jurkat
analysis. (F) Cells were treated with bacteriaIF G

SMase at the concentrations indicated for 16" 100 < ’
hours and cell viability was determined by
the MTS assay. (G) In parallel, cells either
not treated (gray) or treated with 0.5 U/ml
bacterial SMase (black) were stained with
Pl1, and cell survival was determined by flow
cytometric analysis. The results shown are
either the means or standard deviations of
three independent experiments (A,B,E,F) or 0 7 i 1 '

are representative of at least three 0 03 05 10° 10" 10% 10° 10*
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suggesting that the time point at which ceramide levels welgation (see Fig. 5A), suggesting that Raji cells not committed

elevated in this experimental system may serve to define the death via Fas remained sensitive to ceramide. Thus, in all
ultimate nature of cell death observed. Quite remarkablythree lines characterized, cell-permeable ceramides only
simultaneous addition of C6-ceramide and FasL did notltered the apoptotic fate of Fas-stimulated cells when added
prevent caspase-3 activation (Fig. 7C), indicating that ceramideithin the first 4-6 hours following Fas activation.

promoted events lying on a pathway parallel to caspase-3

activation. Similar results were also obtained with Jurkat T-

cells (data not shown). Taken together these observatiohMorphological analysis of cells treated with cell

suggest that Fas-dependent elevation of endogenous cerami@meable ceramide

in A20 and Jurkat cells may be delayed in order to induc&he nuclear and cellular morphology after C2-ceramide

necrosis only in those cells not committed to apoptosis videatment were determined in A20 cells (Fig. 9). Nuclear

caspase-3 activation. Interestingly, the addition of cellimorphology of dead cells was revealed by PI fluorescence
permeable ceramides to Raji cells 4-6 hours after triggering Fasing confocal microscopy after 16 hours of treatment (Fig.

also no longer altered the degree of apoptosis detected (FRA). In cells treated with C2-ceramide neither chromatin

8B). The elevated levels of necrosis observed in this case reflexindensation nor cell shrinkage were observed. Instead,
the fact that only about 50% of the Raji cells died upon Faseramide-induced dead cells were two- to three-fold larger than
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Fig. 8. Effect of cell permeable ceramides on FasL-induced cell
death. (A) A20 or Raiji cells (B) cells were incubated with 100 ng/mi
FasL and C2-ceramide (1Q0/1) was added at time different time
points after FasL. For comparison, cells were either not treated (NT
or incubated with C2-ceramide (1QAM) or FasL (A20) or anti-Fas
(Raji) (100 ng/ml) alone. For analysis, cells were harvested after 16
hours, stained with PI, and cell survival was determined by flow Fig. 9. Morphological analysis and DNA staining of A20 B-
cytometric analysis (see Fig. 2). Means and standard deviations of lymphoma cells treated with cell-permeable ceramides. (A) Cells
data from three independent experiments are shown. were incubated with 100M C2-ceramide for 16 hours, stained with
Pl and analyzed by confocal microscopy. As a comparison, non-
treated cells were permeabilized with methanol (NT, Met-OH) and
untreated cells. Cell death observed in A20 cells in responsgained with PI (control, permeabilized). Phase contrast and
to treatment with 10QM C2-ceramide for 16 hours was also fluorescence images from the same optical section are shown. The
characterized by electron microscopy (Fig. 9B,C). In perfedpar shown in white is equivalent to fiB1. All images are shown at
agreement with our other results, cells treated with C2the same magnification. Alternatively, cells untreated (B) or treated
ceramide (Fig. 9C) resembled very strongly the necrotic ceWith 100uM C2-ceramide (C) for 16 hours were analyzed by
population (Fig. 3C) observed in response to FasL treatmerRleCtron microscopy. Necrotic C2-ceramide- (C) treated cells were

Thus. by the criteria investigated. ceramide-induced dea oth characterized by disruption of the nuclei and abundance of
Stronz_:]ly)ll’esembled FasL—indu%ed r{ecrosis vacuolar structures. The black bar shown for untreated cells (B) is

equivalent to jum. The image in panel C is shown at the same
magnification.

Discussion

Several crucial events linked to onset of apoptosis in A20 cellgpoptotic and necrotic death in A20 cells. Activation of
including caspase-3 activation, cell shrinkage and DNAcaspase-3, by contrast, was only implicated in events leading
fragmentation, were all activated within the first 3 hours ofto apoptosis. Interestingly, similar effects were also observed
FasL addition. However, cell viability was only partially in Jurkat T cells, whereas in Raji B-cells lacking PS
restored in the presence of the caspase-3 inhibitor Ac-DEVDexternalization and delayed ceramide production (Tepper et al.,
cho, whereas a more general caspase inhibitor, zZVAD-fmk000) only Fas-induced apoptosis was observed (Fig. 5).
completely protected cells against FasL-induced death (Fig. 1). The initiation of signaling pathways via Fas that lead to both
Flow cytometric analysis distinguished two PI-positive cellapoptotic and necrotic cell death has been described in some
populations in which cell death was either caspase-3xperimental systems. In murine L929 fibrosarcoma cells,
dependent and paralleled by DNA fragmentation or caspase-8ecrosis was observed downstream of Fas when caspase
and DNA fragmentation-independent (Fig. 2). Byactivation was blocked by inhibitors (Vercammen et al.,
morphological criteria (Fig. 3), these two subpopulations wer&998a). Also, caspase inhibition rendered murine L929
identified as apoptotic and necrotic cells, respectivelyfibrosarcoma cells 1000-fold more sensitive to necrosis
Furthermore, FACS analysis showed that caspase-3 activatiotduced by TNFa (Vercammen et al., 1998b). FasL-induced
only occurred in the shrunken cell population (apoptosis)pecrosis in the absence of caspase activation owing to
whereas caspase-8 activation was detectable in both (Fig. 4ctivation of receptor-interacting protein (RIP) has also been
Thus, activation of initiator caspases, such as caspasedkgscribed previously (Holler et al., 2000). These results
represented a key initial step triggered by FasL leading tsuggest that necrosis is either favored when pathways normally



Ceramide in FasL-induced necrosis 4681

leading to apoptosis are blocked or when an alternativéines and that delayed elevation of ceramide by exogenous
caspase-independent pathway is triggered. Our results extesupplementation had remarkably similar consequences.
such observations by showing that apoptosis and necrosisSphingomyelin, initially located in the outer leaflet of the
require caspase activation and may be triggered in the absemtasma membrane, accumulates in the inner leaflet as a
of caspase inhibitors. In fact, low concentrations of zVAD (lesgonsequence of lipid scrambling, and this is reflected in PS
than 1uM) were employed to selectively reduce Fas-inducecaxternalization. Hydrolysis in the inner leaflet by a neutral
apoptosis without modulating necrosis, whereas at higheé8Mase is then held responsible for late ceramide production
concentrations both modes of cell death are reduced (Fig. 5R)lepper et al., 2000). For Raji B-cells lacking lipid-scrambling
Thus, elevated levels of initiator caspase-8 activity appear tactivity, ceramide levels do not increase in response to Fas
favor FasL-induced apoptosis and, as a pre-requisite, caspasaetivation and, as a consequence, substrate availability is
3 activation. proposed to represent a rate limiting step in activation of the
Analysis of ceramide levels after Fas stimulation revealedeutral SMase responsible (Tepper et al., 2000). Raji cells,
minor fluctuations at early time points (up to 3 hours).unlike A20 B- and Jurkat T-cells, did not undergo Fas-induced
However, the intracellular ceramide concentrations doubled omecrosis, supporting the notion that Fas-induced delayed
average roughly 8 hours after stimulation with FasL (Figceramide increases promote necrosis. Consistent with this
6A,B). Our observations in A20 cells are consistent withinterpretation, addition of cell-permeable ceramides and
previous results showing that Fas-induced apoptosis dfeatment of cells with bacterial SMase triggered necrosis.
lymphoid cells is accompanied by a late phase of caspasdowever, experiments to implicate further one or the other
dependent ceramide production (Sillence and Allan, 1997ntracellular pathway known to regulate ceramide levels were
Tepper et al.,, 1997), coinciding temporally with eventsunsuccessful. In our hands, none of the compounds that
occurring after caspase-3 activation, such as nucleaeportedly modulate either neutral SMase [reduced
fragmentation. glutathione, L-buthionine-[S,R]-sulfoximine: (Liu et al.,
Recently, caspase-8-dependent but caspase-3-independ&d®8)) or acidic SMase (Imipramine: (Strelow et al., 2000)]
lipid scrambling and late production of ceramide have beeactivity or ceramide biosynthesis [Fumonisin B1: (Blazquez et
reported in Jurkat T cells. Neither of these changes werd., 2000)] altered significantly Fas-induced necrosis (data not
detected in Raji B-cells in response to Fas activation (Teppshown). Thus, our experiments have so far not provided a link
et al., 2000). Our results identified A20 B-cells as being similaat the molecular level to connect lipid scrambling, delayed
to Jurkat T cells in three ways: first, PS externalization waseramide increases and necrosis. Further experiments are
detectable in essentially all A20 cells committed to deatmeeded to address such issues.
(apoptotic and necrotic cells) within the first 5 hours after Several reports have suggested that ceramide production
addition of FasL (Fig. 5C) and was blocked with low participates in apoptotic cell death, mainly by correlating the
concentrations of zZVAD-fmk but not with caspase-3 inhibitorssimultaneous appearance of apoptotic markers with ceramide
(Fig. 1D). Second, delayed ceramide production with similaproduction (Garcia-Ruiz et al., 1997; Gudz et al., 1997).
release kinetics was detectable (Fig. 6) (Tepper et al., 200jowever, experiments in which genetic manipulation was
Third, in both lines FasL triggered apoptosis and necrosigmployed to analyze the contribution of different SMases in
albeit in a distinct fashion with respect to their concentratiorras-induced apoptosis failed to implicate any of these enzymes
dependence (Fig. 5). Raji B-cells, in contrast, only died byBrenner et al., 1997; Cock et al., 1998; Tepper et al., 2001).
apoptosis (Fig. 5). Thus, our observations, in conjunction wittn our experimental system, a small subpopulation of
previously published results (Tepper et al., 2000), provide hypodiploid cells was observed by the FACS analysis after
link between Fas-induced lipid scrambling, late ceramideeramide treatment (Fig. 7D). These most probably represent
production and cell death by necrosis. apoptotic cells. Others have reported induction of apoptosis in
Delayed ceramide production was additionally linked toa small fraction of A20 cells (roughly 15%) by cell-permeable
FasL-induced necrosis since cell-permeable C6- or CzZeramide after 16 hours of incubation (Bras et al., 2000). The
ceramide induced cell death (kD40 uM after 16 hours) amount of necrosis induced by ceramide treatment appears to
without caspase-3 activation, DNA fragmentation, celldepend on the cell line investigated. For instance, in the human
shrinkage and chromatin condensation (Figs 7 and 9). Insteazhlon carcinoma cell line HT29, ceramide at|#@ induces
cells increased in size (Fig. 9A) and were filled with vacuolacell death in roughly 30% of the population and only about half
structures (Fig. 9C), resembling FasL-induced cell death bgf those cells die by apoptosis (C.A.H. and A.F.G.Q.,
necrosis (see Fig. 3C-E). Likewise, increases in endogenouspublished). Since the assays generally employed are not
ceramide levels upon treatment with bacterial SMase alsguantitative and are heavily geared towards detecting
promoted cell death by necrosis (Fig. 7F,G). Experiments iapoptosis, it is conceivable that information concerning other
which ceramides were added to A20 cells at different timéorms of cell death might have gone largely unperceived.
points after stimulation with FasL identified the ceramide- In contrast to apoptosis, cell death by necrosis is typically
effect as being dominant in the sense that the earlier ceramidssociated with inflammation. This difference is related to
was present, the higher the percentage of cell death vativation or maturation of phagocytic cells, like macrophages
necrosis. However, once the apoptotic program had beemd dendritic cells (Fadok et al., 2000; McDonald et al., 1999;
initiated, exogenous addition of ceramides no longer had arfyauter et al., 2000). Recently, Bhardwaj and coworkers showed
effect, and execution of apoptosis proceeded normally (Fighat immature dendritic cells phagocytose a variety of
8A). Interestingly, similar effects were observed for Jurkat (noapoptotic and necrotic cells (Sauter et al., 2000). However, only
shown) and Raji cells (Fig. 8B), indicating that the kinetics ofexposure to necrotic cells provided the signals required for
events leading to apoptosis were well conserved between cdikndritic cell maturation, resulting in upregulation of
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maturation-specific markers, co-stimulatory molecules and thenkarcrona, M., Dypbukt, J. M., Bonfoco, E., Zhivotovsky, B., Orrenius,
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