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ABSTRACT oncogenic mechanism. Despite these important advances, the molec-
ular mechanism(s) by which Res exerts its broad biological effects has
not yet been elucidated.

The transcription factor NB is strongly linked to inflammatory

trans-Resveratrol (Res), a phytoalexin found at high levels in grapes
and in grape products such as red wine, has been shown to have anti-

inflammatory and antioncogenic properties. Because the transcription di 19-22 di iated with .
factor nuclear factor kB (NF-«B) is involved in inflammatory diseases and and immune responses (19-22) and is associated with oncogenesis in

oncogenesis, we tested whether Res could modulate MB- activity. Res certain models of cancer (23-27). N8 is important for the regu-

was shown to be a potent inhibitor of both NF«B activation and NF-xB-  lation of cell proliferation, cell transformation, and tumor develop-

dependent gene expression through its ability to inhibit kB kinase activ- ment (28—31). Recently, we demonstrated that oncogenic forms of

ity, the key regulator in NF-kB activation, likely by inhibiting an up- Ras (32) and the oncoprotein Bcr-Abl (26) both activate Rf--

stream signaling component. In addition, Res blocked the expression of through the activation of the transcriptional function of the RelA/p65

mRNA-encoding monocyte chemoattractant protein-1, a NfeB-regulated  subunit. Furthermore, not only is NEB activity required for Ras to

gene. Relative to cancer chemopreventive properties, Res induced apopto-jpjtiate cellular transformation, but it is also required for Bcr-Abl-

sis in fibroblasts after the induced expression of oncogenic H-Ras. Thus, jitiated tumorigenesis and transformation (26, 32). ActivateddsF-

Res is likely to function by inhibiting inflammatory and oncogenic dis- h . -

. L N as been found in primary breast tumors (25, 33) and has been shown

eases, at least in part, through the inhibition of NFxB activation by . . . . o

blocking | kB kinase activity. These data may also explain aspects of the to be required for proliferation a“O_' Surylval of Hodgkin's disease

so-called “French paradox” that is associated with reduced mortality from tumor cells (24). In_ t(_erm_s of cell prollferat.lon, breast cancer and other

coronary heart disease and certain cancers and provide a molecular c@ncers often exhibit high levels of cyclin D1 (34, 35), and we and

rationale for the role of a potent chemopreventive compound in blocking 0others have shown that NkB activates transcription of the cyclin D1

the initiation of inflammation and oncogenesis. gene (36, 37). Importantly, the requirement for NBin oncogenesis
appears to be based, at least in part, on its ability to suppress trans-
formation-associated apoptosis (23).

INTRODUCTION NF-kB activity is regulated in part by its subcellular localization.

N . . . Under noninduced conditions, NéB is sequestered in the cytoplasm
Significant interest surrounds dietary approaches directed tow?ﬁaough interactions with an inhibitor protein known a®I(28—31)
the prevention of disease initiation and progression.®Reans-3, i

, . - ) . Numerous extracellular stimuli can activate NB-through signal
4' 5-trihydroxystilbene), a natural phytoalexin found in grapes a . .
. . 7 ansduction pathways that activate an IKK complex that phosphoryl-
grape products such as red wine, has anticancer and antl-lnflamma% D kBa on serines 32 and 36. The phosphorylationid leads to

effects (1, 2). These findings are consistent with ep|dem|o|og|czi1 ubiquitination and ultimate degradation by the proteasome (28—

studies that defined the so-called “French paradox” (3, 4) as tél%) allowing NF«B to translocate to the nucleus where it activates

association of reduced mortality from coronary heart disease ahd expression of genes. Activation of the NB/Rel family of
l;reast canfcer (g’ts) hWIth mt;: rfha se(: red W.'n/e ctgnstumpthn. lnf?tqlt'?Palnscription factors regulates the expression of genes that participate
.tes Wé:js. oun 608 aved Ot. ej rotgenlc a? |eslrogerilzc aRc W 'etlsin pathways involving inflammation, cell proliferation, and apoptosis
vitro andin vivo (6 —8) and antioxidant proper |e§( P ) ecen .y28—31), including the inflammatory mediators nitric oxide synthase
Res has been shown to possess chemopreventive activity by inhibit cyclooxygenase-2 (38, 39). Although numerous effects have been

cellular events associated with tumor initiation, promotion, and Pascri : : .
- L . - ’ scribed for Res, the molecular mechanisms responsible for its
gression (1, 13, 14); by inhibiting ribonucleotide reductase (15); an P

. . . . anti-inflammatory and antioncogenic effects are not yet clear. Here we
by inhibiting proliferation of some cancer ceitsvitro (8, 13, 16, 17). y 9 y

. : .ask(?d whether the chemopreventive effect of Res occurs through
Pertinent to cancer prevention, Res also suppresses the expression of . o NF«B activation. and. if so through what mechanism
inducible nitric oxide synthase (17) and cyclooxygenase-2 (1, 1é5] ' ' ' ’

which is likely to contribute to both its anti-inflammatory and anti\;ATERIALS AND METHODS
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charges. This article must therefore be hereby magdartisemenin accordance with Human monocyte (THP-1) and macrophage (U937) cell lines were grown in
18 U.S.C. Section 1734 solely to indicate this fact. RPMI 1640 supplemented with 10% fetal bovine serunx 80 ° m B-mer-

* Supported in part by National Cancer Institute Grants CA72771 and CA7508ptoethanol, and 1% penstrep. Cells were seeded at a densit§ c#lsdm|
(to A. S. B.), North Carolina Affiliate-American Heart Association Fellowship 9894835L?nd cultured at 37°C in a 5% GQtmosphere. Purified Res was purchased

(to M.H-M.), and National Cancer Institute-National Research Service Awar . : . ,
1F32CA77908-01 (to M. H-M). rom Sigma (St. Louis, MO) and prepared according to the manufacturer’s

2To whom requests for reprints should be addressed, at Lineberger Comprehengikatocol. Briefly, for all experiments, a 50 mg/ml stock solution prepared in
Cancer Center, CB# 7295, University of North Carolina, Chapel Hill, NC 27599-7295.009% ethanol was used. Cells were preincubated for 60 min with RgsMBO

Phone: (919) 966-3652; Fax: (919) 966—0444; E-mail: jhall@med.unc.edu. . . . K . K
3The(abb)reviations used an('e: R’)Gans-resveratrol' Nl-?leB n@gclear factoB; IKK and stimulated with either TNF (Promega; 10 ng/ml) for 15 min or with LPS

1B kinase; MCP-1, monocyte chemoattractant protein-1; TNF, tumor necrosis factderomega; lug/ml) for 4 h. CEs and NEs were prepared as described
LPS, lipopolysaccharide; LTR, long terminal repeat; CAT, chloramphenicol aminotrangreviously (40) and stored at70°C. Ratl:iRas cultures expressing the IPTG-
ferase; GST, glutathion8-transferase; WT, wild-type; MUT, mutant; IPTG, isopropyl-inducible oncogenic H-Ras allele (23) were cultured in DMEM supplemented

p-o-thiogalactopyranoside; MEKK1, mitogen-activated protein/extracellular signal-regi, 1094 fetal bovine serum. Before the experiments, subconfluent Ratl:iRas
lated kinase kinase kinase 1; AP-1, activator protein 1; CE, cytoplasmic extract;

nuclear extract: SRkBa, NF-kB |kBe inhibitor; IkBa, inhibitor kBa: EMSA, electro- cell cultures were serum-starved for 4 h and either left untreated or stimulated
phoretic mobility shift assay; RT-PCR, reverse transcription-PCR. with 5 mm IPTG in the presence or absence of Res.
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EMSA In Vitro Kinase Assay

NEs (5-10ung) were preincubated with g of poly(deoxyinosinic-deoxy- THP-1 cells were treated as described above for the indicated time periods.
cytidylic acid) in binding buffer (10 m Tris, 50 nm NaCl, 20% glycerol, 1 Whole cell extracts were prepared, and IKK was immunoprecipitated with a
mm DTT, and 0.5 nw EDTA) for 10 min at room temperature. Approximately specific antibody to the IKK3 subunit. IKK activity was measured using a
30,000 cpm of*P-labeled DNA probe containing the murine MHC class IGST-IkB-a(1-54) WT or a MUT GST+B-«a substrate (45—49). IKK activity
NF-«B DNA binding site (41) were added and allowed to bind for 15 min. Thevas measured using a GSAB-«a(1-54) (4ug) WT or a MUT GST-kB-«a
complexes were separated by 5% PAGE and detected by autoradiograsipstrate, where S&rand Sef® were substituted by Thr (4g; S32T and
Specificity of binding was examined by competition with excess unlabelésB6T; Refs. 45-49). These substrates were enzymatically phosphorylated by
oligonucleotide (UV21). For supershift assays, NEs were incubated widstivated IKK with -**PJATP (New England Nuclear, Boston, MA). IKK
antibodies against p50 and p65 subunits of &B-for 20 min at room activity was quantitated by Phosphorimager analysis (Molecular Dynamics)
temperature before analysis by EMSA. and normalized to the IKK activity of untreated cells. Data are expressed as the

fold induction. Data are representative of three independent experiments.

Transfection and Gene Expression Assay ELISA in Situ Cell Death Assay and Microscopy

3XkB-Luc Assay. THP-1 cells were cotransfected using DEAE/dextran
with the empty expression vector (pDCR) and either th&BxXuc reporter or
the super-repressor form okBa (SR-IkBa) expression vector (42). Trans-
fections used 5.@.g of the pDCR empty expression vector only, L@ of the
3XkB-luc reporter, or 1.0ug of the SR-kBa expression vector and were

Ratl:iRas cells were pretreated with or without Res (30 for 60 min
before the addition of IPTG (5 m) and incubated for 48 h. After incubation,

cell death was detected by the ELISA situ apoptosis assay (Boehringer
Mannheim), and the percentage of apoptosis was quantitated. Staurosporine
) ) . was used as the positive control for the induction of apoptosis. This assay
brought to a final concentration of 54y with the empty vector. After 48 h, 1055 res DNA strand breaks and is therefore diagnostic for cells undergoing
cells were pretreated for 60 min with Res (30) and stimulated for 6 h with 5,505 1n a parallel experiment, Ratl:iRas cells were either pretreated with

TNF (10 ng/ml). Cell lysates were made by freeze-thawing three times. Protein vithout Res (30um) for 60 min before the addition of IPTG (5m) and

concentrations were determined, and 100 mg of protein were assayed;ffpated for 48 h. Nonadherent, dying cells are shown as refractive by
luciferase activity as described previously (32, 43). The results (Fig. 2A)

, . : i 4A) Yfase-contrast microscopy.
expressed as the fold luciferase induction relative to the transfection that

contained the empty expression vector, whose value was placed at 1.0.
CAT Assay. THP-1 cells were cotransfected along with the pDCR empt!/?ESULTS
expression vector as described above, except that eithgidldf a NF«B Res Inhibits NF-«B DNA Binding Activity. For our initial stud-

CAT-linked reporter containing the WT HIV-LTR-CAT or 1,69 of a MUT . . . Lo S
HIV-LTR-CAT in which both induciblexB sites have been mutated. Pretreat'c > V€ investigated whether Res inhibited MB-DNA binding

ment and stimulation were as described above, and cells were harvested,aaqallty' We used. two macrophage/mopocytlg cell lines, THP_']' e.md
the CAT activity was determined. The results are expressed as the fold c¥P37, both of which are well characterized with regard to activation

induction as described abov@ars (Fig. 2B) represent the meann SE Of NF-xB. THP-1 cells were either left untreated or exposed to TNF,

determined from at least three independent transfection experiments. Statis@cqiotent inducer of NB in many cell types. As expected, TNF
analysis was performed by ANOVA (StatView), and different letters betweestrongly induced activation of NkB DNA binding activity, as de-

groups indicate significant difference @t> 0.01. termined by EMSA (Fig. 1Lane 2). In a dose-response study, we
found that the effective dose of Res for inhibiting activation of R&--
RT-PCR was 30um (data not shown), and this dose was used for all experi-

i ments. Pretreatment with Res had little effect on the basal binding
THP-1 cells were pretreated with Res (), followed by TNF (10 activity of NF-«xB (data not shown) but strongly blocked the ability of

ng/ml) stimulation for 3 h. RNA was isolated using the Trizol method (Lif . s . o
Technologies, Inc.), and kg of total RNA was reverse-transcribed an(jTNF to activate NF«B DNA binding (Fig. 1,Lane 3). Similarly, the

amplified by PCR (RT-PCR) using specific primers for MCP-1 and actimd_uctlon of NF«B 'n_THP'l cells by LPS, a .potent bacte!’lal endo-
(44), as described previously. The oligonucleotide primers used were !8&in, was also effectively blocked by Res (Fig.LBne 5). Virtually
follows: (&) MCP-1, 5:GGCTGAGCCCACTTATCACTCATGG-3 (5’

primer) and 5‘GGAAGCTTGCTGGAGGCGAGAGTGCGAG-3 (3’

primer); and (B actin, 5>~CCAACCGCGAGAAGATGACC-3'(5’ primer)

and 5:GATCTTCATGAGGTAGTCAGT-3 (3’ primer). Actin was used to

determine equal protein loading. The PCR temperatures used were 94°C

45 s, 55°C (actin) and 60°C (MCP-1) for 30 s, and 72°C for 90 s, followe

by extension for 10 min at 72°C. The PCR reaction was set for variot

cycles (20-35 cycles) to maintain the linearity of the amplification. The

PCR products (1@l) were electrophoresed on a 2% agarose gel containin

gel star fluorescent dye (FMC Corp., Philadelphia, PA). A representati

photograph was scanned and analyzed. Negative controls consisted of tu

with and without RNA. MCP-1 mRNA levels were quantitated by Phos

phorimager analysis (Molecular Dynamics). Data are representative p65/p50—)
three independent experiments.

Western Blotting

Equal amounts of CEs were resolved on a 10% SDS-polyacrylamide gel &
transferred to nitrocellulose membrane. Blots were blocked in 5% milk in 1.
TBST (Tris-buffered saline and 0.5% Tween 20) and probed with a specit 1 2 3 4 5

IkBa antibody (1:1000; Rockland). Blots were probed with a secondary
Fig. 1. Res-mediated repression of TNF- and LPS-inducedBIRctivation. THP-1

antirabbit antibody conjugated with horseradish peroxidase (1:10,000; P(rzgﬂs were pretreated with Res (p@) and stimulated with either TNF (10 ng/ml; 15 min)

mega). Protein bands were visualized with an enhanced chemiluminesce§}Ges (1.g/ml; 4 h). NEs were analyzed by EMSA as described. Data are a photograph
detection system (ECL; Amersham Life Technologies). of an autoradiograph and are representative of three independent experiments.
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>

Fig. 2. Res suppresses MB-regulated gene expressioh. THP-1
cells were cotransfected using DEAE/dextran with the empty expres-
sion vector (pDCR) and either the 8R-luc reporter or the super-
repressor form of #Ba (SR-IkBa) expression vector. To inhibit
NF-«B activity, SR-kBa, which cannot be phosphorylated or de-
graded, was used to block nuclear translocation and subsequent trans-
activation of NFxB-responsive genes (42). Transfections usedus.0 [§] TNF T + Res T + SR-l «Ba
of the pDCR empty expression vector only, 1@ of the 3X«B-luc
reporter, or 1.Qug of the SR-kBa expression vector and were brought B,
to a final concentration of g with the empty vector. After 48 h, cells HIV-LTR WT-CAT
were prepared as described. The results are expressed as the fold 5-
luciferase induction relative to the transfection that contained the B HIV-LTR MUT-CAT
empty expression vector, whose value was placed at Bals,
mean = SE determined from at least three independent transfection
experiments. Statistical analysis was performed by ANOVA (Stat-
View), and different letters between groups indicate significant differ-
ence ab, P < 0.01 andt, P < 0.05.B, THP-1 cells were cotransfected
along with the pDCR empty expression vector as described above,
except that either 1.0.g of a NF«xB CAT-linked reporter containing
WT HIV-LTR-CAT or 1.0 pug of a MUT HIV-LTR-CAT in which
both induciblexB sites have been mutated. Pretreatment and stimula-
tion were as described, cells were harvested, and CAT activity was
determined. The results are expressed as the fold CAT induction as
described aboveBars, mean+ SE determined from at least three
independent transfection experiments. Statistical analysis was per-
formed by ANOVA (StatView), andlifferent lettersbetween groups
indicate significant difference aP > 0.01. C, THP-1 cells were
pretreated with Res (3(w), followed by TNF (10 ng/ml) stimulation u TNF Res T+Res
for 3 h. Total RNA was reverse transcribed and amplified by PCR 20 —
(RT-PCR) using specific primers for MCP-1 and actin. A representa-
tive photograph was scanned, and MCP-1 mRNA levels were quanti-
tated by Phosphorimager analysis (Molecular Dynamics). Data are TNF T+Res

representative of three independent experiments.
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identical data were obtained with U937 cells (data not shown), indien of the NF«B-regulated HIV-LTR-CAT reporter in response to
cating that the ability of Res to block N&kB activation is not cell-type TNF stimulation (Fig. 2B). However, Res did not strongly block a
specific. Consistent with these results, it has been shown recently tsige-directed MUT of the HIV-LTR-CAT reporter in which the two
Res can inhibit NR¢B activation in RAW 264.7 macrophage cellsNF-«B binding sites were mutated (Fig. 2B). To extend the transient
(17). In the same extracts, DNA binding of the constitutive transcripransfection reporter data, we determined whether endogenous gene
tion factor Oct-1 and the CAAT/enhancer binding protein transcrigxpression could be repressed by Res. mRNA levels for twacBH--
tion factor were unaffected by the presence of Res (data not shownegulated geneskBa and MCP-1, were examined by RT-PCR anal-
demonstrating that Res does not negatively affect transcription factgsés after TNF stimulation in the presence or absence of Res. Al-
in a general manner. though Res was capable of partially inhibiting TNF-induced mRNA
Res Inhibits NF-kB-dependent Gene Transcription.Consistent levels for kBa (data not shown), it more strongly repressed the
with the DNA binding data, Res strongly blocked the induction of amduction of the MCP-1 mRNA (Fig. 2C). Because Res does not
NF-kB-dependent luciferase reporter (88-luc) in response to TNF completely block the nuclear translocation of NB-under our ex-
stimulation of THP-1 cells (Fig. 2A), as did expression of a modifiegderimental conditions, these results may indicate a more stringent
form of the NF«B inhibitor 1kBa (SR-IkBa). SR-IkBa, which requirement for elevated levels of N&B for MCP-1 gene expression
cannot be phosphorylated or degraded (45, 50-53), binds teBNF-as compared withdBa gene expression. The effects of Res on RB--
and blocks the nuclear translocation and subsequent transactivatioBNA binding activity (Fig. 1) paralleled those observed in the NF-
NF-kB-responsive transcription (42). Relative specificity for NB- «B-dependent gene expression studies (FigA2C). More impor-
inhibition was shown in an experiment where Res blocked the induently, and consistent with a role for Res in inhibition of atherogen-
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A

TNF only | T+Res
Time (mins) 0' 5' 15" 30' 0' 5' 15' 30'
IKBo—>>| W . — -—r = o>

Fig. 3. Res prevents TNF-induced degradation
of 1kBa by blocking IKK activity. A, IkBa degra- 1 2 3 4 5 6 7 8
dation kinetics. THP-1 cells were either untreated
(Lane 1), treated with TNF (10 ng/ml) for indicated
times (Lanes 2—-4), or preincubated for 60 min with B
Res (30uwm) followed by TNF (10 ng/ml) stimula- 204
tion for the indicated times (Lanes 5-8). CEs were
prepared, and protein expression was assessed by
immunoblotting (6Qug/lane) with an antibody spe- GST-IxBa. (1-54) WT (S32;S36)
cific for I1kBa (Rockland). THP-1 cells were Time (mins) 0 5 15" 300 5 15 30 l
treated as described. Whole cell extracts were im-
munoprecipitated with a specific antibody to the TNF(10ng/mk) -  + + + + ¢ +
IKK- 8 subunit (44). IKK activity was measured Res. (30pM) . . . . + + +
using a GST+B-«a(1-54) WT or a MUT GST-
IkB-a substrate. IKK activity was measured using
a GST-kB-a(1-54) (4ng) WT or a MUT GST- i o .
IkB-a substrate, in which S& and Set® were e - <€GST-lkBa =2
substituted by Thr (41g; S32T and S36T). These o 5 15 20
substrates were enzymatically phosphorylated by 1 2 3 4 5 6 7
activated IKK with [y->2P]JATP. IKK activity was
quantitated by Phosphorlmager analysis (Molecu-
lar Dynamics) and normalized to the IKK activity

of untreated cells. Data are expressed as the fold MUT (S32T'S36T)
induction. Data are representative of three inde- GST-IxBo. (1'54) | ' |
30

&

s

Relative IKK Activity

2

Time (Mins)

pendent experiments. Time (mins) 0 5 15 30 5 15
WF(fongmy) =~ + F o+ F o+ A
Res. (30uM) S S U, . .

<«GST-kBa.

esis, MCP-1 was recently shown to be required for atherogenesighat Res is apparently not an intrinsic IKK inhibitor because Res does
the ApoE knockout animal model (44). These results indicate that Rest block IKK activity when added directly to thim vitro kinase
inhibits NF«B-dependent gene expression through the inhibition oéaction (data not shown). Moreover, it is unlikely that the mechanism
induction of NFxB DNA binding activity. of action of Res relative to its ability to inhibit NkB acts through its
Inhibition of TNF-induced IKK Activity. The majority of induc- antioxidant property because others (54) have shown that TNF-in-
ers of NF«B stimulate a signal transduction pathway that leads to thteiced IKK activity was not affected by pretreatment with the potent
activation of the IKK complex (45-49) that phosphorylateB& on  antioxidantN-acetylt-cysteine. Additionally, it is unlikely that the
SerP? and Set®. PhosphorylateddBe is then targeted for ubiquitina- mechanism of action of Res to block NdB acts through its estro-
tion and subsequent degradation by the 26S proteasome, liberatipgic properties because treatment of THP-1 cells witig-Estradiol
NF-«B and allowing nuclear translocation (28—31). To determine the concentrations as high as TOm did not lead to inhibition of
level at which Res blocks NkB activity, we analyzed the relative NF-kB (data not shown). Thus, our results suggest that the major
levels of kBa after exposure of cells to TNF. CEs were preparethechanism whereby Res blocks NB- activity acts through the
from the THP-1 cells used previously for EMSA. As expected, TNhibition of induction of IKK activity.
stimulation led to a strong<Ba degradative response in THP-1 cells Enhanced Apoptosis by Inhibition of Ras-mediated NFkB Ac-
after 15 min (Fig. 3A, Lane 3), followed by a reappearance<Biad tivation. Res has been shown to inhibit mammary gland oncogenesis
at 30 min (Fig. 3A, Lane 4). Consistent with the ability to blockn response to carcinogen exposure (1), and it has been shown to block
NF-kB activation (Fig. 1), Res inhibiteckBa degradation in response the growth of certain cancer celiis vitro (13, 16, 17). Recently, the
to TNF (Fig. 3A, Lanes 6—8). Additionally, Res blocked TNF-induceoinportance of NF«B in several oncogenic settings has been described
phosphorylation of B« (data not shown) as demonstrated with thé23—27). One model used an IPTG-inducible oncogenic H-RasV12
use of a phosphospecific antibody directed to*3esuggesting that allele stably integrated in the Rat-1 cell line (23). Inhibition of NB-
Res inhibits an upstream signaling component in the TNF signaliafter IPTG-induction of H-RasV12 led to apoptosis, whereas activa-
pathway. We therefore analyzed levels of IKK activity after TNRion of H-RasV12 when NRB was active led to a transformed
treatment of THP-1 cells in the absence or presence of Res. Whole pélénotype (23). Thus, it is postulated that NB-activation sup-
extracts were prepared, and IKK was immunoprecipitated with paesses transformation-associated apoptosis. Therefore, we deter-
specific antibody to the IKK3 subunit (46). IKK activity was meas- mined whether Res could induce apoptosis in the Rat-1 cell line in the
ured using a GSTuB«(1-54) WT or a MUT GST+#Ba substrate, in absence or presence of H-RasV12. Res pretreatment led to inhibition
which Sef? and Set® were substituted by threonine (S32T and S36Tof IPTG-induced Ras activation of N&B (Fig. 4A), suggesting that
Refs. 45-49). Res was found to be a potent inhibitor of inducible IKKKK is involved in the induction of NF«B in response to induced
activity in response to TNF exposure (Fid3)3 Additional data show expression of oncogenic Ras. Additionally, Res strongly induced
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apoptosis, as determined by both cell death ELISA (Fig) 4nd

L)
A E E 3} morphological analysis (Fig. 40PTG), in Rat-1 cells expressing
i H-RasV12 (Fig. 4C| andl+Res) but only weakly induced apoptosis

in Rat-1 cells that were not treated with IPTG (Fig. 4CabdRes).
It should be noted that the modest apoptotic response in uninduced
Rat-1 cells is likely due to leaky expression of H-RasV12. Further-
more, significant cell death was also observed in TNF-stimulated
THP-1 cells after Res pretreatment (data not shown). Interestingly,
Res did not elicit an effective apoptotic response in established
1 2 3 4 Ras-transformed NIH-3T3 cells (data not shown). Thus, our data
strongly indicate that Res is more effective as a cancer chemopreven
tive agent by inhibiting NR<B activation during the initiation phase
of oncogenesis. In established NIH-3T3 cells stably expressing onco-
genic Ras, nuclear NkB levels are not increased by Ras expression
Absorbance T8 (43, 55). In this situation, Ras appears to require #activity but
Absorbance T24 - T functions_to maintgin NFReB activity through the stimulation of the _
T transcription function of the basally expressed nuclear p65 subunit
Absorbance T48 expression (43, 55). These results are consistent with the idea that the
role of IKK in Ras transformation may be an early, transient event
allowing an initial accumulation of NkB through IKK activation to
protect against apoptosis.

f

2
R

-

Absorbance To

o8]

Absorbance T4

2.5

I I v %

DISCUSSION

Extensive data are now accumulating that dietary constituents can
strongly influence the potential for disease outcome (56-59). In
epidemiological studies, Red wine consumption was shown to have
numerous protective effects, and Res has been shown to be respon-
. sible for those beneficial effects (60, 61). In particular, a phenomenon
Stauro defined as the “French paradox” has emerged (3, 4), which is the
association of reduced mortality from coronary heart disease and
breast cancer (4, 5). Although it is well established that naturally
occurring compounds function as chemopreventive agents (1, 62, 63),
the physiological mechanisms of these dietary constituents as extra-
cellular signals involved in transcription activation are only presently
emerging.

Our data indicate that Res is a potent inhibitor of NB-nuclear
translocation and iBa degradation. Furthermore, Res effects are
mediated through the inhibition of IKK, the key regulatory complex
required for NF«B activation of gene transcription. The molecular
target of Res action is presently unknown because Res does not appear
to directly block IKK activity. Presumably, Res inhibits an upstream
signaling component that leads to the activation of IKK, and we are
presently examining whether Res inhibits MB-inducing kinase or
MEKK?Z, upstream activators of the IKK complex (46, 64—67). Be-
cause evidence has been presented that Res can block AP-1 activity
(18), which is consistent with our observations (data not shown), one
possibility is that MEKK1 is the target of Res action because MEKK1
can activate both the AP-1 and NéB pathways (46, 64—67). This
hypothesis, if proven, could explain the dual inhibition of NB-and
Fig. 4. Apoptotic effects of Res in Rat-1 cells expressing IPTG-inducible 0nc09en?cf AP-1 tr_anscrlptlonal responses._ . .
H-Ras.A, Res -mediated suppression of NB-in Ratl:iRas cells (23). Ratl:iRas cultures NF-«B is strongly associated with inflammatory diseases and on-
stably expressing the IPTG-inducible oncogenic H-Ras allele were serum-starved, gagenesis (28—-31), and the activation of NB-target genes, includ-
B e e o o e s s . 1) ing proinflammatory cytokines, has been implicated in promoting the
stimulated for 48 h with IPTG (5 st Lanes 2and3) to induce H-Ras-activated NEB  transformation and survival of tumor cells (23, 42, 68—70). However,
DNQ bindi(?g- NE:dwerrgv?;fsl?/ze(zgll))ygx;grévig; trssgﬂngi yeazft'h':dg'?:g; bggggt ele;_-KB activation has been shown to be blocked by anti-inflammatory
Ewrgmes.ag, szgnindufes DNAyfragn.”nentation in FIziatl:iRas cells. Ratl:iRaps cells we&g’mpounds such as aspirin (71, 72) and glucocorticoids (73-76).
pretreated with Res (3@.g/ml) for 60 min before the addition of IPTG (5mhand  Therefore, our results demonstrate that a potent chemopreventive
incubated for 48 h. After incubation, cell death was detected by the ELifSA&itu  -q pound also targets NEB activation to block both inflammation
apoptosis assay (Boehringer Mannheim), and the percentage of apoptosis was quantitated. s . . .

Staurosporine was used as a positive control for the induction of apop@ses and cancer initiation. In this case, Res blocks the signaling pathway
enhances apoptosis in IPTG-induced Ratl:iRas cells. Micrograph pagelrhagnifica-  leading to NF«B activation through its ability to block IKK activa-
tion): Ratl:iRas cells were either pretreated without (U) or with Res (Regm3dor 60 tion. Res would then block the expression of KB-dependent genes

min before the addition of IPTG (5 m iptg and I+Res) and incubated for 48 h. X
Nonadherent dying cells are shown as refractive by phase-contrast microscopy. such as MCP-1 and other genes that would normally promote inflam-
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mation, protect against apoptosis, and potentiate cell growth. The$, Mayo, M. W., Wang, C. Y., Cogswell, P. C., Rogers-Graham, K. S., Lowe, S. W.,
our results provide a molecular rationale to explain the broad chemo-
preventive properties of Res.

24.
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