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Abstract

Antioxidants possess potent ability to regulate gene expression beyond their specific antioxidant activity. Genomic analysis
reveals that three phenolic antioxidants, probucol, BO-653, and tBHQ, all of which have a phenoxyl group with one or two
terr-butyl groups at the ortho-position, inhibit both the mRNA and protein levels of proteasome a-subunits in human
endothelial cells. The chemical structure required for the gene regulation was studied by using derivatives of BO-653 and
other antioxidants. It was found that the phenoxyl group and zerz-butyl group at the ortho-position of the compounds were
critical for down-regulation of the proteasome gene. Two antioxidant responsive elements (AREs) were identified in the
promoter region of proteasome a subunit 3 (PSMA3). Results from promoter truncation analysis revealed that the proximal
ARE region was necessary for the down-regulation of the expression of PSMA3. Electrophoretic mobility shift assays revealed
that BO-653-mediated induction of DNA-binding to an upstream promoter region of PSMA3 containing the ARE motif was
blocked by antibody against c-Jun but not Nrf2. These results indicate that the suppression of the proteasome « subunits
expression by phenolic antioxidants is strictly dependent on both their chemical structure and the ARE consensus region in
the promoter, which may be negatively regulated by AP-1.
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Introduction advanced for consideration [1,2]. For example, the

Antioxidants that inhibit lipid peroxidation have been idea that vitamin E, the most abundant lipophilic

extensively characterized in terms of their chemical antioxidant, has a capacity similar to that of vitamins
reactivity, but the possibility that these structurally D and A to regulate transcription has recently been
diverse compounds regulate cell function by mechan-  proposed [3-5]. However, it has proven difficult to
isms unrelated to radical scavenging has been determine the specific mechanism by which certain
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antioxidants regulate gene expression and cell func-
tion beyond their antioxidant effect.

It was found that three phenolic antioxidants,
probucol, 2,3-dihydro-5-hydroxy-2,2-dipentyl-4,
6-di-zerr-butylbenzofuran (BO-653) and tzert-butyl
hydroquinone (zBHQ) inhibit both the mRNA and
protein levels of the proteasome «-type subunits
(PSMAs) as well as the function of the proteasome
[6,7]. These compounds are known to act as radical
scavenging antioxidants by donating hydrogen atoms
to the peroxyl radical. Apparently this radical
scavenging activity has been shown to be needed to
regulate gene expression. On the other hand, these
compounds also possess common structural moieties
on the aromatic ring; a phenoxyl group and one or two
terr-butyl groups at the ortho-position. The relevant
question is which is more important for gene
regulation, the radical scavenging activity or the
specific structural moiety.

The mechanisms by which the mammalian protea-
some is regulated are not well understood. Kwak et al.
have reported that certain indirect antioxidants such
as sulforaphane and 3H-1,2-dithiole-3-thione (D3T)
increase the mRNA level for 24 out of the 34
proteasome subunits and that the proteasome B-type
subunit 5 (PSMB5) gene is induced through the
Keap1-Nrf2 signaling pathway [8]. It is implicated
that both the tandem ARESs in the PSMB5 promoter
are needed for the maximal response of this promoter.
In contrast to this report, however, previous findings
from our laboratory demonstrated that four PSMAs
were down-regulated by phenolic antioxidants and the
other subunits were unaffected [6,7].

There are two perfect AREs in the promoter region
of PSMAs, which have been shown to be critical for
the down-regulation effected by phenolic antioxi-
dants. In the present study, we investigated the
structural moieties of compounds required for the
ARE dependent down-regulation of the proteasome
subunit in endothelial cells, and propose a mechanism
in which Activator Protein 1 (AP-1) may be
responsible for the suppression of the basal PSMA
expression levels maintained by Nrf2.

Experimental procedures
Materials

BO-653, methyl ether derivative of BO-653; 4,6-di-zerz-
butyl-2,3-dihydro-5-methoxy-2,2-dipentylbenzofuran
(Met-BO), 2,3-dihydro-5-hydroxy-2,2-dipentyl-4,6-di-
methylbenzofuran (BZ1044), 2,3-dihydro-5-hydroxy-
2,2-dimethyl-4,6-dimethylbenzofuran (BOM) and
2,3-dihydro-5-hydroxy-2,2-dimethyl-4,6-di-zer--butyl-
benzofuran (BOB) were a kind gift from the Chugai
Pharmaceutical Co. (Shizuoka, Japan). 4,4'-Isopropy-
lidenedithio-bis-(2,6-di-zer--butylphenol) (Probucol)
and a-tocopherol were kindly supplied by the Daiichi
Pharmaceutical Co. (Tokyo, Japan) and the Eisai Co.

(Tokyo, Japan), respectively. tBHQ and sulforaphane
were purchased from SIGMA (St. Louis, MO) and
CALBIOCHEM (Darmstadt, Germany), respectively.
Methyl linoleate was obtained from Sigma and purified
before use as described previously [9]. The lipophilic
azo compound 2,2'-azobis(2,4-dimethylvaleronitrile)
(AMVN) used as a peroxyl radical generator was
purchased from Wako Pure Chemical Ind. and used as
received. Fetal bovine serum (FBS) was obtained from
Clonetics (SanDiego, CA). The antibodies raised
against c-Jun, phospho c-Jun and Nrf2, were obtained
from Santa Cruz (Santa Cruz, CA).

Cell culture

Human umbilical vein endothelial cells (HUVEC)
were obtained from a commercial source (Clonetics)
and grown in endothelial growth medium-2 (EGM-2)
BulletKit (Clonetics) with 2% FBS at 37°C in a 5%
CO, atmosphere. All experiments were carried out
within four passages. Compounds were dissolved in
DMSO (SIGMA), which was diluted with endothelial
cell basement medium-2 (EBM-2; Clonetics).
The final concentration of DMSO was 0.01%. The
control cells were cultured in EBM-2 containing 2%
FBS and 0.01% DMSO in the absence of compounds.

Intracellular concentration of compounds

After incubation of HUVEC with each compound, the
cells were collected and washed with HBSS three times.
After centrifugation at 700 g for 5 min, the pellet of cells
was stored at —80°C until analysis. For analysis,
distilled water was added to the pellet which was then
subjected to three freeze—thaw cycles and sonicated
using an ultrasonic processor. The compounds were
extracted with two volumes of chloroform/methanol
(2/1,v/v). The chloroform layer was collected and
replaced with methanol after drying under N,.
The compounds except Met-BO were analyzed by an
HPLC equipped with an electrochemical detector
(Shiseido, Tokyo, Japan) set at +600 mV with an LC-
18 column (4mm X 25cm, 5pum particle size,
Supelco, Tokyo, Japan). Met-BO was detected with a
UV detector at 220 nm. Methanol containing 50 mM
NaClO,4 was used as the mobile phase at a flow rate of
0.8 ml/min for measurement of the compounds except
BOM. For measurement of BOM methanol and H,O
(80/20, v/v) containing 50 mM NaClO, were used.

Antioxidantactiviry against lipid peroxidaiton

Methyl linoleate (15.2 mM) was incubated in aceto-
nitrile in the presence of AMVN (0.2mM) at 37°C
with or without 5 M of the compounds studied and
formation of methyl linoleate hydroperoxides was
monitored with a spectrophotometer at 234 nm [10].
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Real-time PCR analysis

For real-time PCR, 1 g of total RNA was reverse
transcribed into cDNA using a GeneAmp RNA PCR
Core Kit (Applied Biosystems, Foster City, CA).
The housekeeping genes GAPDH and cyclophilin
were used as an endogenous control. The following
primer sequences were used. PSMAI1: forward
primer, 5- TTT TGA CTG CAG AGC CAT
GTC C -3/, reverse primer, 5- TTA AGG CAC
GCA GAC CAT GTT T -3; PSMA2: forward
primer, 5'- CTG GAG CTT ACT TTG CCT GGA
AA -3/, reverse primer, 5- CCA GCT TCA TTG
CAG ATT CCA A -3’; PSMA3: forward primer, 5'-
TGC TGT TAG ACC TTT TGG CTG C -3,
reverse primer, 5'- CCC CAA TAA CCG TAT GAA
ACA CC -3’5 c-Jun: forward primer, 5- AAC TCG
GAC CTT CTC ACG TCG -3/, reverse primer, 5'-
TGC TGA GGT TGG CGT AGA CC -3'; Nrf2:
forward primer, 5- ATT GCC TGT AAG TCC
TGG TCA TC -3/, reverse primer, 5- ACT GCT
CTT TGG ACATCATTT CG -3’5 HO-1: forward
primer, 5- CGG GCC AGC AAC AAA GTG -3,
reverse primer, 5- ACT GTC GCC ACC AGA AAG
CT-3'; GCLM: forward primer, 5- CAG CCG AGG
AGC TTC ATG ATT G -3/, reverse primer, 5'-
TGC ATT CCA AGA CAT CTG GAA A -3
GAPDH: forward primer, 5-TTT GGC TAC AGC
AAC AGG GTG GTG-3/, reverse primer, 5-ATG
GTA CAT GAC AAG GTG CGG CTC-3;
cyclophilin: forward primer, 5-TGG AGA GCA
CCA AGA CAG ACA-3/, reverse primer, 5'- TGC
CGG AGT CGA CAA TGA T-3'. The mRNA was
quantified using an ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems).

Plasmids

The promoter region of PSMA3 (from —3059 to
—30; NT 026437) was isolated by PCR amplification
from the genomic DNA of HUVEC. The isolated
PCR product was ligated into the luciferase reporter
vector pGL3basic (Promega, Madison, Wis.). Deleted
sequences of the PSMA3 promoter (— 698 bp-luc,
—698 to —30) were produced by PCR amplification
and inserted into the pGL3 basic vector. Mutated
PSMA3 promoters were generated by PCR using
primers containing the mutated —46 ARE
(TGAGCGGGC-TGGACGGGC) (the mutated
nucleotides are underlined) as described previously
[11]. The sequence of each promoter was verified.

Transient transfection and wmeasurement of luciferase
activiry

HUVEC were transfected by means of the FuGENE6
reagent (Roche Diagnostics, Mannheim, Germany).
Briefly, 5 X 10* cells/well of HUVECs were seeded
in 12-well plates 18—-24h before transfection with
EGM-2-MV (Clonetics). The transfection complex
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containing 0.3 wg of plasmid DNA, 50ng of a
cytomegalovirus enhancer/promoter (pRL-CMV)
(Promega), and the transfection reagents were added
to each well, and cells were incubated for 22 h. Cells
were washed with phosphate-buffered saline two times
and recovered in EBM-2 containing 2% FBS.
The cells were then incubated in the presence or
absence of drugs for 4 or 8h, cells were lysed and
assayed for luciferase activity using a dual luciferase
reporter assay system (Promega) and a Lumat LB
9507 luminometer (Berthold, Gaithersburg, MD).

Nuclear extracts

HUVEC were cultured in 150 mm culture dishes.
After reaching sub-confluency cells were deprived of
growth factors for 2 h before the addition of BO-653.
Nuclear protein was isolated by the method of
Dignam et al. [12].

Electrophoretic mobiliry shift assay

HUVEC were stimulated with 50 uM BO-653 for
30min and nuclear extracts were prepared as
described above. Double-stranded oligonucleotides
were labeled with [a->?P]dCTP and Klenow fragment
and purified by using Sephadex™ G-50 Medium
(Amersham Pharmacia Biotech, Buckinghamshire,
UK). Binding reactions were carried out in a total
volume of 30 ul containing up to 10 ug of nuclear
protein and were incubated with 10fmol of *2P-
labeled probe, 1pg of poly(dI-dC), and 3 pl of
10 X binding buffer (100 mM Tris—HCI (pH 7.5),
50% glycerol, 10 mM dithiothreitol, 10 mM EDTA)
for 20 min at room temperature, followed by 30 min at
4°C. The following oligonucleotides sequences were
used for probes: PSMA3 ARE/AP1 motifs, 5'- GTT-
CAGCCAATGAGCGGGCCTGTTAC -3'. To test
the effect of antibodies on DNA-protein binding,
nuclear extracts were pre-incubated with 10l of
antibodies of Nrf2, and c-Jun (Santa Cruz Biotech-
nology, Santa Cruz, CA) for 10min at room
temperature. In competition studies, nuclear extracts
were pre-incubated with a 100-fold molar excess of
unlabeled oligonucleotides for 10min at room
temperature, then added to the reaction mixture.
DNA-protein complexes were resolved on a 5%
nondenaturing polyacrylamide gel containing 5%
glycerol in 0.5 X TBE (50mM Tris, 50 mM boric
acid, and 1 mM EDTA). The loaded gel were dried,
and then the gels were autoradiographed and analyzed
by a Fuji Bioimage Analyzer BAS-1800 (Fuji Photo
Film Co. Ltd, Tokyo, Japan).

Western blot analysis

HUVEC were stimulated with 50 u.M BO-653 for up
to 4 h, and nuclear extracts were prepared as described
above. A measure of 10 ug of nuclear protein were
fractionated on 12% polyacrylamide gel with SDS and
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electroblotted onto Hybond™ ECL™ nylon mem-
branes (Amersham pharmacia bioteck) for 2h at 80 V.
The membranes were blocked overnight at 4°C in
H,O containing 2% fat-free dried milk powder and
was then incubated with anti-phosho c-Jun and c-Jun
antibody (diluted 1:200) in H,O containing 2% fat-
free dried milk powder for 1h at room temperature.
After treatment with peroxidase-conjugated goat anti-
mouse IgG antibody (SIGMA) (diluted 1:10 000) or
anti-rabbit IgG antibody (Jackson ImmunoResearch,
West Grove, PA) (diluted 1:10 000) in H,O contain-
ing 2% milk powder for 1h at room temperature,
labeled bands from washed blots were detected by
ECL plus a Western Blotting Detection System
(Amersham Biosciences). Membranes were exposed
to FUJI MEDICAL X-RAY FILM (Fuji Photo Film
Co. Ltd) at room temperature.

Statistical study

All experiments were repeated at least four times and
the results are given as the means = standard
deviation, and Student’s z-test was used to analyze
the statistical significance.

Results

Identification of the structural moiety in phenolic
antioxidants required for decreasing mRNA levels of
proteasome subunits

In a previous study, we have shown that treatment of
HUVEC with phenolic antioxidants results in
decreased expression of the mRNA for the a-type

proteasome subunits PSMA1, PSMA2, PSMA3, and
PSMAA4 [6,7]. Using the series of compounds shown
in Figure 1, the effects on the mRNA levels of
PSMAI1, PSMA2, and PSMA3 were determined by
real-time PCR. Prior to analysis of their ability to affect
mRNA levels, we measured the intracellular concen-
trations of the compounds used (Figure 2). When
HUVEC were treated with 50 puM of each compound
for 4 h, BO-653 and its derivatives except for Met-BO
reached a similar level of intracellular concentration.
To gain a similar intracellular concentration of Met-
BO, it was necessary to treat HUVEC with a 10 times
higher concentration of Met-BO than other com-
pounds. Real time PCR analysis clearly showed that
the mRNA levels of all three proteasome a-subunits
were decreased by BO-653 or BOB but not by Met-
BO or BZ1044 (Figure 3). All of the data normalized
by GAPDH and cyclophilin yielded essentially the
same results. Although BOB has a di-methyl instead of
di-penthyl form of BO-653, it still decreased the
mRNA levels of the a-subunit, implying that the side
chain was not a determinant of the effect. Methylation
of the phenoxyl group and replacement of the zerz-
butyl group with the methyl group on the aromatic
ring at the ortho-positions of the phenoxyl group of
BO-653 resulted in a disappearance of its suppressive
effects on the a-type subunit of the proteasome, which
was clearly shown by using MetBO and BZ1044,
respectively. The importance of the zerr-butyl group at
the ortho-position was also shown in a comparison of
BOB and BOM. These compounds differ only in the
substituents at the ortho-positions flanking
the phenoxyl group; with a zerr-butyl group in the

A B C
C(CHy), C(CH,), CH,
HO (CHy)O HO
o] (o] o}

(CH,),C (CH,),C H,C
D CHj E C(CHy), F CH,

HO HO HO

H,C © (CH,),C © H,C O
G

(CH3)sC CHy

Figure 1.
and (I) sulforaphane.

H  on |
C(CHg),
| R N .
HO S——C OH I
| o)
(CHy);C CH C(CH,)
3 3/3 OH

Chemical structures of (A) BO-653, (B) Met-BO, (C) BZ1044 (D) BOM, (E) BOB, (F) a-tocopherol, (G) probucol, (H) tBHQ,
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Figure 2. Intracellular concentrations of compounds in HUVEC:s.
HUVECs were exposed to 50 pM BO-653, Met-BO, BZ1044,
BOB, and 500 pM Met-BO for 4h, and the intracellular
concentrations of these compounds were analyzed as described in
Materials and Methods. Values represent mean = SD of three
independent experiments in triplicate.

case of BOB and a methyl group for BOM.
It was found that the mRNA level of PSMAI1 in
HUVEC decreased upon exposure to BOB but not to
BOM (data not shown). a-Tocopherol also did not
affect the mRNA levels of PSMA1 (data not shown).

Radical scavenging antioxidant activity of BO-653 and its
derivatives

To test the importance of antioxidant activity for the
regulation of gene expression, we examined radical
scavenging activity of the compounds studied (Figure 4).
Methyl linoleate was incubated in acetonitrile in the
presence of the radical initiator AMVN at 37°C, and
formation of methyl linoleate hydroperoxides was
monitored with a spectrophotometer at 234 nm.
As expected, MetBO, which does not have a hydro-
gen/electron donating phenoxyl group, did not inhibit
free radical mediated lipid peroxidation. In contrast,
BZ1044 inhibited lipid peroxidation to the same extent
as BO-653, indicating BZ1044 and BO-653 have similar
radical scavenging activity regardless of the substituents
at the ortho-position of the phenoxyl group. We have
already demonstrated a similar radical scavenging
activity of BO-653, BOM and BOB in homogeneous
solution [13].

ARE-dependent regulation of PSMAS3 expression by
antioxidants

To analyze the regulation of PSMA, the promoter
region (689 and 3059 bp) of PSMA3 was isolated
from human genomic DNA by PCR amplification and
ligated into a luciferase reporter pGL3 basic vector.
Two AREs were identified 46 and 2586 bp upstream
of the PSMA3 gene coding region. Both AREs were
found to be perfect forms and promoter truncation
analysis was performed to identify the functional
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Figure 3. Effect of phenolic compounds on expression of PSMA
mRNA. Real-time PCR analyses were performed for (A) PSMAI,
(B) PSMA2, and (C) PSMA3 expression in HUVEC following
treatment with BO-653 (50 uM), its derivatives (50 or 500 uM),
and sulforaphane (10 wM) for 6h. All data obtained were
normalized by GAPDH values and are shown as the mean = SD
(n = 3) of the ratio against the value of vehicle (DMSO) treatment.
*p < 0.005 compared with vehicle (DMSO)-treated control.

AREs from this promoter. The luciferase activities
from three constructs containing a different promoter
(Figure 5A) in HUVEC following treatment with the
compounds studied in this paper were measured.
Sulforaphane, which is known to increase the
mRNA level of PSMB5 through ARE, was used
for comparison [8]. While sulforaphane treatment
significantly induced the 3059 bp promoter activity,
BO-653 and its derivatives did not exert any effect
on this activity (Figure 5B). The 698 bp promoter
containing only the proximal ARE was also activated
by sulforaphane treatment less extensively than the
3059 bp promotor (Figure 5C). BO-653 significantly
decreased luciferase activity for the 698 bp promo-
ter, but neither Met-BO nor BZ1044 had any effect.
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Figure 4. Radical scavenging activity of BO-653 and its
derivatives. Radical scavenging antioxidant activity of each
compound (5 pM) was measured in oxidation of methyl linoleate
(15.2mM) induced by radical initiator, AMVN (0.2 mM) at 37°C in
acetonitrile. The representative data of three independent
experiments is shown.

To confirm the promoter truncation result, the ARE
was mutated. When the construct containing the
mutated-ARE was transfected, the basal promoter
activity level was decreased (Figure 5D). Mutation
in the proximal ARE largely abolished promoter
activation and inactivation by sulforaphane and BO-
653, respectively (Figure 5D). Taken together, these
data suggest that compounds with at least one zers-
butyl group at the ortho-position of the phenoxyl
group decrease the expression of PSMA3 through
the proximal ARE.

Effects of BO-653 on mRNA expression levels of Nvf2 and
AP-1

The consensus sequences of ARE in the PSMA3
promoter region contains not only a Nrf2 but also a AP-
1 like binding sequence. We examined the effects of
BO-653 on the mRNA expression levels of Nrf2 and c-
Jun by real time PCR (Figure 6A,B). Treatment of
HUVEC with BO-653 induced mRNA expression of c-
Jun but not Nrf2 over time. In addition, the expression
of Nrf2-regulated genes such as hemeoxygenase-
1(HO-1) and glutamate cysteine lygase modifier-1
(GCLM) [14] was decreased (Figure 6C,D).

BO-653-mediated induction of DNA-binding levels on
ARE motif in PSMA3 promoter

Since it is reported that AP-1 proteins negatively
regulate the human ARE [15], we monitored nuclear
phosphorylated c-Jun during the treatment of cells
with BO-653. The phosphorylation of nuclear c-Jun
was observed at an early time point after treatment of
HUVEC with BO-653 (Figure 7A).

To determine the effect of BO-653 on DNA-
binding activity, electrophoretic mobility shift assays

were carried out. A radio-labeled probe containing the
proximal ARE site was incubated with nuclear extracts
derived from untreated and BO-653-treated HUVEC,
resulting in specific DNA-protein complexes (arrow,
Figure 7B, lane 2 and 3). The formation of these
DNA-protein complexes was inhibited by addition of
a 100 fold molar excess of unlabeled self-competitor
(Figure 7B, lane 4).

We next performed supershift experiments with
specific antibodies against Nrf2 and c-Jun to find the
identity of proteins in the BO-653-induced ARE
binding complex. The addition of an anti-c-Jun
antibody failed to result in a shifted band but did
induce a decrease in the binding complex (Figure 7B,
lane 6). On the other hand, the binding complex was
not affected by the addition of an antibody against
Nrf2 (Figure 7B, lane 5).

Discussion

Phenolic antioxidant compounds such as tBHQ and
tBHA are known to induce gene expression through
the binding of Nrf2 to ARE [2]. The induction of
genes encoding detoxification phase II enzymes is
important for cell protection, especially in the liver.
The present study was initiated as an investigation of
the potency of the endothelial cell’s response to
phenolic compounds using a DNA microarray.
In contrast to expectations, few Nrf2 regulating
genes were induced in HUVEC by treatment with
three phenolic antioxidants: probucol, BO-653, and
tBHQ [6]. This was not due to a reduced potency of
HUVEC in inducing the Nrf2 regulating genes, since
many of those genes were induced more than ten fold
under laminar flow at a low shear stress [16] and
4-hydroxy -2-nonenal level (unpublished data).
Microarray analysis, instead, revealed a novel ability
of phenolic antioxidants to decrease the expression
of proteasome a-type subunits in HUVEC [6,7].
The regulation of the mammalian proteasome remains
poorly understood. The enhancement of PSMBs and
PSMEs by lipopolysaccharide in mouse liver has been
reported [17]. Foss et al. found that +y-interferon
induced three PSMBs in several human cell lines in a
cell type-dependent manner [18]. Kwak et al. studied
the mechanisms underlying the finding that
expression of PSMB5 was enhanced and clearly
showed transcription factor Nrf2 dependent
regulation of two tandem AREs in the promoter by
the indirect antioxidants sulforaphane and D3T
in mouse liver and embryonic fibroblast cells [8].
The present study has found ARE-dependent down
regulation of PSMA3 by phenolic radical scavenging
antioxidants in HUVEC. The AREs from PSMA3
contain the complete consensus sequence of the ARE,
i.e. TGAGCGGGC and TGACAGAGC at —46 and
— 2586 bp in the 5'-flanking region. From the results
of promoter truncation and mutation analyses
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Figure 5.

Relative luciferase activity

ARE-dependent regulation of the promoter of PSMA3 by compounds. The human PSMA3 promoter constructs (A) and

luciferase activities derived from these truncated promoters following treatment with BO-653 (50 wM), its derivatives (50 or 500 nM), and
sulforaphane (10 pM) (B-D) for 8 or 4 h, respectively, are shown. Two AREs were identified 2859 and 46 bp upstream of the PSMA3 gene
coding region. The 3059 bp promoter contained both of the two AREs (B) but the 689 bp promoter (-689bp-luc) had just one proximal ARE
(C). Mutated 689 bp promoter (—46 ARE mut-luc) was generated at the proximal ARE (D). *p < 0.05 compared with plasmid, (-3059/-30)-

luc or (-698/-30)-luc-transfected, vehicle (DMSO)-treated control.

(Figure 5), the proximal ARE in the PSMA3 promoter
appears to be important for both basal expression and
the negative response to phenolic antioxidants.

Nrf2 is an essential element in the ARE
transcription complex in regulation of a number
of cytoprotective genes such as NADPH quinone

oxidoreductase 1(NQO-1), HO-1 and GCLM
[19-22]. The expression levels of Nrf2 itself were
not changed in HUVEC treated with BO-653.
However, the expression levels of HO-1 and
GCLM were decreased, indicating that Nrf2
can be the modulator but yet negatively regulated
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Figure 6. Effect of BO-653 on mRNA expression of Nrf2, c-Jun and Nrf2-regulated genes. Real-time PCR analyses were performed for (A)
Nrf2, (B) c-Jun, (C) HO-1 and (D) GCLM expression in HUVEC following treatment with BO-653 (50 pM) for up to 6 h. All data obtained
were normalized by GAPDH values and are shown as the mean = SD (n = 3). *p < 0.05, **p < 0.005 compared with time 0.

by other transcription factors. It is reported that
AP-1 negatively regulates ARE [15] and that the
ARE in the PSMA promoter region contains a
consensus AP-1 sequence. The data showing an
increase in mRNA levels of c-Jun (Figure 6) and
phosphorylation of the c-Jun protein (Figure 7 A)
in BO-653-treated HUVEC suggested the possi-
bility of negative regulation by AP-1. The EMSA
experiments for PSMA3 in which an antibody
against c-Jun reduces the DNA-protein complex
support the proposed mechanisms. BACH1 may be
another interesting candidate in the ARE-dependent
negative response by antioxidants in HUVEC [23].
The specific mechanisms of the repressive response
of the ARE to antioxidants is an interesting issue
which will require further study.

In a previous paper, DNA microarray and northern
blot analyses revealed that phenolic antioxidants
changed the mRNA levels of PSMA1 ~ 4 but not
PSMBs, PSMCs, PSMDs, or PSMEs [7]. PSMAL1, 2
and 4 have the following AREs. PSMALl: TGAGG-
AAGC at —868; PSMA2: TGAGAAAGC at —1066
and TGAGGCCGC at —448; PSMA4: TGAGG-
ATGC at —1422. Kwak et al. showed the up-
regulation of PSMA1 and PSMA4 by D3T in mouse
liver [8]. There is an ARE-like sequence, TGGGC-
GAGC at —36bp in the 5'-flanking region of mouse
PSMA3, corresponding to TGAGCGGGC at — 46 of
the human form, but the response to chemicals in
mouse is not known.

The present study sheds some light on the chemical
structural moieties of compounds which suppress
the expression of PSMA mRNA in HUVEC.

The phenoxyl group and terr-butyl group at the
ortho-position on the aromatic ring are strictly
required for a reduced change in the mRNA levels.
Interestingly, radical scavenging activity is critical but
is not a determinant. It was reported that ortho- or
meta-diphenol has a high potency in alteration of gene
expression [24]. BO653 and BOB may be converted
to diphenol by hydroxylation of z-butyl group at the
ortho-position with an action of some enzymes.
Sulforaphane increased PSMA3 expression in the
same analyzing system, implying different mechan-
isms underlying ARE-dependent gene expression are
regulated by the phenolic antioxidants and the
isothiocyanates (e.g. sulforaphane). These results
suggest that regulation of the proteasome is dependent
on the subunit types, cell types, species and the kinds
of inducing chemicals.
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Figure 7. Western blot analysis for AP-1 and Electrophoretic
mobility shift assays for ARE of PSMA3. (A) Western blot analysis
were performed for the nuclear extract (10 pg of protein) prepared
from HUVEGs after treatment with 50 uM BO-653 for up to 4h
using a mouse monoclonal antibody against phosphorylated-c-Jun
and a rabbit polyclonal antibody against c-Jun. (B) Electrophoretic
mobility shift assays were performed with a >?P-labeled ARE probe
for PSMA3and 10 pg of nuclear extract from HUVECs treated with
or without 50 .M BO-653 for 30 min (lane 2 and 3). In competition
assays, a 100-fold molar excess of unlabeled ARE oligo probe (lane 4)
and polyclonal antibodies directed to Nrf2 (lane 5) and c-Jun (lane 6)
were incubated in the nuclear extracts 10 min before the addition of
32p_labeled ARE probe.
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