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Nrf2 accumulates in nuclei upon exposure to oxida-
tive stress, heterodimerizes with a small Maf protein,
and activates the transcription of stress target genes
through antioxidant response elements (AREs). We
found that diethyl maleate (DEM), a well known activa-
tor of Nrf2, induces one of the small Maf genes, mafG. To
elucidate roles MafG might play in the oxidative stress
response, we examined transeriptional regulation of the
mouse mafG gene. MafG utilizes three independent first
exons that are each spliced to second and third coding
exons. Among the small maf genes, mafG showed the
strongest response to DEM, and of the three first exons,
the highest -fold induction was seen with the proximal
first exon (Ic). Importantly, one ARE (Ic-ARE) is con-
served in the promoter flanking exon Ic of the human
and mouse mafG genes. The Nrf2/MafG heterodimer
bound the Ie-ARE and activated transcription, whereas
DEM failed to activate mafG in nrf2-null mutant cells,
Chromatin immunoprecipitation further revealed that
both Nrf2 and small Maf proteins associate with the
Ic-ARE in vivo. These results demonstrate that mafG is
itself an ARE-dependent gene that is regulated by an
Nrf2/small Maf heterodimer and suggest the presence of
an autoregulatory feedback pathway for mafG tran-
seriptional regulation,

Cells have the ability to adapt to oxidative stress or to expo-
sure to xenobiotics. By inducing a battery of antioxidant and
xenobiotic metabolizing enzymes, such as glutathione S-trans-
ferase, heme oxygenase-1 (HO-1),! and NAD(P)H:quinone oxi-
doreductase 1 (NQO1), cells protect themselves from oxidative
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stress and xenobioties (1, 2). It has long been known that the
genes encoding these enzymes are often coordinately regulated
through AREs in their gene-regulatory regions (2). The ARE is
a Maf (museulo-aponeurotic fibrosarcoma) recognition element
(MARE)-related sequence, with strong similarity to the MARE
(3) (see Fig. 44). Basic region-leucine zipper transcription fac-
tors, including CNC (Cap’n’Collar protein) family (Nrfl, Nrf2,
Nrf3, and p45 NF-E2) and Bach (BTB and CNC homaology)
proteins (Bach1 and Bach2), form heterodimeric partners with
a small Maf protein (MafG, MafK, and MafF), and then asso-
ciate with various MARE-related sequences (including AREs).

CNC and Bach proteins possess transcriptional activation
and repression domains, respectively. Therefore, ARE-medi-
ated transcription is either positively or negatively regulated,
depending on which basie region-leucine zipper factors bind to
the ARE(s). Whereas small Maf proteins lack any recognizable
transcriptional effector domains (other than the basic region-
leucine zipper motif), they are nonetheless regarded as critical
regulators of ARE-mediated transeription, since CNC and Bach
proteins require them as obligatory partners for site-specific
association with the ARE. Moreover, it is well documented that
homodimers and heterodimers composed exclusively of small
Maf proteins can act as repressive competitors to small Maf/
CNC and small Maf/Bach hetercdimers. One implication of
these data is that small Maf proteins can participate in both
positive and negative regulation of MARE-dependent genes.
Additionally, the amount of small Maf proteins could be an
important determinant of the transcriptional activity of target
genes (for reviews, see Refs. 4 and 5).

The positive contributions of CNC proteins and the negative
contributions of Bachl to ARE-mediated transcription have
been validated by gene targeting strategies. ARE-dependent
gene induction was greatly impaired in nrf2-null mutant mice
(6), and Nrfl is also reported to contribute to the activation of
ARE-dependent genes (7, 8). The ARE-dependent HO-I gene
was significantly derepressed in bachI-null mutant mice, sug-
gesting that HO-1 is negatively regulated by Bachl (9). Al-
though nrf3-null and bach2-null mutant mice have been re-
ported (10, 11), the contribution of these factors to ARE-
mediated regulation is still to be determined. ‘

In comparison with the cne and bach family-targeted mutant
mice, the phenotypes of small maf mutant mice were expected
to be more complicated, since small Maf proteins can partici-
pate in both positive and negative regulation. The functions of
small Maf proteins are compensatory and provide partially
overlapping redundancy, since small meaf single mutant mice
(mafG'~, mafK™~'", and mafF~*"} showed mild or subtle phe-
notypes (12-14), whereas small maf compound mutant mice
(mafG ™' :mafF'~ and mafG~"":mafF ' :mafK~'") displayed
a greater number of and more profound deficiencies (15, 16).

4483 ' '



4484

TasLE I
Oligonucleotide primers and TaeqMan probe
{see “Experimental Procedures”)

FAM, reporter fluorescent dye; TAMRA, quencher fluorecent dye.

Name of oligonucleotide 5’ to 8’ sequence

MafG-Ia CCGCAGGTTTCTCCCGGGGETGEARAG

MafG-Th CAGCCGGATTGCCTGCTACCTGGAAG

MafG-Ic TTCTGAAGCAGCCAAGCTCAGAGTG

MafG-int TCCTGACCTATGCTCTGTGTCTT

MafG-111-1T CCTGGCTCCCGCTTCACCTTTAAG

MafG-P (TagMan FAM-ACTGTGTCCCCCEGGTTATGACG-TAMRA
probe}

We recently observed that a fraction of ARE-dependent genes
(e.g. NQO1 and thioredoxin reductase 1) are not normally in-
duced in either small maf compound mutant mice or in nrf2-
null mutant mice.? Therefore, we concluded that small Maf
proteins act cooperatively with Nrf2 to activate the transerip-
tion of these genes. In contrast, HO-I transcription is dere-
pressed in small maf compound mutant mice, similarly to the
bachl-null mutant {16), suggesting that small Maf proteins are
also important for collaboratively repressing HO-1. In this way,
we genetically confirmed that small Maf proteins act as re-
quired cofactors in both positive and negative MARE-depend-
ent regulation of gene transcription.

In the course of previous gene expression analyses, we found
that diethyl maleate (DEM), a well known inducer of Nrf2/ARE-
dependent genes, induced the expression of mafG.? This obser-
vation suggested that meofG is an Nrf2/ARE-dependent gene.
However, the mechanisms that regulate mefG transcription
are only poorly understood. Here, we show that a functional
promoter ARE controls mefG induction. By electrophoretic mo-
bility shift assay (EMSA) and chromatin immunoprecipitation
{ChIP) analyses, we demonstrate that Nrf2 and small Maf
proteins bind specifically to the maefG ARE. We also confirm
that induction of mafG is severely impaired in nrf2-null mu-
tant cells, Thus, mofG is indeed an Nrf2/ARE-dependent gene.

EXPERIMENTAL PROCEDURES

Animals—Germ line mutagenesis of mouse nrf2 was described pre-
viously (6). The mice used in this study were on a mixed genetic
background of 1295vd and ICR.

Mouse Embryonic Fibroblasts (MEF)—MEFs were prepared from
individual embryos at.embryonic day 13.5. The head and internal
organs were removed, and the torso was minced and dispersed in 0.25%
trypsin/EDTA. MEFs were maintained in Dulbeced’s modified Eagle's
medium (Sigma) containing 10% fetal bovine serum and antibiotics. To
induce ARE-dependent genés, MEFs were treated with 50 um DEM
(Wako Pure Chemicals, Osaka, Japan) for 12 h.

Quantitative RT-PCR—Total RNA was prepared from mouse liver or
from mouse embryonic fibroblasts using Isogen (Nippon Gene, Japan)
following the recommended protocol. Randem ¢DNA was synthesized
from the isolated RNAs, and real time PCR (ABI PRISM 7700) was
performed as described (14). Sequences of the primers and probes used
for detecting total mafG transcript have been described previously (14),
and those used for detecting each mafG transcript are shown in Table
1. The mafG-III-I primers and mafG-P TagMan probe were designed at
a region common to all four transeripts.

RNA Blot Analysis—Total RNA was electrophoresed on formalde-
hyde-agarose gels and transferred to a nylon membrane (Zeta probe;
Promega). **P-Labeled probes were prepared from the ¢cDNAs by ran-
dom primer labeling. References for the sequences of the cDNAs used in
this study are as follows: HO-1 (17), NQO1 (6), and peroxiredoxin 1
(PRDX1y(1T).

Rapid Amplification of cDNA Ends (RACE)—RACE was performed
with total RNA from a mouse embryonic day 16.5 embryo utilizing the
Marathon ¢DNA amplification kit according to the manufacturer’s in-

2 | Katsuoka, H. Motohashi, J. D. Engel, and M. Yamamoto, unpub-
lished observations.

3 F, Katsuoka, H. Motohashi, J. D. Engel, and M. Yamamote, sub-
mitted for publication.
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Fic. 1. DEM induces mafiz and other ARE-dependent genes.
MEFs of wild type mice were treated with DEM for 0, 3, 6, and 12 h. A,
quantitative RT-PCR was performed to examine the expressions of
Mafz, MafK, and MafF mRNAs«, The expression of each small maf gene
at 0 h was set to 1. The error bars represent the 8.D. values (r = 3). B,
RNA blot analysis was performed to examine the expressions of HO-1,
NQO1, and PRDX1 genes. TRNA was used as a loading control.

Relative expresslon

structions (Clontech). The sequences of the gene-specific primers are as
follows: MafG-GSP1, §’-TCA GCT GGA TGA TCT CTT CCT TGG AGA
G-3' and MafG-nested-GSP2, 5'-ACA TGG TTA CCA GCT CCT CGT -
CGG TCA A-3'. RACE products were subcloned into pGEM-T (Pro-
mega), and their sequences were determined.

Electrophoretic Mobility Shift Assay (EMSA)—Nrf2CT (18) and
MafG 1-123 (19) were tagged with 6 histidine residues at the N termini
and purified by nickel chelation affinity chromatography. The oligonu-
cleotides NQOI-ARE-F (5'-CGC GTC TGA ACT TTC AGT CTA GAG
TCA CAG TGA GTC GGC AAA ATT-3') and MafG-ARE-F (5'-CGC
GCG ATC CGC TGA GTC AGC ATG ACT CGC CAG GAA CAG GGC
GCT-3'} were radiolabeled with **P and annealed with the complemen-
tary strand oligonucleotides NQO1-ARE-R (5'-CTA GAA ATT TTG
CCG ACT CAC TGT GAC TCT AGA CTG AAA GTT CAG A-3") and
MafG-ARE-R (5'-CTA GAG CGC CCT GTT CCT GGC GAG TCA TGC
TGA CTC AGC GGA TCG-3), respectively, To generate unlabeled
competitors, a pair of oligonucleatides MafG-ARE-F and MafG-ARE-R
(above; wild type competitor) and their corresponding mutant oligonu-
clectides with base substitutions shown in Fig. 5C (m1, m2, and m3
competitors) were annealed. An increasing amount of competitors, from
10- to 100-fold or a 300-fold excess of competitors was added. Incubation
of the probe and recombinant proteins with or without unlabeled com-
petitors was carried out as described previously (3). The protein-DNA
complexes and free probe were resolved by electrophoresis on a 5%
polyacrylamide (79:1) gel in 1X TBE buffer.

Transfection—293T cells were maintained in Dulbecco’s modified
Eagle’s medium containing 10% fetal hovine serum and antibiotics and
seeded in a 12-well plate 24 h before transfection. Mouse Nrf2 ¢DNA
was inserted into pEF-BssHII (3) and used for trangient expression of
Nrf2 (pEF-Nrf2). pIM-MafG (20) was used for transient expression of
mouse Mafz. To make pNQO1-ARE-Luc, the pair of aligonucleotides
NQO1-ARE-F and NQO1-ARE-R (above) were annealed and inserted
into pRBGP3 (21). To generate pMafG-ARE-Luc and their mutant de-
rivatives, a pair of oligonucleotides MafG-ARE-F and MafG-ARE-R
(above), either bearing or without any introduced mutation (Fig, 5C),
were annealed and inserted into pRBGP3. These expression vectors and
the Juciferase reporter vectors were transfected into the cells using
FuGENES (Roche Applied Science). 12 h after transfection, cells were
harvested, and the lysates were used for luciferase assays. The expres-
sions of both firefly and sea pansy luciferase were quantified using a
dual luciferase reporter assay (Promega); firefly luciferase activity was
normalized to co-transfected sea pansy luciferase activity for transfec-
tion efficiency.

CRIP Analysis—ChIP analysis was performed essentially as de-
seribed previcusly (22), Immunoprecipitations were performed using
control rabbit IgG, anti-Nrf2, or anti-p18/MafK antibedies (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). Immunoprecipitated material or
a 1:50 dilution of input was used for PCR with the following primers:
NQOI ARE (22); lactate dehydrogenase (LDH) gene promoter (22); and
mafG Ic promoter, (5'-GGC TGA TCC TTG CTT GCT GTT G-3" and
5'-GCA AGC CTA GAA GGA AGC TGA G-3').

RESULTS

MafG Gene Expression Is Induced by DEM—In an earlier
study, we found that DEM, a well known inducer of Nrf2/ARE-



Fic. 2. Multiple promoters are used
for transcription of mouse mafG. A,
summary of 5-RACE analysis. The se-
quences in boldface, capital letters repre-
sent exons, and those in lowercase letters
represent introns or interexonal regions.
The 5'-ends of the RACE clones are indi-
cated by solid circles. The translational
initiation ATG codon of mef is boxed. B,
structure of the mouse mefis gene and the
four MafG mRNA splice isoforms identi-
fied by RACE. C, tissue distribution of the
four MafG mRNA splice isoforms. cDNAs
were synthesized from total RNAs pre-
pared from the various tissues of adult
animals, as indicated. The relative copy
numbers of the MafG mRNA splice iso-
forms Ia, Ib, Ic, and Ic-int were deter-
mined by quantitative RT-PCR using a
plasmid containing the ¢cDNA for each
splice isoform as the abundance standard.
The relative copy number of the Ia splice
isoform in brain was used as a reference
and set to 1. The error bars represent the
8.D. values (n = 3},
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gggcgggegggccgggdgeccCGCTATCEECT GETCTAGTCGEEAGACAGGELTCRATCCGEE

ceen .agtcatcagcatgaggtcactcggtgctcctgctgacgctgggcca

TGETGAAGGTCEECCCAGGATCCEGUEG TCETGTTTAAGT TTGACAGACCTGTGAGTTGCA
i .
GGCARAGGCTCCGAACGAGECATTGCAGHGGECGCECCGCAGGTTTCTCCCEGEETGCAAG

.- -ss ggcaag

agtacaggatgctgcaaccaagccacaggatggttaccccatctgtaaaggéGATGGACG

gtaaag..... ...:leterexonalregion 22kbp)....

CECAGEACTGEAGEEGCCTGEECTCAGCTCCTCCCAGCCEGRATTGCCTGCTACCTGGAAG

... .Interexonal region (0.4 kbp). ... .....taatct

L
]
ctctctgctccctttgtcttctgccttcacattgctcctgcttcttcccctgggaAAAAA

gtgaga.....

ATCTCCCGACCTCCCACCTECCTCTCTAGGGACAGEGCCTTC TGARGCAGCCAAGCTCAG

veo. IntronI{104bp).... .. ..-ttgecag

gtcag.....

AGTGCCTIGCTCACTETETCCCCCEEET TATGACCACCCCCAATAAAGGAAACAAGGCCTT
AAAthgagtagagaggctgggcttggggtgcgtcgggctgggcatgcctactctg&cat

gaccctgtgtgetgtgecacte CagGTCAAGCGEEAGCCAGGCEAGARTGGCACCAGCTT
GACCGACCGAGGAGCTGETAACCATCTCEETGCGAGAGTTGAACCAGCACCTGCGAGGCCT
CTCCAAGGAAGAGATCATC CAGCTGAAGCAGCGGABGCECACACTGAAGAACCGEEGCTA
CGCRGCCAGCTECCECETCAAGCGEGT GACACAGAAGGAGGAGCTGGAGRAGCAGAAGEC
GGAGCTCCAGCAGGAGGTEEACAAGCT GGCCTCECAGAATGCCAGCATEAACCTGGAGCT
CEATGCCCTGCECTCCAAGTACGAGGCCOTGCAGAAC TTTGCCAGGACCETEGCCCECAG
CCCTGTGGCCCCAGCTCGEEET COCCTTGCTGCTGECCTGEGECCCCTEGETTCCTEECAA
GGTEECTGCCACCAGCETCATCACAATAGTAAAGTCCAAGACGGATGCTCGGTCATAGEE
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Fic. 3. Inducibility of MafG splice isoforms by DEM. A and B, quantitative RT-PCR was performed to examine the inducibility of the MafG
mRNA splice isoforms Ia, Ib, Ic, and Ie-int by DEM. ¢cDNAs were synthesized from total RNAs prepared from MEFs treated with 0, 50, and 100
uM DEM. The relative copy numbers of Ia, Ib, Ic, and Ic-int were quantified as described in the legend to Fig. 2. The error bars represent the 5.D.
values (n = 3). For A, the relative copy number of the Ia splice isoform with 0 uM of DEM was used as a reference and set to 1. For B, the relative
copy number of each splice isoform with 0 pm DEM was used as & reference and set to 1. :

dependent genes, induced the expression of maf in MEF.% To
confirm this observation, we treated wild type MEFs with DEM
and examined the expression of small maf genes by quantita-
tive RT-PCR. Among the small maf genes, mafG was the most
significantly induced by DEM (Fig. 1A). Induction of mafG
peaked 3 h after DEM treatment before gradually decreasing
(Fig. 1B). Thus, mafG is a DEM-responsive gene induced at a
relatively early stage in the course of the response. The HO-1
gene showed a similar induction profile (Fig. 1B). Notably, the
induction of other ARE-dependent genes, such as NQOI and
PRDXI, peaked only after 12 h following DEM treatment
(Fig. 1B). ’

The mafG Gene Has Three Alternative First Exons—To deci-

pher the mechanisms controlling mafG induction, we examined .

transcriptional regulation of the mafG gene. We previously
isolated phage clones containing the mouse mafG locus and
mapped coding exons II and IIT but did not determine the
nature of the noncoding first exon(s) (18). Therefore, we first
performed 5'-RACE to determine first exon(s) utilized by the
mafG gene and identified three (designated Ia, Ih, and Ic) (Fig.
2A). We also identified one splice isoform, designated “Ic-int”
{Fig. 2B), which has an Ic first exon and intron sequence lying
between the Ic and second exon but lacks the intron between
exons IT and 111, demonstrating that this sequence was not due
to genomic DNA contamination. We asked whether these splice
isoforms (Ia, Ib, Ic, and [¢int) are also found in the adult mouse
and whether or not they are differentially utilized. To address
the latter question, we designed a quantitative RT-PCR assay
system which allowed specific transcript identification. Fur-
thermore, to compare the relative abundance of each isoform,
we prepared plasmid veetors containing each PCR product and
used them as a copy number standard for quantitative RT-
PCR. These results show that each splice isoform is differen-
tially utilized (Fig. 2C). In the tissues tested, the Ib and Ic
isoforms were relatively abundant (Fig. 2C). Whereas the Ia
isoform was used relatively more rarely, this transcript seems
to be preferentially expressed in hematopoietic tissues, such as
spleen and bone marrow (Fig. 2C). The expression of the Ic-int
isoform was utilized differently than the Ic isoform (Fig. 2C). In
conclusion, accumulation of the four distinet MafG transcripts
differs in a manner that is dependent on tissue type, suggesting
that alternative transeriptional regulatory mechanisms differ-
entially control expression from each of the three mafG
promoters. o

An ARE Consensus Sequence in the Promoter-proximal Re-
gion of mafG Exon Ie—We next asked whether the distinet
mafG transcripts are utilized differentially in response to

stress. We performed guantitative RT-PCR using cDNA recov-
ered from cells treated or untreated with DEM, The Ia, Ib, and
Ic isoforms were all significantly induced by DEM, whereas the
Ic-int isoform was not (Fig. 3A). After DEM treatment, the Ib
isoform was still the most abundant species of the mefG tran-
scripts (Fig. 34). Notably, upon comparison of the induction
ratios for each transcript, we found that isoform Ic was most
markedly induced (Fig. 38).

While searching through the mafG genomic locus in silico,
we discovered a potential ARE sequence 5 to exon Ic (Ic-ARE)
(Fig. 4A). The Ic-ARE partially matches the ideal ARE consen-
sus sequence and is similar to the ARE identified in the NQO1
regulatory element (Fig. 4A4). An NCBI data base search led to
the identification of a putative first exon for human mafG
corresponding nicely to the mouse Ic exon (Fig. 4B}, The pro-
moter-proximal region of exon Ie is highly conserved between
mice and humans, including the putative mafG promoter Ic-
ARE (Fig. 4B).

An Nrf2{MafG Heterodimer Binds to, and Activates Tran-
scription from, the mafG Ic-ARE—The potential binding inter-
action of the Nrf2/small Maf heterodimer to the Ic-ARE was
examined by EMSA. To assess the binding affinity of the mafG;
Ic-ARE, we compared it with the high affinity ARE site iden-
tified in the mouse NQQ1 gene as a positive control. The result
clearly demonstrated that the Nrf2/MafG heterodimer binds
well to the mafG promoter ARE (Fig. 54). The binding affinity
of the heterodimer for the Ic-ARE appeared to be somewhat
weaker than for the NQO1-ARE (Fig. 54); in contrast, MafG
homedimers seemed to prefer the MafG-ARE over the NQO1-
ARE (Fig. 6A). The binding activities to the MafG-ARE were
competed efficiently by a 300-fold molar excess of unlabeled -
wild type MafG-ARE, but not by the mutant MafG-ARE, pos-
sessing mutated nuclectides at both ends of the TPA response
element contained within the MafG-ARE (m1) (Fig. 58). These
results showed that DNA binding of Nrf2 and MafG depends on
the integrity of the TPA response element core sequence of the
MafG-ARE. To the éontrary, these binding activities were elim-
inated by the addition of a 300-fold molar excess of the mutated
MafG-ARE possessing a mutation in the sequence lying just
outside of the short ARE consensus (m2). The mutated MafG-
ARE possessing both of the mutations within a single ARE
{m3) behaved in a similar way with m1 mutant oligonucleotides
(Fig. 5B). Further study using a lower molar excess of compet-
itors showed that m2-type MafG-ARE was almost comparable
with the wild type MafG-ARE in the ability to suppress the
Nrf2/MafG-shifted complexes (Fig. 5C). These results showed
that the mutated nucleotides in m2-type MafG-ARE are not
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F1G. 4. A putative ARE in the mafG gene Ic promoter, 4, alignment of the MARE, the short ARE, the long ARE, the mafG Ic-ARE, and the
ARE from the mouse N@O! gene regulatory region. The Maf(G genomic locus is depicted at the fop. The boxes represent exons, and the circle
indicates the position of the mafG I¢-ARE, Each sequence was aligned, with asterisks indicating the nucleotides that are identical between the long
ARE and the MafG Ic-ARE or between the MafG Ic-ARE and the NQO1 ARE. B, comparison of the first exons and the 5' upstream regulatory
regions of human and mouse mafG genes. For A and B, the arrows indicate nucleotides corresponding to the long ARE. The TPA response
elopement core sequence of the MARE is shaded in dark gray. The GC boxes of the MARE are shaded in light gray. The abbreviations follow
standard TUPAC nomenclature {(where M represents Aor C, Ris Aor G, YisCorT,WisAor T, and S is G or C).

critical for the binding of Nrf2/MafG hetercdimer and MafG
homodimer to Ic-ARE at least in vitro (Fig. 5C).
. To examine whether the mafG promoter Ic-ARE is fune-
tional, we performed transient transfection assays. Oligonu-
* cleotides containing ARE sequences were inserted into lucifer-
ase reporter genes and transfected into 293T cells. In order to
make a comparison with the activity of a known ARE, we
co-transfected luciferase reporter constructs containing either
the ARE from mafG promoter or the ARE derived from the
mouse NQOI gene. The ARE reporter gene was strongly acti-
vated by co-transfection with the Nrf2 expression vector alone
(Fig. 5D). The ARE/uciferase reporter was activated to even
higher levels when co-transfected with expression vectors that
simultaneously forced Nri2 and MafG expression (Fig. 5D). The
induction of the reporter gene was comparable using either the

meafG promoter or NQO1 prometer ARE sites (Fig. 5D). We
further dissected the Ic-ARE activity by investigating the
trans-activation potential of mutant AREs tested in EMSA.
Strong induction of the reporter gene that is normally elicited
by the Nrf2 expression vector was no longer observed with a
mutated reporter gene possessing an ml-type mutation (Fig.
5E). Consistent with the result of EMSA, this showed that the
TPA response element core sequence of the Ic-ARE is critical.
Whereas m2-type mutation did not affect the binding activity of
Nrf2/MafG, this mutation abolished Nrf2-mediated induction
of the ARE luciferase reporter gene (Fig. 5E). It is noteworthy
that both m1-type and m2-type mutated reporter genes were
slightly activated when both Nrf2 and MafG expression vectors
were co-introduced by transfection. However, no combination of
factors was able to activate the reporter gene possessing the
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FiG. 5. Nrf2 and MafG bind to the mafG promoter ARE, and cooperatively activate maﬂ? transcnptlon in vitro. A, EMSA was
performed with probes containing the maf7 Ic-ARE or the ARE from the mouse NQOI gene regulatory region. Recombinant MafG and/or Nrf2
proteins were incubated with the probes, and the protein-DNA complexes and free probes were resolved by electrophoresis as described under
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8) were added to the reaction containing the probes. The open arrow indicates an Nrf2/MafG heterodimer complex, and the closed arrow indicates
an MafG homodimer complex. B, Nrf2 and MafG protems were incubated in combination in the absence (—) or presence (+) of a 300-fold molar
excess of unlabeled competitor DNA Lanes I-4 are in the same arrangement as lanes 5-8 in A, respectively. Wild type (WT) competitor (lane 5)
was unlabeled wild type mafG Ic-ARE. ml, m2, and m3 competitors (lanes 6-8) were unlabeled mutated mafG Ic-AREs, The mutated ARE
sequences are shown in C, C, Nrf2 and MafG proteins were incubated in combination in the absence (=) or presence of a 10-fold (lanes 3, 6, 9, and
12), 50-fold (lanes 4, 7, 10, and 13), or 100-fold {(Ianes 5, 8, 11, and 14) molar excess of unlabeled competitor DNA. Wild type (Ianes 2-5), m1 (lanes
6-8), m2 (lanes 5-11), and m3 {lanes 12-14) competitors are used. D, 0.5 pg of pNQOI-ARE-luc and pMafG-ARE-luc reporter genes were
transfected with various combinations of Nzf2 (V) and MafG (@) expression vectors into 293T cells, Except for the mock experiment, Nrf2 and MafG
expression vectors were used in the following raties: 1 (83 ng)0, 1:1, and 1:5. E, 500 ng of pNQO1-ARE-luc reporter gene and its ARE mutated
derivatives were transfected with 83 ng of Nrf2 expression vector andfor 415 ng of MafG expression vector. The mutated ARE sequences are the
same as used in EMSA shown in C. For D and E, firefly luciferase activity in the absence of any effector plasmid was set to 1 as the relative

luciferase unit (RLU). The error bars represent 8.D, values (n = 3).

m3-type mutation (Fig. 5E). These mutational analyses sug-
gest that the sequences outside of the classical short ARE are
important for maximum induction of maf7 transcription.

Nrf2 and Small Mef Interact with the Endogenous mafG
Ic-ARE—~In order to confirm the bielogical significance of the
data obtained from both EMSA and reporter transfections,
ChIP experiments were performed using Hepa-1clc7 cells. To
* induce nuclear accumulation of Nrf2, Hepa-lclc7 cells were
treated with DEM for 3 h, fixed with formaldehyde, and used
for ChIP assays.

The association of NTf2 with the NQO1 ARE was first exam-
ined as a positive control (22). As reported, Nrf2 and small Mafs
associate strongly with the NQO1 ARE in DEM-treated cells but
only weakly in mock-treated cells (Fig. 6). In the absence of IgG
or in the presence of preimmune rabbit IgG, immunoprecipita-
tions failed to select the NQO1 ARE (as well as other nonspecific
genomic regions), demonstrating that the sites were not enriched
in nonspecific fashion (Fig. 6). The LDH gene promoter region
was not immunoprecipitated with either Nrf2 or small Mafs,
suggesting that the antibodies used enriched DNA in a sequence-
specific manner (Fig. 6). Under such conditions, these experi-
ments showed that both Nrf2 and small Mafs associated with the
mefG Ie-ARE in DEM-treated cells (Fig. 6). These results clearly
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Fic. 6. Nxf2 and MafK bind to the mafG Ic-ARE in an endoge-
nous chromosomal context, Hepa-lcle7 cells were treated with
DEM (+) or vehicle {(—) for 3 h. Cross-linked nuclei were lysed and
gonicated, and immuncprecipitations were performed using no antibody
(No Ab), control rabbit IgG (JgG), anti-Nrf2 (Nrf2), or anti-small Maf
(Maf). A portion of material not subjected to immunoprecipitation was
used as a control {(Input), NC, the PCR negative control. PCRs were
performed using primers specific for the NQO1 regulatory region en-
compassing the ARE (NQOI), the MafG regulatory region encompass-
ing the Ie-ARE (MafGG), or the LDH promoter region (LDH).

Input lgG Nrf2

demonstrated that Nrf2 and small Mafs can associate with an
endogenous genomic region containing the mafG promoter Ic-
ARE. Interestingly, small Mafs also strongly associated with the
mafG 1e-ARE in vehicle-treated cells, suggesting occupation of
the Ic-ARE by either inactive or repressive binding complexes
prior to DEM induction.
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Fic. 7. Maf@ induction is abolished in arf2-null mutant fibro-
blasts. MEFs were prepared from wild type and nr/2-null mutant mice
and treated with 0, 50, and 100 um DEM for 24 h. Total RNA was
isolated from the cells and processed for guantitative RT-PCR, The
expression of mafG with 0 uv DEM was set to 1. The error bars
represent 8.D. values (n = 3).

Induction of the mafG Gene Is Dependent on Nrf2—Finally,
we sought genetic confirmation to support the dependence of
mafG transcription on Nrf2 expression. To this end, we pre-
pared nrf2-null embryonic fibroblasts, treated the cells with
DEM, and examined mafG mRNA accumulation. Before DEM
treatment, the expression of mafG was slightly elevated in
nrf2-null mutant cells (in comparison with wild type controls)
by ~1.5-fold. However, mafG was no longer significantly acti-
vated in nrf2-null mutant cells after adding DEM, whereas a
dose-dependent induction of the mafG was observed in wild
type cells (Fig. 7). These results demonstrate that mefG induc-
tion is dependent on Nrf2.

DISCUSSION

In this study, we examined the transcriptional regulation of
the mouse mafG gene and concluded that mefG is itself an
ARE-dependent gene controlled by Nrf2. In agreement with the
present data, other Nrf2 inducers have also been reported to
induce the mafG gene. A hamster mefG homolog was identified
as a hydrogen peroxide-inducible gene in a differential display
analysis of gene expression (23). Another group reported that
pyrrolidine dithiocarbamate, a thiol compound, induces human
MAFG (24). Furthermore, it has been reported that the ze-
- brafish mafG homolog is inducible by DEM (25). Thus, mafG
seems to be a stress-inducible gene in many species.

When we initially cloned the first exons of mafG by 5'-RACE
analysis, we found that the mouse mafG gene has at least three
alternative first exons (Ia, Ib, and Ic). We previously reported
that mafK and mafF also have multiple untranslated first
exons (14, 26). Taken together, it seems clear that all three
small maf genes utilize multiple first exons. MafG does not
appear to have tissue-specific first exons, such as the mafK Iy
exon that is employed exclusively in neurons (27). Nonetheless,
expression analysis revealed that mafG first exons are utilized
differentially in various tissues.

Based on the sequences derived from the 5"-RACE clones, we
concluded that none of the alternative splice isoforms of mefG
produce a change in the amino acid composition of the protein.
We inferred that utilizing multiple first exons presents itself as
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a solution by which small maf genes can confer distinct, broad
(but not ubiquitous) expression profiles. Although we cloned a
splice isoform of mafG {Ic-int) that contains the intron between
exon Ic and exon II and is expressed at a significant level, its
biological significance is yet to be determined.

All three first exons of mafG were induced upon oxidative
stress. Whereas the Ib transcript was the most abundant be-
fore and after DEM treatment, the Ic transcript was the most
strongly activated by DEM relative to its constitutive expres-
sion level. These observations show that the alternative first
promoters vary in their inducible response to DEM. The critical
transeription factor-binding site that could be responsible for
DEM-mediated induction was anticipated to be an ARE(s). We
searched for AREs in the mafG locus and identified one in the
proximal promoter of exon Ic. Although the short ARE consen-
sus sequence was originally defined as 5’-RGTGACnnnGC-3’,
subsequent studies revealed that functional AREs, such as the
one in the NQO1 gene, are often represented by a long ARE
congensus sequence, 5 -TMAnRTGAYnnnGCRwwww-3' (22,
28), Indeed, the mafG Ie-ARE is similar to the longer consensus
sequence and is also similar to the ARE found in the NQO1
gene regulatory region. Since the [c-ARE is well conserved in
the human MAFG gene, we suspect that these AREs are evo-
luticnarily conserved for mafG regulation.

In at least two previous reports, investigators failed to
observe cooperative activation of AREs by Nrf2 and small
Maf proteins (29, 30). Although we also failed to observe this
synergistic transcriptional activation in 3T3 or COS1 cells,?
we did detect cooperativity in 293T cells. In the reporter
analysis using 293T cells, we observed that the transcription
mediated by the mafG Ic-ARE was cooperatively activated by
Nrf2 and MafG. In this assay, 2 mutation outside the short
ARE consensus of the Ie-ARE (Fig. 5C; m2) greatly inhibited
induction of the reporter gene by Nrf2 and MafG. Since this
mutation did not affect the binding of the Nrf2/Maf het-
erodimer in EMSA, unidentified factor{s}, which recognize
the sequence outside of ARE, might play critical cooperative
roles with the Nrf?/Maf heterodimer in the transcriptional
activation (81). Taken together, our chservations provided
support for the longer ARE consensus sequence as important
for strong Nrf2-mediated induction.

ChIP analysis showed that Nrf2 actually binds to the mafG
Ic-ARE in a chromosomal context. Moreover, DEM treatment of
nrf2-null mutant cells led to no mafG induction. That is not to
say that these data refute a possible contribution of Nrfl or
Nrf3 to mafG regulation, but in MEFs, neither Nrfl nor Nrf3 is
able to compensate for the absence of Nrf2. In fact, Nrf2 and
Nrfl have been shown to play important roles in ARE-depend-
ent gene induction in an overlapping manner (8), ChIP analysis
also showed that small Mafs bind to the mafG Ic-ARE. Al-
though the small Maf antibody used in the ChIP assay recog-
nizes primarily MafK, we suspect that all three small Maf
proteins can bind to the mafG Ic-ARE, since this DNA binding
motif is conserved among the small Maf proteins (5).

ChIP analysis showed that small Mafs bind to the mafG
T¢-ARE even in untreated cells (Fig. 6), indicating that there is
the small Maf binding activity independent of Nrf2. Since
MafG homedimer is able to bind to the mafG Ic-ARE in EMSA,
it is possible that small Maf proteins form inactive homodimers
by themselves and occupy the mafG Ic-ARE in untreated cells.
However, it is also possible that small Maf proteins het-
erodimerize with Bachl to form a transcriptional repressor,
The Bachl-MafG hetercdimer may repress mafG gene tran-
seription through mafG Ie-ARE in the same way as it represses
HO-1 gene expression (9, 16). The contribution of Bachl pro-
teins to the regulation of mafG is under investigation,
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This study also showed that ARE-dependent genes are not
induced uniformly by DEM. Indeed, mafG and HO-I were
rapidly induced, whereas NQOI and PRDX1 were slowly in-
duced. These facts may help us to understand the biological
significance of the induction of mafG upon exposure to oxida-
tive stress. It is possible that rapidly induced genes may affect
the expression of other ARE-dependent genes. Induced MafG
could be utilized as a heterodimeric partner for Nrf2 to further
induce ARE-dependent genes at a later stage of differentiation.
On the other hand, induced MafG might heterodimerize with
Bachl or homodimerize with itself to repress ARE-dependent
genes. These two possibilities are not mutually exclusive. We
recently found that ARE-dependent genes are regulated differ-
entially by small Maf proteins.® MafG induction may exert
distinet influences on the expression levels of target genes,
depending on their dimerie context.
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Abstract

Under homeostatic conditions, Nrf2 activity is constitutively repressed. This process is dependent on Keapl, to which Nrf2 binds
through the Neh2 domain. Since the N-terminal subdomain of Neh2 (Neh2-NT) contains evolutionarily conserved motifs, we exam-
ined the roles they play in the degradation of Nrf2. In Neh2-NT, we defined a novel motif that is distinct from the previously charac-
terized DIDLID motif and designated it DLG motif. Deletion of Neh2-NT or mutation of the DLG motif largely abolished the
Keap)-mediated degradation of Nrf2. These mutations were found to enfeeble the binding affinity of Nrf2 to Keapl. The Neh2-NT
subdomain directed DLG-dependent, Keap!l-independent, degradation of a reporter protein in the nucleus. By contrast, mutation of
DLG did not affect the half-life of native Nrf2 protein in the nucleus under oxidative stress conditions. These results thus demon-

strate that DLG motif plays essential roles in the Keapl-mediated proteasomal degradation of Nrf2 in the cytoplasm.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Nrf2; Keapl; Degradation; Proteasome; Ub{quitination

Adaptive response to electrophilic or reactive oxygen
species (ROS)! represents one of the most important cel-
lular defense mechanisms against environmental toxins
in animals [1,2). Transcription factor Nrf2 (NF-E2-
related factor 2) [3], also called ECH (erythroid-derived
CNC homology protein) [4], that belongs to the Cap-N-
Collar (CNC) family of transcription factors regulates

* Corresponding author. Fax: +81 298 53 7318.

E-mail address: masi@tara.tsukuba.acjp (M. Yamamoto).

V Abbreviations used: Ntf2, NF-E2-related factor 2; ROS, reactive
oxygen species; ECH, erythroid-derived CNC homology protein;
CNC, Cap-N-Collar; EpRE/ARE, electrophile responsive element/an-
tioxidant responsive element; GSTs, pglutathione S-transferases;
NQO1; NAD{P)H-quinone oxidoreductase 1; HO-1, heme oxygenase-
1; y-GCS, v-glutamylcysteine synthetase; Neh2-NT, N-terminal subdo-
mainof Neh2.
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the coordinated expression of a battery of cytoprotec-
tive genes under the regulation of electrophile respon-
sive element/antioxidant responsive element (EpRE/f
ARE) enhancers [5,6]. Nrf2 requires a member of the
small Maf proteins as an obligatory partner molecule
for binding to its cognate DNA sequence [4,7]. The
Nrf2/ARE regulated gene battery includes a subset of
drug metabolizing enzymes, such as glutathione S-trans-
ferases (GSTs) [8] and NAD(P)H-quinone oxidoreduc-
tase 1 (NQO1) [9], and a subset of antioxidant genes,
such as heme oxygenase-1 (HO-1) [10], the subunits of y-
glutamylcysteine synthetase (y-GCS) [11], and thiore-
doxin [12]. Nrf2~'~ mice deficient in this coordinated
genetic program are susceptible to various oxidative
stresses including acetaminophen intoxication [13,14],
BHT intoxication [15), chemical carcinogenesis [16],
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hyperoxia [17], and inhalation of diesel exhaust fumes
18] - '

Nrf2 activity is primarily repressed by Keapl-medi-
ated sequestration of Nrf2 in cytosol [19,20]. Electro-
philes modify highly reactive cysteines in Keapl and
inhibit its interaction with Nrf2 [21]. Accumulating lines
of evidence demonstrated that Nrf2 activity is also
downregulated by the proteasome [22-26). Treatment of
cells with electrophiles significantly prolonged the half-
life of Nrf2. The N-terminal Neh2 domain of Nrf2
(amino acid residues 1-95) interacts with Keapl in a
redox-dependent fashion to allow its rapid degradation
under homeostatic non-stressed conditions {2526].
Based mainly on the analysis of Keapl knockout mice,
we distinguished two modes of Nrf2 degradation: one
mechanism is 2 Keapl-dependent proteasomal degrada-
tion that occurs under homeostatic conditions, and the
other is a Keapl-independent Nrf2 degradation that
occurs in the nucleus under oxidative stress conditions
[25,26). Using transient co-transfection experiments, it
has been shown that Keapl enhances Neh2-dependent
degradation of Nrf2 in COS1 cells under homeostatic
conditions {26). Furthermore, the same study revealed
that Nrf2 is constitutively ubiquitinated in a Keap!-and
redox-independent manner, suggesting that Keapl
enhances . Nrf2 degradation by post-ubiquitination
mechanism in this cell line. By contrast with these find-
ings, Zhang and Hananink [27] recently demonstrated
that Keapl enhances Nrf2 ubiquitination in MDA-MB-
231 breast cancer cell line [27]. They also demonstrated
that two cysteines C* and C**® of Keapl are indispens-
able for Keapl-mediated ubiquitination of Nrf2. On the
other hand, Kobayashi et al. [28] recently demonstrated
that Keapl functions as an adaptor for Cul3-based E3
ligase to regulate proteasomal degradation of Nrf2.

To further explore the degradation mechanism of
Nrf2, in this study, we focused on the role of N-terminal
region of Neh2 (Neh2-NT) in Nrf2 degradation. We
found that Neh2-NT mediates the Keapl-independent
proteasomal degradation of EGFP in the nucleus when
fused as a chimeric protein. A cluster of leucine residues
in a putative o-helix within Neh2-NT was found to be
essential for protein degradation in the nucleus. How-
ever, mutation of these leucine residues in native Nrf2
only marginally affected its half-life in the nucleus during
conditions of oxidative stress. Conversely, these leucine
residues were essential for the Keapl-mediated prote-
asomal degradation of native Nrf2 under normal
homeostatic conditions. Unexpectedly, mutations intro-
duced into Neh2-NT markedly decreased the binding
affinity of Nrf2 to Keapl. Our results thus demonstrate
that the newly identified amino acid conservation in
Neh?2 that is referred to as the DLG motif is required,
along with the previously identified ETGE motif, for
effective Keapl-mediated proteasomal degradation of
Nrif2.

Materials and methods
Plasmid construction

To generate mammalian expression plasmids for
mouse Neh2-EGFP and its derivatives, cDNA fragments
containing wild-type Neh2 (1-99 amino acids (a.a.)), N-
terminal Neh2 (Neh2-NT; 1-43 aa), C-terminal Neh2
(Neh2-CT; 44-99 aa), and Neh2-NT cDNA with three
leucine to alanine substitutions (Neh2-LA) were cloned
individually into the Kpnl site of pcDNA3/EGFP that was
described in [29]. Expression plasmids for Nrf2-ANeh2-
NT, and Nrf2-LA were generated by replacing ¢cDNA
fragment with mutations with that of wild-type WNrf2 [30].

Cell culture

NTH3T3, Cos7, 293T, and QT6 cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS). To gener-
ate stable transformants, NIH3T3 cells were transfected
with 20 pg of Neh2-EGFP or EGFP expression plasmid
by the calcium phosphate precipitation method [31] and
subsequently cultured in DMEM containing 500-pg/ml
G418 for 1 month. '

The half-lives determination

The NIH3T3 cells were treated with 10-uM MG132
(PEPTIDE INSTITUTE) for 12h. To remove MG132
from the culture, the cells were washed three times with
phosphate buffered saline (PBS) and the cells were subse-
quently incubated with 20-pg/ml cycloheximide (CHX).
Cos7 cells were incubated with 50-pug/ml CHX. Band
intensities were measured by densitometric analysis and
intensities of Western blot bands were plotted on a semi-
logarithmic chart.

Immunoblotting

NTIH3T?3 cells were centrifuged and solubilized in 50-
ul cell lysts buffer (10mM Tris~HCI (pH 7.5}, 1.5mM
MgCl,, 150mM NaCl, 0.5% NP-40, I mM PMSF, 3mM
DTT, and 1x Complete tablet (Roche)). Cell lysates
were incubated on ice for 2min and centrifuged at
10,000g for 15min, Cos7 cells were directly solubilized
with SDS sample buffer. Aliquots, 25-pug protein of
NIH3T3 cell lysate or 30-ug protein of Cos7 cell lysate,
were separated by SDS—polyacrylamide gel electropho-
resis in the presence of 2-mercaptoethanol. The proteins
were subsequently electro-transferred onto Immobilon
membrane (Millipore). The blot was then probed by
polyclonal rabbit antiserum against GFP (Santa Cruz
Biotechnology), followed by horseradish peroxidase-
conjugated anti-rabbit ¥gG. Signals were detected using
ECL Plus Western blotting reagent (Amersham, Japan).
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Immunoprecipitation

To determine the interaction of Keapl with Nrf2 in
cell culture, 293T cells were transfected with an Nrf2
expression plasmid along with a HA-tagged Keapl
expression plasmid, and an immunoprecipitation experi-
ment was performed. Whole cell extracts of 293T cells
were prepared in RIPA buffer (10mM Tris-HCl (pH
7.5), 150mM NaCl, 1mM EDTA, 0.1% deoxycholate,
0.1% SDS, 1% Nonidet P-40, and protease inhibitor
cocktail (Roche Diagnostic)), and mixed for 3h at 4°C
with an anti-Keapl antibody agr:,tinst the N-terminal
portion of the protein. Immuno-complexes were precipi-
tated with Protein G (Pierce), washed three times with
lysis buffer, and subjected to immunoblot analysis by
anti-Keapl antibody or anti-Nrf2 antibody.

Luciferase assay

QT6 and 293T cells were transfected using calcium
phosphate precipitation as previously described [31]. The
huciferase assay was performed by utilizing the Dual-
Tuciferase Reporter Assay System (Promega, Madison,
WI) following the supplier’s protocol and measured in a
Biolumat Luminometer (Berthold, Germany). Transfec-
tion efficiencies were routinely normalized to the activity
of a co-transfected Renilla luciferase expression plasmid,
pRL-TK, Three independent experiments, each carried
out in duplicate, were performed.

Results

Keapl-independent degradation of Neh2-EGFP in the
nucleus

To elucidate the degradation mechanisms of Nrf2,
we first examined the contribution that the Neh2
domain makes to the degradation of Nrf2 in the
nucleus. We previously reported that when Neh2-
EGFP protein (Neh2 (1-99 a.a.) fused with EGFP) was
stably transfected into NIH3T3 fibroblasts, it was
degraded rapidly. As Neh2-EGFP mainly accumulated
in the nucleus in our assay condition, we assumed that
the degradation of Neh2-EGFP mainly occurred in the
nucleus [25,29]. Consistent with this notion, Neh2-
EGFP fused to nuclear localization signal (Neh2-NLS-
EGFP) degraded with a half-life similar to that for the
wild-type Neh2-EGFP (data not shown). These results
argue that upon transfection into NIH3T3 fibroblasts
Neh2-EGFP is primarily degraded in a Keapl-inde-
pendent manner in the nucleus,

We then fused N-terminal (143 a.a.) and C-terminal
(44-99 a.a)) regions of Neh2 independently to EGFP
(Neh2-NT-EGFP and Neh2-CT-EGFP, respectively)
within a plasmid vector that harbors neomycin-resis-

tance gene and transfected these constructs into
NIH3T3 cells (Fig. 1A). Neomycin-resistant cells were
selected with G418 and multiple mass stable transfor-
mants were established for each construct. Trans-
formed cells were then treated with MG132 for 12h to
allow accumulation of fusion proteins. After thorough
washing of the cells, the degradation half-lives of these
EGFP fusion proteins were determined in the presence
of the protein synthesis inhibitor cycloheximide
(CHX). Immunoblot analysis with anti-EGFP anti-
body and subsequent densitometric analysis revealed
that level of Neh2-NT-EGFP protein declined rapidly
after the addition of CHX with a degradation half-life
of 4h, which is comparable to that for Neh2-EGFP
protein. In contrast, Neh2-CT-EGFP remained stable
over 8h (Fig. 1B). These results thus indicate that the
Neh2-NT region mediates the degradation of Nrf2 in
the nucleus.
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Neh2-EGFP

Neh2-NT-EGFP
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Fig. 1. Neh2-NT mediates proteasomal Nrf2 degradation in the
nucleus in a DLG sequence-dependent manner. (A) Schematic repre-
sentation of Neh2-EGFP fusion proteins. (B) Determination of pro-
tein half-lives of EGFP fusion proteins. Each EGFP fused protein was
first accumulated by 10pM MG132 for 12h. The protein levels of
EGFP, Neh2-EGFP, Neh2-NT-EGFP, Neh2-CT-EGFP, Neh2f52¢
GFP, and Neh2-NT-LA-EGFP were determined using anti-EGFP
antibody after treating the cells with 20 pg/m! CHX for indicated
times. The relative intensity of EGFP against CHX-chase time
(EGFP/8-actin) is shown in a semi-logarithmic plot and the calculated
half-lives from three independent experiments are shown with SEM
below the plot,
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Neh2-NT is differentially conserved in CNC factors

We noticed that the N-terminal region of Neh2 is
conserved widely in a group of CNC factors (Fig. 2A),
including Nrfl, Nrf2, CncC, and SKN-1 [29,32,33]. We
refer to this region (ie., 1-43 a.a) as the Neh2-NT sub-
domain in this paper. Upon detailed sequence compari-
son, we identified two motifs in the Neh2-NT subdomain
that are conserved differentially among the CNC factors.
One motif relates to the previously identified DIDLID
element, which is conserved in Nrfl, Nrf2, and SKN-1,
but not in CncC (Fig. 2B). The other motif corresponds
to a specific sequence LxxQDxDLG, which is extensively
conserved in the CNC factors. One important feature of
the latter motif is that the motif is almost invariably
linked to the presence of ETGE motif, which we previ-
ously identified as the motif essential for the interaction
of Nrf2 with Keapl. Considering the tight linkage
between the LxxQDxDLG sequence and the ETGE
motif, we decided to analyze the contribution of the
former sequence to the degradation of Nrf2, The Lxx-
QDxDLG sequence will be referred to henceforth as the
DLG motif after the C-terminal part (shaded in Fig. 2A).

The concomitant occurrence of the DLG and ETGE
motifs suggests that the former may contribute to the
interaction of Nrf2 with Keapl. Analysis of Neh2 sec-
ondary structure by Chou-Fasman algorithm predicts
that the Neh2-NT subdomain adopts an a-helical struc-

A Neh2 Neh4 NehS Nehs Neht Neh3

Wild-type Nrf2

Nrf2-A Neh2 NT
Nrf2-LA
B Wild type  Nrf2-A Neh2-NT _ Nrf2-LA
- = = 4+ = = — # = = = & MG132
- - + 4+ - - 4 + - - + + Keapl
- + 4+ 4+ — 4+ + + = 4+ + + N2
L ——— - C—— - - -- EGFP

1 2 3 4 5 6 7 8 9§ 10 11 12

Fig. 3. Neh2-NT and leucine residues in the predicted c-helix are
essential for Keapl-mediated degradation of Nrf2. (A) Schematic
structure of Nrf2 mutant proteins. (B) Cos7 cells were transiently
transfected with wild-type Nrf2 (lanes 1-4), Nrf2-ANeh2-NT (lanes 5-
8) or Nrf2-LA (lanes 9-12) with (lanes 3,4, 7,8, 11, and 12) or without
(1,2,5,6,9,and 10) Keap! plasmid. Cell were also transfected with
EGFP expression plasmid (lanes 2—4, 6-8, and 10-12) to standardize
transfection efficiency. Cells were treated with 2 uM MG132 for 12h
before cell harvest (lanes 4, 8, and 12). Subsequently, total cell lysates
were subjected to immunoblot analysis by anti-Nrf2 antibody (top
panel), anti-EGFP antibody (middle panel) or anti-lamin B antibody
(bottom panel).

A DIDLID eloment ETGE motif
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Fig. 2. Differential conservation of Neh2-NT region among CNC factors. (A) Sequence alignment of Neh2 region from CNC transcription factors.
Amino acids conserved between Nrf2, Nrfl, and CncC are boxed with yellow color. (B) Amino acid conservation of previously identified DIDLID
elemeant. (C) Schematic representation of the predicted a-helix in Neh2-NT. Amino acids conserved between Nrf2, Nifl, and CneC that are shaded in
yellow in Fig. 2A are indicated by asterisks. A cluster of leucine residues is blanketed by red shades.
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ture. Fig. 2C presents the w-helical wheel for the Neh2-
NT subdomain. When we plotted the amino acids that
comprise the DLG motif out according to the predicted
a-helical wheel, we found that the conserved residues of
LxxQDxDLG sequence are confined to one side of the
helix as indicated by asterisks (Fig. 2C). We also noticed
that three leucine residues are clustered on the same side
of the surface (Fig. 2C, shadowed). Amongst these leu-
cine amino acids, two out of the three residues contrib-
ute to the DLG motif. The other residue (L19) has also
been highly conserved during molecular evolution, with
the exception that in CncC it has been replaced by an
isoleucine,

DLG motif is dispensable for the nuclear degradation of
native Nrf2

The fact that the Neh2-NT subdomain mediates
degradation of Nrf2 in the nucleus prompted us to
examine how the DLG motif might contribute to this
process. We first sought to define a role for the DLG
motif in Neh2-mediated degradation of EGFP. To
define roles of DLG motif play in the nuclear degrada-
tion of Nrf2, we first attempted to assess contribution
of the motif to the Neh2-mediated EGFP degradation.
Substitution of all three leucine residues (119, 1.23, and
L30) with alanine in Neh2-NT-EGFP completely
blocked degradation of the chimeric protein, a finding
implicating the DLG motif as an essential structure for
the Neh2-mediated degradation in the nucleus. We
therefore examined the effect of DLG mutation in the
context of native Nrf2 in the nucleus. For this purpose,
DLG mutation was introduced into the native Nrf2
protein (Nrf2-LA; see Fig. 3A). Expression plasmids
for Nrf2-LA mutant and native Nrf2 were transfected
into Cos7 cells and the cells were subsequently treated
with 100 pM diethylmaleate (DEM). Under this experi-
mental condition, the half-life of wild-type Nrf2 and
the Nrf2-LA mutant was 24.7 and 30.6min, respec-
tively (Table 1). This difference is statistically insignifi-

Table 1
Half-}ife of Nrf2 in the presence of Keapl
Treatment Half-life (min)

wT Nrf2 LA
Keapl (-)/DEM (-} 202+590 31.7+£56
Keapl (-)/DEM (+) 247447 306+19
Keap] (+YDEM (=) 11.5+£24 3924111

Cos7 cells were transfected with expression plasmids of mutant or
wild-type Nrf2 in the absence or presence of Keapl. As an internal
control, EGFP expression plasmid was transfected concomitantly, The
cells were treated with cycloheximide and Ntf2 protein levels were
determined by immunoblot analysis. Intensity of the bands was mea-
sured by densitometry analysis. In each case, intensity of the Nrf2
band was divided with that of EGFP, and resulting figures were plot-
ted against time. Mean time of calculated half-lives obtained from
three independent experiments is shown with SEM.

cant. This result suggests that DLG motif makes a
minimal contribution to the degradation of native Nrf2
in the nucleus. Although the Neh2-NT subdomain
directs degradation of Nrf2 in the nucleus when fused
to EGFP, this degradation activity of Neh2-NT may
not contribute substantially to the nuclear degradation
of Nrf2.

DLG motif is essential for Keapl-mediated proteasomal
degradation of Nrf2

Since the presence of DLG 4and ETGE motifs shows
tight linkage during molecular evolution, one hypothesis
is that the DL.G motif may contribute to the Nrf2 degra-
dation that is dependent on Keapl. Therefore, we exam-
ined the effect of exogenous Keapl on the nuclear
accumulation of Nrf2 in the Cos7 cell system because we
have found previously that in this cell line ectopic
expression of Keapl can enhance the degradation of
Nrf2 both dose-dependently and in an ETGE motif-
dependent manner [28].

As shown in Fig. 3B, Keapl markedly decreased the
accumulation of wild-type Nrf2 (lane 3), and this
decrease was largely canceled by the treatment with
MG132, a proteasome inhibitor (lane 4). In contrast,
Keapl did not affect the accumulation of either Nrf2-LA
or Nrf2-ANeh2-NT that lacks 544 z.a. of Neh2 (lanes
5-12; see also Fig. 3A). The Nrf2-LA protein migrated
slower than the native Nrf2 protein in this gel electro-
phoresis (lanes 10~-12) for a reason unknown at present,
These results thus suggest that the DLG motif contrib-
utes to the Keapl-dependent proteasomal degradation
of Nrf2 in the cytoplasm.

We then determined the half-life of Nrf2 in the pres-
ence of Keapl and under normal homeostatic condi-
tions. For this purpose, Cos7 cells were transfected with
wild-type and Nrf2-LA expression plasmids, and their
half-lives were determined following treatment with
CHX. As shown in Table 1, co-expression of Keapl
decreased the half-life of wild-type Nrf2 from 202 to
11.5min in this system. In contrast, Keapl did not
diminish the half-life of Nrf2-LA. Thus, these results
indicate that the DLG motif is indispensable for the
Keapl-mediated degradation of Nrf2 in the cytoplasm.
Available data further suggest that this function of the
DLG motif may be achieved in collaboration with the
ETGE motif as will be discussed below.

Binding affinity to Keapl is decreased in Neh2-NT
mutants

To address further the mechanism underlying the
resistance of Neh2-NT mutants to degradation, we
examined how Keapl affects the transactivation activity
of Nrf2 mutants in quail fibroblast cell line QT6. We
assumed that the repression by Keapl of the Nrf2
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transactivation activity is correlated tightly and solely to
the binding affinity of Nrf2 to Keap]l in this system [29].
In the absence of exogenous Keapl, Nrf2, Nrf2-ANeh2-
NT, and Nrf2-LA all activated reporter gene expression
and this activation depended on the amount of plasmid
transfected (Fig. 4A), Transactivation activity of Nrf2-
ANeh2-NT was lower than that of wild-type Nrf2, but
that of Nrf2-LA was comparable to wild-type Nrf2. We
also confirmed that exogenous expression of Keapl did
not enhance the Nrf2 degradation in this cell ling (data
not shown).

We then co-transfected Keapl with the Nrf2 mutants
and luciferase reporter. While Keapl repressed the trans-
activation activity of wild-type Nrf2 dose-dependently,
the repressive effect of Keapl was weakened when the
Neh2-NT subdomain was mutated; the activity of Nrf2-
ANeh2-NT and Nri2-LA was only mildly diminished
upon incremental addition of Keapl plasmid when com-
pared with the decrease in activity of wild-type Nrf2
affected by Keapl (Fig. 4B). Repression by Keapl was
stronger for Nrf2-LA than for Nif2-ANeh2-NT. E82G
mutation in the ETGE motif, which is known to abolish
the binding affinity of Nrf2 to Keapl [29], produced a
protein that was completely immune to repression by
Keap! (Fig. 4B). These results thus suggest that the Neh2-
NT mutants retain weakened binding affinity for Keapl,

We therefore examined affinity of these Nrf2 mutants
for Keapl experimentally through an immunoprecipita-
tion experiment. In this analysis, immunoprecipitation
with anti-Keapl antibody was followed by immunoblot-
ting with anti-Nrf2 antibody. The analysis revealed that
while wild-type Nrf2 was co-precipitated with Keapl
efficiently, Nrf2-ANeh2-NT and Nrf2-LA mutants were
not effectively co-precipitated (Fig. 4C). Thus, these
results indicate that the binding affinity of Nrf2-ANeh2-
NT and Nrf2-LA to Keapl is considerably weakened
compared to that of the wild-type Nrf2, and this may be
the reason for the decrease in Keapl-dependent protein
degradation.

Ubiquitination of Neh2 and its subdomains

To assess whether ubiquitination contributes to the
Neh2-mediated proteasomal degradation, we transfected
HEK 293T cells with expression plasmids for both
Neh2-EGFP and HA-tagged-ubiquitin and examined
how Neh2 domain is ubiquitinated in the immunopre-
cipitate generated by anti-EGFP antibody. We used CL-
1 fused EGFP, which was shown previously to degrade
through the ubiquitin-proteasome pathway [34], as a
positive control of ubiquitination in this study. The
immunoblot analysis by anti-HA antibody and its densi-
tometric analysis revealed that immuneprecipitates
obtained from Neh2-EGFP transfected cells contain a
higher amount of ubiquitinated protein compared with
that from EGFP transfected cells confirming previous

A ) 2
-
»
- Nit2-LA
2
=
3
< Wild type
o 14
[~}
3
G
3 Nrt2- Neh2 NT
Q
2
8
@O
© 9 r '
4] 100 200

Nrf2 Expression Plasmid {ng)

100
Nrf2-A Neh2 NT

Relative Luciferase Actlvity (1 x 105)

0 100 200
Keap1 Expression Plasmid (ng)
C Ip:
anti-Keap1 AB
1B:
antl-Nrf2 AB

Input:Keap1 ---. —— m-

Input:Nrf2 M m dwn

Fig. 4. Neh2-NT and leucine residues in the predicted e-helix are impor-
tant for stable binding of Nzf2 with Keapl. (A) pRBGP?2 reporter con-
struct was transfected into QT6 fibroblasts along with wild-type Nrf2,
Nrf2-ANeh2-NT or Nrf2-LA expression vector, Luciferase activity in
the absence of DEM was set at 100, and results of three independent
experiments each carried out in duplicates are shown with SEM. (B)
pRBGP2 reporter construct was transfected into QT6 fibroblasts along
with wild-type Nrf2, Nrf2-ANeh2-NT, Nrf2-LA or Nef252% expression
vector in the presence of increasing amounts of Keapl expression plas-
mid. (C) 293T cells were trapsfected with wild-type Nrf2 (fane 1), Nrf2-
ANeh2-NT (lane 2}, and Nif2-LA (lane 3} expression vectors along
with HA-tagged Keapl expression plasmid. Subsequently, cells lysates
wete immunoprecipitated with anti-Keapl antibody and subjected to
immuncblot analysis by anti-Nrf2 antibody (top panel). Input fraction
was also subjected to immunocblot analysis by anti-Keapl antibody
(middle panel) or anti-Nrf2 antibody (bottor panel).

reports, demonstrating that Neh2 mediates ubiquitina-
tion (Figs. 5A and B) [26]. A similar analysis using Neh2-
EGFP deletion mutants showed that Neh2-NT and
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Neh2-CT were ubiquitinated to the same extent as wild-
type Neh2-EGFP (Figs. 5C and D). In contrast, the
ubiquitination of Neh2-NT-LA-EGFP, which was
shown to have a half-life >8h, was markedly enhanced
(Figs. 5C and D). Therefore, we failed to correlate the
extent of ubiquitination with the degradation activity of
Neh2.

Discussion

In this study, we have identified a functionally
important conservation of amino acids in Neh2-NT
that is distinct from the previously characterized DID-
LID element. We have called this newly identified ele-
ment the DLG motif, and report that it is conserved in
a subset of CNC factors that possesses ETGE motif for
the Keapl binding. We found that both deletion of
Nech2-NT and mutation of the DLG motif largely abol-
ished Kecapl-mediated Nrf2 degradation and at the
same time decreased the binding affirity of Nrf2 for
Keapl. On the other hand, when fused to a reporter
protein, Neh2-NT directed the degradation in the
nucleus in 2 DLG motif-dependent, but Keapl-inde-
pendent, manner. However, the mutation of DLG
sequence did not largely affect the half-life of native
Nrf2 in the nucleus under oxidative stress. These results

ieha:

Fig. 6. Schematic model of Keapl-mediated Nrf2 degradation. Keapl
dimerization through BTB domain is essential to repress Nrf2 activity
[37,38]. Both the DLG sequence and ETGE motif are necessary to
cooperatively bind to Keapl and therefore, are required for Keapl-
mediated proteasomal degradation of Nrf2.

demonstrated that Neh2-NT, via the DLG motif, plays
critical roles in the Keapl-mediated, proteasomal
degradation of Nrf2 in the cytoplasm, but is dispens-
able for Nrf2 degradation in the nucleus.

At the amino terminus of Neh2, a conserved amino
acid region called the DIDLID element was previously
identified in a subset of CNC-related proteins, including
Nrfl, Nrf2, and SKN-1 (Fig. 2B) [29,32,33]. DIDLID
element of SKN-1 was previcusly shown to act as the



Y. Katoh et al. | Archives of Biochemistry and Biophysics 433 (2005) 342-350 349

transactivation domain of SKN-1 [35]. Our sequence
comparisons have however, shown that the DIDLID ele-
ment is not conserved in Drosophila CncC, but that the
region we refer to as the DLG motif is highly conserved
among CNC bZIP factors which also possess an ETGE
motif (Fig. 2A). Interestingly, on one side of the a-helix
that DLG is predicted to form we have found a prepon-
derance of leucine residues (Fig. 2C). The requirement of
a cluster of lencine residues is reminiscent of short helical
protein-protein interaction modules, such as LxxLL
motif characterized in nuclear receptor co-activators
[36]. Thus, it is likely that the ETGE and DLG motifs
may work cooperatively in Keapl-mediated function in
a subset of CNC factors.

We previously demonstrated that the C-terminal
region of Neh?2 is essential for the Nrf2 binding to
Keapl in a yeast two-hybrid assay [19]. Furthermore, a
reverse two-hybrid screening executed in yeast identi-
fied ETGE motif as an indispensable Keap! binding
motif in Nrf2 [29]. Our present results argue that in
addition to ETGE, the DLG motif is another impor-
tant element for the stable interaction between Nrf2
and Keapl, We envisage that the DLG and ETGE
motifs cooperatively bind to Keapl (Fig. 6). In this
hypothesis, the ETGE motif may serve as a primary
Keapl binding site, whereas the DLG motif as a sec-
ondary Keapl binding site. Hence after the binding of
Neh2 to the primary ETGE site of Keapl, the second
step of the binding will initiate and Neh2 DLG binds to
Keapl. Consequently, this cooperative binding secures
a stable Keap1-Nrf2 interaction. This speculation may
help to explain why Nrf2Z¥26 mutant was not repressed
at all by Keapl in the assay tested. Furthermore, Nrf2-
ANeh?2-NT and Nif2-LA, with an intact EGTE motif,
coprecipitated with Keapl albeit in a weaker manner
than .wild-type Nrf2. It has been shown that homodi-
merization of Keapl is required to stably repress Nrf2
activity [37,38]. While the mechanism is not clear at
present, it is intriguing to elucidate the relationship
between Keapl homodimerization and stable binding
of Keapl to Nrf2 (Fig. 6).

Because Neh2-NT mediates Keapl-independent pro-
teasomal degradation in the nucleus when linked to
EGFP in a DLG sequence-dependent manner, it is sux-
prising that DLG sequence is dispensable for Nrf2 deg-
radation in the nucleus under oxidative condition. Quite
recently, McMahon et al. [39] reported that Nehé
domain can compensate for the Nrf2 degradation in the
nucleus in the absence of Neh2.

Although our results argue for the hypothesis that
Neh2-NT is essential for the cooperative binding of Nrf2
to Keapl, we cannot absolutely exclude the possibility
that Neh2-NT may recruit some ubiquitin ligase activity
and thereby cooperate in the Keapl-enhanced Nrif2 deg-
radation. Actually, Neh2-INT can recruit ubiquitin ligase
activity when expressed as a chimeric protein in the

nucleus (Figs. 5C and D). However, in this case, ubiquiti-
nation does not occur on lysine residues as neither Neh2-
NT nor EGFP contains this amino acid. Ubiquitination
might be achieved through the N-terminus-dependent
ubiquitination pathway [40). In this respeet, it is of note
that Keapl enhances Nrf2 degradation by post-ubiquiti-
nation mechanism in Cosl [26] and Cos7 cells (data not
shown). Therefore, Neh2-NT might regulate ubiquitina-
tion independently from Keap! that will work coopera-
tively with a Keapl-mediated Nrf2 degradation
mechanism. Although Neh2 mediates ubiquitination in
the chimeric protein, the DLG motif is not required for
ubiquitination in our assay conditions (Figs. 5C and D).
Therefore, another region besides the DLG motif might
be involved in the regulation of ubiquitination. It is
apparent that further analysis is required to provide a
full understanding of the role of Neh2-NT in Keapl-
enhanced degradation of Nrf2.
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Abstract—Electrophile responsive element (EpRE)}-mediated gene induction is a pivotal mechanism of cellular defense
against the toxicity of electrophiles and reactive oxygen species (ROS). Nrf2, which belongs to the cap’-n’-collar family
of basic region-leucine zipper transcription factors, has emerged as an essential component of an EpRE-binding
transcriptional complex. Detailed analysis of the regulatory mechanism governing Nrf2 activity led to the identification
of Keapl, which represses Nrf2 activity by direetly binding to the N-terminal Neh2 domain. Keapl interaction with Neh2
leads to the sequestration of Nrf2 in the cytoplasm and to the enhancement of Nri2 degradation by proteasomes

. conferring tight regulation on the response. Electrophiles act to counteract sequestration of Nrf2 by Keapl and provoke

Nrf2 activation. Constitutive activation of Nrf2-regulated transcription in KeapI knockout mice clearly demonstrated that
the disruption of Keapl repression is sufficient for the activation of Nrf2, These observations indicated that the
mechanism that modulates Nrf2—Keapl interaction is pivotal for the cellular sensing mechanism for electrophiles.
Recent analyses argue that the redox mechanism that modifies cysteine residues of Keapl govems the Keapl —Nrf2
interaction and therefore is critical for sensing of electrophiles. © 2004 Elsevier Inc. All rights reserved.

Keywords—Electrophile responsive element, 'NF-E2-related factor 2, Keapl, Proteasome, Phosphorylation, Free

radicals

INTRODUCTION

Reactive electrophiles generated during food metabolism
or in the pathological process directly or indirectly disturb
the physiological function of cellular macromolecules
such as DNA, protein, or lipids and contribute to the
pathogenesis of various diseases including cancer, neuro-
degenerative diseases, atherosclerosis, and aging [1-3].
To counteract these insults, cells have acquired, during
evolution, an intricate mechanism of defense against this
toxicity. A battery of genes encoding detoxifying and
antioxidative stress enzymes/proteins are coordinately

This article is part of a series of reviews on “EpRE and Its Signaling.

Pathway.” The full list of papers may be found on the home page of the
journal.
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induced on exposure to electrophiles and reactive oxygen
species (ROS) [4,5]. This coordinated response is regu-
lated through a cis-acting element called the antioxidant-
responsive element (ARE) or electrophile-responsive ele-
ment (EpRE) within the regulatory region of target genes
[6,7]. Genes encoding a subset of drug metabolizing
enzymes, such as glutathione S-transferases (GSTs) [6]
and NAD(P)H-quinone oxidoreductase 1 (NQOI1) [7],
have been shown to be under ARE/EpRE regulation,
along with a subset of antioxidant genes, such as heme
oxygenase 1 (HO-1) [8], the subunits of y-glutamyleys-
teine synthetase (y-GCS) [9], and thioredoxin {10].

A variety of chemicals activating the EpRE pathway
are classified into nine structurally dissimilar inducers
that include, for example, Michael reaction acceptor,
isothiocyanates, and hydroperoxides {11]. Considering
this great structural diversity among inducers, a mech-
anism of action requiring interaction with a structurally
complementary receptor seemed unlikely, The only
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apparent universal attribute of these inducers is their
ability to react with thiol/disulfide groups by alkyl-
ation, oxidation, reduction, or thiol interchange [12].
These observations point to the hypothesis that highly
reactive cysteines in a protein{s) are sensors to these
chemicals [12]. _

Nirf2/ECH (NF-E2-related factor 2 [13] or chicken
erythroid-derived CNC-hombology factor [14]) was re-
cently identified as the major regulator of ARE-medi-
ated gene expression [15—17). Nrf2/ECH belongs to the
- cap’-n’-collar (CNC) family of transcription factors that
share a highly conserved basic region-leucine zipper
(bZIP) structure (Fig. 1) [18]. Nrf2 requires a member
of the small Maf proteins as an obligatory partner
molecule for binding to their cognate DNA sequence
[14]. Through Nrf2 gene targeting analysis, we demon-
strated that Nrf2 coordinately regulates a battery of
genes encoding drug-metabolizing enzymes and antiox-
idant proteins [15,17]. Recent analysis in N#f2 knockout
mice (N7/2™'~ mice) has expanded the range of Nrf2
target genes to include NADPH-generating enzymes
such as malic enzymes and glucose-6-phosphate dehy-
drogenase [19,20], phase 3 detoxifying enzymes such as
MRPI [21], and a group of 26 S proteasome subunits
[22,23]. Because of the lack of this coordinated stress
response, Nrf2~'~ mice are highly susceptible to the
acute toxicity generated by acetaminophen [24,25],
butylated hydroxytoluene [26), or hyperoxia [27] and to
carcinogenesis induced by benz[alpyrene [28]. Nrf2~'~
mice experience higher levels of DNA adduct formation
provoked by diesel exhaust particle [29), affatoxin [30],
and benz[a]pyrene [31].

Detailed analysis of Nrf2 activity and structure
revealed that the Neh2 domain of Nrf2 is an evolu-
tionary conserved regulatory domain of Nrf2 [32].
Subsequently, we identified Keapl (Kelch-like ECH-
associating protein 1) as a direct binding partmer of
Neh2 through a yeast interaction screen (Fig. 1) [33].
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Fig. 1. Nri2 regulatory network. Nrf2 has six highly conserved protein
regions called Nehl to Neh§é (Nrf2-ECH homology). At its C
terminus, Nrf2 protein has a basic leucine zipper structure for
dimerization with small Maf proteins and for binding to the ARE. At
its N terminus, Nrf2 has a Neh2 domain, which is most highly
conserved among species, and two activation domains, Nehd and
Neh5. Keapl binds Neh2, whereas Nehd and NehS cooperatively bind
CBP to activate transcription.

DNA binding &
Heterodimerization

DOMAIN ARCHITECTURE OF Keapl

Murine Keapl, a 624-amino-acid polypeptide, com-
prises five domains: (1) the N-terminal region (NTR); (2)
the BTB domain, an evolutionarily conserved protein—
protein interaction domain found in actin-binding pro-
teins and zinc finger transcription factors; (3) the inter-
vening region (IVR); (4) the double glycine repeat
(DGR) or Kelch domain; and (5) the C-terminal region
(CTR). Keapl DGR domain possesses six double glycine
repeats and is predicted to form a six-bladed B-propeller
structure [34]. This protein family, with a similar struc-
tural composition, is growing and there are at least 71
BTB/Kelch proteins encoded in the human genome [35].
Keap] binds Neh2 and actin through the DGR domain
[33,36). The subcellular localization of endogenous
Keapl is not well understood, but it appears to localize
at the cytoskeleton in the nuclear periphery, colocalizing
with F-actin [36]. Velichkova and Hasson reported that
human Keap! localizes in adhesion complexes [37]. On
the other hand, Zipper and Mulcahy reported that homo-
dimerization of Keapl BTB domain is required to
sequester Nrf2 in cytoplasm [38].

Keapl IS A SATURATABLE REPRESSOR OF Nrf2

Several key features have emerged from an extensive
study of the molecular mechanisms of Nrf2 activation by
electrophiles and ROS. In the cotransfection analysis in
cell culture, the concomitant expression of Keapl se-
questers Nrf2 in the cytoplasm and represses Nrf2 trans-
activation activity [33]. Treatment of the cells with
electrophiles liberates Nrf2 from Keap] repression with
subsequent translocation of Nrf2 into the nucleus and
activation of transcription. On the other hand, forced
overexpression of Nrf2 alone gave rise to ARE-reporter
gene transcription [14] or switched on endogenous target
genes in zebrafish [39]. These results suggest that the
overexpression of Nrf2 can saturate the repressive activ-
ity of endogenous Keapl and activate transcription.

Keapl ENHANCES PROTEASOMAL Nr{2 DEGRADATION
UNDER HOMEOQOSTATIC CONDITIONS

Accumulating evidence has shown that activation of
Nrf2 accompanies the Nrf2 accumulation in total cell
lysates [40—45]. Furthermore, Nrf2 nuclear accumulation
and upregulation of Nrf2 target genes require new protein
synthesis [44]. Based on these observations, several lab-
oratories have demonstrated that Nrf2 turns over rapidly
by proteasome [40-45]. Treatment of the cells with
electrophiles significantly prolongs the half-life of Nrf2?
[42-45]. Using Nrf2—LacZ knock-in mice, we demon-
strated that the N-terminal region of Nrf2 (ie., 1-317
amino acids), in combination with a nuclear localization



