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Fig. 6. Exposure to inducers causes formation of a disulfide-linked dimer of
Keap1 in HEK 293 cells transfected with a construct enceding for Keapl and

THpMSE T 2aM2HBA.

GEP {normalization control). {a) Coomassie brilliant blue {CBB) staining of 2D -

SDS/PAGE of cell-free extracts. (b) Immunoblots of SDS/PAGE of control (lanes
1 and 2) and inducer-treated Janes 2 and 4) cells showing (Top) reduced
binding of the anti-Keap1 antibody for Keap1 in inducer-treated cells com-
pared with control cells, (Midale) equal expression of GFP, and (Bottom) equal
cell numbers a5 judged by the expression of Lamin B. {2} Immunoblots for
Keap1 of 2D SDS/PAGE of extracts of control cells and cells exposed to inducers
of three different chemical types. SF, sulforaphane; D3T, 1,2-dithiole-3-
thione; 2-HBA, bis(2-hydroxybenzylidenelacetone.

phane, and 1,2-dithiole-3-thione. At the end of the exposure
petiod, cell-free extracts were subjected to 2D SDS/PAGE (40)
under nonreducing conditions in the first dimension and under
reducing conditions (2-mercaptoethanol} in the second dimen-
sion, Western blot analysis was then used to localize Keapl (Fig.
6). Only a single immunoreactive product corresponding to
monomeric Keapl was detected in uninduced cells. In contrast,
the anti-Keap1 antibedy recognized two products in extracts of
cells treated with inducers, corresponding to 2 menomer and an
intermolecular disulfide-linked dimer of Keapl (Fig. 6¢). This
observation provides sirong, independent evidence that reaction
with inducers leads to the formation of intermolecvlar dimers
between Keapl subunits,

Comparison of the Keap1/Nrf2 System with Other Genes Regulated by
Oxidative Stress and Sensed by Cysteine Thiol Groups. Although the
behavior of the Keapl-Nrf2 system is in many ways unique, it
resembles regulation of other proteins in which cysteine residues
are modified. The prokaryotic transcription factors OxyR and
SoxR are activated by oxidation, resulting in formation of
intramolecular disulfide bonds in response to hydrogen peroxide.
and superoxide, respectively (41-44). In response to oxidants,
two intramolecular disulfide bonds are formed and Zn is re-
leased from the redox-sensitive chaperone Hsp33, leading to
large conformational changes which increase its affinity for
protein folding intermediates, thus protecting them from oxzida-
tive damage (45, 46). Regulation of protein function can also
accur by disulfide bond reduction as exemplified by activation of
iutegrins that coutrol cell adhesion and migration (47).

To vur knowledge, the Keapl-Nrf2 system may be unique in
that it depends on chemical modification of specific cysteine
thiols and that the modifying agents then appear to be displaced
by intermolecutar sulfhydry! disulfide interchange to lead to a
covalent disulfide dimer of Keapl. This euvkaryotic system
resembles the RstA-SigR system from Streptomyces coelicolor
{48-50). Both Keapl-Nrf2 and RsrA-SigR are essential com-
ponents of signal transduction pathways involved in protection
against oxidative stress and electrophiles by up-regulating sys-
tems that detoxify damaging agents, the Fhase 2 gene products
in mammals and the thioredozin operon in S. coelicolor. Under
" basal conditions, both Keapl and RsrA are negative regulators

of the transcription factors Nrf2 and SigR, respectively. Oxida- -

tive stress or exposure to inducers disrupts the complexes,
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Fig. 7. Mechanism of regulation of the phase 2 response. Nrf2 (black) is
retained in the cytoplasm by interaction with two molecules of Keap1, which
are dimerized through their BTB domains (pink} and arichored to the actin
eytoskeleton via the Kelch or DGR reglon (aray propeller). Inducers of the
phase 2 response interact with cysteine thiol groups inthe intervening region
(IVR, yellow) of Keap1, causing the formation of disulfide bonds (most likely
between (273 of one monomer and {288 of the other). This results in
conformational change that renders Keap unable to bindto Nef2, which then
translocates tothe nudeus, The Nrf2 in heterodimeric combination with other
transcription factors such as smafl Maf binds to the ARE regufatory region of
phase 2 genes and enhances their transcription, '

allowing the transcription factors to activate gene expression via
their respective enhancer elements. Deletion of the genes en-
coding for Keapl or RsrA leads to constitutive activation of the -
transcription factors and overexpression of the genes that are
under their control, even in the absence of any stimulus. Inter.
estingly, the IVR of Keap] is similar in size and cysteine content
to the RsrA. Individual mutations of critical cysteines of Keapl
and RsrA render them unable to repress their partoer transcrip-
tion factors. In both cases, this finding was completely unex-
pected, because the wild-type repressors are active im the re-
duced state and the inability to form disulfide bond(s) by
mutating the participating cysteine residues is expected to lock
the repressor in its constitutively active form.

These two systems present a similar paradox: (i) the repressors
are sensors of the signal and are therefore indispensable com-
ponents in the signal transduction pathway leading to induoction,
but if they are absent (i.e., knocked out), the same inducible
genes, instead of being uninducible, are constitutively up-
regulated; (i) specific cysteines must be able to form disulfide
bonds for repressor activity, but disulfide formation leads to
release of repression, pointing out that these cysteines are not
only important for inducer sensing, but also for direct interaction
between the two partnet (repressor/transcription factor) mole-
cules. Their modification, for example, by disulfide bond for-
mation, can lead to conformational changes that do pot allow
binding to occur. In RsrA, the critical cysteines are involved in
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Zn coordination that controls the thiol-disvlfide reactivity of
RsrA, the Zn is expelled during oxidation with concomitant
disulfide bond formation that then causes major conformational
changes and does not allow binding to SigR. It is conceivable that
(€273 and C288 from each monomer are involved in metal
coordination that, in addition to the proximity of these cysteines
to basic amino acid residues, can stabilize the negative charges
on the thiolate anions, lower their pK, values, and explain their
unusually high reactivity.

Summary. These results are consistent with the model shown in

Fig. 7. Under basal (reducing) conditions, Keapl exists as a.

dimer in which two monomers are bound to each other, possibly
by Liydrophobic interactions via their BTB domains. The cys-
teines C273 and C288 of the infervening region are in the
reduced state, In this conformation Keapl sequesters one mol-
ecule of Nrf2 between two DGR domains in the cytoplasm and
ensures its rapid turnover by targeting to the proteasome. Upon
exposure to inducers, the reactive C273 and C288 residues form
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monomers of Keapl, The resulting conformation separates the
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Transcription factor Nrf2 regulates basal and inducible expression
of phase 2 proteins that protect animal cells against the toxic
effects of electrophiles and oxidants. Under basal conditions, Nrf2
is sequestered in the cytoplasm by Keap1, a multidemain, cysteine-
rich protein that is bound to the actin cytoskeleton. Keap1 acts
both as a repressor of the Nrf2 transactivation and as a sensor of
phase 2 inducers. Electrophiles and oxidants disrupt the Keap1-
Nrf2 complex, resulting in nuclear accumulation of Nrf2, where it
enhances the transcription of phase 2 genes via a commeon up-
stream regulatory element, the antioxidant response element.
Reporter cotransfection-transactivation analyses with a series of
Keap1 deletion mutants revealed that in the absence of the double
glycine repeat domain Keap1 does not bind to Nrf2. In addition,
deletion of either the intervening region or the C-terminal region
also abolished the ability of Keap1 to sequester Nrf2, indicating
that all of these domains contribute to the repressor activity of
Keap1. Immunocytochemical and immunoprecipitation analyses
demonstrated that Keap1 associates with actin filaments in the
cytoplasm through its double glycine repeat domain. importantly,
disruption of the actin cytoskeleton promotes nuclear entry of an
Nrf2 reporter protein. The actin cytoskeleton therefore provides
scaffolding that is essential for the function of Keap1, which is the
sensor for oxidative and electrophilic stress.

OXidative and electrophilic stresses provoke physiological

responses that induce the expression of various cytopro-'

tective genes (1). Recently, the transcription factor Nrf2 (2) or
ECH (3) was identified as the major regulator of the cytopro-
tective genes encoding phase 2 detoxication and antioxidant
enzymes {4, 5). Nrf2, a basic region-leucine zipper (b-Zip)
transcription factor (6) contains the N-terminal Neh2 domain,
which is conserved between human Nrf2 (2) and chicken ECH
(3). Biochemical analyses further revealed that the Neh2 domain
serves as a negative regulatory domain of Nrf2 transcriptional
activity, and we subsequently isolated a protein, Keapl, as an
Neh2-associated protein (7).

Keapl shares close similarity with Drosophila Kelch protein,
which is essential for the formation of actin-rich intracellular
bridges termed ring canals (8). These proteins have two common
characteristic domains, i.e., the BTB (Broad complex,
Tramtrack, and Bric a Brac)/POZ (poxvirus and zinc finger) and
double glycine repeat (DGR or Kelch repeats) domains at the N-
and C-terminal regions (NTR and CTR), respectively. The BTB
domain of Keapl has been examined in a transfection assay and
was shown to be important for Keapl function (9). The DGR
domain comprises six repeats of the Kelch motif, and according
to the x-ray structural analysis of galactose oxidase, which is a
protein containing a Kelch motif, Kelch repeats form B-propel-
ler structures (10). Importantly, many Kelch-related proteins
colocalize with actin filaments through the Kelch repeats, sug-
gesting a biclogical role of the DGR domain in the regulation
and maintenance of the cytoskeleton (11, 12).
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The association of Nrf2 with Keapl has been examined (7). In
the absence of electrophiles or oxidants, Nrf2 localizes in the
cytoplasm in association with Keapl. On exposure to these
inducers, however, Keap1 liberates Nrf2, allowing it to translo-
cate to the nucleus and tramsactivate cytoprotective genes.
Germline Nri2-deficient mice have significantly reduced induc-
ible and/or basal level expression of phase 2 and antioxidant
enzymes compared with wild-type mice (4, 5). Deficient expres-
sion of cytoprotective enzymes renders mice highly sensitive to
carcinogens and oxidative stresses, demonstrating that Nrf2
plays major roles in the defense systems against chemical car-
cinogenesis and acute drog intoxication (reviewed in refs. 1
and 13).

We also generated germline Keapl-deficient mice (14). Al-
though homozygous Keapl mutant newborns appeared normal,
they all died within 3 weeks after birth. Detailed postmortem
analyses revealed severe hyperkeratosis in the esophagus and
forestomach of these mutants. We found that the Keapt-Nrf2
pathway also regulates a subset of genes induced in squamous
cell epithelia in response to mechanical stress. Importantly, all of
the Keapl-dependent phenotypes were reversed in Keapl-Nrf2
combined null-mutant mice, indicating that the Keap1 deficiency
caused Nrf2 to accumulate constifutively accumulate in the
nucleus., These results thus establish that the Keap1-Nrf2 system
is an essential regulatory pathway that controls the cellular
response to oxidative and xenobiotic stresses.

These in vivo examinations led vs to address the next impor-
tant question: how signals from oxidants and electrophiles are
transmitted to the Keapl-Nrf2 system. Because the only com-
mon chemical property of phase 2 inducers is their ability to react
with sulfhydryl groups, it has been proposed that the inducers
may react with cysteine residues of a sensor protein {15). Indeed,
Keapl contains 25 cysteine residues, some of which have the
characteristics of reactive cysteine. Phase 2 inducers react with
sulfhydryl groups of Keapl, resulting in the disruption of the
Keapl-Nrf2 complex (23). Hence, we envisage that Keapl may
function as one of the stress sensors in eukaryotes, Here, we
describe the molecular mechanisms whereby Keapl regulates
Nrf2 activity under vnstressed conditions. We identified five
domains of Keapl that may have discrete functions. These
domains are referred to as N-terminal region (NTR), BTB,
intervening region (IVR), DGR, and C-terminal region (CTR).
In closer structure—function analyses of these domains, we found
that Keapl interacts with the actin filaments through DGR and
that this interaction is crucial for Keapl activity. We also found

Abbreviations: ARE, antioxidant response element; BTB, Broad complex, Tramtrack, and

Bric-a-Brac; CTR, C-terminal region; DGR, double glycine repeat; IVR, intervening region;
NTR, N-terminal region.
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that both IVR and CTR are essential for Keapl to retain Nrf2
in the cytoplasm. Taken together, these data demonstrate that
the Keapl-Nrf2 system provides a unique biological regulatory
mechanism, formed through interaction with the actin filament
network.

Experimental Procedures

Plasmid Construction. Full-length mouse Keapl cDNA was sub-
cloned into pcDNA3 (Invitrogen) vector (pcDNA-mKeapl).
Keap1 deletion mutants were generated by inserting appropriate
PCR-amplified cDNA fragments into the pcDNA3 vector. In-
formation on the primers is available on request. These mutants
were named ANTR (amino acids 1-60 deleted), ABTB (amino
acids 61-179 deleted), AIVR (amino acids 192-308 deleted),
ADGR (amino acids 315-598 deleted), and ACTR (amino acids
599-624 deleted). Structures of all construets were verified by
DNA sequencing,

Transfection Experiments and Luciferase Assay. Transfection exper-
iments were performed as described (7) by using Lipofectamine
plus reagents (Invitrogen). Luciferase assay was performed by
using the Dual-Luciferase reporter assay system (Promega).
Expression plasmids of Keapl deletion mutants and Nrf2 were
transfected into NI 3T3 cells along with pNQOI1 {nicotinamide
quinone oxidoreductase 1)-ARE (antioxidant response ele-
ment) reporter plasmid and pRL-TK as a control. pNQO1-ARE
plasmid contains a single ARE and was used to measure the
transactivation activity of Nrf2.

Laser Confocal Scanning Microscopy. A mouse Keapl cDNA frag-
ment was inserted into pCAGGS vector (pCAGGS-mKeapl; ref.
17). The tesultant plasmid was injected into fertilized eggs and
mouse embryonic fibroblasts (MEF) were prepared from trans-
gene-positive 14.5-day-old embryos. Subcellular localization of
Keapl and actin was examined by immunohistochemical staining
with laser confocal microscope (Leica). Anti-Keapl antibodies
were raised in rabbits by a standard method by using oligopep-
tides against the N and C termini of Keap1 individually.

Iimmunohistochemical Staining. Expression plasmids of Neh2-GFP
and Keap! deletion mutants were transfected into NIH 3T3 cells
grown on slides. Cells were washed and fixed 36 b after trans-
fection as described (7). Actin filament disruption experiments
were modified from previous methods (18-21). In brief, cells
were incubated with cytochalasin B (6 pM), swinholide A (50
nM), or colchicines (1 pM) for several periods of time as
described in the figure legends. Cells were washed with PBS,
blocked with 2% goat serum, and treated with anti-Keapl
antibody (100-fold dilution). Cells were then treated with goat
anti-rabbit TgG conjugated with tetramethylrhodamine B iso-
thiocyanate (TRITC, Zymed), 4',6-diamidino-2-phenylindole
(DAPI, 200 ng/ml), and Texas red-X phalloidin (200 units/ml,
Molecular Probes). After washing with PBS, a drop of {luores-
cent mounting medium (DAKQ) was placed on the slides.

Immunoprecipitation Analysis. 203T cells expressing Keapl dele-
tion mutants and Flag-Nif2 were grown on culture dishes. Cells
were harvested with Harlow buffer (50 mM Tris-HCl, pH 7.5 /1%
Nonidet P-40/20 mM EDTA/50 mM NaF) supplemented with
protease inhibitors {Roche Diagnostics). Cell extracts were first
cleared with protein G Sepharose and incubated with ANTI-
FLAG M2 affinity gel (Sigma) or anti-actin (C-2) mouse mono-
clonal YeG (Santa Cruz Biotechnology) bound to protein G
Sepharose. The immunocomplexes were washed five times with
Harlow solution and subjected to immunoblot analysis.
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Fig.1. Keap1 colocalizes with actin filaments in the eytoplasm. (4) Schematic
presentation of Keap1 based on Swiss-Prot, using the Sanger Center Database.
We assigned five domains within Keap1: NTR, BTE, IVR, DGR, and CIR. (8-£)
Cytoplasmic localization of Keap1 in NIH 3T3 celfls. Keap1 was expressed in NIH
373 cells, and subcellular localization of Keap1 was detected immunohisto-
chemically by two anti-Keap1 antibodies against the N- and C-terminal ends
of Keap1 (8 and C, respectively). Bright-field microscopic images for B and €
are shown in D and E, respectively. (F-K) colocalization of Keap1 and actin
filaments in MEF derived from transgenic mouse embryos expressing Keap1.
subcellular localization of actin filaments {F and ) and Keap1 (G and J) are
visualized by staining with phalloidin conjugated with Texas red and anti-
Keap1 antibedy, respectively. H and K show merged signals. Fluorescence was
recorded by confocal microscopy. (Scale bar, 40 um.)

Results

Keap1 Functions as an Actin-Binding Protein. To clarify the molec-
ular mechanisms of Keap! function, we first investigated the
functional domains of Keapl. Comparison of the amino acid
sequences of mouse, rat, and human (KIAA0132) Keap1 pro-
teins shows that their sequences are highly conserved (=>94%)
among these species (data not shown). Pfam database (q922x8,
mouse Keapl) analyses indicate that Keapl protein consists of
five characteristic domains: NTR, BTB/POZ, IVR, DGR, and
CTR (Fig. 14). The DGR structure also exists in other Kelch-
related proteins, and some of them, such as Mayven (22}, have
been reported to interact with actin filaments through DGR.
These data led us to examine whether Keapl might act as an
actin-binding protein.

We examined the colocalization of Keapl with actin filaments
in the cytoplasm. We raised two anti-Keapl antibodies, which
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recognize either the N-terminal or the C-terminal end regions of
Keapl. Keapl expression plasmid was transfected into NIH 3T3
cells, and the subcellular localization of Keapl was monitored by
immunocytochemical staining with anti-Keapl antibodies. Both
anti-N terminus antibody (Fig. 1 B and D) and anti-C terminus
antibody (C and E) recognized Keapl as a cytoplasmic factor.
The localization of the signals suggests a fiber-based distribution
of Keapl.

The subcellular localization of Keapl was examined by con-
focal microscopy. Because the expression level of endogenous
Keapl was below the detection limit of the antibodies, for this
analysis we prepared transgenic mice that express Keapl at
relatively high levels under the regulation of the CAGGS
promoter {17). We assumed that overexpression of Keapl in
transgenic mouse embryos would reflect the physiological lo-
calization of Keapl more closely than overexpression in cultured
cells. Overexpression of Keapl in transgenic mice did not affect
the development or growth of the mice (data not shown).
Immunostaining of mouse embryonic fibroblasts (MEF) derived
from the transgenic embryos with the mixture of anti-Keapl
antibodies is shown in Fig. 1 (F-X) along with the staining of
actin filaments with phalloidin conjugated with Texas red. Keapl
was localized in the perinuclear region and showed a fibrous
pattern (G and J); and expression of Keapl appeared to overlap
that of the actin filaments (F and /). When we merged the two
staining patterns, they overlapped markedly (H and K). The
overlapping image {yellow)} is more pronounced in the perinu-
clear region than in the region beneath the plasma membrane.
Thus, these data suggest that Keapl may bind directly to the actin
filaments or cytoskeleton in the cytoplasm.

Direct Association of Keap1 with Actin Through DGR. To address
whether Keapl and actin filaments interact directly, we per-
formed an immunoprecipitation analysis by using whole-cell
extracts of 293T cells expressing a series of Keapl deletion
mutants (Fig. 24). Precipitates obtained by anti-actin antibody
were subjected to immunoblot analysis with anti-Keapl antibod-
ies. As shown in Fig. 2B, Keapl was detected in the complex
precipitated by the anti-actin antibody (Upper, lane 1), indicating
that Keapl and actin filaments interact directly.

To identify the surface of Keapl interacting with actin, we
carried out similar analyses with a series of Keapl deletion
mutants. The anti-actin antibody precipitated ANTR, ABTB,
AIVR, and ACTR mutant proteins (Fig. 28, lanes 2-5) but not
the ADGR mutant protein (lane 7). Immunoblotting analysis
with the anti-Keapl antibedies indicated the presence of ADGR
Keapl protein as well as other mutant proteins in the whole-cell
extracts (Fig. 2B Lower). These results demonstrate that DGR is
the domain primarily responsible for the interaction of Keapl
with actin filaments.

Keap1 Requires Actin Filaments as Scaffolding. The results described
above indicate that Keapl retains Nrf2 in the cytoplasm under
unstressed conditions. To elucidate whether the Keapl activity
requires actin filaments as scaffolding, we disrupted the actin
cytoskeleton and examined the effect on the subcellular local-
ization of Nrf2, NIH 3T3 cells were treated with cytochalasin B
or swinholide A, which inhibit polymerization of actin filaments,
and stained with phalloidin. Because prelonged treatment of
NIH 3T3 cells (>>12 h) with these compounds induced cell death
(data not shown), we treated the cells with these reagents for <3
h and analyzed the effects. As a negative control, we also used
colchicine, a specific inhibitor of microtubule polymerization. As
shown in Fig. 3, treatment of NIH 3T3 cells with cytochalasin B
or swinholide A disrupted the actin filament network effectively
within 3 h (Fig. 3 A-C), whereas that with colchicine did not
(Fig. 3Dn.

We then examined the effect of actin disruption on localiza-
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Fig. 2. Keap1 interacts with actin filaments through the DGR domain. (4}
Schematic presentation of the structure of Keap1 deletion mutants. (8} Im-
munoprecipitation with whole-cell extracts of 293T cells expressing deletion
mutants of Keapt. Immunoprecipitates (IP) cbtained by anti-actin antibody
were subjected toimmunoblot analysis {IB) with anti-Keap1 antibody (Upper).
The expression level of Keap1 deletion mutants was verified by immunoblot
analysis (Lower). Analysis with wild-type Keap1-transfected cell lysates {lanes
1 and 8) as well as cell lysates transfected with Keap1 mutant ANTR (lane 2),
ABTB {lane 3), AIVR (lane 4}, ACTR {lane 5), and ADGR {lane 7) are shown. Lane
6 is loaded with cell extract expressing Nrf2 but not Keap1. Twoe anti-Keap1
antibodies were used: one against CTR (lanes 1-6) and the other against NTR
{lanes 7 and 8).

tion of Neh2-GFP containing GFP fused to the Neh2 domain in
NIH 3T3 cells. Because we previously established that the Neh2
domain is the interactive interface of Nrf2 with Keapl (7), we
used this fusion protein as a reporter for the expression site of
Nrf2. The subcellular localization of Neh2-GFP and Keapl were
monitored by the green fluorescence of GFP and immunostain-
ing with anti-Keapl antibodies, respectively. Whereas Neh2-
GFP was localized exclusively in the cytoplasm in the presence
of Keapl (Fig. 3 E and F, 0 h), treatment with cytochalasin B
resulted in an =~5-fold increase in nuclear translocation of
Neh2-GFP within 1 h. Additional incubation of the cells for 2 and
3 h with these reagents did not further enhance the entry of
Neh2-GFP into the nucleus. The results are summarized in Fig,
3F. Subcellular localization of Neh2-GFP and Keapl after
treatment with swinholide A showed essentially similar profiles
(Fig. 3F). In contrast, treatment with colchicine did not affect
significantly the subcellular localization of Neh2-GFP (Fig. 3F,
black bars). These results establish that disruption of the actin
filament network releases Neh2-GFP from Keapl, resulting in
entry of Neh2-GFP into the nucleus, thereby supporting our
contention that Keapl requires the actin cytoskeleton as a
scaffold to sequester Nrf2 efficiently in the cytoplasm.,

identification of a New Function of CTR. We examined the domain
function of Keapl further by expressing Keap1 deletion mutants
(see Fig. 24) and Neh2-GFP. Immunocytochemical staining
with anti-Keapl antibodies showed that all deletion mutants of
Keapl were localized in the cytoplasm (Fig. 4). In addition,
wild-type Keapl as well as ANTR, ABTB, and AIVR mutants
localized Neh2-GFP exclusively in the cytoplasm, whereas
ADGR and ACTR mutants of Keapl did not. These results

Kang et al.
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Fig. 3. Disruption of actin filaments triggers nuclear transport of Neh2-GFP. (A) NIH 3T3 cells were stained with phalloidin conjugated with Texas red and
4,6-diamidino-2-phenylindole (DAPI) after addition of DMSQ {4; a vehicle control} or cytoskeletal filament disruptors, cytochalasin B (B), swinholide A (Q), or
colchicine (D). (E) subcellular localization of Neh2-GFP and Keap1 after treatment with cytochalasin B. Cells (4 X 10%) were transfected with expression plasmids
of Keap1 (0.2 pg) and Neh2-GFP, a reporter protein of Nrf2 (0.8 pg). The latter is a fusion protein of Neh2 domain and GFP. Localization of these proteins was
examined by fluorestence microscopy with use of GFP fluorescence and anti-Keap1 antibody, respectively (first and second rows). Merged images of Neh2-GFP
and Keap1signals are shownin the third row. Nuclei are shown with DAPI staining (fourth row). (Criginal magnification, X400.) (F) nuclear transport of Neh2-GFP
3 h after the addition of cytochalasin B (Cyto-B), swinholide A (Swin-A), and colchicine (Col). Shown is the percentage of cells expressing Neh2-GFP in nucleus
among the total transfected cells. The average and standard errors represent three independent transfection experiments.

suggest that in addition to DGR, CTR is also critical for Keapl
to retain Nrf2 in the cytoplasm.

54, lane 8). The amount of Nrf2 in the whole-cell extracts was
monitored by immunoblot analysis with anti-Nrf2 antibody (Fig.
5B). Thus, DGR appears to be indispensable for interaction with

DGR, but Not CTR, Directly Associates with Nrf2. We examined the  both Nrf2 and actin filaments.

direct interaction of each domain of Keapl with Nrf2 by
immunoprecipitation. Whole-cell extracts of 293T cells express-
ing a series of Keapl deletion mutants and Flag-tagged Nrf2

were subjected to immunoprecipitation analysis by using anti-

Flag antibody and then immunoblot analysis with anti-Keapl
antibodies. Consistent with the results in Fig. 4, deletion of DGR
completely abolished the association of Keapl with Nrf2 (Fig.

Surprisingly, the ACTR mutant interacted with Nrf2 in this
immunoprecipitation analysis (Fig. 54, lane 7), although this
mutant did not retain Neh2-GFP in the cytoplasm (Fig. 4,
ACTR). One plausible explanation for this discrepancy is that
the CTR domain may modulate the conformation of DGR in
vivo and thus regulate the interaction between Keapl and
Nrf2,

Mock

Nucleus Merged Keapl Neh2-GFP

ACTR

Fig.4. CTRcontributesto Keap1 activity retaining Neh2-GFP in cytoplasm. Subcellular localization of Neh2-GEP was examined in the presence of Keap1 deletion
mutants. Transfection was performed as described in the legend to Fig. 3. Localization of Neh2-GFP and Keap1 mutant proteins was examined by fluorescence
microscopy (first and second rows). Merged signals of both Neh2-GFP and Keap1 are shown in the third row. Nuclei are shown with DAP staining (shown as
Nucleus; fourth row). {(Original magnification, x400.}
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Fig.5. IVRand CTR are both essential for Keap1 repression of Nrf2. {4) DGR
of Keap1 directly associates with Nrf2. Whole-cell extracts prepared from 29371
cells cotransfected with expression plasmids of various Keap1 deletion mu-
tants {2 pg) and Flag-tagged Nrf2 (2 pg) were subjected to immunoprecipi-
tation ({P}. Immunoprecipitates obtained by anti-Flag antibody were sub-
jected to immunoblot analysis (1B) with anti-Keapt antibodies (Upper). The
expression level of Keapl deletion mutants was verified by immunoblot
analysis (Lower). Analysis of cell lysates cotransfected with Nri2 and wild-type
Keap1 {lanes 3 and 9) as well as cell lysates cotransfected with Nrf2 and Keap1
ANTR (lane 4), ABTB (lane 5), AIVR {lane 6}, ACTR {lane 7), or ADGR (lane 8}
mutants are shown. Lane 1is loaded with cell extract expressing only Keap1,
and lane 2 is loaded with Nrf2 only. Anti-Keap1 CTR antibody was used in lanes
1-7, and anti-Keap1 NTR antibody was used for lanes 8 and 9. (8) Expression
level of Nrf2 in immunoprecipitates was menitored by immuncblot analysis
with anti-Nrf2 antibody. Analysis of cell lysates cotransfected with Nrf2 and
wild-type Keap1 {lane 3) as well as cell lysates cotransfected with Nrf2 and
Keap1 ANTR (lane 4}, ABTB (lane 5}, AIVR {lane 6}, ACTR {lane 7}, or ADGR {lane
8) mutants are shown. Lane 1 is [oaded with cell extract expressing only Keap?t,
and lane 2 is loaded with Nri2 only. (€} Three domains (DGR, CTR, and IVR)} are
crucial for the Keap1 activity. Expression plasmids of Nrf2 (90 ng) and various
Keap1deletion mutants (shown in the figure; 10 ng) were transfected into NIH
373 cells (2 X 10%) along with a reporter plasmid, pNQO1-ARE (50 ng). Assays
were performed in triplicate.

DGR and CTR Are both Indispensable to Suppress the Transactivation
Activity of Nrf2. We then examined the ability of various Keapl
mutants to repress the transactivation activity of Nrf2 (Fig. 5C).
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Plasmids expressing Keap1 deletion mutants were cotransfected
with plasmids expressing Nrf2 into NIH 3T3 cells along with the
reporter plasmid (pNQOI1-ARE) containing a single Nrf2-
binding site. The luciferase activity attained by transfection of
Nrf2 alone was set to 100% and used to normalize the relative
activity in the presence of Keapl mutants, Immunoblot analysis
verified similar expression levels of each mutant protein (data
not shown). Whereas Nrf2 activated the reporter gene expres-
sion >10-fold over the basal expression, simultancous expression
of Keapl almost completely abolished this activation {compare
lanes 1-3 in Fig. 5C). Transfection with ANTR and ABTB also
markedly repressed the Nrf2 activity (Fig. 5C, lanes 4 and 5).

In contrast, deletion of the DGR and CTR from Keap1 almost
abolished Keapl activity in représsing transactivation of Nrf2
(Fig. 5C, lanes 7 and 8). Because ADGR and ACTR could not
entrap Neh2-GFP in the cytoplasm (Fig. 4, ADGR and ACTR),
these data suggest that both DGR and CTR are indispensable for
Keapl activity. Interestingly, deletion of IVR also affects the
repressor activity of Keapl (Fig. 5C, lane 6). This was an
unexpected observation, because IVR does not interact directly
with Nrf2 or actin (Figs. 2B and 54). Four cysteine residues in
I'VR were recently shown to be highly reactive with electrophiles
(16), and it was proposed that some of them act as sensors for
electrophilic stimuli that regulate the association of Keapl and
Nri2. The present result further supports our hypothesis that the
cysteine residues in IVR are essential for Keapl to repress the
transactivation activity of N1f2 (16).

Discussion

We investigated in this study how a cytoplasmic protein Keapl
regulates Nrf2 activity. We found that Keapl binds to the actin
cytoskeleton and traps Nrf2, thereby preventing the nuclear
translocation of this transcription factor. Whereas several Kelch-
related proteins are known to colocalize with actin filaments, the
physiological significance of the actin binding has not been well
characterized (11). This study therefore provides the first con-
vincing evidence that the direct interaction between Keapl and
the actin cytoskeleton contributes to the regulatory activity of
Keapl. The present analyses further indicated that the DGR
domain of Keapl interacts primarily and directly with Nrf2, and
the CTR and IVR domains also contribute to the ability of
Keapl to retain Nrf2 in the cytoplasm. Structure—function
analyses of the Keapl-Nrf2 system provide plausible molecular
understanding of how Keapl functions as a sensor for inducing
this signal pathway. .

Keapl colocalizes with the actin cytoskeleton and is abun-
dantly distributed in the perinuclear region of the cytoplasm.
This localization profile of Keapl suggests three biological roles
for Keapl. First, the perinuclear localization may allow Keapl to
entrap effectively Nrf2 protein synthesized de nove as it migrates
into the nucleus. Second, because phase 1 enzymes that initially
metabolize xenobiotics are usually localized on the cytoplasmic
surface of the endoplasmic reticulum (23}, Keapl has easy access
to the highly reactive phase 1 products by selecting actin
filaments as a scaffold. Third, recently we and other groups
found that Nrf2 is degraded rapidly and efficiently with the 268
proteasome under unstressed conditions (24-27). Because the
proteasome is also known to colocalize with the actin filaments
and intermediate filaments (28), we envisage that Keapl may
transfer the newly synthesized Nrf2 to the proteasome localized
nearby, resulting in the rapid turnover of Nrf2,

CTR consists of 26 amino acid residues, and the primary
structure is not well conserved among the other Kelch-related
B-propeller proteins. CTR has one reactive cysteine (Cys-613),
which binds dexamethasone mesylate (16). These results suggest
a unique function of Keapl CTR among Kelch family proteins.
In the structure-function analysis of Keap1, CTR was shown to
be essential for Keapl repression of Nrf2, However, deletion of
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CTR did not affect Keapl interaction with Nrf2 in the immu-
noprecipitation analysis (Fig. 54). One plausible explanation for
this discrepancy is that CTR may act indirectly to modulate DGR
activity. In contrast to the present results, it was recently
reported that the presence of either DGR or CTR is sufficient
for Keap1 to retain Nrf2 (29). In our experiments, however, the
ADGR mutant possessing CTR could not repress Nrf2 activity
at all, indicating that DGR is absolutely required for the Keapl

retention of Nrf2 in the cytoplasm. Zhang and Hannink (30)

recently reported that 15 amino acid residues from C terminus
of Keap! are not required for the Keap1 activity, whereas in our
experiments, ACTR (26-aa deletlon) could not repress Nrf2
activity, indicating that CTR is required for the Keapl activity.

Zipper and Mulcahy recently reported that Keapl forms a
homodimeric complex through the BTB domain (9). Keapl
dimerization was suggested to be an important step for seques-
tration of Nrf2 in the cytoplasm and the Ser-104 residue in the
BTB domain appeared to be critical for Keapl self-association.
In contrast, we found that ABTB-Keapl effectively repressed
Nrf2 transactivation activity (Fig. 5C, lane 5). Thus, deletion of
the BTB domain did not impair Keapl activity in our transfec-
tion analysis. We surmise that this discrepancy may be due to
differences in the experimental conditions. Whereas the BTB
domain is not the direct binding interface, it is possible that this
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domain may modulate the function of the DGR domain, as is the
case for CTR and I'VR domains.

Transcriptional regulation through the actin cytoskeleton
seems to be unique to the Keapl-Nri2 system. In this regard, it
is noteworthy that Cubitus interruptus (Ci) of Drosophila, which
is a transcription factor under the Hedgehog signal pathway (31),
may have some similarity to the Keapl-Nrf2 system. In the
absence of ligand Hedgehog, Ci is tethered to microtubules
through forming a complex with Fused, Cos2, and Su(fu)
proteins. On Hedgehog binding to the receptor Patched, an
inhibitor protein Smoothened is released and it liberates Ci from
microtubules. The microtubule association seems to be essential
for Ci, because Slimb associated with microtubules modifies Ci
1o a transcriptional repressor through cleavage. Because Keapl-
mediated tethering of Nrf2 to the actin cytoskeleton provokes
degradation of Nrif2 (26, 27), the actin cytoskeleton seems to
provide a scaffold for protein modification and degradation in
the Keapl-Nrf2 system. .
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The small Maf proteins, MafF, MafG, and MafK, possess a feucine
zipper (Zip) domain that is required for homodimer or heterodimer
complex formation with other bZip transcription factors. In this
study we sought to determine the identity of the specific constit-
uent that collaboratively interacts with Nrf2 to bind to the Maf
recognition element /in vivo. Studies /n vitro suggested that Nrf2
forms heterodimers with small Maf proteins and then bind to Maf
recognition elements, but the bona fide partner molecules sup-
porting Nrf2 activity in vivo have not been definitively identified.
Nrf2 activity is usually suppressed by a cytoplasmic repressor,
Keap1, so disruption of the keapf gene causes constitutive acti-
vation of Nrf2. Nrf2 hyperactivity results in hyperproliferation of
keratinocytes in the esophagus and forestomach leading to peri-
natal lethality. However, simultaneous disruption of nrf2 rescued
keapT-null mice from the lethality. We exploited this system to
investigate whether small Mafs are required for Nrf2 function. We
generated keap? and smail maf compound mutant mice and
examined whether keratinocyte abnormalities persisted in these
animals, The data show that loss of mafG and mafF in the keap1-
null mice reversed the lethal keratinocyte dysfunction and rescued
the keap?-null mutant mice from perinatal lethality. This rescue
phenotype of mafG:mafF:keapT triple compound mutant mice
phenocopies that of the nrf2::keap? compound mutant mice,
indicating that the small Maf proteins MafG and MafF must
functionzally cooperate with Nrf2 in vivo.

| central issue in deciphering the regulatory mechanisms me-
diated by the activity of transcription factors is how to best
evaluate the in vivo contribution of each protein—protein and
transcription factor-DINA interaction that is defined & vitro. Tran-
scription factors that interact with Maf recognition elements
(MARE) possess a basic region-leucine zipper (bZip) domain and
form dimers that can be characterized by a potentially encrmous
combinatorial array (1). I vitro analysis has shown that MARE
binding complexes consist mainly of: {f) four large Maf or three
small Maf protein homodimers; (i) heterodimer complexes con-
taining a small Maf with any of six different Cap-N-Collar (CNC)
family proteins; and (##) homo- or heterodimers composed of Jun
and Fos family members (2-4). To elucidate MARE-dependent
gene regulatory mechanisms, we need to identify the major par-
ticipants among all these possible interacting molecules in an in vive
context.

The small Maf proteins, MAR E-binding components that were
originally identified as cellular homologs of the v-maf oncogene
(4-6), dimerize among themselves and with other bZip factors,
usually CNC or Bach family proteins (7-11). The small Maf family
consists of only three members, MafF, MafG, and MafK, but to
date, other than their differential tissue distribution (12), no
functional differences among the three have been revealed. The
CNC family includes NE-E2 p45, Nifl, Nrf2, and Nrf3 (7,9, 13, 14),
and Bach family proteins are closely related to CNC members (10).
While small Maf proteins lack any recognizable transcriptional
effector domains, CNC and Bach families possess transactivation or

www.pnas.org/cgi/doi/10.1073/pnas.0305902101

-repression domains unique to each molecule, Through het-
erodimerization, the small Maf protein confers DNA-binding spec-
ificity to its CNC or Bach partner molecule on the MARE
sequence, and enables these heterodimers to execute differential
activating or repressing activities as dictated by their encoded
functional domains.

The Maf proteins recognize either a T-MARE, containing a
TPA responsive element (TRE), or a C-MARE, containing a
cAMP responsive element (CRE) as a core sequence. In these
MARES, the core consensus motifs are flanked on each side by
three conserved residues “TGC” and “GCA” at the 5’ and 3’ ends,
respectively, The DNA binding specificity of Maf proteins is
achieved through their inherent recognition of these flanking
sequences, whereas the other bZip factors, such as Nrf2 and Fos,
recognize primarily the TRE or CRE core sequences. A previous
NMR study revealed that the structural basis for the unique “GC”
requirement of Maf proteins for DNA binding is caused by the
presence of an extended homology region, which is conserved only
within the Maf family (15).

Germ-line mutagenesis of the nrf2 gene revealed that Nrf2 is an
essential component for antioxidant and detoxification enzyme
gene expression (16). Nrf2 transcriptional activity is controlled by
an interaction between Nrf2 and the cytoplasmic regulatory protein
Keapl (17). When cells are exposed to electrophiles or reactive
oxygen species (ROS), Nrf2 is released from Keapl cytoplasmic
capture, leading to its translocation to the nucleus, where Nrf2
activates transcription of target genes. The marked susceptibility of
nrf2-null mutant mice to the toxicity of electrophiles and ROS
demonstrates the importance of Nrf2 for protection against oxi-
dative stress {18-20). We therefore generated keapl-null mutant
mice, anticipating that Nrf2 might be constitutively activated in the
absence of Keapl, thereby conferring resistance to electrophilic
stress. To our surprise, the kegpl-null mutant mice died before
weaning due to a hyperkeratotic proliferative disorder (21). The
cornified layers of esophageal and forestomach stratified squamous
epithelia were abnormally thickened, thereby obstructing the lu-
men. We found that this epithelial phenotype was completely
rescued by the additional disruption of nrf2, indicating that the
keapl-null phenotype reflects a gain of Nrf2 function.

There has been some uncertainty regarding the identity of the
heterodimeric partner molecule of Nrf2 in vive. In vitro studies
have shows strong DNA binding activity of Nrf2-small Maf
heterodimers (16, 22, 23), which supported our contention that
this complex actually functions as a major transcriptional acti-
vator in vivo. However, although strong transactivation activity
was observed when Nrf2 was overexpressed in culture cells,
addition of small Maf to the transfection reaction led to reporter
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gene repression in most cases (22, 24-26). Hence, the question
we sought to answer was whether or not the Nrf2/smalt Maf
heterodimer is the functionally active species that acts at
MARESs in vive. .

Alternative candidates for heterodimeric partner molecule of
Nrf2 have been suggested. For example, c-Jun and ATF4 were
reported to cooperate with Nrf2 for gene activation in fransfecto
(27, 28). However, because disruption of cjun or aff-4 does not
cause a defect similar to that observed in nrf2-null mutant animals
(29-31), it remains to be clarified whether these factors can
heterodimerize with Nrf2 to transduce transcriptional responses
© from MARE;S in vivo. Similarly, a functional contribution of small
Maf proteins to Nrf2 activity has not been well documented in small
maf mutant mice. '

Because disruption of the keap! gene causes severe dysfunction
of keratinocytes that Jeads to perinatal lethality, but simultaneous
disruption of n#f2 rescued keapl-null mice from the lethality, we
exploited this compound knockout-rescue approach to investigate
whether small Mafs actually function cooperatively with Nrf2 and
activate transcription in vivo. To this end, we generated keapl::small
maf compound knockout mutant mice and examined whether a
reduction in small Maf activity, as does the loss of Nrf2, mitigates
the keapl-null phenotype. We show here that simultaneous dis-
ruption of the mafG and mafF genes rescued the keapl-null pups
from perinatal lethality, allowing them to survive to adulthood.
Thus, the small maf:keapl mutant mice phenocopy the rescue
phenotype of nrf2:keap! compound mutant mice, demonstrating
that the small Maf proteins cooperatively function with Nrf2 in vive.

Materials and Methods

Generation of the Small mafi:keap? Compound Mutant Mice. Germ-
line mutagenesis of the murine mafF, mafG, mafK, nrf2, and keapl
genes has been described (12, 16, 21, 32). All of the mice examined
in this study were of mixed genetic background with contributions
from 129Sv/J, C57BL/6J, and ICR. Genotypes were determined by
PCR. The body weight of each mouse was measured weekly. More
than three independent animals of each genotype were first
weighed on postnatal day 7, and then followed to the 6th week.

Histological Analysis. Two-day-old pups, 16- to 12-day-old pups, and
4-month-old mice were killed, and the forestomach was dissected.
Samples for staining with hematoxylin and eosin were fixed in 3.7%
formaldehyde overnight and then embedded in paraffin. LacZ
staining was performed as described (33). Samples for immuno-
staining with antibodies against Nrf2 or keratin 6 were fixed in PBS
containing 1% formaldehyde, 0.2% glutaraldehyde, and 0.02%
Nonidet P-40 for 30 min, embedded in OCT compound (Tissue-tek,
Sakura Finetechnical, Chuo-ku, Tokyo), followed by frozen sec-
tioning with a cryostat. The antibody against Nrf2 (C-20, Santa
Cruz Biotechnology) was used at a 1:400 dilution; immunoreactivity
was visualized with an avidin-biotin-peroxidase kit (Vector Labo-
ratories), The antibody recognizing keratin 6 (PRB-165P, Covance,
Princeton) was used at a 1:500 dilution.

Quantitative Real-Time PCR. Total RNA was extracted from the
forestomach of 10- to 12-day-old pups using ISOGEN (Nippon
Gene, Toyama, Japan). Random ¢cDNA was synthesized from the

isolated RNAs, and real-time PCR (ABI PRISM 7700) was per- -

formed as described (12) with minor modifications. To measure the
copy number of each mRNA, plasmids harboring each cDNA were
used as standards. Oligonucleotide sequences used for detecting
MafF mRNA are available upon request.

RNA Blot Analysis. Total RNA was prepared as described above.
Total RNA (2 pg per lane) was used for electrophoresis, followed
by hybridization to radiolabeled probes. The keratin 6 probe was
generated by PCR. (primer sequences are available upon request).
The PCR product was cloned, sequenced, and used as a probe for
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Fig. 1.  Small maf::keap? compound mutant mice survive beyond weaning.
{A) Body weight change for mice bearing single small maf gene disruptions in
the keap1-null background. Deletion of either mafk or mafF did not extend

. the lifespan of keap1-null mutant pups. When ma¥fG alone was disrupted in

addition to keap1, pups survived one week longer. {8) Body weight change for
mice with compound small maf gene disruptions in the keap!-null mutant
background. Simultaneous deletion of mafG and maff rescued the lethality of
keapT-null mutant pups. The body weight of nrf2::keap? mice was examined
as a control. WT indicates wild-type; FO, mafF—/—; KO, mafkK—/-; GO,
mafG—-/=; NO, nrf2—/~; Kp0, keapT—/—.

detecting the transcripts of both keratin 6 genes (i.e., keratin 6a and
keratin 6b).

Results

Simultanecus Loss of mafG and mafF Rescues keapi-Null Mutant
Postnatal Lethality. To ask whether a reduction in small Maf activity
mitigates the keapl-null phenotype, we crossed small maf mutant
mice with keap! mutants to generate compound mutant animals,
When mafK or mafF was deleted in addition to keapl, no pups
survived beyond weaning (Fig. 14; precisely the same phenotype as
in the keapl mutants), but the life span of mafG:keapl compound
mutant mice was approximately one week longer than mice bearing
only the keapl mutant alleles (Fig. 1.4, GOKp0 mice), suggesting
that the mafG contribution to keratinocytic homeostasis is greater
than that of either MafK or MafF.

Because the results of small maf compound mutant analyses
indicate that three smafl Mafs are capable of compensating for one
another (34), we next further reduced the number of active small
maf alleles in the keapI-null background. Whereas mice bearing
disruptions in all three small maf genes might have been preferred

Motchashi et al,



Fig. 2.

Histological examination of forestomach, Hematoxylin/eosin stain-
ing of 10-day-old forestomach thin sections from Kp0 {4), FOKp0 (8), GOFOKp0
(C), WT (D), FO (E), and GOFO (F) pups are shown. Sections of the forestomach
from 4-month-old mice of WT (G), GOFOKp0 {H), and NOKpG (f) genotypes are
also presented. Double-ended arrows indicate the cornified layer, (Scale bar,
150 pm.}

for this analysis, mice lacking all small Mafs die by midgestation
(unpublished observations). Similarly, mafG::mafK compound mu-
tant mice expire before weaning (34). We therefore examined
instead two genotypes that were healthy and fertile (ie.,
mafG:mafF and mafF:snafK compound mutants) in combination
with the mutant keapl-nuil alleles (Fig. 1B), Whereas disruption of
both mafK and mafF did not rescue keap! mutant from lethality
(KOFOKp0 mice), when the mafG and mafF genes were simulta-
neously deleted in the keapI-null background the mice survived for
more than four months (GOFOKp0 mice in Fig. 1B).

Because we previously found that the simultaneous deletion of
nrf2 with keapl genes almost completely reversed the keapI-null
mutant phenotype (21), we compared the body weight gain of
GOFOKp0 mice with that of nrf2:keap! compound mutant mice
(NOKp0 mice) to evaluate the efficiency of the rescue by simulta-
neous mafG and mafF deletion. Whereas NOKp0 mice showed a
similar body weight gain to that of wild-type mice, GOFOKp0 mice
were much smailer than both of these at 6 weeks after birth (Fig.
1). GOFQOKp( mice were also smaller than GOF0 mice {GOFOKpQ vs.
GOFO in Fig. 1B), indicating that the effect of the Keapl deficiency
is only partially overcome in GOFOKp0 mice. These results dem-
onstrate that Keapl deficiency provokes constitutive activation of
Nrf2 and the growth retardation of mice, but this deleterious effect
of Keap?1 loss can be partially circumvented by the simultaneous loss
of MafG and MafF. . ‘

Improvement of Hyperkeratosis in Forestomach and Esophagus of
mafG:maff:keap? Triple Mutant Mice. We next performed histo-
logical analysis of the forestomach and esophagus of the rescued
triple compound mutant (i.e., GOFOKp() animals at 10 days after
birth (Fig. 2 and data not shown). Heavily thickened comnified
layers, convoluted basal layers, and thickened spinous and granular
layers were observed in the forestomach of keapl-null mutant and
FOKp0 mice (Fig. 2.4 and B), whereas GOFOKp0 mice displayed a
normal stratified squamous epithelium (Fig. 2C), similar to the
control samples (Fig. 2 D-F).

Because the body wclght difference was apparent bctwecn
GOFOKp0 and NOKp0 mice at 6 weeks of age, we hypothesized that
the constitutive elevation of Nrf2 activity in the keapl-null back-
ground was only partially overcome in GOFOKp0 mice and that the
rescue of the keapI-null phenotype might be incomplete. In support
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Fig.3. Expression profiles of Keap1, Nrf2, and small Mafsin the forestomach,
(A) LacZ staining of squamous cefl epithelia in the forestomach of keap?
heterozygous mutant mice, Blue staining s observed in LacZ-expressing cells,
(8 and ) Immunchistochemistry with anti-Nrf2 antibody. Brown punctate
staining, indicated by arrowheads, is observed within nuclei of keap?-null
mutant cells {C), whereas no staining develops in wild-type keratinocytes (8).
Nonspecific staining is observed in the cornified epithelial layers. (D-L) LacZ
staining of squamous cell epithelia of the forestomach in sections prepared
from mafG (D, G, and J), mafK (E, H, and K), and mafF {F, ], and L) heterozygous
mutant mice. Samples were prepared from 2-day-old (D-F), 10-day-old (G-},
or 4-month-old (/-L) mice. The green lines indicate the position of basement
membranes. (Scale bar, 30 xm throughout.)

of this contention, we found that the forestomach epidermal layers
of GOFOKp0 mice were hyperkeratotic, whereas those of the NOKp0
forestomach were almost indistinguishable from wild type (Fig. 2
G-I). We envisage that in contrast to keepl-null mutant mice,
thickening of the cornified epithelial layers develop more gradually
in the GOFOKp0 forestomach as a consequence of residual elevated
Nrf2 activity.

Keratinocyte Abnormality Is Involved in the Hyperkeratosis Observed
in keap1-Null Mice. To determine whether diminished Keapl ex-
pression in keratinocytes might lead to the observed hyperkeratosis,
we examined keapl gene expression in the stratified squamous
epithelium by monitoring the expression of the LacZ gene that was
inserted into the keap! locus when the gene was disrupted (21).
B-Galactosidase activity was observed primarily in keratinocytes of
whole layers of stratified squamous epithelium, from the immature
cells in basal layers to the granular layers composed of more
differentiated cells (Fig. 34). The green lines in Fig. 3 define the
position of the basement membrane. These data indicate that
Keapl is predominantly expressed in keratinocytes, regardless of
differentiation stage,

We next examined Nrf2 activation in the unstimulated, but
pathologically expanded, forestomach epithelium of kegpi-null
mutant mice by exarmining the epithelial cells for nuclear accumu-
lation of Nrf2 protein. Keapl sequesters Nrf2 in the cytoplasm and
prevents it from traversing into the nucleus (17). Recent reports
showed that Nirf2 is constantly degraded by the proteasome when
cells are not stimulated (35-38), thus keeping NIf2 concentration
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low, whereas Ntf2 is translocated into the nucleus and is stabilized
upon exposure to electrophilic reagents or oxidative stress. We
performed immunohistochemical examination of the keratinocytes
of keapl-null animals using an antibody that specifically recognizes
Nrf2, As expected, intranuclear foci were observed in the fore-
stomach epithelium of the keapI-null mutant mice (Fig. 3C, arrow-
heads); also as anticipated, no Nrf2 was detected in comparable
cells of a wild-type littermate (Fig. 3B), consistent with the notion
that proteasome-mediated turnover leads to rapid degradation of
Nrf2 in the unstimulated cytoplasm. These results thus demonstrate
that the control processes mediated by Nrf2 and Keapl are actually
extant in forestomach keratinocytes. The results also suggest that
gene dysregulation within keratinocytes is involved in the hyper-
keratosis observed in keapl-null mutant mice,

Small Maf Proteins Are Expressed in Forestomach Keratinocytes, The
rescue experiments described above suggest that diminished small
Maf activity is required for correction of the keapl-induced kera-
tinocytic abnormality, and that the small Mafs must therefore act
in the same genetic pathway as Nrf2 to execute the transcriptional
program in keratinocyte differentiation (Fig. 1). However, none of
the small maf mutant phenotypes described to date include kera-
tinocytic abnormalities; no report has emerged demonstrating any
functional contribution of small Mafs to keratinocyte biology.

Therefore, we examined the expression of the three small maf
genes in the forestomach epithelium by monitoring LacZ activity in
the small maf mutants, because each of the small maf knockouts was
generated by simultaneous insertion of a LacZ gene. While we
inserted the normal LacZ gene into the mafK and mafG loci, the
mafF insertion contained lacZ linked to a nuclear localization signal
{NLS). At 10 days after birth, B-galactosidase activity was observed
throughout the layers of stratified squamous epithelium in the
mafG mutant mice (Fig. 3G). Expression of mafK is weaker in the
basal cells and stronger in more differentiated cells of the spincus
and granular layers (Fig. 3H). Interestingly, mafF is expressed
almost exclusively in the most differentiated granular layer cells
(Fig. 31). B-Galactosidase activity was Jocalized in the cytoplasm of
keratinocytes in mafK and mafG mutant mice, which gave rise to
both diffuse and punctate staiming (Fig. 3 G for mafG and H for
mafK), but the activity was exclusively nuclear in keratinocytes of
mafF mutant mice (Fig. 31). These expression patterns were repro-
ducible when 2-day-old pups and 4-month-old adult mice were
analyzed for each small maf gene (Fig. 3 D-F and J-L). 8-Galac-
tosidase staining was especially intense in the granular layer of mafK
mutant mice, regardless of developmental stage (Fig. 3 E, H, and
K). The abundance of all three small maf gene mRNAs was almost
constant from neonatal stages to adulthood, when monitored by
guantitative real-time PCR (data not shown). Thus, all three small
Maf proteins are expressed in the forestomach squamous epithe-
lium, and the expression patterns are indeed overlapping with those
of Nrf2 and Keapl.

MafG Is a Major Small Maf Protein Species in Keratinocytes, To
determine whether there were any correlations between the mRNA
abundance and the functional contribution of each small maf gene,
the copy numbers of each small Maf mRNA expressed in the
forestomach at 10 days after birth were quantified by quantitative
real-time PCR, and MafG mRNA was found to be the most
abundant small Maf (Fig. 4). The observed abundant MafG ex-
pression in the forestomach shows very good agreement with the
data in the small maf gene knockout-rescue experiments (Fig. 1),
which suggest that MafG makes the largest contribution to normal
keratinocyte function among the three small Maf proteins, We
conclude that mafG and mafF disruption attained ‘a significant
enough reduction in the total amount of small Maf protein that
there was no longer sufficient Maf activity present in cells to
effectively execute Nrf2 function.
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Fig.4. Quantification of small Maf mRNA abundance in forestomach, cDNA
was synthesized from total RNA prepared from WT, Kp0, GOF0, and GOFGKp0
forestomach at 10 days after birth. MafG, Mafk, and MafF mRNA levels were
quantified by quantitative real-time PCR using a plasmid containing each
¢DNA as the abundance standard.

Increased Keratin & Expression Returns to Normal Levels in the
Forestomach of mafG:mafF:keap? Triple Mutant (Rescued) Mice,
Keratin 6 is strongly induced in the keap!-null mutant esophagus,
and it has been suggested to be a direct Nrf2 target gene in
keratinocytes. The expression of keratin 6 was dramatically induced
in the forestomach epithelium of the keapl-null mice, judging from
the strong immunohistochemical anti-keratin 6 staining (Fig. 5 4
and B). Consistent with the distribution of constitutively activated
Nrf2 in the keap! mutant mice (see Fig. 3C), keratin 6 was induced
in all keratinocyte layers (Fig. 5B). Toinvestigate whether increased
keratin 6 expression in the kegpl-null mutant forestomach is caused
by constitutive activation of Nrf2, we analyzed keratin 6 expression
in NOKp( compound mutant mice. Keratin 6 mRNA was abundant
in the keap! mutant (Fig. 5D, lanes 3 and 4), but was scarcely
detectable in either the wild-type or NOKp0 animals (Fig. 5D, lanes
1,2,11, and 12), thus confirming the Nrf2-dependency of keratin 6
gene activation,

We then examined the expression of keratin 6 in the rescued
GOFUKp0 mice, Application of anti-keratin 6 antibody did not
generate a signal in the forestomach epithelial layers of GOFOKp0
mice (Fig. 5C), and, as in the NOKp0 mutant, the GOFOKp0 mutant
forestomach expressed the same low levels of keratin 6 mRNA as
wild-type mice (Fig. 5D, lanes 9 and 10). These results thus
demonstrate that the small Maf proteins are required for Nrf2-
dependent transcriptional activation of the keratin 6 gene,

Although the double deletion of mafF and mafG rescued the
lethality of keapl null mutants, mafF deletion alone did not affect
the lifespan of keapI-null pups (FOKp0 in Fig. 1), and ablation of
mafG extended their lifespan by only one week (GOKp0 in Fig. 1).
These results suggested that the rescue efficiency of each compound
mutant mouse inversely correlates with the remaining small Maf
activity; Kp0 mice possess full activity, and small Maf abundance in
keratinocytes appears to be reduced in the order: FOKp0 > GOKp0
> GOFOKpO. Hence we hypothesized that the expression of keratin
6 mRNA would be higher in the order: Kp0 > FOKp( > GOKp0 >
GOFOKp?. In the hope of detecting graded expression of keratin 6
mRNA, we further examined GOKp0 and FOKp0 mice.

Contrary to our expectation, keratin 6 mRNA was hardly de-
tectable except in the Xp0 and FOKp0 mutants (Fig. 5D, lanes 1, 2,
and 7-12). Considering the similarity in low-level expression of
keratin 6 in GOKp0 and GOFOKp0 mice, some additional factors
may be involved in the large difference in weight gain and viability
between the mice of two genotypes, A second unexpected result was
that keratin 6 is more abundant in maf::keapl double mutant than
keapl single mutant forestomach (Fig, 5D, lanes 3—6). Interestingly,
when small maf expression levels were examined, mafG was found
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Expression of keratin 6 as a marker of Nrf2-mediated transcriptional activity. (A-C) Inmunochistochemistry with anti-keratin 6 antibody. Keratin 6 is

highly expressed in keapi-null kera‘t_’fﬁgcy‘tes in the forestomach (B), whereas no signals were observed in the wild-type (4) or rescued GOFOKpO {C) mice. (Scale
bar, 30 umin A-C.) (D) Keratin 6 expréssion levels were examined by RNA biot analysis. Total RNA prepared from wild-type {lanes  and 2}, Kp0 (lanes 3 and 4),
FOKpO (lanes 5 and 6), GOKpO (lanes 7 and 8), GOFOKpO {lanes 9 and 10}, and NOKpO (lanes 11 and 12) mice forestomachs are shown. The arrow and arrowheads
indicate keratin 6 mRNA and ribosomal RNAs (185 and 28S), respectively. (£} Relative expression levels of the three small maf genes in the forestomach of
wild-type, KpQ, FOKp0, and GOKpO at 10 days after birth (compared with the levels in wild-type mice).

to be highly induced in mafF:keap] double mutant forestomach
(Fig. 5E).

Discussion

It hasbeen postulated that the small Maf proteins function as major
heterodimeric parter molecules of Nrf2 based principally on in
vitro DNA binding evidence. Heterodimer formation between Nrf2
and the small Mafs was detected by using bacterially expressed
proteins or in vitro translated proteins (14, 16, 22, 24, 28, 39, 40), and
substantial efforts have been made to document endogenous
Nrf2-small Maf complexes capable of interacting with MAREs (23,
25, 41, 42). Although these studies have shown Nrf2-small Maf
heterodimer formation, the question remained whether Nrf2-small
Maf heterodimer actually functions as a transcription activator or
whether Nrf2 might require an alternative partner to activate
MARE-dependent target genes, because in many transfection
assays cooperative activation of Nrf2 and small Mafs was not
observed (22, 24-26). Hence the aim of this study was to test the
contention that small Mafs cooperate with Nrf2 to activate tran-
scription in an in vive experimental system.

To address this issue, we generated keapl and small maf com-
pound gene knockout mice and asked whether the loss of one or
two small maf genes in concert with the keap! gene affected the
lethal phenotype of Keapl-null mutant mice caused by the hyper-
activity of Nrf2, We found that loss of mafG and mafF indeed
rescued the keapl-null mutant mice from perinatal lethality. Be-
cause the rescue phenotype of mafGumafF:keap! triple compound
mutant mice is similar to that of the rnrf2:keap] compound mutant
mice, we conclude that small Maf proteins are indispensable
components for Nrf2-dependent transcription in vivo. These results
further support the contention that Nrf2-small Maf heterodimers
serve as indispensable transcriptional regulators of keratinocytic
gene expression. '

We suggested previously that loricrin and keratin 6 are potential
Nrf2 target genes in keratinocytes (21). There is one potential
MARE in loricrin “CCATGGTGACATAGCTTGAA”, and two
MARE:s in keratin 6, “TGATGGTGAGCTTGCAGAGT,” and
“GTGTGGTGAGGGGGCACACA,” ~40bp and 300 bp 5' to the
TATA boxes, respectively (nucleotides corresponding to a typical
T-MARE, “TGCTGAS/cTCAGCA,” are italicized). These se-
guences correspond closely to the consensus sequence of antioxi-
dant responsive elements (ARE), well characterized Nrf2 target
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sites that exist in the regulatory regions of phase 2 detoxifying
enzyme genes and oxidative stress-inducible genes (43). In this
study, we monitored keratin 6 as a parameter for measuring Nrf2
transcriptional activity, because the expression profile of keratin 6
corresponds closely to the distribution of Keapl-Nrf2 system in
forestomach (see Fig. 5 4 and B). Importantly, the increase in
expression of keratin 6 observed in the keap! mutant background
returned to normal levels by simultaneous deletion of either arf2 or
deletion of both mafG and mafF. .

When we examined mafF::keap! compound mutant forestomach
in the hope of detecting an intermediate expression leve! of keratin
6, an unexpected result emerged, in that the level of keratin 6
mRNA in FOKp0 pups was higher than in the Kp0 pups (Fig. 5D}.
One Intriguing explanation for this result can be drawn from the
unanticipated induction of mafG espression in the FOKp0 fore-
stomach (Fig. SE). The regulatory mechanisms controlling mafG
levels in the forestomach seem to be sensitive to the total amount
of small Mafs, whereas those controlling mafK and mafF do not.
MafG mRNA expression might be elevated because of compen-
satory mechanisms whose nature is unknown at present, but may
involve autoregulation of a subset of the small Mafs. Consequently,
more small Maf proteins are produced in the FOKp() forestomach,
ending in higher expression of keratin 6 mRNA than in Kp0 mice.
This result, although surprising, nonetheless furthet supports the
contention that small Maf cooperatively activates Nrf2-dependent
transcription in vivo.

Given the complexity of MARE-dependent gene regulation,
germ-line mutagenesis and loss of function studies of each gene
have proven to be a powerful approach to glean insight into the
function of the molecules that interact with this site in vivo. Because
small Maf proteins are capable of heterodimerizing with many bZip
factors, including the CNC and Bach proteins, diminished small
Maf abundance should be reflected by a functional defect in the
activity of these multiple partner molecules. Megakaryocytic de-
fects result s a consequence of defective p45 function or to a small
Maf deficiency (32, 44—46). Similarly, aberrant constitutive induc-
tion of heme oxygenase-1 can be attributed to a functional defect of
Bach! with insufficient small Maf partner molecules (47, 48). The
other phenotypes observed in compound small maf mutant mice
are red cell membrane abnormalities and a profound neurological
disorder (34, 48), neither of which have been encountered in the
analysis of Nrf2-deficient mice. This observation likely indicates
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that the small Mafs also regulate batteries of genes that are not
under Nrf2 regulatory influence. However, it does not exclude the
possible involvement of Nrf2, because double or friple mutations
including nrf2 and other CNC transcription factor genes may
recapitulate these phenotypes.

We have shown in this study that both z7f2-npull mutant mice and
small maf compound null mutant mice confer a similar rescue
phenotype to keapl-null mutant mice, demonstrating that Nrf2-
small Maf heterodimers play indispensable roles in keratinocytic
gene expression. Considering the fact that excess small Mafs have
been shown to repress transcription by forming inactive ho-
modimers, keratinocytic overexpressioni of small Mafs would also
be predicted to rescue keapI-null Jethality. A recent study showed,
using chromatin immunoprecipitation, that Nrf2 and small Maf are
recruited t0 a MARE element in the mouse quinone reductase
gene promoter when the gene is activated (43). This result is in very
good agreement with the cooperative gene activation model exe-
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contribution of small Mafs to each of these Nrf2-dependent pro-
cesses should be individually evaluated; some of the processes may
depend on both Nrf2 and small Mafs, whereas the others may be
independent of any small Maf contribution. Finally, the compound
knockout-rescue approach exploited in the present study is an
effective system for evaluating the in vivo contribution of test
regulatory factors to Nrf2 activity, as long as mice deficient in these
test factors are available. It would be interesting to apply this system
to other candidate molecules that have been touted to be required
for Nrf2 transcription activity, including other factors in the tran-
scriptional machinery itself as well as specific signal transduction
pathways.
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Nrf2 deficiency improves antoimniune nephritis cansed by the
Jas matation lpr.

Background, Nrf2 is a basiclencine zippertranscriptional ac-
tivator essential for the coordinate transcriptional induction of
antioxidant and phase IT drug metabolizing enzymes. We previ-
ously reported that Nrf2-deficient female mice develop lupus-
like autoimmune nephritis (Kidney Int 60:1343-1353,2001). The
resulf suggested that nrf2 is a possible candidate gene in deter-
mining susceptibility to antoimmune diseases. MRL/Ipr mice,
defective in Fas-mediated apoptosis, develop glemerulenephri-
tis due to the production of autoantibodies,

Methods. To investigate the mechanism whereby Nrf2 con-
tributes to the susceptibility to autoimmune diseases, we gener-
ated nrf2 —/— [pr/ipr mice. <

Results, Unexpectedly, the lifespan of nrf2 —/— Ipr/Ipr fe-
male mice was markedly prolonged and these mice showed
an improvement in nephritis compared to arf2+/+ Ipr/Ipr fe-
male mice. Immunclogic abnormalities and hypergammaglob-
ulinemia were also alleviated in nrf2—/— Ipr/Ipr female mice,
Furthermore, lymphadenopathy was suppressed as a result of
increased apoptosis. To elucidate the molecular mechanism
causing a stimulation of apoptosis, we analyzed the response
made by arf2 —/— Ipr/ipr mice to death signals. We show that

nrf2—— lpr/lpr mice are sensitive to tumor necrosis factor-a -

(TNF-a)-mediated apoptosis. Since intracellular glatathione
levels are decreased in Nrf2-deficient cells, it is probable that a
prolonged depletion in glutathione levels leads to the enhance-
ment in TNF-a-mediated apoptosis,

Conclusion. These results indicate that a deficiency in N2
enhances TNF-a-mediated apoptosis which in-turn ameliorates
the abnormal apoptotic response that arises from a mutation in
the Ipr gene. Therefore, Nrf2 deficiency acts as a suppressor of
the autoimmune accelerating gene Ipr.

NrI2 [nuclear [actor-eryihroid 2 (NF-E2-related factor
2)] is a basic leucine zipper (b-Zip) transcriptional acti-
vator, originally identified as a protein capable of bind-
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ing the NF-E2 promoter element [1, 2]. Nif2 is essential
for the coordinate transcriptional induction of antioxi-
dant and phase II drug metabolizing enzymes through the
antioxidant response element/electrophile response ele-
ment (ARE/EpRE) [3, 4]. The ARE/EpRE sequence has
been identified within the proximal regulatory sequences
of antioxidant genes encoding glutathione S-transferase
(GST) [5], NAD(PYH quinine oxidoreductase (NQO1)
[6], heme oxygenase-1 (HO-1) [7], y-glutamylcysteine
synthetase [8), and cystine membrane transporter (sys-
fem Xc~) [9]. The ARE also regulates a wide range of
metabolicresponses to oxidative stress caused by reactive
oxygen species (ROS) or electrophiles {9]. Understand-
ably, targeted disruption of the nrf2 gene in mice renders
the animals sensitive to high levels of oxidative stress due
to impairment in this stress response system [9-11].

We previously reported that aged Nrf2-deficient
female mice presented with several immunopatho-
logic features characteristic of human lupus, including
splenomegaly, proteinuria, production of antinuclear an-
tibodies, mesangial and capillary immune complex depo-
sition with subsequent proliferative or crescentic change
within glomeruli, and, eventually, renal failure and death
[12]. These findings indicate a role for oxidative stress
in the development of lupus, and also point to nrf2 as
a possible candidate gene in determining susceptibil-
ity to autoimmune diseases. A number of lupus mod-
¢ls and mouse strains have been established and studied
extensively with respect to disease pathogenesis, in-
cluding MRL/Mp-ipr/Ipr (MRL{Ipr) [13], BXSB/MpJ Yaa
[13], and NZB/NZW F1 [14, 15]. However, linkage of the
nrf2 gene to any of these lupus strains has not been de-
scribed previously. MRL/Ipr mice spontaneously develop
Iymphadenopathy and an autoimmune disorder charac-
terized by immune complex glomerulonephritis, arthritis,
vasculitis, and antinuclear antibodies [13]. The predomi-
nant cell type that occupies the lymphoid organ are phe-
notypically double negative (CD4-CD8~) with respect
to T-cell surface markers. These cells also possess the
B220 cell surface marker usually restricted to B cells. The
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double negative T cells also display hallmarks of ma-
ture T lymphocytes, including CD3 and the a-TCR [13].
The genetic defect that leads to lymphoproliferation (Ipr)
is a mutation in the gene coding Fas [16], a cell sur-
face molecule that belongs to the tumor necrosis factor
(TNF) receptor gene family. The development of lym-
phadenopathy and of autoimmune disease in Jpr mice
has been attributed to a defect in Fas-mediated apopto-
§is causing a failure in the activation-induced cell death
of activated T cells [16, 17]. Thus, the [pr gene is be-
lieved to be the fundamental molecular abnormality in
MRL/Ipr mice. However, the spectrum of antoimmune
manifestations is greatly affected by the host genetic
background. For example, when the Ipr is crossed on to
the MRL/Mp strain, the disease is markedly accelerated,
and most mice die by 6 months of age [18]). Whereas,
MRL/ipr, Ipr congenic mice of the C3H/Hel, AKR or
C57BL/6 background rarely develop nephritis or vasculi-
tis [19-21]. These results indicate that the development
of autoimmune diseases in MRL/Ipr mice requires both
an accelerating gene {Ipr) and susceptibility genes (genes
specific to the genetic background).

To further define the mechanism whereby Nrf2 de-
termines the susceptibility to antoimmune diseases, we
generated nrf2—/— Ipr/Ipr female mice and estimated the
survivalrate and the development of glomerulonephritis.

Unexpectedly, nrf2—/— Ipr/Ipr female mice had a sig-
nificantly longer lifespan and less severe nephritis than
nrf2+/+ Ipr/lpr female mice. Detailed analyses revealed
that, it Ipr mice, a deficiency in Nrf2 enhanced the sensi-
tivity of TNF-e—mediated apoptosis and suppressed the
autoimmune acceleration effect of the Ipr gene. These
resulis demonstrate that Nrf2 deficiency may act as sup-
pressor of the autoimmune accelerating gene Ipr, instead
of being a susceptibility gene in these mice,

METHODS
Generation of nrf2 mutant Ipr mice

The generation of Nrf2-deficient mice was previously
described [4]. Genotypes of homozygous wild-type and
Nrf2-deficient mice were confirmed by polymerase chain
reaction (PCR) amplification of genomic DNA isolated
from tails PCR amplification was carried out by using
three different primers, ¥-TGGACGGGACTATTGAA
GGCTG-3 (sense for both genotypes), 5¥-CGCCTTTT
CAGTAGATGGAGG-3 (antisense for wild-type),
and 5-GCGGATTGACCGTAATGGGATAGG-¥ (an-
tisense for LacZ). MRL/lpr mice were obtained from
Japan SLC (Shizuoka, Japan). Intercrossing Nrf2-
deficient mice with an ICR background and MRL/pr
mice generated nrf2—{— Ipr/Ipr mice and control arf2+/+
Ipr/Ipr mice. The present study utilized female mice from
the same litters. Mice were maintained in the Labora-
tory Animal Resource Center. All experiments were per-
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formed according to the Guide for the Care and Use of
Laboratory Animals in University of Tsukuba,

Measuarement of im'nary protein, serum creatinine, and
blood urea nitrogen

The urine of each mouse was collected in individual
metabolic cages over a 24-hour period from nrf2—/—
Ipr/Ipr and nrf2+/+ Ipr/Ipr 20-week-old female mice. The
amount of proleinuria was assessed by measuring the tur-
bidity obtained with 3% sulphosalicylic acid. Protein val-
ues more than 2 mg/24 hours were considered abnormal.
The concentration of serum creatinine and blood urea ni-
trogen (BUN) were measured by an antomated analyzer
for routing laboratory tests (Dry-Chem 3500) (Fup Film,
Inc., Tokyo, Japan).

Histopathologic analysis of renal tissues

Each mouse was bled while under ether anesthesia.
Sera were stored at —80°C until use. At autopsy, organs
were fixed with 10% formalin in 0.01 mol/L. phosphate
buffer (pH 7.2) and embedded in paraffin. Sections were
stained with hematoxylin and eosin for histopathologic
examination under light microscopy. For semiquantita-
tive histologic analysis, more than 20 glomeruli from each
kidney section were examined. The degree of glomeru-
lar lesion was estimated using a scale of ( to 3 based on
the severity and extent of histopathologic changes, as de-
scribed previously [19]. The index of glomerular lesion
is the mean value of more than 20 observed glomeruli.
Sections frozen for immunofluorescent analysis were
stained using fluorescein isothiocyanate (FITC)-labeled
antimouse IgG, IgGl, IgG2a, 1gG3, IgM, and C3 (ICN
Pharmaceuticals, Inc., Aurora, O, USA). Quantitative
estimation of immunofluorescent staining was performed
using Imagel (National Institutes of Health, Bethesda,
MD, USA). Relative fluorescent intensity was described
as the mean fluorescent intensity of nrf2+/4- Ipr/lpr mice
equals 1.0.

Immunohistochemical examination

Kidneys that were to be used for immunoperoxidase
staining were snap-frozen in optimal cutting tempera-
ture (OCT) (Miles Scientific, Naperville, IT., USA) and
stored at —-80°C. We identified macrophage (F4/80),
CD4-, CD8-, and B220-positive cells using monoclonal
antibodies as described by Iwata et al [22]. Anti-CD4,
CD3, and B220 antibodies were purchased from BD Bio-
sciences (San Jose, CA, USA) and anti-F4/80 antibody
from Serotec (Oxford, UK). These cells were identifled
by avidin-bictin complex immunoperoxidase technique
using Histofine Kit (Nichirei, Tokyo, Japan). We counted
macrophage, CD4-, CD8-, and B220-positive cells in
periglomerular areas of 10 randomly selected glomeruli
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and have expressed the results as cells/glomerulus. Inter-
stitial CD4-, CD8-positive T cells and B220-positive cells
were counted in 10 randomily selected fields of cortical in-
terstitium using a light microscope (magnification, x400)
and described as/fields.

Cytokine expression

We evaluated renal colony stimulating factor 1
(CSF-1), monocyte chemoattractant protein 1 (MCP-1),
TNF-a, transforming growth factor 1 (TGF-p1) and in-
terferon y {(IFN-y) transcripts by reverse transcription-
polymerase chain reaction (RT-PCR) method. Total
RNA was extracted from the kidney using TRIzol (In-
vitrogen, Carlsbad, CA, USA). RT was performed us-
ing the SuperScript First-Stranded Synthesis System for
RT-PCR (Invitrogen). The complementary DNA product
was amplified by PCR. Primers {CSF-1, 5’ primer AAA
GCCACTCTTGGGGCATT, 3 primer TCGATGGCT
CCACTTCC; MCP-1, 5 primer AGCAGGTGTCCCA
AAGAAGC, 3 primer ACAAAGTTTACCCATTCA
TC. TNF-o 5 primer AGGTTCTCTTCAAGGGAC
AA, ¥ primer TCACAGAGCAATGACTCCAA; TGF-
B1, § primer GGACCTGGGTTGGAAGTGGA, ¥
primer GCGACCCACGTAGTAGACGA,; IFN-y, 5
primer CAAGTGGCATAGATGTGGAA, ¥ primer G
TTGTTGACCICAAACTTGG; GAPDH, 5 primer
CCCCTTCATTGACCTCAACTACATGG, 3 primer
GCCTGCTTCACCACCTTCTTGATGTC) were used
for PCR. The housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used for PCR
controls,

Total glutathione (GSH) level of kidneys

Kidneys from nrf2—/— Ipr/ipr and nrf2+/+ Ipr/ipr
20-week-old female mice were homogenized and sus-
pended in 5% sulfosalicylic acid. Subsequently, total GSH
level was measured by an enzyme recycling method us-
ing the Total Glutathione Quantification Kit (Dojindo,
Kumamoto, Japan).

Measurement of serum immunoglobulin

Serum immunoglobulin was determined by enzyme-
linked immunosorbent assay (ELISA) as previously de-
scribed {12]. Briefly, Nunc-Immunoplates (Nunc A/SS,
Roskilde, Denmark} were coated with goat antimouse
immunoglobulin (JCN Pharmaceuticals, Inc.). The plates
were kept at room temperature for 1 hour and were
then washed with 0.1 mol/L. phosphate-buffered saline
(PBS). After washing, the plates were blocked with 0.5%
bovine serum albumin (BSA) in a PBS solution. Serial
dilutions of {est serum samples were applicd and incu-
bated at room temperature for 1 hour. After washing with
PBS, the plates were treated with alkaline phosphatase-
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conjugated goat antimouse IgM, IgG, IgGl,and [gG2a -
(Sigma Chemica! Co., St. Louis, MO, USA) at room
temperature for 1 hour. After additional washes, alka-
line phosphatase subsirate (Sigma Chemical Co.) solu-
tion was added and allowed to develop. Absorption at
405 nm was measured using an immuno-plate reader
(BenchMark) (Bio-Rad, Hercules, CA, USA). In or-
der to measure IgG3 levels, single radial immunodiffu-
sion (SRID) was performed. One percent agalose gelsin
0.1 mol/L PBS, pH?7.2, which contained anti-Ig isotype
serum (rabbit antimouse IgG3), was purchased from
Miles Laboratories Inc. (Elkhart, IN, USA}) were pre-
pared and spread on 2a glass plate. Samples (4 pL)
were applied to punched holes of 1.5 mm in diameter
and the slides were incubated at room temperature for
48 hours. Precipitation rings were measured after stain-
ing with AminoBlock 10B,

Anti-double-stranded DNA antibody assay

ELISA was used to determine the titer of anti-double
stranded DNA antibody ir sera as described previously
[19]). Nunc-Immunoplates were coated with protamine
sulfate (Sigma Chemical Co.). Subsequently, a solution
of double-stranded DNA was added to the plates. The
double-standed DNA was prepared from calf thymus
DNA treated with S1 nuclease (Sigma Chemical Co.)
to eliminate single-stranded DNA according to the pub-
lished method [23]. The plates were kept at 4°C overnight
and then washed with PBS. Afterward, the plates were
blocked with 0.5% BSA in PBS solution, Serial dilutions
of test serum samples were added and incubated at room
temperature for 1 hour. After washing with PBS, the
plate was treated with alkaline phosphatase-conjugated
goat antimouse IgG (Sigma Chemical Co.) and pro-
cessed as described previously in this article. The titer
of anti-double-stranded DNA antibodies in pooled sera
from four 20-week-old MRL//pr female mice was set at
100 units.

Lymphadenopathy scoring ‘

Arbitrary clinical scoring of lymphnodes was assigned
by an observer blinded to group identities, using a scale of
04 (0 = none; 1 = a single node anywhere; 2 = bilateral
axillary; 3 = femoral, or cervical nodes; and 4 = massive
generalized adenopathy) [24].

Fluorescence-activated cell sorier (FACS) analysis

Single-cell suspensions were prepared from the lym-
phnodes of each mouse and blocked with anti-FcyR
antibody (2.4G?2) for 10 minutes on ice to inhibit the
interaction of staining reagents with the cell surface.
Multicolor flow cytometry analysis was performed us-:
ing LSR and Cellquest software (Becton Dickinson,
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Franklin Lakes, NJ, USA) on viable cells as deter-
mined by forward light scatier intensity and propid-
ium iodide exclusion. The following phycoerythrin (PE},
" FITC, or peridinin chlorophyll protein (perCP)-labeled
monoclional antibodies were used: anti-CD4-PE, anti-
CDS-FITC, anti-CD3-perCP {BD Biosciences) and anti
F4/80-PE (Serotec). Bilateral cervical and axillary lym-
phnodes were obtained from nrf2—/— lpr/iprand nrf2+/+
Ipr/ipr mice. Total cell numbers of each lymphocytes and
macrophages were counted.

Terminal deoxynndeotidyl transferase (TdT) nick
end-labeling (TUNEL) assay

Apoptotic cells were estimated by the TUNEL as-
say, which relies on incorporation of labeled deoxyuri-
dine triposphate (dUTP) at sites of DINA breaks. For the
TUNEL procedure, all reagents, including buffer, were
part of a kit (In situ Takara Apoptosis Kit; Takara, Inc.,
_Otsu, Japan). Procedures were carried out according to
the manufacturer’s instructions, Apoptosis was examined
in 5 um thick sections of the spleens, kidneys, and livers
of nrf2—/— Ipr/ipr and nrf2+i+ Ipr/lpr mice. For quan-
titative histologic analysis, the degree of apoptosis was
estimated using a scale based on the mean number of
TUNEL-positive cells per 20 microscopic fields, or per
field {magnification, »x400).

Induction of splenocyte apoptosis by TNF-a

Splenocytes were isolated from §-week-0ld nrf2—/—
Ipr/ipr and nrf24/+ Ipr/lpr mice. The cells were washed
in Dulbecce’s modified Eagle’s medinm (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS), 0.5 mmol/L. 2-mercaptoethanol, 2 mmol/L glu-
tamine, 1 mmol/l. N-2-hydroxyethylpiperazine-N'—2-
ethanesulfonic acid (HEPES) (pH 7.4) and antibiotics
(all from Invitrogen Inc.). The cells were again washed
in medium before use in subsequent tissue culture ex-
periments. The cells (1 x 10%mL) were incubated with
various concentrations of TNF-o for 12 hours. TNF-q
was purchased from BD Biosciences. Cell viability was
determined by trypan blue exclusion. The cells were pre-
incubated with glutathione ethy! monoester (GSH-OEL)
(2 mmoV/L for 15 to 20 minutes) to increase the intracel-
Iular pool of GSH. GSH-OEt was obtained from Wako
(Osaka, Japan).

Hepatocellular apoptosis induction by administration
of anti-Fas antibody and TNF-a, in. inice

Agonistic antimouse Fas antibody (Jo-2) (BD Bio-
sciences) (2 mg/mouse) was administered to 20-week-old
female mice intraperitoneally in sterile saline solu-
tion. Human recombinant TNF-g (BD Biosciences)
{0.5mg/mouse) was also administered intraperitoneally,
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To increase the TNF-¢ sensitivity, D-galactosamine hy-
drochloride (GaIN) {Nacalai Tesque, Tokyo, Japan) was
preinjected intravenously 30 mimites before TNF-a injec-
tion. To assess the importance of the intracellular GSH
level, GSH-OEt (20 mpg/mouse) was preinjected intra-
venously 2 hours before TNF-¢ injection-and the same
experiments performed. Hepatocellular infury was mon-
itored biochemically by measuring serum alanine amino-
transferase (ALT) activity using an automated analyzer
(Dry-Chem 3500) {Fuji Film). At the end of the experi-
mental period mice were sacrificed for necropsy. The liver
was excised, fixed with 10% buffered formalin, sectioned
at a thickness of 5 pm, and stained with hematoxylin and
eosin for examination by light microscope.

Statistical analysis

Results were expressed asmeans+ SEM. Multiple data
comparisons were performed using the one-way analy-
sis of variance (ANOVA) routinely with the Bonferroni
correction. Significant differences between the groups of
mice were analyzed using the Wilcoxon test for paired
samples, and P values less than 0.05 were considered sta-
tistically significant. Comparisons of survival rate were
done by the Kaplan-Meier method.

RESULTS
Survival rate

nrf2—/— Ipr/ipr female mice had a markedly prolonged
lifespan with 50% of the mice having survival times twice
as long as nrf2+/+ Ipr/lpr female mice (Fig. 1}. The 50%
survival weeks of nrf2—/— Ipr/Ipr female mice were 45.4 £
2.2 weeks in comparison to 23.2 £ 6.1 weeks for the
nrf2--{+ lpr/lpr female mice. The 50% survival weeks of
MRL/Ipr mice was 6 months [18], which was almost the
same as that of nrf2-+/+ Ipr/lpr mice.

Renal fanction and urinary protein

MRL/Ipr mice are known to die from renal failure
caused by autoimmune kidney disease [13]. We evalu-
ated renal function in nrf2—/— Ip#/lpr mice by measuring
serum creatinine and BUN, as an index of renal function,
in a time series experiment. The levels of serum creati-
ning and BUN were decreased in nrf2-/— Ipr/Ipr mice
compared to nrf24-/M- Ipr/lpr mice at 20 weeks old, but
only significantly in the case of BUN levels. We also per-
formed other stndies, including urinary protein analysis,
at 20 weeks of age (Table 1). The urinary protein levels

‘of nrf2—{— Ipr/Ipr female mice were significantly lower

than that of nrf2-+/+ Ipr/lpr female mice at 20 weeks of
age. : ‘
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Fig. 1. Survival rate and renal fanction of Ipr female mice. {4) Sur-
vival rate of nrf2—/— Ipw/ipr (N = 20) and nrf2+/+ Ipt/ipr (N = 20)
female mice using Kaplan-Meier method. The difference in survival
rate between nrf2—/— Ipr/Ipr and nrf2+4/+ lpr/lpr mice was significant
(P <0.05). (B) Serum creatinine (CRE) and blood urea nitrogen (BUN)
were decreased in nrf2—/— Ipr/Ipr mice (N = 10) compared to nrf2++
Ipr/lpr mice {N = 10) at 20 weeks old, but only BUN showed a significant
decrease (*P < 0.05) (serum creatinine, P = 0.08). Each bar represents
the meank SEM.

Table 1. Clinical and serologic manifestations in nrf2 —/— Ipr/lpr and
nrf2 4+ lpr/lpr female mice at 20 weeks of age®

nrf2 —/—iptipr N nrf2 +/+ lprlpr N Pvalue

Urinary protein 124£03 18 36410 16 <0.05
me/day
IgM mig/dL 4594+ 521 10 62494£1112 310 NS
IgG mig/dL 2821.5 £ 3531 10 85261 +7889 10 <0.05
1gG1 mg/dL 199.8+351 10 52434884 10 <0.05
lgG2amg/dL 18152 3184 10 6226.7+1475.0 10 <0.05
1gG3 mg/dL 6512863 10 913441042 10 NS
Anti-dsDNA 3154103 10 1033+£227 10 <0.05
1gG units
Lymphadenopathy 09£03 20 13405 20 <0.05
score”
ds DNA is double-stranded DNA.

*Results are shown as means & SEM; "Using a scale of 0 to 4 described in the
Methods section.

Histologic analysis - : .

Renal histopathologic studies were performed in
nrf2—/— lpr/lpr and nrf24/+ lpripr female mice at
20 weeks of age. Innrf2+/+ Ipr/lpr female mice, glomeri-
lonephritis with inflammation, sclerosis, and crescent for-
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mation were observed (Fig. 2A). By contrast, glomerular
lesions were improved in nrf2—/— Ipr/ipr female mice

" (Fig. 2B). The average of indices of glomerular lesions

(as described in the Methods section) in nrf2+/4 Ipr/ipr
and nrf2—/— Ipr/lpr female mice were 2.8 £ 0.3 (N =10)
and 2.0 £0.2 (N =10), respectively (P < 0.05). IgG, IgM,
and C3 deposits were observed by immunofluorescence
staining inthe kidneyof both nrf2—/—lpr/lprand nrf2+/+
Ipr/lpr mice. IgG and C3 deposits in the mesangial re-
gions and the capillary walls of glomeruli were decreased
in nrf2—I— lpr/lpr mice compared to nrf2+/+ lpr/Ipr mice
(P < 0.05). From the isotype staining of IgG, IgG2a and
IgG3 deposits were found to be decreased in nrf2—/—
Ipr/lpr mice compared to nrf2+/+ Ipr/lpr mice, signifi-
cantly (P < 0.05) (Fig. 2C and D).

Immunohistochemical examination

Abnormal renal function in MRL/lpr mice consists of
leukocyte infiltration, including macrophage, CD4 and
CDS8 T cells, and B220-positive cells [22]. We evaluated
the numbers of these infiltrates in the glomeruli and in-
terstitium nrf2—/—~ Ipr/lpr kidneys at 20 weeks old. The
numbers of macrophage (F4/80), CD4, CD8-positive T
cells, and B220-positive cells were significantly reduced
innrf2-—/— Ipr/Ipr kidneys compared with nrf2+/+ Ip#/lpr
kidneys (Fig. 3A and B). It has been reported that B220-
positive cells in the kidney are unique double negative
T cells and are not B cells in MRL/Ipr mice [25, 26].
This result suggests that the reduction in numbers of
macrophages, CD4, CD8-positive and double-negative T
cells would lead to an improvement of kidney disease in
nrf2-{— Ipr/lpr mice.

Influence of nrf2 —/— on the level of key cytokines

It was previously reported that CSF-1, MCP-1, TNF-o,
TGF-p1, and IFN-y transcripts are up-regulated with the
onset of renal injury in MRL/Ipr mice and are a causative
factor in the progression of autoimmune kidney disease
[27-31]. So we determined these cytokines transcript lev-
els by RT-PCR method. In nrf2—/— Ipr/lpr kidneys, CSF-
1, MCP-1, TNF-a, TGF-B1, and IFN-y transcripts were
reduced compared to nrf2-+/+ Ipr/lpr kidneys. (Fig. 3C).

Level of GSH in renal tissue

It has previously been described that various antioxi-
dant and detoxification enzymes which are subject to Nrf2
regulation are reduced in the liver and macrophages of
Nrf2-deficient mice [5-9]. As a consequence, Nrf2 defi-
ciency may lead to high levels of oxidative stress and a
depletion of GSH synthetic enzymes. We hypothesized
that a reduction in GSH in renal tissue could influence
the pathogenesis of autoimmune kidney discase. There-
fore we measured renal GSH levels in nrf2—/— Ipr/lpr
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mice. Rena! GSH wes significantly reduced in nrf2—/—
Ipr/Ipr mice compared to nrf2+/+ Ipr/Ipr mice (Fig, 3D).

Serum immunoglebulin and anti-double-stranded
DNA antibodies

To evaluate immunologic abnormalities, the serum im-
munoglobuling in nrf2—/— Ipr/lpr and nrf2+/+ lpr/ipr
female mice at 20 weeks of age were measured. There
was no significant difference in serum IgM levels be-
tween nrf2—/— Ipr/Ipr and nrf2+/+ lpr/lpr female mice
(Table 1). Serum IgG levels of nrf2—/— Ipr/lpr were lower

-than those of nrf2-++/+ Ipr/lpr female mice. Serum im-
munoglobulin levels of nrf2+/+ Ipr/lpr female mice were
almost comparable to those of MRL/[pr female mice as
previously described [32). The levels of IgG, IgGl, and

2/~ iptipr

2R

Fig. 2. Histopathologic analysis of renal fis-
sues in rrf2—{— Ipr/lpr mice, Renal sec-
tion from an rrf2—/= Ipr/ipr 20-week-old fe-
male mouse (B) showed the improvement
of glomerular lesions compared to an age-
matched nrf2 +/ Ipr/ipr mouse {A) (x100,
hematoxylin and eosin stzin). Immunofiuo-
rescent staining of IgG. TgM, C3,1gG1, 1gG2a,
and 1gG3 {(C). IgG, [2G2a, IgG3, and C3 de-
posits in the mesangial regions and the cap-
illary walls of glomeruli were decreased in
nrf2—/— Ipr/ipr mice compared to nrf24+/+
Ipr/ipr mice (x400). Quantitative analysis
of inmunofluorescent stainig revealed IgG,
1gG2a, 1pG3, and C3 deposits were signifi-
cantly decreased in nrf2—/— Ip#/ipr mice (D)
(*P = 0.05). Each bar represents the mean =+
SEM.

Ig(G2a were also decreased in nrf2—/~ Ipr/lpr female
mice compared to nrf2++ Ipr/lpr female mice (Table 1).
Serum IgG3 level in nrf2—/— Ipr/lpr was also lower than
nrf2+/+ Ipr/ipr mice, but not significantly. There was
not a significant difference in serum IgG3 level between
nrf2—{— Ipr/lpr and nrf2-+/+ lpr/Ipr mice. However, in
immunofluorescence staining, IgG3 deposition was de-
creased in nrf2—/— Ipr/lpr mice compared to nrf2+/+
Ipr/Ipr mice. This result suggests IgG3 is one of the inajor

~ factors responsible for the development of glomeru-

lonephritis in [pr/Ipr mice. The production of anti-double-
stranded DNA autoantibody was significantly reduced in
nrf2—/{— Ipr/Ipr female mice when compared to arf2-+/4+
Ipr/ipr female mice (P < 0.05) (Table 1). Since the amount
of anti-double-stranded DNA autoantibody in pooled
sera from 20-week-old MRL/Ipr female mice was set



