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ABSTRACT. a-Tocopheryl succinatex TOS) is a semisynthetic vitamin E analogue with high pro-apoptotic
and anti-neoplastic activity [Weber, T et al. (2002)in. Cancer Res. 8863—-869]. Previous studies
suggested that it acts through destabilization of subcellular organelles, including mitochondria, but
compelling evidence is missing. Cells treated witff OS showed altered mitochondrial structure, generation

of free radicals, activation of the sphingomyelin cycle, relocalization of cytochimar& Smac/Diablo,

and activation of multiple caspases. A pan-caspase inhibitor suppressed caspase-3 and -6 activation and
phosphatidyl serine externalization, but not decrease of mitochondrial membrane potential or generation
of radicals. Foro-TOS, but not Fas or TRAIL, apoptosis was suppressed by caspase-9 inhibition, while
TRAIL- and Fas-resistant cells overexpressing cFLIP or CrmA were susceptiold @S. The central

role of mitochondria was confirmed by resistance of mtDNA-deficient cells-TOS, by regulation of
o-TOS apoptosis by Bcl-2 family members, and by anti-apoptotic activity of mitochondrially targeted
radical scavengers. Co-treatment witfT OS and anti-Fas IgM showed their cooperative effect, probably

by signaling via different, convergent pathways. These data provide an insight into the molecular
mechanism, by whickh-TOS kills malignant cells, and advocate its testing as a potential anticancer agent
or adjuvant.

Apoptosis is a form of cell suicide essential for tissue tion of redundant and/or deleterious cells. Better understand-
development and remodeling and is responsible for elimina- ing of the mechanism and regulation of apoptotic processes
may provide an approach to new therapeutic stratedies (
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consisting of cyt, Apaf-1, and pro-caspase-9, followed by support the emerging picture of VE succinate as an agent
dATP-dependent activation of caspasei9)( while AlF- with a high therapeutic potential.

dependent cell death signaling appears to bypass the caspase

cascade&). Smac/Diablo translocates to the cytosol, where MATERIAL AND METHODS

it associates with and suppresses the activity of the inhibitor ~Cell Culture and TreatmentHuman parental, Bcl-2-
of apoptosis proteins (IAPs){, 12). The initiator caspase-9  overexpressingl(7), Fas-dominant negative (DN29) and

or -8 (the latter activated by pro-caspase-8 recruitment to CrmA-overexpressing Jurkat cel0j, and THP-1 cells were
the death domain-containing adaptor protein in receptor- cultured in RPMI medium with 10% FCS. The murine
mediated apoptosid4)) activates the executioner caspase- leukemia NSF/N1.H7 parental cells and their vector, gain-
3, -6, or -7 6, 15). Thus, in drug-induced apoptosis, of-function (S70E), and loss-of-function (S70A) Bcl-2 trans-
activation of the executioner caspases largely involves fectants were grown in RPMI medium with 10% FCS and
mitochondrial destabilization5( 15). On the other hand, 10% conditioned media from the IL-3-secreting WEHI-3
receptor-mediated apoptosis involves activation of the initia- cells @0, 31). Ml-1a cells, the MI-1a-derived mtDNA-
tor caspase-8 that relays the pro-apoptotic signal directly to deficient % C19 cells, and the revertant P2 cells were grown
effector caspases or indirectly, for example, by cleaving the in complete RPMI medium with supplements as specified
protein Bid to its pro-apoptotic form, also resulting in elsewhere 32). Wild-type MCF7 cells and their stable

mitochondrial injury (0, 14). caspase-3 transfectants (MCF7-C3R3)( were grown in
Various effector molecules, such as the Bcl-2 family EMEM with 10% FCS. Fibroblasts deficient in mtDNA were
proteins, regulate pro-apoptotic signaling pathways.(Of prepared by long-term treatment of human fibroblasts (strain

these, Bcl-2 has been shown to suppress apoptosis byAG01516) with sublethal doses of EtBr and kept in the same
inhibiting destabilization of mitochondria and preventing medium as the Ml-1a cells.

release of pro-apoptotic factors? 18). The anti-apoptotic For experiments, suspension cells were seeded ak0.5
activity of Bcl-2 is modulated by different mechanisms, 10° per mL and adherent cells used at-8D% confluence,
including multiple protein kinases and proteases either unless specified otherwise. Cells were treated WwithOS
sensitizing the protein for degradatidt8( 19) or regulating (Sigma), anti-Fas IgM (clone CH-11; Immunotech), or the
its mitochondrial membrane associatid20,(21). Effector recombinant human tumor necrosis factor-related apoptosis-
caspases also cleave the anti-apoptotic Bcl-2 to a pro-inducing ligand (rhTRAIL, Apo2L) 84). In some experi-
apoptotic Bax-like protein, hence modulating cell death by ments, cells were pre- or co-treated with the neutralizing anti-
feedback amplification22). Fas IgG (Upstate Biotechnology;tocopherol ¢-TOH) (p-

We have recently shown thattocopheryl succinateo¢ o-tocopherol; Sigma), the mitochondrially targeted analogues
TOS), an esterified analogue of vitamin E (VE), induced of o-tocopherol (mito-E) §5) or ubiquinone-10 (mito-Q)
apoptosis in Jurkat cells, and this process involved subcellular(36), N-acetylt-cysteine (NAC), caspase inhibitors (all
organelle destabilization and activation of caspasz3324). Calbiochem), or desipramine (Sigma).

Analogues of vitamin E have been shown to induce cell death  Assessment of Apoptosis Markérsmost cases, apoptosis

in other malignant cell lines26—27). The last of these  was assessed by annexin V-binding to phosphatidyl serine
studies showed that Trolox, a water-soluble analogue of VE, (PS) externalized early in the process of apoptosis. In brief,
synergized in cancer cell killing with 5-fluorouracil, thereby cells were resuspended in the binding buffer, incubated with
overcoming resistance to apoptosis in cancer cells with FITC- or PE-conjugated annexin V (PharMingen) and
mutant p53 by upregulating the cell cycle inhibitor protein analyzed by fluorescence-assisted cell sorting (FACS) (FAC-
p21WafiCiel \We have reported that- TOS is effective against ~ Scan or BDH LSR; Becton DickinsonBT).

colon cancer cells regardless their tumor-suppressor gene Caspase activity was measured as published elsewhere
status and against colon cancer in vi24,(28), and that it (37). In brief, cells were lysed, the lysate mixed with the

is largely selective for malignant cell26). reaction buffer, and incubated with substrates for caspase-

To extend our understanding of the molecular mechanism 3, -6, or -9, Ac-DEVD-AMC, Ac-VEID-pNA, or Ac-LEHD-
of cell death triggered by-TOS, we investigated the role  AMC (50 uM each), respectively. The intensity of fluores-
of mitochondria in apoptosis induced by the VE analogue, cence of the liberated 4-amino-7-methyl coumarin (AMC)
and the associated up- and downstream events. Here we shoWas measured atx = 380 nm andlem = 435 nm for Ac-
that mitochondria play a central role in this process and that DEVD-AMC, and Aex = 400 nm andlem = 505 for Ac-
their destabilization involves formation of reactive oxygen LEHD-AMC, while absorbance at 405 nm of the liberated
species (ROS), release of aytand activation of multiple  p-nitroaniline (pbNA) was measured in the case of Ac-VEID-
caspases in lymphoma and epithelial cells. Our results PNA.

Caspase-3 activation was assessed by FACS as follows.

1 Abbreviations: AlF, apoptosis-inducing factor; BFU-E, erythroid F'X?d and p,ermeab'hzgd cells were incubated W't,h an
burst-forming units; CFU-GM, granulocyte-macrophage colony-forming antibody against the active form of caspase-3 (PharMingen)

units; cytc, cytochromec; DCDF, 2,7-dichlorodihydrofluorescein ~ followed by FITC-conjugated secondary 1gG and analyzed
diacetate; DMPO, 5,5-dimethyl-1-pyrrolid¢oxide; EGFP, enhanced by FACS.

green fluorescent protein; EPR, electron paramagnetic resonance; FACS, . . . .
fluorescence-assisted cell sorting; IAP, inhibitor of apoptosis protein; ~ Mitochondrial inner membrane pOt,ent'aNQm) was
JC-1, 5,56,6-tetrachloro-1,13,3-tetraethylbenzimido-azolyl-carbocya- ~ assessed by incubating cells with/iN 5,5',6,6-tetrachloro-
nino iodide; mito-Q, mitochondrially targeted coenzyme Q; mtDNA,  1,1',3,3-tetraethylbenzimidoazolyl-carbocyanino iodide (JC-

mitochondrial DNA; NAC,N-acetylcysteine; ODN, oligodeoxynucle- . ; ;
otide; PS, phosphatidyl serine; SM, sphingomyetinTOH, a-toco- 1. Molecular Probes) and their analysis by FA(’?S'
pherol;a-TOS, a-tocopheryl succinate; TRAIL, tumor necrosis factor- Assessment of GSH and GSS@eleand Analysis of Free

related apoptosis-inducing ligand; VE, vitamin E. Radical GenerationGSH concentration in cells was deter-
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mined based on the level of GSSG and total glutathione, x 10° cells (0.5x 10f per mL) were treated for 30, 60, or
using the equation [GSH¥ [total glutathione]— 2 x 90 min with 50uM o-TOS or 40 ng/mL hrTRAIL, washed
[GSSG] as described earlied8). The protocol for measure-  two times with PBS, and the pellet extracted as published
ment of cellular levels of GSSG was published previously earlier @7). Extracts were dried under a stream of argon and

(39). dissolved in 8QuL chloroform/methanol (1:2, v/v) prior to
Formation of ROS was assessed indirectly as publishedanalysis. Lipids were analyzed by direct injection into the
(40). In brief, cells were incubated with &M 2',7'- Esquire 3000 mass spectrometer (Bruker) using the flow of

dichlorodihydrofluorescein diacetate (DCDF; Molecular 9 ulL/min. The electrospray probe was operated at a negative
Probes), and fluorescence intensity was assessed by FACSon mode. The molecular iom{z 536) and chlorine adduct
The oxidation nonsensitive analogue of DCDF, carboxy- of C16 ceramider{Vz 572) were isolated and accumulated
DCDF (Molecular Probes) was used to rule out other than in the ion trap. For quantification, the sum of arithmetic mean
oxidation-dependent changes in DCDF flurescence. of parallel measurements of both ions was used. Authentic
ROS generation was also assessed directly by electronC16 ceramide (Calbiochem) was used as a standard.

paramagnetic resonance (EPR) spectroscopy using the radical Cell Fractionation.Cells were fractionated into cytosolic,
trap 5,5-dimethyl-1-pyrrolinél-oxide (DMPO; Sigma) puri-  mitochondrial, and nuclear compartments according to the
fied prior to use 41). Spin trapping of radicals readily allows  standard protocol using sequential centrifugatiég).(MI-

their detection at room temperatud?). Buffers were stored 15, C19, and P2 cells, sensitive to the conventional method,
over Chelex-100 (BioRad) to remove transition metals. were fractionated by cavitatior82).

X-band spectra (293 or 77 K) were obtained with a Bruker Treatment with Bcl-2 Oli ;
- godeoxynucleotides (ODBBI-2
EPR benchtop spectrometer. CelisX410° per mL) were antisense, reverse antisense or sense, phosphorothioate-

treated with 5uM a-TOS in the presence or absence of . : :

. modified ODNSs 49) were synthesized (MWG-Biotech) and
100 mM DMPO. Analyses of DMPO spin-trapped adducts used as follows. Cells (0.5 1Cf per mL) were supplemented
were per_formed with sample_s (2p0) taken from the c_eII with 10 uM ODN or left untreated. After 18 h, aliquots for
suspension and transferred into a quartz flat cell (Wilmad, Bcl-2 immunoblotting were taken, and a second portion of

Buena, CA). The cell was then placed into the cavity for ODN (10 M) was added together with-TOS. Aliquots

EPR analyses at 293 K. The detection limit of the stable f . '
A . . . or second Bcl-2 immunoblotting were taken 14 h later, and
nitroxide (TEMPO) under identical conditions wa$0 nM. apoptosis assessed 12 h afteTOS addition.

The time between removal of the sample, transfer to the flat . : .
b TransfectionsThe following plasmids were used: Bcl-

cell, and tuning the spectrometer wa80 s. EPR spectra | d thei b
were obtained as an average of five scans (modulationz'.EGFP' Bcl-x-EGFP, Bax-EGFP, and their carboxy ter-
minal deletion mutants5Q), cyt c-EGFP 61), pMito-RFP

frequency, 100 kHz; sweep time, 163 s). Microwave power, > A .
modulation amplitude, and scan range used for each analysid™®d fluoreéé)ent p(;otem, C%or;tech), dfoml_nant-negatlve .(DdN)
are as indicated in the figure legend. Hyperfine couplings c2SPase-932), and cFLIP §3). Transfections were carrie

g d yp Ping out essentially as described4). In brief, cells at 56-70%

were obtained by spectral simulation using WINSIM soft- i | dwi incubated
ware @3) and are expressed in units of mT. Simulations were confluence were supplemente with DNA preincubate
for 10 min with 10uL LipofectAMINE (Gibco-Life Tech-

considered acceptable if they produced correlation factors .
of R > 0.85. Diethylenetriamine pentaacetic acid (DTPA; Nnologies) and 1 mL serum-free EMEM. After-2 h, cells
Sigma) (100xM) was added to cell suspensions before were washed and supplemented with complete EMEM. After

exposure tax-TOS to avoid complications of Fenton-type ?4_.36 h, cells were exposed to apoptosi.s inducers as
chemistry. indicated elsewhere. For apoptosis evaluation, cells were
Assessment of Sphingomyelin (SM) Metabolism and SMasé:morl"°‘ri5f9(:te$j V‘r’:th fl‘.g of alleglczzltalonal gene-EG;lF:’F;/zctor

Activity. The involvement of SM metabolism in-TOS- and 1ug of the histone- P vector or pRF X
induced apoptosis was estimated as published previouslyFollov_vlng treatment with apoptotic mducers,_ cells with green
(44). Cells were metabolically labeled with [methilg-  Nuclei or red cytoplasm were scored using fluorescence
choline (0.54Ci/ml) and stimulated withu-TOS (50M) microscope. Transfectlor) efficacy was, routinely;80%,
with or without Z-VAD-FMK (25 uM). At indicated times, as assessed by expression of EGFP or RFP.

cells were harvested and homogenized by sonication. Lipids Western BlottingWhole cell lysates were separated by
were extracted from the lysates, add]choline-labeled SM 15% SDS-PAGE and proteins transferred onto nitrocellulose

quantified as described@_ A|ternative|y’ SM and ceramide membranes, which were blOCkEd, incubated with antibodies
contents were determined by [9,38}palmitic acid labeling ~ against cytc, caspase-9 (PharMingen), Bcl-2, AIF, or Bid

as previously reportedib). In short, [9,10%H]palmitic acid- (Santa Cruz) and incubated further with peroxidase-labeled
labeled lipids were separated by this-layer chromatographysecondary 19G. Blots were developed using the ECL kit
and the radioactive lipids localized by radioscanning. (Amersham) and exposed to X-Omat AR film.

SMase activity was determined in cells exposed-{bOS Immunofluorescence Microscopyuspension cells (0.25
with or without Z-VAD-FMK (see above) as reported4j. x 10F) were cytospun, while adherent cells were grown on
An aliquot of cell lysate was combined with [cholineethyt cover slips, fixed, permeabilized, and incubated with anti-

1CISM (1.2 x 10° dpm/assay), and the amount of liberated bodies against cyt (PharMingen), AIF (Santa Cruz), or
[methyt“C]choline was quantified by liquid scintillation =~ Smac/Diablo (Alexis). The cells were then incubated with
counting @4). secondary FITC- (Santa Cruz) or Alexa-488-conjugated 1gG

Products formed during sphingomyelin hydrolysis were (Molecular Probes), mounted with Mowiol (Sigma) or
characterized by negative ion-spray liquid chromatography Vectashield-DAPI (Victor Laboratories), and observed using
mass spectroscopy (LC-MS) as describé@).(In brief, 15 a Leica DMRBE microscope.
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Transmission Electron Microscop@ells (13) were grown analogue of DCDF insensitive to oxidation (Figure 3A, inset).
in complete RPMI medium at 0.5 1C° per mL, treated as  The fact that we observed no changes in the fluorescence of
indicated, spun down, fixed with 2% glutaraldehyde and post- carboxy-DCDF in cells exposed to TOS (Figure 3A, inset)
fixed with 1% OsQ, made up in isotone cacodylate buffer suggests that changes in fluorescence of DCDF in cells
(pH 7.2; 300 mOsmol), dehydrated, and embedded in Epon-exposed ta-TOS were largely due to oxidation of the probe.
812. Ultrathin sections were cut, contrasted with uranyl To confirm the role of oxidative stress in-TOS-induced
acetate and lead citrate, and examined in a JEOL 1200 EXapoptosis, we pretreated Jurkat cells with NAGTOH,
transmission electron microscope operated at 80 &4). ( mito-E, or mito-Q. Figure 3B shows that antioxidants

Statistics.Unless stated otherwise, the data shown are suppressed both oxidative stress and apoptosis induction in
mean valuest SD of three independent experiments. The @-TOS-exposed cells and that the mitochondrially targeted
differences were considered significant wHer< 0.05, as ~ analogues were similarly protective at50-fold lower
assessed by Student’s t-test. The images shown are repreconcentrations compared¢eTOH. These data also strongly
sentative pictures derived from at least three independentadvocate mitochondria as a source of radicals.

experiments. To obtain direct evidence for ROS formation in cells
exposed ta-TOS, we employed EPR spectroscopy together
RESULTS with spin trapping (Figure 4). Treatment of cells withTOS

] ) for 1 h in thepresence of DMPO generated a weak four-

a-TOS Causes Morphological Changes Typical for Apo- |ine spectrum super-posed on a broad multiplet absorption:
ptosis.Recent reports suggested that apoptosis induced byihese adducts were present for obth incubation (Figure
o-TOS involves destabilization of intracellular organelles 4A, B). Hyperfine couplings of the spin adduct exhibiting a
including mitochondria 26, 56). This prompted us to sharp EPR signal were from single nitrogen™Aand
investigate the early changes associated WHROS-trig- hydrogen (A' ;) atoms. Coupling constants¥A~ 1.51 mT
gered apoptosis and link them to downstream events. A gnq Ay ~ 1.46 mT were determined by spectral simulation
typical feature shared by diverse modes of apoptosis is(not shown) and are consistent with the assignment of a
changes in (sub)cellular morphology, including that of pyqgroxyl radical adduct of DMPGE(). In contrast, the broad
mitochondria, as documented by transmission electronsigna| is likely due to the formation of an oxidation/
microscopy for Jurkat cells treated witeTOS, anti-Fas  preakdown product of DMPO that is also present in com-
IgM, or hrTRAIL (Figure 1). Although morphological  mercial sources of DMPO prior to purification (not shown).
changes typifying different stages of apoptosis are shown comparison of the DMPO adduct obtained from the cell
here, a-TOS-induced apoptosis was, in mMost respects, system with authentic DMPO-OH obtained from the reaction
morphologically undistinguishable from that initiated by Fas ot pMPO and HO./F& indicates that the major radical
or TRAIL. species generated duringTOS exposure of cells. Super-

Switching on of the SM Cycle and Radical Formation Are oxide radical aducts of DMPO may be subsequently con-
Early Events ina-TOS-Initiated Pro-Apoptotic Signaling.  verted to DMPO-OH. Therefore, we cannot rule out the
An important role in apoptosis modulation has been ascribed possibility thata-TOS exposure of cells increases superoxide
to SM metabolites, and SMase is often activated early in production (Figure 4C)42). Importantly, no radicals were
apoptosis. Table 1 reveals thatTOS exposure led to a  detected in reaction mixtures containing cells alone, cells
transient two-phase decrease in the level of SM in cells, andlpaded with DMPO withouti-TOS treatment, and DMPO
that the second phase was suppressed by the pan-caspasgone as controls (Figure 4EF). Although these experiments
inhibitor Z-VAD-FMK. In contrary, SM hydrolysis occurred  were performed with THP-1 cells, they are likely similar
later in TRAIL-treated cells and was not inhibitable by with Jurkat cells, as both cell lines exert similar kinetics of
Z-VAD-FMK. Concomitantly, treatment of the cells with  apoptosis when exposed 8TOS (not shown). It needs to
a-TOS resulted in formation of ceramide with kinetics be pointed out, though, that these data do not exclude the
resembling that of SM hydrolysis, and this was correlated possibility that some of the EPR-detected radicals are derived
with activation of SMase (Table 1). Negative ion-spray LC- from a mitochondria-independent process. Notwithstanding,
MS analysis of cells treated with bothTOS and hrTRAIL  these results provide a direct evidence for generation of ROS
revealed C16 ceramide as a major SM-derived metabolite.in cells exposed to-TOS and support the idea that radicals
Importantly, LC-MS analysis showed that the kinetics of C16 may be involved in early pro-apoptotic signaling.
ceramide formation reflected degradation of SM as well as A frequent result of increased intracellular oxidative stress
activation of SMase (Figure 2, cf. Table 1). The potential s oxidation of GSH. We therefore investigated whether
role of SM metabolism inx-TOS-induced apoptosis was exposure of Jurkat cells t@-TOS would lead to a shift in
further supported by its partial suppression by desipramine, the GSH-to-GSSG ratio. Table 3 shows a dramatic and early
an inhibitor of acidic SMase (Table 2). conversion of GSH to GSSG in cells exposedatd OS,

Formation of radicals may be an important event in whereas this was not observed for TRAIL. This further
o-TOS-induced apoptosig84). Figure 3A reveals an early  supports the notion of the role of ROS in early apoptosis
buildup of oxidative stress in-TOS-exposed cells, while  induced byo-TOS.
this was delayed in cells treated with anti-Fas IgM and  Pro-Apoptotic Factors Are Mobilized in Cells Exposed to
hrTRAIL. Fas- and TRAIL-dependent ROS generation was o-TOS.Mitochondrial destabilization is characterized by a
suppressed by the pan-caspase inhibitor Z-VAD-FMK, but decrease il\Wy,. Figure 5A shows a drop iAWy, in Jurkat
this was not observed foe-TOS. To confirm that the  cells exposed t@-TOS, while this was not prominent in
observed increase in fluorescence was due to oxidation ofcells treated with anti-Fas IgM. Co-treatment with Z-VAD-
DCDF, we used as a negative control carboxy-DCDF, an FMK partially inhibited these changes in anti-Fas IgM- but
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Ficure 1: Ultrastructural alterations of Jurkat cells following exposure to various apoptosis-inducing agents. Compared to the control cells

(A, B), 12 h treatment with either 50M o-TOS (C, D), 20 ng/mL anti-Fas IgM (E, F), or 40 ng/mL hrTRAIL (G, H) resulted in apoptosis

of various stages. Characteristic ultrastructural features of the early apoptotic phase (C) are condensation and margination of the chromatin
(arrowheads) and the appearance of numerous autophagic vacuoles (V). In a later stage (E, G), the condensed chromatin appears as crescer
structures (**) on the inner nuclear membrane. As a result of nuclear membrane convolution and fragmentation, nuclear bodies (*) are
formed (E, F). Finally, convolution of the cell membrane results in cellular blebs (B), which finally leads to fragmentation of the cell into
apoptotic bodies (G). The various apoptotic treatments have transformed the orthodox mitochondria of the control cells (B) to the condensed
conformation, which is characterized by the condensed matrix and either relatively normal (D) or swollen intercristal space (F, G).

not a-TOS-treated cells. Contrary t&%W,, Z-VAD-FMK In the adherent cell line MCF7-C3, we also observed cyt
suppressed activation of both caspase-3 and -6 in cellsc relocalization during apoptosis induced &yrOS (Figure
exposed ta-TOS (not shown). 5D). MCF7-C3 cells treated witli-TOS showed diffuse

Mitochondrial destabilization often leads to mobilization pattern of cytc as well as of AIF and Smac/Diablo,
of pro-apoptotic factors such as aytAlF, or Smac/Diablo. suggestive of relocalization of these pro-apoptotic factors
Figure 5B shows a loss of granulated pattern typical for cyt from mitochondria (Figure 5E). Such changes were not
cin Jurkat cells exposed - TOS, which was not suppressed observed in MCF7-C3 cells treated with hrTRAIL (not
by Z-VAD-FMK. The diffuse pattern was partially sup- shown).
pressed in cells co-treated with Z-VAD-FMK and anti-Fas  Caspase-9 Is Important for Post-Mitochondriadéhts in
IgM. Immunoblotting of fractionated cells confirmed cyto- o-TOS-Induced Apoptosi§o dissect initial caspase signaling
solic translocation of cytc but failed to show nuclear ino-TOS and Fas/TRAIL apoptosis, we pretreated cells with
relocalization of AlF (Figure 5C). the caspase-9 inhibitor Z-LEHD-FMK or the caspase-8
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Table 1: Sphingomyelin Metabolism Is Switched oncisTOS-Treated Celfs

SM hydrolysi$ ceramide formation SMase activit§f
time a-TOS hrTRAIL a-TOS a-TOS
(min) —zVAD +zVAD —zVAD +zVAD —zVAD +zVAD —zVAD +zVAD
10 1.0+0.1 1.11+ 0.04 n.d. n.d. n.d. n.d. n.d. n.d.
15 0.83+ 0.02* 0.87+ 0.01* 1.04+0.12 1.124+ 0.06 n.d. n.d. 1.6 1.6
30 0.89+ 0.02* 0.88+ 0.01* 1.144+0.16 0.95+ 0.04 1.1 0.9 1.4 1.3
45 0.79+ 0.01* 0.81+ 0.01* 1.04+ 0.06 0.98+ 0.07 1.3 1.35 1.6 1.25
60 1.08+ 0.12 1.11+0.12 0.78+ 0.07* 0.83+ 0.02* 1.08 0.88 1.5 1.2
90 0.77+ 0.02* 1.07+0.12 0.82+ 0.01* 0.89+ 0.06* 1.2 0.7 1.3 1.1
120 1.06+ 0.11 1.05+ 0.07 1.02+ 0.06 0.97+ 0.01 0.9 0.7 1.1 1.04

a Jurkat cells (0.5« 10° per mL) were exposed t@-TOS (50uM) or hrTRAIL (40 ng/mL) for the time indicated, analyzed for the level of SM
and ceramide or Smase activity as detailed in Materials and Methods, and this was expressed as a change in SM level relative to untreated cells.
bData are derived from-34 independent experiments and are expressed as mean ¥al8d3. The asterisk indicates the relative level of SM
statistically different from that in nontreated cells wkh< 0.05. n.d., not determine@Data are mean values from one experiment performed in
triplicate with S.D. less than 10%. Sphingomyelinase activity is expressed as the ratio of the activity of the treated sample and the unstimulated
control. The specific activity of the control was 2430.4 nmol it mg™ protein.

5365 12 Table 3: a-TOS Causes Conversion of GSH to GSSG
,g time [GSSG)/[GSH]
% 10k (h) control o-TOS hrTRAIL
2 0 0.11+ 0.043 0.11+ 0.037 0.1+ 0.037
g 1 0.13+ 0.033 0.27+ 0.049* 0.08+ 0.025
g8 2 0.1+ 0.038 0.2%- 0.08* 0.08+ 0.047
g 6 0.12+ 0.059 0.414+ 0.04* 0.11+ 0.052
= p 12 0.09+ 0.039 0.26+ 0.062* 0.13+0.034
a Jurkat cells (0.5< 1C° per mL) were treated with vehicle (control),
a-TOS (50uM), or hrTRAIN (40 ng/mL) and assessed for oxidized
and reduced glutathione, as described in Materials and Methods, and
572.4 their level expressed as a ratio of GSSG/GSH. Asterisk denotes
statistical difference from the corresponding control values Witk
0.05.
T
5%0 54110 55‘0 5‘60 570 m/z

FIGURE 2: C16 ceramide is formed during- TOS- and TRAIL- caspase-9, while this was not observed in case of Fas, at

induced apoptosisx-TOS activates the sphingomyelin pathway, €St in the earlier time points (Figure 6C,D).

Jurkat cells were exposed toTOS (50uM) or hrTRAIL (40 ng/ As botho-TOS and TRAIL lead to activation of multiple

mL) for 30, 60, or 90 min and assessed for generation of C16 effector caspases, we investigated the effect of these inducers
ceramide by negative ion-spray MS (inset). The data are averagegn MCE7 (caspase-3-deficient) and MCF7-C3 (caspase-3-

values of two analyses. Authentic C16 ceramide was used to obtain . P -
a standard MS spectrum, which was correlated with that obtained expressing) cells. As shown in Figure 6E, caspase-3-deficient

by analysis of treated. Note that the relative increase in the level C€llS showed lower susceptibility than their caspase-3-
of C16 ceramide corresponds to the loss of SM and formation of proficient counterparts when exposedotélf OS as well as

total ceramide and can be correlated with SMase activation as shownto hrTRAIL, suggestive of importance of caspase-3 for full

in Table 1. apoptotic potential of the cells, unlike shown by a recent
— — report indicating a compensatory use of alternative caspases
Table 2: Desipiramine Inhibite-TOS-Induced Apoptosis (59).
time apoptosis (%) Susceptibility tax-TOS Requires Fully Functional Mito-
(h) Des a-TOS a-TOS+ Des chondria. Because mitochondria play an important role in
0 10.5+1.2 - - o-TOS-induced apoptosis, we studied whether the absence
6 11.7+21 23.5+3.2 152+ 1.8* of mtDNA affects susceptibility of cells to the agent, using
22 138+ 19 905+ 738 59.3+6.2% 0° cells (C19) derived from the MI-1a cell line and their

a Jurkat cells (0.5< 10° per mL) were incubated with desipramine  revertants (clone P2)3P). Figure 7 shows that C19 cells
EI,DAeSo; %ﬁg’g \;“V;Oi égg/s‘g/'o? 3;;;“3 e Zgﬁggrfogeé?ﬁéf%;ﬁg dzirr:d . Were more resistant ta-TOS than the parental cells and
exr?re?ssed as % of annexin V-gpositive cells. The asterisk indicates the P2 r,evertams' As cgtis a major med,lator O&'TO_S )
differences in apoptosis level in samples treated WithOS + Des apoptosis downstream from mitochondria, we studied its
statistically different from those treated with TOS only with P < level in the MI-1a, C19, and P2 cells and its relocalization
0.0S. during exposure ta-TOS. Figure 7C reveals that, unlike

the parental cells and the revertants, C19 cells failed to
inhibitor Z-IETD-FMK. The caspase-9 inhibitor suppressed relocalize cytc, despite their higher total levels of cgt
caspase-3 activation and PS externalization dei OS compared to the other two cell lines (not shown). Therefore,
whereas these effects were less pronounced for both Fas anthe resistance of° cells is linked to nonfunctional mito-
TRAIL, and the opposite was observed with the caspase-8chondria rather than to lack of cgtIndeed, we also observed
inhibitor (Figure 6A,B). Consistent with this, treatment of higher levels of cytc in p° fibroblasts when compared to
Jurkat cells witho-TOS resulted in activation of the initiator ~ their normal counterparts (not shown).
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Ficure 3: a-TOS induces generation of oxidative stress. (A) Jurkat
cells were exposed t@-TOS (50uM), anti-Fas IgM (20 ng/mL),

or hrTRAIL (40 ng/mL) in the absence or presence of Z-VAD-
FMK (25 uM), and generation of ROS was estimated by oxidation
of DCDF, evaluated by FACS. The inset shows fluorescence in
control cells, or in cells treated for 0, 1, 3,caB h with 50uM
o-TOS and incubated with carboxy-DCDF, an oxidation nonsen-
sitive analogue. The symbol “*” indicates statistically different value
for cells treated witho-TOS compared to cells treated with anti-
Fas IgM or hrTRAIL, while the symbol “**” indicates statistically
different values for cells treated with anti-Fas IgM or hrTRAIL
alone compared to cells co-treated with zZVAD. (B) Cells were
pretreated with NAC (5 mM)p-TOH (50uM), mito-E (2uM), or
mito-Q (1uM) for 2 h and exposed to-TOS (50uM, 12 h), and
apoptosis extent was evaluated by annexin V binding after 12 h
and ROS generation using DCDF after 4 h. The symbol “*”
indicates statistically significant differencd € 0.05) in the values

for cells treated witho-TOS alone and those co-treated with
different antioxidants.

Bcl-2 Family Proteins Are Important far-TOS-Induced
Apoptosis.Release of cytc from mitochondria into the
cytosol is often modulated by the Bcl-2 family proteins. To
assess the potential anti-apoptotic role of Bcl-2xHTOS-
initiated cell death, we used gain- and loss-of-function Bcl-2
mutant strains of the H7 cell line. The loss-of-function cells
were more susceptible and the gain-of-function cells more
resistant toa-TOS, while these differences were less
pronounced for TRAIL (Figure 8A). Further, Jurkat cells
were sensitized tax-TOS, but less so to Fas, following
downregulation of Bcl-2 by antisense ODN treatment (Figure
8B, C), as also supported by their susceptibilityotd OS
at concentrations sub-apoptotic for ODN-untreated cells
(Figure 8B, inset).

We studied the role of Bcl-2 family proteins using MCF7-
C3 cells transfected with fusion constructs harboring EGFP
and the Bcl-2, Bcl-x, or Bax genes or their mutants lacking
the mitochondrial-docking domain. Figure 8D shows that
overexpression of both Bcl-2 and Balybut notABcl-2 or

Biochemistry, Vol. 42, No. 14, 20031283
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Ficure 4: EPR spectroscopy reveals radical generation in cells
treated with o-TOS. THP-1 cells (4x 1C° per mL) were
preincubated with 100 mM DMPO and exposeatd OS (50uM)

for 1 (A) or 5 h (B). A reference EPR spectrum was obtained by
reacting DMPO with HO, in the presence of Cti (C). EPR spectra
are shown of the control cell (Dcells loaded with DMPO and
incubated in the absence afTOS (E), and cells witla-TOS in

the absence of DMPO (F).

ABcl-x., suppressed-TOS-induced apoptosis. Overexpres-
sion of Bax, but noABax, sensitized cells ta-TOS. Similar
trend was found when these transfectants were exposed to
TRAIL (Figure 8E). Expression of EGFP-tagged Bcl-2 and
Bcl-x., but not their deletion mutants, revealed punctuated
patterns of fluorescence, while this was observed for Bax,
but not ABax, upon cell exposure ta-TOS as well as to
TRAIL (not shown), suggesting mitochondrial translocation
of Bax during apoptosis.

Proximal Signaling Is Inolved in Receptor- but not in
o-TOSInitiated ApoptosisWe next investigated the effect
of proximal versus distal signaling in-TOS-induced apo-
ptosis. Figure 9A shows that Fas-DN Jurkat cells were
resistant to anti-Fas IgM but naet-TOS. Moreover, Fas-
induced apoptosis was inhibited in wild-type cells with
neutralizing anti-Fas IgG (not shown). Jurkat cells overex-
pressing CrmA exerted resistance to both Fas and TRAIL
but not to a-TOS (Figure 9B). To further delineate the
differences in pro-apoptotic signaling byTOS and TRAIL,
we transfected MCF7-C3 cells with DN-caspase-9 or cFLIP
and exposed them to the two apoptogens. Results in Figure
9C show that cells overexpressing DN-caspase-9 were
protected froma-TOS but not from TRAIL, while the
opposite occurred in cFLIP-overexpressing cells.

a-TOS Cooperates with Anti-Fas IgM in Apoptosis Induc-
tion. Given the fact that the pro-apoptosis pathways induced
by o-TOS and by the immunological agents partially differ
yet converge at the level of the effector caspases, we tested
a potential combinatorial effect of- TOS and anti-Fas IgM.
Figure 10A shows that while the extent of apoptosis in the
cells treated with 2«M o-TOS or 5 ng/mL anti-Fas IgM
did not significantly differ from control cells, exposure of
the cells to a combination of these agents yielded &
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FIGURE 5: o-TOS causes mitochondrial destabilization and mobilization of pro-apoptotic factors. (A) Jurkat cells were expo3€iSo
(50 uM) or anti-Fas IgM (20 ng/mL) fo 6 h in theabsence or presence of Z-VAD-FMK (2BV) and assessed fokW,, by FACS
following staining with JC-1. The symbol “*" indicates statistically significant differend@s<(0.05) in the values for cells treated with
anti-Fas IgM alone and cells co-treated with zZVAD. (B) Jurkat cells were exposed ad5@-TOS or 20 ng/mL anti-Fas IgM for 9 h
unless indicated otherwise. The cells were then cytospun, stained with awmtilg§, and observed in fluorescence microscope or (C)
fractionated, lysed, and probed by immunoblotting for the level ofcdglytosolic fraction) or AIF (nuclear fraction). (D) MCF7-C3 cells
were cotransfected with pCgtEGFP and pMito-RFP and exposedotel OS for 12 h. (E) MCF7-C3 cells were exposed to80 o-TOS

for 12 h and immunostained for cgt AlF, and Smac/Diablo, followed by a secondary FITC- or Alexa-488-conjugated IgG.

apoptosis. This enhanced effect was confirmed on the levelmtDNA deficiency results in lower susceptibility to TOS
of caspase-3 activity increase (Figure 10B). Both PS exter-including lack of cytc relocalization; (v) caspase-9 is
nalization and caspase-3 activation in the co-treatmentdispensable for Fas or TRAIL but crucial farTOS-induced
experiments were suppressed by preincubation with the apoptosis.

neutralizing anti-Fas 19G (Figure 10). Mitochondria have been implicated in apoptosis induction
DISCUSSION by o-TOS @3, 28, _34, 56), b.ut the up- and dov_vnstregm
events as well as its regulation have not been investigated
In this report we present evidence that mitochondria play in detail. The first event in cells exposeddel OS observed
a central role irt-TOS-induced apoptosis, that mitochondrial was switching on of SM metabolism; i.e., there was a
destabilization is crucial for caspase activation, and that the significant loss of SM and formation of ceramide in as little
pro-apoptotic pathways im-TOS-induced and receptor- as 15 min (cf. Table 1). It is difficult to explain the two
mediated apoptosis converge at the level of effector caspasegphases of SM hydrolysis in cells exposedderOS and
This notion is supported by several lines of evidence: (i) suppression of the latter by a pan-caspase inhibitor, as
treatment of Jurkat cells with-TOS leads to switching on  activation of caspases appears to be a later event. This finding
of the sphingomyelin cycle and rapid generation of ROS, is consistent, though, with a report showing biphasic and
followed by cytc and Smac/Diablo release, and activation early formation of ceramide in Fas-exposed Jurkat cB (
of caspase-9;-3 and—6; (ii) activation of caspases, but not while others reported a delayed ceramide generation in a
generation of ROS, decrease A, and release of pro-  similar system 46). Contrary toa-TOS, only the second
apoptotic factors, can be suppressed by caspase inhibitorsphase of SM decrease was observed in cells exposed to
(iii) Bcl-2 overexpression protects from-TOS while its TRAIL, pointing to differences in early events in pro-
down-regulation sensitizes cells toward the agent; (iv) apoptotic signaling ofa-TOS and TRAIL. Similarly, as
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FIGURE 6: Caspase 9 is activated inTOS-induced apoptosis. Jurkat cells were exposedT®S (50u«M), anti-Fas IgM (20 ng/mL), or
hrTRAIL (40 ng/mL) in the absence or presence (@) of the caspase-9 inhibitor Z-LEHD-FMK or the caspase-8 inhibitor Z-IETD-
FMK and assessed for caspase-3 activation using the anti-activated caspase-3 IgG (A) and for PS externalization by annexin V binding (B).
The symbol “*” indicates statistically significant difference® € 0.05) in the values for cells treated with the inducer of apoptosis alone
and those co-treated with caspase inhibitors. (C) Jurkat cells were exposetiQ8 or anti-Fas 1gG (see above) for 6 h, and caspase-9
activity was analyzed. The symbol “*” indicates statistically different values for control cells and cells treatedtW@!$. The cells were
also assessed for the level of pro-caspase-9 by Western blotting following treatment with the two agents for the periods indicated (D).
Bottom panel in D shows cleavage of pro-caspase-9 to caspase-9 in control cells (1) and cells tré&lkedifb o-TOS (2) and anti-Fas
IgM (3). (E) MCF7 and MCF7-C3 cells were exposedatd OS (50uM) or hrTRAIL (40 ng/mL) for the time indicated and assessed for

PS externalization by annexin V binding. The symbol “*” indicates statistically significant differefces((05) in the values for MCF7-
C3 and MCF7 cells.

shown for Jurkat cells treated with Fa&6), we identified although the possibility that-TOS activates PP2A directly
C16 ceramide as a major metabolite of SM in batiOS- cannot be ruled ou®d, 63). This link is supported by higher
and TRAIL-exposed Jurkat cells. Moreover, LC-MS analysis resistance to apoptosis of the Bcl-2 gain-of-function and
revealed that the kinetics of C16 ceramide formation and higher susceptibility to death of the Bcl-2 loss-of-function
the increase in its relative amount could be correlated with cells exposed ta-TOS (cf. Figure 8A).
that of SM loss, total ceramide generation and SMase We and others have observed that inactivation of BKC
activation (cf. Figure 2 and Table 1). is not always sufficient to induce apoptosis and, rather, that
We have recently observed th@&{TOS causes lysosomal this process can amplify other signaling pathwe34 64).
instability (23) with early leak of lysosomal constituents into In case ofo-TOS, the presence of the succinyl moiety is
the cytosol 60). While not measured here, it is plausible essential for the apoptosis-inducing activity of the ag@# (
that translocation of lysosomal SMase can contribute to SM 60). This is based on experiments usjig OS, an analogue
metabolism, although the exact role of the acidic and neutralwith high pro-apoptotic efficacy but lacking the PKC
SMase is unclear6l). This is supported by an experiment, inhibitory activity, whose apoptogenic potential resides solely
which showed that desipramine, an inhibitor of acidic SMase with the succinyl moietyZ4, 63). a-TOS acts as a stressor
(62), partially suppressed-TOS-induced apoptosis (cf. Table to which the cell responds by generation of R®S, 66), a
2). One of the pathways involved n-TOS apoptosis is  process that may involve NADPH-dependent oxidagk (
deregulation of the protein phosphatase 2A (PP2A)/protein 67). ROS can also be generated by mitochondria as a
kinase C (PKC) pathway; i.eo-TOS induces activation of  response to ceramidég), or to sphingosine, a product of
PP2A that, in turn, inactivates PKQ4). May and co- ceramide catabolism6@). A contributory role of ROS in
workers showed that generation of ceramide leads to PP2Ao-TOS-induced apoptosis is supported by experiments in
activation with ensuing PK& inactivation that, consequently, which radical scavengers suppressed cell death (cf. Figure
results in dephosphorylation of bcl-2 at Ser 70, whereby 3). We confirmed ROS generation ic TOS-exposed cells
lowering the level of mitochondrially docked Bcl-2@ 21, directly by EPR spectroscopy. This approach allowed us to
31). Thereforep-TOS-induced generation of ceramide may detect a hydroxyl-like radical; it is possible that, in line with
be a link between the VE analogue and activation of PP2A, a recent reportd7), superoxide is formed in-TOS-stressed
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100 - mitochondrially targeted agents were comparably protective
A L] Control againsii-TOS at concentrations50-fold lower thar-TOH

% a-TOS, 6 h :

Bl «-TOS,12h (cf. F|gure 3).

Earlier reports suggested thafTOS caused release of pro-
apoptotic factors from mitochondria into the cytosol, such
e as that of cytc in HL-60 cells 66). As a-TOS leads to
release of this mediator also in Jurkat and MCF7 cells (this
report), cytc relocalization appears to be a unifying principle
in pro-apoptotic signaling of the VE analogue and ranks it
to drugs whose main pathway involves mitochondrial
destabilization. Similarly as shown for HL-60 cellS§],
o-TOS induced dissipation W, in Jurkat cells (cf. Figure
5) in a cyclosporin A-independent way (not shown). This is
B _ Control sugg_e_stive of opening of the mitochondrial permeability

% a-TOS,6h |;q transition pore§, 6). We have also observed that mitochon-
B «-TOS,12h|]
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30 drial destabilization ina-TOS-induced apoptosis led to

relocalization of Smac/Diablo, a protein that forms a complex
in the cytosol with the IAP family members, which prevents
their association with and thereby suppression of caspase
activity (11, 12). Interestingly, a negative regulation of
apoptosis has been shown between SM metabolism and

| *
*
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Caspase-3-positive cells (%)

Z
g
10 % regulation of IAP activity in Jurkat cells, as sphingosine-1-
i % phosphate suppressed Smac/Diablo as well as ssibcal-
% ization (71). We have observed that dimethylsphingosine,
0 7 an inhibitor of sphingosine kinase, potentiatedTOS-

induced apoptosis in Jurkat cells (not shown). Although we
did not study the causal relationship between Smac/Diablo
translocation and apoptosis induction, it is possible that this
pathway, by suppressing the caspase-inhibitory activity of
the 1APs, maximizes sensitivity of cells te TOS. We have
also observed nuclear relocalization of Alg) (n MCF7-
Mi-1a C19 P2 C3 but not Jurkat cells (cf. Figure 5E), suggestive of a cell-
Ficure 7: mtDNA-deficient cells are resistant - TOS. Ml-1a type specific process. Notwithstanding, these results give

cells and their clones, the mtDNA-deficient C19 and the revertant further support for mitochondrial role ia-TOS-induced
P2 cells, were exposed @-TOS (504M) for 6 and 12 h and apoptosis.

assessed for apoptosis (A) and caspase-3 activatior(BDS- N . . . .
treated cells were also fractionated and the cytosolic fraction €localization of mitochondrial factors, in particular that

immunoprobed for cyt (C). Deficiency in mtDNA was evaluated ~ Of €yt ¢, links mitochondrial destabilization to downstream
by EtBr staining (D). The symbol “*" indicates statistically —events, of which activation of caspase-9 appears crucial for
significant difference_sF{ < 0.05) in the vaIues_foa-TOS-treated a variety of apoptogens4(5). This is also the case for
MI-1a cells and their C19 counterparts, while the symbol ™", 155 "a5 documented by activation of caspase-9 in Jurkat
indicates statistically significant differencd® € 0.05) in the values ! S :
for 0-TOS-treated P2 and C19 clones. cells exposed to the agent, b_y |nh!b|t|on@frOS-|nduced _
apoptosis by a caspase-9 inhibitor, and by transfecting
cells that can be, at least partially, converted to hydroxyl epithelial cancer cells with DN-caspase-9 (cf. Figures 6 and
radicals whose accumulation was observed in DMPO-loaded9). On the other hand, caspase-9 inhibitors failed to
cells (cf. Figure 4). We also observed conversion of GSH to significantly suppress apoptosis induced in Jurkat cells by
its oxidized form (cf. Table 3), a frequent result of increased both anti-Fas IgM and hrTRAIL (cf. Figure 6). This is rather
intracellular oxidative stress and a potentiating event in surprising as Jurkat cells have been classified as the so-called
apoptosis 70), and another piece of evidence for a change “type II” cells, in which the level of caspase-8 is too low to
in the cellular redox tone in early stagesoefTOS-induced activate directly the effector caspases but sufficient to cleave
cell death signaling. Bid to its pro-apoptotic form4). Similar to Jurkat cells,
Although the site of ROS generation in cells exposed to MCF7 cells transfected with DN-caspase-9 were susceptible
a-TOS is unclear, our data point to mitochondria as their to both immunological apoptogens (cf. Figure 9. These
source and, probably, also their target. This is supported indata are consistent with recent reports that overexpression
particular by suppression of apoptosis by mitochondrially of DN-caspase-9 is permissive for caspase-3 activation and
targeted antioxidants, viz mito-E and mito-Q. These com- full susceptibility to apoptosis induction by TRAIL in the
pounds contain at the end of their aliphatic side chain a HCT116 cells 28, 72). Our findings appear consistent with
positively charged triphenylphosphonium group, which the notion of some researchers that the type | and type I
transports them to mitochondria, so that the charged groupclassification is not always plausibl@)( or that there are
resides within the mitochondrial matrix while its quinone differences in pro-apoptotic signaling even within the same
function is on the surface of the mitochondrial inner cell line. Collectively, as shown in this communication for
membrane. Consequently, the ratio of these agents localizedlurkat and MCF7 cells and in an earlier report for endothelial
in mitochondria and cytosol is1000:1 B6). In fact, these cells 37), a-TOS acts as a typical inducer of apoptosis using
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Ficure 8: Bcl-2 family proteins play an important role ix TOS-initiated apoptosis. (A) Wild-type (WT), Bcl-2 loss-of-function (S70A),

and Bcl-2 gain-of-function (S70E) H7 cells were exposed{60S (50uM) or hrTRAIL (40 ng/mL) for 12 h, and the extent of apoptosis

was assessed. The symbol “*” indicates significantly different values for treategd4ihd H7yr cells. Jurkat cells were pretreated with
anti-sense (AS), sense (S), or reverse anti-sense (RAS) bcl-2 ODN, expaseds (30uM, 12 h), and assessed for apoptosis using
annexin V-FITC (B) and caspase-3 activation based on binding an antibody recognizing activated caspase-3 (the population of cells with
activated caspase-3 is indicated by arrow) (C). The inset in (B) shows apoptosis in ODN-treated cells exposed for 12vh ¢eTIBS.

MCF7-C3 cells were transfected with pBcl-2-EGFP, pB¢clEGFP, and pBax-EGFP, or their deletioh) (mutants. The cells were then
exposed ta-TOS (50uM, 24 h) (D) or hrTRAIL (40 ng/mL) (E), and apoptosis extent was evaluated. The symbol “*” indicates statistically
significant differencesK < 0.05) in the values for mock-transfected cells and those transfected with various wild-type genes or their
deletion mutants.

the mitochondrial pathway. Its major downstream signaling suggested by resistance ¢aeTOS of p° HelLa cells (D. S.
consists of formation of the apoptoson®¥), following cyt Ucker, personal communication). Curiously, several types
c relocalization, and activation of caspase-9 followed by of e cells feature higher levels of mitochondria-associated
activation of the effector caspases, a pathway shared by gproteins including cytc. In some 82, 74) but not all
variety of pharmacological inducers of apoptogis13). apoptosis-resistant® cells (73), there was a lack in cyt
Several studies reported that cells with impaired mito- release. We failed to observed aranslocation in the C19
chondria are more resistant to apoptosis induced by as diverseells treated witha-TOS (cf. Figure 7), despite higher
apoptogens as TN&-(32, 74) and staurosporineb), while mitochondrial level of the protein (not shown). This is
others observed no discernible differencé).(The so-called consistent with recent report showing the importance of
0° phenotype (mtDNA deficiency) was prepared by long- respiratory activity for cytc relocalization 74). Finally, it
term treatment of cells with EtBr, and such cells were devoid is possible that rho-0 cells are resistant to apoptosis due to
of proteins coded for by mtDNA but not proteins derived expression of survival factors, as they feature constitutively
from nuclear DNA. One possible explanation for higher activated nuclear factoeB (Higuchi, M., Manna, S. K.,
resistance op° cells was that they lack oxidative phospho- Sasaki, R., and Aggarwal, B. B. (200&ntioxid. Redox
rylation and therefore energy necessary for operating the Signaling 4 945-955). Collectively, these findings stress
complex apoptotic machinery$). We have observed that the importance of functional mitochondria in apoptosis
the mtDNA-deficient C19 cells derived from Ml-1a cells induced byo-TOS, and strongly suggest aytelocalization
were resistant in PS externalization and caspase-3 activatioras a major post-mitochondrial event, relaying mitochondrial
when challenged witk-TOS compared to the parental cells injury to activation of the caspase cascade.
and the revertants prepared by fusion of the C19 cells with  Multiple studies have shown that mitochondrial destabi-
platelets 82) (cf. Figure 7). That the importance of normal lization with ensuing downstream events can be regulated
levels of mtDNA-derived proteins for efficient apoptotic by Bcl-2 family proteins. Of these, we studied Bcl-2 and
response toa-TOS may be a general phenomenon is Bcl-x., whose anti-apoptotic activity can be antagonized by
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Ficure 10: ao-TOS cooperates with anti-Fas IgM in apoptosis
induction. Jurkat cells were treated with the vehideTOS M),
or anti-Fas IgM (ng/mL) in the absence or presence of anti-Fas

12 h, and the extent of apoptosis was evaluated. (B) Wild-type and IgG (100 ng/mL), and assessed for apoptosis (A; 8 or 16 h

CrmA-transfected Jurkat cells were exposedtdOS (50uM),
anti-Fas IgM (20 ng/mL) or hrTRAIL (TR; 40 ng/mL) for 6 or 12

treatment) and caspase-3 activation @Bh treatment). Where
indicated, cells were co-treated with Z-VAD-FMK (28\) for 8

h, and apoptosis extent was evaluated. (C) MCF7-C3 cells werep, The symbol “*” indicates statistically significant differencd (

transfected with either DN-caspase-9 (DN-C9) or cFLIP, exposed ~

to a-TOS (50uM) or hrTRAIL IgM (40 ng/mL) for 24 h, and the
extent of apoptosis was evaluated. The symbol “*” indicates
statistically significant differencesP(< 0.05) in the values for
treated wild-type cells and their transfected counterparts.

Bax (16). A crucial role of Bcl-2 in stabilizing mitochondria
againsto-TOS-induced damage follows from the following
findings: (i) Bcl-2 loss-of-function cells were more and the
Bcl-2 gain-of-function cells less resistant toTOS; (ii)
down-regulation of Bcl-2 by antisense ODN treatment
rendered cells more susceptiblecteT OS; and (iii) overex-
pression of Bcl-2 and Bclwx but not of their deletion mutant

lacking the mitochondrial-docking sequence, conferred re-

sistant too-TOS. One way by which Bcl-2 can be destabi-
lized is mitochondrial translocation of Bax that can form
heterodimers and thereby inactivate Bcl-2, or oligomerize
and form pores in the outer mitochondrial membrarn®.(

0.05) in the values for cells treated with sub-apoptotic levels of
a-TOS or anti-Fas IgM alone, and cells were co-treated with the
two inducers. The symbol “**” indicates statistically significant
differences P < 0.05) in the values for cells treated with sub-
apoptotic levels ob-TOS and anti-Fas IgM in combination, and
the cells co-treated with anti-Fas 19gG (A) or zVAD (B).

apoptotic proteins contain BH1-4 domains, which is the
case for Bcl-2. Another protein comprising these domains
is Bcl-x., which appears to act similarly as does Bcl-2.
Unlike Bcl-2 that resides not only in mitochondria but also
in the endoplasmatic reticulun7§), Bcl-x_ is exclusively
mitochondrial (6, 49). Consistent with various chemical
inducers of apoptosis, overexpression of the wild-type but
not the deletion mutant of Bclexrendered cells resistant to
o-TOS (cf. Figure 8).

The BH3-only protein Bid is cleaved in certain types of
apoptosis, such as shown for the type Il cells, where cleavage

We have observed association of Bax with mitochondria as of Bid to its truncated, pro-apoptotic form tBid by the

a response of cells ta-TOS, and this was abolished when
cells were transfected with a Bax mutant that lacks the
mitochondrial-docking sequence (cf. Figure 8). Moreover,

initiator caspase-8 occurs rather than direct activation of the
effector caspased4, 16). Generally, tBid can be expected
to relay receptor engagement, such as shown in some reports

overexpression of Bax, but not its deletion mutant, sensitized for Fas-initiated apoptosis, to mitochondrial everit4, (L6,

cells toa-TOS.
Bcl-2 family proteins are classified according to the
number of the Bcl-2 homology (BH) domains. The anti-

79 and has been suggested to promote activation of pro-
apoptotic proteins such as Ba&9( 80). While cleavage of
Bid has been observed in HL-60 cells exposedt®OS
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(56), we did not observe this in-TOS-treated Jurkat cells
(not shown). Collectively, these results strongly suggest that
the main pro-apoptotic signaling pathwaywefTOS, at least

in our model, proceeds directly via mitochondria, at which
level it can be regulated both positively and negatively by
multiple members of the Bcl-2 family.

As discussed earlier, blocking the mitochondrial pathway
by transfection with DN-caspase-9 rendered the cells more
resistant tax-TOS, while shutting down the receptor pathway
by overexpression of cFLIP or CrmA was protective against
immunological apoptogens (cf. Figure 9). Therefore, com-
bination of these agents using different signaling pathways
as their major mode of apoptosis induction may show a
cooperative effect by virtue of maximizing the pro-apoptotic
potential of the cell. We have observed this in Jurkat cells
exposed to combined-TOS and anti-Fas IgM at sub-
apoptotic levels (cf. Figure 10). This is reminiscent of similar
cooperative effects ofx-TOS and TRAIL in apoptosis
induction and suppression of experimental colon carZ®r (
Moreover,a-TOS has been shown to sensitize breast cancer
cells to Fas killing by regulating surface expression of Fas
(82).

We believe that the major mode of action @fTOS is
mitochondrial destabilization with ensuing downstream
events, while other reports suggested regulation of additional
signaling pathways, including the c-ju@? 82) or TGF{
pathway 83). It is possible that both mitochondrial desta-
bilization and signaling via transcriptional regulation are
operational ina-TOS-induced apoptosis. The extent of
contribution of the major modes of action to the overall pro-
apoptotic efficacy o&-TOS may vary depending on the cell
type and on the concentration of the agent, and requires
further investigations.

Biochemistry, Vol. 42, No. 14, 20031289

Scheme 1: Possible Pathways Involve#HT OS-Induced
Apoptosis in Jurkat Cells and Their Comparison with
Pathways Operational in Receptor-Mediated Apoptosis

Ia-TOS |

ao-TOS translocates to the cell where it activates acidic and/or
neutral SMase, possibly (but not exclusively) by destabilization of
lysosomes, giving rise to the lipid second messenger cerani@i@S
directly and/or via ceramide formation destabilizes the mitochondrial
membrane, and this process may be amplified by generation of ROS.
Mitochondrial destabilization, likely promoted also by leakage of
lysosomal proteases, leads to cytosolic relocalization of proapoptotic
factors like cytc, Smac/Diablo or AIF, that can by regulated by the
Bcl-2 family proteins. Cyt forms a ternary complex with Apaf-1 and

On the bas|s Of these resultS, we propose a mechan|sm OprO'CaSpaSE'g, resulting in activation of the initiator Caspase-g that, in

a-TOS-induced apoptosis, in which mitochondria play a
central role. As depicted in Schemed-TOS translocates

turn, leads to activation of the effector caspases. Smac/Diablo may
amplify this process by suppressing the caspase-inhibitory activity of
the IAP family proteins, while AlIF is supposed to transmit mitochon-

to membranous structures of the cell, where it can activate drial destabilization to nuclear apoptotic events. In receptor-mediated
SMase, which, in turn, leads to generation of ceramide that signaling, a ligand (L) interacts with its cognate death receptor (DR),
can destabilize mitochondria. SMase activation and mito- eading to recruitment and activation of the initiator pro-caspase-8 that,

- P : either directly and/or via destabilization of mitochondria, activates
chondrial destabilization can be also promoted by lysosomal Y

e . * effector caspases
destabilization and ROS generation. These events result in

opening of the transition pores and release of pro-apoptotic;, yitro and in vivo with immunological inducers of

factors such as cyt, Smac/Diablo, and AIF. Mitochondrial  555n0sis, it is a promising candidate for an anticancer agent
destabilization can be regulated by the Bcl-2 family proteins. f therapeutic interest. This intriguing concept is furthered
Formation of the apoptosome, composed of GyApaf-1, by the notion according to which apoptosis-signaling path-
and pro-caspase-9, leads to activation of the initiator caspaseyyays including the mitochondrial events offer a powerful

9, followed by activation of the effector caspase-3 afil (5rget for anticancer therapy yet to be utilized in its full
Smac/Diablo may be involved by suppressing the anti- potential 84, 85).

apoptotic activity of the IAP family members, inhibitors of
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