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FIG. 6. Intrapleural injection of 15d-PGJ; reverses the decrease of
Prxl expression and persistence of nevtrophils in NS-398-treated mice
but not in Nef2-deficient mice. (A and B) Numbers of neutrophils
(A) and macrophages (B) at 24 h of pleurisy in wild-type (nrf2%/")
ntice (bars 1), NS-398-treated nrj2*"* mice (bars 2), NS-398-treated
nrf2*'* mice administrated 15d-PGJ; (bars 3}, rrf2~/ mice (bars 4),
and wf27" mice administrated N3-398 (bars 5). Neutrophils and
macrophages were counted microscopically, and the means and stan-
dard deviations of triplicates are shown a, P < 0.05 compared with
untreated control mice; b, P < 0.01 compared with untreated control
ntice; ¢, P < 0.01 compared with NS-398-treated wild-type mice. (C, D)
RT-PCR analysis of Pixl (C) and HO-! (D) mRNAs in pleura] in-
flammatory celis in mice, Intensities of RT-PCR bands were quantified
by densitometric analysis, and the means of triplicates are presented. a,
P < 0.01 compared with untreated control group; b, P < 0.01 com-
pared with NS-398-treated wild-type mice.

that 15d-PGJ, mhibits NF-kB activation by covalently binding
to IxkB kinase B or the pS0 subunit of NF-«B (3, 36). In
addition, 154-PGJ, has been reported to serve as a natural
ligand of PPAR<y (21, 34). Activated PPARYy regulates the
synthesis of proinflammatory cytokines and (be induction of
nitric oxide synthetase in activated monocytes by negatively
interacting with AP-1, NF-xB, or STAT. Thus, 154-P(J, may
have an impact upon multiple mechanisms during the resolu-
tion of inflammation. The results of this stndy demonstrate
that 15d-PGJ, can act as a potent anti-inflammatory agent by
exploiting the Nrf2-Keapl pathway, a previously unrecognized
altemative pathway in the cascades downstream of 15d-PGJ,.
The possible involvement of N1f2 in inflammation has been
alluded to in some earlier Teports. For instance, antirthenmatic
gold(I) compounds markedly activate Nrf2 (24). We found that
female Nrf2 knockout mice frequenty developed severe glo-
merulonephritis (46). Braun et al. recently reported that Nrf2
regulates inflammation during healing of skin wounds (2). The
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FIG. 7. Network of 15d-PGJ, and the Nrf2-Keapl pathway in car-
rageenan-induced pleurisy. 15d-PGJ, is generated in pleural macro-
phages during carrageenan-induced pleurisy and is known to directly
inhibit NF-xB activity and also to act as a ligand for PPARy. This study
shows that 15d-PGl, activates the Nxf2-Keapl pathway through cova-
lent binding to Keapl. Nrf2 induces HO-1 and Prxl expression as well
as other ARFE-regulated genes in macrophages {green). The upregu-
lation of PrxI appears to inhibit NF-«kB, TNF-c, and the B-lautomerase
activity of MIF, thes modulating the inflammation process. On the
other hand, HO-1 is known to inhibit the expression of TNF-« through
€O production.

expression of several inflammatory cytokines was shown to
persist during the healing of a skin wound in Nri2-deficient
mice, such that interleukin-1B levels in the wound remained
elevated to day 13, most likely due to the persistence of mac-
rophages at the site of the wound. Finally, ARE battery genes
are activated by Jaminar shear stress, which acts as an anti-
mflammatory signal in endothelial cells (6). Indeed, in endo-
thelial cells, overexpression of Nif2 inhibited the tumor necro-
sis factor alpha (TNF-w)-mediated induction of vascular cell
adhesion molecule-1 gene expression, which is important for
monocyle Tecruitment during imflammation response. Our
present cbservations, along with those cited above, suggest that
Nrf2 is important for regulating the process of acute inflam-
mation.

We demonstrated in this study that the intracellular accu-
mulztion of 15d-PGJ, occurs during carrageenan-induced
pleurisy in the mouse (Fig. 2). This observation is consistent
with the previous analysis in rat carrageenan pleurisy, where
15d-PGI; accumulates with two peaks at low nanomolar [evels
in the plevral exudates. As the 153-PGJ, concentration used in
this study is higher than that detecled n pleural exudates, it
might be challenging to hypothesize that 153-PGJT, works as an
endogenous regulator of acute mflammation. However, Naru-
miya et al. previously reported that exogenously added A%
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PGIJ, accumulates in the cells in & protein-bound form and is
resistant to cell extraction, suggesting that intracellular seques-
tration of these cyPGs is most probably doe to the Michael
adduction to the protein (27). Furthermore, Keapl localizes in
the perinuclear cytoskeleton close to COX-2 and PGDS.
Therefore, it is likely that the local concentration of cyPGs
accumulates to a level sufficient for Nrf2 activation during
pleurisy.

It was reported recently that submicromolar concentrations
of 15d-PGJ, can activate HO-1 and contribute to the anti-
inflammatory effect of this reagent (25). As NF-«B inhibition
requires a concentration of 15d-PGJ, in the micromolar range
i cell culture (36), this observation suggests that an in vivo
anti-inflammatory effect of 15d-PGJ, may be more relevant to
the activation of Nrf2.

Under normal conditions, Nrf2 activity is suppressed primar-
ily by its compartmentalization to the cytosol by Keapl and
consequent rapid degradation by the proteasome (reference 20
and references therein). Recently it was demonstrated that
electrophiles classified as Michael reaction acceptors directly
bound to Keap1 and dissociated Nrf2 from Keapl (9). We have
demonstrated in this study that 15d-PGJ, and A¥>PGJ,, both
of which contain a reactive o,B-unsaturated carbonyl group in
their cyclopentane ring, directly bind to Keapl and activate
Nrf2. These results are consistent with our contention that
cyPGs act as endogenous activators of the Nrf2-Keapl path-

way in macrophages, thereby regulating the recruitment of

inflammatory cells.

NS-398-treated wild-type mice and nrf2-pull mice displayed
similar phenotypes in pleurisy, i.e., 2 persistence of nentrophil
residence and a delay in macrophage recruitment. These re-
sults suggest that COX-2 products neigatively regulate the ac-
cumulation of neutrophils in the intrapleural space, through
either enhancing the phagocytosis of neutrophils by macro-
phages or decreasing the neutrophil infiltration. The adminis-
tration of 15d-PGI, into the pleural space successfully reversed
the phenotype in NS-398-treated mice, indicating that 15d-
PGJ, works downstream of COX-2 activation. Consistent with
this observation, we demonstrated in this study that the actual
inducible accumulation of 15d-PGY, occurred in macrophages
during carrageenan pleurisy (Fig. 2). Since the ntroduction of
15d-PGJ, into the pieural spaces of Nif2-deficient mice had no
effect, Nif2 must be a downstream mediator of 15d-PGJ, ac-
tivity in macrophages. Thus, we conclude that 154-PGJ, regu-
lates acute inflammation through regulating the function of
macrophages (Fig. 7).

It remains to be elucidated to how Nrf2 regulates acute
inflammation. We speculate that a battery of Nrf2 target genes
cooperatively function to repress promflammatory signals,
such as those of TNIF-o or interleukin-18. HO-1 and PrxI are
the Nrf2 target genes that are likely to influence the inflam-
matory process (Fig. 7) (16). Recently, Gong et al. have dem-
onstrated that 15d-PGJ, can activate HO-1 via a stress-respon-
sive element and by an Nrif2-mediated mechanism (14). In the
carrageenan-induced pleurisy model, it has been shown that

elevation of HO-1 expression can suppress, whereas inhibition

of HO-1 activity can exacerbate, the inflammatory respomnse
(43, 45). Indeed, HO-1 can inhibit the expression of TNF-o
most probably through the generation of carbon monoxide
(30). With respect to Prxl, its human counterpart PAG was
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reported to directly bind to and negatively regulate B-tau-

tomerase activity of MIF, which Is one of the centra] regulators
of inflammation (22). Although the physiclogical significance
of the p-tautomerase activity of MIF is unclear at present, we
nonetheless expect that the repression of MIF activity by PrxI
may play important roles in the regulation of inflammation,
Furthermore, the overexpression of Prxl removed H;O, (23),
suggesting that Prxl can repress TNF-« signaling by the rs-
moval of H30, (Fig. 7). These observations suggest that Nri2
may have multiple downstream targets that regulate the acute
inflammation process. .

In the rat carrageenan-induced pleurisy model, accumula-
tion of 15d-PGIJ, in the late phase of pleurisy was associated
with resolution of the inflammation (13). However, the true
role of 15d-PGJ; during the early phase of pleurisy remained
largely unknown. Our results imply that in the early phase,
accumulation of 15d-PGJ, activates Nif2 and regnlates the
inflammation process through the induction of target gene
expression, including that of HO-1 and Prxl. Whereas COX-2
has been reported to accelerate inflammation in the early
phase of pleusisy through the induction of PGE,, our present
analyses suggest that COX-2 also can suppress the early phase
of inflammiation through the production of 15d-PGJ,. These
tesults are consistent with the present mode! that the inflam-
mation process is balanced by an acceleration and deceleration
of integrating signaling pathways (28). Understanding of how
the signals are integrated to establish and resolve the acute
inflammation process provides important clues to facilitate the
development of effective treatments for chronic imflammation.
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Specific interactions between transcription factors and cis-acting DNA sequence motifs are primary
events for the transcriptional regulation. Many regulatory elements appear to diverge from the most
optimal recognition sequences.To evaluate affinities of a transcription factor to various suboptimal
sequences, we have developed a new detection method based on the surface plasmon resonance (SPR)
imaging technique.Transcription factor MafG and its recognition sequence MARE (Maf recognition
elements) were adopted to evaluate the new method. We modified DNA immobilization procedure
on to the gold chip, so that 2 double-stranded DNA array was successfully fabricated. We further found
that a hydrophilic flexible spacer composed of the poly (ethylene glycol) moiety between DNA and
alkanethiol self-assembled monolayers on the surface is effective for preventing nonspecific adsorp-
tion and facilitating specific binding of MafG. Multiple interaction profiles between MafG and six
of MARE-related sequences were observed by the SPR imaging technique.The kinetic values obtained
by SPR imaging showed very good correlation with those obtained from electrophoretic gel mobility
shift assays, although absolute values were deviated from each other. These results demonstrate
that the double-stranded DNA array fabricated with the modified multistep procedure can be

applied for the comprehensive analysis of the transcription factor-DNA interaction.

Introduction

Specific interactions between transcription factors and
ds-acting DNA sequence motifs form the molecular
basis of the gene expression regulation. Many preceding
studies have revealed that one transcription factor usually
binds to multple related cis-acting motifs and, con-
versely, multiple related transcription factors bind to one
ds-acting DNA motif. However, it has been very diffi-
cult technically to identify a specific and important inter-
action for each transcription factor and ¢is-acting motif.
Detailed comparison of the binding affinities between
transcription factors and specific ds-acting motifs there-
fore would provide important clue for our understand-
ing of the transcription factor function.

The Maf family proteins appear to be typical members
of a large group of regulatory factors characterized by a
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basic region and leucine zipper (bZip) structure (Moto-
hashi ef al. 2002). The founding member of this family,
v-Maf, is an oncogene, which was discovered as the
transforming component of the avian musculoaponeu-
rotic fibrosarcoma virus, AS42 (Nishizawa er al. 1989).
Subsequently, it was found that the cellular homologue,
from which v-Maf was originally transduced (c-Maf),
was but one member of a muldgene family of related
transcription factors. To date, this family consists of four
large Maf family members, c-Maf, MafB, NRL, and L-
Maf/A-Maf, and three small Maf proteins, MafF, MafG,
and MafK (Katacka ef al. 1994b, 1995; Swaroop et al.
1692; Ogino & Yasuda 1998; Fujiwara e al. 1993). The
proteins interacting with the small Maf family members
have been expanding to include new members in
Cap'n’collar (CNC) and Bach families: p45 NF-E2,
Nrfl/LCR-F1, Nrf2/ECH, Nrf3, Bachl, and Bach2
(Andrews ef al. 1993; Chan et al. 1993; Moi et al. 1994;
Itoh etal. 1995; Kobayashi etal. 1999; Oyake efal.
1996). The superficially arbitrary division of the Maf

Genes to Cells {2004) 9, 155-164
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family into small and large members is likely of func-
tional consequence, since all of the large Mafs appear to
contain a recognizable transactivation domain, while the
small Mafs encode slightly more than the DNA binding
and dimerization motifs.

The bZip domain of the Maf factors are characterized
by the presence of extended homology region (EHR),
which is located in the N-terminal side of the basic
region (Swaroop et al. 1992; ancillary DNA binding
region, Kerppola & Curran 1994). DNA-binding
specificity of the Maf family factors was determined
by PCR.-gel mobility shift assay (GMSA) amplification
and purification method (Kerppola & Curran 1994;
Kataoka et al. 1994a). Conclusion of these studies are that
Maf factors recognize relatively long palindromic DINA

sequences, TGCTGA®/ TCAGCA and TGCTGA®/

cc TCAGCA, which are now known as Maf recogni-
tion elements (MAREs). MAREs contain either
TPA-responsive element (TRE; TGA®/.TCA) or
cAMP-responsive element (CRE; TGA®/ . TCA) as a
core sequence, and extended elements on both sides of
the core sequence (flanking regior; 5’~TGC-core-GCA-
3’).The recognition of the flanking region in MARE
by EHR distinguishes the Maf family proteins from
members of the AP-1 or CREB family of the bZip trans-
cription factor superfamily. Kerppola & Curran (1994)
showed evidence that the consensus sequence of
large Mafbinding isTGC(N )}, ;GCA. Since the flanking
region of MARE is consistently required, the study
strongly suggests an important contribution of the
flanking region to the Maf-specific DNA-binding.
Indeed, we showed that Maf EHR, is important for the
flanking region recognition (Kusunoki et al. 2002). It has
also been reported through amino acid replacement/
mutation analysis that a unique amino acid in the basic
region is involved in the flanking region recognition
by Maf proteins (Dlakic et af. 2001).

Currently, GMSA is a standard method to examine
the interaction between transcription factors and DNA
motifs and to obtain an equilibrium constant. However,
GMSA is a low-throughput method for quantification
of the interaction, which usually requires labourious
samnple preparation steps. R ecently, electrodes (Boon et al.
2002) and surface plasmon resonance (SPR, Jost et al.
1991; Suzuki et al. 1998) techniques have been devel-
oped, and these techniques are exploited to analyse the
interaction between surface immobilized molecules and
those in solution. Especially, SPR. has advantages that it
does not require any labelled reagents and can be applied
for the wide surface area (Jordan & Corn 1997). The
SPR technique is especially useful for 2 semiquantitative
analysis, as it detects a dynamic real-time interaction profile.
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Another recent progress has been made in the field of
chip technology, which has been applied for the study of
various interactions among proteins and nucleic acid
fragments as microarrays (Schena ef al. 1995; MacBeath
& Schreiber 2000; Zhu et al. 2001; Bulyk et al. 2001;
Newman & Keating 2003). Indeed, Nelon et al. (1999)
developed a prototype of imaging technique for the detec-
tion of the biomolecular interaction by combining the SPR,
and chip technology. This SPR imaging technique seems
to enable us to analyse multiple protein-DINA interactions
simultaneously and comprehensively. In this respect, SPR.
is more advantageous than the methods exploiting elec-
trodes upon combination with the chip technology for a
comprehensive analysis, since it would be very labourious
to construct an array of tiny electrodes on a chip.

Although a multistep array fabrication procedure has
been developed for the SPR-chip imaging to detect
the protein-DNA interactions (Brockman et al. 1999),
application of this technology has been hampered due
to technical difficulties. In particular, double-stranded
DINAs could not be directly immobilized on the chip
surface, as organic solvent used in the original procedure
easily denatures delicate biomolecules. In the previous
procedure (Brockman et al. 1999), single-stranded oligo-
nucleotides were first attached on to the gold surface
followed by the hybridization with the complementary
DNAs to generate double-stranded DINAs on the chip.
However, in order to perform a comprehensive affinity
quantification of transcription factors to various sub-
optimal sequences, it is required to fabricate a double-
stranded DNA array composed of multiple sequences
that are very similar to one another, Immobilization of
preannealed double-stranded DNAs is highly preferable
for preventing mismatched hybridization and for assur-
ing complete pairing between complementary DINAs.

To develop an efficient and reliable method to detect
specific protein-DNA interactions exploiting the SPR.
technology, we have designed in this study a modified
multistep procedure for generation of DNA array on the
gold surface, which does not require steps exposing
DNA to noxious organic solvents. We also found a better
heterobifunctional crosslinker that reduces nonspecific
adsorption of the protein to the chip surface in the
immobilization process. By utilizing the SPR. imaging
technique with the newly developed double-stranded
DNA. array, we then examined binding affinity of MafG,
one of the small Maf family members, to several MAR E~
related DNA sequences. The relative affinities between
Maf(G, various MAR E-related sequences showed a very
good correlation to those obtained from GMSA. Thus,
the new surface immobilization procedure has enabled
various delicate biomolecules, including double-stranded
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DNAs, to be attached stably on to the gold chip in their
native form.This procedure provides a solid basis for the
study of SPR-based protein-DNA interactions.

Results

Procedure for imnmobilization of biomolecules
on gold surface

A seven-step fabrication procedure has been used for
the immobilization of biomolecules on the gold sur-
face (Brockman et al. 1999}, which was based on self-
assembled monolayers (SAMs) of alkanethiol (Troughton
et al. 1988; Chidsey & Loiacone 1990) and photolitho-
graphy technique (Tatlov ef al. 1993; Huang et al. 1994),
In the procedure, the hydrophobic protecting group, 9-
Fluorenylmethoxycarbonyl (Fmoc), was used for the back-
ground protection, and it was deprotected by weak base
in organic solvent after single-stranded DINA was immo-

SPR imaging of MafG and MAREs interaction

bilized on the surface. In the final step of this procedure,
an N-hydroxysuccinimido ester poly(ethylene glycol)
" (INHS-PEG) was reacted to an amino group on the sur-
face. In these processes; the immobilized single-stranded
DNAs were exposed to organic solvents and NHS-PEG.
In order to avoid exposure of test biomolecules to noxious
effect, we established a modified procedure to fabricate
double-stranded DNA array on the gold surface using thiol-
terminated methoxypoly(ethylene glycol), PEG-thiol. This
procedure consists of 5 steps described in Fig. 1. Step 1
is the PEG-thiol immobilization on the whole surface
area of'a gold slide; Step 2 is the photo-patterning by UV
irradiation shielded with a bored chromium quartz
mask; Step 3 is the introduction of amine terminated al-
kanethiol on the irradiated spots; Step 4 is the creation of
maleimido surface on the spots by reacting with a hetero-
bifunctional crosslinker, which contains a NHS ester and
a maleimido group; Step 5 is the 5’-thiol-terminated
DINA immobilization by thiol-maleimido coupling reactior.

. uv
Photo masking
Bare gold PEG surface .
\\\\\ k AN W
: s A,
PEG-thiol é photo- (L [ 1<
introduction . atternin /
o %’p » [1eR
Step 1 afw:’v:m step2 ({4 (),"{ai(
SS8 SSS

588555888

% Maleimido

Amino group group

introduction
-ﬁ.
HS v NH,

Step 3

DNA <c”
|mmob1hzat|on<

(2

Figure 1 The scheme of surface chemistry to immobilize 5-thiol terminated DNA. Five steps of DNA immobilization procedure zre
illustrated. The hydrophilic polymer, PEG-thicl, is first immobilized, which serves as the background of the array (Step 1}. DNA spots
are created by modifying a self-assembled monolayer of amine terminated alkanethiol, 8-AOT (Steps 2 and 3), with a heterobifunctional
crosslinker.to prepare 2 maleimido surface (Step 4). 5'-thiol terminated DINA is added to the spotted region {(Step 5).
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During these processes, DNA was not exposed toc any
organic solvents and reagents, since the DNA immobil-
ization was the final step for the array fabrication. There-
fore, this modification enabled us to fabricate an array of
delicate molecules, such as double-stranded DNAs,

Heterogeneous PEG crosslinker for specific binding
of MafG to DNA array

In our effort to establish a standard method for fabrica-
tion of a double-stranded DNA array, we also examined
the usage of heterobifunctional crosslinkers. Two hetero-
bifunctional crosslinkers, sulfosuccinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxalate (SSMCC)
and N-hydroxysuceinimide-PEG maleimido MW 3400
(NHS-PEG-MAL), wete tested for the immobilization
of 5'-thiol modified oligonucleotides (Fig. 2). SSMCC

Table 1 MARE-related sequences for surface immobilization

linker, while NHS-PEG-MAL possesses a
hydrophilic and flexible spacer region.

provides a hydrophobic short linker, while NHS-PEG-

MAL possesses a hydrophilic and fiexible spacer region.

In comparing the two above-mentioned crosslinkers,
we first adopted the sequential DINA immobiliza-
tion method to assure the generation of double-
stranded DNAs on the surface. The reaction scheme
to attach DNA on to the chip surface is shown in Fig. 2.
5’-thiol-terminated single-stranded oligonucleotides were
first reacted with the maleimido moiety provided by either
SSMCC or NHS-PEG-MAL, and the complementary
oligonucleotides were hybridized to generate double-
stranded DNAs on the surface. Two of MARE-related
sequences, MARE235 and MARE?23 (Kataoka et al. 1994a),
were chosen for the assay (Table 1). MARE25 sequence
completely matches the consensus sequence for the MafG
homodimer binding, while MARE23 sequence has a
conserved core region with the altered flanking region.

5 3
MARE25 T G C T G A C T C A G C A
hOPSIN T G C T G A T T C A G C C
hNQO1Im A G T T G A C T C A G C A
MARE23 C A A T G A C T C A T T G
hBglHS4 G G C T G A C T C A C T C
mGSTY T G G T G A C A A A G C A

The bases different from the MARE25 sequence are in bold. MARE25 contains binding motif that matches the consensus sequence for
TRE-type MARE, while MARE23 sequence has a conserved core region with altered flanking region. Flanking sequence of KNQO1
MARE was modified to make the crucial G to be conserved. For this reason we named the DINA as htNQO1m,

Genes to Cells (2004) 9, 153-164
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Previous GMSA showed that MafG homodimer strongly
binds to MARE25, but scarcely to MARE23, suggesting
that the flanking sequence of MARE is critical for DNA
binding of Maf family proteins (Kataoka ef al. 1995).

A single-stranded DNA array with the two sequences,
MARE25 and MAREZ23, was fabricated and sequentially
exposed to 1 i of their complementary oligonucleotides
and 125 nM of MafG homodimer. Figure 3A,B show
binding profiles simultanecusly observed at three test
spots, MARE25, MARE23 and blank (a spot with free
maleimido groups), as well as one background area (a
spot with free PEG-thtol groups) by SPR imaging tech-
nique.The increases of SPR.signals by the addition of the
complementary oligonucleotides were detected in both
spots of MARE25 and MARE23, which suggests the
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Figure 3 Sequental DNA immobilization method for generation
of double-stranded DINAs on chip surface. The SPR signal changes
by the exposure to 1 pM of complementary oligonucleotides of
MARE25 and MARE23, and subsequently to 125 nM of MafG
homodimer. The changes are monirored at MARE25 (blue),
MARE?23 (purple), blank (green), and background (black). Single-
strand DINA was immobilized on the surface via (A) SSMCC and
(B) NHS-PEG-MAL.
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SPR imaging of MafG and MAREs interaction

generation of double stranded DNAs by hybridization.
Importantly, no cross-hybridization was observed in these
processes, indicating that the arrays were fabricated properly
without base mis-pairing. When MafG was applied to
the flow on the SSMCC-immobilized array, the SPR.
signals were increased marginally at both MARE25 and
MARE23 spots, which indicates that MafG did not
interact efficiently with both DNAs under this conditon
(Fig. 3A). On the contrary, a robust increase of SPR. sig-
nal was observed for MARE?25, but not for MARE23,
on the NHS-PEG-MAUL-immobilized array (Fig. 3B).
The results were in very good agreement with the pre-
vious GMSA results, demonstrating that specific DINA-
binding of MafG homodimer was reproduced on the

" NHS-PEG-MAL-immobilized array, but not on the

SSMCC-immobilized array. Therefore, the NHS-PEG-
MAL was chosen in this study for the analysis of inter-
action between MafG and MAR E-related sequences.

Salt concentration affects kinetic SPR
measurements

Among various components of the SPR binding buffer,
we found that the salt concentration had the greatest
influence on the occurrence of nonspecific binding of
transcription factors. We measured the SPR signals after
continuous MafG application for 30 min at different sodium
chloride concentrations from 150 mw to 300 mm (Table 2).
When the sodium chloride concentration is 150 mm or
less, the nonspecific binding was observed at the blank
spot and PEG background on the chip, judged from the
smaller value of $;/N ratio (Table 2 and data not shown).
In contrast, when 300 mm sodium chloride was applied,
S; value (Table 2) became low, suggesting that the specific
binding was inhibited. We therefore utilized intermediate
concentration of sodium chloride, i.e. 200 mu, for the
MafG analysis.

Under the final binding condition (20 mm HEPES-HCI
(pH 7.9), 200 mn NaCl, 4 mm MgCl,, 1 mm EDTA, and
100 pg/ml BSA), MafG sufficiently bound to MARE25,
but not MARE?23, and the kinetic data were obtained for
MARE25 a5 k, (association rate constant) = 4.11 X 10* (M™ s,
k; {dissociation rate constant) = 1.49 X 107* (s7%), and K,
(dissociation constant) = 3.63 X 107 (M) by curve fitting-
calculadon from simple binding model (George et al. 1995).

Interaction between MafG and MARE-related
sequences examined on one chip

We then evaluated a double-stranded DNA array fabric-
ated by the new immobilization method. Each pair of
complementary oligonucleotides was first annealed

Genes to Cells (2004) 9, 153-164
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Table 2 Influence of salt concentration on SPR. signals

SPR. signal
NaCl
concentration MARE25 {S;1) MARE23 (5,1) Background (IN1) S,/S, S/N
150 mm 13.40+ 1.70 6.60 = 0.85 544056 - 2.04 2.47
200 mm 20.00x3.90 4571183 1.24 £0.02 4.38 16.10
300 mM 8.07 +2.49 1.24+0.21 1.80 £1.78 651 4.50

{SPR signals obtained after continuous MafG application for 30 min. S, S, and N are the values at the spots of MARE25, MARE23

and the background area, respectively.

and then immobilized on the surface of a gold chip.
The double-stranded oligonucleotides were spotted by

an automated spotter and immobilized through the -

thicl-modified 5’-protruding end on the gold surface
via NHS-PEG-MAL.We chose four MARE-related
sequences found in the regulatory regions of four
endogenous genes (Table 1), including human NQO1
(hNQO1m MARE; Venugopal & Jaiswal 1996), mouse
GSTy (mGSTY MARE; Itoh ef al. 1997), human B-
globin gene (hBglHS4 MARE; Stamatoyannopoulos et al.
1995), and human rhodopsin gene (ROPSIN MARE;
Kumar et af. 1996). The importance of these MAREs
has been examined functionally in co-transfection-
transactivation analyses. The human NQO1 MARE
has an altered flanking region on one side, which is
similar to human B-globin MARE. To examine MARFEs
encompassing various categories, we modified flanking
sequence of human NQO1 MARE so that the crucial
‘G’ in the flanking region is conserved symmetrically
(Table 1). For this reason, we named the DNA as
hINQO1m. In addition to these MAREs, both MARE25
and MARE23 were spotted as a positive and pegative
control, respectively. '

The chip with the immobilized double-stranded DNAs
was placed to the SPR. imaging instrument, and 125 nM
of MafG homodimer was applied for the DNA-protein
association analysis. The SPR signal profiles of associa-
tion and dissociation were observed for 1800 s with MafG-
containing buffer and for the following 1200 s with the
blank buffer, respectively. These results are shown in the
conventional binding curves in Fig. 4A.To visualize
the results more effectively, we also caleulated the signals
utilizing Scion Image software and the results are shown
in the form of SPR. difference image in Fig. 4B.The
association and dissociation rate constants were calculated
from the curve profiles (Fig. 4, n = 3) and summarized
in Table 3. Although k, and k, values obtained from
the single-stranded DINA array were slightly lower than
those obtained from the double-stranded array, K, values
of MARE25 were almost the same in the two distinct
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Figure 4 Interaction between MafG and MARE-related
sequences examined on one chip with a double-stranded DNA
array. {A) The SPR signal changes by the exposure to 125 nm
MafG homodimer on the double-stranded IDINA array where six
MARE-like sequences are immobilized. The buffer with MafG
started to flow at 0 5 and was terminated at time 1800 5. The buffer
without MafG was replaced and continued for the following
1200 s. Representative binding curves, each of which was
obtained from a single spot, zre shown. Three independent
experiments were performed, and the kinetic datzwere calculated
(see Table 3). (B) SPR difference image showing the binding of
the MafG homodimer on to the double-stranded DINA array after
the exposure to 125 nm MafG. Five independent spots of each
oligonuclectide were generated for visualizing a representative
image.
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Table 3 Kinetic values of interactions

between MafG homodimer and MARE- SPR average GMSA

related sequences calculated from SPR - R _ _

profiles and GMSA E, [M157Y 10° Ry [s7] 107 K [M] 10°7° K [M] 107
MARE23 136 £0.32 3131066 250+£1.02 249%0.06
hOPSIN 0.50%0.06 3.72+£0.30 7.68 £1.17 2.52£0.05
hNQO1m 0.39+0.04 3.24+0.36 8591175 2.73+0.13
mGSTY ND ND ND ND
MARE23 ND ND ND ND
hBglHS4 ND ND ND ND

SPR. was measured 3 times, and the average and standard deviation are shown. ND
not able to determine. k,, association rate constant; k,, dissociation rate constant; K,

dissociation constant.

arrays (see above and Fig. 3B). A reason for the difference
in k, and k, values is unknown, but the similar K, values
suggest that the double-stranded DNA was properly
immobilized on the surface without being denatured.
The SPR. difference image (Fig. 4B) was calculated from
the SPR_signals before and after exposure to MafG, and
these signals represent that MafG properly binds to the
spots. We interpret that MafG binds to MAREs speci-
fically, since the signals on PEG background and a blank
spot, where NHS-PEG-MAL is immobilized, are neglig—
ible. These results thus demonstrate successful establish-
ment of a modified surface immobilization procedure
for a double-stranded DINA array fabrication.

Kinetic data were calculated for the sequences to which
substantial MafG binding was observed. Since MafG binds
to DNA exclusively through forming a homodimer, it seems
quite likely that observed kinetic data represent the inter-
action between MafG homodimer and double-stranded
oligonucleotide containing MAR E~related sequences. Of
the six MARE and related sequences, sufficient amount
of MafG interacted with MARE25 hOPSIN MARE,
and ENQO1m MARE (Fig. 4). MARE25 displayed the
highest affinity, and hOPSIN and hNQO1m MARE;s are
the next (Table 3). hOPSIN MARE has two base replace-
ments in the MARE consensus sequence of MARE25; one
is in the centre of the core region and the other is in the
end of the flanking region. On the contrary, AINQO1m
MARE possesses well conserved core region with mutated
flanking region on one side (except that crucial G nucle-
otide was conserved). These observations suggest that the
central bases and certain flanking bases of one side of MARE
can be altered without affecting much the binding
affinity to MafG. Interestingly, k; are almost the same for
MARE?25, hOPSIN and hNQO1m MAREs, so the dif-
ferences in K, values should be attributable solely to those
in k,. On the other hand, MafG only weakly bound to
mGSTY MARE, hBglHS4 MARE or MARE23. The

© Blackwell Publishing Limited

results of hBglHS4 MARE and MARE23 indicate that
mutations in both flanking regions eliminated the
binding of MafG. Inability of mGSTY MARE to bind
MafG implies that simultaneous mutations on one side

of flanking region and the other side of core region may
also inhibit the binding of MafG homodimer to MARE.

Comparison of K, values obtained from SPR
imaging technique and from GMSA

In order to evaluate validity of the SPR. imaging technique,
the K, values obtained from the SPR. binding analyses were
compared to those from GMSA The K, values determined
by GMSA for MARE25, hOPSIN MARE and hNQO1m
MARE were ranged in the magnitude of 107 (Fig. 5,
lanes 1-7 and 15-28}. MARE25, hOPSIN MARE and
hNQO1m MARE showed high affinities, and the highest
was MARE25. On the contrary, weak MafG binding to

- mGSTY MARE was observed, albeit it was not enough

for the K, value determination (Fig. 5, lanes 29-35). No
shifted bands were observed for MARE23 and hBglHS4
MARE (Fig. 5,lanes §~14 and 36—42, respectively}. These
results are summiarized in Table 3. Although K, values
calculated from the SPR signals are ranged in the magnitude
of 107%, which are much smaller than those determined by
GMSA, the comparative affinities obtained from these
two distinct methods were very similar to each other,
The affinity of MafG to MARE?2S5 is the highest, and
those to hOPSIN MARE and to hNQO1im MARE
are intermediate. Interactions between MafG and
mGSTY MARE, hBglHS4 MARE and MARE23 are
not strong enough for the calculation of kinetic values.

Discussion _
In this study, we have developed an improved surface

chemistry suitable for the SPR-based interaction study
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Figure 5 Interaction between MafG and MARE-related sequences observed in GMSA. Six different probes were used for GMSA,
MARE?5 (lanes 1~7), MAREZ23 (lanes 8—14), hANQO1m (lanes 15-21), hOPSIN (lanes 22-28), mGSTY (lanes 29-35) and hBglHS4
(lanes 36—42). MafG homodimer concentrations are 360 nM (lanes 1, 8, 15,22, 29, 36}, 180 nm (lanes 2,9, 16, 23, 30, 37), 90 nm (lanes
3,10, 17, 24, 31, 38), 45 nM (lanes 4, 11, 18, 25, 32, 39), 22.5 nmM (lanes 5, 12, 19, 26, 33, 40), 11.3 nm (lanes 6, 13, 20, 27, 34, 41) and

0 nm (lanes 7, 14, 21,28, 35, 42).

of biomolecules on the chip. In order to overcome an
inconvenience that immobilized DNAs are easily dena-
tured upon exposure to organic solvent and reactive
PEG, we first constructed the background by using
PEG-thiol, and test molecules were attached on to the
spots in the final step. This procedure allowed pre-
annealed double-stranded DINAs to be immobilized on
the chip in native form. Exploiting this procedure, we
successfully fabricated a double-stranded DINA array on
the chip. An SPR imaging analysis based on this proce-
dure was performed to examine the specific interaction
between MafG and several MARE-related motifs. The
SPR. imaging 2nalyses gave the consistent results with
those obtained from GMSA as far as the relative affinities
are concerned, which in turn support our contention
that the detected SPR signals reflect specific binding of
MafG to MAREs. Thus, this study demonstrates that
the double-stranded DNA array fabricated with the
modified multistep procedure can be applied for the
comprehensive analysis of the transcription factor-DINA
interaction.

In the classic SPR studies on the DINA-protein
interaction, biotin-streptavidin chemistry was usually
adopted (Seimiya & Kurosawa 1996; Galio et al. 1997;
Suzuki ef al. 1998; Oda efal. 1999}, In this case,
biotin-terminated oligonucleotides are usually attached
on streptavidin-modified surface. This method, however,
has an inherent problem upon applying for the array
fabrication, as cross-contamination among the spots
may happen due to a strong and quick binding reaction
berween biotin and streptavidin. In order to perform
a comptrehensive quandfication of binding affinities of
transcription factors to various suboptimal sequences,

itis a prerequisite to fabricate a double-stranded DNA array
composed of multiple sequences that are very similar
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to one another. To this end, we adopted a method that
allows immobilization of pre-annealed double-stranded
DNAs on the chip, which can prevent mismatched
hybridization and attain complete pairing between com-
plementary DINAs, Indeed, we proved in this study that
correct DNA immobilization was accomplished without
contaminating spots in this procedure.

Another contrivance in this procedure is the choice of
INHS-PEG-MAL as a heterobifunctional crosslinker. It
should be noted that the interaction profiles between
MafG and MAREs obtained with NHS-PEG-MAL-
immobilized array show high level consistency with
those observed in GMSA.This is in stark contrast to the
resuls with SSMCC-immobilized array, as the latter
results were not consistent with the GMSA data at all.
We speculate that the flexible and hydrophilic linker
provided by NHS-PEG-MAL might facilitate specific
binding and prevent nonspecific adsorption of MafG by
allowing the higher DNA mobility. We suppose that the
PEG spacer should be generally effective to avoid non-
specific interactions of a test protein to the spot back-
ground regions. On the contrary, the salt concentration
required for suppression of nonspecific binding must be
determined for each protein.

Interactions between transcription factors and DINAs
have been investigated by several methods including
GMSA (Affolter et al. 1990; Yamamoto et al. 1990),
filter-binding assay (Tanikawa etal. 1993) and SPR
(Seimiya & Kurosawa 1996; Galio et al. 1997; Oda et al,
1999).The Ky values, determined by these methods, are
ranging from 107 to 107! and, especially, those obtained
by SPR are from 107 to 107°. One report compared Ki,
values calculated by GMSA and SPR,, and showed that
the values are almost similar to one another ranged in the
magnitude of 107 (Suzuki et al. 1998). In our case, K,
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values obtained by SPR. ranged around 10, while those
obtained by GMSA ranged around 1077 (see Table 3).
While the reason for this discrepancy is unclear at
present, the following two differences in the measure-
ment conditions may be pertinent. _

First, DNA mobility is different from each other in
the two measurements. Whereas DINAs are immobilized
on a surface for SPR analysis, they are free in the solution
in GMSA. Second, optimal salt concentrations are dif-
ferent from each other. Buffers with higher salt concen-
trations (more than 150 mmm) are required for the SPR
measurement to avoid the nonspecific adsorption of pro-
teins on to the chip surface or immobilized DINA. On
the contrary, GMSA buffer usually contains salts less than
75 mM, and nonspecific competitor DNA is typically
added to the binding reaction solutions. In fact, we uti-
lized in this study a high salt concentration (200 mn} to
suppress nonspecific binding of DNA and MafG in the
SPR analysis, whereas nonspecific DINA competitor was
used for this purpose in GMSA. The kinetic profiles in
the SPR measurement were investigated at various salt
concentrations {Seimiya & Kurosawa 1996; Oda et al.
1999), and it was found that the lower salt concentration
gives rise to the smaller k; values, and that k, values are
usually not affected by the salt concentration. Consistent
with the finding, we found that the dissociation of MafG
and MARE25 became faster when sodium chloride
concentration was as high as 450 mm (data not shown).
Although these results do not explain the K, value dif-
ference between SPR. and GMSA, we still consider that
both SPR and GMSA measurements are valid for quan-
titative interaction analysis, since there is a very good
correlation between the K values of several MAREs
obtained by SPR and GMSA. _

All three small Maf family proteins are known to form
either homodimer or heterodimer with other bZip
superfamily members, including the CNC and Bach
family members, and bind to MARE (Motohashi et al.
2002). These partner molecules cannot bind to MARE
a5 a monomer or homodimer, so that small Mafs confer
the DINA-binding ability on partner proteins and enable
them to execute various activities directed by their func-
tional domains through the heterodimerization. Since
many of these Maf-based dimers exist in cells simultane-
ously, it seems very difficult to identify the primary Maf
molecule or to evaluate the contribution of each dimer
molecule to the gene regulation through a specific
MARE in the regulatory region. One simple hypothesis
is to assume that the most abundant dimer molecule in
the nuclei may bind dominantly to MAREs, which leads
to the notion that the balance between positive and
negative regulators interacting to MAREs determines
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the eventual transcriptional activity. In fact, by adopting
megakaryocytic gene regulation directed by NF-E2 p45
and small Maf proteins, we showed that quantitative
alteration enables small Maf proteins to direct both active
and repressive transcription (Motohashi et 4. 2000). In
the absence of small Mafs, p45 does not bind to DNA,
so MARE-dependent transcription cannot be activated.
In the excess of small Mafs, transcriptionally inactive
small Maf homodimer occupies MAREs and represses
the transcription. Only at the optimal concentration of
p45 and small Maf, the maximum level of transcriptional
activation is achieved by p45/small Maf heterodimer.

Recent data suggest that the qualitative difference may
also be important for the interaction of MAREs and
Maf-based dimers. When we examined mafG::mafK com-
pound null mutant mice, mutant animals displayed
quite selective MARE-dependent transcriptional
abnormality (Katsuoka ef al. 2003). In the mice, heme
oxygenase~-1 (HO-1) mRNA level was markedly in-
creased., Similarly, Bach1-null mutant mice exhibit select-
ive increase of HO-1 mRINA level (Sun ef al. 2002).
However, no apparent influence of small Maf decrease
is observed for other MARE-dependent genes (our
unpublished observation)}, indicating that small Maf
and Bach1 make a major contribution to HO-1 gene
regulation.

Considering this situation, comprehensive evaluations
become crucial for Maf-based dimer interactions with
various MARE-related sequences. In this regard, quite
recently the Interactions between various bZip super-
family proteins were investigated in silico with glass slide-
based protein arrays and fluorescent-labelled protein
probes (Newrhan & Keating 2003). We analysed in this
study the DINA-protein interacdon. Our system enables
to examine all possible variations in MAREs quantita-
tively by using a couple of gold chips or more, since
simultaneous detection of 96 samples is technically
feasible on one chip. We adopted MafG homodimer as
our initial trial of this SPR-array technology, since it is
the simple system composed of a single molecule.
Obviously, next important analysis will be comparing
binding profiles of MafG homodimer, Bach1/small Maf
heterodimer, and the other Maf-based heterodimer
molecules on one chip. We surmise that Bach1/small
Maf heterodimer may have the strongest preference
toward HO-1 MAREs.

In spite of discrepancy in absolute Ky, values calculated
from SPR. and GMSA, there is a very good correlation
between the two results in general. Since the SPR
imaging is a powerful technique for the large-scale high-
throughput analysis, we propose that the SPR imaging
technique would be suitable for examining the general
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binding preference of a transcription factor. We also
propose that each specific interaction should be evaluated
with the combination of multiple strategies, including
SPR. and GMSA for in vitro binding and reporter gene
assay for in vivo binding,

Experimental procedures
Materials

The chemicals 8-amino-1-octznethiol, hydrochloride (8-AOT,
Dojinde Laboratories), thiol terminated methoxypoly(ethylene
glycol) MW 5000 (PEG-thiol, NOF), sulfosuccinimidyl-4-(N-
maleimidomethyljcyclohexane-1-carboxalate (SSMCC, Pierce},
and N-hydroxysuceinimide-PEG maleimido MW 3400 (INHS-
PEG-MAL, Shearwater), were all used as received.

Preparation of oligonucleotide DNAs

The oligonucleotides for covalent immobilization on the surface
were designed as 5-HS-(T);s-CGGAAT(N),TTACTC-%, and
synthesized ar Hokkaido System Science or Sigma Genosys with
the thiol group protected. The 15-base thymine stretch with a
“thiol group on the 5™-end was added to the test sequence, which
is composed of 13 variable sequence flanked by 6 fixed bases
on both sides. 5- and 3'-fixed sequences were CGGAAT and
TTACTC, respectively. Table 1 outlines the various sequences we
used in this study, The thiol group on the 5’-end of the oligonu-
cleotides were deprotected, and they were purified by gel filtration
with NAP-5 Columns (Amersham Biosciences) as described by
Sigma Genosys. The complementary oligonucleotides were syn-
thesized against the variable region with 6-base fixed regions on
both sides. The double-stranded DINAs were prepared by anneal-
ing longer and shorter complementary DNAs with and without
5'-thiol group, respectively. 23 pm of 5'-thialated strand and 100 pm
of its complementary strand were annealed in the 5xX SSC solution
(75 mm sodium citrate, 750 mm NaCl; pH 7.0). The solution
was heated to 94 °C for 5 min, and quenched to 4 °C for 15 min,
then incubated at 37 °C for 3 h, to complete the annealing.

MafG protein preparation

MafG containing EHR and bZip motif, but lacking C-terminal
39 amino acids, was expressed in Escherichia coli as a His-tagged
protein. The crude bacterial lysate was sequentially purified with
SP sepharose (Pharmacia) and ProBond resin (Invitrogen). The
recombinant protein was then cleaved with thrombin (Calbio-
chem) and further purified using SP sepharose. 200 UL of 125 nm
MafG homodimer solution was used in one experiment.

Fabrication of DNA arrays

' The covalently immobilized DINA array with PEG background
was obrained by the following procedure, Gold layer {45 nm) with
thin chromium underlayer (3 nm) on SFi0 glass slide (Schott)
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were used for SPR. imaging measurement. The gold slide was
immersed in a PEG-thiol solution (1 mm in 1 : 6 H,O: Ethanol)
for atleast 3 h to form PEG layer on the surface This slide was pat-
terned at 40 mW/cm?® for 2 h with chromiurn quartz mask, which
had 96 square holes of 500 tm, by UV light source, which was
generated from a 500 W super high-pressure mercury lamp
{Ushio, Tokyo). After the surface was rinsed with water and etha-
nol, the slide was soaked in 1 mm ethanolic solution of 8-AOT for
1 h. This resulted in 96 amino-functionalized 500 Um squares
with PEG background. Thiol-reactive maleimido-modified sur-
face was created with 1mm soluton of heterobifunctional
crosslinker SSMCC or NHS-PEG-MAL in phosphate buffer
(20 mm phosphate; pH 7.0 and 100 mm NaCl). 10 oL drop of
10 ptm 5™-thiol-terminated DNA in phosphate buffer was deliv-
ered automatically on the patterned surface by using an automated
spotter (Toyobo, Osaka), and the reaction was carried out for over-
night. Then the surface was rinsed with phosphate buffer and 5x
SSC solution containing 0.1% SDS.

SPR. imaging analysis

The DNA array was placed immediateiy in the SPR imaging
instrument {Toyobo), The SPR, signals were obtained in the SPR.
buffer (20 mm HEPES (pH 7.9), 200 mm NaCl, 4 mm MgCl,

- 1mm EDTA, and 100 Lg/mL BSA). The SPR. buffer and the

sample in the same buffer were applied to the array surface with
100 W/min. The SPR image and signal data were collected with
MuldSPRinter Analysis program (Toyobo}. The SPR. difference
image was constructed by using Scion Image {Scion, MD USA).
The kinetic values were calculated with the program based on the
simple reversible reaction modei (George ef al. 1995).

Gel mobility shift assays

Gel mobility shift assays were performed as previously described
(Katacka ef al. 1994a). The same cligonucleotides with those used
in SPR detecton, which are composed of a 13 bp-variable
sequence flanked by 6 bp-fixed regions on both sides, were end
labelled with y-**P-ATP for generating probes. MafiG protein was
incubated with probes in the gel shift buffer (20 mm HEPES
(pH 7.9), 20 mm KCl, 5 mm dithiothreitol, 4 mm MgCl,, 1 mm
EDTA, 100 pg/mL BSA and 400 g/mL poly(dIdC)) at 37 °C
for 30 rmin. The resulting mixtare was subjected to native polyact-
ylamide gel electrophoresis and visualized by autoradiography. The
K, values were determined as described (Azam & Ishikama 1999)
on the basis of the results obtained using protein concentration
from 0 to 360 [tm.
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Role of Nrf2 in the Regulation of CD36 and Stress Protein
Expression in Murine Macrophages |
Activation by Oxidatively Modified LDL and 4-Hydroxynonenal

Tetsuro Ishii, Ken Itoh, Emilio Ruiz, David S. Leake, Hiroyuki Unoki,
Masayuki Yamamoto, Giovanni E. Mann

Abstract—CD36 is an important scavenger receptor mediating uptake of oxidized low-density lipoproteins (oxLDLs} and
plays a key role in foam cell formation and the pathogenesis of atherosclerosis. We report the first evidence that the
transcription factor Nri2 is expressed in vascudar smooth muscle cells, and demonstrate that oxLDLs cause nuclear
accumulation of Nrf2 in murine macrophages, resuliing in the activation of genes encoding CD36 and the stress proteins
A170, heme oxygenase-1 (HO-1), and peroxiredoxin 1 (Prx I). 4-Hydroxy-2-nonenal (HNE), derived from lipid
peroxidation, was one of the most effective activators of Nrf2, Using Nrf2-deficient macrophages, we established that
Nrf2 partially regulates CD36 expression in response to oxLDLs, HNE, or the electrophilic agent diethylmaleate. In
murine aortic smooth muscle cells, expressing negligible levels of CD36, both moderately and highly oxidized LDL
caused only Hmited Nrf2 translocation and negligible increases in A170, HO-1, and Prx I expression. However,
treatment of smooth muscle cells with FINE significantly enhanced nuclear accumulation of Nrf2 and increased A170,
HO-1, and Prx I protein levels. Because PPAR-y can be activated by oxLDLs and controls expression of CD36 in
macrophages, our results implicate Nrf2 as a second imporfant transcription factor involved in the induction of the
scavenger receptor CD36 and antioxidant stress genes in atherosclerosis, (Cire Res. 2004;94:609-616.)

Key Words: CD36 w Nrf2 m oxidized LDL w macrophages s vascular smooth muscle cells

ow-density lipoprotein (LDL) is susceptible to oxidative

damage, and oxidatively modified LDL (oxL.DL) plays a
key role in the development of atherosclerotic lesions.!?
OxLDL is taken up via different scavenger receptors, and in
macrophages, CD36, SR-A, and LOX-1 are the predominant
receptors.?-* Enhanced formation of oxLDL in the vascular
wall induces the formation of foam cells that accwnulate
cholesterol.*-4 LDL oxidation is associated with the forma-
tion of 2 number of highly reactive melecules, such as lipid
peroxides, lysophosphatidylcholine, oxysterols, and alde-
hydes,¢ which cause vascular inflammation and fibrosis™® and
- expression of antiinflammatory genes in macrophages® and
vascular smooth muscle cells.'?

Components of oxLDL, such as 9-HODE and 13-HODE,
activate peroxisome proliferator-activated receptor vy
(PPAR-v), resulting in the upregulation of the major
oxLDL receptor CD36.1" PPAR-y appears to inhibit in-
flammatory response genes by antagonizing the activities
of AP-1, NF-«B, and Stat 1 transcription factors.1%:3
Moreover, macrophages derived from mice in which the

PPAR Yy gene has been “floxed out” fail to upregulate CD36
cxpression in response to treatment with thiazolidinedione
drugs such as rosiglitazone.14.15

Our previous studies in vivo established that the transcrip-
tion factor Nrf2, which interacts with electrophile (EpRE) and
antioxidant (ARE) response elements and regulates expres-
sion of the detoxifying enzymes GST and NQO1 in tissues in
response to dietary 2(3)--butyl-4-lydroxyanisole.'s More-
aver, the sensitivity to carcinogenesis is increased in Nrf2-
deficient mice due to the loss of induction of ARF-regulated
drug metabolizing enzymes and antioxidant genes,!”™!® and
Nrf2 has also been implicated in the protection against
oxidative damage induced by hyperoxia.’ Thus, Nrf2 serves
as a key transcription factor in the cytoprotection of tissues
against clectrophiles and reactive oxygen species.

We previously reported that Nrf2 regulates expression
of HO-1, Prx 1, anionic amino acid transporter xCT, and
the ubiquitin/PKC-{~interacting protein Al70 in murine
peritoncal macrophages.2® Activation of Nrf2 by electro-
philic agents or reactive oxygen species is controlled by a
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novel cyloplasmic protein designated Keap 1 that interacts
with Nrf2 and negatively regulates nuclear translocation of
Nrf2 and facilitates degradation of Nrf2 via the
proteasome,?1.22

OxLDLs upregulate HO-1 and Prx 1 expression in
murine macrophages'! and porcine aortic smooth muscle
cells,?® whereas immunostaining and in situ hybridization
have established that HO-1 is prominently expressed in the
endothelium and foam cells/macrophages in the intima of
atherosclerotic lesions in humans and mice.?* HO-1 plays
- an essential antiinflmmmatory rele in vitro and in vive,?s
and Prx 1 due its thioredoxin peroxidase activity can
reduce hydrogen peroxide?$ and modulate H,0,-mediated
activation of NF-xB.??

We have investigated the role of Nrf2 in the induction of
stress proteins by oxEDLs and 4-hydroxynonenal (HNE) in
murine peritoncal macrophages and aortic smooth muscle
cells (SMCs) isolated from wild-type and mrf2-knockout
mice. We show for the first time that oxLDLs activate Nri2 in
murine macrophages, but less efficiently in SMCs, and that
HNE, one of the major end products of lipid oxidation and
contained in oxLDL, is a potent activator of Nrf2 transloca-
tion to the nucleus in both cell types. Moreover, we provide
novel evidence that Nrf2 is an important regulator of CD36
expression in murine macrophages. Because PPAR-vy can be
activated by oxLDLs and controls expression of CD36 in
macrophages, our results implicate Nrf2 as an additional
transcription factor invelved in the regulation oxLDL uptake
by the vascular wall and induction of antioxidant stress genes
in atherosclerosis.

Materials and Methods

Reagents
4-Hydroxy-2-nonenal (HNE)} and 15-deoxy-A™“-PGJ, (15d-PGI,)
were from Calbiochem, rosiglitazone was from Cayman Chemical,
HPODE was from Biomol, monoclonal antibody reactive with
murne CD36 was fiom Cascade Biosciences, and Dr Western
(marker for Western blot) was from Oriental Yeast Co. Ltd. All other
chemicals, actin antibody (A-2066), lysophosphatidylcholine (LPC),
~ T-ketocholesterol, hexanal, malondialdehyde, and 7S-hydroxycho-
lesterol were from Sigma Chemical Co.

Culiure of Mouse Peritoneal Macrophages and
Aortic Smooth Muscle Cells

Mouse peritoneal macrophages were prepared from female ICR mice
and nrf2-knockout mice backcrossed with ICR mice that 4 days
previously received an intmaperitoneal injection of 2 mL of 4%
thioglycollate broth.2¢ Additional experiments were performed using
peritoneal macrophapes from CD36-deficient female mice. Macro-
phages were maintained in RPMI 1640 medium (10% fetal calf
setum), cheinical agents added and cultured as indicated. Explant
cultures of mouse aortic smooth muscle cells (SMCs) were main-
tained in Dulbecco’s modified Eaple’s medium (10% fetal calf
seram), and experiments conducted with passage 5 to 10 cells.
Animal experimental procedures were in accordance with University
of Tsukuba's Regulations on Amimal Experiments and Japanese
Govemmenlal Law No, 105.

Preparation of LDL

LDL was isolated from normal human blood by ultracentdfugation
in the presence of EDTA as described previously.'® Oxidatively
modified LDLs were formed by incubating LDL with 5 pmol/L
CuS0y at 37°C, and the conjugated diene content determined by

measuring absorbance at 234 nm. Lipid hydroperoxides in native
(nL.DL), moderately oxidized LDL (imoxEDL),-and highly oxidized
LDL {oxLDL) were 40, 64, and 80 nmol/ing protein, respectively,
and the relative electrophoretic mobilities of moxELDL and oxLDL
{compared with native LDL) were 1.3 and 4.6; respectively.

Western Bfot Aralysis

Betore electrophoresis, 1 marker dye and 2-mercaptoethanol were”
added to lysates, which were then fractionated by SDS-polyacryl-
amide gel electrophoresis and electrofransferred onto an Tmmobilon
membrane (Millipore).2® Polyclonal rabbit antisera rzised against
purified rat HO-1, rat Prx I, and recombinant mouse A170 and Nrf2 -
were used Nuclear pellets were prepared after cell lysis in 0.5%
Nonidet P-40 containing buffer.?¢ Densitomnelric analysis was pet-
formed using NIH Image software.

Northern Blot Analysis

Total RNA was extracted from cells using RNeasy (QIAGEN),

fracfionated by electrophoresis and transferred to Zeta-Probe GT

membranes (Bio-Rad). Membranes were probed with [ZP}-labeled

¢DNA prepared by Megaprime labeling (Amersham), using 18S

rRNA ¢DNA as an internal control. As described previously,!

¢DNA fragments for A170, HO-1, Prx |, and CD36 were prepared‘
from Bluescript plasmid and used for hybridization.

Reverse Transcription~-PCR Analysis

Oligonucleotide primers used for RT-PCR were as follows: 5'-
T(:TGCTAGACA'I"I'GGCAAATG-3' and §'-CTTCTCCTAA-
AGATAGGTGTG-3' for detecting mouse CD36 mRNA, 5'-
AAAGATAGACACCATCACCC-3' and §-GCGACAGTCAAA-
AGTCTTCTC-3" for mouse LOX-1 mRNA, 5'-TCTCTACCTC-
CTTGTGTTTG-3" and 5'-GATTGCATCCAGTGAATTCC-3' for
mouse macrophage scavenger receptor T (SR-A} mRNA, and 3'-
TGAAGGTICGGAGTCAACGGATTTGGT-3’" and 5'-CAT-
GTGGGCCATGAGGTCCACCAC-3" for mouse GAPDH mRNA.
Total RNAs isolated from macrophages treated with moxLDL or
oxLDL for 24 hours were analyzed by RT-PCR using & QIAGEN
OneStep RT-PCR kit. An aliquot of each RT-PCR mixmure was
¢lectrophoresed on a 1.2% agarose gel and stained with Vistra Green
(Amersham Phanmacia Biotech). The signal intensity of the RT-PCR
products wis delermined using Flnoroimager 595 (Amersham Phag-
macia Biotech), The amounts of tota RNA templates and cycle
numbers for amplification were chosen in quantitative ranges deter-
mined by plotting signal intensities as functions of the template
amounts and cycle numbers. Nucleotide sequences of the RT-PCR
products were verified.

Oil Red O Staining

Mouse peritoneal macrophages were incubated for 24 hours at 37°C
in 5% CO; in RPMI 1640 medium containing 10% FCS in the
absence or presence of HINE (10 pmol/L) or moxLDL or oxLDL
(200 pg protein mL™"). Macrophages were washed twice, fixed in
formalin, and stained with oil red O. The area of lipid-loaded
macrophages was measured using a computetized MacSCOPE
image analysis system (Mitani Corp).

Results

Oxidatively Modified LDI, Activates Nrf2 in
Peritoneal Macrophages

The effects of oxLDLs on nuclear accumulation of Nrf2 and
stress gene expression in murine macrophages are shown in

Figure 1. Cells were pretreated for 5 hours with nLDL,

moxLDL, and oxLDL, and nuclear fractions were analyzed
by immunostaining. Nuclear levels of Nif2 were enhanced
markedly after treatment with either moxL.DL or oxLDL,
whereas nl. DL increased Nrf2 translocation marginally (Fig-
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Figure 1. OxL.DL and HNE induced

nuclear accumulation of Nif2 and A170,
HO-1, and Prx | expression in peritoneal
macrophages. A, Nrf2 and actin (infemal
control) in nuclear fractions were
detected by immunoblot analysis. Top,
Cells were incubated for 5 hours in the
absence (Ctr) or presence of 100 ug pro-
tein mL™! native LDL (nLOL), moderately
oxidized LDL {moxLDL), or highly oxi-
dized LDL {oxLDL}. Bottom, Timse-

" dependent nuclear accumulation of N2
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AR S L NI Nugclear fractions were prepared from
HNE(20uM}. - control {0 hours) and HNE-treated (1 to 5
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ure 1A, top). Increased Nrf2 levels induced by these agents
were also detected in whole cell lysates (data not shown).

When effects of oxL.DLs (5 hours) on A170, HO-I, and Prx
I mRNA levels were determined in heterozygous mutant and
Nrf2-deficient (homozygous mutant) macrophages, both
moxLDL and oxLDL increased A170, HO-1, and Prx [
mRNA levels (relative to 188 tRNA) in nrf2*" cells, whereas
nL.DL had a negligible effect (Figure 1B). Basal expression of
these transeripts was significantly lower in nrf2™"" compared
nrf2* (or wild type, data not shown) wmacrophages, and
oxLDLs caused only marginal increases in mRNA levels
(Figure 1B). moxLDL only caused a concentration-dependent
increase in AI70, HO-1, and Prx I expression in nrf2**
macrophages. In nrf27'" cells, moxLDL only slightly en-
hanced A170 levels but did not increase expression of either
HO-1 or Prx I (Figure 1C).

Effects of LDL Components on Induction of

Stress Proteins

Because oxidized LDL contains lipid hydroperoxides, oxys-
terols, and aldchydes,16.28 we examined the effects of lyso-
phosphatidylcholine (LPC), HPODE, 7-ketocholesterol, hex-
anal, malondialdehyde, 7g-hydroxycholesterol, and
4-hydroxy-2-nonenal (HNE). Treatment of macrophages for
8 hours with either LPC (50 pmol/L), 7-ketocholesterol (20
and 40 pmol/L), or hexanal (250 and 500 pmol/L) had no
significant effect on A170, HO-1, and Prx I expression,
whereas HPODE or malondialdehyde only slightly enbanced
protein levels at 50 pmol/L (data not shown). 78-
Hydroxycholesterol increased A170, HO-1, and Prx I expres-

nLDL, moxLDL, and oxtDL in arf2*~ and
a2 cells. Ribosomal 185 RNA was
used as an intemal control, C, A170,
HO-1, Prx |, and actin (internal control)
protein expression in nf2*/* and nrfz~-
macrophages incubated for 8 hours in
the absence (Cl or presence of nL.DL,
(100 wg protein mL™") or mox.DL (100 or
200 pg protein mL=%), HNE {20 pmol/L),
or disthylmalsate (100 pmold). D, Nif2-
dependent upregulation of A170, HO-1,
and Prx | mRNA levels In cells treated for
§ hours with either 20 umol/l. HNE or
100 gmol/L DEM.

sion. only at concentrations above 50 pmol/l. (data not
shown). We found that HNE was the most effective activator
of Nrf2-mediated increases in stress protein mRNA and
protein levels (Figures 1C and 1D). The estimated content of
HNE in highly oxidized LDL is 114 nmol/mg LDL protein,$
corresponding to =17 pmol/. HNE when 150 pg protein
mL™' exidized LDLs were added to culture media. These
results suggest that HNE contained in oxidized LDL could be
one of the activators of Nrf2.

4-Nydroxynonenal Activates Nrf2 and Stress
Protein Expression in Peritoneal Macrophages
HNE increased nuclear translocation of Nrf2 after 1 to 5
hours (Figure 1A, bottom). HNE and diethylmaleate
(DEM), a typical Nrf2-activating electrophilic agent,?
increased stress protein expression in arf2*" macrophages,
with responses markedly attenuated in nry2™" cells (Fig-
ures 1C and 1D).

Effects of Oxidatively Medified L.DL and HNE in
Murine Aortic Smooth Muscle Cells

[n contrast to our findings in macrophages, 0xLDLs had a
negligible effect on nuclear translocation and accumula-
tion of Nrf2 in murine aortic smooth muscle cells (SMCs)
(Figure 2A, top). In contrast, 2 rapid (1 to 3 hours),
transient increase in nuclear Nrf2 levels was observed in
SMCs treated with HNE (Figure 2A, bottom). When the
effects of oxLDLs, HNE, and DEM on transcriptional
activation of A170, HO-1, and Prx | were examined in
nrf2*"* SMCs under standard culture conditions, relatively
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Figure 2. Activation of Nrf2 and
enhanced expression of A170, HO-1,
and Prx | in murine aortic smooth muscle
cells, A, Nrf2 and actin (intemnal control)
in nuclear fractions were detected by
immunoblot analysis. Top, Cells were
treated for 5 hours in the absence (Citr)
or presence of 100 ug protein mL™?
nLDL, moxLDL, oxLDL. Botiom, Tims-
dependent nuciear accumulation of Nrf2
in SMCs treated with 20 pmol/lL HNE.
Nuclear fractions were prepared from

nrf2*+control (0 hours) and HNE-treated (1 to 10 hours) SMCs, B, A170, HO-1, and Prx { mRNA levels in SMCs treated for § hours
with 100 pg protem mbL™" nl.DL, moxLDL, and oxLDL, 20 pmol/L HNE, or 100 ;.cmol/L DEM. C, Immunoblot showing A1 70, HO-1, and
Prx | expression in nrf2** and nrf2~- SMCs treated for 8 hours with 20 wmol/L HNE or 100 umolL DEM. .

high basal mRNA levels were detected for Prx [ and Al 70,
whereas basal HO-1 mRNA levels were low (Figure 2B).
Notably, nLDL, moxLDL, and oxLDL failed to increase
mRNA (Figure 2B) or protein (data not shown) levels for
Al170, HO-1, and Prx T in nrf2** SMCs.

HNE and DEM significantly "increased mRNA and
protein levels of A170 and HO-1 in nr/2** SMCs, whereas
Prx [ expression was only slightly enhanced (Figures 2B
and 2C). In nrf27'~ SMCs, neither HNE nor DEM affected
Al70, HO-1, and Prx | expression (Figure 2C). Thus, as in
macrophages, increased stress protein expression in SMCs
induced by HNE or DEM is largely dependent on activa-
tion of Nrf2, establishing a strong correlation between
nuclear accumulation of Nrf2 and transcriptional activa-
tion of stress genes.

Activation of CD36 Gene Expression by HNE and
DEM in Murine Peritoneal Macrophages

CD36 is the major scavenger receptor for the uptake of
oxidatively modified LDL in macrophages 25230 We previ-

A

, ;_r_rrl'2‘{+1+)'[ nri2 ()

e
Q%ﬁﬂ??@ B
SFet e \‘3‘ &
nd2 (+l+) | nif2 (-!-)

’;m.‘

4 . F
Z\(&J\‘e«}“

CcD38
188

nf2{+f¥) o2 (Y- D

W

=0'$Q0'5‘Qs:‘} Ca'é'
10 17 20 10 2.417
(Ratio)

Cha6levelatz4h €3
2028 lavel at

ously isolated the mouse homologue of a CD36 ¢DNA
clone?! and in the present study, Northern blot analysis
showed that FINE and DEM increased CD36 mRNA levels in
nrf2** but not nry2 ™~ macrophages (Figtre 34, top). Tmmu-
noblot experiments established that HNE and DEM (8 hours)
caused a 2.2-fold and 1.4-fold increase in CD36 protein levels
in wrf2*'* macrophages, whereas upregulation of CD36 was
minimal in n2™" cells (Figure 3A, bottom). These findings
suggest that increased CD36 expression in response to HNE
and DEM is largely dependent on the activation of Nrt2. As
basal expression of CD36 in nr/2*'* and nrf2~'~ macrophages
was similar (Figure 3A, bottom), this suggests that Nif2 does
not modulate basal CD36 expression.

Nri2-Dependent Upregulation of CD36 Expression -
by Oxidatively Modified LDL

We conld not detect upregulation of CD36 protein levels in
macropbages treated with moxLDL or exL.DL for 8 hours
(Figure 3A, bottom), and therefore examined concentration-

Figure 3. Nrf2-dependsnt induction of
CD36 expression in murine periloneal
macrophages. A, Top, CD36 mRNA lev-
els In nrf2'/* and nrf2"~ macrophages
treated for 5 hours with 20 pmol/l. HNE
or 100 pmoVL DEM, Bottom, Immuno-
blot comparing CD36 protein levels in
nrf2*'* and nfr2~'~ macrophages treated
for 8 hours with 100 g protein mL.™!
moxtDL, 20 pmol/L. HNE, or 100 wmol/L
DEM. B, Immunoblot showing CD36
expression in prf2** macrophages
treated either for 8 or 24 hours in the
absence {Ctr) or presence of 50 to 200
Mg protein mL™ moxLDL or oxLDL.. C,
Densitometric analysis of 24-hour treat-
ment with moxLDL, ext.DL, or HNE (20
pmal/Ll) on CD36 expression in nrf2**
and nrf2~/- macrophages. Values denote
mean+SEM of experiments in 3 to 5 dif-
ferent cell cultures. D, Effects of PPARy
} activators on CD36 protein levels in

: nrf2** and nrfe~~ macrophages, Cells -
Qf "were freated for 24 hours in the absence

(Ctr} or presence of 5 umol/l. 15d-pros-

taglandin J, {dPGJy) or 5 wmol/l. rosigli-
tazone (Rosl). .
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dependent effects of moxLDL and oxLDL (50 to 200 pg
protein mL™") on CD34 expression at 8 and 24 hours in
nrf2*"* macrophages. moxLDL and oxLDL dose-dependently
increased CD36 levels only after 24 hours (Figure 3B). When
effects of moxLDL and oxLDL (200 pg protein mL™, 24
hours) were compared in mf2™* and nrf2”'" macrophages,
mnduction of CD36 was significantly attennated in Nrf2-
deficient macrophages (Figure 3C). HNE markedly increased
CD36 levels in nrf2*'* macrophages but was less effective in
nrf2™'" macrophages, providing the first direct evidence that
Nri2 is important in the activation of CD36 gene expression
in macrophages exposed to oxLDLs or HNE.

Similar experiments with SMCs failed to detect CD36
mRNA and protein expression under basal conditions or after
treatment with 100 pg protein mL™' nLDL, moxLDL or
oxLDL, HNE (20 pmol/L, 5 to 8 hours), or DEM (100
pmol/L, 5 to 8 hours) {data not shown).

PPAR-y Activators Upregulate CD36 Expression
in Nri2-Deficient Macrophages

PPAR-vy plays an important role in the induction of CD36 by
0xLDLs.11:3233 Under our experimental conditions, CD36
expression was upregulated in my2** and w27/~ macro-
phages by the PPAR-+y activators 15d-PGJ, and rosiglitazone
(Figure 3D), indicating that PPAR-+y activation of CD36 gene
expression occurs via a sigualing pathway distinet from Nrf2.

Effects of Oxidatively Modified LDL on
Expression of Other Scavenger Receptors

We used quantitative RT-PCR o compare CD36, LOX-1,
and SR-A mRNA levels in murine macrophages. In con-
trast to upregulation of CD36 in response to moxLDL and
oxLDL (Figure 44), mRNA levels for LOX-1 were down-
regulated whereas levels for SR-A remained wnchanged
(data not shown). Our findings are consistent with a
previous report that increased uptake of oxLDL in mono-
cytes is the resnlt of increased expression of CD36 but not
of the scavenger receptor SR-A type I or type 1134 Qil red
O staining of macrophages revealed that moxLDL signif-
icantly enhanced the accumulation of cholesterol in nry2**
cells, whereas the intensity of staining was much lower in
Nrf2-deficient eells (see Figures 4B and 4C). HNE alone
only slightly enhanced ¢il red O staining in both cell types.
These results indicate that Nrf2-dependent npregulation of
CD36 leads to an accumulation of cholesterol in macro-
phages treated with moderately oxidized LDIL. However,
experiments with CD326™" peritoneal macrophages re-
vealed that CD36 is not essential for activation of Nrf2 by
oxLDL or HNE (data not shown).

Discussion
We report the first evidence that oxLDLs and HNE induce
nuclear translocation of Nrf2 in mwurine peritoneal macro-
phages, resulting in an upregulation of the scavenger receptor
CD36 and antioxidant stress proteins A170, HO-1, and Prx .
Owr study establishes (1) Nef2 as a novel signaling pathway
involved in the regulation of CD36 gene expression in
macrophages, {2) HNE as a patent activator of Nrf2 in both
macrophages and SMCs, and (3) oxLDLs as effective acti-
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Figure 4. Effects of oxLDLs and HNE on CD36 expression and
chuolesteral accurmulation in peritoneal macrophages. A, RT-PCR
analysis of CD36 gene expression in cells treated for 24 hours
in the absencs (Cir) or presence of 200 ug protein mL™" mox-
LDL or ox.DL, using GAPDH mRNA as a loading control. B, Qil
red O staining of nif2*'* and nrfZ-'~ macrephages treated for 24
hours in the absence (Ch) or presence of 10 pmol/L HNE or 200
1 protein ml.™' moxLDL. C, Lipid-loaded area of ~150 to 200
macrophages measured by oil rad O staining. Values denote
meanz+ SEM of measurements in 3 different experiments.
*P<0.05, *P<0.01.

vators of Nri2 in macrophages but not in SMCs expressing
negligible levels of CD36. In addition to identifying Nrf2 as
a key transcription factor controlling antioxidant gene expres-
sion, our findings nnplicate Nrf2 as an important signaling
pathway in atherosclerosis.

In macrophages, CD36 can be upregulated by ox-
LDL,% and previous studies have established an intcgral
role for PPAR-vy in CD36 gene expression.''?? PPAR-vy
modulates lipid homeostasis and antiinflammatory re-
sponses in macrophages®® and is expressed at high levels in
foam cells in atherosclerotic lesions.'t*s PPAR-y—defi-
cient macrophages express low levels of both CD36
mRNA and protein, suggesting that PPAR-vy controls basal
levels of CD36.35 However, the latter study did not
examine whether oxEDLs enhance CD36 expression in
PPAR-y—deficient macrophages. We have identified Nrf2
as a novel signaling pathway, distinct from PPAR-vy, that
also upregulates CD36 expression in macrophages treated
with oxL.DLs. The following ecvidence supports this con-
clusion. First, HNE readily enters cells and is highly
reactive with proteins and metabolized by enzymes such as
aldo-keto-reductase.?® Second, HNE does not activate



