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ABSTRACT

Caffeic acid phenethyl ester (CAPE) Is a phenolic antioxidant derived
from the propolis of honeybee hives. CAPE was shown to inhibit the
formation of mtraceOular hydrogen peroxide and oxidized bases in DNA
of 12-O-tetradecanoylphorbol-13-acetate(TPA)-treatedHeLa cells and
was also found to induce a redox change that correlated with differential
growth effects in transformed cells but not the nontumorigenic parental
ones. Mediated via the electrophile or human antioxidant response ele
mont (hARE), induction of the expression of NAD(P)H quinone oxl
doreductase (NQOJ) and glutathione S-transferase Ya subunit genes by
certain phenolic antioxidants has been correlated with the chemopreven
fivepropertiesof theseagents.Here,we determinedby Northernanalysis
that CAPE treatment of hepatoma cells stimulates NQOJ gene expression
In culturedhuman hepatomacells (HepG2),and we characterizedthe
effects of CAPE treatment on the expression of a reporter gene either
containing or lacking the hARE or carrying a mutant version of this
element in rodent hepatoma(Hepa-1)transfeCtants.A dose-dependent
transactivatlon of human hARE-mediated chloramphenicol acetyltrans
ferase (cat) gene expressionwas observed upon treatments of the Hepa-l
transfectants with TPA, a known Inducer, as well as with CAPE. The
combined treatments resulted In an apparent additive stimulation of the
reporter expression. To learn whether this activation of cat gene expres
sion was effected by protein kinase C in CAPE-treated cells, a comparison
was made ofcat geneactivityafter addition ofcalphostin, a protein kinase
C inhibitor.Calphostinreducedthecatgeneinductionby TPAbutnotby
CAPE, suggesting that stimulation of gene expression In this system by
these agents proceeds via distinct mechanisms Band-shift experiments to
examine binding of transactivator proteins from nudear extracts of
treated and untreated cells to a hARE DNA probe showed that TPA
exposure increased the binding leveL In contrast, binding offactors to this
probe was inhibited after either in vivo treatment ofcells with CAPE or in
vitro addition of this compound to the nuclear extract In view of the clear
stimulation by CAPE of gene expression mediated by hARE, possible
explanations of this result are discussed.

INTRODUCTION

CAPE,3 which is depicted in Fig. 1A, is derived from honeybee
propolis (1); previous studies showed that the compound elicits sev
cml interesting biological responses. For instance, proliferation of
tumor and viral-transformed rodent and human cells in culture was
differentially inhibited by CAPE treatment compared to nontumon
genic cells (2â€”6).CAPE inhibited tumor promoter-mediated pro
cesses in a variety of cell types and animal bioassays (e.g., HeLa cells,
mouse skin, and bovine lens; Refs. 7â€”9).By altering oxidative pro
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cesses, CAPE reduced the levels of both intracellular H202 and
oxidized bases in DNA of TPA-treated human cells (9). CAPE inhib
ited the activities of 5-lipoxygenase and xanthine/xanthine oxidase in
vitro (10). Possibly due to the mitigation of oxidative stress, CAPE is
chemopreventive in mouse skin tumor (10) and rat colon carcinoma
assays initiated by chemical carcinogens (11, 12).

Characterization of its inducible growth effects were extended to
show that CAPE provoked apoptosis in certain transformed cells,
whereas the same treatment of nontumorigenic parental cells caused
only a transient growth delay (13). This study provided the first
indication that CAPE can act via a redox mechanism as a pro-oxidant,
a conclusion based on the finding that CAPE-induced apoptosis was
inhibitable by treatment of the tumorigenic cells with the antioxidant
N-acetyl-L-cysteine. Also, a short exposure to CAPE caused a signif
icant drop in intracellular GSH levels in the tumorigenic cells but not
in the parental normal ones. Moreover, pretreatment of the nontumori
genic cells with the GSH depleter buthionine sulfoximine triggered
apoptosis after CAPE treatment, suggesting that these cells have an
enhanced oxidant defense, compared to the tumorigenic ones.

Michael reaction acceptors, diphenols, and quinones such as t-BHQ
that generate reactive intermediates by redox cycling have been
shown to modulate gene expression by affecting the ability of differ
ent Fos- and Jun-related transcription factors to heterodimerize and
bind to AP-l sequence elements [14 (review)]. These chemicals also
may inhibit the activation and/or DNA binding of NF-,cB, another
important transcriptional regulator [15 (review)]. Regulatory Se
quences designated electrophile response or antioxidant response
(hARE) elements that contain AP-l sites (Fig. lB) were identified in
the promoters of the glutathione S-transferase Ya subunit and NQO1
genes (16â€”19).Recent evidence indicates that transactivation of this
sequence element requires the production of electrophilic species by
the inducer (20).

CAPE was shown recently to inhibit transcriptionalactivationby
NF-KB at the level of DNA binding, and reducing agents such as DDT

reversed this inhibitory effect (21). As demonstrated by others, che
mopreventive phenolic antioxidants both activate and repress gene
expression mediated by factor binding at hAREs (e.g., ellagic acid)
and at Rd protein binding sites (e.g., curcumin), respectively (22, 23).
To further explore the role of CAPE in modulating gene expression
and to confirm its dual role as an antioxidant and an oxidant, we tested
whether CAPE could activate gene expression under hARE control.
Here, we used constructs either containing the hARE of the human
NQOJ gene or lacking this element, as well as a construct carrying a
mutated version. The hARE sequences were located in plasmid up
stream of the tk promoter and the bacterial cat gene. Reporter gene
expression was measured using extracts from cells treated with dif
ferent doses of CAPE or TPA. The induction of gene expression
mediated by hARE was determined by measuring cat activity in cells
that stably maintained the plasmid constructs. Additionally, gel-shift
assays were performed to resolve complexes by electrophoresis that
were formed in vitro between nuclear proteins and a labeled hARE
DNA probe. Northern blot analysis of human hepatoma cells con
firmed that CAPE induced the expression of the endogenous NQOJ

gene. Because chemoprevention correlates with enhanced expression
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CAPE STIMULATEShARE-MEDIATEDEXPRESSIONOF NQOJ

Selected colonies of Hepa-l transfectants containing either pNQO1hARE
tk-cat (5'â€”@3'),mutant hARE-tk-cat, or pBLCAT2 were pooled and cultured in

100-mm dishes and treated with DMSO or this solvent containing different
doses of either CAPE or TPA for 16 h. In several experiments, cells were

pretreated for 2 h with calphostin, a PKC inhibitor, prior to CAPE or TPA
exposure. The specificity and action of calphostin have been described else

where (28).
Nuclear Extract Preparation. The nuclear extracts used for band-shift

experiments from Hepa-l cells treated with either DMSO, TPA (60 ng/ml), or
CAPE (10 @xg/ml)were preparedin the presence of protease inhibitorsas
detailed previously (25) using the procedure of Dignam et a!. (29) and as
modified by Kadonaga and Tjian (30). In vivo exposure time was 16 h for all
cells.

Band-Shift Assay. The hARE oligonucleotide (<2 ng) was end labeled
with [â€˜y@2P]ATPusing T4 polynucleotide kinase (25). Labeled hARE (50,000â€”

20,000 cpm) was mixed with 4 @xgofpoly(dFdC) - poly(dI-dC)and 5â€”30@gof
nuclear extract proteins in the presence of 25 mMHEPES (K@;pH 7.8), 12.5
mM MgCl2, 1 mM DTT, 20% glycerol (v/v), 0.1% NP4O, and 0.1 M KC1.
Reaction mixtures were incubated at room temperature for 20 mm, and aliquots
were electrophoresed in 5% native acrylamide gels at 25 mA for approximately
2 h in 0.25X Tris-borate-EDTA buffer (25). Vacuum-dried gels then were
subjected to autoradiography at â€”70Â°C.In certain experiments that tested the
inhibition of DNA binding, nuclear extract aliquots from DM50-treated cells
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Fig. 1. Structure of CAPE (top) and nucleotide sequence of the hARE from the NQOJ
gene (bottom).

of Phase H enzymes (24), this study supports the idea that the
chemopreventive properties of CAPE may derive, in part, from the
hARE-mediated induction of detoxifying enzymes.

MATERIALS AND METHODS

Materials. CAPE was obtained by esterification of caffeic acid with phen
ethyl alcohol in the presence of p-toluenesulfonic acid as detailed previously
(1). Polynucleotide kinase, [@y@2P]ATP(3000 Ci/mmol), and [â€˜4C]chloram
phenicol (50â€”60mCi/mmol) were purchased from Du Pont NEN Research
Products (Boston, MA). Hepa-l cells were grown in DMEM with 10% FCS
(Life Technologies, Inc., Gaithersburg, MD); HepG2 cells were grown in
the sane medium except supplemented with sodium pyruvate. Poly
(dFdC) - poly(dFdC) was purchased fmm Pharmacia Biotech, Inc. (Piscataway,
NJ). t-BHQ was purchased from Aldrich Chemical Co. (Allentown, PA). Total
RNA was prepared using the RNA isolation kit of Stratagene (La Jolla, CA).
Northern blotting used Hybond-N nylon membranes (Amersham Corp.,
Arlington Heights, IL). The labeling of probes for Northern blotting was

perfonned by random priming with the DECAprime II labeling kit of Ambion
(Austin, TX) or by nick translation with the kit from Life Technologies, Inc.
All other reagents were obtained from Sigma Chemical Co. (St. Louis, MO).

Stable Transfectionand Expressionof hARE-tk-catRecombinantPlas
mid. The constructionof pNQO1hARE-tk-catin the 5'â€”3'orientationwas
described previously (25). Plasmid pNQO1hARE-tk-cat carries the 26-bp
hARE (â€”470 to â€”445)of the NQOJ gene cloned into the pBLCAT2 vector.
Another construct (here referred to as mutant hARE) carries the altered
sequence 5'-GTCAGAC-3', which was substituted for the authentic AP-l
binding site sequence 5'-TGACTCA-3' (25). In separate experiments, these
recombinantplasmidswere transfectedby a calcium phosphateprecipitation
procedure (26) together with pSV2neo into Hepa-l cells using a ratio of 40:1
(hARE recombinant plasmid:pSV2neo). Transfectants that were resistant to
400 @tg/m10418 were pooled, expanded, and then analyzed for the reporter
gene expression by measuring cat activity using the standard procedure of
Davis et aL (27). Briefly, the control and CAPE-treated cells were scraped
fromdishes, homogenizedin 0.25 MTris-HC1(pH 7.5). Eachsamplecontain
ing 0.5 mg of protein was incubated with [â€˜4C]chloramphenicoland 20 p1 of
acetyl CoA (6 mg/ml in water)for 1 h at 37Â°C.Reactionswere stoppedby
adding 1 ml of ethyl acetate. Subsequently, reaction tubes were vortexed to
extract chioramphenicol and its acetylated products. Sample mixtures were
evaporated under vacuum and resolubilized in 30 @lof ethyl acetate. The
residual chloramphenicol and its acetylated products were then separated on

TLC plates using a mixture of 95% methanol and 5% chloroform. The plates
were exposed to X-ray film for approximately 18 h at room temperature, and
spots corresponding to the autoradiograph and containing the acetylated chlor
amphenicol were excised from the TLC plates and counted in scintillation
fluid. cat activities, expressed as pmol of [â€˜4C]chloramphethcolacetylated/
mm/mg of protein, were measured in four to five independent experiments for

element

,@ *

Fig. 2. Effect of CAPE on hARE-mediated cat gene expression. Mouse hepatoma
(Hepa-1) cells were transfectedwith plasmid phARE-tk-cat(5'â€”*3')as described in
â€œMaterialsand Methods.â€•Cells permanently expressing this cat gene construct were
treated with DMSO (control) and various concentrations of CAPE for 16 h. Cells were
harvested and homogenized, and aliquots of the extract were used to measure cat activity
as detailed previously (13, 14). At CAPE doses of 0, 0.1, 1.0, 5.0, and 10.0 @&g/ml,cat
activities in samples expressed as pmol of [â€˜4C]chloramphenicolacetylated/min/mg of
protein at 37Â°Cwere 63.6 Â±9.1, 118.7 Â±11.9, 195.3 Â±18.7, 206.7 Â±29.1, and
269.6 Â±26.9, respectively.each test parameterand are providedin the figure legends.
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Table 1Dependence of cat gene induction by CAPE on the intact hAREelementSample

No.CAPE
dose

(,Lg/ml)incubation
time

(h) hARE-tk-catMutant hARE-tk-catpBLCAT vectorcontrolI

2

3

4

50.0

0.0
0. 1
0.1
1.0
1.0
5.0
5.0

10.0
10.06

58 Â±3'@
16 63 Â±9
6 102 Â±7

16 119Â±4
6 146 Â±4

16 195 Â±19
6 171Â±9

16 207 Â±29
6 201 Â±

16 270 Â±4.7

Â±0.8
4.8 Â±0.1
5.3 Â±1.I
4.2Â±0.9
3.9 Â±0.5
5.1 Â±0.6
4.3 Â±0.3
4.7 Â±0.3
4.8 Â±9
4.3 Â±27Not

done
3.1 Â±0.2
Not done
3.3 Â±0.5
Not done
2.9 Â±0.2
Not done
2.7 Â±0.2
Not done
3.0 Â±0.3a

Activity expressed in pmol of substrate metabolized/mm/mg protein (mean Â±SE; n = 4).

CAPE STIMULATES hARE-MEDIATED EXPRESSION OF NQOJ

were incubatedwith different concentrationsof CAPE in vitro before the
additionof the hARE oligonucleotide.

Northern Blot Analysis. Human hepatocarcinomacells, HepG2, were
treatedwith 0 or 10 @xg/mlof CAPE or 200 m@it-BHQ (a positive control
for induction; Ref. 31) in medium containing 1.0% FCS. RNA were
prepared from the CAPE-treated cells after incubating for 6, 12, and 18 h.
Twenty-@xgaliquots of total RNA were electrophoresed in 0.8% agarose
gels containing formaldehyde in 3-[N-morpholino]propanesulfonic acid
buffer (pH 7.0) at 40 V overnight. RNAs were transferredto nylon filters,
which were then baked under vacuum at 80Â°Cfor 1.5 h. Prehybridization
was for 2 h at 68Â°Cin Church buffer [7% SDS, 1% BSA, 1 mMEDTA, and
0.25 MNa2HPO47H2O(pH7.2)].Theâ€”0.65-and0.31-kbEcoRIfragments
of the human NQOJ cDNA in vector pMT2 (32) were isolated after
electrophoresis, combined, and nick translated. Hybridizations were per
formed in the prehybridization buffer at 68Â°Cwith 22â€”25ng of labeled
(1.5â€”2.0x l0@cpm4tg) probe overnight. To show the relative quality and
quantityof the mRNA samples, a replica blot was hybridizedto a â€”400-bp
fragmentof the constitutively expressed GAPDHgene preparedby PCR as
described (33) and labeled by random priming. After autoradiography of
the blots, analysis of the relative band intensities was performed using a
Molecular Dynamics Model 300A computing densitometer.

RESULTS
RNA Smnle
Untreated, 0 hr
200 mM 1-BHO,6 hr
lOpGlml CAPE. 6 hr
10 pglml CAPE, 12 hr
10 p@lmlCAPE, 18 hr

NQO1 normaIl@
170
802
571
657
627

GAPDH C,.h4@I
To learn whether CAPE treatment induces transactivation of the

hARE, dose-dependence experiments were performed using rodent
Hepa-l cells that stably maintain the transfected plasmid hARE-tk
cat. The cat assay results after a 16-h exposure to 0.1, 1, 5, and 10

@@.g/mlof CAPE are shown in Fig. 2. CAPE at 1- and l0-@tg/mi doses
induced roughly a 3- and 4.2-fold stimulation of cat activity, respec
tively. To further evaluate the time dependence for CAPE-mediated
induction of cat gene expression and to show the involvement of the
AP-l binding site, cat assays were performed using extracts from cells
transfected with mutant hARE-tk-cat or the vector, pBLCAT2, in
addition to hARE-tk-cat treated with the above CAPE doses for 6 or
12 h. cat activities obtained from the different transfectants are pre
sented in Table 1 and show that induction is apparent at 6 h and does
not increase appreciably thereafter. In transfectants bearing the mutant
hARE-tk-cat, CAPE treatment resulted in no induction of cat gene
expression.

Next, Northern analysis was performed using HepG2 cells to
learn whether CAPE treatment stimulated expression of the endog
enous, human NQOJ gene. Despite the reported negative Northern
blotting results probing for glutathione S-transferase Ya subunit
gene expression after treatment of HepG2 cells with 15 @.tM

@-naphthoflavonein medium containing 10% FCS (34), these cells
do still express many liver-specific functions. The HepG2 cells in
log-phase growth were treated with 10 p.g/ml CAPE in fresh
medium containing 1% serum and then incubated for different
intervals of time (6, 12, and 18 h) before harvesting for total RNA.
In the same experiment, these cells were also treated with 200 ,.LM

1.0
4.7
3.4
3.9
3.7

Fig. 3. Northern blot analysis demonstrating NQOJ mRNA induction in HepG2 cells
after treatment by CAPE or t-BHQ. Twenty @&gof total RNA were electrophoresed in
parallel gels as described in â€œMaterialsand Methods.â€•Blots were hybridized to
labeled cDNA probes of the human NQOI and GAPDH genes, respectively. All of the
lanes shown for each blot were originally present on the same gel. Following autoradiog
raphy of the blots, densitometry was perfonned. The ratio of the lower NQOJ band
intensities:normalized to the GAPDH band intensities is shown (bottom). The fold
increase in NQOJ mRNA levels was calculated by dividing the NQOI:normalized
GAPDH intensity ratio of the untreated control cells by that of the CAPE- or t-BHQ
treated cells.

t-BHQ as a positive control for induction of NQOJ mRNA (31).
The results are shown in Fig. 3. Parallel blots prepared at the same
time were hybridized with cDNA from the human NQOJ and
GAPDH genes. The ratio of band intensities for the different
probes is presented at the bottom of Fig. 3. An increase in the level
of NQOJ mRNA that was stimulated by both CAPE and t-BHQ
was apparent after 6 h, being 3.4-fold and 4.7-fold over the basal
level, respectively. NQOJ mRNA levels in CAPE-treated HepG2
cells remained elevated for at least 18 h.

To further evaluate the stimulation of hARE-mediated cat gene
expression in the Hepa-l cells, experiments were performed using
TPA alone (60 ng/ml) and in combination with CAPE (10 @.tg/ml).The
results, which are shown in Fig. 4, indicate that these agents together
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CAPE STIMULATE5hARE-MEDIATEDEXPRESSIONOF NQOJ

have an apparent additive effect on the induction of cat activity. To gain
further support for this view, comparisons of responses to CAPE and
TPA were made in the presence or absence of the PKC inhibitor,
calphostin. As shown in Fig. 5, pretreatment of Hepa-1 transfectants
bearing hARE-tic-cat with caiphostin (0.2 ) had no effect on basal cat
gene expression but caused the loss of cat induction by WA (Fig. 5, left
fourlanes), aresult consistent with previous observations (28). In contrast
to its effect on TPA induction, calphostin pretreatment of the hARE
transfected Hepa-1 cells failed to inhibit CAPE-induced stimulation of cat
activity (Fig. 5, rightfour lanes). Presumably, CAPE and TPA enhance

expression of the reporter gene by different mechanisms.
Previous studies established that hAREs, which contain at least

one perfect AP-1 binding site (Fig. 1B), interact with one or more
regulatory proteins to promote basal and induced expression of
certain genes encoding Phase II enzymes (16â€”19). We next corn
pared the effects of TPA and CAPE treatments of Hepa-1 cells on
the binding of nuclear proteins to labeled hARE in vitro by a
mobility shift assay. The results, using different amounts of nu
clear extract from cells exposed to TPA (60 ng/ml) for 16 h in
parallel with untreated control extract, are presented in Fig. 6 and
show the stimulation of protein binding to hARE in response to the
phorbol ester treatment of cells. Mixed samples containing both
labeled and unlabeled hARE at the highest extract concentration
(30 @&g/ml)were included in the experiment to show the specificity
of the binding to the probe (Fig. 6, far right lane). Results of a
similar experiment using different amounts of the nuclear extract
from cells exposed to CAPE (10 p.g/ml) also for 16 h are shown in
Fig. 7. Unlike TPA, the extract from CAPE-treated cells appeared
to inhibit the binding of nuclear proteins to the hARE probe
compared to that from untreated cells. This inhibition was depend
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Fig. 5. Effect of PKC inhibition by calphostin on TPA and CAPE induction of
hARE-mediated cat gene expression. Hepa-l cells were transformed permanently with
phARE-tk-cat as described in â€œMaterialsand Methods.â€• Pooled, G4l8'@ cells were
expanded and treated with DMSO(control), TPA (60 ng/ml), calphostin (0.2 pu), or these
drugs combined. Cells were also treated in parallel with CAPE (10 @xg/ml),caiphostin (0.2
â€”,orthesedrugscombined.TheadditionofcalphostinprecededthatofTPA orCAPE
by 2 h. Treatedandcontrolcellswereharvestedandhomogenized,andcat activitywas
quantitated from portions of the extracts. cat activities expressed as pmol of [â€˜4C]chlor
amphenicol acetylated/min/mg of protein at 37Â°Cwere, for the set of samples treated with
TPA (left), 59 Â±3, 253.6 Â±12, 53 Â±4, and 62 Â±3; and for the set of samples treated
with CAPE (right), 68 Â±4, 279 Â±27, 59 Â±6, 239 Â±19, respectively.

w@ w

0**â€¢
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Fig. 4. hARE-mediated CAPE and TPA-induced cat gene expression. Hepa-l cells
permanently expressing hARE-tk-cat were treated separately with either DMSO (control),
TPA (60 ng/ml), or CAPE (10 @xg/ml),or were treated in combination with TPA (60
ng/inl) and CAPE (10 @g/ml).cat activities expressed as pmol of [â€˜4C]chloramphenicol
acetylatedhnin/mg ofprotein at 37Â°Cwere 71.2 Â±2.3, 321.9 Â±15.6, 269.6 Â±26.9, and
593.4Â±11.8,respectively.
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ent on the amount of extract added to the binding assay and is most
apparent in the comparison of 10 @gof extract from control versus
CAPE-treated cells. Again, as a control for specificity, 100 ng of
cold competitor hARE added to the reaction inhibited >95% of the
protein binding in CAPE-, as well as TPA-treated extracts. A
similar inhibition of binding was obtained in a repeat experiment
after treatment of Hepa-l cells with CAPE (10 @g/ml)for 6 h (data
not shown). Fig. 8 compares the protein complexes formed in a
band-shift assay using nuclear extracts from Hepa- 1 cells treated
with either TPA (60 ng/ml) or CAPE (10 @g/ml)for 16 h. The
transactivation complexes formed with hARE in response to both
treatments were analyzed on the same gel, and their relative
mobilities appear to be similar.

Because both TPA and CAPE stimulated cat gene expression (Figs.
4 and 5), the inhibition of nuclear protein binding to hARE by CAPE
(Figs. 6 and 7) was unexpected. We next evaluated effects on both cat
activity and nuclear protein binding after the in vitro addition of
different concentrations of CAPE to Hepa-1 cell extracts. The absence
of an inhibitory effect by in vitro addition of the compound would
suggest that CAPE is altered in cells metabolically. As demonstrated
in Fig. 9, no effect on cat activity was obtained after 30-mn incuba
tions of cell extract with increasing concentrations (1, 5, and 10
I.Lg/Inl) of CAPE. The dependence of nuclear binding inhibition on

CAPE dose at 0.1, 0.5, 1, and 10 @.&g/mlwas determinednext using a
constant amount of cell extract (15 p.g). Fig. 10 shows the marked
inhibitory effect by CAPE on protein interaction with the hARE probe
after 15-mn incubations with Hepa-l cell extract, even at relatively
low doses (e.g., 0.1 p.g/ml).

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/3/440/2465589/cr0570030440.pdf by guest on 19 M

ay 2023



CAPE STIMULATES hARE-MEDIATED EXPRESSION OF NQOJ

factors to a hARE probe revealed that binding was stimulated by the
addition of increasing amounts of cell extract from TPA-treated cells
(Fig. 6). When this experiment was performed using extract from
CAPE-treated cells (Fig. 7), inhibition of binding was observed in
comparison to the binding that occurs using extract prepared from
untreated control cells. The mobility of the protein complexes result
ing from TPA and CAPE treatments of Hepa-l cells appeared to be
the same or similar (Fig. 8). Consistent with the binding experiments
that used extracts from in vivo drug treatment, addition of CAPE
directly to nuclear extracts in vitro also strongly inhibited binding to
hARE (Fig. 10). Of note is the finding that CAPE-inducible effects on
gene expression (NQOJ and cat), as well as transactivator binding,
appear to be relatively long lasting (>16 h) and may indicate that
CAPE or a reactive metabolite persists over time in cells.

Bearing both perfect and partial copies of AP-1 (Fig. 1B), hARE
binds Fos- and Jun-related factors in the presence of TPA and
increases the expression of genes targeted by these activators (36).
Activation of gene expression via AP- 1 is required for transfor
mation (37), and DNA binding of the Jun-Fos heterodimer is
modulated by redox regulation of a conserved cysteine residue
located in the DNA binding domain of these proteins (38). Differ
ent Fos- and Jun-related family members may have antagonistic
effects on DNA binding activity (e.g. , c-Jun versus JunB; Ref. 39).
Precisely which transcription factors effect activation of hARE is
not known at present. Yoshioka et al. suggested that the antitumor
promotion effect of phenolic antioxidants derives from the induc
tion of related genes other than c-jun and c-fos oncogenes; conse
quently, changes in the composition of the transactivation complex

@ 0 0 o +
oâ€•@ â€˜â€” c\i cy)

0 0 00
. (5 -5 11) -@ i- @5 (i@J .@ c@, in

CAPE treatment of transfected Hepa-l cells lnduced dose- . . @.. @. @. @.
. . . . @@a14.1W4JW4.lWW

dependent stimulation of hARE-mediated cat gene expression. A@ c @-c 0-@ @.@ a. a.
1 p.g/ml CAPE concentration yielded levels of activity 3-fold over@@@@@@@@@
background (Fig. 2; Table 1). No induction of cat gene expression
following CAPE treatment of transfectants bearing either a mu
tated version of the hARE or the vector only was observed (Table
1). Furthermore, Northern analysis of human HepG2 cells (Fig. 3)
showed that NQOJ mRNA transcribed from the endogenous gene
was stimulated â€”3.7-fold between 6 and 18 h after CAPE treat-@
ment. Combined TPA (60 ng) and CAPE (10 @g/ml)treatment of
Hepa-1 cells increased the level of gene expression induction by
about 2-fold (Fig. 4) compared to separate drug treatments. Al
though the dose response of the combined drug exposure was not
evaluated here, this result nonetheless indicates an additive effect .@ . ... @.,
and is in agreement with the simultaneous treatment results of â€¢@.
Prestera and Talalay (35). Addition of calphostin to Hepa-l trans
fectants exposed to either TPA or CAPE inhibited only the TPA
stimulated cat gene expression (Fig. 5), a result consistent with the
finding that electrophile response element-mediated induction of
gene expression by t-BHQ treatment of cells was not affected by

PKC inhibitors (1 8). That calphostin inhibited cat activity induc- Fig.7.Band-shiftassaydemonstratingtheeffectofCAPEtreatmentofHepa-1cellson
tion by TPA and had no effect on induction by CAPE suggests that thebindingof nuclearproteinsto hARE.Hepa-lcells wereincubatedfor 16 h with
the TPA-mediated stirnulatory effect requires PKC but that the DMSO(control)orCAPE(10 ,.&g/ml)anddifferentamounts(5, 10,20, and30 @g)of

- . . . . . nuclear extract prepared and analyzed as described in â€œMaterials and Methods.â€• Controls

CAPE-mediated stimulation occurs via a different mechanism. includethelabeledhAREoligonucleotidealone(farleftlane)andthehighestamountof
Gel-shift experiments performed to examine the binding of nuclear CAPE-treatedextract(30 ,xg)mixedwithunlabeledhARE(far rightlane).
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Fig. 6. Band-shift assay demonstrating the effect of TPA treatment on binding of
nuclear proteins to hARE DNA. Hepa-l cells were treated with either DMSO (control) or
TPA (60 ng/ml) for 16 h. The cells were harvested and trypsinized, and nuclear extracts
were preparedandanalyzedas describedin â€œMaterialsandMethods.â€•Differentamounts
(in @xg)of DMSO (control)- and TPA-treated Hepa-l nuclear extracts were incubated with
32P-labeledhARE oligonucleotide.
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In vitro treatment of
controlNu. Ext.

Fig. 8. Band-shift assay demonstrating that complexes of nuclear proteins with hARE
formed in response toeitherCAPE(lO @g/m1)orTPA(60ng/rnl)treatments are of similar
size. The incubation time after CAPE or TPA treatments of Hepa-l cells was 16 h. The
cells were harvested and trypsinized, and nuclear extracts were analyzed as described in
â€œMaterialsand Methods.â€•Fifteen @gof nuclear extract were reacted with hARE probe
(50,000 cpm). Lanes in which cold hARE was included as competitor show the specificity
of binding.The competitorwas presentat a 100-foldmolarexcessrelativeto labeled
hARE

occur that can prevent induction of AP-l transcriptional activity
(40).

The discrepancy between CAPE-mediated inhibition of DNA
binding in the hARE mobility shift assay and stimulation of gene
expression is perplexing. At the dose (10 @g/ml)used in these
rodent cells, CAPE presumably generates some pro-oxidant effects
in vivo, which explains why hARE-mediated gene expression is
induced (20). Because of its diphenol structure, CAPE, like other
phenolic antioxidants, may both scavenge free radicals and gener
ate them by redox cycling under specific conditions. The addition
of CAPE to Hepa-1 cell extracts (Fig. 9) failed to stimulate cat
gene expression, suggesting that the in vivo stimulatory effect of
this compound is mediated indirectly perhaps by the activation of
a signal transduction pathway. Prior studies showed that CAPE can
alter the dynamic intracellular thiol/oxidant balance (13, 21). Thiol
compounds (e.g., N-acetyl-L-cysteine and GSH) and sulfhydryl
reactive agents (e.g., N-methylmaleimide and diamide) were
shown to interfere with transactivating activity at the hARE (41,
42). How CAPE is metabolized by cells and which compartment(s)
of the cell it reaches are currently unknown. It is conceivable that
the stimulation of gene expression and inhibition of in vitro trans
activator binding result from different competing processes and/or
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Fig. 9. Effect on cat activity in Hepa-l cell homogenates exposed in vitro to different
concentrations of CAPE. Hepa-l cells permanently expressing hARE-mediated cat activ
ity were harvested and homogenized, and extracts were prepared by sedimentation in an
Eppendorf centrifuge at 14,000 rpm. cat activity was measured using cell extracts
incubated for 30 miii with DMSO (control) or different concentrations of CAPE (1, 5, or
10pg/ad). cat activitiesin samplesexpressedas pmolof [â€˜4C]chloramphenicolacety
lated/min/mg ofprotein at 37CCwere: 66 Â±2 (DM50), 68 Â±1 (1 @g/m1CAPE), 66Â±3
(5 @Lg/m1CAPE), and 69 Â±3 (10 @g/mlCAPE).
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Fig. 10. Effect on nuclear protein binding to hARE by band-shift assay after CAPE
exposure in vitro. Nuclear extracts (15 @.tg)from Hepa-l cells were treated with either
DMSO(control)or variousconcentrationsof CAPEfor 15 mm at roomtemperature
before inclusion of the 32P-labeledhARE oligonucleotide and gel electrophoresis. Con
trols include the labeled probe alone (far left lane) and nuclear extracts prepared after a
16-h incubation with DMSO or CAPE (10 @g/ml)in vivo, as shown previously in Fig. 5
(far right lanes).
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that CAPE reacts with critical sulhydryls to inhibit transcription
factor activation.

That these inducible effects on gene expression and factor bind
ing to DNA regulatory sequences by phenolic antioxidants are
highly complex is indicated by a comparison of CAPE with cur
cumin. Both of these agents share certain similarities in terms of
the biological effects they induce (9, 43). Here, we showed that
CAPE treatment in combination with TPA produced an apparent
additive effect on cat gene expression in transfectants (Fig. 4). This
is the opposite result from that produced by curcumin, which
suppressed TPA induction of the TPA response element-mediated
reporter gene expression, as well as transactivator binding (44).
Both curcumin and CAPE inhibit NF-KB activation (21, 23). In the
case of curcumin, translocation of the p65 subunit of NF-KB from
the cytoplasm to the nucleus is prevented, whereas in the case of
CAPE, inhibition is effected at the level of binding by NF-KB to
DNA. Curcumin down-modulates transactivator binding in human
myeloid cells, even in the absence of TPA (21). Because no effect
on AP-l binding to a different DNA probe was induced in mac
rophage-like U937 cells after a 2-h incubation (23), perhaps the
inducible effects on transactivator binding are time dependent and
manifested only after 4â€”6h. Thus, with regard to the processes
elicited by these phenolic antioxidants, generalities cannot be made
with assurance. To learn which specific compounds will be useful
therapeutically will require detailed analyses.
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