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Enzyme induncers such as 3H-1,2-dithicle-3.-thione
(D3T) enhance the detoxication of environmental car-
cinogens and protect against necplasia, The putative
molecular sensor for inducers is Keapl, a sulthydryl-
rich protein that sequesters the transcription factor
Nrf2 in the cytoplasm. Expression of these detoxication
enzymes is blunted in nrf2-deficient mice; moreover,
these mice are more sensitive to carcinogenesis, and the
protective actions of dithiclethiones are lost with nrf2
disruption. Hepatic gene expression profiles were exam-
ined by olizonucleotide microarray analysis in vehicle-
or D3T-treated wild-type mice as well as in nrf2 single
and keap I-nrf2 double knockout mice to identify those
genes regulated by the Keapl-Nrf2 pathway. Transeript
levels of 292 genes were elevated in wild-type mice 24 h
after treatment with D3T; 79% of these genes were in-
duced in wild-type, but not nrf2-deficient mice. These
nrf2-dependent, D3T-inducible genes included known
detoxication and antioxidative enzymes. Unexpected
clusters included genes for chaperones, protein traffick-
ing, ubiquitin/26 8 proteasome subunits, and signaling
molecules. Gene expression patterns in keapI-nrf2 dou-
ble knockout mice were similar to those in nrf2-single
knockout mice. D3T also led to nrf2-dependent repres-
sion of 81 genes at 24 h; principally genes related to
cholestercllipid bicsynthesis. Collectively, D3T in-
creases the expression of genes through the Keapl-Nrf2
signaling pathway that directly detoxify toxins and gen-
erate essential cofactors such as glutathione and reduc-
ing equivalents. Induction of nrf2-dependent genes in-
volved in the recognition and repairx/iremoval of
damaged proteins expands the role of this pathway be-
yond primary confrol of electrophilic and exidative
stresses into secondary protective actions that enhance
cell survival.

Inducers of phase 2 and antioxidative enzymes are known to
enhance the detoxication of environrental carcinogens in ani-
mals, often leading to protection against neoplasia (1, 2). Use of
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enzyme inducers as cancer chemopreventive agents in humans
is currently under clinical investigation (3, 4). Regulation of
both basal and inducible expression of eytoprotective genes is
mediated in part by the antioxidant response element (ARE),!
a cis-acting sequence found in the §'-flanking region of genes
encoding many phase 2 enzymes including mouse glutathione
S-transferase (GST) Al, human NATP)H quinone oxidereduc-
tase (NQOI), and human yglutamyleysteine Hgase as well as
murine Nrf2 itself (5—8). Recently, Maf and CNC-bZIP (“cap™n
collar family of basic region leucine zipper proteins) transerip-
tion factors such as Nf2 have been shown to be ARE-binding
proteing (9, 10). Overexpression of Nrf2 in human hepatoma
cells enhanced both basal and inducible activation of an ARE
reporter gene {(10). Inereased nmelear accurmulation of Nrf2 has
been ehserved in the liver of mice treated with 3H-1,2-dithicle-
3-thione {D3T), a potent chemopreventive agent (8, 11). Ini-
tially, this accuroulation results from translocation of Nrf2
from the cytoplasm. Itoh et al. (12) have identified and charac-
terized Keapl, an actin-binding protein localized to the cyto-
plasm that sequesters Nrf2 by specific binding to its N-termi-
nal regulatory domain (13). Administration of sulthydryl
reactive compounds, such as diethylmaleate or D3T, abolishes
Keapl repression of Nrf2 activity in cells and facilitates the
nuelear accumulation of Nrf2 (14, 15). Recently, Dinkova-Kos-
tova et ol. (16) has shown in a cell-free system that sclective
cysteine amino acids in Keapl can react directly with a sufhy-
dryl reactive inducer, dexamethasone mesylate, and trigger the
release of Nrf2 from Keapl. These results support the hypoth.
esis that Keapl is a key regulatory molecule of Nrf2 and that
the Keapl-Nrf2 complex acts as a sensor to oxidative or elec-
trophilic stresses to induce protective genes promoting cell
survival.

Studies with nrf2-disrupted mriee indicated that Nrf2 was es-
sential for the induction of GST and NQO1 activities in vive by
different classes of chemopreventive agents including dithiole-
thicnes, isothiocyanates, and phenolic antioxidants (8, 11, 17). A
series of studies from several laboratories have been undertaken
over the past decade to better understand the range of genes
coordinately induced by these agents so as to elucidate the bio-
chemical basis for protection. Genes now recognized as induced
through the Nrf2-ARE signaling system include a panel of xeno-
biotic conjugating enzymes, enzymes that provide cofactors and

! The abbreviations used are: ARE, antioxidant response element;
D3T, 3H-1,2-dithicle-3-thione; GST, glutathione S-transferaze; NQO1,
NAD(PYH:quinone axidoreductase; mEH, microsomal epoxide hydro-
lase; NF«B, nuclear factor kB; Hap, heat shock protein; CV, cocflicients
of variation; AFC, average fold change; RT-PCR, reverse transcriptase-
polymersse chain reaction.
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reducing equivalents for these reactions, and antioxidative en-
zymes and proteins (11, 17-20). Collectively, these gene products
facilitule (he deloxicalion and elimination of Loxie eleclrophilie
ard free radical metabolites of xenobioties. The likely importance
of these protective enzymes is highlighted by recent observations
that nrf2-kmockout mice were considerably more sensitive to the
acute toxicities of acetaminophen, butylated hydroxytoluene, and
hyperoxia (21-24). These mice also form higher levels of DNA
adducts following exposure to carcinogens such as aflatoxin B;,
diesel particulate matter, and benzo[alpyrene (25-27), Moreover,
nrf2-disrupted mice are substantially more sensitive o the tu-
morigenicity of benzo[a]pyrene (28).

Dithiclethiones such as I}3T, anethole dithiolethione, and
oltipraz inhibit the toxicity and carcinogenicity of many chem-
ical carcinogens in multiple target organs (29-32) and are
undergoing preclinical and clinical evaluations for use as can-
cer chemopreventive agents. Interestingly, the chemoprotec-
tive efficacy of dithiolethiones and other enzyme inducers is
lost in nrf2-knockont mice (28). Gene-disrupted animals pro-
vide elegant models for assessing the molecular mechanisms
underlying the pharmacodynamic actions of chemopreventive
apents. In this study, we have used nrf2-knockout niiee and
keapl-nrf2 double knockout mice to probe the rele of the
Keapl-Nrf2-ARE signaling pathway in protecting cells against
stress conditions, Through the usc of oligonuclcotide array
technology it is apparent that not only are primary defense
systems involving detoxication enzymes induced throngh this
pathway, but that secondary defense mechanisms involving
surveillance and repair of damaged biomolecules are also
activated.

EXPERIMENTAL PROCEDURES

Animals and Treatments—Wild-type and arf2-disrupted mice were
generated from inbred nrf2 heterozygous mice (9, 11), Keapi-rif2 dou-
ble knockout mice were generated by mating nrf2 —/— mice with keap
+/— mice to obtain the double homozygous mice (33). Genotypes were
determined by PCR using primers TGGACGGCGACTATTGAAGGCTE,
GCCGCCTTTTCAGTAGATGGAGG, and GCGGATTGACCGTAATGG-
GATAGG for nrf2, and CGGGATCCCCATGGAAAGGCTTATTGAGT-
TC, GAAGTGCATGTAGATATACTCCC, and TCAGAGCAGCCGATT-
GTCTGTTGTGCCCAGTCA for kegpl. For the microarray analyses
three male mice were used per group. Mice were fed AIN-76A semipu-
rified diet for at least 10 days before treatment. 10-12-week-old mice
were treated with 0.5 mmolkg of D3T by gavage in a suspension
consisting of 1% Cremophor and 25% of glycerol. Mice were sacrificed
6 h or 24 h after treatment, and livers were Temoved and snap-frozen.
Additional mice were fed basal AIN-T6A diet or diet supplemented with
0.03% (w/w) D3T for 7 days and sacrificed at day 8. The selected doses
of D3T are the respective maximum tolerated doses for gavage and
chronic dietary administration and do not affect body weight or other
clinical signs over longer periods, It is estimated that the dietary dose
provided aboot half of the amount of D3T per day that was adminis-
tered in the single oral dose. Keapl-nrf2 double knockout mice were
treated with either vehicle or D3T (0.6 mmol/kg) by gavage angd sac-
rificed 24 h afler treatment for microarray analysis of hepatic gene
expression.

Saniple Preparution for Microarray Anclysis—Total RNA was iso-
lated from frozen liver using the Totally RNA kit (Ambion, Austin, TX).
lselated KNA was then purified using the RNeasy Mini kit (Qiagen,
Valencia, CA). cDNA was synthesized from tofal RNA using the Super-
seript Choice kit (Invitrogen, Carlsbad, CA) with a T7-(dT),, primer.
Biotin-labeled cRNA was prepared from ¢DNA by in vitro transcription
{Enzo Biochemical, Farmingdale, NY) and fragmented by incubation at
94 °C for 45 min in 40 mM Tris acetate buffer, pH 8.1, with 100 mMm
potassivm and 30 mM magnesium acetate.

Hybridization and Scanning—Fragmented cRNA (12.6 pg) was hy-
bridized at 45 °C for 16 h to a Murine Genome UT4Av2 GeneChip®
(Affymetrix, Sanfa Clara, CA) containing probes for ~-12,400 genes and
expressed sequence tags (ESTs). Genechips were washed and stained
using a fluid station and scanned using an Affymetrix Genechip system
confocal scanner.

Data Analysis—Alfymetrix Microarray Suite 4.1 was used for expres-
sion analysis and fluorcseence intonsity was measured for cach probe
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Fic. 1. Modulation of Nrf2-dependent gene expression by D3T
in mouse liver. Hepalic gene expression patterns were analyzed 6 or
24 h after a single administration of D3T and following addition of D3T
to the diet for 7 days. The number of genes increased or decreased only
in wild-type mice, not in nrf2-knockout mice, are indicated for cach
group.

artay and normalized to the average fluorescence intensity for the
entire probe array. Pairwise camparison between data from individual
mice (n = 3), generating 9 comparisons, was performed. The change in
gene expression for each gene was calculated us a ratio of uverage
differencepar.ponted/ AYELAZE Aifference;  ninymoaen aNd average fold
changes from nine comparisons were obtained. To evaluate the repro-
ducibility of paired comparisons, coefficients of variation (CV, S.D/
mean} for the average difference change was applied, and 1.0 was used
ag a culoff value (34). After evaluating reproducibility, genes having
comparison numkers of =7 were selected to filter out the false positive
responses. Genespring software (Silican Genetics, San Carlos, CA) and
the Affymetrix Analysis Center website were used for the annotation of
genes. For analysis of the distributions of gene families, expression
levels of each gene category were plotted as histograms as describod by
Bouton and Pevsner (35).

RTPCR Analysis—RT-PCR was performed on genes induced or re-
preased by 13T to confirm the microarray results. For the synthesis of
eDNAs, 50 ng of total RNA was incubated for 20 min with 10 mM Tris
(pH 8.4), 5 mm KCl, 5 mM MgCl,, 4 mM dNTPs, 0.125 ug of oligo(dT),5 14
and 30 upits of M-MRV {Moloney Murine Leukemia Virns) reverse
transeriptase (Invitragen). PCR amplification for each gene was per-
formed with a Fail Safe PCR kit (Epicentere, Madison, WI) using a DNA
thermal cycler (MJ Research, Watertown, MA). Amplification condi-
tions were 26-29 ¢ycles for 5 min at 95 °C, 30 s at 56 °C and 40 s at
72 °C. PCR primers specific to NQO1, nEH, and elbumin were used as
deseribed previously (11). Other primers were synthesized by Inte-
grated DNA Technology (Coralville, IAY and were as follows: GST Mu3
(GenBank™ accession number J03953) CAAGTTATGGACACCCQCAT
and AGGCACTTGGGCTCAAACAT; UDP-glucose dehydrogenase
(X06358) GACATGAATGACTACCAGAG and GTACGGAATTCTCTT-
GGAAG; heat shock protein 40 homalog b1l (AW122551) TACGATG-
ATATCACTTCCTC and GGCGAGATTTCTATAAGATC; p&8 (U28423)
GTACGATGAAGCCATTCAGG and CCTTGCCATGAGTTCCAACT,
proteasome subunit beta type 3 (AW045339) TTCAGCGTCCTGGTGG-
TGAT and ACAGAGCCTGTCATTGCTGG; 26 S proleasome-associated
pad 1 homolog (Y13071); TATCAACACTCAGCAGAGCT and AATCC-
TTCCATCCAACTCT, 26 S proteasome ATPase 3 (AA409481) CCCTC-
AGACCACGGA and TGTGTGAGCGGGTATGAT; mCAR2 (AF008328)
TTGTGCAGTTCAAGCCTCCAG and GCGTCCTCCATCTTGTAGCAA;
carbonic anbydrase 3 (AJ006474) AACAGCGAGCAAGAAAGAG and
AGGTCTTCCCATTGTTCA. PCR products were electrophoresed on
1.8% agarose gels and the gel image captured and quantified with a
VersaDoc Imaging System (BioRad).

RESULTS

D3T-altered Gene Expression in Mouse Liver—Qligonucleo-
tide microarray was used to analyze the gene expression pro-
files in mouse hiver following D3T treatment with a primary



Keap1-Nrf2-dependent Gene Expression
goal of identifying those genes that are regulated through the

Keapl/Nrf2 signaling pathway. Expression levels of 352 genes
(2.84% of the total genes on the array) were changed in the liver
of wild-type mice 24 h after treatment with the potent chemo-
protective agent D3T. 129 and 292 genes were increased 6 and
24 h after D3T treatment, respectively, while only 34 were
elevated after feeding IDAT for 1 week, Most of the D3T-induced
gener were dependent on Nrf? as 82, 79, and 97% of D3T-
inducible genes were increased in wild-type mice but not in
nrf2-disrupted mice in the 6 h, 24 h, and dietary treatiment
groups, respectively (Fig. 1). A much smaller number of genes
were down-regulated by 3T (60 genes at 24 h). Also shown in
Fig. 1, D3T suppressed the expression of 31 genes 24 h afier
treatment and 30 genes following dietary administration in
wild-type mice only. Expression of most of these Nrf2-depend-
ent, D3T-modulated genes was not altered in the keapI-nrf2
double knockout mice 24 h after treatment with D3T. Only 15
out of the 231 Nrf2-dependent, D3T-inducible genes and 2 of
the Nrf2-dependent, D3T-repressed gemes were affected by
D3T in these double knockout mice, Thus, D3T treatment al-
tered the expression of only a modest subset of genes in the
Hiver of wild-type mice and most of these genes were regulated
through the Keapl/Nrf2 pathway. Comparisons of expression
patierns at different time points indicated that maximal
changes oeenrred 24 b after a single administration of D3T.

Nrf2-dependent, D3T-inducible Genes at 24 h—Genes up-
regulated by D3T in wild-type, but not rrf2-disrupted mice,
were regarded as Nrf2-dependent, D3T-inducible genes. The
231 Nrf2-dependent genes elevated 24 h after treatment with
D3T can be classified in several functional categories including
xenobiotic metabolizing enzymes, antioxidants, chaperone/
stress response proteins, ubiquitin/proteasome systems, acute
response/immunity proteins, cytoskeletal organization pro-
teins, profein trafficking proteins, membrane transpoert pro-
teins, signaling molecules, transcription factors and regulators,
and RNA processingftranslation-related factors (Table I). As
expected [rom earlier studies, a substantial number (28) of
genes related to xenobiotic metabolisin were induced by D3T
treatment in a rrf2-dependent manner. This gene category
includes seven genes belonging to cytochrome P450 subfami-
lies. Ten genes related to glutathione symthesis and conjuga-
tion were induced by D3T only in wild-type mice and those
included seven subunits of GST's, glutathione reductase, and
the regulatory and catalytic subunits of y-glutamyleysteine
ligase. NQO1, mEH, and UDP-glucuronosyl transferase 2 were
also induced. Flavin-containing monooxygenase-1, carbonyl re-
ductase and aldo-keto reductase family 1 were previously un-
recognized D3T-inducible genes in mouse liver regulated
through Nrf2. These results confirmed owr previeus observa-
tions that xenobiotic detoxifying genes are a major category of
genes affected by D3T and nrf2 genotype. Several antioxidative
genes were also induced by D3T; thioredoxin, thioredoxin re-
ductase, and peroxiredoxin transeripts were increased by 2.2.,
3.2-, and 1.7-fold, respectively, 24 h after treatment. General
enzymes including nucleotide diphosphatase (3.9-fold), aldol-
ase 1A (2.2-fold), and amino levulinate synthase 1 (3.9-fold)
wore increased only in wild-type mice. UDP-glucose dehydro-
genase was increased by D3T only in wild-type mice 6 h after
treatment and in both genotypes 24 h after treatment; how-
ever, the induction in wild-type (7.5-fold} was much higher
than in nrf2-disrupted (1.7-fold) mice.

Twenty genes related to proteasomes as well as genes in-
volved in ubiquitination (ubiquitin-conjugating enzyimes E2-
32, Huntington-interacting protein-2 and valosin-containing
protein) were identified as Nrf2-dependent, D3T-induced
genes. The average fold changes of these proteasome subunits
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ranged from 1.8 to 3.5. Five additional proteasome subunits
{proteasome subunit alpha types 2, 5, and 7; delta type 4; and
ATPase subunit 2) were induced in both wild-type and nrf2-
disrupted mice, but with a higher AFC in the wild-type mice
(AFC of wild-type/knockout, subunit alpha 2, 2.5/1.4; alpha 5,
2.9/1.6; alpha 7, 2.7/1.4; delta 4, 3.5/1.8; and subunit ATPase 2,
2.9/1.5). Further, proteasome subunit delta 4 was induced
equally by D3T in wild-type and nrf2-kneckout mice. There-
fore, in the aggregate, induction of 25 proteasome subumit’
genes by D3T was affected by nrf2 genotype.

Other major categories of genes induced by D3T through a
Nrf2 pathway were chaperone-protein trafficking systems.
These incladed heat shock proteins, ClpP profease, peptidyl-
proryly isomerase B, and FEK506-binding protein 5, which are
involved in the repair of unfolded/misfolded proteins as well as
genes for protein fransport across the endoplasmic reticulum -
such as the vesicle docking proteins and Sec61. Acute response
and inflammatory proteins such as serum aniyloids and CD8b
and cytoskeletal organization/binding proteins inclnding profi-
lin 2 and protein 4.1 were increased by D3T in wild-type mouse
Hver. Signaling molecules affected by D3T included NF«B essen-
tial modulator, protein inhibitor of nitric-oxide synthase and
CTP-binding proteins (ARF-1, Ran, and Gnall). Some genes
related to transcription were also categorized as Nrf2-dependent,
D3T-indnced genes in mice liver. The transeription factor ATF4
family ATFT was increased 3.6-fold and CRE/ATF family protein
X-box-binding protein 1 was increased 2.1-fold by D3T in wild-
type mice only. Nuclear receptor mCAR2, transcription activator
COP$S subunit 5, and tumor rejection antigen gp96 were also
elevated. Lastly, genes affecting mRNA stability/processing-
related (small miclear RNA and poly(rCy-binding protein} amd
translation (eIF3-p44 and elF2a} were induced by D3T.

Nrf2-dependent Genes at Other Time Points—Transcripts for
106 genes were increased by D3T 6 h after treatment and
remained elevated for 54 of these genes 24 h after treatment.
Many genes related to xenobiotic metabolistn were substan-
tially induced severalfold or more by 6 h, eg. Cyp2a4 (12.4-
fold), NQOL (5.2-fold), and vglutamyleysteine ligase catalytic
subumit (3.6-fold), and remained elevated at 24 h. Redox-regu-
lating nwlecules such as thioredoxin and thicredoxin reductase
also showed rapid induction. Expression of half of the rapidly
induced genes returned to basal levels at 24 h after treatment.
Crystalline aC (2.0-fold), aldehyde oxidase 1 (2.9-fold), anti-
apoptotic Bagd (2.5-feld), mATF4 (1.7-fold), and gelsolin (2.5-
fold) were increased only 6 h after treatment by D3T in an
Nrf2-dependent manner.

Gene expression profiling was also examined following feed-
ing D3T for 7 days for comparison to that of single administra-
tion of D3T. Expression levels of most genes, which were in-
duced by single administration of D3T, returned to basal levels

- despite continuous administration of D3 in the diet for 7 days.
Transcripts for 34 genes remained elevated in this group, 83 of

which were for Nrf2-dependent genes. Among the xenobictic
metabolizing enzymes, only two genes (Cyp3ai3 and Cyp4al0)
were sustainably elevated by D3T in the diet and transcripts
for other genes such as NQO1 and the GST's were not induced
over this longer time pericd. Similarly, no proteasome subunits
were delected as D3T-inducible genes with D3T in the diel for
7 days. Deoxyribonuclease Ila, GRO1 oncogene, ICAM-1, and
cytokine inducible SH2-containing protein 3 exhibited large
increases in this exposure group. D3T in the diet for 7 days also
repressed the expression of 30 genes in an Nrf2-dependent
manner. Genes repressed at 24 h as well as this later time point
included carbonic anhydrase 3, sterol regulatory element-bind-
ing protein 1, and Spot 14. :
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TaBLE I
Hepatic KeapI-Nrf2-dependent, D3T-inducible genes
' AFC (D3T/vehicle)
Categoties of genes Azcession no. Dascription of genes . b
W oy e
6k 245 Diet (7 dayy) 24k
Chaperone U27830 Stress-induced phosphoprotein 1 2.04
system/stress M18186 Heat shock protein, 84 kDa 1 2.22
response genes 297207 Butyrate-induced transcript 1 2.43
AW122551 Hsp40 homolog, subfamily B, member 11 4.14
Al8356630 Hsp40 homolog, subfamily B, member 9 1.97
JO4633 Hsp, 86 kD 1 4.11
28423 p58 521
AI836981 Similar to cisplatin-resistance related protein 217
Al835644 Endoplasmic reticulum protein 29 1.98
AJOO5253 CIpP protease 197
231399 7 subunit of the chaperonin containing TCP-1 1.92
X58990 Peptidylprolyl isomerase B 2.00
U16958 FK506-binding protein 5 4.56 2.77
Al848798 Crystallin, « C 2.04
Al846938 Homocysteine-inducible, endoplasmie reficulum
Stress-inducible, ubiquitin-like domain member 1 1.51
Ubiquitin-proteasome ATI836504 Psmal, proteasome ¢-subunit 1 217
AJE51441 Psmad, proteasome a-subunit 4 2.16
AW048997 Psmab, proteasome a-subunit & 1.34
AW12155R2 PsmaB, proteasome a-subunit 6 1.80
AIS3G676 Pama7, proteasome w-subunit 7 2.71
Us(824 Pamb], proteasome S-subunit 1 1.87
Alg53269 Psmb2, proteasome S-subunit 2 217
AW045339 Psmb3, proteasome g-subunit 3 2.91
UB5636 Psmb4, proteasome S-subunit 4 2.28
ABDO3304 Psmb5, proteasome S-subunit § 2.85
Ul13393 Psmbé, proteasome S-subunit G 2.23
T39302 Psmcl, protessome subunit, ATPase 1 2.39
AA409481 Psme3, proteasome subunit, ATPase 3 2.01
AW123318 Psmd), proteasome subunit, nonATPase 1 2.90
AT835520 Pamd5, preteasome subunit nenATPase & 3.11
M64641 Psmd?, proteasome subunit nonATPase 7 2.03
AW121693 Psmdll, proteasome subunit nonATPase 11 151  2.35
AI838669 Pamd12, proteasome subunit nonATPase 12 3.25
AW045451 Psmdl3, protzasome subunit nonATPase 13 2,11
Y13071 26 S proteasome-associated padl homolog 3.61
D49686 Tat-binding prolein-1 2.93
AW120683 Ubiquitin-conjugating enzyme E2-32 291
AIS36406 Ubiquitin 2 1.85 2.93
AWO0G0186 Ubiquitin-specific protease 14 2.17
X51703 Ubiquitin b i 141
AB011081 Hunlingtin-interacting protein-2 2.53
714044 Murine valosin-containing protein 130 2,50
Xenobiotic-metabolizing  X04283 Cypla2 1.34
enTymes M19319 Cyp2ad 12.38
106463 Cyp2al2 241
X63023 Cyp3al3 1.80
AB018421 Cypdalld 2.51 .
Y11638 Cypdald 6.6G 9.45
AF047726 Cyp2c39 4.47 3.89
U12961 NAD({PYH menadione cxidoreductase (NQO1) 524 598
JO3952 Glutathione S-transferase, mu 1 1.45  3.07
JO4696 Glutathione S-transferase, mu 2 ' 4.41
JO3953 Glutathione S-transferase, mu 3 1.74 4.63
106047 QGlutathione S-transferase, alpha 4 139  3.25
JO3958 Glutathione S-transferase, alpha 2 217 588
X98056 Glutathione S-transferase, theta 2 3.32 1.84
Al843443 Microsomal glutathione S-transferase 3 1.52
Uss414 yglutamyleysteine synthetase, catalytic 3.63 283
U95053 yglulamyleysicine syniheluse, regulalory 1.56  2.36
89491 Microsemal epoxide hydrolase 273 4.08 2.69
X08358 UDP-glucuronosyltransferase 2 family, member 5 140 1.88
Di6215 Flavin-containing monooxygenase 1 1.63 2.62
31966 Carbonyl reductase 1.51 5.94
AlB39514 Aldo-keto reductase family 1, member Al 1.84
ADBO17482 Aldehiyde oxiduse 1 2.89
Antioxidant AIBG1983 Glutathidne reductase 1 1.57  4.50
A1118194 Peroxiredoxin 1 1.6G
AB023564 Type 1 peroxiredaxin 1.69
X77555 Thioredaxin 128 216 122
ABO27565 Thioredoxin reductase 1 2.67 3.18
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TABLE I—continued

AFC (D3TAehicle)

Categories of genes Accession ne. Teacriptivn of genes nrf2-keapl®
' wI* doaiie 0
: 6k 24k Diet (7 days} 244
General enzymes AF061017 UDP-glucose dehydrogenase 3.78
Jo2652 Malate oxidoreductase 1,96
Y00516 Aldolase 1, A isoform 1.61 2.19
AF033381 PBetaine homocysieine methyl transferase 1.92
M73329 Phospholipase C-a 3.32
Us18056 Arginasc 2,22
M28666 Porphobilinegen deaminase 2.01
18975 g-1, 4 N-acetylgalactosaminyltransferase 177
K01515 Hypoxanthine phosphoribosyltransferase 1.8
AlF318128 Nuclear RNA helicase Batl 1.98
AIB46600 Mononglyceride lipase 1.74
131777 Triosephosphate isomerase , 1.79
M63245 Amino levulinate synthase 1 1.67 3.94 3.43
AW124201 1-acylglycerol-3-phosphate Q-acyltransferase 3 1.85
AB025408 Esterase 10 1,89
AFO80580 Coq?7 - 2.62
X68378 Cathepsin d s 2.M
AW125874 Asparaginyl-rRNA synthetase ' 2.58
AW122030 Similar to phosphoserine aminotransferase 9.00
AW210370 Gluean (1,4-¢-), branching enzyme 1 1.85 2.43
ATH74278 Insulin-degrading enzyme 2.1
AW045202 Similar to disullide isomerase-related protein 2.1
AT849453 Cytoplasmic tRNA synthetases 1.44 2.45
AWI12089%6 Deoxyribonuclease H o 2.45 3.94
Al340339 Ribonuclease, RNase A family 4 1.54
Al196896 Fibrinogen 8 : 1.28
223077 S-adenosylmethionine decarboxylase . 1.95
L09737 GTP cyclohydrolase 1 1.48
AF071068 Aromatic-L-amino-acid decarboxylase 1.99
AF020039 NADP-dependent isocitrate dehydrogenase 1.3¢
AFGT1068 Dopa decarboxylase 1.99
AIS61321 Uridindiphospheglucosepyrophosphorylase 2 1.35
AW125336 Pyruvate dehydrogenase 1.23
All117848 Similar to mannosyl (o-1,6-)- 2.08
Glycoprotein 5-1,2-N-
acetylglucosaminyliransferase
AIl194855 Tryptophan 2,3-diaxygenase 1.25
Al840012 AZ-cnoyl-coenzyme A isomerase ) 1.72
Kinase/phosphatase AJ238636 Nucleoside diphosphatase 2.39 3.89 1.57
AlB45584 Duel specificity phosphatase 6 2.43
Cell growth | AWQ49795 Transforming growth factor S-regulated geone 1 2.67
U35142 Retinoblastoma-binding protein mRbAp46 1.92
AF084524 Cellular repressor of ELA-stimulated genes 2.03 3.25 1.58
M60523 1db3 1.61
AJ326063 Angiopoietin-like 4 1.562
Apoptosis AF061972 Tat-interacting protein TIP30 3.03
AF(41054 EIB 19K/Bcl-2-binding protein homolog 1.79 1.55
US1062 Defender against Apoptotic Death (Dadl) gene 1.83
AlB37599 Neural stem cell derived survival protein 231
Precursor
AV373612 Bag3 2.45
AAZ60005 Pawr 1.56
Signal trapsduction Un6334 Eph recepior B4 291
Signal regulafing X56831 Mannose-6-phosphate-teceptor 2.04
molecule AW123904 GABA receptor-associated protein-like 1 1.31
AF023452 HSl-associating protein 1.52
AF069542 NF«B essential modulator 2.46
AF020185 Protein inhibitor of mtnmnnde synthase, light 2.13
chain 1
AW121185 Protein inhibitor of nifric-oxide synthase, heavy 1.85
chaio 1
AF100694 Pontin52 ) 3.89
132751 Ran ) 2.7
DE6sE3 Rab 4 1.37 227
Ua7413 Gnall, guanine nucleotide-binding protein 2.23
29802 p205, G protein 8 subuit-like 1.79
AI'115480 cAMP-dependent Rapl
Guanine-nucleotide exchange factor 2.22 2.19
AV349152 Regulator of G-protein signaling 16 . 2.28
Y005884 Cai, calcium-binding protein 4.23 ’
Da7a98 ARFE 201
AJ222586 = Precursor NEFA protein . 615
Cellular communication M81445 Connexin 1.44 1.39
Protease inhibitor X69832 Serine profeinase inhibitor 2,4 297 757

Me4088 Spl2 proteinase inhibitor 3.29
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TasLE I—continued .

. AFC (D3TAwehicle)
Categories of genes Aceession no. Description of genes
wre nfbenly
(33 245 Diet (7 devs) 24 b
Transcription factar M94087 mATF4 1.66
Nuclear receptor and AW123880 X-box binding proiein 1 . 2.08
regulators AB0O12276 ATF7 3.61
U70736 COP9 subunit § 2.23
AFO09328 inCAR2 (Nuclear veceptor subfamily 1) 2.69 2.45
J03287 Tumor rejection antigen gp%6 5.54
Zine finger proteing AF062071 Zine finger protein ZNF216 2,28
mRBNA. processing AJ839477 Poly(xC)-binding protein 1 1.97
L15447 Small nuclear RNA 1.92
Al183202 Heterogeneous nuclear ribonucleoprotein Al 3.73
. Ul4648 Splicing factor. arginine/serine-rich 10 1.55
Protein synthesis Urd112 Translation repressor NAT1 2,03
ABOO3502 Guanine nucleotide regulatory protein-1 1.96
X16267 Acidic ribosomal phosphoprotein PO 1.74
M25149 Tissue-specific transplantation antigen P91A 243
AW0G1243 elF2a 183
u70733 e[F3-pdd 1.89
U&a7328 Traunslation initiator factor3s8 199
M11408 16 S ribosomal protein 1.64
Al839717 Ribosomal protein L13 1.79
Profein trafficking AFKGRAE Vesicle-docking proteim, 115kD 243
AI843655 Sec23a 1.79
AIS48343 Sec23b 1.67
ABO324902 Sec6l 1.8
AB(025218 Intracellular protein transport 2.28
U10119 Vacuolar preiein sorting 4b 1.34
AT849207 Golgi reassembly stacking profein 2 1.29
AF029982 SERCA2 417
Cancer-related AJ846538 EtvG (TEL oncogene) 5.82
J04596 GRO1 oncogene 4.99
ATB839363 Mammary fuinor integration site 6 1.93
731362 Neoplastic progression 3 . 479 3222
129441 Tumor diferentially expressed 1 2.27
U22516 Angiogenin precursor 2.63
Cytoskeletal 120509 Matricin : 2.64
Organizationbinding  M21495 Actin, gamma 217
proteing AWO050256 Tubulin, 8 3 2.01
X04663 Tubulin, 8 6 187
J04953 Gelsolin 2.53
D37837 L-fimbrin 1.64
AW122536 Profilin 2 G.46
AB025406 Sid23 1.88
M22479 o tropomyosin 2.35 -
L0099 Protein 4.1 2.83
Transport 087980 UDP-galactose transporter-related isozyme 1 2.71
AW123952 Na*/K-transporting, « 1 polypeptide 1.85
AAB33514 ATP-binding cassette C3 2.62 1.44
AW123338 FXYD domain-containing ion transport regulator 1.85
M73696 Solute carrier family 20, member 1 196
AW121716 Syntaxin 5a 1.97
Lipid-related genes M64248 Apolipoprotein A-TV 3.34
Al785422 Apolipoprotein A-V 1.25
Immunity proteins AF070975 °  Amyloid g (A4) precursor protein-binding A3 2.27
M23552 Serxum amyloid P<component 2.07
U60438 Serum amyloid A protein isoform 2 5.86
M17790 Serum amyloid A 5.58
M25149 Tissue-specific transplantation antigen P91A 2.43
M35525 Hemolytic complement 4.03
X07698 CDsb 1.5¢ 3.36
AI843732 Histocompatibility 13 1.84
AI853542 Small inducible ¢ylokine A19 1.38
AW 25865 Histocompatibility 47 1.66
A1790328 1X eytokine : 1.74
MSO0551 ICAM-1 3.73
L12¢g29 SDF-1-¢ 151
AL790328 JK cytokine 1.87
AV3T4868 Cytokine inducible SII2-containing protein 3 4.69
Nuclear proteing D49733 Lamin A 2.93
AASGEITL Nucdleolar protein GU2 2.13
Cell adhesion AW123694 Glycoprotein 110 ' 2.41
AATE0613 Lectin 2.10

Nrf2-dependent, D3T-inducible Genes in keapl-nrf2 Double loss of Keapl, the putative sensor target for D3T, altered in-
Knockout Mice—Gene expression profiles were examined in the  ducer-mediated gene expression patterns beyond that affected
liver of keapI-nrf2 double knockout mice to determine whether by loss of Nrf2. Overall, 94% of genes induced by D3T in
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TABLE I—continued
AFC (D3Thehicle)
Categorien of genes Accession no, Description of genes nrf2-kean
, wr* e ko
6h 245 Divt (7 davy) 24 p
Other M17551 Carbon catabolite repression 4 homolog 2,77 143
AABEGTTE Regulater for ribosome resistance homolog 2.04
AA520583 MORF-related gene X 2.79
A1846849 Mrps1sb 2.48
M10062 Intracisternal A particles 2.04
L22977 X-linked lymphocyte-regulated 3b 2.48
U73039 Next to the Breal 1.80 1.35
X16672 Gag protein 177
X61463 NCK-associated protein 1 1.99
Al849838 Cullin 1 159
AW122453 Cysteine and histidine-rich domain {CHORD)- :
Containing, zine-binding protein 1 1.93
D87273 Jmpact 3.23
Al255961 Hepeidin antimicrobial peptide 2,36
AF053095 Sellb 1.77
AIS51087 Infracisternal A parficles 1.1
Xs80508 YAPGS 1.39

* (Genes induced by D3T in wild type mice only. but not in arf2-disrapted mice following single admmlstmhon {6 h and 24 h) or administration

in dlet, for 7 days compared to vehicle-treated wild-type mice.

* Genes induced by D3T in keapI-nrf2 double knockout mice 24 h after treatinent compared to vehicle-treated deuble knockout mice. Listed genes
exhibited CV < 1 and appeared in at least seven of nine comparisons as described in “Experimental Procedures.” No value indicates no effect on

gene expression under these criteria.

wild-type mice were not increased in keapI-nrf2 double knock-
out mice. Among the 231 genes classified as Nrf2-dependent,
D3T-inducible from the wild-type to nrf2-disrupted compari-
sons, just 15 genes including Cypdald, Cyp2¢39, mEH, and
GST theta2 were increased in these double knockout mice
(Table I). Since the keapI-nrf2 double kmockout mice behave
like nrf2 single knockout mice upon D3T treatment, it appears
that most D3T-inducible genes are induced through the Keapl-
Nrf2 coroplex.

Nrfi-dependent, D3T repressed Genes—Shown in Table II,
D3T treatment repreased the expression of 31 genes at 24 h and
30 largely overlapping genes following dietary administration
of D3T in a Nrf2-dependent manner. Several eytochrome P450
isozymes (Cypdal2, Cyp2d9, CypTal, and Cyp8bl) were re-
pressed by DAT freatment although no phase 2 genes were so
affected. Expression levels of carbonic anhydrase 3 and 14 were
reduced by balf. An intriguing category of genes repressed by
D3T treatment was the cholesterol/lipid biosynthesis metabo-
lism-related genes, The transcription factor, sterol regulatory
elermeni-binding . prolein-1, which regulaies cholesterol and
lipid biosynthesis, was repressed 50-70% in the single gavage
and dietary treatment groups.

RT-PCR Confirmation of Microarray Results—Induection and
repression of genes by D3T treatment and the effects of urf2
genotype on the microarray results were confirmed using RT-
PCR znalysis in the 24-h treatment group (Fig. 2A). Gene-
specific PCR primers were designed and RT-PCR reactions
carried out. Gel-images were quantified using densitometry
and normalized using amplified albumin gene intensities. Ex-
pression levels of 22 genes among the D3T-inducible genes
were analyzed by RT-PCR. NQO1 transcript levels were in-
ereased 10-fold by D3T in wild-type mice compared with vehi-
cle-treated counterparts and were not increased in nrf2-dis-
rupted mice in the RT-PCR analysis. Microarray analysis had
indicated that NQO1 was increased 6-fold by D3'L' in the wild-
type mice only. Transcripts levels for mEH, GST Mu3, and
Hsp40 homolog showed 4.6-, 3.7-, and 5.5-fold increases, re-
spectively, by D3T treatment in wild-type mice according to
RT-PCR analysis. Corresponding fold changes of these genes in
the microarray analysis were 4.0, 4.6, and 4.1, respectively.
Expression of proteasome subunits were also confirmed and
showed comparable induction by RT-PCR analysis. Represent-

ative repressed genes (sterol regulatory element-binding pro-
tein-1 and carbonic anhydrase 3) detected in the microarray
analysis also showed reduced mRNA levels by RT-PCR
analysis.

RT-PCR analysis was also performed to confirm the results
from the microarray analysis in the double knockout mice (Fig.
2B). Expression levels of NQO1, GST Mu3, p58, proteasome
subunits beta type 3 and 26 S profeasocine-associated padl
homolog were not increased by D3T treatment in the liver of
keapl-nrf2 double knockout mice, while, mEH was slightly
increased.

DISCUSSION )

Nrf2 is a critical transeription factor for mediating amplifi-
cation of the mammalian defense system against environmen-
tal stresses. To identify the genes repulated by Nrf2, global
gene expression patterns were examined in miouse liver follow-
ing D3T treatinent of nrf2 single and kegpl-nrf2 double knock-
out mice using oligonucleotide microarray analysis. For evalu-
alion of the microsrray daly, sllered gene expression levels
having a CV of less than 1 and significant differences in af least
7 of 9 possible comparisons were selected so as o filter out false
positive responses. Filtering out false positive genes enabled
the detection of induced genes with average fold changes of 1.2
and greater and of repressed genes under 0.7. The fold changes
confirmed by RT-PCR consistently reflected the average fold
changes observed in the microarray analyses. For example,
induction of genes showing less than 2-fold increases by mi.
crearray analysis (elF3p-44 and Sec6I) exhibited similar fold
changes by RT-PCR analysis. These results indicate that fil-
tering genes by considering reproducibility and bislogical vari-
ance in individual responses provided an effective means to
identify genes affected to small, but potentially biclogically
important degrees.

Genes increased or decreased by D3T treatment in wild-type
but not nrf2-disrupted animals were classified as Nrf2-depend-
ent genes, While, some genes increased in both genotypes, they
showed higher fold induction in wild-type mice compared with
nrf2-disrupted mice. These included heat shock protein 86 kDa
1 (AFCpg/AFCyypiare; 4-11/1.39), Cyp2ud (37.01/2.16), Cyp3all
(3.4171.73), UDP-glucose dehydrogenase (24 h after treatment,
7.52/1.67), and lipocalin (15.46/2.87). Therefore, expression of
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TabBLE II
Hepatic Keapl-Nrf2 complex-dependent, D3T-repressed genes
AFG (DATAehicle)
Catagories of gonea Aeccogaion no. Description of genss wre m12 e flb
244 Dict (7 days) 24k
Stress response genes J(4633 Hap%0 (.61
Xenobiotic- Y10221 Cypdal2 0.6
metabolizing M27168 Cyp2dg .75
enzymes 123754 CypTal 0.46
AFF090317 Cypébl 0.54
General enzymesg M15268 Aminocvulinic acid synthase 2, erythroid 0.45 0.62
M275695 Urate oxidase 0.42
AJOOB4T4 Curbonic anhydrase 111 0.08 0.50
AB0O05450 Carbonic anhydrase 14 0.56
MBEGo4 Thioether S-methyltransferase 0.43 0.54
AIBS40501 Camello-tike 1 0.42
AI790931 Fructose-1,6-bisphosphatase 0.61
Mz27347 Clastase 1, pancreatic .41
Al506285 Coagulation factor X 0.60
Cell growth M31680 Growth hormone receptor 0.39
. U1sm2 Growth hormone receptor 0.60 0.62
Signal transduoction/ AF089751 ATP receptor P2X4 subunit 0.68
signal regulating Al834950 Simijlar te nudear receptor subfamily 1, group D 0.59
" molecules M80631 G protein « subunit 0.17
Transcription factor AT843895 Sterol regulatory element, binding factor 1 .29 0.43 0.44
Cancer-related AIS45638 Etvé (TEL oncogene) 0.41
Growth arrest M21828 Growth arrest specxﬁc 2 0.34 .
Cytoskeletal proteins Xo9921 85100 calcium-binding protein A13 0.61 0.62
binding proteins M18465 $100a 10 calcium binding protein All 0.64
Immunity proteins U47737 Lymphocyte antigen 6 complex, defense 045 0.69
response
Lipid/steroid-related MG4248 Apolipoprofein A-TV 0.61
’ M75886 Hydroxysteroid dehydrogenase 2 0.28
M77015 3-3hydroxysteroid dehydrogenase 0.46
Y14660 Fatty acid binding protein L-FABP 0.46
X58426 Lipoprotein lipase 0.56
- Alg38021 Fatly acid coenzyme A ligase, long chain 5 0.48
X95279 Spotl4 0.14 0.41
AlS48668 Sterol-C4-methyl axidase-like 0.55 ‘
AF057368 AT-sterol reductase 0.3
Transport AF045692 Solute carrier family 18, member 2 0.59
DOOG?3 Transthyretin 0.33
X70533 Caorticosterdid binding globulin 0.36
Others 07425 Heparin cofactor 11 precursor © 054

@ Genes repressed by D3T in wild type mice only. but not in arf2-disrupted mice following single ad.m.lmtztrahun (24 h) or administration in diet

for 7 days comnpared to vehicle-treated wild-type mice.

* Genes repressext by D3T in keapl-nrf2 doubls knockout mice 24 h after treatment compared to Vehicle-treated double knockout mice. Listed
genes exhibited CV < 1 and appeared in at least seven of nine comparisons as described in “Experimental Procedures”. No value indicates no effect

on gene expression under these criteria.

these genes by D3T treatment was aflected by Lthe nrf2-geno-
type. Collectively, there were 231 Nrf2-dependent, D3T-in-
duced genes detected 24 h after treatment, representing 79% of
total D3T-induced genes in wild-type mice. Similar percentages
of Nrf2-dependent genes among all D3T-induced genes were
observed at 6 h after a single treatment and with dietary
exposure to D3T for 1 week. Thus, the large majority of D3T-
induced genes appeared to be regulated threugh the Nrf2 path-
way in mouse liver; 50% of D3T-repressed genes were also
Nrf2-dependent genes.

The products of genes induced by D3T throngh a Nrf2-de-
pendent pathway can be classified as xenobiotic mefabolizing
enzymes, antioxidants, general enzymes, chaperone/stress re-
sponse proteins, ubiguitin/proteasome systems, protein traf-
ficking proteins, acute response/immunity proteins, cytoskel-
etal organization proteins, membrane transport proteins,
signaling molecules, transcription-related genes, and RNA
processing and translation-related factors, This profile of
changes in gene expression evoked by D3T is similar to that of
the cellular response to oxidative stress in manrmalian cells
(36). The gene categories most affected by nrf2 genotype were
xenobiotic metabolizing genes, antioxidants and proteasome
subunits. D3T treatment induced genes belonging to other

cutegories such ds cyloskelefal organizalion proleins, and
acute response genes in nrf2-disrupted mice; however, very few
xenobictic metabolizing genes and proteasome subunits were
induced in the nr2-knockout mice. These Nrf2-specific induc-
ible gene categories may be critical contributors to the cytopro-
tective and chemopreventive effects of dithiolethiones. -
Induction of xenobiotic detoxifying genes and antioxidants
by dithiclethiones in a Nrf2-dependent marmer is consistent
with our previous results. Seven isozymes of GST and gluta-
thione-related genes (glutathione reductase and y-ghrtamyl-
cysteine ligases) were induced as expected and expression lev-
els of NQOI, mEH, and UDP-glucuronyl transferase 2 family,
member 5 were increased by D3T only in wild-type mice. Novel
xenobiotic-metabolizing genes regulated by Nrf2 pathway are
carbonyl reductase, flavin-containing monocoxygenase 1, aldo-
keto reductase 1A1, and aldehyde oxidase. Induction of car-
bonyl reductase, alde-kete reductase 1A1, and aldehyde oxi-
dase may contribute to the protective effects of dithiclethiones
by detoxifying eytotoxic reactive carbonyl compounds (37-39).
Induction of the antioxidant genes, peroxiredoxin, thioredoxin
reductase, and thioredoxin restore normal cellular redox status
under situations of oxidative stress (40). Other reducing path-
ways, namely, NADPH-generating enzymes suich as UDP-glu-
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16, 2. RT-PCR analyses. A, RT-PCR analysis of Nrf2-dependent,
D3T-inducible genes in mouse liver. Gene-specific PCR primers were
used to detect mRN A levels of each gene. PCR amplification was carried
out with serially diluted ¢DNAs from vehicle (Veh.) or D3T-treated
wild-type (WT) and rrf2-knockout mice (n72-KO). Albumin levels were
used for normalization. B, RT-PCR apalyses for NQOL, mEH, GST
Mu3, p58, proteasome subunit beta type 3, and 26 S protensome-
associated padl homolog were performed with cDNA from vehicle (Vek.)
or D3T-treated wild-type (WT) end keepI-nrf2 double krockout mice
(keapl-nrf2 KO).

cose dehydrogenase and malate oxidoreductase were increased
by D3T, again in an Nrf2-dependent pathway.

A previously unrecognized category of Nrf2-dependent, D3T-
inducible genes is the ubiquitin/proteasome system. Twenty-
six genes from this system were elevated by D3T treafment in
wild-type mice. As depicted in Fig. 3, the genechip used in this
study contains 39 genes related to proteasomes, and 67% of
these proteasome genes were significantly induced by D3T. A
substantial shift in the distribution of expression rativs was
seen in this class of genes relative to all of the genes en the
array {(p < 0.001). By comparison, the expresston distribution of
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Fic. 3. Distribution profiles of genes as a function of their
expression ratios. Ratios are those for D3T-treated over vehicle-
treated wild-type mice. The distributions are for total genes (n =
12,487), cytochrome P4502 (n = 38), glutathione (GSH)-relaled genes
{rn = 81), and proteasomes (z = 39). The numbers indicate the number
of genes in each functional category contained on the mouse genechip.
The distribution of D3T-induced proteasome genes is significantly dif
ferent fram the distribution for totsl genes (p < 0.001. Mann-Whitney
rank sum test).

glutathione synthetic and utilizing genes, reflecting a largs
number of known Nrf2-ARE regulated genes, was trimodal
whereas that of 38 cytochrome P450 genes indicated an overall
lack of responsiveness of these genes to D3T. A small subset of
highly inducible P450s is apparent, however. Among the in-
duced 26 S proteasome subunits, six subunits showed induction
in both genotypes; however, induced fold changes were consid-
erably higher in wild-type mice than nrf2-knockout mice. D3T
treatment also induced heat shock proleins, These chaparone
proteins together with the ubiquitin/proteasome system play
an essential role in response to stress (41, 42). Accamulation of
mfolded polypeptides following oxidative stress can disturb
normal cellular fanctions and trigger apoptosis through the
JNK pathway (42, 43). Heat shock proteins including Hsp40,
Hsp70, Hsp90, and small Hep {(a-cystallin and Hsp27) function
as molecular chaperones, and bind selectively to denatured or
partially unfolded polypeptides {44). Many studies indicate
that accumulation of unfolded or misfolded proteins induces a
response in which chaperone penes and components of the
ubiquitin pathway are up-regulated to repair damaged pro-
teins in mammalian cells (45, 46). These induced heat shock
proteins serve protective roles in neurons and expression of
Hsp70 and Hsp40 protected neuronal cells from apoptosis by
abnormal protein accumulation (47, 48). Increased expression
of 26 8 proteasome subunits by oxidative stress has not been
reported in mammalian systems, although, proteasome suob-
units ean be induced by interferon-v in human cell limes during
viral infection (49). The expression of 26 S proteasome subunits
is coordinately regulated by the transcription factor Rpndp in
Saccharomyces cerevisiae, and their expression can be affected
by stress (50, 51). However, there does not appear to be any
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F10. 4. A model for Keapl-Nrf2 com-
plex dependent genes involved in cy-
toprotection against environmental -
stresses. Dithiolethiones may react with
sulfhydryl groups of Keapl and liberate
Nrf2 to translocate into the nuclens. Nrf2
transaclivates the ARE with other bZIP
proteins to increase the expression of de-
toxifying and antioddative enzZymes,
NADPH-generating enzymes, glutathione
biogynthesis enzymes, chaperone pro-
teing, and ubiquitin-proteasomes. These
gene producis promote protection against
electrophiles and reactive oxygen species
from environmental and endogenous
sources by detoxifying these reactive in-
tormediates and enhancing the Tepair
and degradation of damaged proteins.

homology between Rpndp and Nif2. The increased expression
of proteasome subunits by D3T in the presence of Nrf2 indi-
cates that Nrf2 may be a common transcriptional regulator for
the expression of 26 S proteasomes upon stress conditions in
mammalian cells. Recently, Sekhar et «l. (52) have shown that
Nrf2 is degraded by the ubiquitin-proteasome pathway and
that Nrf2 can be co-immunoprecipitated with ubiquitin poly-
mer. Induction of chaperone and proteasome genes by D3T may
facilitate the repair or degradation of damaged or oxidized
proteins as an additional means to respond to oxidative and
electrophilic stresses (Fig, 4).

Gene expression patterns were studied at different times.
Many xenobiotic metabolizing genes were increased rapidly
and persistently following a single dose of D3T, while genes
related to restoration of damaged biomolecules such as the
ubiquitination-proteasome system were principally elevated at
924 h. General enzymes, protein trafficking proteins and cy-
toskeletal components were inereased early and only tran-
siently after treatment. Relatively few gene transcripts re-
mained elevated after feeding a D3T-containing diet for 7 days.
The phase 2 deloxifying genes and proleasomes, with the ex-
ception of mEH, did not maintain their elevated transeript
levels during eontinuous dietary exposure to D3T. These re-
sults indicate that repetitive administration of an Nrf2 activa-
tor may induee a eellular adaptation to the eontinuous signal-
ing of gene transcription. This refractory transcriptiomal
response to repetitive administration of dithiolethiones is con-
sistent with our earlier observations (53). Coraparison of the
levels of GST subunit proteins and catalytic activity, mRNA
levels and transcriptional rates of gst e showed that transcript
level and transcription rate returned to near basal levels after
3 days of feeding the dithiolethione oltipraz, while, protein
levels and activity remained maximally elevated for at least 1
week with feeding. Presumably altered post-translational mod-
ifteations to the induced proteins contribute to the sustained
GS'T activity. Thimmulappa et el. (19) has shown Nrf2-depend-
ent, sulforaphane-inducible genes in the small intestine of mice
following 7 daily doses of sulforaphane by gavage. They iden-
tified 26 genes as Nrf2-dependent, sulforaphane-inducible
genes, and this gene cluster included xenobiotic-metabolizing
enzymes, glutathione biosynthesis enzymes, and NADPH-gen-
erating enzymes. Whereas, these results are in accord with
our present findings, they indicate that dosing schedule and

Keapl-Nrf2-dependent Gene Expression
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sanmpling time influence the dynamics of gene-expression.
Therefore, analysis of gene expression patterns 24 h after
single administration of inducer appears optimal for identify-

.ing Keap1Nrf2-dependent pathways. Companion proteomic

analyses, however, are likely to reveal additional contributors -
to inducible cytoprotective responses.

The cytoplasmic repressor of Nrf2, Keapl has been propesed
te be a cellular sensor for protection against oxidative and
electrophilic stresses. Direct interaction of enzyme inducers
with cysteine residues of Keapl has been demonstrated re-
cently using the irreversible sulfhydryl reactant dexametha-
sone mesylate (16). Several cysteines in the infervening region
of Keapl are modified by this inducer. The chemical basis of
dithiclethione activation of Nrf2 signaling is not clear as yet;
however, dithiolethiones are sulfhydryl reactive compounds
(54, 55) and stimulate the translocation of Nrf2 into the nu-
cleus (8, 11). The critical role of Keapl in the regulation of Nrf2
function has been established in studies nsing keapl-lmockout
mice. keapi-distupted mice are not viable after 3 weeks of age;
however, expression levels of phaise 2 detoxifying genes such as

GST and NQO1 are much higher in neonatal keapI-disrupled

animals than in age-matched wild-type mice (33). The lethal
phenotype of the keapl-disrupted mouse can be rescued by
conjoint disruption of Nrf2 expression. Gene expression profiles
in keapI-nrf2 double knockout mice following D3T treatment
clearly show that most D3T-inducible genes are mmder the
control of the Keapl-Nrf2 complex. Most (94%) of genes in-
duced by D3T in wild-type mice were not increased in these
double knockout mice. Fifteen genes classified as Nrf2-depend-
ent, D3T-induced genes in the wild-type to nrf2-disrupted mice
comparisons were induced in these keapl-nrf2 double knockont
mice. These genes included mEH and GST theta 2, suggesting
a partial recovery of alternative regulatory pathway(s) to ex-
press these protective genes in the deuble knockout mice.
The Keapl-Nrf2 complex appears to be the primary molecu-
lar target of chemopreventive agents such as the dithiolethic-
nes. D3T increases the expression of a broad range of genes in
a Keapl-NrfZ-dependent manner that act to directly detoxify
toxins as well as generate essential cofactors such as glutathi-
one and reducing equivalents. Induction of genes involved in
the recognition and repair of damaged proteins expands the
role of nrf2-dependent genes beyond primary eontrol of electro-
philic and oxidative stresses into secondary protective actions.
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Because dithiolethiones lose protective efficacy in nrf2-dis-
rupted mice, these D3T-inducible, Keapl-Nrf2-dependent
genes are likely to be central contributors to cell survival.
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Keap1 regulates both cytoplasmic-nuclear shuttling and
degradation of Nrf2 in response to electrophiles
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Abstract

Background: Transcription factor Nrf2 regulates the
expression of a set of detoxifying and anti-oxidant
enzyme genes. Several lines of evidence suggest that
electrophiles and reactive oxygen species liberate
Nrf2 from its cytoplasmic repressor Keapl and pro-
voke the accumulation of Nrf2 in the nucleus. To
elucidate the molecular mechanisms as to how Nrf2 is
activated by inducers, we examined the cytoplasmic-
nuclear shuttling and turnover of Nrf2. -

Results: We found that Nef2 is rapidly degraded
through the proteasome pathway, while -elec-
trophiles cause Nrf2 nuclear translocation with con-
comitant stabilization. Crucial to thé inducible

lntroductlon

To counteract the damage that can bc provoked by
electrophiles and reactive oxygen species (ROS), higher
animals have developed elaborate defence mechanisms
(Prestera et al. 1993; Primiano ef al. 1997). A battery of
genes encoding detoxifying and ant-oxidative stress
enzymes/proteins is coordinately induced following
exposure to electrophiles and ROS (Beutler ef al. 1995;
Hayes & Pulford 1995). This coordinated response is
regulated through a ds-acting element called the anti-
oxidant responsive element {ARE) or electrophile res-
ponsive element (EpRE) within the regulatory region of
target genes (Rushmore et al. 1991; Friling et al. 1990).
Genes encoding a subset of drug metabolizing enzymes,
such as glutathione S-transferases (GSTs) (Friling et al.

1990) and NAD{P)H-quinone oxidoreductase 1-

{(NQO1) (Rushmore et al. 1991), have been shown to
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accumulation of Nrf2 is the enfeebling of the Nrf2—

. Keapl interaction by electrophiles. Exploiting mice

which have the LacZ reporter gene knocked into the
nrf2 locus, we revealed that the inducible accumula-
tion of Nrf2 protein by electrophiles in macrophages
and intestinal epithelia could be recapitulated by
the Ntf2 N-terminal region in combination with a
nuclear localization signal. We also found constitu-
tive Nrf2 nuclear accumulation in Keapi-deﬁc;ent
mouse macrophages.

Conclusions: Our results highlight the fact that Nrf2

protein turnover is regulated by Keapl mediated
subcellular compartmentalization.

be under ARE/EpRE regulation, along with a subset
of anti~oxidant genes, such as haem oxygenase-1 (HO-1)
{Alam et al. 1995), the subunits of y-glutamyleysteine
synthetase (Y-GCS) (Mulcahy ef al. 1997) and thiore~
doxin (Kim ef al. 2001).

Nrf2/ECH (NF-E2-Related Factor 2 (Moi efal
1994) or chicken Erythroid-derived CNC-Homology
factor (Itoh ef al. 1995)) was recently identified as the
major regulator of ARE-mediated péne expression
(reviewed in Itoh et al. 1999b; Ishit et af. 2002). Nrf2/
ECH belongs to the Cap-N-Collar (CNC) family of
transcription factors that share a highly conserved basic
region-leucine zipper (bZip} structure (réviewed in
Motohashi et al. 1997). NIf2 requires a2 member of the
small Maf proteins as an obligatory partner molecule for
binding to their cognate DNA sequence (Itoh ef al.
1995; Marini et al. 1997). Through nyf2 gene targeting
analysis, we demonstrated that Nrf2 regulates a battery
of genes encoding drug mietabolizing enzymes and
anti-oxidant proteins (Itoh ef.al. 1997; Ishii et al. 2000).
Subsequently, we identified Keapl (Kelch-like. ECH

Genes to Cells -(2003) 8, 379-391
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Associating Protein 1) as a direct binding partngr of Nrf2
(Itoh ef al. 1999a). The central role attributed to the

Nrf2-Keap1 system is the regulation of cellular defence-

against a variety of environmental insults; for example,

in the electrophile counterattack response (Itoh etal.

1999b; Ishii et al. 2000), in acetaminophen intoxication’
(Enornoto ‘etal. 2001), in chemical carcinogenesis
(Ramos Goméz et al. 2001), and in diesel exhaust inha-
lation (Aoki ef al. 2001).

Several key features have emerged from an extensive
study of the molecular rhechanisms of Nrf2 activation by
electrophiles and ROS. In peritoneal macrophages,
nuclear Nif2 accumulation in response to electrophlles
or ROS appears to be an important step in Nrf2
mediated gene induction (Ishii et al. 2000). Forced

over-expression of Nrf2 gave rise to ARE-reporter gene -

transcription in a reporter co-transfection/transactiva-
tion assay (Itoh et al. 199%a) and switched on endog-
enous target genes in zebrafish (Kobayashi et al. 2002)
without any additional electrophilic or oxidative signals.
Therefore, increasing the amount of Nrf2 citcumvents
the normal activation pathway of electrophiles and
ROS and actuates -cytoprotective gene transcription.
In the co-transfection/transactivation miodel, the
concomitant expression of Keapl sequesters Nrf2 in
the cytoplasm and represses Nrf2 transactivition
activity (Itoh et al. 1999a). Treatmerit of the cells with
electrophiles liberates Nrf2 from Keapl: Nrf2 subse-
quently translocates to the nuclcus and activates the
transcription of cytoprotect:ve enzyme genes through
the ARE. -

While these results clearly demomu-ate that elec—
trophiles or ROS induce a subset of cytoprotecnve
enzyme genes by counteracting Keapl repression of
Nrf2 activity, many questions still remain regarding the
manner by which electrophilic signals dissociate INrf2
from Keapl,and Nif2 translocates from the cytoplasm to
the nucleus. To address these questions, we investigated
the accumuladon, stability and nuclear-cytoplasmic
shutthing of N2 in mouse peritoneal macrophages. Our
results indicate 2 rapid turnover of INrf2 in the cytoplasm
under non-stress conditions, whereas Nrf2 protein stabi-
Lizes in the presence of electrophiles and accumulates in
the nucleus. We found that the N-terminal region. of
Ntf2, in combination -with the Nuclear Localization

Signal (NLS}, is sufficient for this electrophilic induced .

nuclear accumulation, and that Keapl plays important
roles in this process by intéracting with the Nrf2 N-
terminal Neh2 domain. Our data suggest that the
N-terminal region of Nrf2 initiates rapid proteolysis
within the cytoplasm, but mediates turnover via a slower
pathway in the nucleus. -

Genes to Cells (2003) 8, 379-391

| Results

Electrophiles accumulate Nrf2 protein in béritorjtéal
macrophages

To elucidate the molecular basis of the Nrf2 activation
mechanism in response to electrophiles, we examined
the relationship between Nrf2 activation and Nrf2
target gene induction in primary cultures of peritoneal
macrophages. We executed a2 time course study of
Nif2 target gene induction (Fig. 1A} and Nrf2 accumu-
lation in the nucleus (Fig. 1B) using diethylmaleate
(DEM), an electrophile classified as 2 Michael reaction
acceptor. The inducible expression of Peroxiredoxin I
{Prx[)/MSP23, one of the major Nrf2 target genes in
peritoneal macrophages (Ishii ef al. 2000}, occurred as
early as 2 h after DEM treatment (Fig. 1A, top panel). In
contrast, the mRNA level of Nrf2 was slightly reduced
by DEM treatment (Figs 1A and 2A, middle panels),
indicating that DEM was inducing the expression of
the Nrf2 target gene through some post- transcnptlonal
mechanismi. -

The Nrf2 protein level in the nuclcar fraction was exam-
ined by immunoblot analysis using anti-Nrf2 antibody.
N2 migrated as 110 kDa in SDS-PAGE, which was the
same as over-expressed recombinant Nrf2 in 293T cells
(Fig. 1C, lane 8; Kwak et al. 2002). A significant increase
in INrf2 was observed as early as 0.5 h following DEM
treatment (Fig. 1B). We also found that Nrf2 binding
activity to the ARE sequence was markedly increased
and showed a similar induction profile (data not shown).
This s consistent with our previous analysis in that,
although Nif2 target genes are significantly induced,
Nrf2 mRINA is not increased after the treatment of mac-
rophages with DEM or similar agents (Ishii et al. 2000).
These results demonstrate that the nuclear accumulation
of Nif2 precedes induction of target gene expression and
is thus a key event in the inducible expression of phase
II and anti-oxidant enzyme genes.

We then examined whether Nrf2 accumulation can
be detected in total cell lysate (Fig. 1C). Importantly,
before DEM treatment, Nif2 was scarcely detectable in
total cell tysate, indicating that the size of the cytoplasmic
Nrf2 pool is very small in non-induced cells. Following
DEM treatment, however, Nrf2 accumulated in total cell
lysate, albeit the immunoblot signal was very weak com-
pared to that with nuclear extracts. Electrophiles other than

-DEM, such as menadione (lane 2}, chlorodinitrobenzene

(CDNB) (lane 4), and sulforaphane (lane 5) provoked a
similar accumulation of Nrf2 in total cell lysate
(Fig. 1D}, showing that cellular Nrf2 accumulation is a
mechanism which is common to several Nrf2 inducers.

© Blackwell Publishing Limjted
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Figure 1 Nrf2 activation by DEM accompanies the accumulation of Nif2 in whole cell Iysates. (A} RINA blot analysis of Nrf2 and PrxI,
Peritoneal macrophages were cultured in the presence (lanes 3, 5 and 7-9) or absence of 100 um DEM ({lanes 1, 2, 4 and 6}, and total
RINAs were prepared at the various time points indicated in the Figure. (B) DEM caused Nif2 to accumulate in the nucleus. Nuclear
extracts from macrophages treated with (lanes 3, 5 and 7) or without (fanes 1,2, 4 and 6) 100 pa DEM for the indicated times were
immuncblotted with either anti-Nrf2 antibody (N) or anti-Lamin B antibody (L). {C) N2 accumulated in total cell extracts after
treatment with DEM. Total cell extracts from macrophages treated with (lanes 3, 5 and 7) ot without (lanes 1,2, 4 and 6) 100 um DEM
for the indicated times were immunoblotied with either anti-Nrf2 antbody (N} or anti-Lamin B antibody (L). Over-expressed
recombinant Nrf2 in 293T cells (R.. Nrf2) was also loaded as a conwol (lane 8). (D) Nrf2 was accumulated in total cell lysates by various
electrophiles and ROS producing agents. Total cell extracts prepared from macrophages treated with DMSO (lane 1), 2.5 [im menadione
(lane 2), 100 M DEM (lane 3), 10 ptm CDNB (lane 4), or 10 pum sulforaphane (lane 5) for 4 h were immunoblotted with anti-Nrf2

a.unbody (N) or anti-Lamin B annbody L.

Smce the Nrf2 protein 51gnal was sc:arcely detectable
in immurnoblot analysis of the' cytosolic fraction (data
not shown}, we assume that Nrf2 accumulation in the
nucleus mainly occurs through new protein . synthesis
and not through the translocation of pre- emstmg Nrf2
protem from the cytosol to the nucleus.

De novo protem synthes1s is reqmred for nuclear
accumu]atxon of Nrf2

In order to test whether de nowo protein synthesis is
required for nuclear accumulation of Nif2, we treated

peritoneal macrophages with DEM in either the pres- .

ence or absence of the protein. synthesis inhibitor
cycloheximide {CHX). The induction of Prx]l mRINA
by DEM was largely abolished in the presence of CHX
(1 pg/ml; Fig. 2A). Similarly, the induction of HO-1
mRINA by DEM was significantly affected by CHX
treatment (data not shown). The major regulator of

© Blackwell Publishing Limited

inducible defence gene expression may thercfore have a
short degradation half-life and rapid turnover. )

Since Nrf2 mRNA levels did not mgmﬁcantl_y
increase following treatment by DEM and/or CHX, the
possibility exists that Nrf2 protein actually turns over
rapidly and its level decreases in response to CHX, hence
giving rise to the decrease in Nif2 target gene expres-
sion. We therefore examined the effect of CHX on the
levels of nuclear Nrf2. The build up of Nrf2 in the 0.5%
Triton X insoluble nuclear fraction can be monitored
biochemically (Fig. 2B). Nrf2 accumulated in the Triton
X insoluble fraction, but not in the soluble fraction, of
peritoneal macrophages from control, DEM-treated
and DEM plus CHX-treated mice. Although DEM
markedly induced the Nrf2 level (compare lanes 2 and 4),
CHX largely cancelled this induction (lane 6). These
results thus indicate that Nrf2 turns over rapidly in mac-
rophages and that new protein synthems is requ.u-ed for
the nuclear accumulation of Nrf2.

Genes to Cells (2003) 8, 379-391
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Figure 2 Both the induction of target genes and the activation
of Nrf2 are sensitive to treatment with cycloheximide (CHX).
{A) The effect of CHX on the induction of Prxl. Total RINAs
prepared from macrophages that were untreated (lanes 1) or
treated with either 100 M DEM (lane 2), 1 pg/mL CHX (lane
4} or both (fane 3) for 4.5 h were blot hybridized with the cDINA
probes indicated in the figure. (B) Macrophages were either
untreated (fanes 1 and 2) or treated with 100 M DEM {lanes 3
and 4) or both DEM and CHX (lanes 5 and 6) for 4 h and 0.5%
Triton X soluble ($) (lanes 1,3 and 5) or insoluble (I} (lanes 2, 4
and 6) fractions were prepared. Fractions were probed with anti-
Nrf2 antibody (N), anti-lamin B antibody (L}, or anti-B-actin
antibody (A). Over-expressed recombinant Nrf2 in 293T cells (R
Nrf2) was also loaded as a control (ane 7) .

Proteasome mhlbltots also mduce Ner
accumulatlon

In order to gain insight into the rapid turnover rate.of
Nrf2, we carried out two further experiments. Firstly,
we examined the effect of various protease inhibitors on
the level of Nif2 protein. Immunoblot analysis using
Nrf2 antbody revealed that proteasome inhibitors, such
as clasto-Lactacystin B-Lactone, MG132 and MG115,
led to the dccumulation of Nrf2 in the Triton X insoluble
fraction, but that a calpain inhibitor failed to accumulate
Nrf2 (Fig. 3A, top panel). Our results suggest the degradation

382 Genesto Cells (2003) 8, 379-391

of Nrf2 specifically by the proteasome system in non-

induced cells.

Second, we analysed the effect of electroph_llcs on
Nrf2 protein turnover. Since the expression level of
Nrf2 in the total cell lysate of peritonteal macrophages
was too low to measure quantitatively, we induced the
intracellular level of Ntf2 protein by M(G132, a reversible
inhibitor of proteasome, for 2.5 h (Lee & Goldberg
1998). After the thorough removal of MG132 and treat-
ment of the peritoneal macrophages with CHX and/or
DEM, the Ntf2 protein level in the total cell lysate was
measured by immunoblot analysis with anti-Nrf2
antibody. Ntf2 was rapidly degraded with a half-life
of 18.5 min, whereas DEM stabilized the Nrf2 protein
and prolonged its intracellular half-life to 31.7 min
{Fig. 3B,C).To clarify the mechanism of Ntf2 stabilization
by DEM, we examined the effect of DEM in the presence
of a saturating amount of MG132. If DEM had worked

- through a different pathwzy than MG132 to accumulate

Nif2, they should synergistically accumulate Nrf2. As
shown in Fig. 3D, DEM did not affect the protein level
of Nif2, suggesting that DEM attenuates the pathway
leading to the proteasomal degradation of Nrf2. From
this, we postulate that Nrf2 protein is stabilized by elec-
trophiles through the inhibition of proteasomal Nrf2

' dcgmdation.

The N-terminus of Nrf2 and the NLS are suﬂicnent
for the electrophilic response

We generated a germ line nrf2 mutant mouse by replac-

. ing exonV of the nyf2 gene, which encodes the DINA

binding and dimerization domains, with an NLS-LacZ-
neo {nuclear localization signal-LacZ-neomycin resistant
gene) cassette (Ttoh ef 2l 1997). This genetically engi-
neered mouse expressed the Nif2-LacZ fusion gene, giv-
ing rise to a protein product containing the N-terminal
portion of Nrf2 and complete B-galactosidase. The
structure of the fusion protein is shown in Fig. 4A.
However, although we are confident that the knock-in
targeting was executed in a flawless manner, it puzzled us
that we could not detect B- galactozsxdase activity or its
protein in these mutant mice. This was particularly
strange since mRINA encoding the Nrf2-LacZ fusion
protein was expressed at a level comparable to endog-
enous Nrf2 mRNA (Itoh et al. 1997). The finding that
Nrf2 is rapidly degraded in vivo prompted us to examine
whether the f-galactosidase protein might also be ren-
dered unstable due to its fusion wnh thc N—tcrmmal
rcgmn of Nrf2. -

- To test the effect of MG132 and DEM on the level of
WNrf2-lacZ protein, we carried out several series of
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Figure 3 DEM inhibits the degradation of Nrf2 by proteasomes. (A) INIf2 protein was accurnulated in the 0.5% Triton X insoluble
fraction by specific proteasome inhibitors. Macrophages were treated with DMSO (lanes 1 and 2), 10 s MG132 (lanes 3 and 4), 10 pm
clasto-Lactacystin B-Lactone (lanes 5 and 6), 50 v MG115 (lanes 7 and 8), or 10 i calpain inhibitor (lanes 9 and 10) for 4.5 h. The
0.5% Triton soluble (lanes 2, 4, 6, 8 and 10) or insoluble {lanes 1, 3, 5, 7 and 9} fractions were prepared and immunoblotted with the
indicated antibody. (B) Total cell lysates from macrophages treated with 1 pg/mL CHX in the presence or absence of 100 i DEM for
the indicated tmes were subjected to immunoblot analysis with anti-Nef2 antibedy or anti-Lamin B antdbody. (C) The band intensities
in (B) were measured by densitometric analysis. The relative Ntf2 band intensities (Nrf2/Lamin B) are shown against a semilog plot.
(D) The cells were treated with 10 v MG132 alone (lane 1) or in combinadon with 50 {lane 2), 100 {lane 3) or 200 py (lane 4) DEM

for 4 h.Total cell lysates were subjected to immunoblot analysis with anti-INtf2 antibody or anti-Lamin B antibody.

experiments exploiting the homozygous Nif2-LacZ
knock-in mouse (we will refer to this mouse as nrf2™")
and peritoneal macrophages derived from this mouse.
We first determined the Nrf2-LacZ protein level in peri-
toneal macrophages from the nrf2™~ mouse treated with
either MG132 or DEM using anti-LacZ and anti-Ntf2
antibodies. Showing very good agreement with our pre-
vious analysis, the Nrf2-LacZ protein was not detectable
in peritoneal macrophages in primary culture (Fig, 4B,
lane 1).In contrast, accumulation of Nrf2-LacZ protein,
which migrates to approximately the 180 kDa-size posi-
tion, was clearly identified in the macrophages treated
with either DEM (lane 2) or MG132 (lane 3) by both
anti-LacZ antibody (Fig. 4B) and ant-Nrf2 antibody
that specifically recognizes the IN-terminal region of
Nrf2 (data not shown). These results thus revealed that
the N-terminus of N2 is responsible for the accumula~
tion of Nrf2 in response to DEM.

© Blackwell Publishing Limited

We previously found that Nrf2 is essential for the
BHA induction of phase II drug metabolizing enzymes
and anti-oxidant stress enzymes/proteins in the intestine
and liver (Itoh ef al. 1997; Ishii et al. 2000). Based on this,
we next examined the effect of BHA on the level of
Nrf2-LacZ protein in vivo. After feeding the nrf 27 mice
with BHA for 3 days, they were dissected and tissue
sections of the intestine were examined immunohisto-
chemically with anti-LacZ antibody. Consistent with
our expectation, positive nuclear staining was observed
specifically in the intestinal epithelbium of BHA-treated
nrf 2™ mice (Fig. 4C), but not in the sections of nrf27/~
mice fed on a normal diet (Fig. 4D). Thus, Nrf2-LacZ,
protein also turns over rapidly in vive, with DEM and
BHA preventing rapid degradation of the protein.
Importantly, the in vivo level of Nrf2-LacZ mRINA
remained constant during BHA induction (Fig: 4E). In
conclusion, the N-terminus of Nrf2, in combination

Genes to Cells (2003) 8, 379-391

383



. K Itoh et al.

B 1 2 3

e ——|Nrf2-LacZ
s pvw #=. | Lamin B
E con 12h 1day 2day 3day

BHA (4)

Figure 4 The N-terminal region of Nrf2 is sufficient for the response to electrophiles. (A) Schemaric representation of the Nrf2 knock-
in strategy. NLS-LacZ was knocked into exonV of the nf2 gene locus (top panel). The lower structure represents the resultant fusion
procein, (B) Effect of DEM and MG132 on the Nrf2 LacZ fusion proteins. nif2™" peritoneal macrophages were untreated (lane 1) or
treated with 100 pm DEM (lane 2) or 10 pm MG132 {lane 3} for 4 h and total cell lysates were subjected to immunoblot analysis using
anti-LacZ antibody. (C) and (%) Immunchistochemical stzining of BHA. treated or untreated mice by anti-LacZ antibody, #1f2~~ mice
were fed on a diet supplemented with (C) or without (D) 0.7% BHA for 3 days, and their tissue sections were analysed by anti-lacZ
antibody. (E) RNA blot analysis of Nrf2-LacZ. nf2™" mice were fed in duplicate with a BI—IA-concammg diet for the indicated periods
and total RNAs were analysed by Nrf2 cDNA probe or f-actin probe

with the NLS, is sufficient for the response to the pro-

teasome inhibitor MG132, the electroph.ﬂc DEM and
the dietary antl—omdant BHA.

The Neh2 domain med.lates proteasomal
degradation

To determine wh1ch portion of the NrfE N-terminal
region is recognized by proteasome, the Neh2, Neh4
and Neh5 domains of Ntf2 were independently fused to
enhanced green fluorescent protein (EGFP} (Fig. 5A)
and transfected into NIH3T3 mouse fibroblasts. Neh4-
EGFP was excluded from the analysis, as its expression,
even in the presence of MG132, could not be detected.
Neomycin-resistant ‘cells were selected and multiple
mass stable transformants were established for each con~
struct. Cells were treated with MG132 for 9 h in order
to amass the fusion proteins and EGFP After thoroughty
washing MG132 from the cells, the degradation half-life
of each EGFP fusion protein was determined in the
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presence of the protein synthesis inhibitor CHX by
following a procedure similar to that used for Fig.3.
Intriguingly, the Neh2-EGFP protein level declined
rapidly after the addition of CHX, with a degradation
half-life of 3 h, whereas the levels of EGEP alone and
Neh5-EGFP remained high, even 10 b after CHX
treatment (Fig. 5B,C). The rapid degradation of the Neh2
domain was proteasome dependent, because treatment
with MG132 along with CHX mh1b1ted Neh2 degra-
dation {data not shown).

The accumulaton or rapid degradat:lon of EGFP and
its fusion proteins was visualized by green fluorescence.
Since EGFP, and-the Neh2 and Neh5 EGFP fusion
proteins did not retain 2 canonical NLS, they dispersed
throughouit the cells. The important finding here is that;
although cells transfectéd with EGFP or Neh5-EGFP
showed. bright green fluorescence (Fig.5D,F), those
expressing Neh2-EGFP showed only marginal fluores-
cence (Fig.5E), reflecting the rapid turnover and low
accumulation level of the Neh2-EGFP fusion proteimn.
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Figure 5 Nch2 mediates the rapid degradation of Nri2. (A) Schematic representation of Nrf2-EGFP fusion proteins. ‘Ne¢h domain’
stands for highly conserved regions of the Ntf2 protein within various species. Neh2 and Neh5 correspond to amine acid sequences 1+
99 and 153-227, respectively. (B) Neh2 enhances the degradation of the reporter gene EGFP in the mouse fibroblast cell line NIH 3T3.
Fusion proteins and EGFP were first accumulated by 10 v MG132 for 9 h.The protein levels of EGFP (top panel}, Neh2-EGFP (middle
panel), or Neh5-EGFP (bottom panel) were determined using anti-EGFP antibody after treating the cells with 20 pg/ml CHX for the
indicated times. (C) Determination of the degradation half-life of Neh2-EGFP. The band intensities in (B) were measured by
densitometry. The reladve EGFP values (EGFP/Lamin B) are shown against a semilog plot. (D-F) Localization of Nrf2-EGFP fusion
proteins. NIH3T3 cells were transtently transfected with EGFP (D), Neh2-EGFP (E) or Neh5-EGFP (F).

Thus, these results clearly support our hypothesis that
Neh2 is the core domain within the Nif2 N-terminus
which is respon:uble for mechatmg the rap1d degradation
of Ni2.

The Nrf2 protein level was unaffected by
electrophiles in Keap1l-deficient peritoneal
macrophages owing to its constitutive nuclear
accumulation ' '

Our revelation that Nrf2 is rap1d1y degraded by the pro-
teasome system; and that such degradation requires the
N-terminal region of Ntf2,led us to hypothesize that Keapl
may be an important regulator of Ntf2 stability in vivo.
Therefore, we explored the roles of Keap1 in the process
of Nrf2 degradation using mice constitutive for keap1,
heterologous for keap1, or deficient in the keapl gene.

© Blackwell Publishing Limmited

The juvenile death of kedp? knockout mice due to
squamous cell hyperkeratinization provoked by constitu~
tive Ntf2 activation prevented us from obtaining suffi-
cient peritoneal macrophages (manuscript submitted for
publication). To circumvent this problem, we exploited
keap1™~::nrf2*" mice, which retain only one copy: of the
Nrf2 gene and survive to the adult stage. Thus, the pro-
tein level of Nif2 in peritoneal macrophages was exam-
ined against a genetic background of heterozygous ntf2
in the presence of two, one ot zero aIleles of the keap1
gene. A
The basal level of Nrf2 protem was markedly hlghcr
in keapl knockout mouse peritoneal macrophages
compared to those. of keapl heterozygous mutant or
wild-type mice (Fig. 6A, compare lanes 1,4 and 7). It is
important to note that the constitutive expression level
of Nrf2 protein negatively correlated with the number of
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Figure 6 Nrf2 is constitutvely accumulated in the nucleus and lacks the response to electrophiles in keap™™ nf2*/~ peritoneal
macrophages. (A) Nrf2 immuncblot analysis in keqp! mutarit macrophages. Peritoneal macrophages from wild-type (lanes 1-3), keap?
heterozygous (lanes 4—6}, and keap1 homozygous {lanes 7-9) mice were either untreated (lanes 1,4 and 7) or treated with 100 v DEM
{lanes 2, 5 and 8) or 10 v MG132 {lanes 3, 6 and 9) for 3 h. Total cell extracts were subjected to immunoblot analysis using anti-Nd2
antibody (upper panel). Anti-lamin B antibody was used as a loading control (fower panel). (B) Immunoblot analysis of nuclear extracts
from keap1™ macrophages. Macrophages from keap?™™ (lanes 3 and 4) or keap1** mice (lanes 1 and 2) were treated (lanes 2 and 4) or
untreated (anes 1 and 3) with 100 jtm DEM for 3 h and nuclear extracts were subjected to immunoblot analysis using anti-Ntf2 andbody
(upper panel). Anti-lamin B ancibody was used as a loading control (fower panel). (C) Model of Nrf2 degradation. In the cytoplasm,
N2 is bound by Keapl and subjected to rapid proteasomal degradation. Keapl enhances proteasomal Nif2 degradation by localizing

Nrf2 near the proteasome. In the nucleus, Nrf2 is relatively stabilized by the lack of Keap1.

intact keap1 alleles. The DEM mediated induction of
Nrf2 was completely abolished in keap 1™~ macrophages,
because of the high constitutive expression of Nrf2 (lanes
2,5 and 8).These results strongly support our contention
that Keapl sequestration to the cytosol enhances Nrf2
degradation. Based on these findings, we envisage that
Keap1 maintains a minimal basal level of Nrf2 by direct-
ing the rapid degradation of Nif2, thus allowing a sharp
response to a sudden onslaught by electrophiles.

The addition of MG132 significantly increased the
amount of Nrf2 protein (Fig. 6A, lanes 3, 6 and 9), even
in keap!™ macrophages where the level actually
exceeded that brought about by DEM (comipare lanes 8
and 9). This observation suggests that Nrf2 degradation
in keap! (—/-) macrophages and DEM-treated macro-
phages is partially attenuated, with MG132 being the
more specific inhibitor of the proteasomal degradation
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pathway. The examination of Nrf2 expression in the
nucleus presented us with a clearer resolution of Nrf2
accumulation compared to that in total cells. The consti-
tutive accumulation of Nif2 was observed in nnclear
extracts from Keapl-deficient macrophages (Fig. 6B,
compare lanes 1 and 3), consistent with that observed
in total cell extracts’ (Fig. 6A). This further suggested
that Nrf2 was liberated from Keapl, hence the .rapid
degradation machinery, and efficiently accumulated in
the nucleus. It should be noted that DEM elicited an
increase in the nuclear Nrf2 level which was comparable
to, but not greater than, the constitutive Nrf2 level in the
Keap1 deficient animals (Fig. 6B, lanes 3 and 4), suggest-~
ing that DEM acts to increase the Nrf2 protein level by
repressing Keapl activity. l
In summary, while the combination of Keapl and

.proteasome rapidly turns over Nrf2 in non-induced
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