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FIG. 2. Effects of protein synthesis inhibitor, CHX, and proteasome inhibitor, MG132, on the accumulation of Nrf2 and effect of D3T on levels
of Nrf2 mRNA. (A) in the upper panel, cells were treated with vehicle, D3T (10 pM}, or D3T plus CHX (1 pg/ml) for 3 h. Immunoblotting with
Nrf2 antibody was carried out with nuclear extracts, In the lower panel, cells were washed afier treatment with D3T for 3 b, and either vehicle or
CHX was added 10 the culture medium for the indicated times. ¥, Level of nuclear Nrf2 after incubation with D3T for 45 hwithout washout at
3 h. Nuclear Nrf2 levels were measured by immunoblot analysis of three pooled samples at each time poiat. (B) Nif2 levels after treatment for
6 h with vehicle, MG132 (15 pM), D3T (10 pM), or MG132 plus D3T were measured in nuclear and total cellular fractions. Each lane contains
three pooled samples, and three separate immunoblots were carried out. {C) Nrf2 mRNA levels measured in TE cells by Northern Ulot
hybridization. The histogram on the right represents the mean * the standard error (SE) from three different experiments.

transfected into PE cells, and the Juciferase activity was mea-
sured after treatment with D3T. Luciferase activity of blank
plasmid pGLbasic was not influenced by D3T treatment in
these cells. However, fuciferase activity derived from the nrf2
promoter was consistently doubled after treatment with D3T
for 5 h (Fig. 3B). The nrf2 promoter-derived luciferase activity
was not elevated by longer incubations (i.e., 24 h) with D3T
(data not shown). Several nested defetion fragments differing
only in their 5° ends were constructed and transfected into PE
cells. These modified promoters contained AREL2-deleted
(—599 to —35) and ARELL- and AREL2-deleted (~429 to
—35) promoter fragments (Fig. 3A). Induction of luciferase
activity by D3T was lost in both of these constructs (Fig. 3B).
This result suggested that the region between —599 and
~1065, which includes the AREL2 sequence, could mediate
activation of the rrf2 promoter by D3T.

ARE-like sequences regulate the nrf2 promoter and bind

Nrf2. Two sequences containing AREL?2 (—848 to —684) and

"AREL1 (574 to —403) were amplified from the nrf2 pro-

moter and Jigated to pTATALuc+ for enhancer analysis. The
AREL2 containing sequence (pTATA ARELZ) could be acti-
vated modestly (50%) but significantly (P < 0.05) by D3T
compared to dimethyl sulfoxide-freated cells (Fig. 4A). How-
ever, pTATA ARELI was not activated by D3T. To verify this
tesult, a full-length promoter containimg mutated AREL2 (IG .
ACTGTGGC — GTCCTGTGGC; MwtAREL2) was con-
structed and transfected into PB cells. Luciferase activity of
nmutated AREL2 promoter was not ircreased by treatment
with D3T (Fig. 4B). Mutation of AREL1 (FGACTCCGC —
GTCCTCCGC; MutARELL) also abolished indocibility of the
wild-type promoter by D3T. Thus, AREL2 mediates a weak
induction, but ARELZ2 alone is not sufficient to activate fully
this promoter by D3T treatment.

EMSA. analysis was carried out to establish the protein-
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FIG. 3. Effect of D3T on nrf2 promoter activity in PE cells. (A) A 1-kb portion of the promoter of nrf2 was isolated from murine liver and
lipated into a Juciferase reporter vector (pGLNRP —~1065/~35) to monitor the activity of this promoter. ARE-like sequences (AREL1; —~492,
AREL?2; ~754) are found in the promoter of Nif2. Different 5'-deletion constructs (pGLMNRP—599/-35 and pGLNRP-429/-35) were also
prepared by PCR. (B) Luciferase reporter plasmids containing the nef2 promoter (pGLNRP—1065/-35) or truncated promoter constructs
(PGLNRP—599/~35 and pGLNRP—429/—35) were transiently transfected into PE cells, and the luciferase activities were measured after
treatment with D3T (20 pM) for 5 h. Luciferase activities were normalized by cotransfecting Rerillz luciferase control vectors. Values ate means
* the SE from five to seven different experiments. a, P < 0.05 compared to vehicle-treated control.

bindmg patterns of AREL1 and AREL2. AREL1 and
AREL? sequences from the nyf2 promoter were end labeled
with [**P]JATP and incubated with nuclear extract isolated
from PE cclls. As shown in Fig. 5A, cxccss amounts (200-
fold) of cold ARELL (lane 1) and AREL2 (lane 6) inhibited
the binding of nuclear proteins to these sequences, Compe-
tition with cold human NQOI ARE (lanes 3 and 8) and the
NF-E2 (lanes 5 and 10) consensus sequence also inhibited
binding, whereas the AP-1 (lanes 4 and 9) conscusus se-
quence did not. Nuclear extracts isolated from PE cells
treated with either vehicle or D3T were then used for gel
shift analyses with AREL] and AREL2, Total binding of
nuclear extract protein to AREL2 (Fig. 5B, lane 4) was
substantizlly increased with nuclear extract isolated from
D3T-treated mice compared to vehicle-treated mice (fane
3). No differential effect of D3T treatment on nuclear pro-
tein binding to the ARELI1 was observed (lanes 1 and 2).
Immuncdepletion with Nrf2 antibodies of nuclear extracts
from D3T-treated cells greatly diminished protein binding
to AREL2 (Fig. 5B, lanes 5 and 6) and NQOI ARE (not
shown) but not AREL1 (not shown). Collectively, these
results indicaled that common factors, including Nif2, may
bind to the AREs of phase 2 genes and the ARE-like se-
quences of the nrf2 promoter. The results of a ChIP assay
are shown im Fig. 5C. Nrf2 antibody precipitated portions of
the promoter of nrf2 containing the AREL?2 sequence in
D3T-treated PE cells. This antibody also precipitated the
ARE sequence of GST Yu, a well-characterized binding
motif for Nif2, but did not precipitate the promoter for
unrelated genes such as B-actin and the transcription factor
GATA-1. In contrast, GATA-1 antibody precipitated the

GATA-1 gene hematopoictic enhancer of the GATA-I pro-
moter but not the ARE or AREL? of the murine GST and
nrf2 promoters, respectively, in D3T-treated PE cells. Thus,
Nrf2 can bind specifically to a rcgion of its own promoter
containing the AREL2 after D3T treatment of cells.
Overexpression of Nrf2 activates nrf? promoter activity
throngh AREL2. To probe the effects of Nrf2 on its own
regulation through ARE-like sequences of its promoter,
wild-type or mutant Nif2 and MafK were overexpressed in
PE cells, and the activity of a nrf2 promoter-luciferase re-
porter was measured. The activity of full-length nrf2 pro-
moter (pGLNRP—1065/-35) doubled compared to blank
plasmid-transfected ceils when wild-type Nrf2 was overex-
pressed. This effect of overexpression of Nif2 was identical
in magnitode to the effect of D3T treatment on full-length
promoter activity. However, overexpression of mutant Nrf2
decreased the activity of this promoter to <50% of its basal
activity (Fig. 6A). Coexpression of MafK with wild-type Nrf2
mereased promoter activity by sixfold compared to blank
plasmids, but coexpression of mutant Nrf2 (in which the
transactivation domain was deleted), together with wild-
type MafK, produced only a 2.5-fold increase in promoter
activity. Similar results were also seen with an AREL2-
containing reporter construct (pPTATAAREL?Z) (Fig. 6B).
However, the full-length promoter containing 4 mutated
AREL2 (MutAREL2) sequence was not activated by over-
expression of Nrf2, whereas mutation of the ARELI1 se-
quence (MutAREL1) had no effect on activation by Nrf2
overexpression (Fig. 6B). Collectively, these results suggest
that Nrf2 can activate its own promoter, albeit weakly,
-through interaction with an AREL2 within its promoter,
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FIG. 4. Effects of D3T on ARE-like-mediated Juciferase activity
and site-directed mutagenesis studies of the nrf2 promoter. (A) Lucif-
erase plasmids containing ARE-like sequences from nrf2 promoter
{pTATA AREL1 and pTATA AREL2) were transfected, and the
luciferase activitics were measured after D3T treatment for $ h. Lu-
ciferase activities were normalized by measuring the Renilla luciferase
activity from a cotransfected reporter vector. Values are means = the
SE from four different experiments. a, P << 0.05 compared to vehicle-
treated control (B) Mutated ARELI- or AREL2-containing promot-
ers were transfected and luciferase activities measured following treat-
ment with D3T for 5 h. Values are means = the SE from five different
experiments. a, P < 0.05 compared to vehicle-treated control.

DISCUSSION

Induction of phase 2 enzymes, which neutralize reactive
electrophiles and act as indirect antioxidants, occurs m re-
sponse to a wide array of cancer chemoprevenlive agents. Al-
though the biclogical balf-lives of these inducers may be mea-
sured in seconds to hours, the pharmacodynamic half-life of
enzyme induction is typically several days. Thus, transient ex-
posure to an inducer activates a protracted counterattack pro-
tective system that guards against subsequent assaults by
electrophiles and free radicals. Understanding the key deter-
minants in the regulation of this protective system should pro-
vide msights into optimizing the selection and utilization of
pharmacofogical or dietary inducers for the prevention of can-
cer and other patbological states driven by elevated or sus-
tained exposures to reactive intermediates formed from exog-
enous and endogenous compounds. :

Nrf2 is a critical transcription factor in the regulation of both
basal and inducible expression of many phase 2 and antioxida-
tive genes (27, 34, 39). Nrf2 is sequestered in the cytoplasm by
the actin-binding protein Keapl (20). Upon stimulation of cells
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with inducers, Nrf2 dissociates from Keap1 and translocates to
the nucleus, where it interacts with AREs found in the pro-
moter region of many phase 2 genes. This translocation is
driven by a nuclear locafization signal in Nrf2 but also appears
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FIG. 5. EMSA analyses with AREL1 and AREL?2 sequences and
ChIP assay. (A) Competitive binding of ARELL (lanes 1 to 5) and
ARFEL2 (lanes 6 to 10} with consensus sequences of human NQO1I
ARE, AP-1, or NF-E2 with nuclear extracts from D3T-treated cells.
(B) Total binding of nuclear extracts from vehicle- or D3T-ireated cells
to AREL1 (lanes 1 and 2} and AREL2 (lanes 3 and 4). The effects of
immunodepletion of nuclear extracts from D3T-treated cells with Nrf2
antibody are shown in lanes § and 6. Bach lane represents three pooled
samples. (C) ChIP assay performed in D3T-treated PE cells with Nif2
antibody. Intact protein-DNA complexes were cross-linked by adding
formaldehyde into the culture medium, Immunoprecipitates from con~
trol (incubated without antibody} and nonspecific immunoglobulin
{IgG)-, Nrf2 antibody-, or GATA-1 antibody-incubated cells were iso-
lated and analyzed by PCR with pomers specific for the GST, nif2,
GATA-1, and B-actin promoters. The supernatant from the control
nuclear extract was prepared as the total input of chromatin, and 0.1%
of total input was used as the input DNA., Each sample was prepared
from three pooled plates. o0 :
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FIG. 6. Effect of overexpression of Nrf2 on the activity of the nif2 promoter. (A) Nrf2 promoter luciferase activity was measured after
transfection of wild-type or mutant Nif2 with or without MafE. Values are means = the SE from {our different expetiments. a, P < 0.05 compared
to blank plasmid-transfected control b, P < (.05 compared to the wild-type Nrf2 and MafK-transfected group. (B) Luciferase activities of pTATA
AREL2, mutated AREL2 promoter (MUtAREL2), or mutated AREL1 promoter (MutARFEL1) after overexpression of wild-type and mutant Nrf2.
Values are means * the SE from 4 different experiments. a, P < (.05 compared to blank plasmid-transfected control.

to be facilitated throngh phosphorylation by several kinases
(16, 45). Our results indicate that the nuclear accumulation of
Nrf2 is rapid and persistent and can be mediated by indueers of
distinct chemical classes. Enhanced nuclear accumulation of
Nrf2 in response to mducers does not appear simply to be due
to translocation of preexistent Nrf2 from the cytoplasm. First,
quiescent PE cells have very low levels of Nrf2 that are barely
detectable by Western bfotting and that cannot account fully
for the elevated amoumt of Nrf2 seen in nuclei after treatment
with an inducer. Second, concomitant increases in total cellular
amounts of Nrf2 are seen with the nuclear accumulation, sug-
gesting that amplified de novo synthesis of the transcription
factor is occurring. Treatment of cells with CHX blocks the
accumulation of Nrf2 (nuclear and total) by D3T. Third, D3T
treatment in combination with a proteasome inhibitor en-

hanced the nuclear accumulation of Nrf2 compared to treat-
ment with a proteasome inhibitor alone. Fourth, Nrf2 mRNA
and protein levels were elevated 6 h after treatment in these
cells. These results suggest that dissociation of Nrf2 {rom
Keapl leads to an initial elevation of Nif2 in the nucleus within
20 to 60 mm. However, given the short half-life of Nrf2 (~20
min [Fig. 2A]), the predominant factor driving the sustained
accumuwdation and transactivation of phase 2 and/or antioxida-
tive genes results from enhanced de novo synthesis.

The sequence of murine mrf2, mchuding 1 kb of the 5'-
flanking region, has been reported and contains multiple SP-1
and AP-2 sites, as well as two ARE-like sequences located at
—492 and —754 from the start codon. One motif has a perfect
ARE (AREL1; TGACTCCGC) consensus sequence, while the
second one has one more base before the GC box (AREL?;
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TGACTGTGGC). The activity of a luciferase reporter con-
struct containing the 1-kb promoter (pGNLRP—1065/—35)
transfected into PE cells could be doubled by treatment with
DA3T. Studies with several nested deletion fragments differing
only in their 5’ ends indicated that deletion of AREL2 (—599/
—35) or AREL2 and AREL1 {—429/-35} eliminated dithio-
lethione inducibility. Mutation of the core sequence of either
AREL2 or AREL1 in the full-length promoter obviated acti-
vation by D3T. A reporter construct containing an AREL2
(—848 to —684) ligated to pTATAluc+ was partially activated
by D3T, while a comparable construct with AREL1 was not.
Collectively, these studies document that both AREL1 and
AREL2 are necessary to fully activate Nrf2 expression by D3T.

Nrf2, a cap'm’collar bZIP transcription factor, forms bet-
crodimers with other proteins, especially of the small Maf class
and other bZIP transcription factors (15, 19, 39). Diminished
binding of nuclear proteins to AREL1 or AREL2 after the
addition of excess NQO! ARE or NF-E2 suggests common
factors may bind to these sequences. EMSA conducted on
nuclear proteins isolated from D3T-treated cells demonstrated
a marked increase in binding to AREL2-containing cligonu-
cleotides compared to vehicle control, while no such differen-
tial was observed with ARELI-containing oligonuclectides.
Treatment of EMSA incubations with Nrf2 antibody dimin-
ished the total protein binding to AREL2 through immu-
nodepletion. Binding of Nif2 to AR¥like sequences of its
promoter was directly confirmed by a ChIP assay with Nrf2
antibody. This experiment demonstrated that Nf2 associated
with a region of the nrf2 promoter that included or was adja-
cent to AREL2. The likely involvement of Nif2 in its own
regulation is also supported by experiments in which either
wild-type or mutant Nri2 was overexpressed in PE cells. Over-
cxpression of wild-type Nrf2 activated promoter activity two-
fold, while mutant Nrf2, which has no transactivation domain,
did not inerease promoter activity, Coexpression of MafK. with
Nrf2 in PE cells substantially enhanced the activation of the
Nrf2 promoter. Mutation of three bases in the AREL2 of the
full-length promoter-reporter construct eliminated responsive-
ness to overespression of Nrf2, whereas mutation in AREL]
did not. :

I PE cells, Nf2 can bind to and enhance the activity of
its own promoter. However, the extent of activation of the
nrf2 promoter by enzyme inducers {(or forced Nri2 expres-
sion) is less than seen with typical ARE-containing promot-
ers found in murine GST Ya or rat NQOI. The murine GST
Yz and rat NQOI genes have repeated AREs in their pro-
moters, Mutation studies have shown that multiple AREs
are necessary for maximal activation of these enhancers (12,
42). AREL2 in the n7f2 promoter is a single, imperfect ARE
since it has one more base before the GC box. This degen-
eration from the consensus ARE sequence may induce dil-
ferent binding affinities to transcription factors and account
for the weak responsiveness of the nrf2 promoter to induc-
ers. Several teports have suggested that different combina-
tions of the bZIP transcription factors have different binding
affinities to DNA. Ryseck and Bravo (36) showed that Jun
family proteins have different binding affinities to TRE
(TPA response element) and CRE (cyclic AMP response
element) motifs depending upon their partmers. TRE (TG
ACTCA) and CRE (TGACGTCA) have very similar se-
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quences; however, the fun-Fos dimer Iras a higher affinity to
TRE than CRE, while the Jun-ATF (activation transcription
factor) dimer binds more efficiently to CRE than TRE.
Katacka et al. (23) also suggested that TRE-type MARE
(Maf respomse element) and the CRE-type MARE are rec-
ognized with different affinities by different combinations of
bZIP proteins, including Maf. Similar conclusions held for
the regulation of detoxifying genes. Small differences in the
AREs found in detoxifying genes seem to be related te
differential responsiveness to bZIP transcription factors.
The promoter of the y-glutamylcysteine ligase heavy chain
has several AREs, but a single ARE acts as a cis-acting
clement (32) and is activated by Nrf2 overexpression while
inhibited by overexpression of MafK or MafG in human
hepatoma cells (43). Jeyapaul and Jajswal (21) have shown
that Nrf2 and c-Jun are important in regulating the basal
and inducible levels of y-glutamylcysteine ligase heavy chain
by B-naphthoflavone. Activation of the ARE of human
NQO! was repressed by expression of small Maf proteins
such as Maf¥ and MafG in human hepatoma cells, whereas
the expression of c-Tun did not inerease activity of an NOOI
ARE-derived luciferase reporter (8). Activity of a GST Ya
ARE luciferase reporter was also repressed by expression of
MafK in PE cells (M.-K. Kwak and T. W. Kensler, unpub-
fished data). In contrast, expression of reporter genes linked
to the thioredoxin ARE (TGAGTCGT) and p53 ARE (TG
ACTCTGC) was increased by MafK expression (13; 25).
These results suggest that the composition of the transcrip-
tion complex can be varied depending upon the individual
genes and the means of stimulation. In the case of nrf2, NIf2
associates with the AREL2 in its own promoter and MaiK
facilitates activation of this promoter.

This mechanism of autoregulation of gene cxpression cao be
seen for several other transcription factors. For example,
GATA-1, which is essential for hematopoietic cell differentia-
tion, also has GATA-binding sequences in its promoter region
that have been shown to be critical for regulation of this gene
(33). NF-«B also positively regulates its transcription by bind-

_ing to an NF-xB regulating element m its promoter (29).

NF-kB fevels are controlled through binding with its inhibitor
I-xB in the cytoplasm. Stimuli such as oxidative stress can
tricger degradation of I-xB by phosphorylation, allowing
NF-kB o be translocated into the nucleus (22), While control
of trafficking is the main pathway for the regulation of NF-«B,
transcriptional activation of NF-«B is also observed. The bZIP
proteins c-Jun and ¢-Fos can also autoregulate their expression
(2, 40). It is also probable that bZIP transcription factors,
including Nrf2, can cross talk with each other. Venugopal and
Jaiswal (38) have reported that buman ¢Jun has an ARE
(TGACTTCGGC) and suggested the involvement of an ARE-
mediated induction of this protein. D3T mduces c-Jun expres-
sion. Thus, increased nuclear Nrf2 accumulation in response to
D3T may also induce other transcription factors such as Jun,
which in turn contribute to binding and activation of AREL1
and ARBL2 with Nrf2,

In summary, Nrf2 appears to autoregulate its expression
through weak ARE-like cis-elements in its promoter,
thereby greatly extending the duration if not the magnitude
of its transactivating action. Under quicscent or nonstressed
sitwations, PE cells maintain low levels of this rapidly tumed
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over transcription factor. Upon exposure to stressor mole-
cules, such as electrophiles or free radicals, release of this
constitutive Nrf2 from Keapl initiates signaling for the in-
duction of protective genes. Amplification of this counter-
aftack response occurs through tramsactivation of the nrf2
gene, leading to increased synthesis of Nrf2. Saturation of
the cytoplasmic tether of Nrf2, Keapl, allows for enhanced
nuclear accumulation of Nrf2 and protracted activation of
phase 2 genes. Signaling for increased synthesis of Nef2 is
ultimately attenuated, even in the face of continued chal-
lenge with inducers. Although the mechanism underlying
this dampening response is unclear, posttranslational mod-
ification of Nrf2 through phosphorylation or other means
may mark the transcription factor for altered disposition.
This multifaceted pathway for the regulation of Nrf2 levels
in cells provides a tightly contralled mechanism to modulate
the expression of genes that protect against an array of
endogenous and exogenous assault molecules.
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ABSTRACT

Elcctrophiles formed during metabolic activation of chemical carcino-
gens and reactive oxygen species generated from endogenous and exoge-
nous sources play a significant role in curcinogenesis. Cancer chemopre-
vention by induction of phase 2 proteins to counteract the insults of these
reactive intermediates has gained eonsiderable attention, Nuclear factor
E2 pd5-retuted factor 2 (Nrf2), 2 bZIP transcription factor, plays a central
role in the regulation (basal and or inducible expression} of phase 2 genes
by hinding to the “antioxidant response clement” in their promoters.
Identification of novel Nrf2-regulated genes is likely to provide insight into
cellular defensc systems agatnst the toxicities of clectrophiles and oxlidants
and may define offective targets for achieving cancer chemoprevention,
Sulforaphane is a promising chemopreventive agent that exerts its effect
by strong induction of phase 2 enzymes via activation of Nrfl, In the
present study, a transcriptional profife of smull intestine of wild-type (#rf2
+/+) und knock out (#rf2 —/=) mice treated with vehicle or sulforapbane
(9 pmoliday for | week, p.o.) was penerated using the Murine Genome
U74Av2 oligonucleotide array (representing ~6000 well-charucterized
genes and nearly 6000 expressed sequence tags), Comparative analysis of
gene expression changes between different treatment groups of wild-type
and arf2-deficient mice facllitated identlfication of numerous genes regu-
tated by Nrf2 including previously reported Nri2-regulated genes such
us NAD(PIH:quinone reductase (NQOT), glutathione S-transferase (GST),
veglutamyfcysteine synthease (GCS), UDP-glucuronosyitransferases (UGT),
epoxide hydrolase, 15 well as a number of new genes. Also identified were
genes cncoding for cellular NADPH regenerating enzymes (glucese
6-phosphute dchydrogensse, 6-phosphogluconate dehydrogenase, and
malic enzyme), various xcnobiotic metabolizing enzymes, snticxidants
{glutathione peroxidase, glutathione reductase, ferritin, and haptaglobin),
and biosynthetic enzymes of the glutathione and glucurenidation conju-
gation pathways. The data were validated by Northern blot analysis und
enzyme assays of selected genes. This investigation expands the horfzon of
Nrf2-regulated genes, highlights the cross-talk between varions metabolic
pathways, and divulges the pivotal role pluyed by Nrfl.in regulating
cellular defenses against carcinogens and other toxins.

INTRODUCTION

There is considerable epidemiological evidence suggésting an as-
sociation of consumption of fruits and vegetables with reduced inci-
dence of cancer, especially in the gastrointestinal tract (1). Induction
of phase 2 enzymes by phytochemicals represents an important mech-
anism for achieving protection against cancer (2). Although phase 2
enzymes have been tradilionally recognized as those catalyzing the
conjugation of endogenous ligands, glutathione and glicuronic acid,
to endo- and xenabiolic substrates, this classification is expanding to
include proteins that catalyze a wide variety of reactions that confer
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cytoprotection against the toxicity of electrophiles and reactive oxy-
gen species (3). The growing list of phase 2 proteins includes NAD-
(PH:quinone reductase (NQO1), epoxide hydrolase, dihydrodiol
dehydrogenase, v-GCS.* heme oxygenase-1, leukotriene B, dehydro-
genase, aflatoxin B, dchydrogenase, and ferritin (3). These proteins,
which enhance resistance to different toxicants, are regulated by a
common element (5'-A’ TGA CT NNN GC A-3') in (heir pro-
moter region that is termed the ARE (4). The mechanisms that
regulate the expression of phase 2 genes throngh the ARE are the
subject of intensive investipation (5),

1t has been demonsirated clearly that Nrf2, a bZIP transcription
factor, translocates into the nucleus and binds to the ARE in conju-
gation with small Maf proteins after activation by chemopreventive
agents and that N2 plays a central role in the constitutive and
inducible expression of several phase 2 proteins (6—11). Higher sen-
sitivity of nrf2-deficient mice 1o liver damege by acetaminophen (12),
pulmonary injury by butylated hydroxytoluene (13), increased DNA
adducts in fungs afier exposure to dicsel exhaust {14), and gastric
tumors by benzo(g)pyrene (7) have been attributed (o decreased basal
expression of phase 2 enzymes in various organs (8, 10, 15). The
induction of several phase 2 genes (e.g., GST and NQG1) by butylated
hydroxyanisole, oltipraz, and sulforaphane is also dependent on Nrf2
(7, 10). Collectively, these studies clearly indicate the pivotal role of
1his transeription factor in the regulation of phase 2 proteins and, thus,
chemoprevention against xenobiotic toxicities.

Molecular epidemiological studies have indicated that consumption
of dietary isothioeyanales are effective in decreasing the relative risk
of coloreelal cancer (16) and lung cancer {17, 18). Among the iso-
thiocyanates, sulforaphane (R-1-isothiocyanato-4-methylsulfinylbu-
tane} is the most potent inducer of phase 2 proteins (19-21) and
functions to activate Nrf2 (10, 11). Sulforaphane cfiectively reduces
colonic aberrant erypt foci formation in carcinogen-treated rats (22).
Identification of cytoprotective genes, which are directly or indirectly
dependent on Nrf2 for transcriptional activation in response to prom-
ising chemopreventive agents such as sulforaphane, will fucilitate the
understanding of molecular downstream effectors of themopreven-
tion. By feeding sulforaphane p.o. to wild type and arf2-deficient
ice, we have identified several genes in a target organ, the small
intestine, using oligonucleotide arrays that are dependent on Nrf2 for,
their basal andfor inducible expression. This study expands the hori-
zon of Nrf2-regulated protective proteins and identifies novel down-
stream mediators for chemoprevention by sulforaphane and, presum-
ably, other classes of enzyme inducers.

* The abbreviations used are: y-GCS, y-plutamyleysicine synthetuse: y-GCS(h), heavy
catalylic subunit of ¥-GCS: EST. cxpressed sequence tug: ALDH, aldehyde dehydrogen-
ase: ARE. antioxidam pesponse clement: HSP, lieat shock protein: GOPDH, glucosc-6-
phosphate dehydrogenase; GPX, glutathione peroxidase: GR, glutathione reductase: GST,
glutathione S-mnsferase: NQOT, NAD(P)H:quinone reductase:; Nri2, nuclear factor E2
pas-reluted Mactor 2; 6PGDH, 6-phsephogluconate dehydrogenase: UGT, UDP-glucu-
ronosylirunsferase,
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MATERIALS AND METHODS

Reagents. L-Sulforaphune was purchased from LKT Laboratories (St. Paul,
MN). A nucleotide removal kit was procured from Qiagen (Valencia, CA).
NADIH, malate, glucose-6-phosphate, 1-chloro-2,4-dinitrobenzene, p-nitro-
phenylacetate, NAD*, and menadione were purchased from Sigma Chemical
Co. (St. Louis, MO).

Animals. Experiments were conducted in accordance with the standards
established by the United States Animal Welfare Acts, set forth in NIH
guidelines and the Policy and Procedures Manual of the lohns Hopkins
University Animal Care and Use Commiitee. Nrf2-deficicnt ICR mice were
pencrated as deseribed (8). Genotypes of homozygous wild-type and nrf2-
deficient mice (10 weeks of age) were contirmed by PCR amplification of
genomic DNA extracted from blood or Tiver. PCR amplification was catried
out by using three different primers, §'-TGGACGGGACTATTGAAG-
GCTG-3' ftsense for both genotypes), 5-CGCCTTTTCAGTAGATG-
GAGG-3' (antisense for wild type), and §-GCGGATTGACCGTAATGG-
GATAGG-3’ (untiscnse for LacZ), as described previously (7).

Female mice fwild-type myf2 (+/+) and nrf2 (=/=) deficient), 10 weeks of
age, were maintained on an AN 76A diet und water ad tibitem and houscd at
4 temperature range of 20-23°C under 12-h light/dark cycles, The mice were
grouped inta four groups {n = 3): ), control (arf2 +/+} wild type; 15 treatment
(/2 +i+) wild type; 111, control knock out (arf2 ~/=) and 1V, treatment
knock out (2 —/—). The control and treatment groups were administered
either vehicle {com oil) alone or sulforaphane (9 pmol/mousce/day) by gavage
{0.2 ml), respectively, for 7 consecutive duys, Body weights were recorded to
swonitor the health of animals. Animals were sacrificed by cervical dislocation
24 h after the last dose. The small intestine was removed and washed thor-
oughly with ice-cold PBS to remove the fecal material and frozen in liguid
nitropen before storage at —80°C until further use.

Northeen Blotting, Total RNA from the intestine was extracted with
TRIzol reagent (Life Technologies, In¢., Grand lsland. NY) according 1o the
manufacturer's insiructions. Total RNA (10 peg) was separated on 1.2%
aparose gels containing 2.2 M formuldehyde, transferred to nylon membranes
(Nytran Super Charge: Schleicher und Schuell. Dassel, Germany), and UV-

_ crosslinked. Probes for NAD(P)H: quinone oxidoreduetase (NQOH1). GST Ya,
v-GCS (regulatory subunit), UDP-glucuronesyltransferases (UGT1A8). malic
enzyme, glurathione reductase, and B-actin were genemted by PCR from the
¢DNA of murine liver. These PCR products were radiolabeled with
[a-**P]JCTP using a random primers DNA labeling kit (Invitrogen, San
Diego, CA). Northem hybridization was done using QuickHyb (Stratagenc,
Carlsbad, CA) as per the manufacturer’s protocol. After hybridization. the
membranes were washed twice in 0.2% S8C (1% $8C is 0.15 M NaCl1/0.015
M sodium citrate) containing 0.1% (w/v} SDS at room temperaiure for 15 min
and finally in 0.1% SSC/0.1% SDS at 60°C for 45 min. The membranes were
exposed to a phosphorimaper screen, and radioactivity was visualized and
guatdified with a BAS1000 Bioimaging system (Fuji Photo Film, Tokyo.
Japan), Levels of RNA were quantified and normatized for RNA loading by
stripping and neprobing the blots with a probe for B-actin,

‘Trunscriptionzl Profiling by Oligonucleotide Microarray. Total RNA
was purified with the RNcasy Mini kit (Qiagen, Valencia, CA) after isolation
with TRIzot reagent as described above and was used for experiments with
Murine Genome U74A version 2 GeneChip arvays (Affymetrix, Santa Clara,
CA}, which contain probes for detecting ~6000 well-characterized genes and
6000 expressed sequence taps (ESTs). Bricfly, double-stranded cDNA was
synthesized from 15 pg of total RNA with SuperSeript Choice System (In-
vitropen) by using oliga(dT)y, primers with a T7 RNA polymerase proiricer
site added to its 3’ end {Genset Corp., La Jolla, CA). The isolated cDNA was
then labeled to generate biotinylated cRNA &t vitro and amplified using the
BioArray T7 RNA polymerase lubeling kit (Enzo, Farmingdale, NY). After
purification of the cRNA by RNeasy Mini kit, 20 pg of cRNA were frag-
mented at $4°C for 35 min. Approximately 12.5 pg of fragmented cRNA was
used in a 250-p! hybridization mixture containing herring spenm DNA (0.
mg/ml; Promega Corp., Madison, W1, plus bacterial and phage cRNA contrals
(1.5 pmol of BioB, 5 pmol of BioC, 25 pmol of BioD, and 100 pmol of Cre)
to serve as internal controls tor hybridization efficiency as directed by the
manufacturer (Affymetrix). Aliquots {200 g} of the mixture were hybridized
onto the array for 18 h at 45°C in a GeneChip Hybridization Oven 640
(Affymetrix). Each array was washed and stained with steptavidin-phyco-

erythrin {Molecular Probes, Fugene, QR) and amplified with biotinylated
anti-streptavidin antibody (Vector Laboratory, Butlingame, CA) on the Gene-
Chip Fluidics Station 400 (Affymetrix). Lach armay was scamned with the
GeneArray scanner (Agilent Technologics, Palo Alto, CA) to ehtain image and
signal intensitics.

Data Analysis Using Affymetrix Softwarc. Scanned output files were
analyzed with the Affymetrix Microarray Suite 3.0 and normalized to an
average intensity of 500 independently. before comparison. To identify differ-

" entiully exprossed transcripts, pairwise comparison analysis were carticd out

with Data Mining Tool 3.0 (Affymetrix). The onalysis compares the differ-
ences in values of perfiet match to mismateh of each probe pair in the baseline
array to its matching probe pair on the experimental array. Ps were determined
by the Wilcoxon's signed rank test and denated as increase, decsease, or no
chanpe. Analysis using Data Mining Tool also provides the signal log ratio.
which estimates the magnitude and direction of change of a transcript when
two acrays are compared {experimental versus baseling). We bhave converted
the signal Jog ratio output into fold change for convenience using the farmula
recommended by Affymetrix:

28w doy Rk, Sinal Log Ratio > 0

Fold change = {(_) 2 ssiemal Lo Rkl S Lo Ratio < 0

In the present study, we performed nine pairwise comparisons for cach
group {experimental, n = 3 versns baseline. n = 3). Only those altered genes

that appeared in at least seven of the nine comparisons were selected. This

conservative analytical approach was used 10 limit the number of false posi-
tives. In addition, we also performed a Mann-Whitney puirwise comparison
test in Data Mining Tool to rank the results by concordance as a caleulasion of
sipnificance () of each idemtified change in gene expression, The CESTs
obtained in the datn were searched for theit recent anmetation using the
“Analysis Center” at the Aftymetrix site (www.netaffx.com).

Enzyme Activity Assays. Total GST activity was measured in cytosolic
fractions (100,000 X g) in the presence of 0.1% BSA with 1-chloro-2,4-
dinitrobenzene as a suhstrate (23), whereas NQO! activity was determined
using menadione as substrate (24). Activity of G6PDH was determined from
the rate of ghicase 6-phosphate-dependent reduction of NADP® (25). Malic
enzyme activity was measured from the rate of malate-dependent NADP*
reduction (26). Carboxylesterase activity was determined by measuring the
hydrolysis of p-nitrophenyl acetate to p-nitrophenol at 410 am (27). UDP-
ghucose dehydrogenase activity was measured by the teduction of NAD ¥ in the
presence of UDP-glucose at 340 nm (28). Protein concentration was deter-
mined hy using the Bio-Rad DC reagent and BSA as the standard,

Statistics. The values for enzyme-specific activities are mean = SE. and
the Student 7 test was used to snalyze the statistical significance.

RESULTS

Microarray Analysis. The transcriptional profile of a target organ.
the small intesting of Nrf2 wild-type and -deficient mice with or
without sulforaphane treatment was penerated using the Murine Ge-
nome U74Av2 chip. The obtained transcriptional profile was logically
analyzed to derive the set of genes regulated by Nrf2. We performed
three categories of comparisons {Fig. 1) to accomplish the objective.
Because Nrf2 is well established in the positive regulation of genes
(15). we have concentrated only on up-regulated venes. The gene
profile that emerged after comparative analysis was further filicred.
The genes that appeared in at least seven of the nine comparisons that
showed fold changes >1.5 and had Ps of <0.05 were selected. These
cutoff values gave a conscrvative estimate of the number of genes in
each category, and only those genes complying with the criteria were
considered further.

Wild-Type Control and Nr/2-deficient Control. In this category,
the altered gene profile reflects the effect of disruption of Nri2.
Overall, there were 45 genes and 27 ESTs with higher expression in

* The comprehensive lists of ull np-regulated sad duwn-repulaled gencs in the com-
pagisons arc reported in hup:/eommprajects.jhsph.cdi/chsibiswal dma.xts.
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comparison and unalysis of transcriptional profiles
obiained from micrearray using the AfTymetrix
Murine Gename U74A version 2 armys that con-
tain probes for detecting ~ 6000 well-charaeterized
genes and 6000 expressed sequence tags. Wild e,
arf2 4 mice: knock o #ef2 ~/- mice.

Comparisons

Upregulated

the wild-type mice. Prominent genes showing large fold changes were
curboxy! esterase (15-fold), epoxide hydroluse (12-fold), various
GSTs (3-6-fold). malic enzypme (3.5-fold), UGT (8-fold), aldehyde
dehydrogenase 1 (4.6-fold), and NQO! (3-fold).

Wild-Type Treated and Wild-Type Control. The altered tran-
scriptional profile in this comparison group is the result of treatment
with sulforaphane. Thirfy-three gencs and 17 ESTs were induced by
sulforaphane. The most responsive genes in this class of comparison
were (G5Ty (2.5—6-1o)d). catalytic subunit of GCS (4-fold). fibroblast
growth fuctor relared protein (3-fold), carboxyl esterase (4-fold), and
NQO! (2.5-fold). '

Nrf2-deficient Treated and Nrf2-deficient Control. This profile
also includes genes induced by sulforaphanc; however, Nri2 docs not
regulate them. There were 59 gencs and 62 ESTs, of which the most
responsive genes were histone genes (H28 and F2.4: 5-fold) and
mouse immunoglobulin-active A-1-chain V-region (¥-J) gene (2.5-
fold).

Nrf2-dependent Genes. To identify the gene targets of Nrf2 based
on the transcriptional patiem of gene expression, we adopled a spe-
cific strategy of analysis that is depicied in Fig. 1. Qur analysis
revealed 77 up-regulated genes whose expression was influenced by
Nrf2 (Table 1). They can be classified into three different catepories
based on their dependenee on Nrf2, For basal expression, the expres-
sions of this class of genes were elevated in wild-type control mice
compared with nif2-deficicnt inice and were not cffected by sulfora-
phane in cither genotype, suggesting that these genes require Nrf2 for
their basal but not inducible expression. For inducible expression, this
subset of genes was elevated in the sulforaphanc-treated, wild-type
group relative to vehicle-treated, wild-type and srf2-deficient mice
and were nol induced in sulforaphane-treated, nrf2-deficient mice,
demonstrating their dependence on Nrf2 for induction. For basal and
inducible expression, this class of genes was elevated in vehicle-
trested, wild-type mice when compared with the mf2-deficient mice
and sclectively induced in response to sulforaphane in the wild-type
mice only. Thus, these genes are dependent on Nri2 for basal as well
as inducible expression. All genes belonging to these three groups are
presented in Table 1, together with fold change and mode of depend-
ence on Nri2. Genes clevated in the arf2-deficient, treated and nrf2-
deficicent, control comparison are considered to be Nrf2-independent
genes and are included as supplementary data al the web site,

We have further categorized the Nrf2 vp-regulated genes based on
their functions (Table 1). The majority of the up-regulated genes at the
inducible and/or basal level are associated with various metabolie
reactions (hydrolysis, teduction, oxidation. and conjugation with cn-
dogenous ligands: glutathione and glucuronide) involved in detoxica-
tion of electrophiles and free radicals. Antioxidative genes such as
glutathione peroxidase, glutathione reductase, ferritin, and hapraglo-

Nrf2 dependent
\| Bosel & Inducible

- [ e e

Js +

Inducible ganes |+

.+

| Basal genes

+
+

genes

bin and the genes encoding NADPH-penerating enzymes, i.e., glicose
S-phosphere deliydrogenase, mulic enzyme, and 6-phosphogliconate
dehydrogenase were also dependent on Nrf2 for expression.

Validation of Microarray Data by Northern Blot. Four well-
charcterized Nrf2 regulated genes, NOO!, GST Ya, yv-GCS(h), and
UGT 146 and two new genes identified by this screening, malic
enzyme and glutathione reductase, were sclected for verification of
the transcriptional changes wsing Northern hybridization. The fold
changes [NQOI, 2.5-fold: GST Ya, 2 fold; vGCS(h), 3-fold; UGT
146, 1.4-fold; malic enzyme, 1.8-fold; and glutathione reductase,
2-fold] in sulforaphane-treated, wild-type mice compared with veli-
cle-treated, wild-type miee are in close agreement with the oligonu-
cleotide array data (Fig. 24). Furthermore, lower expression of (hese
genes in arf2-deficient mice compared with wild-type mice is con-
sistent with the transcriptional changes observed by microarray.

Enzyme Assays of Sclected Genes. Six genes were selecied for
enzymatic assays (Figs. 28 and 3). NQO! and GST enzyme aclivities
were induced 1.6- and 1.3-fold, tespectively, by treatment of wild-
type mice with sulforaphane. Morcover, their basal activitics were
significantly lower in the untreated nrf2-deficient mice when com-
pared with (he untreated wild-type mice. Malic enzyme and glucose
6-phosphate dehydrogenase activities were induced lo 1.8- and 10.3-
fold, respectively, and there were significant differences in basal
aclivities between the wild-type and knock-oul mice. There was
1.3-fold differcnce in the basal activity of UDP-glucose dehydrogen-
ase between wild-type and nrf2-deficient mice, and significant induc-
tion was seen with sulforaphane treatment in wild-type mice, Car-
boxylesterase aclivity showed a modest induction of 1.3-fold in
response to sulforaphane only in wild-type mice (Fig. 3). In general,
the fold increases in enzyme activities were lower than those observed
for the increases in transcript levels,

DISCUSSION

Previous studies using biochemical and Northern blot analyses in
wild-type and nrf2-deficient mice have demenstrated that Nrf2 con-
trols the constitutive expression of antioxidative enzymes such as the
light regulatory subunit of y-glutamylcysteine synthetase, heme oxy-
genase 1. and peroxiredoxin MSP23 (29) and also mediates induction
of hepatic and intestinal NQOI and GST enzymes by buiylated
hydroxytoluene, oltipraz, and sulforaphane (8, 11). In the present
jnvestigation, we have compared the transcriptional profile of small
intestine of w2 wild-type and arf2-deficient mice with and without
sulforaphane treatment, a potent chemopreventive agent that activaies
the Nrf2 pathway (30), and idemified several new target genes that are
positively regulated at the basal and/or inducible level by Nrf2.
Interestingly, mest of the proteins that arc positively regulated through
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Table 1 Nef2 wp-regulated genes obrained from the screcuing
Nef2 repulaied

Group/Class snd nccession po. Cene expression”’ Fold change = SE
[Tvdrolysis
Y 12887 Carboxyl esterase B&! 152 *37andd £ 03
Ugea91 Epovide hvdrolase B&1 Hix loand 16 =01
M29961 y-(“hr.lmm!;u;mdu\r 1 L7 =015
Reduetion
U3t96h Carbonyt redhictase B 1.9 %4
AlTB4M94 A{i’arn.\m aldelivde redictaie” B 162 0.1
12961 N B&I 3I7202amd 24 202
04204 Aldase reductase (fibroblast growth factor regulared prolein) B&l 29 x02und 31 =02
ABO27125 Aldi-keto reductase 1 1L5=x0l
Omidation
Uuadi] Aldvhyde debydrogenase’ B 2402
L7235 Aldelvde delvdrogenase B 1L.7=01
ANRI5045 Momnamine oxidase” B 17201
Altu7481 Amina ovidase” i} 1.6=01
AASSLTID NADP-ddependen fakotreine B4 1 2-hydroxedelivdrogemiset B&I 1,7+ 0.0 and 2.5 & 111
CGlucuronidation pathway
X06358 UDP-ghieuronosylaransforase 2 faneif B RO =07
AF061017 UDP-glicose dehydrogennse B 1.5 =0l ,
Glutathione nsferases
AWI124337 Rat ghoathione S-iransferase™ B 1.9 =01
JOd6y6 GST class mou (GSTS-SP B 19=01
Al326397 GST AL2 {muscle)™ B 15 =0
AlR43448 Microsomal GST 3% B 1.7=01
JO3952 GST GTS. 7" B&l 27+ 02and 46 =02
Ju3953 GST GTR3" B&;} 6. = td and 24 = 0)
AlR41270 CGST i | B&I 47 03and 28201
X65021 GST ad® ' 1 49206
HO3958 GST w2 (Ye2)" I 16245
L0607 GST ok (Ya) 1 [REA|
AADI9832 Microsomal (8T 20 ! L& =]
Glutathione synthesis .
U95053 GUS. regulntory” I 24 =02
URS414 GCS. catalvtich 1 31 =04
Antioxidunts
Xol13v9 Cilwsrthione peraxidose B 1701
AVIYTYS0 Ferritin! B 16 =08
AlR41295 Haptaglohind B o=l
AlB51983 473 1 L7=01
Protective proteing .
AAR33514 Midtidruy resistunce projein’ B 1.6 =0.1
AWIOM HSP 30 thaad)” I 180l
NADPH regencrating enzymes
Z119n oD B 1.7=10.1
Ji2652 Mulic enzyme B 34=02
AWI1200625 6PGDIF 1 1L6=01
Metabolic cnzymes
AlT9931 Frichese bisphospharase' B 1L6=0l
UaTall Tromsaldolose 1 1L.5=01
U05R09 Transhemlase 1 15201
Inflammsatory suppressive gene
AWN4618] Clwencerticoid-reguluted kinuse? i L.7%01
Miscellancuous
Als4td064 Tevpiophan hydrolase” B L5 =l
Xo4R37 Ornithine antintransfirase B Ls5=a0l
ALR495K7 Calcivm chammel. veltuge dependent ] Lo
AlRA2432 Phoxphoglucomiiase” 8 1.7x0.1
AFOT1068 Aromatic amino acid decarhoxylose ] 1.9z 0l
AlH45584 Dual-specificiie protein trasine phosphatase 1 1.7=01
AJ2IR63G Nucleaside diphosphatase (ER-UDPase gene) i 1.9 =0.1
AFN4249] Membranc-gssociated progesterone receplor cotiponent 1 f6x01
EST (ununnatated)
AWI23697 B 1.6 201
AW125453 B 1.9=02
Al7R8959 . B 1.6=0.1

“ B. basal genc: |, inducible gene: B & 1, basal and inducible gene.
* CGienes contuining ARE. which are known fo he repulated by Nif2.
* Annotated ESTs.
< Cicnes with ARE.

Nef2 are implicated directly or indircetly in counteracting the cellular  egory of comparison, Our focus in the present investigation has been
stress induced by a wide spectrum of electrophiles and free radicals  only on genes that are positively regulated by Nrf2, because most of
{Table 1). the detoxifying phase 2 proteins depend on this transcription factor for

Fig. 1 depicts the strategy and the outcomes of the comparisons of their constitutive and or inducibie synthesis. The down-regulated
transcriptional profiles obtained from the different treatment groups.  genes in sulforaphane treated/vehicle control comparison using nif2-
The strategy we used of comparative analysis of transcriptional profile  deficient mice cannot be attributed fo Nri2; however, the role of Nif2
resulted in both up-regulated and down-regulated genes in each cat-  in the repression of these genes that are present exclusively in “wild
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Glotathiane reductase

B GST
* ()
70 4
25 | D control E o0 | O control
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Fig. 2. A. Northern blot analysis of mRNA levels of NQOT. GST (Ya), GCS th). UGT. malic enzyme, and ghitathione reduciasé in small intestine of wild-type |2 (4 741] and
nrf2-Geficicnt [mi2 (- #— )] mice treted with either vehicle feom oil) or sulfsraphane to show the basal and inducible expression. B, GST and NQO! activilies in the cvtosulic fraclions
of small intestine of wild-type it (+/+3] and apf2-deficient [y (—/=)] mice treated with vehicle (eorn oil} or sulforaphane, The sctivities ol both enzymes are clevaied only in
sulforaphane-trested w2 -+/+ mice. Values sepresent means (= 3% hars. SE. ». significaly prester (rom contml af same genotypes. P < 0.05 (analyzed by Student’s £ test).

type treatment/wild type control™ comparisons cannot go unnaticed. It Two major ceflular pathways of detoxication. i.e. glucuronidation
is reported that the balance in expression of Nrf2 and its small maf  and glutathione conjugation, appeared to be even more dependent on
binding protcins can affect the positive or negative regulation of some  Nrl2-regulated genes than thought previously. The glucuronidation
genes (31). pathway crhances the climination of many lipophilic xenobiotics and

Glucose-6-phosphate

dehydrogenase Malic enzyme
25 12
k-1
o * irol ] i0 O control
g c 20 [ control E c
& w 0 sulforaphane & F 3| @ sulforaphane
T 215 £ e
a, o
55 B2 e
z E 104 zE ,
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Fip. 3. Specific activities of selected enzymes in g £ & E =2
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wype [nef2 (+74+)) and nefd-deficient [rf2 (-1-)] Q L Q
mite treated with sulforaphane. The sctivities of atl Wild-type nrfl-deficient Wild-type npf2-deficient

of the enzymes ure ¢levated only in sulforaphane-
treated arf2 +f4 mice. Yalues represenl meuns .
(n = 3); hars, SE. #, sipnificantly greater {rom UDP-gliucose dehydrogenase Carboxylesterasa
contrul of same penotypes, P < 0.05 (analyzed by i

14
Student’s ¢ 1est). 2 0 O contrdd
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g c 2 1 * @ suforaphiane £ &0 £ sulraphone
£ E .
5 5355 .
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o o 32 2 400
i? 4. 8 £ a0
% E %<
- 200
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Nrf2 resulated detoxication/protective genes

Glucuronidation Glutathione detoxification
 Carbonyl reductass -
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Fig. 4. Probable nehwork of Nri2-regilaled genes involved in the detoxication process. #. penes conluining ARE that are known (o be regulated by Nrf2, =%, gences willh ARE.

v

endobiotics by conversion 1o more waler-soluble compounds. Glucu-
ronidation requires the cofactor UDP-glucuronic acid, and the reaction
is catalyzed by a family of UGTs, some members of which are
well-characterized Nrf2-regulated genes (32). In' the present investi-
gation, we found several new Nri2-dependent genes (rransketolase,
ransaldoluse, fincmse bisphosphatase, phosphogiucomiase, and
UDP-glicose defivdrogenase), which are associated with metabolic
pathways that may directly or indirectly aid the glucuronidation
process {Fig. 4). Transketolase and transaldolase catalyzes the forma-
tion of fructose-6-phosphate from the products derived from ribulose-
5-phosphate. Furthermore, fructose 1.6-bisphosphatase also catalyzes
the conversion of fructose 1,6-bisphosphate to fructose-G-phesphate.
Both these reactions may increase the influx of fructose-6-phosphate,
which afler conversion to glucose-G-phosphate forms glucose-
1-phosphate by the action of phosphoglucomutase (Fig. 4), The
UDP-glucose that provides the glucuranic acid for UGT-mediated
conjugation with xenobiotics is formed from glucose-1-phosphate by
UDP-glucose dehydrogenase.

GSTs constitute a family of enzymes that detoxify xenobiotics by
conjugating glutathione to a range of electrophilic subsirates, The
cytosolic GSTs are currently divided into at least eight classes on the
basis of their physical and chemical properties (33). In our study, we
have found several Nri2-dependent genes coding for isozymes of
GST, including GST mu (GSTS-5), GST i 1, GST GT8.7, GST

GT9.3, GST a3, GST a2 (Ye2), GST al (Yu). In addition, a few ESTs

that were homologous to human GST [GST M2 {muscle), microsomal
GST 3. and microsomal GST 2] and ra1 GST required Nif2 for cither
basal or inducible expression, -

Glutathione using genes such as GR and GPX [other than the
well-known Nrl2 targels, GST {33) and y-GCS (34)] were up-regu-
fated in wild-type mice. GR, which is involved in the production ol
reduced glutathione by using NADPH. is up-tegulated only in wild-
type sulforaphanc-treated mice, suggesting the role of Nri2 in its
induction, whereas GPX, which is involved in detoxifying various free

radicals and peroxides by consuming glutathione (35), was found to
be elevated only in the wild-type control mice, indicating the depend-
ence of N2 for basal expression. Lack of or low expression of all
these phitathione-associated genes in wrf2-deficient mice undoubtedly
makes them more susceptible to xenobiotic toxicities {12, 14).
Other than NQO1 (36) and epoxide hydrolase (3). which are known
Nrf2 targets, additional 1argets of xcnobiotic detoxication gencs reg-
ulated by Nrf2 obtained from the screening can be grouped as oxido-
reductase, hydrolytic, and oxidative detoxication enzymes. Carbonyl
reductase, aldose reductase (fibroblast growth factor regulated pro-
tein), aldo-keto reductase, and aflatoxin aldchyde reductase belong 1o
a class of NADPH-dcpendent oxido-reductases catalyzing the reduc-
tion of aldehyde and keto groups of several endogrenous and exoge-
nous compounds, The broad range of subsimtes includes acrolein,
4-(mmethylnitrosamino)-1-(3-pyridyl}-1-butanone, prostaglandins, ste-
roids, plerins, and biogenic amines (37-42). Carboxylesterase and
peptidases belong lo the hydrolytic class of detoxicalion enzymes.
Carboxylesterase hydrolyzes xenobiotics containing functional groups
such as carboxylic esters {procaine). amides (procainamide), and
thioesters (spironofactone; Ref. 43). Several oxidative cnzymes, such
as aldchyde dehydrogenase, monoamine oxidase, and amino oxidase,
are also regulated by Nrf2. ALDH enzymes are involved in the
oxidation of xenobiotic aldchydes (44) and also possess eslerase
activity. ALDH2, one of the genes identified in our investigation, is 2
mitochondrial enzyme that appears 1o be regulated by Nrf2. It is
primarily responsible for oxidizing simple aldehydes such as acetal-
dehydes (45). Interestingly, the presence of AREs in the 5" upstrcam
region of ALDH was shown recently (46). This observation is con-
sistent with our findings and supgests the positive regulation by Nrf2
on these classes of genes. Monoamine oxidase, an integral protein of
ihe mitochondria outer membrane is a flavoenzyme that is dependent
on Nrf2 for basal expression. It catalyzes the oxidation of structurally
diverse amincs and xenobiotics such as the neurotoxins 1-methyl-4-
phenyl-12,36-tetrahydropyridine (47). Leukotricne B, hydroxydchy-
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drogenase is another basal and inducible oxidoreductase regulated by
Nri2 that has been found 1o be effective in catalyzing the hydrogen-
ation and detoxication of wide variety of cytotoxic and mutagenic
a.B-unsaturated aldehydes and ketones that are major toxic cnviron-
mental pollutants and products of lipid peroxidation (48-50).

The genes coding for NADPH generating enzymes. such as
G6PDH and malic enzyme. were elevated only in the wild-lype
contro] ice, suggesting the dependence of these genes on Nrf2 for
basal expression. Recently, malic enzyme has been reported to contain
an ARE in its promoter region, which corroborates well with our
observation (51). However, another NADPIl-generating enzyme.
6PGDH, was up-regulated in wild-lype mice in response to sulfora-
phane, indicating hat its induction is mediated by Nri2 (52, 53).
Increascd formation of NADPH may prove to be beneficial because it
is involved in the microsomal monooxygenation of xenobiotics, re-
ductive biosynthesis, maintenance of redox state, and also acts as a
potent antioxidant (direct and indirect; Ref. 54). The hexose shunt
enzymes, G6PDH and 6PGDH, arc also responsible for generating the
ribose-5-phosphale necessary for nucleic acid biosynthesis and repair.
The coordinated expression of all of these genes involved in detoxi-
cation, antioxidant status. and repair suggests an important role for
Nrf2 in regulating the cellular defenses against carcinogenic chal-
lenges by increasing the reductive capacity of the cell. The microarray
data were verificd by the observed increases in enzyme activity of
G6PDH and malic enzyme in the intestine of wild- type mice treated
with sulforaphane (Fig. 3). Although the impact of Nrf2 genotype on
the transcript levels of the genes coding GOPDII and malic enzyme
appeared 1o be on basal expression, the activities of these enzymes
were elevated in wild-type mice by sulforaphane treatment (nearly
10-fold and 2-fold higher when compared with vehicle, respectively).
Also, there was significant inercase in G6PDH activity in nrf2-
deficient mice afler treatment with sulforaphane, suggesting that the
induction of this enzyme is partty controfled by other transeription
factors. k

Apart from enzymes, scveral cyloprotective proteins involved in
lessening electrophile toxicity and oxidative stress appear lo be reg-
ulated through Nrf2. Femritin (light chain), an antioxidant, known to
possess an ARE (55), requires Nrl2 for basal expression. HSP 40, a
cofactor for HSP 70, the expression of which is wp-regulated by a
variety of cellular stresses (56), requires Nri2 for induction. Another
antioxidant protein, haptaglobin, an acuie phase protein capable of
binding 1o hemoglobin, thus preventing iron loss and renal damage, is
also dependent on Nrf2 for basal expression (57). Multidrug resistance
protein is elevated only in wild-type control, suggesting that Nrf2
contribules 1o ils basal expression, Multidrug resistance protein is a
ubiquitously expressed protein with several physiological functions,
such as protection against heavy metal oxyanions, modulation of the
activity of ion channels, and transport of leukotricne C, and other
glutathione conjugates and glucurenides (58).

We have identified a number of Nef2-dependent genes (for either
basal or inducible expression) that are involved in different biological
functions such as ernithine aminotrunsferase [protects against ammao-
nia intoxication (59)], tryprophan hydrolase, aromatic aming acid
decarboxylase, nucleoside diphosphatase, putative membrane-ussoci-
ated progesterone receptor, and glucocorticoid-regulated kinase, The
screening also enabled us to identify genes that are induced in re-
sponse 1o sulforaphane but not regulated by Nif2 (genes up-regulated
in nrf2-deficient treated/nsy2-deficient control comparison).

The time of sampling point is very critical to monitor the transcrip-
tional activation of any gene. Probably in the present investigation at
the sclected sampling point {24 h afier the last dose), there may be
certain genes whose transcriptional activity might have retorned to
basal expression levels; such differential outcome between transeript

and protein levels has been observed with hepatic GST Ya in oltipraz-
reated rats (60). Similarly, with G6PDH and malic enzyme, enzyme
activities were high at the sclected fime point afier sulforzphane
{reatment, but the transcript levels were basal as determined by our
microarray data analysis, In addition to the dynamie influence of time
of sampling, potency and efficacy of different Nrf2 activators will
vary with chemical class and target tissue. Thus, studies of the
transcriptional profiles with different Nrf2 activators in various tissues
at a range of sampling points may result in identification of additional
sets of Nrf2-dependent gencs that our study is unable to reveal.

This study expands the scope of the positive, coordinated regulation
of a wide varicty of cellular defense proteins by Nrf2 and underscores
the potential of N2 activation as a strategy for achicving cancer
chemoprevention. The genes regulated by Nri2 include detoxication
enzymes as well as antioxidative and eytoprotective proteins that can
collectively alleviate the toxicities mediated by a broad range of
clectrophiles and reaclive oxygen species. Future studies aimed at
searching for AREs in the promoter of these target genes of Nri2 will
help in deciphering the direct and indirect role of this transcription
factor in these actions. In conclusion, this study expands the molecular
basis by which the cancer preventive agents such as sulforaphane
exerl protective efficacy against a broad specirum of exogenous and
endogenous toxicants. Furthermore, understanding of the downstream
molceular targets of these anticarcinogens will facilitate their devel-
opment and use in clinical interventions (61).
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Abstract

Background: The transcription factor Nrf2 and its
negative regulator Keapl play important roles in
transcriptional induction of a set of detoxifying and
anti-oxidant enzymes. To gain an insight into our
present enigma as to how cells receive oxidative and
electrophilic signals and transduce them to Nrf2, we
have developed a zebrafish model system for molecu-
far to:ucologlcal studles '

Results: We systemaucal]y cIoned zebraﬁsh cytopro-
tective enzyme cDNAs and found their expression
to be efficiently induced by electrophilic agents. We
consequently identified the presence of Nrf2 and
Keapl in zebrafish. Both loss- and gain-of-function

Introduction

Mammalian cells have developed two primary lines of
defence against electrophilic- carcinogen metabolites and
reactive oxygen species, the major causes of malignancy
and cellular damage. These lines of defence consist of
a high cellular level of anti-oxidants, such as glutathione

(GSH), and a family of phase II detoxification enzymes, -

including glutathione S-transferases (GST) and NAD(P)H:
quinone oxidoreductase (NQO1). Several lines of evid-
ence indicate that an elevation in the levels of phase II
enzymes and GSH protects against chermiical carcinogens
(Talalay et al. 1995). A wide variety of chemical agents
can induce the transcription of phase 11 and anti-oxidant
enzymes and genes encoding GSH biosynthetic enzymes,
such as Y-glutamyleysteine synthetase (YGCS), which
catalyses the rate-limiting reaction in de novo GSH
synthesis. These inducers include oxidizable diphenols and
quinones, Michael reaction acceptors, isothiocyanates,
trivalent arsemcals and hydroperoxides. Intercsttnbly,
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analyses demoristrated that Nrf2 is the primary
regulator of a subset of cytoprotective enzyme genes,
while Keap1 suppresses Nrf2 activity in zebrafish. An
ETGE motif, critical for the Nrf2-Keap1 interac-
tion, was identified in the Neh2 domain of Nrf2
by reverse two-hybrid screening and found to be
indispensable for the regulatlon of Nrf2 act1v1ty in
zebrafish, = -

Conclusion: Taken together, these results indicate that
the Nrf2-Keapl system is highly conserved among
vertebrates and that the interface between Nrf2 and
Keapl forms an important molecular basis of this
regulatory system.

these inducers do not share any substantial similarity in
their structures, but they are all electrophiles capable of
reacting with sulfhydryl groups.

Extensive biochemical analyses on the regulatory regions
of genes encoding phase I enzymes revealed that the
inducible expression is primarily mediated by a ds-acting
regulatory sequence known as the anti-oxidant respons-
ive element (ARE), or electrophile-responsive element
(Primiano et al. 1997). Several years later, we discovered
Nrf2 in our quest for transcription factors that bind to
the ARE. Ntf2, a2 member of the Cap’n’Collar (CNC)
family of transcription factors possessing a basic region-
leucine zipper (bZip) structure, targets the ARE zand
transactivates genes encoding phase II enzymes (Itoh
et al. 19992a; Hayes et al. 2000). This idea was supported
by the severe impairment observed in the electrophile-
induced activation of a battery of phase II enzymes and
GSH biosynthetic proteins in viable Nrf2-deficient
mice ([toh et al. 1997; Ishii et al. 2000; McMahon et al.
2001). Moreover, it has recently been demonstrated that
Nrf2-deficient mice are highly sensitive to carcinogen
and/ or oxidative stress, For instance, Nrf2-null mutant mice
are susceptible to benzo[alpyrene-induced neoplasia in

Genes to Cells (2002} 7, 807-820
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the forestomach (Ramos-Gomez et al. 2001)," diesel
exhaust-induced hyperplasxa and oxidative DNA adduct

formation in the lung (Acki efal 2001), butylated :

hydroxytoluene-induced pulmonary injury (Chan &

Kan 1999), and acetaminophen-induced hepatotoxicity -

(Enomoto et al. 2001; Chan et al. 2001).

Our recent studies suggest that Nrf2 activity is control-

led by an interaction between N2 and a cytoskeleton-
associated protein called Keapl (Kelch-like ECH
Associating Protein 1)(Itoh ef al. 1999b). Nrf2, which
is normally localized in the cytoplasm, translocates to
nuclei when cells are exposed to electrophiles. Even
in the absence of an electrophilic exposure, forcing the
expression of Nrf2 in cultured cells by-passed its
cytoplasmic regulation, allowing Nrf2 to induce ARE-
dependent gene expression. This induction was reduced
by the simultaneous over-expression of Keap1 and de-
repressed in the presence of electrophiles. These findings
indicate that Ntf2 and Keap1 play ctitical roles in the
induction of phase I enzymes and thus protection against
malignancy.
. Unravelling the molecular basis of -the enzymatic
induction defence mechanism will greatly accelerate the
search for non-toxic cancer chemoprotective agents
that potently induce phase II enzymes (Fahey & Talalay
1999; Kensler et al. 1999). The most important issue for
solving this mechanism is a clarification of the regulatory
mode of Nf2 activation. For instance, what is the sensor
molecule for a wide variety of electrophilic agents and
how does this sensor transduce signals to Nrf2?

The zebrafish Danio rerio has emerged as an excellent
model organism in which to study vertebrate biology.
We hypothesized that zebrafish may serve as an excellent
model system for addressing issues of toxicology and
carcinogenesis, especially the molecular and genetic basis
of Nif2 activation. We know that GST genes can be
induced by trans-stilbene oxide in flatfish (Leaver ef al.
1993). Apart from that, however, little is known regard-
ing the transcriptional rcgulauon of phase II enzymes
and GSH biosynthetic proteins in fish.

We assumed that fish also possess the Nrf2- Keapl
systern for regulating enzymes that are cytoprotective
against toxic electrophiles. In order to ascertain whether
this regulatory mechanism does actually exist, we
isolated zebrafish GSTx, NQO1 and YGCS-h genes. We
found these genes to be highly conserved in the zebrafish
and its mammalian counterparts, indicating the import-
ance of this defence mechanism for animal life. We also
successfully isolated the zebrafish homologue genes of
Nrf2 and Keapl. To our expectation, treatment with
electrophiles and/or artificial Nrf2 expression'induced
gstp, ngol and 7Ygesh gene activation in zebrafish, but

808 Genes to Cells (2002) 7, 807820

- concomitant over-expression of Keap1 repressed Nrf2
from activating these genes. The important finding here is

. that the repressive fiinction of Keap1 was diminished by
a point mutation in Keap1 that abrogates its interaction
with Nrf2. These results therefore unequivocally
demonstrate that the Nrf2-Keap1 regulatory system of
the phase II and anti-oxidant enzyme genes is highly
conserved in vertebrates, from fish to mammals. The
zebrafish system seems to be particularly beneficial for
molecular mechanistic studies into the underlying toxi-
cology and carcinogenesis in vivo.

Results ‘

Induction of detoxxfymg and antl-oxxdant enzyme
genes by electrophﬂes in zebrafish

Rcccnt progrcss in zebrafish Expmsed Sequence Tags
(EST) projects led us to hypothesize that most of the
detoxifying and anti-oxidant genes known in mammals
may also exist in zebrafish. These genes include GST (a1,

it, T and 6), NQO1, UDP-glucuronosyltransferase, and
microsomal epoxide hydrolase. This knowledge further.
suggests that the regulatory mechanisms governing the
expression of detoxifying and anti-oxidant genes may
also be conserved between mammals and fish.

To address this important issue experimentally, we
attempted a molecular cloning of several cDNAs encod-
ing detoxifying and anti-oxidant enzymes in zebrafish.
We first isolated gstp, a T-class GST gene of zebrafish,
by exploiting EST database information to polymerase
chain reaction (PCR)-amplify a zebrafish cDNA library.
The percentage identity of deduced amino acid sequences
was higher between zebrafish GST# and rat GSTT (58%)
than between zebrafish GSTT and other classes of rat
GST proteins (¢, 29%; W, 29%; ©, 27%; 0, 19%).

We carried out a gstp expression analysis in zebrafish
larvae, either with or without electrophile treatment, by
the whole mount in situ hybridization method. Albino fish
were used in this analysis, because of their transparency
during early larval development. A strong induction in
gstp expression was observed in 7-day-old zebrafish larvae
treated for 6 h with 30 um of tert-butylhydroquinone
(tBHQ), a synthetic anti-oxidant metabolized. to an
electrophilic quinone in cells (Fig. 1A, right panel). In
contrast, no induction was observed in control larvae
treated with vehicle alone (Fig. 1A, left panel). Induc-
tion in gstp was also observed in larvae at 4 days of age,
but not in 24-h embryos (data not shown). Similarly,
RINA blotting analyses indicated that gstp expression
in larvae at 4 days old is markedly induced by tBHQ in
a dose-dependent (Fig. 1B) and time-dependent (Fig. 1C)

© Blackwell Science Limited
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Figure 1 Expression of phase II enzyme genes in electrophile-treated zebrafish larvae. (A) Ventral views of gsfp expression in 7-day-old
larvae after 6 h treatment wich 30 um tBHQ (+ tBHQ) or vehicle DMSO (Centrol, 0.3%). Induced expression of gstp was observed in
tBHQ-treated larvae, especially in the gill (open triangles). (B) RNA blot analysis using gstp and B-actin probes of total RNA from 4-
dzy-old larvae, which were treated with the indicated concentration of tBHQ for 6 h. Expression of gstp was induced at a concentration
of tBHQ above 10 [ in a dose-dependent manner. {C) RINA blot analysis using gstp and B-actin probes of total RNA from 4 day-old
larvae which were trzated with 30 pum tBHQ for the indicated times. Induction became apparent after 6 h. (D) RINA blot analysis using
gstp and B-actin probes of total RNA from 4-day-old larvae which were treated with 30 um tBHQ or 100 pm DEM for 6 h, (E) RT-
PCR. analysis using specific primers for gstp, ngo1, esh and P-actin of total RNA from 4-day-old larvae which were treated with 30 jm
tBHQ or vehicle for 6 h. The numbers indicate reacdon cycles performed in the PCR.,

manner. These results, therefore indicate that gstp gene
expression is inducible by tBHQ in zebrafish.

To test whether other electrophilic agents can induce
gstp expression, we treated zebrafish larvae with diethyl-
maleate (DEM) 100 pim, and analysed the gene expres-
sion. by RINA blot .analysis. As expected, the GSTR
mRNA level was increased by DEM (Fig. 1D), suggest-
ing that detoxifying and anti-oxidant enzymes in fish can
be induced in response to a wide vanety of clcctroph.lhc
agents. = .

We also cxan’uncd whethcr tBHQ can induce other
detoxifying and anti-oxidant enzymes, including GSH
biosynthetic enzymes: For this purpose, we isolated
two additional zebrafish cDNAs encoding NQO1 and
YGCS-h by -a similar strategy used to isolate GSTrn
¢DNA.These zebrafish cDINAs showed a high amino acid
sequence identity to rat NQO1 protein (51%) and the
catalytic subunit of YGCS (71%).The expression of ngod
and. Yoesh genes was markedly induced by «BHQ in
zebrafish larvae when examined by RT-PCR. (Fig. 1E).

© Blackwell Science Limited

These results further support the notion that the regu-
latory system responding to electrophilic agents by
inducing the expression of detoxifying and anti-oxidant
enzymes is common among vertebrates,

Identification of the zebrafish Nrf2

The induction of detoxifying and anti-oxidant genes by
tBHQ .2nd DEM in zebrafish implies that the Nrf2-
Keapl regulatory system extsts in fish. Indeed, we found
a cDNA related to Nrf2 in the EST database. To clarify
this point therefore, we set about and successfully
isolated full-length cDINA clones corresponding to the
zebrafish EST clone. The deduced amino acid sequence
identity between the zebrafish Nrf2-related clone and
mouse Nrf2 is only 46.7%. Two highly conserved domains
are present in the human and chicken Nrf2 proteins: the
Neh2 dormain (Nrf2-ECH bomology)(Itoh ef al. 1999b)
and the CNC-type bZip (or Neh1) domain. We found
the sequence identity between the Neh2 domains of

Genes to Cells (2002) 7, 807—-820
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Figure 2 Comparison of zebrafish and mouse Nrf2 proteins, as
predicted from their c€DNA sequences. (A) Percentages of amino
acid sequence identities in the Neh domains between zebrafish
and mouse Nrf2. Nucleotide sequence data of zebrafish nrf2 have
been deposited in the DIXB]/ EMBL / GENBANRK databases with
the accession number AB081314. (B) Phylogenetic tree of CNC
family proteins. Amino acid sequences in the CNC-bZip pro-
teins were analysed, The tree was constructed by the NJ method
{Saitou & Nei 1987) using the CrusTal W program (Thompson
et al. 1994). Abbreviations: ¢, chicken; d, Drosephila; h, humadn; m,
mouse; z, zebrafish. Scale bar, genetic distance.

zebrafish and mouse Ntf2 proteins to be 66% and that of
the CNC-type bZip (Neh1) domains to be 71% (Fig. 2A).
From this high sequence identity between the zebrafish
and mouse Nrf2 domains, we concluded that the gene
we-isolated encodes zebrafish Nrf2 and we will refer to
this gene as zebrafish n1f2. The functional analyses conducted
in this study further supported this conclusion (below?.

Phylogenetic trees based on comparisons among the
CNC-bZip domain structures unequivocally indicated
that zebrafish Nif2 belongs to the Nrf2 subfamily rather
than to the other CNC subfamilies, such as NF-E2 p45,
Nl or Nif3 (Fig. 2B). Intrigningly, zebrafish Nrf2
contains a Neh4 domain (Fig. 2A), a domain conserved
only among the Nrf2 subfamily, with 45% 1denuty to the
mouse Neh4 scquf:ncc (Katoh et al. 2001)

Nrf2 is essential for gstp inducton by tBHQ

Recently, an in vive gene tafgeting strategy using mor-
pholino phosphorodiamidate oligonucleotide (MO) was

810 Genesto Cells (2002) 7, 807-820
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established and has been successfully utilized in zebrafish
(Ekker & Larson 2001). To examine.whether Nrf2 is
responsible for the inducible expression of detoxifying
and anti-oxidant enzymes by electrophiles in zebrafish
larvae, we exploited MO to reduce the endogenous
expression level of Nrf2. We designed a specific MO for
zebrafish Nrf2 mRNA (MO-nrf2) and injected it into
zebrafish embryos to examine its effect on the expression
of Nrf2-target genes (Fig. 3A). Day 4 larvae developed
from MO-nrf2 or mock-injected embryos were treated
with tBHQ (30 1) or vehicle alone for 6 h and after the
tBHQ treatmént, the gstp expression in the larvae was
analysed by RINA blotting analysis (Fig. 3B) or by in Situ
hybridization (Fig. 3C). In both cases, gstp expression
was efficiently abolished by the MO-nrf2 treatment of

. embryos. These results indicated that Nef2 is essential for

the inducible expression of gstp by tBHQ.
The important findings from this analysis can be

~ summarized into three points. Firstly, based on both

structural and functional criteria, zebrafish Nrf2 1s
an authentic homologue of mammalian Nif2. Secondly,
N2 regulation of detoxifying and anti-oxidant genes
appears to be highly conserved among vertebrates.
Thirdly, Nrf2 might not be crucial for early morpho-
genesis in zebrafish, as most of the embryos injected with
MO-nrf2 executed normal development (Fig. 3C and
data not shown). This observation is consistent with
studies in rodents, in which Nrf2-deficient mice develop
normally and are fertile (ftoh et al. 1997; Chan ef al. 1996).

Nrf2 is a transcriptional activator in zebrafish
embryos

We examined the transactivation activity of .zebrafish
Nrf2 by co-injection of firefly luciferase (Luc) reporter
DNA and synthetic capped RINA providing zebrafish
N1f2 expression. We used pRBGP2 as a testing reporter,
which contains three copies of ARE (or NF-E2 binding
sequence) tandemly upstream of the rabbit B-globin
basal promoter (Igarashi et al. 1994). After co-injecting
pRBGP2 and Nrf2 mRNA into zebrafish embryos at
the one-cell stage, the Luc activities of the whole cell
extracts were measured at mid-gastrula. Luc expression
was dramatically enhanced in embryos over-expressing
INrf2 compared to that in embryos injected with the
reporter gene alone (approximately 75-fold; Fig. 4). This
activation was not observed when we used pRBGP3 a
reporter construct lacking the ARE sequences.

We recently showed that the Neh4 and Neh5 domains
(see Fig.2A} of the mouse Nef2 protein bind cooper-
atively to the transcriptional co-activator CBP (CREB
binding protein) and act synergistically to attain a
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Figure 3 Effect of MO-nrf2 on the tBHQ-
induced gstp expression. (A} Scheme of
experiment. MO-nrf2 was injected into
embryos at the one-cell stage. After 4 days,
embryos were treated with either tBHQ
or DMSQ (Control or Con) for 6 h.
{B) RNA blot analysis using gstp or B-adtit
probes of total- RNA from - MO-nrf2
(4.5 ng) or mock injected larvae. (C) In situ”
hybridization analysis of MO-nri2 (9 ng)
or mock injécted larvae using a gstp probe.
The same expression pattern was observed
in ali tested larvae (n = 10 for each condidon).
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Figure 4 Effectof Nrﬂ—over—expresswn on AR_E-rcguIated gene
expression in zebrafish embryos. 50 pg of reporter constructs were

co-injected with 100 pg of wild-type or mutant Nrf2 mRNA into
yolk at the one-cell stage. Luc activity of pRBGP2 or pRBGP3
in the absence of Nif2 derivatives {denoted as ) was set at 1.
Standard dlevmtlon values are shown bg bars.
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Conserved regulation of cytoprotective genes

B Mock MO-nri2

tBHQ Con tBHQ Con .

gstp

p-actin’

maximum transcriptional activation in mouse hepatoma
cells (Katoh et al. 2001). Since zebrafish Nrf2 possess both
Neh4 and Neh5 domains (data not shown), the latter of
which includes the FXE/DXXXL sequence known as a
CBP binding motif in E1A. protein (O’Connor et dl.
1999), it is quite plausible that these two domains also
play a role in transactivation in zebrafish. The contri-
bution of the Neh4 and Neh5 domains to the transacti-
vation activity in zebrafish embryos was assessed using
synthetic mutant mRNA for zebrafish Nrf2 in which
the Neh4 and Neh5 domains were deleted (AN4IN5).
Over-expression of AN4NS resulted in insignificant
trarisactivation of the pRBGP2 reporter gene (Fig. 4),
indicating that the Neh4 and Neh5 domains of zebrafish
Nrf2 are ﬁmdamentally important for transcrlptlonal
activation.

Nrf2 over-expressxon induces detox1fymg and .
antl-ox1dant enzymes i in zebraﬁsh embryos

It has bcen dafﬁcult to monitor the transactivation of
en_gi_ggcnous target genes by Nrf2 in cultured cell lines
(unpublished observations). One possible explanation is

Genes to Cells' (2002) 7, 807-820
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