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Resveratrol Induces Extensive Apoptosis by Depolarizing Mitochondrial Membranes
and Activating Caspase-9 in Acute Lymphoblastic Leukemia Celfs
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ABSTRACT CD95-mediated apoptosis is a key mechanism for the regulation of

the immune system and has been implicated in the elimination of ab-
activity and was recently reported to induce apoptosis in the myeloid normally developed hematopmetlc progenitor Ce,“S' Triggering of the
leukemia line HL60 by the CD95-CD95 ligand pathway. However, many CD95 pathway by CD95E induces the formation of the DISC,
acute lymphoblastic leukemias (ALLs), particularly of B-lineage, are re- consisting of CD95, Fas-associated protein with death domain, and
sistant to CD95-mediated apoptosis. Using leukemia lines derived from caspase-8 (FLICE/MACH; Refs. 5 and 6). Upon recruitment into the
patients with pro-B t(4;11), pre-B, and T-cell ALL, we show in this report  DISC, caspase-8 is activated by proteolytic cleavage, which then
that resveratrol induces extensive apoptotic cell death not only in CD95- jnjtiates the apoptotic cascade by cleavage of effector caspases, most
sengtwe Ieukemla_lme?, but al_so in B-lineage leukemic cells that are notably caspase-3 (7-9). Activation of the caspase cascade results in
resistant to CD95-signaling. Multiple dose treatments of the leukemic cells . . .

numerous changes in the cell that define apoptosis, such as endonu-

with 50 um resveratrol resulted in =80% cell death with no statistically . .
significant cytotoxicity against normal peripheral blood mononuclear cells cleolytic cleavage of DNA, proteolytic cleavage of nuclear and cel-

under identical conditions. Resveratrol treatment did not increase CD95 lular proteins, cell membrane blebbing, and production of apoptotic
expression or trigger sensitivity to CD95-mediated apoptosis in the ALL bodies (10). CD95-CD95L interactions have been implicated in the

lines. Inhibition of CD95-signaling with a CD95-specific antagonistic an- action of chemotherapeutic agents in some experimental systems, but
tibody indicated that CD95-CD95 ligand interactions were notinvolved in - ot in others (11-13). However, it has recently been proposed that
Initiating resveratrol-induced apoptosis. However, in each ALL line, res- o ica| induced apoptosis is not mediated through activation of
veratrol induced progressive loss of mitochondrial membrane potential as . . .

caspase-8, but rather involves the mitochondrial release of factors,

measured by the dual emission pattern of the mitochondria-selective dye T .
JC-1. The broad spectrum caspase inhibitor benzyloxycarbonyl-Val-Ala- SUch as cytochrome, which in turn activate caspase-9 (14). In these

Asp-fluoromethylketone failed to block the depolarization of mitochon- experiments, the caspase activation pathways during receptor and
drial membranes induced by resveratrol, further indicating that resvera-  chemical-mediated apoptosis were investigated using the broad spec-
trol action was independent of upstream caspase-8 activation via receptor trum caspase inhibitor Z-VAD-FMK. This inhibitor was capable of
ligation. However, increases in caspase-9 activity ranged from 4- to 9-fold p)4cking disruption of mitochondrial membranes induced by receptor-
in the eight cell lines after treatment with resveratrol. Taken together, mediated activation of caspase-8. However, this inhibitor did not

these results point to a general mechanism of apoptosis induction by . hemical-ind dd itochondri heref h
resveratrol in ALL cells that involves a mitochondria/caspase-9-specific affect chemical-induced damage to mitochondria. Therefore, whereas

pathway for the activation of the caspase cascade and is independent ofthe apical caspase in receptor-mediated apoptosis seems to be
CD95-signaling. caspase-8, chemical-induced apoptosis seems to act predominantly via

a mitochondrial/caspase-9 pathway, with caspase-9 acting as the ex-
ecutioner rather than the initiator of apoptosis.
INTRODUCTION Resveratrol was proposed to induce apoptosis in the human mye-

Resveratrol (3,5/4trihydroxy-ransstilbene) is a member of the l0id leukemia line HL60 by up-regulating the expression of CD95L,
class of plant antibiotics known as phytoalexins and functions ¥#hich subsequently triggered CD95-mediated death (15). The ques-
protect the plant from fungal infection (1). This antifungal agent ion remained whether resveratrol might induce apoptosis in leukemia
present in the skin of grapes and in a narrow range of other spermatels that are resistant to activation of the CD95 pathway. Many ALL
phytes. Resveratrol has received wide attention for its high conceells, particularly of the B-lineage, are resistant to apoptosis mediated
tration in red wine and for its proposed role in reducing the risk dhrough CD95 (16). In this study, we used CD95-resistant pro-B and
coronary heart disease. Recently, Jah@l. (2) described the ability pre-B cell lines and CD95-sensitive T-lineage lines derived from
of resveratrol to inhibit events associated with the initiation, prom@atients with ALL to analyze the cytotoxicity of resveratrol and to
tion, and progression of cancer. The cancer preventive activity @faluate the mechanism of cytotoxic action. We show that resveratrol
resveratrol was linked to its ability to eliminate free radicals and {gan induce extensive apoptotic cell death in both CD95-sensitive and
reduce oxidative and mutagenic stress. Furthermore, this agent egibs_resistant ALL cells without significant toxicity to normal
inhibit directly enzymes associated with cell proliferation and DNApgnycCs. The mechanism of apoptosis induction by resveratrol was
replication, such as DNA polymerase (3) and ribonucleotide reductgigependent of the CD95-pathway in all leukemia lines tested and
(4). It was shown that resveratrol acted as a radical scavengeriy,eq depolarization of mitochondrial membranes and activation
mte_ractlng W't.h and destroying _the_tyrosyl radical on the R2 subu caspase-9. These data suggest that resveratrol may be useful as a
of ribonucleotide reductase, which is necessary for the activity of thr'l%vel, chemotherapeutic agent in the treatment of ALLs that are

enzyme. resistant to CD95-mediated apoptosis.

Resveratrol, a plant antibiotic, has been found to have anticancer
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RESVERATROL-INDUCED APOPTOSIS IN ALL LINES

MATERIALS AND METHODS strand cDNA synthesis was performed with eithexd.or 5 ug total RNA. In
separate experiments, total RNA was reverse-transcribed to cDNA using either

Cell Culture. SEM, RS4;11, and MV4:11 lines were established from ;g pd(N), random hexamer primers (Amersham Pharmacia Biotech) or 0.5
patients diagnosed with pro-B ALL containing the chromosomal translocatiQfy oligo(dT) primer (Life Technologies, Inc.); 200 units Superscript Il reverse
1(4;11)(021;923) (17-19). The presence of the t(4;11) translocation was c@@mscriptase (Life Technologies, Inc.); 1D TT (Life Technologies, Inc.);
firmed in these cell lines by PCR, as described previously (20). The thrggs mv each of dTTP, dGTP, dCTP, and dATP (Amersham Pharmacia
pro-B ALL lines, the pre-B leukemia cells REH and Nalm-6, the T celBjotech); and X first-strand synthesis buffer (Life Technologies, Inc.) con-
leukemia cells Jurkat and CEM, and HL60 myeloid leukemia cells wetgining 50 nmm Tris-Cl (pH 8.3), 75 w KCI, and 3 nm MgCl,, final concen-
maintained at 37°C in 5% CQOin RPMI 1640 (Life Technologies, Inc., tration. PCR reactions consisted oftBcDNA, 0.2 um each 5 and 3 primer;
Karlsruhe, Germany) supplemented with 10% fetal bovine serum, 100 1U/m my MgCl,; 0.2 mv each of dTTP, dGTP, dCTP, and dATP; 2.5 units TAQ
penicillin, 100 ug/ml streptomycin, 50ug/ml gentamicin, 1 m sodium polymerase (Life Technologies, Inc.); andX PCR reaction buffer (Life
pyruvate, and 2 m L-glutamine (Life Technologies, Inc.). PBMCs wereTechnologies, Inc.). The following oligonucleotide primer sequences were
isolated from healthy volunteers by Ficoll hypaque density centrifugationsed: CD95L, 5 primer (8-AGCCAGATGCACACAGCATC), CD95L, 3
PBMCs were cultured at a density of 035 10° cells/ml in RPMI 1640, as primer (3-TACAACATTCTCGGTGCCTG); GAPDH, 5 primer (5-CT-
described above. TCACCACCATGGAGAAGG); and GAPDH, 3primer (8-CCTGCTTCAC-

Flow Cytometric Analysis. Immunofluorescence analysis was performe€ ACCTTCTTG). PCR amplification was performed using the following pa-
on a FACSCalibur FACS using CELLQuest software (Becton Dickinsomameters: 94°C, 2 min; 34 cycles of 94°C, 30 s; 58°C, 45 s; and 72°C, 60 s, and
Mountain View, CA). The following antibodies were used to determine thghen a final extension of 8 min at 72°C.
expression levels of CD95: phycoerythrin-conjugated antihuman CD95, cloneAnalysis of Mitochondrial Membrane Potential. JC-1 dye was pur-
DX2 (PharMingen, Hamburg, Germany), phycoerythrin-conjugated moushased from Molecular Probes (Leiden, The Netherlands) and stored in DMSO
IgG1 (Dako Diagnostika, Hamburg, Germany). Cell death was measured (®igma Chemical Co.). A working stock solution was made in ethanol at a
lysing the cells in a hypotonic solution containing 1 mg/ml sodium citratesoncentration of 0.5 mg/ml. Cells were adjusted to a density ob<0QB/ml
0.1% Triton X-100, and 5Qug/ml Pl (Sigma Chemical Co., Deisenhofen,and stained with 2ug/ml JC-1 for 30 min at 37°C. Cells were then washed
Germany) and analyzing the resulting nuclei by FACS as described previoustjce with cold PBS (Sigma Chemical Co.) containing 1 g/liter BSA (Carl
(21). The extent of cell death (percentage) was determined by measuring Buth, Karlsruhe, Germany) and wnsodium azide. Cells were resuspended in
fraction of nuclei that contained sub-diploid DNA content. Fifteen thousandash buffer and analyzed by FACS.
events were collected for each sample analyzed for sub-diploid nuclei. Activation of Caspase-9.Activation of caspase-9 was determined by col-

To determine whether cell death was attributable to apoptosis, whole cellimetric assay using the caspase-9 activation kit from R&D Systems
were stained with FITC-conjugated Annexin V (PharMingen) and PI (in PB$)Viesbaden-Nordenstadt, Germany) following the manufacturer's protocol.
according to the manufacturer’s protocol. All analyses of whole cells wefighe cells were incubated for either 48 or 72 h with and without resveratrol. All
performed using appropriate scatter gates to exclude cellular debris and @@tein lysates were precleared by centrifugation at 52@for 5 min at 4°C.
gregated cells. Fifteen thousand events were collected for each sample stairysates were incubated with and without caspase-9 substrafetf@t37°C
with Annexin V. before measurement on a microplate reader set at a wavelength of 405 nm. The

Sensitivity to CD95-mediated Death.For determination of sensitivity to relative increase in caspase-9 activity in resveratrol-treated cells compared
CD95L-induced cell death, the soluble Fas Ligand kit (Alexis Corporatiomyith untreated cells was calculated after subtracting the background measure-
Gruenberg, Germany) was used. Cells were plated in 96-well plates amant obtained from lysates containing no substrate.
density of 0.5X 10° cells/ml. A final concentration of 50 ng/ml soluble Inhibition of Caspase Activation. The broad spectrum caspase inhibitor
FLAG-tagged CD95L plus lug/ml anti-FLAG antibody (enhancer) were Z-VAD-FMK (Calbiochem, Schwalbach, Germany) was dissolved in DMSO.
added to the cells. Control cells were treated with enhancer only. Cells wétells were pretreated with either medium containing DMSO or inhibitor for
incubated at 37°C for 20 h and then analyzed for the percentage of cell death at the concentrations indicated. Control medium or medium containing
by PI staining and FACS. resveratrol was then added to achieve a final concentration pibesvera-

Resveratrol Treatment. Resveratrol was purchased from Sigma Chemicdtol. The cells were analyzed for changes in mitochondrial membrane potential
Co. and dissolved in methanol before use. Cells were split to a density usfing JC-1 dye and for cell death using PI staining of nuclei.

0.5 X 10°/ml and treated with resveratrol at the indicated concentrations andStatistical Analysis. All statistical analyses were performed with Graph-
for the indicated times. For time course experiments, the cells were treaféatl software (GraphPad Software, Inc., San Diego, CA), and data were
once, and aliquots of each treatment group were taken each day for 4 dayscisplayed as arithmetic meansSE.Ps were obtained using two-tailed paired
analyzed by FACS for the percentage of cell death by PI staining. t tests with a confidence interval of 95% for evaluation of the significance of

For prolonged, multiple-dose treatment over a 9-day period, the cell dendiifferences between treatment groups.
of leukemic cells and PBMCs was adjusted every 3 days to<018%/ml, and
a final concentration of 5Qum resveratrol was added to the cells in fresh
complete medium. Equivalent amounts of methanol were always added to cRBSULTS

in each experiment as a control for resveratrol-specific cell death (designate . . . .
0 um or untreated cells). Aliquots of cells were taken every 3 days for analysischesveratrm Induces Apoptosis in the t(4;11) Lines.Time course

of cell death by PI staining. and dose-response analyses were performed on three pro-B t(4;11)
Inhibition of CD95-CDO5L Interactions. Cells were preincubated for 1 h ALL lines, SEM, RS4;11, and MV4;11; the pre-B leukemia lines REH

at 37°C with nonspecific mouse IgG1 (Dako Diagnostika, Hamburg, Germar@fd Nalm-6; the T-ALL lines CEM and Jurkat; and HL60 myeloid

or anti-CD95 antibody, clone ZB4 (Coulter Inmunotech, Marseille, France) eells to determine the cytotoxicity of resveratrol for each line. The

a final concentration of Jug/ml. Control medium with methanol or 5am  cells were treated once with 0, 1, 10, 25, 50, 75, and @0

resveratrol was then added. After 24 h, SEM, MV4;11, Jurkat, Nalm-6, apdsveratrol, and the fraction of nonviable cells (percentage of cell

HL60 cells were analyzed by FACS for the percentage of cell death. F@éath) was assessed over a period of 4 days by Pl staining of nuclei

RS4;11, REH, and CEM cells, fresh antibody solution was added at the aboy&y evaluation by FACS (Fig. 1). The leukemia lines showed varia-

final concentration after 24 h, and the percentage of cell death was meas%ﬁﬂ : o ; .
in sensitivity to resveratrol-induced death. MV4;11, Nalm-6
after 48 h. As a control for the efficient inhibition of CD95-CD95L interaction Y ty o ’

O ; . Jurkat, and HL60 cells displayed the greatest sensitivity to the cyto-
and apoptosis signaling, Jurkat T cells were preincubated with the above. . .
antibody solutions in separate wells for each experiment and then incubattgé'c agtlon of resveratrol, with-60% cell dea_th after 4 days. The two
with 50 ng/ml soluble CD95L plus Lg/ml enhancer for 24 h before FACS Pro-B lines, SEM and RS4;11; the pre-B line, REH; and the T cell
analysis. ALL line, CEM, were more resistant to the cytotoxic action of
RT-PCR. Total RNA was isolated from cells using Trizol reagent (Liferesveratrol and displayed40% cell death after one initial treatment.
Technologies, Inc.) according to the manufacturer's recommendations. FirstTo determine whether the resveratrol-induced cell death observed
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described above. At concentrations of 75 and L@0resveratrol, a
significant amount of cell death in normal PBMCs was observed after
4 days of treatment compared with the untreated célls=(0.0354
and 0.0002, respectively; FigAR However, at 50um or less res-
veratrol, there was not a statistically significant difference in the
percentage of cell death between the untreated and treated PBMCs.
Therefore, 50um resveratrol was used in all subsequent analyses of
cell death induced by resveratrol.

The treatment time of the leukemic cells was extended and the
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Fig. 1. Resveratrol is cytotoxic to the leukemia cell lines. The leukemia lines were
treated with O, 1, 10, 25, 50, 75, and 1@ resveratrol. Aliquots of cells were analyzed
each day for percentage of cell death by PI staining and FACS over a period of 4 days.
W, day 1;A, day 2;[], day 3; andD, day 4. The data presented represent the mean of the
percentage of cell death SE from three separate experiments.

in the leukemia lines was attributable to apoptosis, the leukemic cells
were treated with resveratrol and then stained with FITC-conjugated
Annexin V plus Pl. Exposure of the membrane phospholipid phos-
phatidylserine to the external cellular environment is one of the
earliest markers of apoptotic death (22). Annexin V is a protein that
binds to phosphatidylserine and can be used to detect early stages of
apoptosis (23). PI, which does not enter cells with intact membranes,
was used to differentiate between early apoptotic (Annexin V-posi-
tive) and late apoptotic or necrotic cells (Annexin V-Pl-double posi-
tive). All eight leukemia lines showed a distinct population of early
apoptotic cells that stained only with FITC-Annexin V but not with PI
(Fig. 2, bottom right quadrant Early apoptotic populations of cells
were observed by 24 h in all lines except REH and RS4;11 cells,
which required 48- and 72-h treatment times, respectively, for a clear
early apoptotic population to be observed. Cells staining with both
Annexin V and Pl were present (Fig. ®pp right quadrant and
represented later stages of apoptosis and cells undergoing rapid sec-
ondary necrosis in culture. These results showed that resveratrol
induced apoptotic cell death in each leukemic line.

Multiple Dose Treatment of the Leukemic Cells and Analysis of
Cytotoxicity in Normal PBMCs. To determine the optimal dose that

stantially affect normal blood cells, PBMCs were isolated frornA

Propidium lodide —~

Control

Resveratrol

RS4;11

MV4;11

:|Nalm-6

Jurkat

§.CEM

HL60

AnnexinV ——

Fig. 2. Resveratrol induces apoptosis in acute leukemia cells. Whole cells were treated
would be effective in killing the leukemic cells but would not subwith 0 or 50um resveratrol and stained with Annexin V and PI. Numbers intbiom

right quadrant of each dot plot represent the percentage of cells in early apoptosis
nnexin V-positive and Pl-negative) for untreated and resveratrol-treated cells. The data

healthy volunteers and treated with increasing doses of resveratroh@Sepresentative of three separate experiments.
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A o leukemias are resistant to CD95-mediated apoptosis, especially ALL
of the B-cell lineage (16). Fig. 4 shows the sensitivity of each line to
CD95-mediated cell death. Although all lines expressed CD95 on the
cell surface (data not shown), the three pro-B t(4;11) ALL lines, SEM,
RS4;11, and MV4;11, the pre-B leukemia lines REH and Nalm-6, and
HL60 myeloid cells were completely resistant to CD95-mediated
death when incubated with CD95L (Fig. 4). Only the two T-cell
leukemia lines, Jurkat and CEM, showed a statistically significant
difference in the percentage of cell death € 0.05) between the
0 10 20 30 40 50 60 70 80 90 100 control cells and CD95L-treated cells, and these lines were used as
Resveratrol (uM) positive controls for CD95-CD95L interaction in this experiment. No
100 correlation between resistance to CD95-signaling and the cytotoxic
B i actions of resveratrol was observed (Figs. 1 and 4). MV4;11, Nalm-6,
and HL60 cells were resistant to CD95-mediated death, but displayed
2-fold or greater sensitivity to resveratrol than CEM cells, which were
sensitive to CD95L-induced death. Furthermore, Jurkat cells were
sensitive to both CD95L-induced death and the cytotoxic action of
resveratrol.

Clementet al. (15) suggested resveratrol could increase CD95L
MRNA expression. After treating HL60 myeloid cells with 0 and 32
um resveratrol, these authors performed RT-PCR to analyze the
expression of CD95L. To determine whether resveratrol could affect
levels of CD95L in the eight leukemia lines, we analyzed mRNA

levels of CD95L by RT-PCR in untreated cells and cells treated with
C 100'_ 50 um resveratrol. RNA from Jurkat cells treated with phorbol 12-
myristate 13-acetate plus ionomycin were used as a positive control

% Cell Death
5 3 8
1 I 1] 1 i3 "

n
(=1
1l

=]
l—

% Cell Death

[}
it

o

SEM RS MV REH Nalm Jurkat CEM HL60

£ 80_ for CD95L in the RT-PCR. Fig. 5 shows the results of the RT-PCR
& 60 analysis. The levels of CD95L transcript were exceedingly low in the
2 1 HL60 cells and the ALL lines compared with the Jurkat control cells.
8 *1 We did not observe a change in levels of CD95L transcript between
2] untreated and resveratrol-treated SEM, RS4;11, REH, Nalm-6, and

HL60 cells. Only MV4;11, Jurkat, and CEM showed a small increase
: in CD95L PCR signal after treatment with resveratrol. In an attempt
Fig. 3. Multiple doses of 5Qum resveratrol efficiently killed the leukemic cells with to repmdu_ce the results frgm Clemenal. (15)' HL60 cells also were

minimal cytotoxicity against normal PBMC#, normal PBMCs were treated with 0, 1, treated with control medium and 32w resveratrol for 20 h and

10, 25, 50, 75, and 100@wm resveratrol. Aliquots of cells were analyzed as described in th _ i i

legend to Fig. 2 over a period of 4 dayi, day 1;A, day 2;[], day 3; andD, day 4. The gnalyzed by RT-PCR. No difference in levels of .CD9.5L MRNA was
data presented represent the mean of the percentage of celtd&itirom three healthy OPServed between untreated and HL60 treated with eithgin3@ 50
volunteers.B, the leukemic cells were initially treated with QJj and 50 um (H) UM resveratrol.

resveratrol, and fresh resveratrol at the same concentration was added every 3 days for a

total of 9 days. The data represent the percentage of cell de&th observed after 9 days

of treatment from three separate experime@tsiormal PBMCs were treated with 0 and 100+
50 pm resveratrol, and fresh resveratrol was added every 3 days for a total of 9 days. ]
Aliquots of cells were analyzed for percentage of cell death by PI staining and FACS. The 80+
data represent the arithmetic meanSE for untreated celld() and resveratrol-treated 1
PBMCs on day 3N, day 6 {), and day 9 W) from three healthy donors. 604
40+
cytotoxic effects of multiple doses of resveratrol on the leukemic cells 20-
and normal PBMCs were compared under identical conditions. All 1
cells were retreated with O or % resveratrol every 3 days for a total 0-—3Em RS4;11 MV4;11 REH

of 9 days and analyzed for the percentage of cell death by FACS.
After 9 days of multiple treatments, all leukemia lines exhibited

80-99% cell death, which was statistically significant compared with 80-
untreated cellsK < 0.05, Fig. B). Thus, resveratrol was clearly

100+

effective in killing the leukemic cells. Analysis of PBMC mortality % 60‘_
after the extended 9-day treatment period with &0 resveratrol a 40-
revealed~13.5+ 2.8% cell death compared with 5552.1% (= SE) T
for the untreated PBMCs (Fig.C3, and this difference was not 2\320-_

statistically significant®P = 0.169). i
Resveratrol-induced Apoptosis Is Not Mediated by CD95- Nalm-6 Jurkat CEM  HL60

: ; Fig. 4. B-lineage and myeloid leukemia lines are resistant to CD95L-mediated cell
CDOSL Interactions. Several reports have appeared in the last fe\é\éath. Leukemic cells were treated withuy/ml enhancer only as a contrdlj or

years describing the anticancer activity of resveratrol (2, 24, 2%hhancer+ 50 ng/ml soluble CD95LM) for 20 h. The cells were lysed in a hypotonic
Clementet al. (15) have suggested that resveratrol acts by inducirglution containing Pl and analyzed by FACS. The percentage of cell death was deter-

. . . . . mined by measuring the fraction of nuclei that contained sub-diploid DNA content. The
the expr.es‘swn of CD95L .and t”gge‘”ng CD95-S|gnaI|ng-depend% a presented represent the arithmetic mean of the percentage of celt-d8&Htrom
apoptosis in HL60 myeloid leukemia cells. However, many acuteree separate experiments.
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SEM RS MV REH Nalm  Jurkat apoptosis is mediated by the mitochondria/caspase-9 activation path-

C R C R C R C R C R C R way (14). To delineate the mechanism of resveratrol cytotoxicity in

= — the acute leukemia lines, the lipophilic cation JC-1 was used to

CD95L - . . . . . .

determine whether resveratrol induced alterations in mitochondrial
. o _ membrane potential in these cells. JC-1 has been used successfully for

GAPDH '.. - - ‘ ."” ' flow cytometric measurements of mitochondrial potential because of
its dual emission characteristics that are sensitive to membrane po-

CEM HL60 HL60™ tential (26). JC-1 is mitochondria-selective and forms aggregates in
¢ R C R C R _( +) (_'} normal polarized mitochondria that result in a green-orange emission
CD95L . ' X of 590 nm after excitation at 490 nm. However, the monomeric form

present in cells with depolarized mitochondrial membranes emits only

. - _ i green fluorescence at 527 nm. The leukemia cells were untreated or
GAPDH * . ' * . - - treated with resveratrol for 24 h, stained with JC-1, and analyzed by

Fig. 5. RT-PCR of CD95L in untreated and resveratrol-treated leukemia cells. RI\E.AACS' Fig. 7 shows a glear increase in the percentage of t@iel(
was isolated from leukemia cells treated with control medi@of 50 um resveratrolR)  right quadrant$ that emitted only green fluorescence after resveratrol
for 24 h, and 1ug of RNA was reverse transcribed into cDNA using random hexamer
primers. Threeul of each cDNA reaction were then used in the PCR reactions. Similar
results were obtained usingu® of RNA and oligo(dT) primers to generate cDNA. HL60
marked with#, RT-PCR reactions generated froni§ of RNA isolated from cells treated

with 0 and 32um resveratrol for 20 h, as described previously (15). Jurkat T cells treated A 50| SEM 50{ RS4;11
with phorbol 12-myristate 13-acetate and ionomycin were used as a positive cantrol ( 40 40]
for CD95L, water was used in the place of cDNA as a negative contrd| &nd as a 30] 30

control for equal reaction efficiency and gel loading, oligonucleotides specific for the

housekeeping gen@APDH were used. CD95L and GAPDH primers produced 553-bp 209 204
and 491-bp PCR products, respectively. 101 10
o 0

E

MV4;11 1 REH
To examine further whether the mechanism of resveratrol action jz iz
involved triggering the CD95-CD95L pathway in these leukemic 30] 30

cells, the leukemic cells were preincubated for 1 h with a nonspecific 20] 20
IgG1 antibody or the antagonistic anti-CD95 antibody, clone ZB4, 104 10
known to block signaling by CD95L. Initially, the cells were prein- .
cubated fo 1 h with 0.5ug/ml antibody and then treated with control

%

50] Nalm-6 504 Jurkat
medium or 50um resveratrol. In these initial experiments, we ob- 40] 40]
served no difference in the percentage of cell death induced by 30/ 30/
resveratrol in the presence or absence of the ZB4 blocking antibody. 20, 20
To determine whether a higher dose of antibody and/or a lower 123&& “0"

concentration of resveratrol was necessary to observe blocking of
CD95-CD95L interactions, we then usegu@/ml ZB4 antibody in the CEM
presence or absence of g and 50um resveratrol. SEM, MV4;11,

i 50] HL60
40 4
304 3
204 2
e . . . 10 1
were initially more resistant to the cytotoxic action of resveratrol than o]

Jurkat, Nalm-6, and HL60 were analyzed by FACS for the percentage
of cell death after 24 h (Fig.A. RS4;11, REH, and CEM cells, which

the other lines, were incubated further with fresh antibody solutions 0 25 50 0 25 50
after 24 h and analyzed for cell death after a total of 48 h (F). 6 Resveratrol (uM)

As a positive control to ensure that the anti-CD95 antibody was

% Cell Death

effectively blocking CD95-CD95L interactions in each experiment, B 80__
Jurkat T cells were preincubated with antibody floh in separate 70'_
wells and then treated with soluble CD95L. The Jurkat cells were 60
analyzed for CD95L-mediated death after 24 h, and these data showed % 50.]
that the antibody was effectively blocking signaling through CD95 in 8 40.]
each experiment (Fig.B). In the B-lineage ALL lines, CEM, and =
HL60 cells, no difference in resveratrol-induced cell death was ob- 8 30‘_
served when CD95-signaling was blocked compared with cells pre- o 204
incubated with control 1IgG1 (Fig.4. Furthermore, resveratrol did ° 10
not trigger an increase in cell surface expression of CD95 or increase 0]
the sensitivity of the leukemic lines to CD95-mediated apoptosis (data Control CD95L

not shown). Interestingly, Jurkat T cells treated withys®resveratrol Fig. 6. CD95-CD95L interactions are not required for resveratrol-mediated d&ath.

showed an increase in cell death from 1272.7% to 32.0+ 6.6% the leukemic cells were preincubated fb h with nonspecific IgG1[(J) or anti-CD95
) o clone ZB4 W) at a concentration of 1.2g/ml. Then resveratrol was added, resulting in

(= SE,P = 0.0184) when CD95-signaling was blocked byu@/ml  final concentrations of 0, 25, and 504. SEM, MV4;11, Nalm-6, Jurkat, and HL60 cells

antagonistic antibody (Fig.A). Taken together, we conclude thatwere incubated for 24 h before analysis of cell death by P! staining and FACS. RS4;11,
; : ; : ; H, and CEM were analyzed after 48 h incubation with blocking antibody. Data
_CD95__CD95L Intera?tlons and Slgna“ng are not regw_red for tH;%isented represent the aritr?metic mea8E from four separate experimgr&.for eaych
induction of apoptosis by resveratrol in these leukemia lines. experiment with resveratrol, Jurkat T cells were preincubated with IGG D¢ clone ZB4
Resveratrol Disrupts Normal Mitochondrial Membrane Poten- (M) in separate wells as a control for blocking of CD95-CD95L interactions, as described
. — . gove. After 1 h, PBS or soluble CD95t enhancer were added to the cells, and the
tial. Recemly’ distinct caspase cascades were characterized for re§ IQ'entage of cell death was measured by PI staining and FACS after 24 h. Data presented

tor versuschemical-induced apoptosis, indicating chemical-induceépresent the arithmetic mean SE from five separate experiments.
4735



RESVERATROL-INDUCED APOPTOSIS IN ALL LINES

RSA:11 chemical-induced apoptosis (14). Therefore, the activation status of
caspase-9 was analyzed after the addition of resveratrol to the leuke-
mia lines. Low levels of caspase-9 activity were already observed in
some lines 24 h after the addition of resveratrol (data not shown).
However, maximum caspase-9 activation was observed well after the
beginning of resveratrol-induced changes in mitochondrial membrane
potential. Caspase-9 activation increaseti—9-fold after 48 h treat-
ment of SEM, MV4;11, Nalm-6, Jurkat, and HL60 cells and 72 h
treatment of RS4;11, REH, and CEM cells with resveratrol (Fig. 8).
Additional evidence that resveratrol acts via a mitochondrial/
caspase-9 pathway rather than by upstream activation of caspase-8
was obtained using the broad spectrum caspase inhibitor Z-VAD-
FMK. We found that relatively high concentrations of inhibitor (100—
200 um) were necessary to block resveratrol-mediated death in the
leukemia lines over the 2—-3-day treatment periods. Cells were pre-
treated with inhibitor fo 2 h before the addition of resveratrol, and
changes in mitochondrial membrane potential and cell death were
analyzed by JC1 and PI staining, respectively. As a control for
inhibition of caspase-8 activation, Jurkat T cells were preincubated
with inhibitor for 2 h and then treated with soluble CD95L. Fig. 9
shows the percentage of cells with depolarized mitochondrial mem-
branes induced by resveratrol in the presence or absence of the
Z-VAD-FMK inhibitor. No statistically significant changes were ob-
served in the depolarizing activity of resveratrol for SEM, MV4;11,
Green Fluorescence ———» Nalm-6, Jurkat, CEM, and HL60 cells in the presence or absence of
Fig. 7. Resveratrol induces depolarization of mitochondrial membranes. Each cell lif¢e broad spectrum caspase inhibitor, indicating resveratrol acts inde-
was treated with Ol€ft plof) and 50um (right plot) resveratrol for 24 h and stained with rFendently of upstream caspase activation. Interestingly, the two B-
I

Orange Fluorescence ——»

the mitochondria-selective JC-1 dye. Cells with normal polarized mitochondrial me . S .
v P neage cell lines RS4;11 and REH showed a substantial increase in

branes emigreen-orangdluorescencetpp right quadrant. The number in théottom
right quadrantof each dot plot represents the percentage of cells that emitgreln
fluorescence attributable to depolarized mitochondrial membranes.

Y
N
]

treatment, representing cells with depolarized mitochondrial mem-
branes. Also, in MV4;11, REH, and CEM cells treated with resvera-
trol, a population of cells with hyperpolarized mitochondrial mem-
branes was present, as indicated by the cells emitting only red
fluorescenceupper left quadrant However, the significance of this
hyperpolarization response induced by resveratrol is not clear. The
number of cells with loss of or reduced mitochondria membrane
potential AW ) increased over time after the addition of resveratrol
(Table 1) and was dose-dependent for all leukemia lines (data not
shown). Table 1 compares the kinetics of resveratrol-induced disrup-
tion of AW, with cell death over 3 days. These data suggest that
disruption of mltochond_rlal membrangs by resveratrol coincides with Fig. 8. Caspase-9 is activated by resveratrol. Cells were treated with 0 apeh 50

the presence of apoptotic death and, in some cases, appears to pragg@eatrol, and protein lysates were prepared after 48 or 72 h. Lysates were incubated

cell death. with and without caspase-9 substrate foh at 37°C and measured at 405 nm on a

. icroplate reader. The relative activity was determined by calculating the fold increase of
Resveratrol Activates Caspase-QCaspase-9 was reported to bénaspase-g activity in resveratrol-treated cells over the activity in untreated cells. Data

the apical caspase in the initiation of the caspase cascade duripgesent the arithmetic mean SE of three separate experiments.

-
o
] N

Relative Caspase-9 Activity

Table 1 Progressive loss of mitochondrial membrane potentiaV(,) relative to percentage of cell death induced by resveratrol

The cells were cultured in the presence of 5@ resveratrol. At the indicated time points, the percentage of cells with depolarized mitochondrial membranes was determined by
JC-1 staining and subsequent FACS analysis. The percentage of cell death was determined by PI staining of the nuclei and analysis of the quidadipfoloydeACS. All values
represent the arithmetic mean SE from three independent experiments.

Day 1 Day 2 Day 3
% cells with % cells with % cells with
Cell line red. AW, % cell death red. AV, % cell death red. AV ¢ % cell death
SEM 38.2+ 6.9 241+ 26 75.1+ 5.6 453+ 3.1 85.8+ 2.6 56.6+ 3.9
RS4;11 7.1+ 2.0 6.8+ 1.6 142+ 2.3 10.8+ 1.7 35.5+ 5.8 259+ 1.8
MV4;11 29.6+5.9 27.8+ 4.6 719+ 1.6 43.9+ 2.1 91.4+1.3 63.8+ 1.5
REH 58+ 1.1 41+ 0.6 125+ 25 9.5+ 1.3 20.7+ 3.3 247+ 2.6
Nalm-6 13.9+ 4.3 11.6x 3.4 524+ 54 30.8+ 3.5 83.6+ 4.9 50.6+ 3.7
Jurkat 18.1+ 7.6 124+ 28 41.6* 6.0 39.4+ 2.2 495+ 15 52.0+ 1.5
CEM 12.0*x1.2 10.9* 2.4 26.7+ 3.1 22.0+0.3 50.7+ 1.2 341+ 138
HL60 251+ 73 30.4+5.3 59.9+ 6.8 76.2+ 1.4 85.9+ 1.9 81.5+ 5.3

2red. AW, loss of or reduced mitochondrial membrane potential.
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JC-1 Pl cells with depolarized mitochondrial membranes in the presence of
R —_— resveratrol and Z-VAD-FMK, further indicating that resveratrol is
gg: SEM capable of acting directly on the mitochondria rather than through
707 upstream activation of caspases. Analysis of resveratrol-induced cell
g death revealed Z-VAD-FMK completely blocked death in all lines
404 except REH, where only a partial block was observed. Jurkat cells

28: treated with this inhibitor and soluble CD95L showed caspase-8
‘81 activation induced by CD95-CD95L interaction was effectively

blocked in these experiments (Fig. 10). The Z-VAD-FMK inhibitor

gg: RS4;11 gg R84;11 completely blocked both depolarization of mitochondria and cell
703 701 death induced upstream by caspase-8 activation in the Jurkat control
gg: gg cells. From these data, we conclude that resveratrol induces apoptosis
404 40+ in the ALL and myeloid lines by a mechanism that involves the
281 28 depolarization of mitochondrial membranes and the activation of
0] e k] caspase,
0 0l

gg MV4;11 DISCUSSION

ng It was suggested by Clemeat al. (15) that resveratrol triggered

gg: CD95-dependent apoptosis by up-regulating expression of CD95L in

20] HL60 myeloid cells. These authors reported that resveratrol increased

e the expression of CD95L in HL60 cells, and resveratrol-mediated cell

death in these cells was inhibitable by treatment with both anti-

o REH* 24 REH* CD95L and anti-CD95 (clone ZB4) antibodies. A role for CD95-

CD95L interactions in chemotherapy-induced apoptosis has been pro-
posed and challenged over the last several years. It was recently
proposed that CD95L-induced DISC formation and activation of the
apoptotic program by chemotherapeutic agents (in this case, doxoru-
bicin) may be important in the early phase of drug-induced apoptosis,
and that later stages of apoptosis may be attributable to other effects

(13). In contrast to the data presented by Clemsnal, we were
unable to observe an increase in CD95L in HL60 cells in response to
resveratrol treatment by RT-PCR. Our analysis of mRNA transcripts
by RT-PCR (Fig. 5) revealed no change in CD95L in HL60 cells after
treatment with resveratrol. In our experiments, the use of the antag-
onistic antibody ZB4 did not show inhibition of resveratrol-induced
cell death in the eight leukemia lines, including HL60 cells, although
ggj Jurkat gg Jurkat we could clearly show that this antibody blocked CD95L-mediated
703 70] death in Jurkat (Fig. 6). The reasons for the discrepancy between our
ot g data and that of Clemeet al.(15) remain unclear. These authors also
gg: gg showed that a breast carcinoma cell line displayed a substantial
201 20] increase in viability when preincubated with anti-CD95 antibody
‘g:ﬂ 18:£‘m._=-m compared with the isotype control in this study. Although we did not
observe involvement of CD95-CD95L interactions in our study of
o] CEM o] CEM eight leukemia lines treated with resveratrol, in certain cell types, such
gg gg as breast carcinoma cells, it may be possible that resveratrol can act
50 501 through CD95-mediated mechanisms.
gg: gg Our investigation was focused mainly on B-lineage ALL, because
_—U_’ 20] 20] they have been shown to be generally resistant to CD95-mediated
8 181M ‘g::h_.:k' apoptosis (16). In particular, the pro-B ALL lines SEM, RS4;11, and
— MV4;11 represent a subgroup of high-risk ALLs with translocation
8 o] HL60 o] HL6O t(4;11) (27) that were previously shown by our lab to be refractive to
qc) gg gg CD95-signaling (20). From our data, we conclude that CD95-CD95L
O 50] 50] interactions do not initiate resveratrol-induced cell death in HL60
o gg gg cells or in the ALL lines. These conclusions are now supported by
O 2] 20] i several pieces of dataa)( resveratrol induces apoptosis in both
18: e CD95-sensitive and CD95-resistant leukemia cell lines, and no cor-
24h 48h - 24h 48h

Fig. 9. Thebroad spectrum caspase inhibitor Z-VAD-FMK inhibits cell death but
not depolarization of mitochondrial membranes induced by resveratrol. All leukem7& h (). Fresh inhibitor was added to the cells every 2dhcontrol cells#ll, cells treated
lines were incubated with 10@m Z-VAD-FMK inhibitor except MV4;11, REH, and with 50 um resveratrol alonel, cells treated with inhibitor+- resveratrol. Cells were
HL60 cells, which were incubated with 20@v inhibitor. Cells were preincubated analyzed for percentage of cells with depolarized mitochondrial membrbefiegraphg
with medium containing DMSO or inhibitor fo2 h and then treated with control and percentage of cell deathight graph9 by JC-1 and PI staining, respectively. Data
medium or resveratrol for 24 h and 48 h. REH cells were analyzed after 48 h argpresent the arithmetic mean SE of three separate experiments.
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A 9 tron transport and energy metabolisrh) (elease of caspase-activat-
804 ing proteins; andd) alteration of cellular reduction-oxidation poten-
® ggz tial (30). Resveratrol has been extensively studied for its antioxidant
® 504 activities and was shown to directly destroy the tyrosyl radical on the
Cg 40 R2 subunit of ribonucleotide reductase, an enzyme necessary for
&~ ggz cellular proliferation (1, 4). Although the exact mechanism has not yet
104 been defined, resveratrol was also recently shown to inhibit the F1
0 complex of the FO/F1-ATPase proton pump of the mitochondrial inner
B o membrane, responsible for the synthesis of ATP from ADP in the
804 oxidative phosphorylation pathway (31). The ability of resveratrol to
® 704 interfere with the machinery of mitochondrial electron transport could
® 283 be partially responsible for the depolarization of the mitochondrial
O 404 membranes and the subsequent apoptosis observed in the resveratrol-
32 30 treated ALL cells in our study.
?8} In each ALL lines examined in our study, resveratrol induced the
04 v 28h activation of caspase-9. Senal. (14) have recently characterized the

order of caspase activation in receptor-mediated and chemical-

Fig. 10. Z-VAD-FMK inhibits both caspase-8-mediated depolarization of mitochorinduced apoptosis. Receptor-mediated apoptosis was dependent upon

drial membranes and cell death. Jurkat cells were preincubated with medium contair]iﬁgS i i _ i i i
DMSO or inhibitor at a final concentration of 100w, then either medium or soluble tream activation of caspase 8, which was capable of activating the

CDY5L was added. Fresh inhibitor was added to the cells every 24 h. Cells were analy@@/Vnstream caspases resulting in apoptosis. In etoposide-treated cells,
for percentage of cells with depolarized mitochondrial membranes and percentage of pgllwever, caspase-9 acted as the apical caspase in the apoptotic cas-
dceoaégfﬁib23&%%,“&%’bfé"331';Qvﬁtcvi?ths.\?A&S.EW.%VZJSISZEQZZ%?’CZ?Etv’lﬁh cade. Activation of caspase-9 occurs after the release of apoptogenic
depolarized mitochondrial membranB, percentage of cells with sub-diploid nuclei proteins, such as cytochronsgfrom the mitochondria (30). Release
(percgntage of cell death). Data represent the arithmetic me&t of three separate of cytochromec can occur with or without depolarization of the
experiments. . . . .

mitochondrial membranes by mechanisms that remain unclear. Cyto-

chromec forms a complex with Apaf-1 and caspase-9 in the cytosol,
relation between resistance to CD95-signaling in the leukemia calésulting in the activation of caspase-9 and the subsequent caspase-
and the cytotoxic action of resveratrol was observed (Figs. 1 and 8)mediated activation of downstream caspases leading to apoptotic
(b) resveratrol did not sensitize the CD95-resistant cell lines to CD9&ell death (32, 33). Our data indicate that resveratrol acts through a
signaling; €) no change in the expression of CD95L was observed lmgechanism involving the depolarization of mitochondrial membranes
RT-PCR in five of the cell lines, including HL60 cells (Fig. 5).leading to the primary activation of caspase-9, which then initiates the
Although MV4;11, CEM, and Jurkat cells showed what appeared taspase cascade resulting in apoptosis of the ALL cells. We clearly
be a small increase in the steady-state level of CD95L mRNA, osinow that CD95-CD95L interactions were not important for initiating
RT-PCR analyses as well as those of Clemenal. (15) were not resveratrol-induced death, thereby excluding an upstream role for
quantitative, and these data cannot be used to conclude that actaaspase-8 activation as the apoptosis-initiating event via receptor
changes in transcription of CD95L mRNA have occurred) &én ligation. However, caspase-8 may be activated downstream in the
antagonistic antibody against CD95 failed to decrease death initiatabspase cascade after resveratrol treatment and may act to promote or
by resveratrol in all eight lines (Fig. 6); an€) (ve have used the broad amplify the apoptotic pathway at later stages (33).
spectrum caspase inhibitor Z-VAD-FMK to determine whether res- In the present study, several cell lines derived from patients with
veratrol-induced caspase activation occurred upstream or downstredich were used to determine whether resveratrol, a natural plant-
of the depolarization of mitochondria (14). In these experiments, vaderived product, was cytotoxic to these leukemic cells. Our studies
could clearly show that depolarization of mitochondrial membranestiowed that resveratrol can induce extensive apoptosis in the B-
induced by caspase-8 activation in CD95L-treated Jurkat cells wiawage and T-lineage ALL cells without significant cytotoxicity
indeed blocked by Z-VAD-FMK (Fig. 10). This inhibitor could alsoagainst normal PBMCs. Resveratrol was shown by others to have little
block caspase activation leading to cell death after treatment of tleicity against normal peripheral lymphocytes at a concentration of
cells with resveratrol. However, Z-VAD-FMK failed to block depo-up to 32um after a 3-day treatment, although higher concentrations of
larization of mitochondrial membranes induced by resveratrol tredve drug and longer treatment times were not tested (15). We found
ment in the eight lines, indicating that resveratrol-induced caspabsat concentrations of resveratrol above 50 were toxic to normal
activation occurred downstream of changes in the mitochondrRBMCs, but 50um or less did not cause significant cell death in the
membranes, and depolarization was not dependent upon caspaserthal blood cells over a period of 4 days. Furthermore, repeated
activity (Fig. 9). Two recent publications lend support for our conadministration of 50um resveratrol for up to 9 days was highly
clusions that resveratrol acts through an apoptotic pathway whieffective in inducing substantial apoptosis in all of the leukemic lines,
does not rely on CD95-CD95L interactions at early stages of celfain, with no statistically significant cytotoxicity observed against
death. Tsart al. (28) showed resveratrol induced CD95-independenbrmal PBMCs. The results presented in this study suggest that
apoptosis in THP-1 monocytic leukemia cells. Using CEM cells angsveratrol may be an effective drug with strong potential as a novel
a caspase-8 deficient Jurkat cell line, Bernhetrdl. (29) also showed chemotherapeutic agent against ALL and may be particularly useful
that resveratrol-induced cell death in these cells was independentagéinst B-lineage ALLs, including the t(4;11) subgroup, that are
CD95-mediated apoptosis. generally resistant to CD95-mediated death.

In our analysis of the mechanistic action of resveratrol in the
Ie_ukemla I|r_1es, we observed tha}t this agent induced e_arly Chang?NE‘KNOWLEDGMENTS
mitochondrial membrane potential that led to progressive depolariza-
tion culminating in apoptosis. At least three general mechanisms areve thank Dr. Rolf Marschalek for the oligonucleotides specific for the
known for mitochondria-mediated cell deatla) disruption of elec- t(4;11) translocation breakpoints. We also thank Drs. Georg H. Fey and
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Finally, we thank Katrin Sapala for excellent technical assistance.

19.

REFERENCES

1

2.

10.

12.

13.

14.

15.

16.

17.

acute leukemia cell line with the t(4;11) chromosomal rearrangement exhibits B
lineage and monocytic characteristics. Blo68; 21-31, 1985.

Lange, B., Valtieri, M., Santoli, D., Caracciolo, D., Mavilio, F., Gemperlein, I.,
Griffin, C., Emanuel, B., Finan, J., and Nowell, P. Growth factor requirements of
childhood acute leukemia: establishment of GM-CSF-dependent cell lines. Blodod,

. Soleas, G. J., Diamandis, E. P., and Goldberg, D. M. Resveratrol: a molecule whose 192_199, 1987.

time has come? And gone? Clin. Bioche30; 91-113, 1997. 20.

Jang, M., Cai, L., Udeani, G. O., Slowing, K. V., Thomas, C. F., Beecher, C. W. W.,

Fong, H. H. S., Farnsworth, N. R., Kinghorn, A. D., Mehta, R. G., Moon, R. C., and

Pezzuto, J. M. Cancer chemopreventive activity of resveratrol, a natural product

derived from grapes. Science (Wash. DEJ5: 218-220, 1997. 21

. Sun, N. J., Woo, S. H., Cassady, J. M., and Snapka, R. M. DNA polymerase and
topoisomerase |l inhibitors fror®sorealea corylifolia J. Nat. Prod.61: 362—366,
1998.

. Fontecave, M., Lepoivre, M., Elleingand, E., Gerez, C., and Guittet, O. Resveratl%"f),'
a remarkable inhibitor of ribonucleotide reductase. FEBS L4#1: 277-279, 1998.

. Alnemri, E. S, Livingston, D. J., Nicholson, D. W., Salvesen, G., Thornberry, N. A.,
Wong, W. W., and Yuan, J. Human ICE/CED-3 protease homenclature 8Zelly 1,
1996.

. Medema, J. P., Scaffidi, C., Kischkel, F. C., Shevchenko, A., Mann, M., Krammer,
P. H., and Peter, M. E. FLICE is activated by association with the CD95 death-
inducing signaling complex (DISC). EMBO J.6: 2794-2804, 1997.

. Enari, M., Talanian, R. V., Wong, W. W., and Nagata, S. Sequential activation 8f.

ICE-like and CPP32-like proteases during Fas-mediated apoptosis. Nature (Lond.),

380: 723-726, 1996.

. Hasegawa, J., Kamada, S., Kamiike, W., Shimizu, S., Imazu, T., Matsuda, H., &%l
Tsujimoto, Y. Involvement of CPP32/Yama(-like) proteases in Fas-mediated apo-
ptosis. Cancer Res56: 1713-1718, 1996. 26.

. Schlegel, J., Peters, I., Orrenius, S., Miller, D. K., Thornberry, N. A., Yamin, T. T,

and Nicholson, D. W. CPP32/apopain is a key interleukihcbnverting enzyme-like

protease involved in Fas-mediated apoptosis. J. Biol. Chzm.:, 18411844, 1996.

Cohen, G. M. Caspases: the executioners of apoptosis. Bioch&26:11-16, 1997. 27.

. Friesen, C., Herr, |., Krammer, P. H., and Debatin, K-M. Involvement of the CD95

(APO-1/Fas) receptor/ligand system in drug-induced apoptosis in leukemia cells. Nat.

Med., 2: 574-577, 1996. 8.

Eischen, C. M., Kottke, T. J., Martins, L. M., Basi, G. S., Tung, J. S., Earnshaw,

W. C., Leibson, P. J., and Kaufmann, S. H. Comparison of apoptosis in wild-type and

Darie, J., Schuh, W., Keil, A., Bongards, E., Greil, J., Fey, G. H., and Zunino, S. J.
Regulation of CD95 expression and CD95-mediated cell death by interfeion-
acute lymphoblastic leukemia with chromosomal translocation t(4;11). LeukéBia,
1539-1547, 1999.

Nicoletti, I., Migliorati, G., Pagliacci, M. C., Grignani, F., and Riccardi, C. A rapid
and simple method for measuring thymocyte apoptosis by propidium iodide staining
and flow cytometry. J. Immunol. Method$39: 271-279, 1991.

Martin, J. S., Reutelingsperger, C. P., McGahon, A. J., Rader, J. A, vanSchie, R. C.,
LaFace, D. M., and Green, D. R. Early redistribution of plasma membrane phosphati-
dylserine is a general feature of apoptosis regardless of the initiating stimulus:
inhibition by overexpression of Bcl-2 and Abl. J. Exp. Meti82: 1545-1556, 1995.

23. Vermes, |., Haanen, C., Steffens-Nakken, H., and Reutelingsperger, C. A novel assay

for apoptosis. Flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein labelled Annexin V. J. Immunol. Methd8d,
39-51, 1995.

Carbo, N., Costelli, P., Baccino, F. M., Lopez-Soriano, F. J., and Argiles, J. M.
Resveratrol, a natural product present in wine, decreases tumour growth in a rat
tumour model. Biochem. Biophys. Res. Commu#&4: 739-743, 1999.

Mgbonyebi, O. P., Russo, J., and Russo, |. H. Antiproliferative effect of synthetic
resveratrol on human breast epithelial cells. Int. J. Ond@: 865-869, 1998.
Cossarizza, A., Kalashnikova, G., Grassilli, E., Chiappelli, F., Salvioli, S., Capri, M.,
Barbieri, D., Troiano, L., Monti, D., and Franceschi, C. Mitochondrial modifications
during rat thymocyte apoptosis: a study at the single cell level. Exp. Cell Rb%.,
323-330, 1994.

Faderl, S., Kantarjian, H. M., Talpaz, M., and Estrov, Z. Clinical significance of
cytogenetic abnormalities in adult acute lymphoblastic leukemia. BI8bd3995—
4019, 1998.

8. Tsan, M-F., White, J. E., Maheshwari, J. G., Bremner, T. A., and Sacco, J. Resveratrol

induces Fas signalling-independent apoptosis in THP-1 human monocytic leukaemia
cells. Br. J. Haematol109: 405-412, 2000.

Fas-resistant cells: chemotherapy-induced apoptosis is not dependent on Fasfgaarnhard. D.. Tinhofer. 1. Tonko. M. WU H.. Ausserlechner, M. J., Greil, R.

ligand interactions. Blood90: 935-943, 1997.

Fulda, S., Strauss, G., Meyer, E., and Debatin, K-M. Functional CD95 ligand and
CD95 death-inducing signaling complex in activation-induced cell death and doxo-
rubicin-induced apoptosis in leukemic T cells. Blo&&: 301-308, 2000.

Sun, X-M., MacFarlane, M., Zhuang, J., Wolf, B. B., Green, D. R., and Cohen, G.
Distinct caspase cascades are initiated in receptor-mediated and chemical—indléce
apoptosis. J. Biol. Chem274: 5053-5060, 1999. L
Clement, M-V., Hirpara, J. L., Chawdhury, S. H., and Pervaiz, S. Chemopreventive
agent resveratrol, a natural product derived from grapes, triggers CD95 signaling-
dependent apoptosis in human tumor cells. Blditi,996-1002, 1998. 32.
Karawajew, L., Wuchter, C., Ruppert, V., Drexler, H., Gruss, H-JrkBm, B., and
Ludwig, W-D. Differential CD95 expression and function in T and B lineage acute
lymphoblastic leukemia cells. Leukemial: 1245-1252, 1997. 33.
Greil, J., Gramatzki, M., Burger, R., Marschalek, R., Peltner, M., Trautmann, U.,

Kofler, R., and Csordas, A. Resveratrol causes arrest in the S-phase prior to Fas-
independent apoptosis in CEM-C7H2 acute leukemia cells. Cell Death Differ.,
834-842, 2000.

0- Green, D. R, and Reed, J. C. Mitochondria and apoptosis. Science (Was&8QC),
. d1309—1312, 1998.

Zheng, J., and Ramirez, V. D. Piceatannol, a stilbene phytochemical, inhibits mito-
chondrial FOF1-ATPase activity by targeting the F1 complex. Biochem. Biophys.
Res. Commun.261: 499-503, 1999.

Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S. M., Ahmad, M., Alnemri, E. S.,
and Wang, X. Cytochrome and dATP-dependent formation of Apaf-1/caspase-9
complex initiates an apoptotic protease cascade. @&il479—-489, 1997.

Slee, E. A., Harte, M. T., Kluck, R. M., Wolf, B. B., Casiano, C. A., Newmeyer,
D. D., Wang, H-G., Reed, J. C., Nicholson, D. W., Alnemri, E. S., Green, D. R., and

Hansen-Hagge, T. E., Bartram, C. R., Fey, G. H., Stehr, K., and Beck, J. The acute Martin, S. J. Ordering the cytochromeinitiated caspase cascade: hierarchical

lymphoblastic leukaemia cell line SEM with t(4;11) chromosomal rearrangement is
biphenotypic and responsive to interleukin-7. Br. J. Haema6ét. 275-283, 1994.

4739

activation of caspases-2, -3, -6, -7, -8, and -10 in a caspase-9-dependent manner.
J. Cell Biol., 144: 281-292, 1999.



