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regulate TGF-@3protein production (6, 7). Also, the growth inhibitory
functions of VES may be independent of VES's potential antioxidant
mechanism (5, 6). In support of this, Fariss et al. (8) recently dem
onstrated that VES-mediated growth inhibition of murine leukemic
but not normal murine hematopoietic cells occurred by nonantioxi
dant, nonhydrolyzable ether forms of yES.

In many instances, growth inhibition following terminal differentiation
(25â€”27)or anticancer drug treatment (28, 29) results in apoptosis (pro
grammed cell death). Apoptosis is an active process characterized by a
series of metabolic events requiring active gene transcription and protein
synthesis (28, 30, 3 1). Endonuclease cleavage of chromatin is an initial
apoptotic commitment step that occurs in viable cells and gives rise to
DNA fragmentation, a measurement of apoptosis (30).

Several interrelated events regulated by families of proteins that
mediate the apoptotic process have been identified. Many extracellu
lar signaling events [irradiation, serum and cytokine deprivation, and
triggering cell surface receptors such as TNF or Fas/APO-l/CD-95
(Fas)] can induce apoptosis. Intracellular mediators of apoptosis have
also been identified. Wild-type p53 blocks cell proliferation by pre
venting G1 progression following either DNA damage or serum
derivation, both of which can lead to apoptosis. In particular, wild
type p53 up-regulates p2lc@ [an inhibitor of cyclin-dependent ki
nases (32)], bax [an inhibitor of bcl-2 (33)], and Fas (34) expression.
Wild-type p53 also down-regulates bcl-2 [an inhibitor of apoptosis
(33, 35)] expression. In contrast, bcl-2 has been shown to block both
wild-type p53 function (36) and Fas-induced apoptosis (37). Cysteine
proteases such as Caenorhabditis elegans cell death gene (ced-3) and
the ced-3 mammalian homologue ICE are common distal effector
components of the apoptotic machinery (38). The activation of ICE or
ICE-like proteases has been implicated in the apoptotic process
through their cleavage of vital targets that lead to nuclear events such
as endonuclease activation (39).

We have previously shown VES to induce apoptosis in human
B-lymphoma cells (6). Here, we demonstrate that VES-mediated
growth arrest of the estrogen receptor-negative (antiestrogen therapy
resistant) breast cancer cell lines, MDA-MB-23l and SKBR-3, results
in apoptotic cell death. In human breast tumors, estrogen receptor
negative status is associated with low expression of bcl-2 and a higher
frequency of p53 gene mutations (40, 41). Both MDA-MB-23 I and
SKBR-3 cells have been previously shown to contain mutant p53 (35)
and to express undetectable bcl-2 protein (35, 42). Therefore, we
focused our study on the Fas apoptotic signaling pathway and provide
evidence that it is involved in VES-mediated cell death.
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ABSTRACT

Vitamin E succinate (yES), a derivative of the fat-soluble vitamin
D-a-tocopherol (vitamin E), inhibited growth and induced apoptotic cell
death of estrogen receptor-negative human breast cancer cells. VES
induced apoptosis in MDA-MB-231 and SKBR-3 cells occurred through a
Fas pathway. Total protein levels of the Fas receptor (Fas; APO-1/CD-95)
and the Fas ligand (Fas-L) were increased following VES treatment. In
addition, VES increased cell surface Fas expression. Fas-neutralizing
antibodies and Fas-L antisense oligonucleotides blocked VES-induced
apoptosis. The presence of Fas-L antisense oligonucleotides also corn
pletely blocked the VES-mediated increase in Fas-L protein expression.
These data indicate a role for Fas signaling in VES-mediated apoptotic cell
death of human breast cancer cells. These findings also suggest that VES
may be ofclinical use in the treatment of aggressive human breast cancers,
particularly those that are refractory to antiestrogen therapy.

INTRODUCTION

The development of more effective biological therapies for breast
cancer is under intense investigation. Naturally occurring agents
and/or their derivatives are appealing anticancer agents. Fat-soluble
vitamins (A, D, E, and K) have been investigated for antitumor
properties and found to possess antiproliferative effects. Vitamin A, in
the form of retinoic acid, has been used successfully in the treatment
of promyelocytic leukemia (1, 2). Vitamin E and VES3 negatively
regulate tumor cell growth in vitro (3â€”8)and in vivo (9â€”12).Cur
rently, Phase I clinical trials are planned in breast and prostate cohorts
for vitamin E and vitamin E derivatives like VES (12). An advantage
for using vitamin E and/or vitamin E derivatives in human cancer
therapy is its low level of toxicity in vivo (13).

Vitamin E is characterized as a fat-soluble membrane antioxidant
(14). VES, however, does not possess antioxidant properties unless
the succinate group is removed by a nonspecific esterase (I 1). VES
has been shown to be a widespread potent growth inhibitor of human
(5â€”7),murine (15â€”19),and avian (20) cancer cells in vitro. in vivo,
vitamin E has been shown to inhibit tumorigenesis in the mouse skin
and colon, hamster buccal pouch and tongue, and rat liver and mam
mary gland (12). The mechanism of action of VES in growth inhibi
tion and differentiation is unknown. Studies have shown vitamin E
and/or VES to modulate adenylate cyclase and cyclic AMP-dependent
proteins (21â€”23),inhibit protein kinase C activity (3, 4, 24), and
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MATERIALS AND METHODS

Cell Culture. MDA-MB-231 and SKBR-3 human breast cancer cells
(American Type Culture Collection, Rockville, MD) were maintained in RPMI

1640 (Life Technologies, Inc., Grand Island, NY) supplemented with 10%
fetal bovine serum (Hyclone, Logan, UT), 100 units/ml penicillin, 100 p@g/ml

streptomycin, 4 mM glutamine, nonessential amino acids, and HEPES buffer

(Life Technologies, Inc.). For experiments, the percentage of serum was
reduced to 2.5% in the same medium to more clearly study growth inhibition,

as previously reported (43).
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Proliferation Assay. Cells were removed from tissue culture flasks by
trypsinization, suspended at a concentration of 5 X l0'@/ml,treated in thecells

were washed twice with PBS and lysed for 30 mm on ice in 50 p1
radioimmunoprecipitation assay lysis buffer (150 mrviNaCI, 1.0%NP4O,0.5%presence

or absence of 20 @tg1ml,10 @.tWml,or 5 @.tg/mlyES, vehicle (5 ,ig/mldeoxycholic acid, 0.1% SDS, and 50 mMTris, pH 7.4). Cellular debriswassuccinic
acid and 0.1% ethanol), or antioxidants [butylated hydroxyanisol (20,removed by centrifugation (10 mm at 15,000rpm), and proteinconcentrations10,

and 5 @.LM),butylated hydroxytoluene (20 ,.LM,10 @.tM,and 5 ,.tM),andwere determined against standards using the Bio-Rad protein assay(Bio-RadN-acetylcysteine
(l0@@,@ and l0@ M; Sigma, St. Louis, MO; Refs. 44 andLaboratories, Inc., Melville, NY). Cell lysates containing 300 p@gproteinwere45)

and cultured for 8, 24, and 48 h in a humidified atmosphere of 5% CO2 inmixed with sample buffer and analyzed with a SDS-12% polyacrylamidegel.air.
Cell proliferation was determined by cell counting using a hemacytometerProteins were transferred to polyvinylidene difluoride membranes (Novex,Sanor

the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide assay perDiego, CA) by electroblotting and membranes were blocked for 1 h inTBSTthe
manufacturer's instructions (Promega, Madison, WI). Cell viability was(0.15 M NaCI, 25 mMTris, and 0.5% Triton X-l00, pH 7.4) containing5%determined

by trypan blue dye exclusion analysis.nonfat dry milk (blocking buffer). Membranes were incubated withprimaryDNA
Analysis. DNA fragmentationanalysis by gel electrophoresiswasantibodies (rabbit anti-human Fas clone N-18 and rabbit anti-humanFas-Lperformed

as described previously (6). Briefly, 1 X 106 MDA-MB-23l orclone N-20; Santa Cruz Biotechnology, Santa Cruz, CA; mouseanti-humanSKBR-3

cells were treated with medium (untreated), vehicle, or VES (10@3-actin clone AC-l5; Sigma) diluted in blocking buffer for I h, washedthree@tg/ml)
for 24 or 48 h, washed twice in PBS, and RNase digested for 2 h attimes with TBST, incubated with goat anti-rabbit streptavidin-biotinylated

37Â°Cwith 200 lLWmlDNase-free RNase A (Sigma, St. Louis, MO) in 0.5 mlhorseradish peroxidase secondary antibodies (Amersham, ArlingtonHeights,PBS.
Cells were thenpelletedby centrifugation,lysed by theadditionof 50 p1IL) diluted 1:5000 in blockingbufferfor I h, washedthreetimes withTBST,DNA
lysis buffer (10 mM Tris, 5 mM EDTA, and 0.5% sodium lauryland developed using enhanced chemiluminescence (Amersham). Allreactionssarcosine,

pH 7.4) containing 0.5 mg/ml proteinase K (Sigma), and proteinswere performed at room temperature on a rocking platform. Quantificationofwere

digested for 2 h at 50Â°C.Cellular debris was removed by centrifugationprotein expression was determined by densitometricanalysis.and
DNA from cell lysates was analyzed on a 1.8%TAE-agarose gel contain Cell Surface Fas Analysis. MDA-MB-231 and SKBR-3 cells weretreateding
ethidium bromide. DNA was visualized and photographed under UV light.in the presence or absence of VES (10 @g/ml)for 24 h, washed twicewithFor

DNA analysis by flow cytometry, 2 X 106cells were cultured for 24 hPBS, reacted with mouse anti-human Fas (clone CH-l 1; Upstate Biotechnol

or 48 h in the presence or absence of VES (10 @.tg/ml).Following culture, cellsogy, Inc., Lake Placid, NY) for 30 mm at 4Â°C,washed twice in PBS,reactedwere
washed twice with PBS and fixed in 1 ml ice-cold ethanol for 1 h at 4Â°C.with FITC-conjugated goat anti-mouse IgG (Kirkegaard and PerryLabs,Fixed
cells were pelleted, resuspended in 0.5 ml PBS containing 30 @&g/mlGaithersburg, MD) for 20 mm at 4Â°C,washed twice in PBS, and analyzedbypropidium

iodide and 1 mg/ml RNase A (Sigma), and analyzed for DNAflow cytometry. The flow cytometric analysis was gated into two cell popu

content using flow cytometry. Cell cycle histograms were then analyzed usinglations: one containing large cells and one containing small cells. We per
the multicycle computer program.formed experiments using irrelevant isotype-matched (normal) primary anti

DNA was also analyzed using the TUNEL assay. Cells were treated in thebodies followed by the FITC-labeled secondary antibody or theFITC-labeledpresence
or absence of VES (10 @g/ml)for 24 h, distributed onto glass slidessecondary antibody alone. The results were found to be virtuallyidentical.using

a Shandon Cytospin, and analyzed for apoptosis as described previously
(46). Briefly, cells were fixed overnight in 10% formalin, treated with pro

Faa-neutralizing Antibody and Fas-L Antisense Oligonucleotide As
says. Cells were plated at a concentration of 5 X 104/ml and treatedwithteinase

K and then H2O2,probed with terminal deoxynucleotidyl transferasemedium (untreated) or VES (10 @g/ml).Untreated or VES-treated cellswereand
extra-avidin peroxidase, and counterstained with methyl green/Alciancultured in the presence of an apoptosis neutralizing monoclonal anti-Fas

antibody (clone ZB4; Immunotech, Inc., Westbrook, ME; 500 ng/ml deter

RT-PCR. MDA-MB-23l andSKBR-3cells weretreatedin thepresenceofmined to be the optimal concentrationin preliminaryexperiments)ortheVES
(10 @g/ml)for 0, 4, 8, and 24 h, washed twice with PBS, and RNA wascontrol antibody (mIgG, 500 ng/ml; Sigma). Cells were cultured for 24h,isolated

using the Totally RNA kit per the manufacturer's instructions (Am distributed onto glass slides using a Shandon Cytospin, and analyzedforbion,
Austin, TX). RNA (5 @g)was converted to DNA using the eDNAapoptosis using the TUNEL assay and flow cytometry as describedabove.synthesis

system per the manufacturer's instructions (Life Technologies, Inc.).

A reverse transcriptaseminus control in the PCRs routinelyconductedandAlternatively,
cells were cultured in the presence of 10 p.M(previously

determined optimal concentration) Fas-L sense (A1'@CAGCAGCCCT

verified that genomic DNA was not being amplified. Semi-quantitative RT TCAATTAC), FasL antisense (GTAATI'GAAGGCICTGCTGCAT),or non
PCR was done with an automated thermal cycler (Perkin-Elmer Corporation,sense (AGTFCAGGCAAGAGAGAACCA) oligonucleotides for 1 h at37Â°C.Norwalk,

CT). The following conditions were found to be within the linearThe Fas-L oligonucleotide was directed against the ATG translational startsiterange

of analysis for each primer set: cDNA was incubated with two pairs of(underlined) in the fas-L mRNA. Cells were then treated in the presenceorprimers

(200 ng each) for human Fas, Fas-L, or HPRT, and reactions were
incubated for 30 cycles (denaturation for 30 s at 94Â°C,annealing for 60 s atabsence

of VES (10 @g/ml).Following 24 h of culture, cells were analyzed for
apoptosis using the TUNEL assay and flow cytometry as describedabove.60Â°C,

and extension for 60 s at 72Â°C).Samples were analyzed on an 8%For both the Fas-neutralizing antibody and Fas-L antisense TUNEL exper
polyacrylamide-Tris-borate EDTA gel. mRNA levels were quantified by den

sitometric analysis of the photographic negative of the ethidium bromide

iments, a minimum of 400 cells per treatment were counted and the percentage
of apoptotic cells was determined. The percentage of reversal from yES

stained gel. Levels were normalized for loading differences as determined by
the HPRT control. The following gene-specific primers were used: Fas sense
ACTGCGTGCCCTGCCAAGAAG, Fas antisense AAGACAAAGCCAC

induced apoptosis was calculated using the following formulas that determine
the control antibody or sense difference minus the neutralizing antibody or
antisense difference as a percentage of the control antibody or sensedifference.CCCAAGUAGA,

Fas-L sense GCCTCTGGAATGGGAAGACACC, Fas-L
antisense CATCTGCCCAGTAGTGCAGTAG, HPRT sense TATGGACAG
GACTGAACGTCTTGC, and HPRT antisense GACACAAACATGAT

TCAAATCCCTGA.untreated

VES.treated(Control Ab - Control Ab
(Neutralizing AbL@@t@ted Neutralizing AbvEs.t@ated)@ 100The

fas message is represented by a 296-bp band, the fas-L messageisrepresented
by a 250-bp band, and the HPRT message is represented by a

496-bp band.
Western Blot Analysis. For time-courseWesternblot analysis, 3 X 106x

100MDA-MB-23

I and SKBR-3 cells were cultured for 0, 4, 8, or 24 h inthepresence
of 10 @.tg/mlyES. For CHX protein synthesis experiments, MDA

MB-23l and SKBR-3 cells were cultured for 4 or 8 h in the presenceorabsence
of 10 @g/mlCHX and 10 @.tg/mlyES. For Fas-L antisense experi

ments, cells were cultured in the presence of 10 @.tMFas-L sense orantisenseoligonucleotide
for I h and then treated in the presence or absence of 10g.tg/mlVES

for 8 h (SKBR-3 cells) or 24 h (MDA-MB-231 cells). Following culture,

blue.

(Control Abu@e@@_ Control Abv@t@@)

(Sense(@1@T@ted_ Senseviea@)
â€”(Antisenseur@@tc@t_ Antisense@s.u1ea@)

(Senseufh@ed_ SenseV@a@)

RESULTS

Inhibitionof HumanBreastCancerCellProliferationby yES.
VES has been previously shown to function as a growth inhibitory
agent (3â€”12).VES inhibited MDA-MB-23 1 and SKBR-3 human
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breast cancer cell growth in a dose-dependent manner. In MDA-MB
23 1 cells, VES at 5, 10, and 20 @g/m1decreased cell number by 24,
67, and 85% following 48 h of culture, respectively (Fig. IA). In
SKBR-3 cells, VES at 5, 10, and 20 p.g/ml decreased cell number by
10, 54, and 74% following 48 h of culture, respectively (Fig. 1B). The
optimal growth inhibitory concentration of VES was determined to be
10 @tg/mlbecause it reduced MDA-MB-23 1 and SKBR-3 cell number
while maintaining >90% viability at 24 h and 88 and 68% viability at
48 h, respectively. VES at 20 @g/mlwas found to be cytotoxic for
both cell lines. Using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide proliferation assay, treatment with VES (10
;.Lg/ml) inhibited both MDA-MB-23 1 and SKBR-3 cell proliferation

by 77% following 48 h of culture (data not shown). The vehicle (0.1%
ethanol and 5 @g/mlsuccinic acid), fat-soluble antioxidants butylated
hydroxyanisol and butylated hydroxytoluene, and water-soluble anti
oxidant N-acetylcysteine did not affect cell proliferation (data not
shown). This suggests that antioxidant activity alone cannot explain
the antiproliferative activity of VES.

To determine whether apoptosis occurred during growth inhibition,
DNA fragmentation analysis, an indicator of apoptotic DNA (47), was
performed. Agarose gel electrophoresis demonstrated DNA laddering,
typical of apoptosis, following 48 h of VES treatment in MDA-MB
23 1 cells and 24 h of VES treatment in SKBR-3 cells (Fig. 2). DNA
laddering was not present in MDA-MB-23l cells following 24 h of
VES treatment (data not shown).

VES-induced apoptosis was studied further in MDA-MB-23l and
SKBR-3 cells using flow cytometry. Cell cycle analysis following
24 h of VES treatment revealed the presence of a sub-01 apoptotic
peak in MDA-MB-23 1 and SKBR-3 cells (Fig. 3A). In MDA-MB-23 1
and SKBR-3 cells, apoptosis varied from 30 to 47% following 24 h of
VES treatment and 74 to 81% following 48 h of VES treatment (Fig.
3B). Spontaneous apoptosis in untreated control cells increased from
approximately3% at24 h to12to18% at48 h,possiblyasa result
of the cell culture confluency (Fig. 3B).

Effect of VES onfas andfas-L mRNA Levels. Fan and its ligand
are known mediators of apoptosis (48â€”51).Both MDA-MB-231 and
SKBR-3 cells have been previously shown to contain mutant p53 (35)
and to express undetectable bcl-2 protein (35, 42). Therefore, we
determined whether VES signals DNA fragmentation via Fas-medi
ated apoptosis. The effect of VES onfas andfas-L mRNA levels was
studied using semiquantitative RT-PCR. The conditions established
for the RT-PCRs were determined to be within the linear range for
each primer set used (see â€œMaterialsand Methodsâ€•;data not shown).
A time-course study (0, 4, 8, and 24 h) showed VES treatment to have

12
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2â€”
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Fig. 2. Induction of apoptosis by VES in human breast cancer cells. DNA fragmen
tation analysis by agarose gel electrophoresis. MDA-MB-23I cells were cultured for 48 h
and SKBR-3 cells were cultured for 24 h in the presence or absence of 10 @zg/mlVES.
Following culture, DNA was analyzed using a I.8% agarose gel and photographed under
UV light. The data are from a representative experiment (n = 3).

A B
MDAâ€”MB-231 SKBR-3

Fig. 1. Inhibition of MDA-MB-23 I and SKBR-3
cell growth by yES. yES decreased MDA-MB-23I
(A) and SKBR-3 (B) cell number in a dose- and
time-dependent manner. Cells were cultured for 8,
24, or 48 h in the presence or absence of increasing
concentrations of yES (0, 5, 10, or 20 @sg/ml)and
counted using a hemacytometer. Data are from a
representative experiment (n = 3). The SE for the
percentage of growth inhibition of separate experi
ments was never >8% for MDA-MB-23l cells and
9% for SKBR-3 cells.
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MDA-MB-231 SKBR-3

little or no effect onfas mRNA levels in MDA-MB-23 1 and SKBR-3
cells (Fig. 4). In contrast, in both cell lines, VES treatment increased
fas-L mRNA levels by >75% at 8 h of treatment (Fig. 4). At 24 h of
treatment, fas-L mRNA levels were still elevated in MDA-MB-23l
cells; however, in SKBR-3 cells, fas and fas-L mRNAs were de
creased possibly due to a more rapid rate of VES-mediated apoptosis
seen in these cells.

VES Increases Fas and Fas-L Protein Levels. Westernblot anal
ysis was performed to study the effect of VES on Fas and Fas-L
protein levels. After 8 h of VES treatment, Fas and Fas-L protein
levels increased by 81% and 48% in SKBR-3 cells, respectively (Fig.
5A). At 24 h, VES increased Fan and Fas-L protein levels by 62 and

VES:
Mr (Kb)
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Fig. 3. Quantification of VES-induced apoptosis in MDA-MB-231 and SKBR-3 cells using flow cytometry. A, cell cycle histograms of 24 h untreated (UT) and VES-treated (10
zg/ml) cells. B, quantification of the apoptotic peak (sub-Gt) in untreated and VES-treated cells following 24 and 48 h of culture. as determined by flow cytometry. Data are the

percentage of cells in the apoptotic peak from a representative experiment (n 3). The SE of separate experiments was never >4% at 24 h and 8% at 48 h.
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92% in MDA-MB-23 1 cells, respectively (Fig. 5A). The decrease in
Fas and Fas-L protein expression at 24 h in VES-treated SKBR-3 cells
may be related to a more rapid rate of apoptosis seen at 24 h as
compared to MDA-MB-231 cells. Overall, the VES-mediated in
crease in Fas-L protein levels correlated with the increase in fas-L
mRNA levels (Figs. 4 and 5). MDA-MB-23 I cells express higher
levels of Fas protein and mRNA than SKBR-3 cells. Also, the VES
mediated increase in Fas protein levels did not correlate with the
results showing VES to have no effect on fas mRNA levels. There
fore, we next determined whether the VES-induced increase in Fas
protein levels was dependent on protein synthesis. Cells were cultured
in the presence or absence of the protein synthesis inhibitor CHX (10
@tg/ml)and VES (10 @g/ml).The regulation of Fas protein levels was

analyzed with a SDS-12% polyacrylamide gel and anti-Fas immuno
blotting. Fas protein levels declined 82 and 86% in MDA-MB-231
and SKBR-3 cells, respectively, following 4 h of CHX and VES

treatment as compared to the levels observed in VES-treated control
cells (Fig. SB). Similar findings were also observed following 8 h of
culture (data not shown). These results indicate that protein synthesis
is necessary for the increase in Fas protein expression levels in
VES-treated cells.

VES Increases Cell Surface Fas Expression. To determine
whether the VES-induced increase in Fan protein synthesis resulted in
increased levels of cell surface Fas expression, flow cytometry studies
were performed. When analyzing the cells for surface Fas expression,
two populations of cells were observed. These populations, containing
large or small sized cells, were gated separately, giving rise to two
separate histograms. The population containing small cells could
contain viable cells committed to apoptosis since cells undergoing
apoptosis show a reduction in size (52, 53). After 24 h of treatment,
VES increased cell surface Fas expression by 3 1 and 33% in MDA
MB-231 and SKBR-3 cells, respectively, as compared to untreated
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SKBR-3

â€” + + +

MDA-MB-231

â€” + + +VES:

Fig. 4. Effect of VES on fas and fas-L mRNA
levels. Time-course semiquantitative RT-PCR
analysis offas,fas-L, and HPRT (control) mRNA
levels in MDA-MB-231 and SKBR-3 cells. Cells
were cultured for 0, 4, 8, or 24 h with 10 @zg/m1
yES, DNA was synthesized from 5 @gtotal RNA,
and RT-PCR was performed as described in â€œMa
terials and Methods.â€•Samples were analyzed on
an 8% polyacrylamide-Tris-borate EDTA gel. the
gel was stained with ethidium bromide, and mRNA
levels were normalized for loading differences as
determined by densitometric analysis of the pho
tographic negative and as compared to the HPRT
control. The HPRT message is represented by a
496-bp band, the fas message is represented by a
296-bp band, and the fas-L message is represented
by a 250-bp band. Data are from a single repre
sentative experiment (n = 3).

Time(h) 0 4 8 24 0 4 8 24

control cells (Fig. 6). Similar increases in VES-mediated Fas cell
surface expression were observed whether the larger or the smaller
cell size populations were examined (Fig. 6).

Neutralizing Antibodies to Fas and Antisense Oligonucleotides
to Fas-L Block YES-inducedApoptosis.To determinewhether
Fas-mediated signals were involved in VES-induced apoptosis of

MDA-MB-231 and SKBR-3 cells, apoptosis neutralization experi
ments using Fas antibodies were performed. Cells were cultured in the
presence of the control antibody (mIgG; Sigma) or Fas-neutralizing
antibody (clone ZB4; Immunotech, Inc.; 500 ng/ml) and in the pres
ence or absence of yES. Apoptosis was measured using the TUNEL
assay following 24 h of culture. In Fig. 7, A and D, cells treated with

A
VES:
Mr(Kd)

66

MDA-MB-231 SKBR-3
â€” + + + â€” + + +

@-p48Fas46 â€”@@

30â€”
Fig. 5. VES increases Faa and Fas-L protein

levels. A, time-course Westem blot analysis of Fas
and Fas-L protein levels in MDA-MB-231 and
SKBR-3 cells. Cells were cultured for 0, 4, 8. or
24 h with 10 @.tg/m1yES, and 300 @zgprotein were
subjected to a SDS-l2% polyacrylamide gel and
immunoblotting with specific anti-Fas or anti-Fas-L
antibodies. B, Western blot analysis of Fas follow
ing 4 h of culture in the presence or absence of 10
,.&g/mICHX and 10 @g/mlyES. Protein (300 @zg)
from total cell lysates was subjected to a SDS-l2%
polyacrylamide gel and immunoblotting with spe
cific anti-Fas antibodies. Data arc from a represent
ative experiment (n = 3).
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apoptosis in the presence of the Fas-neutralizing antibody (Fig. 8B).
Thus, the Fas-neutralizing antibody reversed VES-induced apoptosis
by 91% in MDA-MB-23l cells and 97% in SKBR-3 cells.

To further implicate VES as a mediator of Fas-induced apoptosis in
U MDA-MB-23l andSKBR-3cells,apoptosisexperimentswerecon
. UT ducted with Fas-L antisense oligonucleotides. Cells were cultured in

VES the presence of an optimal concentration (10 .LM)of sense or antisense

Fas-L oligonucleotides or a nonsense oligonucleotide and in the
presence or absence of yES. Apoptosis was measured using the
TUNEL assay following 24 h of culture. The cells treated in the
presence of the nonsense, sense, or antisense oligonucleotides only
contained 1â€”7%apoptotic cells (Fig. 9, A and B). In MDA-MB-23l
cells, VES induced 77% apoptosis in the presence of the nonsense
oligonucleotide, 68% apoptosis in the presence of the sense oligonu
cleotide, and 23% apoptosis in the presence of the antisense oligonu
cleotide (Fig. 9A). In SKBR-3 cells, VES induced 78% apoptosis in
the presence of the nonsense oligonucleotide, 79% apoptosis in the
presence of the sense oligonucleotide, and 24% apoptosis in the
presence of the antisense oligonucleotide (Fig. 9B). Thus, Fas-L

____________ antisense oligonucleotides reversed VES-induced apoptosis by 52% in

MDA-MB-23 1 cells and 48% in SKBR-3 cells. Western blot analysis
was performed using antibodies specific for Fas-L or j3-actin (con
trol). Fas-L antisense oligonucleotides prevented the VES-mediated
increase in Fas-L protein levels (Fig. 9C). A similar reversal of
VES-induced apoptosis by Fas-neutralizing antibodies and Fas-L an

U UT tisenseoligonucleotideswasseenusingflow cytometncDNA anal
@ VES ysis (data not shown). These findings indicate a role for Fas signaling

in YES-mediated apoptosis of MDA-MB-231 and SKBR-3 cells.

DISCUSSION

VES was found to inhibit growth and induce apoptosis in MDA
MB-23 1 and SKBR-3 estrogen receptor-negative human breast cancer
cells. Three separate methodologies, agarose gel electrophoresis, flow
cytometry, and TUNEL analysis, showed YES-induced growth arrest
of MDA-MB-23l and SKBR-3 cells to result in DNA fragmentation
and apoptosis. We also presented evidence suggesting that YES
mediates apoptosis through the FaslFas-L pathway in these human
breast cancer cells. Although this study focuses on VES regulation of
estrogen receptor-negative cells, we and others (54) have found that
MCF-7, an estrogen receptor-positive cell line, also undergoes VES
induced apoptosis. In contrast, preliminary results show that T47D
estrogen receptor-positive cells and BT-20 estrogen receptor-negative
cells undergo growth arrest but not apoptosis following identical VES
treatment protocols.4 Studies with cell populations from tumor sam
pies are needed to determine whether VES-induced apoptosis is
related to estrogen sensitivity or other cofactors.

Fas has been shown to be constitutively expressed in a variety of
epithelial cells (55). Normal mammary epithelial cells are heteroge
neous for Fas expression whereas their neoplastic counterparts are
primarily positive for Fas expression (55). MCF-7 cells in particular
are weakly positive for Fas expression with intense Fas expression
occurring after WN-'y treatment (55). Shown here, MDA-MB-23l and
SKBR-3 cells constitutively express low levels of Fas and Fas-L
protein. YES positively regulated Fas and Fas-L protein expression
levels in both cell lines. The VES-mediated increase in Fas protein
levels required protein synthesis and led to increased cell surface Faa
expression. The YES-mediated increase in Fas-L protein levels may
be due to increasedfas-L mRNA levels. Similarly, in MDA-MB-231
cells, tamoxifen has been shown to induce apoptosis following 24 and
48 h of culture (56). Tamoxifen induction of apoptotic DNA frag

4 Unpublished observations.
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Fig. 8. Effect of Fas-neutralizing antibodies on VES-induced apoptosis in MDA-MB
231 (A) and SKBR-3 (B) cells. Cells were cultured for 24 h with control antibody or
Fas-neutralizing antibody in the presence or absence of VES (10 @sg/ml).Using a Shandon
Cytospin, cells were distributed onto glass slides and analyzed for apoptosis with the
TUNEL assay. The percentage of apoptotic cells was determined by counting a minimum
of 400 cells per treatment. Data are from a representative experiment (n = 3). UT,
untreated.

the control antibody in the absence of YES were negative for apop
tosis. Similar results were seen when cells were treated with the
Faa-neutralizing antibody in the absence of YES (photograph not
shown). VES induced apoptosis in the control antibody-treated cells
(Fig. 7, B and E). In contrast, YES-mediated apoptosis was blocked by
the Faa-neutralizing antibody (Fig. 7, C and F). The percentage of
apoptotic cells was determined by counting a minimum of 400 cells
per treatment. The cells treated in the presence of control or Fas
neutralizing antibody only contained 3â€”4%apoptotic cells (Fig. 8, A
and B). In MDA-MB-23 1 cells, YES induced 77% apoptosis in the
presence of the control antibody and 10% apoptosis in the presence of
the Faa-neutralizing antibody (Fig. 8A). In SKBR-3 cells, YES in
duced 79% apoptosis in the presence of the control antibody and 7%
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mentation, as measured by gel electrophoresis, was found to depend
primarily on protein synthesis (56).

YES-induced apoptosis was blocked by Fas-neutralizing antibodies
and partially blocked by Fas-L antisense oligonucleotides which pre
vented VES induction of the Fas-L protein. These data indicate that
VES mediates apoptosis in MDA-MB-231 and SKBR-3 cells through
activation of the FaslFas-L pathway. The Fas receptor is a member of
a family of cell surface receptors containing structural homology to
TNF receptors (52). Faa and its ligand have been shown to mediate
apoptosis in vitro and in vivo (48â€”51). A death domain has been
mapped in Fas and in other receptors like the TNFR1 and cytoplasmic
signaling proteins like FADD (57). Also, CrmA, a poxvirus gene
product has been shown to block Fas-induced apoptosis (53). CrmA is
believed to block Fas-mediated cell death by inhibiting ICE or other
ICE-related proteases (53). A recent study by Duan et a!. (39) iden
tified ICE-LAP3 activation during Fas- and TNF-induced apoptosis of
MCF-7 human breast cancer cells. Western blot analysis showed YES
to have no effect on steady-state ICE protein levels in MDA-MB-23l
and SKBR-3 cells (data not shown). Other mediators of apoptosis
have been identified including p53, bcl-2, and bax (32â€”37,52).
VES-induced apoptosis occurred in MDA-MB-23l and SKBR-3 cells
which express mutant p53 and undetectable levels of bcl-2 (35, 42).
Wild-type p53 functions to block cell proliferation whereas mutated
forms of p53 have lost their growth inhibitory function (58, 59) and
therefore may contribute to cellular proliferation. Simultaneous with
the onset of apoptosis, VES decreased mutant p53 protein levels (data
not shown). Although MDA-MB-23l and SKBR-3 cells do not ex
press detectable bcl-2 or bcl5, Western blot analysis revealed that YES
increased bax protein levels in MDA-MB-231 cells (data not shown).
Recently, low bax expression levels in tumor cells was associated with
resistance to apoptosis (60). In the same study, nonmalignant epithe
hal cells expressing high levels of bax were responsive to Fas apop
totic signaling, suggesting that bax may be a downstream component
in Fas-mediated apoptosis (60).

Retinoic acid, another fat-soluble vitamin growth inhibitor and
apoptotic agent, although toxic at high doses, has been used success
fully in the treatment of promyelocytic leukemia (1). Vitamin E, a
powerful inhibitor of many neoplastic cells (3â€”12),has been shown to
have few side effects when taken at high doses in human double-blind
studies and in animal studies (13). We found that YES inhibits
antiestrogen therapy-resistant (estrogen receptor-negative) human
breast cancer cell growth via induction of Faa-mediated apoptosis.
This finding, along with our previous study showing that YES and
retinoic acid induce apoptosis in human B-lymphoma cells (6) and
studies by Qian et a!. (61) showing that YES induces apoptosis in
avian retrovirus-transformed T cells, suggest a potential use for YES
in human cancer therapy. Many of YES's antiproliferative functions,

Â°4-Fas-L asindicatedin thisstudy,cannotbeexplainedby its potentialanti
oxidant property alone (5, 6, 8). It is likely that YES mediates growth
arrest and/or apoptosis through different mechanisms (antioxidant and
nonantioxidant) based on the cell type and transforming events. Ad
ditional studies are needed to better characterize the effects of YES on
Fas-mediated apoptosis in general and the regulation of growth inhi
bition and apoptosis of breast cancer cells.
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