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Fig. 4. DNA binding and interaction with CNC proteins of zebrafish
small Maf proteins. Autoradiographic image of EMSA with the single
MARE containing probe. Binding reactions were carried out with in
vitro translated proteins as indicated. Arrow and arrowheads indicate
complexes containing small Maf homodimers and small Maf-CNC
protein heterodimers, respectively,

mixture (Fig, 4, open arrowheads). We confirmed that
this additional band corresponded to the complex con-
taining small Maf-p45 Nie2 heterodimers by super-shift
analyses using FLAG-tagged protein of p45 Nfe2 and
antibodies against FLAG and small Maf proteins (data
not shown). These results thus indicate that the prop-
erties of MafT are similar to those of other small Mafs.

MafT and other small Maf proteins of zebrafish enhance
transactivation activity of Nrf2

MafF, MafK, and MafG have been shown to act as
transcriptional repressors, when each of them was force
expressed in cultured cells [10,18,23]. The repression was
brought about by the lack of transactivation domains in
the small Maf proteins, so that homodimers of small
Maf proteins tend to inhibit binding of CNC transacti~
vators to the MARE sequences. In order to elucidate

whether MafT has any hidden transactivation domains,
we analyzed transregulation activity of MafT in zebra-
fish embryos by reporter gene assays. To this end,
tuciferase gene fused to 3x MARE sequences of chickent
B-globin enhancers was used as a reporter (pRBGP2)
[18]. After co-injection of the reporter construct with
MafT mRNA iito zebrafish embryos at the one-cell
stage, luciferase activity of the whole cell extract was
measured at mid-gastrula. As shown in Fig. 5A, over-
expression of MafT shows no increase of the luciferase
activity. Similar results were obtained when amount of
injecting mRNA was elevated to 50 pg (data not shown).
These results thus indicate that MafT does not contain
any canonical transactivation domains.

We next examined the effect of MafT on transacti-
vation activity of NrfZ. Overexpression of Nrf2 alone
strongly activated the expression of the reporter gene
(Fig. 5A), as we previously described [34]. When MafT
was co-expressed with Nif2, the Iuciferase activity was
further activated by nearly 10-fold (Fig. 5B). To eluci-
date whether this activity was MafT specific, we also
examined the effect of MafK, MafGI, and MafG2 on .
the Nrf2 transactivation activity and found that all these
proteins can activate the Nrf2 activity (Fig. 5C).

When amount of co-injecting MafT mRNA was in-
creased to 250 pg, relative activity of Iuciferase reduced to
approximately 1/15 of that i embryos injected with Nrf2
mRNA alone. The high expression level of MafT may
suppress MARE-dependent transcription, probably due
to forming non-transactive MafT-MafT homodimers
and competing with heterodimeric transactivators’ bind-
ing to MARE. These results strongly suppert our notion
that the balance between small Maf proteins and Nrf2 or
other CNC proteins determines the output of transcrip-
tion {29].

Somte previous reports using the culture cell-trans-
fection systems showed that the addition of small Maf
proteins provokes only repressionr of the Nrf2 activity
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Fig. 5. MafT and other small Maf proteins enhance transactivation activity of Nrf2. (A) Fifty picograms of reporter constructs was co-injected with
12.5pg MafT or 50 pg NrfZ mRNAs into embryos at the one-cell stage and luciferase (Luc) activity was analyzed at midgastrula. Luciferase activity
in the absence of MafT or Nif2 (denoted as =) was set at 1. (B) Effect of co-overexpression of MafT on the Nrf2 activity. Indicated amount of MafT
mRNA was co-injected with 50 pg Nrf2 mRNA and reporter constructs into zebrafish embryos. Luciferase activity in the embryos overexpressing
only NrfZ was set at 1. (C) Effect of co-overexpression of MafK, MafG1 or MafGZ2 on the Nif2 activity. Five picograms each of small Maf mRNA
was co-injected with 50 pg NefZ mRNA and reporter constructs into zebrafish embryos. The results of more than three independent experiments are
shown, each carried out in duplicate. Standard deviatiorn values are shown by bars.
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[24,43-45]. In contrast, this study explicitly demon-
strates the activation phase of Nrf2 activity by small
Maf proteins, One plausible explanation for the differ-
ence is to assume the distinct abundance of small Maf
and Nrf2 in the nucleus of culture cells and zebrafish
embryos. Whereas small Maf proteins translocate
quickly into the nucleus [4], Nrf2 localizes in cytoplasm
with binding to Keapl [6,7] and 1s degraded rapidly by
proteasome [§] without stimuli of electrophiles. Thus,
the expression level of small Maf proteins in nuclei of
conventional culture cells may be relatively abundant
compared to Nrf2, so that further addition of small
Mafs to the cells does not activate the reporter gene
transcription. In contrast, in early zebrafish embryos the
expression level of all small Maf proteins is quite low
compared with later stages (sce Fig. 2B). Therefore, the
expression of small Maf proteins effectively supplied
partner molecules for Nrf2 and the effect of small Mafs
was detectable. The experimental system utilizing the
zebrafish embryos thus provides an excellent model
systern to assess the transregulatory activity of small
Maf proteins in vivo. Zebrafish system provides a
powerful tool for the analysis of gene regulation, such as
external fertilization, transparent embryos, and appli-
cation of random mutagenesis and screening technigues.
New aspects of Maf and CNC proteins may emerge
from future zebrafish analyses.

Concluding remarks

In this report, we identified MafT as a new member of
small Maf proteins. This study also suggests that small
Malf proteins are important intrinsic partners for Nrf2.
Among many other questions still unanswered, the fol-
lowing question is intriguning as to why does fish develop
its original subtype MafT? Searching for small Maf
genes in the fugu genomic DNA database demonstrates
that fugu also has MafG and MafK in addition to
MafT, but not MafF, suggesting the conservation of
MafG and MafK, but not MafF and MafT among the
vertebrate (data not shown). As the mouse mafF gene is
strongly expressed in the lung, a tissue which fish does
not have [27], one simple hypothesis is that MafT was
specialized for water-living organism. However, ex-
pression of zebrafish maft in the gill or bladder was
relatively weak compared to those of other tissues.
Thus, the question remains to be elucidated.
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Transcription factor Nrf is a major regulator of genes encoding phase 2 detoxifying enzymes and antiox-
idant stress proteins in response to electrophilic agents and oxidative stress. In the absence of such stimuli,
Nrf2 is inactive owing to its cytoplasmic retention by Keapl and rapid degradation through the proteasome
system. We examined the contribution of Keapl to the rapid turnover of Nrf2 (half-life of less than 20 min) and -
found that a direct association between Keapl and Nrf2 is required for Nrf2 degradation. In & series of domain
function analyses of Keapl, we found that both the BTB and intervening-region {IVR) domains are crucial for
Nrf2 degradation, implying that these two domains act to recruit ubiquitin-proteasome factors. Indeed, Cullin
3 (Cul3), a subunit of the E3 ligase complex, was found to interact specifically with Keapl in vivo. Keapl
associates with the N-terminal region of Cul3 through the IVR domain and promotes the ubiquitination of Nrf2
in cooperation with the Cui3-Rocl complex. These results thus provide solid evidence that Keapl functions as
an adaptor of Cul3-based E3 ligase. To our knowledge, Nrf2 and Keapl are the first reported mammalian
substrate and adaptor, respectively, of the Cul3-based E3 lipase system.

Biological responses to toxic environmental stresses are reg-
ulated by several coordinated functions of cellular factors, pro-
viding animals with a means of cellular protection. The cellular
factors usually involve a component that senses a stress and
transmits the information as a cellular signal to transcription
factors. Transcription factors then induce or regulate the ex-
pression of genes encoding cytoprotective enzymes and pro-
teins (16, 23). It has been shown that repression of stress-
responsive transcription factors is crucial for the maintenance
of cellular homeostasis. This repression is especially important
for avoiding unnecessary gene activation -in the absence of
stress stimuli. Several prototype mechanisms of such inhibitory
action have been identified. For instance, von Hippel-Lindau
protein (pVHL) acts as a repressor of transcription factor
Hif-1et by accelerating protein degradation under conditions of
normoxia (23). pVHL works to ubiquitinate Hif-1e, leading to
degradation of the protein in a proteasome-dependent man-

ner. The transcriptional activity of Hif-le is thus repressed

during normoxia (11).

Oxidative and xenobiotic stresses are known to cause many
diseases, such as cancer, diabetes, and arteriosclerosis. Recent
progress in this field has provided solid evidence for the con-
tention that these stresses are sensed by the Nrf2-Keap! sys-
tem, which in response achieves cytoprotection by regulating
the expression of phase 2 drug-metabolizing enzymes and an-
tioxidant response proteins (6, 10, 16). In the absence of stress
stimuli, the cytoplasmic protein Keapl binds Nrf2 and prevents
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its translocation to the nucleus (10). This cytoplasmic seques-
tration of Nrf2 requires at least two cysteine residues in the
intervening region (IVR) of Keapl. In experiments conducted
in vitro, four cysteine residues in the IVR appeared to be
modified by electrophiles (3, 14, 27), suggesting that Keapl
functions as a sensor for oxidative and xenobiotic stimuli
through these cysteines.

Extensive studies have been executed to elucidate the mo-
lecular mechanisms governing Nrf2 activity. These studies re-
vealed that Nrf2 is degraded rapidly by the ubiquitin-protea-
some pathway (9, 15, 17, 25, 31). The rapid turnover of Nrf2
was reproducible throughout these studies and proven in vivo
in experiments with a gene-manipulated mouse (9), However,
the molecular mechanisms regarding Nrf2 degradation are still
controversial. One group reported that ubiquitination of Nrf2
is carried out in a Keapl-independent manner, whereas an-
other group claimed Keapl-dependent degradation of Nrf2
(15, 31). We also found that Nrf2 is degraded through two
distinct pathways: a proteasome-dependent rapid turnover and
a relatively slow turnover in the nucleus (9).

The ubiquitin-dependent proteolysis system regulates the
abundance of proteins and serves a central regulatory function
in many biological processes, including cell cycle progression,
signal transduction, and transcription (7). Ubiquitin conjuga-
tion to substrate proteins is carried out by the sequential re-
action of three enzymes (19): the ubiquitin-activating enzymes
(E1), the ubiquitin-conjugating enzymes (E2), and the ubig-
uitin ligases (E3). E3 ligases provide two distinct functions; one
is to target substrate protein, and the other is to catalyze
isopeptide bond formation between the substrate protein and
ubiquitin.
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It has been shown that there are several types of E3 ligase.
Cullin (Cul)-based E3 ligases regulate the turnover of impor-
‘tant transcription factors and are composed of several sub-
units. Cul is a scaffold protein in the E3 ligase complex and
forms a catalytic core complex with Rocl/Rbx1/Hrtl, with
Rocl recruiting a cognate E2 enzyme. Six Cul protein mem-
bers have been identified in mammals: Cull, Cul2, Cul3,
Cul4A, Cul4B, and Cul5 (29). To target substrate proteins
specifically, the Cul-Rocl complex requires an adaptor mole-
cule. Cull preferentially binds the adaptor molecules Skpl and
F-box protein, while Cul2 binds pVHL and elongin C. These
complexes are referred to as the SCF (Skpl-Cull-F-box) and
ECS {elongin-Cul2-SOCS) E3 ligases, respectively. Recently,
in Caenorhabditis elegans and Schizosaccharomyces pombe, a
subset of proteins containing 2 BTB domain was reported to
function as a distinct group of substrate-specific adaptors
which preferentially bind to Cul3. The BTB proteins seem to
target certain substrates into the E3 ligase complex by virtue of
their protein-interaction domains, the Kelch motifs and
MATH domain (4, 5, 21, 30). However, a specific substrate for
the mammalian Cul3 system has not yet been identified.

Two distinct molecular mechanisms for the contribution of
Keapl to the rapid turnover of Nrf2 have been assumed (9).
Keapl may contribute to the turnover of Nrf2 by merely re-
taining Nrf2 in the cytoplasm such that Nrf2 is kept in close
proximity to the proteasome system. Alternatively, Keapl may
promote Nrf2 degradation more effectively through the active
recruitment of E3 ligase and proteasome subunits. To examine
which case is actually operating, we established a system that
analyzes Nrf2 degradation in vivo. This paper describes the
molecular mechanisms of Nrf2 degradation involving the ubig-
uitin-proteasome system. Our results provide conclusive evi-
dence that Keapl is a stress sensor protein that functions
directly as an adaptor molecule in the Cul3-based E3 ligase
system in the rapid degradation of Nrf2. Thus, Keapl plays
essential roles in the Nrf2-Keapl stress response system, not
only as a sensor of oxidative and electrophilic stresses but also
as a regulator of Nif2 degradation.

MATERIALS AND METHODS

Chemical reagents. MG132 and the calpain inhibitor E64 were purchased
from Peptide Institute Inc. Clasto-lactacystin B-lactone was from Calbiochem.

Plasmid construction. Cull, Cul2, CuldA, and Cul5 cDNAs were claned by
reverse transeription-PCR using mouse brain and testis cDNAs and inserted into
the Asp718 and Xhol sites of pcDNA3-Myc (Invitrogen). Cul3 cDNA was cloned
by similar reverse transcription-PCR and inserted into the EcoRI and Xbal sites
of p3XFLAG-CMV-10 (Sigma). Primers used for the amplification are available
on request. pPCMVNZAETGE was generated by substituting the Kpnl-EcoRV
fragment of pCMVmNrf2 with two picces of PCR fragments digested with Kpal
and EcoRI and with EcoRI and EcoRYV, respectively. pCMVNirfaAC and
pCMVNifaAC/ETGE were constructed by inserting the Xbal linker (amber
mutation) into the blunt-ended HindiII sites of pCMVNrf2 and
PCMVN2AETGE, respectively. Expression plasmids of Cul3 deletion mutaats,
p3Xflag Cul3N280 and p3Xflag Cul3 AN280, were generated by inserting PCR
products into the EcoRI and Xbal sites of pIXFLAG-CMV-10 {Sigma). Primers
used for the amplification are available on request, Keapl deletion mutants and
Cys mutants in the IVR were generated as described previously {12, 27). All
constructs were verified by sequencing.

Cell culture and transfection. Cos7 cells and 293T cells were cultured in
Dulbecco modified Eagle medium (Sigma) supplemented with 10% fetal calf
serum {Gibco), 4500 mg of glucose per liter, 40 pg of streptomycin per ml, and
40 U of penicillin per ml. The DNA transfection was performed with Fugené
(Roche) and Lipofectamine Plus (Invitrogen).
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Turnover of Nrf2 in the presence of Kezpl and mutants. Full-length Keapl or
Keapl mutants were expressed in Cos7 cells along with enhanced green fluores-.
ceat protein (EGFP). At 36 h after transfection, the cells were treated with
cyclohexamide (final concentration, 10 xM) to stop de novo protein synthesis
and harvested by scraping. The cells were boiled in Laemmli sample buffer
supplemented with B-mercaptoethanol (final concentration, 2%) (Wako Chem-
fcals) at several time points, as described in the legend to Fig. 1. Cell extracts
were subjected to immunobiot analysis with an anti-Nrf2 antibody (C4) against
the C-terminal end of Nif2 and anti-EGFP antibody (Santa Cruz). Experiments
were performed twice in duplicate. .

Immunchistochemical staining, Cos7 cells expressing Nef2 and deletion mu-
tants were grown on cultured dishes. At 36 h after transfection, the cells were
fixed with 4% paraformaldehyde and acetone, blocked with 2% goat serum and
5% skim milk for 1 h, and incubated with an anti-Nrf2 antibody (100-fold
dilution). The cells were incubated with anti-rabbit antibody conjugated with
fluorescein isothiocyanate (100-fold difution) (Zymed) and washed with phos-
phate-buffered saline. Nuclei were stained with 4',6-diamidino-2-phenylindale
{DAPI). The cells were visualized by Auorescence microscopy (Leica DMIRB).

It vivo ubiquitination assay, 293T cells were transfected with several combi-
nations of plasmids as described in the legend to Fig. 6, along with His-tagged Ub
vector (26). At 24 h following transfection, the cells were treated with MG132
{final concentration, 2 M) for 12 h to inhibit the proteasome function. Whole-
cell extracts were prepared in lysis buffer I (20 mM Tris-HCl [pH 7.5], 0.5 M
NaCl, 8 M urea, 5 mM imidazale) and incubated overnight with Ni2* affinity
beads (Probond resin; Invitrogen), After being washed three times with lysis
buffer, the beads were boiled in the sample buffer and the eluate was subjected
to immunoblot analysis with an anti-Ntf2 antibody recognizing the Neh2 domain,

Immunoprecipitation, To determine the interaction of endogenous Keapl
with Cul3 in culture cells, an immunoprecipitation experiment using anti-Keapl
antibody was performed. Whole-cell extracts of 293T cells were prepared in lysis
buffer II {10 mM Tris-HCI [pH 75], 150 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol, 0.19% Nonidet P-40, protease inhibitor cocktail [Roche Diagnos-
tic], 10 uM MG132) and treated overnight with anti-Keapl antibody against the
N-terminal peptide {12). Immunecomplexes were precipitated with protein G
(Pierce), washed three times with lysis buffer If, and subjected to immunoblot
analysis using anti-Cul3 antibody (Santa Cruz), the ABC kit (Vector Labora-
tory), and the ECL kit (Amersham). :

To analyze the interaction between Keapl and several Cul proteins, expression
plasmids for these factors were transfected into 293T cells by using Lipo-
fectamine Plus, At 36 h after transfection, cytoplasmic extracts were prepared in
buffer A (10 mM HEPES-KOH [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 1 mM
MgCl,, 0.5 mM dithiothreitol, protease inhibitor cocktail), and NaC? was added
to a final concentration of 70 mM. Cell extracts were incubated with anti-Flag M2
beads (Sigma) by generous rocking at 4°C for 4 h. The immunocomplexes were
washed three times with buffer (10 mM Tris-HC! {pH 7.5], 100 mM NaCl, 0.1
mM EDTA, 1 mM MgCls, 0.1% Nonidet P-40) and subjected to immunoblot
analysis with anti-Myc, anti-HA (Santa Cruz), and anti-Keapl antibodies, sepa-
ratefy. :

RESULTS

Degradation of Nrf2 requires association with Keapl. To
examine the contribution of Keapl, we established a system
enabling analysis of the mechanisms invelved in Nrf2 degra- -
dation. In this system, Nrf2 was transiently expressed in Cos7
cells by transfection in the presence or absence of Keapl, and
a whole-cell extract was prepared to determine the stability of
Nrf2 by immunoblot analysis with an anti-Nrf2 antibody. As
shown in Fig. 1A, Nrf2 accumulated in Cos7 cells after trans-
fection (lanes 1 and 2). The accumulation of Nrf2 was aug-
mented by the addition of a proteasome inhibitor, MG132
(iane 3), indicating that Nrf2 is otherwise rapidly degraded
through the proteasome pathway. Important observations are
that coexpression of Keapl significantly reduced the amounts
of Nrf2 (lanes 4, 6, and 8) and that this Keapl-dependent
reduction of Nrf2 was inhibited by the addition of MG132
(lanes 5, 7, and 9).

We also challenged a couple of other protease inhibitors. Of
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FIG. L. Assay system to examine the degradation mechanism of NIf2. (A) Keapl promotes Nrf2 degradation in the in vivo degradation system.
An Nrf2 expression vector (2 g} was transfected into Cos7 cells (90% confluent) with or without the Keapl expression vector (1.5 pg). At 24 h
after transfection, the cells were treated with dimethyl sulfoxide (DMSQ) (lanes 1, 2, 4, 6, and 8) and 2 pM MG132 (lanes 3, 5,7, and 9) for12h
and directly lysed in sodium dodecyl sulfate sample buffer. (Upper panel) Whole-cell extracts were subjected to immunoblot analysis with an
anti-Nrf2 antibody. (Lower panel). The expression level of cotransfected EGFP was used as an internal control. (B) Proteasome-specific inhibitors
stabilize the Nrf2 protein. Transfected cells were treated with DMSO (lane 4), 2 pM MG132 (lane 5), 2 pM clasto-lactacystin B-lactone (lane 6), and
E64 (lane 7) for 12 h. Immunoblot analysis was performed as described above. (C and D) The Nrf2 expressed in this system was rapidly degraded in a
Keapl-dependent manner. Nrf2 and AETGE mutant were transfected into cells along with Keapl. At 36 h after transfection, the cells were treated with
10 pM cycloheximide (CHX) per ml for the pericds indicated. (Upper panel) Whole-cell extracts were subjected to immuncblot analysis with an anti-Nrf2
antibody. (Lower panel). The expression level of EGFP was used as an internal control. The averages of the relative band intensities of Nif2 {open

squares) and AETGE mutant (closed circles) represent two independent experiments performed in duplicate.

the protease inhibitors, clasto-lactacystin B-lactone (B-lactone)
is known to be more specific to the proteasome pathway than
MG132 whereas E64 is a specific inhibitor of calpain proteases.
As shown in Fig. 1B, degradation of Nrf2 was inhibited by
p-lactone and MG132 but not by Eé4 (lanes 5 to 7). These
results indicate that Nrf2 is degraded in this Cos7 system in a
proteasome-dependent manner,

To further examine how closely this system recapitulates the

endogenous Nrf2 degradation machinery, we determined the -

half-life of Nrf2 in this system and compared it with that of
endogenous Nrf2 (Fig. 1C and D). The half-life of Nrf2 was
determined by cotransfecting Nrf2 and Keapl expression plas-
mids into Cos7 cells and then treating them with cycloheximide
for specific periods to inhibit de novo protein synthesis. Whole-
cell extracts were then prepared from these cells and subjected
to immuncblot analysis. The half-life of Nrf2 was determined
to be 7.5 min in the present Cos7 system (Fig. 1D). This is in
very good agreement with the half-life of 18.5 min determined
for endogenous Nrf2 in our previous analysis using peritoneal
macrophages (9). '
The ETGE motif of Nrf2 is indispensable in the association
of Nrf2 with Keap1 (13); therefore, our ETGE deletion mutant
will not interact with Keapl (data not shown). Thus, we would

expect significant stabilization of this Nrf2 mutant if Keapl is
truly involved in the active degradation of Nrf2 in vivo. We
measured the half-life of the AETGE mutant of Nrf2 and
found that it was indeed stabilized markedly (Fig. 1D, ¢,, =70
min). These results thus demonstrate that Nrf2 is degraded in
a Keapl-dependent manner in this system. Collectively, these
data support our contention that the present degradation sys-
tem of Nrf2 mimics the endogenous degradation of Nrf2 fairly
well. ' ;

Keapl directly promotes degradation of Nrf2. To address
the question whether Keapl actively contributes to the rapid
degradation of Nrf2, we measured the turnover of Nrf2 local-
ized exclusively in the cytoplasm. To this end, we generated
two deletion mutants of Nrf2, One is a AC mutant, which lacks
the C-terminat region including the nuclear localization signal,
while the other is a AC/ETGE mutant, which lacks the ETGE
motif as well as the C-terminal region (Fig. 24, AC and AC/
ETGE, respectively). Keapl associated with the AC mutant,
but not with the AC/ETGE mutant {data not shown). Impor-
tantly, immunohistochemical analysis showed that both mu-
tants were localized in the cytoplasm, even in the absence of
Keapl (Fig. 2B). '

Exploiting the Cos7 system, we again examined the half-life
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FIG. 2. Rapid turnover of Nri2 requires its association with Keapl. (A) Schematic presentation of Nrf2 deletion mutants. AC lacks the C
terminus including the NLS of wild-type Nrf2. AC/ETGE lacks both this C terminus and the ETGE motif, which is erucial for association with
Keapl. (B) Cytoplasmic localization of AC and AC/ETGE mutants in Cos7 cells {b and c). These mutant proteins were stained by an immuno-
histochemical method with anti-Nrf2 (C4) antibody. Nuclei were stained with DAPI (d to ). (C and D} Deletion of the ETGE motif abolished
the degradation of Nrf2 by Keapl. This suggests that Keapl positively regulates the degradation of Nrf2 through its association. The experimental
procedure was described in the legend to Fig. 1. The averages of the band intensities of AC and AG/ETGE mutants represent two independent

experiments done in duplicate.

of Nrf2. The hypothesis behind this study is that if rapid deg-
radation of Nrf2 requires a physical interaction with Keapl,
the AC mutant should degrade more rapidly than the AC/
ETGE mutant, After cotransfection of expression plasmids of
these Nrf2 mutants and Keapl into Cos7 cells, the cells were
treated with cycloheximide for 36 h and harvested at several
time points (Fig. 2C and D). We determined the half-life of
these Nrf2 mutants by normalizing the amount of Nrf2 protein
with that of coexpressed EGFP. Deletion of the C-terminal
- region slightly stabilized Nrf2 (f,, = 25 min) compared to
full-length Nrf2. In contrast, simultancous deletion of the
ETGE motif with the C-terminal region significantly stabilized
Nrf2 (t,, = 150 min). These data suggest that Keapl actively
promotes Nif2 degradation whereas the mere presence of Nirf2
in the cytoplasm does not lead to its active degradation.
BTB and IVR domains of Keapl contribute to the Nrf2
degradation. The next important study was to decipher the
molecular mechanisms of how Keapl regulates Nrf2 degrada-
tion. We executed a series of domain functional analyses of
Keapl to identify the domains in Keapl crucial for Nrf2 deg-
radation. Keapl consists mainly of the BTB/POZ, IVR, and
DGR domains (Fig. 3A). We therefore expressed deletion
mutants of each of these domains in Cos7 cells together with

Nrf2 and monitored the stability of Nrf2 by immuncblot anal-
ysis using whole-cell extracts (Fig. 3B). Deletion of the DGR
domain completely abolished the Nrf2 degradation activity of
Keap]1 since the DGR domain is essential for the association of
Keapl with Nrf2 (lane 6). Surprisingly, deletion of either the
BTB or IVR domain also impaired the Keapl activity that
leads to Ntf2 degradation (lanes 4 and 5). The expression
levels of the deletion mutants were verified to be comparable
by immunoblot analysis using anti-Keapl antibodies (Fig. 3C).
The BTB and [VR domain mutants could interact with Nrf2
and localize the Nrf2 reporter protein (Neh2-GFP) exclusively
in the cytoplasm (12). Taken together, these results suggest
that Keapl promotes Nrf2 degradation through interaction
between certain regulatory factors with the BTB or IVR do-
main. .

Keapl associates with Cul3 in vive. To identify regulatory
factors associated with the degradation property of Keapl, we
performed several rounds of yeast two-hybrid screens using
full-length Keapl or the BTB domain as bait. However, in spite
of these extensive analyses, we could not isolate factors regu-
lating Nif2 degradation (data not shown). Switching to a can-
didate approach showed that a subset of BTB proteins function
as an adaptor for the Cul3-type E3 ligase complex (4, 5, 21, 30).
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FIG. 3. BTB and IVR domains contribute to degradation of Nrf2
by Keapl. (A) Schematic presentation of Keapl deletion mutants.
Keapl contains mainly three characteristic domains, the BTB, IVR,
and DGR domains. (B) Deletion of the BTB and IVR domains abol-
ished Nrf2 degradation in the in vivo degradation assay (top). The
experimental procedure is described in the legend to Fig. i. The
expression of cotransfected EGFP was used as an internal control
(bottom). (C) The expression of Keapl deletion mutants was also
monitored by immunoblot analysis with two anti-Keapl antibodies
against the C-terminal and N-terminal ends (lanes 1 to 4 and lanes 5 to
7, respectively). wt, wild type.

We hypothesized that Keapl might interact with Cul3 through -

the BTB domain and promote the ubiquitination of Nrf2,
thereby resulting in the rapid degradation of Nrf2.

To test this hypothesis, we tested whether Keapl interacts
with Cul3 in vivo through an immunoprecipitation analysis. We
immunoprecipitated endogenous Keap1 in 293T cells with an
anti-Keap1 antibody and performed an immunoblot analysis
with an anti-Cul3 antibody (Fig. 4A). Cul3 was observed in the
Keapl immunocomplex (lane 2), indicating that Keapl asso-
ciates with Cul3.

To further clarify the mechanisms of the association of

" Keapl with Cul3, we carried out a similar immunoprecipitation
analysis but with a DNA transfection system. 293T cells were
transfected with Flag-tagged Cul3 and HA-tagged Keapl ex-
pression vectors. Cytoplasmic extracts were preparzd from the
cells 36 h after transfection and subjected to immunoprecipi-
tation with anti-Flag antibody-conjugated beads. In an immu-
noblot analysis with anti-HA antibody, HA-tagged Keapl was
clearly visualized in the immunoprecipitates (Fig. 4B), indicat-
ing that Keap! coimmunoprecipitated with Cul3, We also ex-
amined the specificity of the association between Keapl and
Cul3 by examining the association of Keapl with other Cul

MoL CeLL. BioL.

protein family members by using immunoprecipitation analy-

'ses. For this purpose, we expressed Myc-tagged Cull, Cul2,

Cul4A, and Culs in 293T cells along with Flag-tagged Keapl.
We found that Cul3 specifically interacts with Keapl whereas
the other Cul proteins do not (Fig. 4C). These data thus sug-
gest that Keapl associates specifically with Cul3 and forms an
E3 ligase complex. o
The IVR domain of Keapl associates with the N-terminal
region of Cul3. To identify the association interface of Keapl
and Cul3, we performed an immunoprecipitation analysis with
293T cells expressing three Keap] deletion mutants indepen-
dently. Since Cui3 was reported to interact with BTB domains,
we anticipated that the BTB domain might comprise the in-
teracting interface of Keapl. Surprisingly, however, we could
see 2 positive band to anti-HA antibody in the immunopre-
cipitates of cell extracts expressing ABTB mutant with an anti-

. Flag antibody (Fig. 54, lane 3), indicating that deletion of the

BTB domain does not abolish the association between Keapl
and Cul3. Similarly, the ADGR mutant interacts with Cul3
(lane 5). In contrast, the AIVR mutant did not give any positive
signals for the anti-HA antibody, indicating that this deletion
completely abolishes the interaction with Cul3 (lane 4).

We previously showed that the IVR domain possesses four
cysteine residues that bind to the electrophilic agent, dexa-
methasone 21-mesylate (Dex-mes), (3). Of these four cysteine
residues, we further jdentified Cys273 and Cys288 as playing
essential roles in sensing oxidative stress (27). Recently, it was
reported that mutation of Cys273 to Ser reduced Keapl-de-
pendent ubiquitination of Nrf2, resulting in the stabilization of
Nrf2 (31). Considering these lines of evidence, we next exam-
ined the contribution of these cysteine residues to the forma-
tion of the Cul3 complex by exploiting cysteine point mutants
of Keapl (Fig. 5B) (27). However, mutation of these cysteine
residues within the I'VR domain did not significantly affect the
association of Keap1 with Cul3, indicating that Cul3 recognizes
the interface that is formed by other residues in the IVR
domain.

As a reverse strategy, we generated two Cul3 deletion mu-
tants; N280 and AN280 (Fig. 5C), and examined their interac-
tion with Keap1. Crystal structure analysis of Cull showed that
the N-terminal end region of Cull, which is conserved among
the Cul proteins, is the surface of Cull that directly associates
with the adaptor protein Skp1 (32). Consistent with this ob-
servation, Keapl coimmunoprecipitated with N280 (Fig. 5D,
lane 5) but did not recognize the C terminus of Cul3 (lane 7,
AN280). These results indicate that the association between
Keapl and Cul3 is achieved in an N280 domain-specific man-
ner.
~ The BTB domain of Bachl does rot bind to Cul3, Although
Cul3 was reported to interact with BTB domains, we found
that Cul3 recognizes the IVR domain but not the BTB domain
of Keapl. To examine whether this nature of Cul3 is specific
for Keap! or can be seen with other proteins, we performed a
similar immunoprecipitation analysis with 293T cells express-
ing Bachl. Bach1 is known to be an Nrf2-related transcription
factor and contains a BTB domain (18). We did not detect any
positive bands that specifically interacted with an anti-Myc
antibody in the immunoprecipitates with an anti-Flag antibody,
indicating that Bach1 cannot interact with Cul3 (Fig. 6, lane 4),
Since we could clearly reproduce an association between Cul3
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immunocomplex was subjected to immunoblot analysis with anti-Cul3

antibody. Whole-cell extracts of 293T cells expressing human Cul3 were used as a control (lanes 3 and 4). (B} Association between Keapl and Cul3
in a transient-expression system. Whole-cell extracts prepared from 293T cells transfected with expression plasmids of HA-tagged Keapl (1 pg)
and 3xFlag Cul3 (1 ng) were subjected to immunoprecipitation (IP) with anti-Flag (M2) beads and immunoblot analysis with anti-HA antibody
(IB). Analyses of cells expressing 3xFlag Cul3 with or without HA-Kzapl (lanes 1 and 2) are shown. Lane 3 is loaded with cell extracts expressing
HA-Keapl alone, {C) Among the Cul family proteins, Cul3 specifically interacts with Keapl. Expression plasmids (1 pg each) of Cull (lanes 1 and
6), Cul2 (lanes 2 and 7), Cul3 (lanes 3 and 8), Cul4A (lanes 4 and 9), and Cul5 (lanes 5 and 10} were transfected into 293T cells in the presence
(lanes 1 to 5) or absence (lanes 6 to 10) of Flag-fused Keapl. Immunoprecipitation and immunoblot analyses were performed as described above
(top). The asterisk indicates a nonspecific band. The expression levels of Cul proteins and Flag-Keapl were verified by immunoblot analysis with

. anti-Myc and anti-Keap] antibodies (middle and bottom, respectively)

and a control BTB protein under the same conditions (data not
shown), these data indicate that Cul3 preferentially interacts
with certain types of BTB protein as a substrate-specific adap-
tor.

In vivo ubiquitination of Nrf2 by the Cul3-Keapl complex.
To investigate whether the Keapl-Cul3 complex contributes to
the ubiquitination process of Nif2, we performed an in vivo
ubiquitination assay. For this purpose, we transfected into
293T cells the expression plasmids for Nrf2, Keapl, Cul3, and
Roc1 (a subunit of the Cul3 complex). We also simultaneously
expressed histidine-tagged ubiquitin (26) in the cells. The lat-
ter experiment enabled us to purify ubiquitinated Nrf2 by using
nickel affinity beads. At 24 h after transfection, the cells were
treated with MG132 for 12 h to inhibit the proteasomal deg-
radation of Nrf2. Nrf2 was examined by immunoblot analysis
with an anti-Nrf2 antibody,

In the immunoblot analysis, we first examined Nrf2 in the
nickel bead precipitates after purification of ubiquitinated Nrf2
from whole-cell extracts (Fig. 7). For the cells expressing wild-
type Nrf2, the immunoblot analysis detected multiple bands-
and showed a smear migration pattern, suggesting that Nrf2 is
conjugated with ubiquitin chains in various patterns. Impor-
tantly, while the smearing pattern was weak for Nrf2 expressed
“alone (Fig. 7, upper panel, lane 2), concomitant expression of

Keapl promoted Nrf2 ubiquitination (lane 3). Coexpression of
Cul3 and Rocl enhanced Nrf2 ubiquitination, albeit weakly
(lane 5) (see Discussion). In the absence of Keapl, Cul3 plus
Rocl did not provoke ubiquitination of Nrf2 (lane 4). Further-
more, the AETGE mutant of Nrf2 did not show this pattern of
smearing and ubiquitination (lanes 6 to 9). These results thus
demonstrate that the Nrf2 ubiquitination process is strictly
dependent on the presence of and interaction with Keapl.

We observed enhancement of Keapl-based Nrf2 ubiquitina-
tion by Cul3 and Rocl more clearly by immunoblot analysis
using whole-cell extracts {Fig. 7, lower panel, lanes 2 to 3) than
when using nickel affinity column-purified immunoprecipi-
tates. Again, the AETGE mutant of Nrf2 that lacks the ability
to bind to Keapl did not effectively promote the ubiquitination
of Nrf2 (lanes 6 to 9). Taken together, these data demonstrate
that the Keap1-Cul3 complex ubiquitinates Nif2 and regulates
the turnover of Nrf2.

DISCUSSION

1In this study, we aimed to clarify the molecular mechanisms
governing rapid Nrf2 turnover and the contribution of Keapl
to this degradation pathway. We revealed that the rapid deg-
radation of Nrf2 requires direct association with Keapl, We
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FIG. 5. The IVR domain of Keapl associates with the N-terminal end of Cul3. (A) Whole-cell extracts prepared from 293T cells transfected
with various expression plasmids of HA-tagged Keapl deletion mutants (1 pg) and 3xFlag tagged Cul3 (1 ug) were subjected to an immunopre-
cipitation (IP) assay with anti-Flag antibody beads and immunoblot {IB) analysis with anti-HA antibody (top). The expression levels of Keapl
deletion mutants and 3xFlag Cul3 were verified by immunoblot analysis with anti-HA and anti-Flag antibodies (middle and bottom, respectively).
Analyses of cell lysates coexpressing 3xFlag Cul3 and HA-Keap1 (lane 2), ABTB (lane 3), AIVR (lane 4), or ADGR (lane 5) are shown. Lane 1
is loaded with cell extract expressing only 3sFlag Cul3. (B) Cysteine residues in the IVR domain are not crucial for the association between Keapl
and Cul3. The TVR contains seven cysteine residues (from Cys226 to Cys297), renumbered arbitrarily from 1 to 7. The association between Cul3

and Keapl Cys point mutants (27) was examined by immunoprecipitation

{upper panel) as described above. The expression levels of Cys mutants

were verified by immunoblot analysis with anti-Keapl antibody (lower panel). (C) Schematic presentation of Cul3 deletion mutants. (D} The
N-terminal sequence of Cul3 is crucial for its association with Keapl. Whole-cell extracts of 2937 cells transfected with expression plasmids of Cul3
deletion mutants (1 pg) and Keapl (1 pg) were prepared and subjected to immuroprecipitation with anti-Fiag (M2} beads and immunoblotting
with anti-Keapl antibody. Analyses of cell lysates expressing 3xFlag Cul3 (lanes 1 and 3), N280 (lanes 4 and 3), er AN280 (lanes 6 and 7) in the
presence {lanes 2, 3, 5, and 7) or absence (lanes 1, 4, and 6} of Keap1 are shown (top). The expression levels of Keapl and Cul3 deletion mutants
were verified by immunoblot analysis with anti-Keapl and anti-Flag antibodies (middle and bottom, respectively)

also found that the IVR domain of Keap1 specifically interacts
with Cul3, a component of the E3 ligase complex. These results
provide the first convincing evidence for proteasomal degra-
dation of Nrf2 and the function of Keapl as an adaptor for
Cul3-based E3 ligase (Fig. 8). The critical stress-responsive
transcription factors 1B, Hif-la, and Nrf2 have now been
shown to share the ubiquitin-proteasome system in their rapid
turnover and to use specific Cul-type E3 ligases, with IkB,
Hif-1e, and Nrf2 using Cull, Cul2, and Cul3, respectively. To
our knowledge, Nrf2 and Keapl are the first mammalian sub-
strate and adaptor reported for the Cul3-based E3 ligase sys-
tem.

While Cul3 in Caenorhabditis elegans was reported to ubi-
quitinate the substrate MEI-1/katanin through MEL26 as an
adaptor (20, 21), the molecular mechanisms of Cul3 activity

remain to be elucidated. A subset of proteins harboring the
BTB domain were recently reported to serve as an adaptor in
the Cul3-based E3 ligase system (4, 5, 21, 30). Our present data
indicate that the BTB domain of Keapl is necessary for Keapl
to function as an accelerator of Nif2 degradation. However,
one unexpected finding in this study is that deletion of the BTB
domain does not significantly affect the association of Keapl
with Cul3. Rather, Keapl effectively associates with Cul3
through the IVR domain. The BTB domain of Bachl does not
bind to Cul3 either (Fig. 6), demonstrating that not all BTB
domains interact with Cul3,

The molecular mechanism by which the IVR domain inter-’
acts with Cul3 is unclear at present. Zhang and Hannink re-
cently reported that mutation of the reactive cysteines Cys273
and Cys288 in the [VR domain repressed Nrf2 degradation
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FIG. 6. The BTB domain of Bachl does not bind Cul3. Whole-cell
extracts prepared from 293T cells transfected with expression plasmids
(3 pg) in the combinations indicated were subjected to immunopre-
cipitation (IP) with anti-Flag antibody-conjugated beads followed by
immunoblot (IB) analysis with an anti-Myc antibody (top). The ex-
pression level of each protein was manitored by immunoblot analysis
with anti-Myc (middle) and anti-Flag (bottom) antibodies, respec-
tively. .

due to an impaired ubiquitin pathway (31). Based on their
observation, they proposed the hypothesis that these two cys-
teines in the IVR domain are crucial for the complex forma-
tion between Keapl and an unknown E3 ligase. Although our
present data indicate that Cul3 recognizes the IVR domain,

HisUb
Nrf2 - wi AETGE
Keapl - - + - + - + - +

Cul3Roct - = = + + - - -+ +

pot: NiZ*
1B: aNrf2

Whole cell
extracts

IB: oxNrf2

12 34567889

FIG. 7. Ubiquitination of Nxf2 by Keap! and Cul3 in vivo. Nrf2 (1
ng} was expressed in 293T cells, along with several combinations of
Keap1 (0.5 pg) and Cul3 (1.5 pg)-Rocl (1 pg), as indicated in the
figure, in the presence of His-tagged ubiquitin (HisUb; 1 pg). As a
control, the AETGE mutant was also transfected. Whole-cell extracts
were prepared and subjected to affinity purification with Ni2* resin,
Precipitates (ppt) were eluted by boiling in sodium dodecyl sulfate
sample buffer and subjected to immunoblot (1B) analysis (upper panel)
with anti-Nrf2 antibody. The expression level of Nrf2 in the whole-cell
extracts was also verified by immunoblot analysis with anti-Nrf2 anti-
body (lower panel).
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Keap1

Oxidants &
Electrophites

DGR & CTR

FIG. 8. Schematic model of the Keapl-Cul3 complex function as
an E3 ligase. The cytoplasmic factor Keapl, bound on actin filaments,
acts as a sensor for oxidative and electrophilic stress through two
cysteine residues in the IVR domain. In the absence of stimuli, Keapl
sequesters the transcription factor Nrf2, a major regulator of the oxi-
dative stress response, in the cytoplasm. In addition, Keapl functions
as an adaptor of the Cul3-based E3 ligase. This E3 ligase conjugates
ubiquitin to Nrf2 and promotes rapid degradation of Nri2 by protea-
some in order to inhibit the expression of oxidative stress response
genes under normal conditions.

our data clearly show that Cul3 binds to Keapl despite muta-
tions in the two reactive cysteines, indicating that Cul3 recog-
nizes an alternative motif in the IVR domain. Furthermore,
alanine substitutions of both Cys273 and Cys288 did not affect
the ubiquitination of Nrf2 (data not shown). Thus, the present
results disagree with their report, so this point remains to be
clarified.

We envisage that two lines of evidence may be pertinent in
this regard. First, the electrophilic reagent Dex-mes binds to
the two reactive cysteines in the IVR domain (3) and liberates
Nrf2 from Keapl. Second, Keapl containing alanine substitu-
tions of both Cys273 and Cys288 did not effectively repress the
transactivation activity of Nrf2 in a cell culture system (27),
Based on these observations, we propose that the two reactive
cysteine residues in the IVR regulate the association of Keapl
with Nrf2, .

Our results in Fig. 3 suggest that the BTB domain of Keapl
contributes to the turnover of the Nif2 protein. Consistent with
these data Zipper and Muleahy (33) showed that the BTB
domain of Keapl is crucial for its dimerization and negative
regulation of Nrf2. Furthermore, Zhang and Hannink (31)
have recently reported that a C151S Keapl mutation in the
BTB domain significantly reduced Nrf2 activation in response
to oxidants (31). Thus, while our analysis indicates that Cys151
is not a direct target of Dex-mes conjugation (3), it seems likely -
that this residue contributes to the function of Keapl. Further
work to clarify the role of BTB in the Keapl/Nrf2 pathway is
required.

Stresses on the endoplasmic reticulum were recently re-
ported to activate the Nrf2-Keapl system through direct phos-
phorylation of Nrf2 by pancreatic endoplasmic reticutum eu-
karyotic initiation factor 2a kinase (2). This observation
suggests that the Nrf2-Keap1 system can be activated by signals
other than oxidative stress. The ubiquitin-like protein NEDD8
regulates the E3 ligase activity of Cul3 by covalent modifica-
tion, which is essential for the association of Cul3 with E2



7138 KOBAYASHI ET AL.

enzyme (8, 20). The Cul3 complex contains a COP9 signalo-
some that functions as a deneddylation enzyme (1, 29). Hence,

one emerging hypothesis is that down-regulation of Cul3 ac-

tivity by deneddylation may enable Nrf2 stabilization, by which
signals can induce the expression of cytoprotective target
genes. Supporting this notion, the addition of a proteasome
inhibitor was reported to induce the expression of the GCL
gene, which encodes the catalytic subunit of y-glutamylcysteine
synthetase (22). Under our present experimental conditions,
however, we could not detect the promotion of NEDD8 mod-
ification of Cul3 by oxidative stress (data not shown). None-
theless, we feel that it is still of interest to explore this hypoth-
esis. :

The Neh2 domain of Nrf2 is ubiquitinated in a Keapl-
dependent manner and possesses seven lysine residues, some
of which might be conjugated with a polyubiquitin chain (Y.
Kato, K. Itoh, and M. Yamamoto, submitted for publication).
In addition, deletion of the C-terminal Nehl, Neh3, and Neh6
domains of Nrf2 renders the protein more stable than full-
length Nrf2 (Fig. 1 and 2, compare 7.5 and 25 min, respec-
tively), suggesting that Nrf2 contains an alternative degrada-
tion signal in this C-terminal portion. We previously showed
two modes of Nrf2 degradation, namely, Keapl-dependent
degradation in the cytoplasm and Keapl-independent degra-
dation in the nucleus (9). The turnover of Nrf2 by the latter
pathway is slower than that by the former. We surmise that
Nrf2 degradation in the nucleus also uses the proteasome
pathway but must be Cul3 independent. Therefore, the next
important task would be to identify an E3 ligase complex that
is essential for the nuclear degradation of Nrf2.

We exploited Cul3 double-stranded RNA (dsRNA) in a
preliminary examination to assess whether endogenous Cul3
regulates the degradation of Nrf2 in collaboration with Keapl.
Cul3 dsRNA was transfected into Hela cells, and cyclin E was
first analyzed as a control, since Cul3 was reported to deter-
mine the stability of cyclin E in the ubiquitin-proteasorme sys-
tem (24). However, although transfection of Cul3 dsRNA sig-
nificantly affected the expression of Cul3 mRNA, only a
marginal accumulation of cyclin E was found (data not shown).
Similarly, down-regulation of Cul3 did not affect the stability of
endogenous Nrf2 (data not shown). One plausible explanation
for this observation is that because the dsRNA did not com-
pletely abrogate the Cul3 protein, the residual small amount of
Cu!3 might have been enough for rapid degradation of Nrf2 to
take place. Supporting this hypothesis, we found that expres-
sion of Keapl alone significantly enhanced the ubiquitination
of Nrf2 in an in vivo ubiquitin assay whereas further expression
of Cul3 and Rocl enhanced ubiquitination only marginally
(Fig. 7). These results suggest that Cul3 and Rocl are abun-
dant within living cells. An alternative explanation is that
Keapl-independent degradation, as described above, might
compensate for the loss of Cul3 function.

The function of Keap1 as an E3 ligase adaptor has similarity
to the function of pVHL. It has been well documented that
multiple human diseases are provoked by mutations in pVHL.
These mutations usually affect the function of pVHL as an
adaptor and cause aberrant stabilization of Hif-1a (11}. Thus,
cellular homeostasis requires not only inducible activation of
transcription factors in response to stress stimuli but also con-
tinuous inactivation of the transcription factors through their
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rapid degradation or subcellular compartmentalization during
unstressed conditions. Interestingly, a subset of Cul proteins
requires WD40 repeat proteins as an adaptor to target sub-
strates. This WD40 repeat domain is known to form a -barrel
structure (28). The DGR domain of Keap1 also forms a B-bar-
rel structure. These observations further support our conten-
tion that Cul-based E3 ligases have common properties in both
function and structure.
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Abstract

Transcription factor Nrf2 regulates the basal and inducible expression of detoxifying and antioxidant genes, Recent studies using
nrf2-mull mice suggest that Nrf2 dysfunction might be involved in the pathogenesis of human diseases. To gain insight into the re-
lationship between impairment in the NRF2 gene and human diseases, we attempted to identify polymorphisms in the human NRF2
gene. We determined the structure of the NRF2 gene and found three single nucleotide polymorphisms and one triplet repeat poly-
morphism in its regulatory region. These results provide a molecular basis for the genetic analysis of the NRF2 gene. The frequency
of each polymorphism was examined in two groups of patients with systemic lupus erythematosus and chronic obstructive pulmon-
ary disease. This study did not reveal a close connection between the risk of these diseases and the polymorphisms. However, avail-
able lines of evidence suggest the importance of examining the link between NRF2 polymorphisms and other oxidative stress-related

diseases.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Human NRF2 gene; Transcription; Initiator site; Promoter; Polymorphism; SNP; Japanese; 5-RACE; RNase protection; Systemic lupus

erythematosus; Chronic obstructive pulmonary diseases

Nrf2 belongs to the CNC family of transcription
factors harboring a characteristic basic-leucine zipper
(b-Zip) motif and is essential for the basal and inducible
expression of a battery of detoxifying and antioxidative
enzyme/protein genes [1-3]. Nrf2-deficient mice are sus-
ceptible to xenobiotic and oxidative stress owing to an
impaired expression of their cytoprotective enzymes.
Consequently, Nrf2-deficient mice display various
pathological phenotypes, some of which are similar or
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related to human disorders [4-7]. For instance, systemic

- exposure to butylated hydroxytoluene and acetamino-

phen leads to acute pulmonary injury {4] and acute hep-
atotoxicity [5], respectively. Inhalation of diesel exhaust
results in the accumulation of high levels of DNA ad-
ducts [6]. Mechanisms underlying cancer chemopreven-
tion are also defective in Nrf2-deficient mice {7,8], with
oltipraz and sulforaphane failing to exert their protec-
tive effects against xenobiotic-induced carcinogenesis,
thus indicating the critical roles that Nrf2 plays in
cancer chemoprevéntion.

Recent studies also unveiled that Nrf2 is an impor-
tant regulator of oxidative stress-inducible genes, such
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" as heme oxygenase-1 and peroxiredoxin 1 [9]. Suscepti-
bility to hyperoxia turned out to be tightly linked to
the nrf2 locus [10]. A single nucleotide polymorphism
was detected in the promoter region of the nrf2 gene be-
longing to C57BL/6J mice, a strain sensitive to hyper-
oxic stress. Supporting this contention, nrf2-null
mutant mice were found to be highly susceptible to hy-
peroxic lung injury [11]. Electron paramagnetic reso-
nance (EPR) and spin probe kinetic analysis showed
that the impaired defense mechanism against oxidative
stress in the liver and kidney of nrf2-null mutant mice
substantially decreases the ability to eliminate reactive
oxygen species (ROS) [12]. It has been assumed that
ROS play a prominent role in the pathogenesis of vari-
ous human diseases inclnding nephritis. The impaired
elimination of ROS is exacerbated in aged female
Nrf2-deficient animals [12]. In fact, elderly female nrf2
-deficient mice often develop lupus-like autoimmune
nephritis [13].

Available evidence indicates that the activation of
Nrf2 is an important cue for the inducible expression
of cytoprotective penes. Exposure to electrophilic
reagents dissociates Nrf2 from its cytoplasmic repressor
Keapl, resulting in stabilized Nrf2 which is free to trans-
locate from the cytoplasm to the nucleus [14-18]. In
some cell lineages, transcription of the nrf2 gene is also
facilitated in response to stress stimuli, implying the
presence of a positive feedback system to attain a high
level of Nrf2 expression [19].

These analyses using Nrf2-deficient animals led us to.

hypothesize that the dysregulation of Nrf2 activity may

explain, at least in part, the pathogenesis of certain
human diseases. To address this issue further, we at-
tempted to search the human NRF2 gene locus for poly-
morphisms. To this end, we determined the structure of
the NRF2 gene and identified its transcription initiation
site using extension and protection methods. We then de-
termined the nucleotide sequences of the gene from
healthy volunteers, and found threec SNPs and one triplet
repeat polymorphism in the regulatory region. We could
not find any polymorphisms in the coding exons. Thus,
this study provides a solid molecular basis for the genetic
analyses of the human NRF2 gene. In our preliminary
analysis, the frequencies of the promoter polymorphisms
were examined in healthy and disease-prone Japanese
populations, especially those with systemic lupus erythe-
matosus (SLE) and chronic obstructive pulmonary dis-
ease (COPD). While we were unable to find a close
relationship between the identified polymorphisms and
SLE or COPD, we feel it is highly likely that a significant
association between certain diseases and the polymor-
phisms identified in this study may become apparent if
a more adequate population is selected.

Materials and methods

Oligonucleotides and human NRF2 plasmids. The oligonucleotides
used for PCR and §'-rapid amplification of the cDNA ends (RACE)
are shown in Tables 1 and 2, The genomic PCR oligonuclectides were
designed for the detection of polymorphisms so that the dye—primer
sequence reaction could be followed directly; an 18bp oligonucleotide
(5'-tgtaaaacgacggecagt-3') was attached to the 5-ends of forward

Table 1
Sequence of oligonucleotides used for 5-RACE, RPA, and promoter sequencing
Name Sequence
5-RACE primers
E2/89-68 5-TACTCTTITCCGTCGCTGACTGAA-3'
E2/64-35 S-CAAATACTTCTCGACTTACTCCAAGATCTA-3'

Primers for making RPA probes
Probe/A-F
Probe/B-F
Exon 1-R1
Exon 1-Fl
Probe/E2-R
Exon 1-R2

Primers for genotyping polymorphism
hNrf2/P2-F
hNrf2/P2-R
hNfVEL-F
hNefYEI-R
hN/Elg-F
hN/Elg-R

5'cogerpatccCOGGCGGTAAAGTGAGATAA-3
5'-ccpepeatccGGGATTTTCGGAAGCTCAG-3!

5 .GAGCTGTGGACCGTGTGTT-3
5'-ATCATGATGGACTTGGAGCTG-3'
5'-gecggaattCTGGTITCTGACTGGATGTGC-3
5'-GCAGCTCCAAGTCCATCAT-¥

5'-tgtaaaacgacggecaptGCGTGGTGGCTGCGCTTT-3
5'-caggaaacagetatgaccGCCCGCGAGATAAAGAGTTG-3'
5'-tgtanaacgacggecagtCGTGTAGCCGATTACCGAGTGCC-3
§'-caggaaacapctatgaccCTCTGGCCAGACGTGGGGGAAG-3
5'-Cy5-TAGCCGATTACCGAGTGCCG-3'
5'-GGCAGCTCCAAGTCCATCATG-3f

Upper-case letters represent the sequences derived from the human NRF2 gene locus, while lower-case letters represent synthetic sequences. BarnHI
and EroRI restriction sites are underlined. Synthetic sequences attached to the 5'-ends of primers for genotyping were kybridized by the dye-primers
used in an ABI PRISM BigDye Primer Cycle Sequencing Ready Reaction Kit for direct sequencing analysis. The 5’-end of hiNElg-F was modlﬁed

with Cy5 for gene scan analysis for genotyping the triplet polymorphism,
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Table 2

Sequence of oligonucleotides used for sequencing the coding region of the human NRF2 gene

Name

Sequence

hNH{Z/E2-F
BNrf2/E2-R
bNH2E3-F
hNrf2/E3-R
hNrf2/E4-F
hNrf2/E4-R
hNf2/E5a-F
hNrf2/E5a-R
hNr{2/ESb-F
hNrf2/E5b-R
hNrf2/E3¢c-F .
hNrf2/E5c-R

5'-tgtasaacgacggecagtACCATCAACAGTGGCATAATGTG-3' -
5'-caggaaacagctatgaccGCAAAGCTGGAACTCAAATCCAG-3'
5'-tgtaaaacgacgeecagt ATTATTGAATATT TAGCTTGGC-3
5'cagpaaacagetatgaccGGAGATTCATTGACGGGACTTAC-3
5'-tgtanaacgacgpecagt IGTAGTGGTGCCTTAGAGCTTAC-Y
5'-caggaaacagetatgaccAATAGCACCCTCCAATCCTTCC-3" -
§'-tgtaaaacpacgpccagtCTGAAGATAATGTGGGTAGGGAG-3'
5'-caggaaacagctatgaccCATTCTGTTTGACACTTCCAGGG-3

" 5'-tgtaaaacgacggocagt TGATTCTGAAGTGGAAGAGCTAG-3
5'-caggaaacagctatgaccCTAAATCTTGCTCTAGTTCTAC-3!
5'-tgtaaaacgacggocagt GTAAGAATAAAGTGGCTGCTCAG-3
5'-capggaaacagetatgaccTCAACATACTGACACTCCAATGC-¥

Upper-case letters represent the sequences derived from the human NRF2 gene locus, while lower-case letters represent synthetic sequences.

primers and an 18bp oligonucleotide (5'-caggaaacagetatgace-3) was
attached to the 5"-ends of reverse primers. One of the primers for gene
scan (hN/Elg-F) was modified at the 5’-end with Cy5. The plasmid
harboring the human NRF2 cDNA (pcDNAT/hNRF2) was a kind gift
from Dr. Etsuro Ito, and the P1 phage containing the human NRF2
gene was from Genome Systems.

Cell culture and RNA isolation. To isolate human total RNA,
Jurkat, HeLa, and Hep3B cells were maintained in DMEM (Sigma)
supplemented with 10% fetal bovine serum, 50U/ml penicillin, and
50 pg/ml streptomycin. These cells were incubated at 37°C in 5% CO;
until sub-confluency. The cells were harvesied in Isogen (Nippon
Gene) to isolate total RNAs, ]

5'-RACE analysis. Poly(AY" RNA was purified from 250 ug total
Jurkat cell RNA using Oligotex-MAG mRNA purification kit
(TaKaRa), and 5-RACE analysis was carried out with SMART
RACE cDNA Amplification Kit (Clontech Laboratories). Two reverse
primers corresponding to the second exon sequence of the NRE2 gene
were designed; E2/89-68 is a downstream primer and E2/64-35 is an

' upstream primer for nested PCR analysis. The 5'-RACE products were
subcloned into pGEM-T Easy Vector (Promega) and sequenced with
SP6 or T7 primers by an ABI PRISM 377 Genetic Analyzer (Applied
Biosystems).

Ribonuclease protection assay. To generate the ribonuclease pro-
tection assay (RPA) probes, artificial NRF2 plasmids containing the
promoter region followed by NRF2 ¢cDNA were constructed by PCR.
PCR primers were designed as shown in Fig. I A. The promoter region
was amplified with either Probe/A-F (Fig. 1A, a) and Exon 1-R1 (Fig.
1A, c) or Probe/B-F (Fig. 1A, b) and Exon 1-RI (Fig. 1A, ¢} using the
Pl phage harboring the NRF2 gene locus as a template. The cDNA
fragment containing exon 1 and exon 2 was amplified with Exon 1-F1
(Fig. LA, d) and Probe/E2-R (Fig. 1A, ¢) using pcDNAVhNRF2 as a
template. BamHI sites were added to the 5'-ends of the primers Probef
A-F and Probe/B-F, while an EcoRI site was added to 5-end of the
primer Probe/E2-R. The PCR. products generated from the P1 phage
and from the NRF2 ¢cDNA were mixed and sub-cloned into the Bam-
HI/EcoRI sites of pBluescript II SK (+) (Stratagene). The hybrid
hNRF2 plasmids were linearized by Norl digestion and used as tem-
plates for antisense RPA probes that were synthesized in the presence of
[a-*?PJACTP (Promega). Total RNA (30 ug) was used for hybridization
with each probe, and RPA was performed in the reaction system of
RPA I (Ambion). Yeast tRNA was used as a negative control. To
prepare the size marker, a genomic fragment amplified with Probe/B-F
and Exon 1-R2 was cloned into pGEM-T Easy Vector and the DNA
sequencing reaction was performed with SP6 primer according to the
Sanger method (BeaBEST Dideoxy Sequencing Kit, TaKaRa).

Human DNA isolation. DNA samples were obtained from three
types of Japanese populations; 51 SLE patients, 87 COPD patients
[20], and 81 healthy controls, SLE patients were diagnosed based on

the criteria revised by American College of Rbeumatology in 1997
[21,22]. Out of 51 SLE patients, 40 suffered from lupus nephritis as a
complication and 47 were female. COPD patients were as described in
a previous report [20). Among 50 healthy controls, 25 were female and
the rest were male. Genomic DNAs were isolated from whole blood
using 2 QIAamp DNA Blood Midi Kit {Qiagen). The study protocol
was approved by the Institutional Ethical Review Board of the Uni-
versity of Tsukuba.

Identification and genotyping of polymorphisms. Two and six sets of
PCR primers were designed to amplify the promoter and the coding
regions of the NRF2 gene, respectively (Tables 1 and 2). Direct se-
quencing of the PCR products was performed to identify polymor-
phisms (ABI PRISM BigDye Primer Cycle Sequencing Ready
Reaction Kit). The genotypes of SNPs were determined by directly
sequencing PCR products amplified with hNri2/P2-F and hNif2/P2-R.
Briefly, 500ng of genomic DNA was used 2s a template, and PCR was
performed using 200nM of cach primer, 200nM of each deoxynucle-
otide triphosphate, 1x Ex Tag buffer, and 1U Ex Tag polymerase
(TaKaRa). PCR products were electrophoresed in a 2% agarose gel
and purified using a QIAquick Gel Extraction kit (Qiagen). Sequence
reactions were carried out using an ABI PRISM BigDye Primer Cycle
Sequencing Ready Reaction Kit and genotyped by an ABI 3100 DNA
Sequencer. Genotyping triplet repeat polymorphism was performed by
Gene scan analysis using an ABI 310 Sequencer, determining the
repetition number of the ccg triplet repeats. Cy5-modified kRN/E1g-F
and hN/Elg-R were used to amplify the promoter region containing
the triplet repeat by PCR, with 500ng of genomic DNA, 200nM of
each primer, 400nM of each deoxynucleotide triphosphate, 1x GC
buffer I (TaKaRa), and 1.5U Ex Tag polymerase (TaKaRa).

Statistical analysis of human samples. The genotypic and allelic
frequencics between patients and controls were both analyzed by
Fisher's exact test. The genotypic frequencies were calculated between
a homozygous population of one allele and the other populations in-
cluding a homozygous population of the other allele and a heterozy-
gous population. Significance was accepted when the p value was less
than 0.05.

Results and discussion
Structural analysis of the human NRF2 gene

In our initial analysis, we searched the human genome
databases and found information on the NRF2 gene
structure including the location of each exon on the ge-
nome and the sequences of exom-intron boundaries
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human NRF2 ¢cDNA

B totettgyyyttecegtretteteccagotetggotyygcaatactgaccacteteocgas
ctasaggggetictocgtttgoctttgacgacctgagettaggagaatggagacacgtoy

<686 -684 -650
gagttcagaggagggcgttcagggtgactgogaacacgagotgecggagotgtocacats
ig /n fa

tccectaggeagggoccactggecocagocegggaagggageaagggegagagggcagtt
ggcagtggeacggtetgggtocaaatctttageccooccccaccoeggetggegecatet
cgggeggtaaagtgagataanaageagggeaaggttetycaactoccaaatcagggaggoge
agetectacaccaacgectitocggggoteegggtgtgtttgttocaactgtttaaacty
tttcaaagegtcogaactocagegaccttocgoaancaactetttatetegegggegagay
cgetgeoecttatttgeggggyagggcaaactgaacgocogycaccggggagotaacggaga
cctectetaggtooeccegoetgotgggaccecagetggcagteccitcocgeceecggas
cgegegettettgegtcageceoygogeggatgggggattttoggaagctcagecegeges
ggccpggegggugaaggaagggeceggact et tgoccogoect tgtgggyogggaggoaga
goggggcaggggocegocggegtgtagocgattaccgagtgecgygggagcccygagyags

=20 E) +1
cqctgacgcagccgcca(ccdccgccqccgccgc cacchGAGCCOCCCTGTCCGOGLTGCE
11
A

COTCAECAGCCGAAACAGGECCOCCETCGAAAACCECCAACACACGUTCCACAGCTCATC
1 1
ETIATGEACTTGRAGCTECCGCCOCCOFGACTCCCUTCECAGCAGYLgetyectoggase
27

tetgggeectgeggiogtgocegggacgggugegggogagetagggaacegeggeceggga
gggacageegraaccggettococcoacgtotggecagagecaggaccgoggogotggga
- intron 1 -
catttagattgtatttgtaatetoceccacttcccaccatecaacagtggeataatgtgaat
taatttatgtggtatctgtcatttaaaaaacatgagetetetecttecttontttgtett
2aacaAtagGACATGGATTTGATTGACATACTTTGGAGGCRAAGATATAGATCTTIGAGTAN
- oxon 2 -
AGTCAGAAACCAGTGGATCTGCCAACTACTCCCAGgtacagagtactcagttctitggyaa
agttatggraggtttaaggaaacactgagcaaggaattaaaatatetyggatityagtees
agetttgecttteottttacttaacettgteasatotactttccaacctoagectectgat
. = intron 2 -
tgattataaatactetatgascatcaattattgaatatttagottggoaatgyaatattt
aaccatttttgttttectttgtgteattecettttatcagQTTGCCCACATTCCCAAATS
- axon 3 -
TAACAATGAGgLgaggtataaaataacctggttaatagaazaactocatecataactataa
aataacaatctattotatgtaagteccgtcaatgaatctecatttaaaagaataaaaacea
= intron 3 -
tttrgtagtggtgocttagagettactcatoocctgttggtggaagacteatanatcast
gecttatcaat bt LagerTICTTOGGCTACGTT ICACTCACTTETTCCTGATATTCCOGE,
- axon 4 ~
GGAGCTATTATCCATTCCTUAGTTACAGy taactaaaatagaatgtaatactyggagattt
tttttatatteagtgeoctttagtcattotgattatttatataccacctatttataggaag
gattggagggtgectattaacttagtcatgagtactgecoatgetagtraaatiggttgga
- intron 4 -
mattatagagataagceetgaagataatgtygggtagggagtttatctaaatttatcacgta
ttatcatggattaactttgatttatatagtataaacttoccttctcatgcagTATCTTAAT
ATTGAMATGACAAGCTGATTGAGACTACCATAGTTCCAAGTCCAGAAGCCARACTOACA
- axon 5 =
GTTAAGAMMMACTAGATTTAGGA = 5' UTR = AGCTGUTACEAATARNGGATTATT

. Fig. . Structure of the human NRF2 gene and identification of the first
exon, (A) Hlustration of the human NRF? gene and NRF2 cDNA. Five
exons were identified in the NRF2 gene, and each is indicated by a
numbered box, while NRF2 ¢cDNA is depicted as an elongated box
below. Two open arrows above exon 2 indicate the positions of the 5'-
RACE primers. Five closed arrows (a-€) at the 5" region of the NRF2
gene and the NRF2 ¢DNA represent the primers for making RPA
probes, which are indicated by two open bars at the bottom. (B) The
sequences of the first exon and the promoter region followed by the exon-
intron boundary sequences of the NRF2 gene. The exon sequences are
written in bold upper-case letters. The nucleotides at the 5™-ends of the 5'-
RACE clonesare undetiined, and the numbers written beneath represent
the obtained clone pumbers. The major transcription initiation site
determined by RPA isindicated by a closed arrowhead and numbered as
+1, and the minor initiation site is indicated by an open arrowhead, The
identified polymorphisms are highlighted in blue. The translation start
codon, the stop codon, and poly(A) signal are boxed.

(Figs. 1A and B). However, we noticed that the database
reports showed several different transcription start sites
(BCO11558, NM.006164, hCT1952818, §74017, hCT
12360, and BX645047) and, out of these six reports, four
contained the same first exon harboring the translation
initiation codon (BC011558, NM.006164, hCT1952818,
and 8§74017), while the other two contained the same
non-coding first exon (hCT12360 and BX645047).

In order to identify the major first exon of the NRF2
gene, we performed 5'-RACE analysis using RNA iso-
lated from human Jurkat cells. For this purpose, we syn-
thesized two sequential reverse primers, E2/89-68 and
E2/64-35, corresponding to the second exon sequence
of the human NRF 2 gene (Table 1 and Fig. 1A). The
downstream primer (E2/89-68) was used for the first ex-
tension, while the upstream primer (E2/64-35) was used
for the following nested PCR. The products of this 5'-
RACE reaction were cloned, with 40 clones being ana-
lyzed further. To our surprise, all 40 clones basically
shared the same exon sequence that is located approxi-
mately 30kb upstream of the second exon. The first exon
sequences of the four database reports (BCO011558,
NM.006164, hCT1952818, and 574017) coincided with
the one identified in this analysis. The sequence of the
first exon of the human NRFZ2 gene shows only limited
homology (70%) with that of the mouse nrf2 gene, which
is located 25kb from the second exon.

Eleven out of 40 clones retained the longest fragment
and shared the same 5'-end adenine nucleotide, while the
remaining 27 clones contained shorter fragments (Fig.
1B). We tentatively assigned this 5'-end adenine as the
transcription initiation site. This result indicates that a
single exon was dominantly utilized for NRF2 gene
expression in Jurkat cells.

Verification of the transcription initiation site

We further asked where is the major transcription ini-
tiation site, since three different transcription start sites
had been described for the first exon identified by 5'-
RACE analysis (BC011558, NM.006164, hCT1952818,
and S74017). The reason for these discrepancies is unclear
at present, and it was important for us to verify our pro-
posed transcription initiation site more precisely. There-
fore, we performed RPA (ribonuclease protection assay)
using RNA samples from Jurkat, HeLa, and Hep3B cells.
The first exon and 5'-flanking sequences identified
through the 5’-RACE analysis were linked to the second
exon sequence to generate the RPA probes. Two probes
were synthesized; probe A is 890 bp while probe B covers
556bp (see Fig. 1A, probes A and B). RNase digestion and
subsequent electrophoresis revealed several protected
bands in the RNA from Hep3B cells (Fig. 2A). The most
intense band was observed at 373bp, and a minor band
was observed at 443 bp. We found that both probes gave
rise to protected bands of a similar size.
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Fig. 2. Transcription initiation site of the human NRF2? gene, (A) RPA
for determining the 5'-end of the NRE2 gene. Thirty micrograms of
total RNA from HeLa (lanes 2 and 7), Hep3B (lanes 3 and 8), and
Jurkat (lanes 4 and 9} cells and yeast tRNA as a control (lanes 5 and
10) was hybridized with **P-labeled probe A (lanes 2-5) or praobe B
(lanes 7-10), and digested with RNase A. The digested products were
separated by electrophoresis with undigested probes (probe A in lane 1
and probe B in lane 6). The major and minor protected bands are
indicated by closed and open arrowheads, respectively. DNA ladders
applied in the four lanes on the left-hand side serve as size markers. (B)
Comparison of the sequence surrounding the transcription initiation
site of the NRFZ gene and the consensus initiator site.

When we carried out the RPA experiment with
RNAs derived from Jurkat and HeLla cells, the same
pattern of protection was produced, but the bands were
much fainter than those obtained with Hep3B cell-de-
rived RNA. This observation implies that Nrf2 is ex-
pressed at a much lower level in Jurkat and HeLa cells
than in Hep3B cells. The size of the major protected
band matches that of the first nucleotide of the longest
clones identified by 35-RACE analysis (Fig. 1B).
Furthermore, the nucleotide sequence surrounding the
assigned transcription initiation site (Fig. 2B} corre-
sponded well with the consensus initiator site sequence
[23,24]. Overall, we conclude that the adenine nucleotide
does indeed represent the transcription start site. Since
the same initiation site was commonly used in three dif-
ferent cell lines, the single promoter is likely to specify
transcription of the NRF2 gene,

Polymorphisms identified in the promoter region of the
NRF2 gene

In the hope of finding sequence polymorphisms in the
coding, promoter, and upstream promoter regions of the

NRF2 gene, we sequenced approximately 1kb of the
NRF2 promoter and regions upstream from the transcrip-
tion initiation site in the P1 phage, Comparison of this se-
quence with the one registered in the NCBI human
genome database (AC079305) revealed a single nucleotide
difference. We then determined the sequences for the
NRF2 promoter and upstream regions using DNA sam-
ples from 12 healthy volunteers within the Japanese pop-
ulation. As a result, we found three single nucleotide
polymorphisms (SNPs), including the one found in the
above inspection. These SNPs were located at positions
~686 (A/G), —684 (G/A), and —650 (C/A) (Fig. 3A). In
addition to these SNPs, a triplet repeat polymorphism
was found between —20 and —6 (four-time repetition ver-
sus five-time repetition of CCG; Fig. 3B).

We also determined the sequences for all the NRF2
exons utilizing the 12 DNA samples from the volunteers.
The primer sets used for this analysis are summarized in
Table 2. However, we could not find any SNPs in the
coding exons (data not shown), suggesting that the gene
structure of NRF? is strictly conserved, and we therefore
ceased our search for coding SNPs. Considering the high
sensitivity of C57BL/6J strain mice to oxidative stress

A  ®EcFpwrracesractemanesicreasdi
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Fig. 3. Polymorphisms found in the promoter region of the human
NRF2 gene. (A) Representative electropherograms in two different
patterns of the NRF2 gene promoter region from position —685 to
—649, The positions of the three SNPs, —686 G/A, —684 G/A, and
—650 C/A, are indicated by arrows, and the polymorphic nucleotides
are boxed in blue. (B) Representative electropherograms of homozy-
gotes for 4- (top) or 5-time (bottom) triplet repeat polymorphisms. The
transcription initiation site is numbered as +1. (C) Representative gene
scan images of three different patterns of triplet repeat polymorphisms
between positions —20 and —6. The homozygous pattern of 4-time
repetition (top), the heterozygous pattern of 4- and 5-time repetitions
(middle), and the homozygous pattern of 5-time repetition {bottom)
are shown.

5 times
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linked to the single nucleotide polymorphism (SNFP) in
the promoter region of #rf2 gene [10], we decided to con-
centrate on the promoter region of the human NRF2
gene for the search of the polymorphisms.

Study of polymorphism frequency in the Japanese popu-
lation

The frequencies at which the promoter polymor-
phisms occurred in a healthy Japanese population were
examined (Table 3, control). DNA samples were ob-
tained from §1 healthy volunteers and genomic DNA
was isolated from whole blood. SNPs were genotyped
by direct sequencing (Fig. 3A), while the triplet-repeat
polymorphism was determined by Gene Scan analysis
(Fig. 3C). The results revealed that these polymorphisms
commonly exist within the Japanese population, except
for the one at position —684, for which allele A is quite
rare compared to the other allele G. As for the triplet re-
peats, the four-time repeat is more frequent than the
five-time repeat in the Japanese population.

Association of the promoter polymorphisms with human
diseases :

We performed a case-control study using these pro-
moter polymorphisms in two human diseases, SLE

Table 3

and COPD. SLE was chosen because we previously
found that female nrf2-deficient mice over 12 months
of age often develop lupus-like autoimmune nephritis
[13]. Furthermore, genome-wide linkage analysis of
SLE patients pointed a genomic locus 2g31 as one of
the candidate loci, which is very close to the human
NRF2 gene locus [25-27]. On the other hand, COPD
was chosen as a representative of chronic inflammatory
diseases. Recent analyses of nrf2 -null mutant mice re-
vealed that inflammation tends to be prolonged due to
the reduced sensitivity of inflammatory cells to 15-de-
oxy-A'*4 prostaglandin J, (15d-PGJ,) [28,29]. 15d-
PGI; was found to activate Nrf2 and regulate the late
stage of inflammation, suggesting that reduction in
Nrf2 activity may be one of the exacerbating causes of
persistent inflammation,

We therefore collected Japanese DNA samples from
81 control subjects, 51 SLE patients, and 87 COPD
patients and the four polymorphisms were genotyped
(Table 3). All genotype results of the polymorphisms
in the control samples were in the Hardy-Weinberg
equilibrium. Because the minor allele frequency of
—684G>A SNP was low (less than 7% in all groups),
we excluded this polymorphism from the case control
analysis. p values of each case-control study were calcu-
lated using genotypes and allele frequencies of three
polymorphisms (Table 3). Neither genotypic nor allelic

Genotypic and allelic frequencies of human NRF2 promeoter polymorphisms in SLE and COPD patients compared with healthy controls in the

Japanese population

Position Genotype allele Control SLE p value COPD p value
—686 G/IG 27 16 0.8149° 29 1.0006*

G/A 39 28 : 45

AJA 15 7 0.4718* 12 0.4047%

G 923 60 104

. 2

A 0 4 0.8203 70 0.5256
—684 GIG 75 44 82

G/A 5 7 ND 5 ND

AfA 1 0 0

G 155 a5 - 169

A 7 7 ND 5 ND
—650 CiC 33 27 0.2754* 49 0.0894*

CIA 41 20 31

ATA . 5 4 0.7100* 7 0.6376*

C 111 74 129

A 51 23 0.4862 45 0.1978
—20 to —6 (ccgin n=4/4 38 19 ) 0.2753" 32 ¢.1832°

n=4/3 34 27 43

n=5/3 ‘ 9 5 0.8123* 12 0.5994°

n=4 110 65 107

n=5 52 37 0.4847 67 0.2198

* Homozygous population of one allele was compared to the rest of the population including the homozygote of the other allele and the

heterozygote.
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frequencies were substantially different between the dis-
ease-prone and control populations (Table 3).

Concluding remarks

In order to generate a solid basis for the human genetic
study of oxidative stress-related diseases, we analyzed the
human NRF2 gene structure in detail in this study. We al-
so identified three SNPs and one triplet polymorphism
within the promoter and upstream regions of the NRF2
gene. Preliminary analyses of the link between these poly-
morphisms and human diseases were conducted. Al-
though significant association was not observed in this
study using a small number of patients with SLE or
COPD, we still believe that Nrf2 dysfunction is one of
the important prerequisites for the development of a cer-
tain group of diseases, especially those related to oxidative
stress, considering the critical contribution of Nrf2 to the
regulation of -inflammation and elimination of ROS.
Based on the connection between polymorphism of the
promoter region and vulnerability to hyperoxic stress in
C57BL/6J mice [10], and the absence of polymorphisms
within the coding region of the human NRF2 gene so
far, we suppose that the polymorphisms of the promoter
region would be indispensable tools for screening the
NRF2-related human disorders.
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