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FiG. 7. Activation of ARE reporter genes by 6-HITC. 4, struc-
tures of constructs used for transfections. B, time-dependent activation
of ARE reporter genes by 6-HITC. Either pGSTAI-Lue, pNQO1-Lug, ot
pRBGP3 reporter plasmids were transfected into RL-34 cells, After
transfection, the medinm was changed to fresh medium, and the celis
were freated with Me,SO or 5 uM 6-HITC. Lnc activity of the each
reporier transfiection in the absence of the cliemical reagents was arbi-
trarily set to 1 and the mean values of three independent experiments,
each carried out in duplicate, are shown with the standard error of the
means (S.E.).

zymes, the nrf2-deficient mice were exposed to the isothio-
cyanates, and the induction of the phase II enzyme gene ex-
pression was examined. The mRNA levels of the hepatic
GSTP1, NQO1, and ¥GCS heavy chain and light chain were
measured 28 h after a single administration of 6-HITC (15
wmol) or vehicle to female wild-type and rrf2-disrupted mmice.
As shown in Fig. 9, the mRNA levels of phase II enzymes were
significantly increased by treatment with 6-HITC, while this
induction was completely abrogated in the nrf2-deficient mice.
Taken together, these data suggest that 6-HITC induces the
ARE-mediated gene expression of the phase II enzymes via a
Nrf2-dependent mechanism.

DISCUSSION

FEpidemiologieal studies have demonstrated that the con-
stumption of cruciferous vegetables is associated with a lower
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Fi1G. 8. Activation of Nrf2. A, induction of nuclear translocation of
Nrf2 by 6-HITC. Panels: A, untreated control; B, 2 h after 6-HITC
treatment. The RL34 cells were fixed in 2% paraformatdehyde and 0.2%
picric acid and immunostained with anti-Nrf2 antibody. Images of the
cellular immunoflusrescence were acquired using a confocal laser gean-
ning microscope. B, 6-HITC induces Nrf2 pratein accumulation in the
RL34 cells. Lamin B represents a control Lo demonstrate that equal
amounts of proteins were probed in the immunoblot analysis,
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Fic. 9. 6-HITC induces phase IT gene expression in mouse liver
in an Nrf2-dependent manner. Either the wild-type (fanes -6} or
nrf2 (—/—) niice were treated with 6-HITC for the indicated periods.

incidence of cancers (29-31). An important group of compounds
that have this property are organosulfir compounds, such as
the isothiocyanates, The isothiocyanates are compounds that
cccur as glucosinolates in a variety of crucifercus vegetables,
such as Brussice species. Glacosinolates are found in the cell
vacuoles of various plants in the family Cruciferae such as
horseradish, mustard, broeaeli, and wasabi. When plant cells
are damaged, glucosinolates are hydrolyzed by myrosinase
{thioglucoside glucohydrolase, EC 3.2.3,1), which is also pro-
duced in the same family, and produce isothioeyanates. It is
known that wasabi contains iscthiocyanate components, such
as allyl isothiocyanate, 6-HITC, 7-methylthioheptyl isothiocya-
nate, and 8-methylthiooctyl Isothiosyanate (32). These isothio-
cyanates have been suggested to have important medical ben-
efits, They not only inhibit microbes, but can also belp treat or
prevent blood clotting and asthma (33). Many isothiocyanates
are also effective chemoprotective agents against chemical car-
cinogenesis in experimental animals. The isothiocyanates have
been shown to inhibit rat hmg, esophagns, mammary gland,
liver, small intestine, colon, and bladder tumorigenesis (34—
87). It has been suggested that the anticarcinogenic effects of
isothiocyanates are closely associated with their eapacity to
induce phase II detoxification enzymes and to inhibit phase I
enzymes that are required for the bicactivation of carcinogens.
Indeed, some of the isothiocyanates have beenr shown to inhibit
cytochrome P450 and increase the carcinagen excretion or de-
toxifieation by the phave II detoxification enzymes (38-40).
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Many natural isothiocyanates derived from cruciferouns vegeta-
bles and some fruits have been shown to induce phase TI en-
zymes in cultured cells and rodents (41-43). Recently, sulfora-
phane has been isolated from broceoli as the major inducer of
phase II enzymes with potent in vive chemopreventive proper-
ties (6, 14, 15). In addition, sulforaphane was found te inhibit
the eytochrome P450 isozyme 2E1, which is responsible for-the
activation of a variety of genotoxic chemicals (43).

On the basis of its structoral similarity to sulforaphane, the
GST-inducing potencies of 6.HITC and sulforaphane were an-
ticipated to be equally potent. However, the structure-aclivity
relationship study revealed that the inducing potencies of
G-HITC was significantly greater than that for sulforaphane
(Fig. 2). This was also the case in the animal experiments, in
which the hepatic GST activity was induced more potently by
6-HITC than by sulforaphane (Fig. 5). The structure-activity
relationship study also indicated that the isothiocyanate moi-
ety is essential for the induction of GST activity (Fig. 2). Tala-
lay et al. (7) have suggested that the inductive ability of various
alky] and aromatic isothiocyanates dependent on the presence
of one hydrogen on the sdjacent carbon to the isothiocyanate
group and that tautomerization of the methylene-isothiocya-
nate moiety to a structure resembling an «, p-unsaturated
thioketone may be important for inductive activity. However,
the present study demonstrated that the methylthicalkyl iso-
thiocyanates were less potent inducers than their S-oxidized
forms (Fig. 2). The methylsulfinyl group, in addition to the
isothiocyanste group, of 6-ILTC is therefore suggested to be
involved in its inductive activity. Although the reduced potency
of the methylthioalkyl isothiocyanates may be simply duve to
their high volatility, it is not unlikely that the electron-with-
drawing potentials of both ihe sulfiny] or sulfonyl groups may
affect the signaling mechanism in the phase IT induction.

To confirm that 6-HITC is absorbed infe the body following
its oral administration, the plasma level of 6-HITC andfor its
GSH adduct was analyzed by the cyclocondensation assay,
which provides a valid measurement of isothiocyanates or their
dithiocarbamates, i.e. GSH derivatives (23). As shown in Fig. 4,
it was revealed that 6-HITC was utilized very rapidly, reaching
a maxiomun level within 30 min. Thus, 6-HITC is absorbed and
rapidly enters the circulatory system. The plasma concentra-
tion of the isothincyanate began to decrease after 30 mwing
however, this decrease was relafively slow. Zhang and Talalay
(28) have recently proposed that the induction of phase II
enzymes by isothiocyanates depends on their infracellular lev-
els of accurmilation in the cells. Therefore, the prolonged acau-
mulation of 6-HITC in the circulatory system may also corre-
fate with its phase II inducer potencies.

1t is notable that 6-IINT'C specifically accelerated the produe-
tion of GSTA! and GSTP1 isozymes in vitro and in vive (Figs.
8 and E). The increase in GST activity by treatment with
6-HITC may, therefore, be largely attributable to the elevated
synthesis of these isozymes. The class &« GSTs represent the
most abundant GST isozymes in the liver and kidney. It has
been shown that a small increase in the class « GSTs is linked
te a 80% decrease in the levels of the DNA adduct formation
with aflatoxin Bl, a liver carcinogen that is specifically detox-
ified by these isozymes (44). A recent study using transgenic
mice lacking the class = GSTP1 has demonstrated that this
class of GST is also involved in the metabolism of carcinogens,
such as 7,12-dimethylbenzle]anthracene, in mouse skin and
has a profeund effect on tumorigenicity (4). These data suggest
that beth isozymes may represent the important determinants
in cancer susceptibility, particularly in diseases where expo-
sure to pelycyclic aromatic hydrocarbons is involved.

In early studies of the stress response system, a wide variety
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of phase I detoxification enzymes inducers were found to be
electrophiles. Although the primary target of 6-HITC is still
unknowr, there is evidence that the intracellular level of GSH,
regulating the redox state of the cell, may be an important
sensor for the initiation of the cellular response to various
eompommds. In fact, the intracellular GSH levels of RL34 cells
were readily reduced by treatment with 6&HITC? Interest-
ingly, the amount of GSH began to recover and increased to
over the basal level, indicating that the cell responded to the
GSH depletion. Because GSH is important in metabolism and
enzyme regulation as well as the detexification of cytotoxic
materials, the level of intracellular GSH is a critical parameter -
for a signaling cascade for the induction of phase IT enzymes by
6-HITC. On the other hand, it has also been shown that the
gene expression of GSTA1 is related to the intracellular oxida-
tive stress presumably mediated by reactive oxygen species or
the pro-oxidative potential of GSTA1 inducers (45, 46). In ad-
dition to GSTA1, oxidative stress has been reported to enhance
the expression of genes encoding other antioxidant enzymes, -
including the +GCS (47), heme oxygenase (48), and heat shock
protein 90 (49). Thus, it is increasingly recognized that an
adequate amount of oxidative stress stimmnlates a variety of
signal transdnetion pathways under eircumstances that do not
result in cell death.

The transeriptional activation of the phase 11 enzymes has
been traced 1o a cis-acting transcriptional enhancer called ARE
{26}, or alternatively, the electrophile response element (27). it
has been shown that the transcription factor Nrf2 positively
regulates the ARE-mediated expression of the phase I detox-
ification enzyme genes. Ifoh et al. (24) have recently estab-
lished by gene-targeted disruption in mice that Nrf2 is a gen-
eral regulator of the phase II enzyme genes in response to
electrophiles and reactive oxygens. More recently, the general
regulatory mechanism underlying the electrophile counterat-
tack response has been demonstrated in which electrophilic
agents alter the interaction of Nrf2 with its repressor protein
{Keapl), thereby liberating Nrf2 activity fromi repression by
Keap 1, culminating in the induction of the phase IT enzyme
genes and antioxidative stress protein genes via AREs (28). It
has been suggested that the dissociation of Nrf2 from Keap I
may involve modifieation of either one of these proteins and
could be achieved by direct or indirect mechanisms. For exam-
ple, NIf2 can be phosphorylated by components of the MAP
kinase cascade (50}, which eould result in its dissociation. On
the other hand, Dinkova-Kostova et af. (51) have provided an
alternative possibility that the dissociation of this complex may
be potentiated by the direct interaction of electrophilic agents
with reactive thicl residues in either of the two proteins. This
hypothesis is supported by the strong relationship between the
potency of the agents as inducers of the gene expression
through the ARE and their rate of reaction with sulfhydryl
groups. This mechanism implies that the inducing agent will
becoine eovalently bound either to Keap I or Nrf2. Thus, our
findings that (i) 6-HITC induced a significant increase in spe-
cific binding to the ARE (Fig. 7), (ii) 6-HITC activated Nrf2
(Fig. 8), and (iil) negligible inducibility in rrf2-deficient mice
was observed {Fig. 9) suggest that 6-HITC may dircctly or
indirectly act on the Keap 1/Nrf2 complex and activate ARE.

In eonclusion, to identify novel cancer chemopreventive
agents from plants, we screened extracts from a variety of
commonly consumed vegetables on the basis of the GST-induc-
ing effect and found that wasabi, which is known to have a
variety of medical benefits, ineluding the prevention of blood

2 Y. Morimistu, ¥. Nakagawa, and K. Uchida, unpublished observa-
tion.
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clotting, asthma, and even cancer, was the richest source of
inducers. An analysis of the wasabi extracts demonstrated that
6-IIITC, the major isothiocyanate compound in wasabi, is the
principal GST inducer. Moreover, we established the GST in-
ducing potency of this compound not only i vitro but also in
vivo. These and the previous findings that 6-HITC has an
inhibitory effect on the growth of human stomach tumor cells
and on skin carcinogenesis of mice induced by 12-O-tetradeca-
noylphorbol-13-acetate (52) suggested that this isothiocyanate
may be a chemoprotector againat tumors evoked by a number of
chemical carcinogens and can be regarded ar a readily avail-
able promising new cancer chemopreventive agent.

" Acknotwledgments—We thank G. Inoue Kinjirushi Wasabi Co. Ltd.)
for providing us all kinds of wasabi researeh samples.
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Whether single cells immunohistochemically positive for
glutathione S-transferase Pi-1 (GSTP1-1) induced in the
female monse liver by DEN (Hatayama et al, Carcino-
genesis, 14, 537-538, 1993} are precursor initiated cells of
prencoplastic focl, is of importance in chemical hepatocarci-
nogenesis. Nrf2 transactivates a wide variety of ARE (anti-
oxidant response element)-mediated enzymes including
GSTP1-1. Quantitative examination revealed that the basal
expression of hepatic GSTP1-1 was 60% lower in Nef2
gene koock-out female mice™ than in wild type females,
and that treatment with butyrated hydroxyanisole (BHA)
increased by 10-fold GSTP'1-1 expression in the liver of
wild type female mice but not in knockout female mice-.
Despite the lack of Nrf2, GSTP1-1-positive single cells were
detected in livers of DEN-treated female™ 3 months after
treatment. Subsequent BHA feeding to the positive cell-
hearing females for one more week clearly showed that the
single cells were detectable with females™ but not with
females*t/+:+/~ due to the strong induction of GSTP1-1
in the surrounding hepatocytes. The sensitivity to DEN
hepatocarcinogenesis was not significantly different among
genotypes, These results demonstrate that Nef2 is regu-
latory in normal bepatocytes but not in the single cells
positive for GSTP1-1 inducible in the female monse liver
by DEN. The transcriptional distinction observed for the
DEN-transformants is suggestive of a preneoplastic charac-
ter of precursor initiated cells.

" Introduction

Whether single cells immunohistochemically positive for
glotathione S-transferase P1-1 (GSTPI1-1) induced in the rat
and mouse livers by DEN (1-3) are precursor initiated cells
of prencoplastic foci (4,5), remains to be elucidated. The Pi
class GST is one of the most up-regulated enzymes in
preneoplastic and neoplastic cells in various mammalian
species (6-9). We were the first to demonstrate that injection

Abbreviations: BHA. 3()-+butyl-4-hydroxyanisole; DEN, N.N-diethynitrosa-
mine; GSTP1-1, ghutathione S-transferase (GST) P1-1 species; single cells,
GSTP1-1 positive single cells.
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of a single dose of diethynitrosamine (DEN) results in the
appearance of single cells and mini-foci heavily positive for
GST-P {GSTP1-1) in the rat liver within 48 h of injection
(1.2). Similar cells have also been detected in the liver of
female mouse by us (3). Based on the phenotypic identity
and other features, the DEN-transformant cells are considered
to be precursors of preneoplastic foci (1-3.10). In order to
characterize the possible initiated cells further, the mouse
expression system is advantageous for several reasons. For
example, the single cell populations are stably and reproducibly
detectable in female livers over a period of >3 months. As a
matter of course, gene knockout technology is applicable to
the experimental animal system.

The GSTP1-1 expression can be tentatively classified into
two types; a specific induction in prencoplastic and neoplastic
cells by chemical carcinogens, and non-specific induction by

" non-carcinogenic agents such as anti-oxidants (7.8). In fact,

GSTP1-1 is overexpressed in the normal male liver, and its
concentration is ~10-fold higher than in the female liver. The
Pi class species is indueible in the female up to the level seen
in males following 1-2 weeks treatment with the antioxidant
BHA (12-14). The enzyme level also changes markedly upon
castration (15-17). :

The 5'-upstream regions of the genes of the Pi class species
of rat, mouse, and buman, are fairly different to each other
indicating that these marker specjes are similar but differently

" regulated under physiological conditions {19-21). The trans-

activating factor Nrf2 (NFE-2 related factor 2), which belongs
to the leucine zipper (bZip) transcription factor family. has
been implicated as a key molecule involved in ARE (anti-
oxidant response element)-mediated gene expression of
enzymes and proteins, especially phase I drug-metabolizing
enzymes including glutathione S-transferases (15-17).

In an attempt to deterinine the characteristics of GSTP1-1-
positive single cells, we used quantitative assays to examine
the regulatory roles of Nrf2 with the gene-disrupted animals.
Specifically, we examined the basal and inductive expression
of GSTA3-3, GSTMI-1 and GSTPI-1. induction of GSTP1- -

- l-positive single cells, and the response to the carcinogenic

agent DEN in Nrf2 knockout mice.

Materials and methods

Chemicals

DEN, BHA, 2,4-dinitro-1-chlorobenzene (CDNB), and 1,2-dichloro-4-nitro-
benzene (DCNB), were purchased from Wakoe Chemical Co. (Tokyo). All
other chemicals were obtained from commercial sources and were of high
reagent grade.

Animals and diets

Nri2-disrupted male and female mice were prepared as reported previously
(20} and wild type CD-1 mice, aged 5 weeks, were obtained from CLEA
(Tokyo). The animals were maintained at the Institute for Animal Experiments
of Hirosaki University and all animal experiments followed the Guidelines
for Animal Experimentation of Hirosaki University.

Assays for glutathione-S-transferases '

GSTs were assayed using CONB, DCNB and ethacrynic acid as substrates in
100 mM NaJdiPQ,, pH 6.5 at 25°C, using the method described by Habig
et ol. (22). Qumene hydroperoxidase was assayed as described by Wendel (23),
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Table ¥ Hepatic GST activities in male and females of Nrf2-gene disrupted mice

Enzyme sctivity (umits/g.w.w.)

CDNB* GSTA3-3Y GSTM1-1° G4TP1-14
Males
+I+ 772 x 133 (100 = 17.2) 384 + 6.3 (100 * 164 11.2 + 1.8 (100 = 16.1) 55.0 * 11.2 (100 * 20.4}
+i- 464 = 103 (60.1 = 13.3) 36.0 £ 4.7(93.7 = 131y 4.25 £ 04 (37.9 % 3.6) 455 £ 3.8 (827 + 6.9)
—I= 268 = 55(347 £ 1.2) 248 = 2.5 (645 £ 10.3) 1.03 £ 0.16 (92 = 14) 3.3+ 38(569 * 69)
Females .
+IF 205 = 357 (100 = 174) 382 * 6.4 (100 = 16.9) 5.6 * 0.67 (100 = 21.6) 6.8 = 1.2 (100 = 17.6)
+f- 129 * 71.8 (62.9 + 35.0) 332 £ 22(869 * 66) 3.91 £ 1.06 (69.8 + I8 3.6 = 0.7 (529 £ 10.3)
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_I_

100 * 6.0 (8.8 % 3.0)

259 * 1.0{672 £ 41)

1
7 + 0.25 (28.0 * 4.6)

3.85 £ 0.52 (566 = 1.6)

Isozymes were assayed in three to four mice in each group.

Total activity assayed with CDNB: Peumene hydroperoxide activity; “DCNB activity; Seibiacrynic acid activity.
Values are mean = SD and those in parentheses are percentages, relative to the actjvity in the corresponding wild type.

Quantitation of GST isozymes

Amntibodies against the three major forms, GSTA3-3, GSTMI1-1, and GSTP1-1,
were raised m rabbits and the protein content of each isozyme was quantitated
by the single radial immuonoediffusion method (SRID) as described previ-
ously (7,18). '

DEN hepatocarcinagenesis

Nif2-disrupted homozygous males™ were mated with the beterozygous
females**~ to obain o number of hetero- and homozygotes (20). Newborn
mice received a single intraperitoneal injection of DEN (10 mg/kg body wi)
when 15 days old. The animals were fed basal dict ad /libikem and killed at 3
and 6 months after treatment. The livers were quickly dissceted and removed,
and then fixed in ice-cold acetone,

Imumunohistochemical staining )

Tmmunohistochemical staining was carried out by the avidin-biotin-peroxidase
complex (ABC) method (24),

Statistical analysis

All data were expressed as mean £ SEM. Differences between groups were
exumined for statistical significance vsing the Student’s f-test.

Results
Hepatic GST isozyme expression in Nif2-gene disrupted mice

Basal expression of hepatic GSTs.  Hepatic GST levels
in knockout*~ 7~ and wild type*’* mice were examined
quantitatively by measuring enzymatic activity and protein
content. GSTA3-3, GSTM1-1 and GSTP1-1 activilies were
assayed with specific substrates, cumene hydroperoxide,
DCNB, and ethacrynic acid, respectively. In wild type animals,
total CDNB activity in males was 3.9-fold greater than in
females (Table I). This was mostly due to differences in
GSTP1-1 activity. As shown in Figure 1, GSTP1-1 protein
content in the male liver (5.1 * (.8 mg/g) was significantly
higher than the other two forms. In conpirast, the amount of
GSTP1-1 (0.5 = 0.1 mg/g) in females was significantly lower
than those of the other two forms. The amounts of the two
GSTs were relatively independent of sex.

Basal levels of the three GSTs in the Nrf2 gene-distupted
animal livers were generally lower than those in the wild type.
Total GST activities in knockout males¥ and females™
were 34,7 and 48.8% those of the males™* and femalest/*,
respectively. Furthermore, GSTA3-3 activities in” knockout
animals were 64.5 and 67.2% of those in the wild type males
and females, respectively. Similarly, GSTP1-1 activity in the
livers of knockout mice-~ was ~60% of that in the wild type

for either sex. In contrast, GSTM1-1 activity and protein

content in males™ were as low as 9.2% and 7.9% of those in
wild type males*/*, respectively. Further comparison showed
that the enzymafic activities in beterozygote animals*~ were
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GST [SOZYME { mg/g liver)

Females

Males

Fig. 1. Isozyme composition of three major G8Ts m the liver of wild type
male and femals mice. [3, GSTA3-3; g3, GSTMI1-1, W, GSTP1-1.
intermediate between those of homozygotes*/* and homozy-
gotes™, where GSTA3-3 and GSTPI-1 activities in males™/~
were similar to those in wild types*/* (Figure 2). Thus, the
effects of Nrf2 gene disruption on the GST isozymes were in
the order of GSTM1-1 >> GSTP1-1 > GSTA3-3 in males,
and GSTM1-1 > GSTP1-1 > GSTA3-3 in females.
Effect of gene disruprion on induction of hepatic. GST¥ in
female mice by BHA. We next determined quantitatively the
effects of Nrf2 gene disruption on the induction of hepatic
GS'Ts in female knockout**+ +~~ and wild type mice treated
with BHA for 12 days (12~14). As a measure of induction,
we determined the percent increment in hepatic GSTs in BHA-
treated animals relative to that in confrol mice (Figure 3A-E).
Induction of total CDNB activity in knockout homozygotes™-
(2509%) was significantly lower than in control wildt/* (8509%)
and heterozygotes ¥~ (950%) (Figure 3A). Furthermore, the
expression levels of GSTM!-1 (Figire 3C) and GSTP1-1
(Figure 3D and E) in BHA-treated kmockout homozygotes™-,
but not GSTA3-3 expression (Figure 3B), were less than those
in control wild** and knockout heterozygotes -, Similarly,
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wlile the levels of GSTP1-1 activity and profein increased by
3409% and 530%, respectively, in BHA-treated wild type
females™+ and as high as 810% and 1240%, respectively, in
knockout heterozygote females, those levels were as low as
230% and 280%, respectively, in knockout animaly™
(Figure 3D and E). These results indicate that the expression
levels of GSTs in the livers of the three genotypes were in
order of (+/~) = (+/+) >> ().

DEN kepatocarcinogenesis in Nif2-gene disrupted mice

Sensitivity to DEN in knockout females. The carcinogenic
sensitivities of the tlwee genotypic females (+/+, +/= —/-)

GSTP-1 positive single cells: preneoplastic characier

were examiped according to the DEN hepatocarcinogenesis
protocol (3). Multiple GSTP1-1 positive single cells were
noted in the livers 3 months after injection of DEN, irrespective
of genotype. However, mini-foci were not detected in these
animals at that stage (Table II). There was no statistical
correlation among the single cell populations induced in the
liver of the three genotypes. After a longer period of 6 months,
single cells were also abundantly induced in the livers of all
animals, together with some mini-foci. Although the number
of single cells in the liver of knockout mice™ was apparently
grzater than that in wild type mice, the difference was
weak (P < 0.05), and the difference with that in knockout
heterozygotes was not statistically significant. Thus, the sensit-
ivities of homozygote and heterozygote knockout female mice
to the hepatocarcinogenic effect of DEN were pot different
from that of wild type animals.

Induction of GSTPI-I-positive single cells in knockout
female™~ ¥~ livers and effect of subsequent BHA treatment.
GSTP1-1-positive single cells were noted in the livers of Nif2
gene disrapted female mice as well as in wild type females.
In order to confirm. the induction of minor cells, 0.753% BHA
containing diet was subsequently fed to the single cell-bearing
mice for one more week. As seen in the immunohistochemical
staining patterns of control animal livers, hepatocytes strongly
positive for GSTP1-1 were noted throughout the whole Hver
in control female mice** untreated and teated with BHA
(Figure 4d and e), but not in the livers of knockout femates™~
(Figure 4f). In DEN-treated females, G5TP1-1-positive single
cells were detected in the livers of wild typet/* as well as in
the knockout animals~~ (Figure 4g and h). However, while
single cells were not detected in the wild type after treatment
with BHA (Figure 4j and k), minor cell populations were
detected in knockout mice™- even after teatment with the
anti-oxidant (Figure 41). Immunohistochemical patterns of
heterozygotes - were very similar to or identical with those

- of wild types as summarized in Figure 5. These results clearly

indicate that Nrf2 plays a major role in the basal and induced
expression of GS8T in normal hepatocytes but not in the
expression of the marker species in ‘GSTPl-1 positive’
single cells.

Discussion

To further characterize the potentially preneoplastic cells, i.e.
DEN-induced GSTP1-1-positive single cells in the livers of
female mice (3), we quantitatively examined in the present
study two aspects of the regulatory roles of Nrf2 transactivator
in the expression of Pi class GST using Nif2 gene disrupted
mice. The first was the effect of gene disruption on the basal
and induced expression of three hepatic GST isozymes. The
second was the induction of GSTP1-1-positive single cells in
the fiver of knmockout females™ as well as the hepatocarcino-
zenic effect of DEN in knockout mice.

Effect of Nrf2 gene disruption on non-carcinogenic induction
of hepatic GSTPI-1

Quantitative analysis showed that the effect of Nrf2 gene
disruption on the basal expression of GSTs was most prominent
on the basal expression of GSTM1-1 in the liver of male mice;
the basal activity and protein content were <10% of the wild
type males. Since Mu class GSTs are not tumor specific
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Fig, 3. Induction of three major GSTs in the liver of wild-type and Nrf2 gene knockout - female mice following administration of BHA. Open and
shaded bars represent the amounts of hepatic GSTs in animals fed basal diet and 0.75% BHA-containing diet for 12 days. respectively. GST activities were
assayed as described in Table I GSTP1-1 protein was quantitated by the SRID method Values in parentheses denote induction (%).

species and distinct ARE sequences are not detectable in the
5'-upstream regions of the GSTM1-1 genes (29), the results
indicate that Nrf2 regulates tumor-specific isozyme species as
well as non-tumor specific (or tissue-specific) isozymes. Apart
from the significant effect on GSTML1-1 expression in males,
Nrf2 transactivator accounted for ~40% of the basal expression
of GSTP!-1 in the liver of either sex. The effect of gene
disruption was much more marked on the induction of expres-
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ston of hepatic GSTP1-1 than on the basal expression, as the
expression of the isozyme was significantly low in knockout
females™, in agreement with the findings of Hayss e al.
(23) and Ramos-Gomez ef al. (26). Combined together, these
results indicate . that the role of Nrf2 in the induction of
expression of GSTP1-1 is more important than the basal/
* constitutive expression of GSTP1-1 species in normal hepa-
focyles, ‘ -



Fig. 4. Immuvuohistochemica] GETP1-1 staining patlemns of livers of wild
type and knockout female mice. BHA, 0.75%BHA feeding for 1 week;
DEN, ip. administration of DEN followed by feeding basal diet for 3
months, DEN/BHA, DEN treatment followed by BHA feeding. See also

Figure 5.
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Fig. 5. Schematic diagram for the mduction of GSTP1-1-positive single
cells in the livers of wild type and Nif2 gene knockout™~ female mice.
Armrowheads denote tme of exammation. Cpen and selid circles represent

GSTP1-1 negative and positive liver patterns, mspecuve]y. and small dots
represent GSTP1-1-positive single cells,

Effect of Nrf2 on carcinogenic induction of GSTPI-1

That Nif2 transcription factor is a major positive regulator of
GS8TP1-1 expression implies that homozygous and bhetero-
zygous knockout mice might be more sensitive to carcinogens
than wild type*'*. and that GSTP1-1-positive single cells and
mini-foci might be undetectable in the female™ livers in the
early stages of DEN-induced hepatocarcinogenesis. However,
no significant differences were observed in DEN carcino-
genicity between homozygous and heterozygous female
knockout mice, compared with those of wild type females. In
addition, distinct GSTP1-1 positive single cell populations
were induced in livers of homozygous and beterozygous female

GSTP-1 positive single cclis: preneoplastic character

Table IL. Single cells and mini-foci positive for GSTPI-1 induced in the
liver of wild type and knockout female mice by DEN

Single cells Mini-foct
Female mice n* No. cm? No.cm® mm%cm?  mm®focus
3 months-DEN :
+i4 4 313+17 nd nd nd.
+f=- 6 69 x 41 nd. nd nd
—f~ g 66 *+ 38 nd nd . nd,
6 months-DEN
+{+ 4 =11 03203 0601 10*0
- 6 46 > 19 1410 15+x11 205
-/ 6 7837 03£05 0610 20=0

“Number of animals examined. GSTP1-1 positive cells were estimated 25
described in Materials and methods. nd.. not detected. *P < 0.05,
compared with wild type mice.

knockout mice as in those of wild type. The Nif2-independent
expression of the GSTP1-1-positive single cells was further
confirmed by the subsequent treatment with BHA to single
cell-bearing animals. As shown in the schematic diagram in
Figure 5. no single cells were found in anti-oxidant treated
heterozygous female knockout mice and wild type mice due
to the strong induction of GSTP1-1 in the surrounding hepato-
cytes. In contrast, minor cell populations were detected in the
livers of BHA-treated homozygous female knockout mice, in
whom GSTP1-1 was bandly induced in normal bepatocytes,
These results indicate that Nif2 was involved in the regulation
of the basal and induced expression of GSTP1-1 in normal
hepatocytes but was not involved in the induction of *GSTP1-1
positive’ single cells, focl and nodules (adenomas) in mice
treated with DEN. Single cells could, therefore, be differenti-
ated from normal hepatocytes based on the genetic regulation
of GSTPI-1 expression by the Nrf2 transcription factor. The
transeriptional distinction could be another characteristic
feature of the single cell populations, which does not contradict
the biochemical and pathological data so far obtained (1-5),
suggesting that these cells are precursors of prencoplastic foci
and nodules (adenomas).

Previous studies showed that the Nrf2 transcription factor
synergistically helerodimerizes with Small maf (MafG and
MafK) or ¢-Jun on binding to ARE, as positive and negative
regulators of the expression of various phase IT detoxicating
enzymes as well as other proteins (26-28). The present findings
suggest that the process of induction of GSTP1-1 in the single
cells (possible initiated cells) is not, however, related to Nef2/
Small maf/ARE-mediated ones, and is rather differeut from
that in normal hepatocytes.

The above results suggest that Nrf2 protein could be one of
the major transcription factors for GSTP1-1 expression, in
addition to c-JUN and ¢-FOS (13-17,30). However, it is rather
strange that these transactivators do not play major roles in
the carcinogenic induction of GSTP1-1 (31). No significant
oncogenic changes have so far been detected in preneoplastic
cell populations in experimental animals except for some
occasional activation of c-mye or H-ras (32-34). In this regard,
Gijssel et al. (35) bave slso noted the lack of p53 protein
expression in GSTP1-1 (GST-P)-positive preneoplastic foc1
and nodules in rats.

The present results suggest that GSTP1-1-positive single
cells are formed to be preneoplastic cells, being transcrip-
tionally distinct from normal hepatocytes. Are the single cell
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populations initiated cells? What is the initial oncogenic
change(s}, if any. in these cells? These are important questions
that need to be resolved to clarify the molecular and cellular
events involved in the initiation stage of chemical
hepatocarcinogenesis in experimental animals as pointed out
carlier by Farber and Pitot, as well as by Prehn (4,5.36,37).
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Role of NRF2 in Protection Against Hyperoxic Lung Injury in Mice
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NRF2 Is a transaiption factor important in the protection
against carcinogenesis and oxidative stress through antioxi-
dant response element (ARE}-mediated transcriptional activa-
tion of several phase 2 detoxifying and antioxidant enzymes.
This study was designed to determine the role of NRF2 in the
pathogenesis of hyperoxic lung injury by comparing pulmo-
nary responses to $5-98% oxygen between mice with site-
directed mutation of the gene for NRF2 (Nrf2~/-} and wild-
type mice (Nif2*/*). Pulmenary hyperperm eability, macrophage
inflammation, and epithelial injury in NrfZ/~ mice were 7.6-fold,
47%, and 43% greater, respectively, compared with NrfZ*/*
mice after 72 h hyperoxia exposure. Hyperoxia markedly ele-
vated the expression of NRF2 mRNA and DNA-binding activity of
NRF2 in the lungs of Nrif2*/* mice. mRNA expression for ARE-
responsive lung antioxidant and phase 2 enzymes was evaluated
In both genotypes of mice to identify potential downstream
molecular mechanisms of NRF2 in hyperoxic lung responses.
Hyperoxia-induced mRNA levels of NAD(P)H:quinone oxidoreduc-
tase 1 (NQO1), glutathione-S-transferase (GST)-Ya and -Yc sub-
units, UDP glycosyl transferase (UGT), glutathione peroxidase-2
(GPx2), and heme oxygenase-1 (HO-1) were significantly lower in
Nif2~/~ mice compared with NrfZ*/* mice. Consistent with differ-
ential mRNA expression, NQO1 and total GST activities were
significantly lower in Nrf2-/~ mice compared with Nrf2*/* mice
after hyperoxia, Results demonstrated that NRF2 has a signifi-
cant protective role against pulmonary hyperoxic injury in
mice, possibly through transeriptional activation of lung anti-
oxidant defense enzymes,

Reactive oxygen species (ROS) have been implicated in
*.the pathogenesis of many acute and chronic pulmonary
disorders such as adult respiratory distress syndrome and
bronchopulmenary dysplasia (1). In laboratory animals,
administration of pure oxygen (> 95%, hyperoxia) causes

(Received ir original form January 16, 2001 and in revised form Septernber
17, 2000
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extensive pulmonary damage characterized by inflamma-
tion and death of capillary endothelial and alveclar epithelial
cells resulting in pulmonary edema and severe impairment
of respiratory functions (2, 3). Sufficiently long exposure
(= 3 d) to hyperoxia is lethal to animals (4). The precise
molecular mechanism(s) by which hyperoxia produces
Iung injury remain(s) unresolved. However, excess produc-
tion of ROS that could overwhelm endogenous pulmonary
antioxidant defense systems has been proposed (5), and a
number of studies have focused on enzymatic defense
components in the pathogenesis of oxygen-induced Iung
damage (6-13).

In laboratory rodents, hyperoxia causes increases of
“classic” antioxidant enzymes (e.g, superoxide dismutase
[SOD], glutathione peroxidase [GPx], glutathione reduc-
tase [GR], and catalase) in the lung (6, 7). The protective
roles of these enzymes in the development of oxidative
lung damage have been proposed in a few in vivo studies
with genetically engineered mice (i.e., gene knockout mice
and transgenic mice). For example, lung inflammation and
damage was attenuated in inice that overexpressed SOD3,
relative to wild-type (wf) mice (8); partial protection
against hyperoxic lung injury was also observed in trans-
genic mice overexpressing SOD2 (9). Tsan and colleagues
suggested that SOD2 gene-knockout mice were more sus-
ceptible to pulmonary hyperoxic injury than normal mice
(10). Enhanced pulmonary antioxidant enzyme activity
through exogenous administration of SOI}1 and/or cata-
lase also provided protection to rats against hyperoxic in-
sults (11). Heme oxygenase-1 (HO-1), an oxidative stress
protein, has been also shown to be protective in hyperoxic
pulmonary injury (12, 13). In addition, phase 2 dctoxify-
ing enzymes including NAD(P)H:quinene oxidoreductase
1 (NQO1) and glutathione-S-transferase {GST) have at-
tracted attention due to their protective roles against oxi-
dative processes in malignant cells or tissues (14, 15). As
indirect antioxidants, phase 2 enzymes detoxify reactive
electrophilic metabolites, such as organic peroxides, lipid

" peroxides, epoxides, and quinones, and facilitate their ex-

cretion through conjugation reaction or two-electron re-

_duction. However, little is known about the contribution

of phase 2 detoxifying enzymes to lung defense against oxy-
gen toxicity. :

NF-E2-related factor 2 (NRF2) is a recently identified
cap'n’collar basic leucine zipper transcription factor. It
was originally detected in erythroid cells, but abundant
NRF2 mRNA expression has subsequently been described
in murine liver, intestine, lung, and kidney, where detoxifi-
cation reactions occur routinely (16, 17). High similarity
exists between the NRF2 binding sequence (NF-E2 con-
sensus sequence)} and antioxidant response element (ARE,
also referred to as electophilic response element). Conse-
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‘quently, NRF2 has induced mRNA expression for ARE-
bearing phase 2 detoxifying enzymes such as NQO1, GST-
Ya subunit, and +y-glutamate cysteine ligase regulatory
subunit (GCLS), classic antioxidant enzymes (e.g.,, cata-
lase, SOD1), and HO-1, and protected cells against car-
cinogenesis and oxidative stress in various in vivo (17-19)
and in vitro (20-23) models. The role of NRF2 in the
pathogenesis of oxygen toxicity, however, has not been
studied in the lungs of laboratory animals.

The present study was designed to test the hypothesis
that NRF2? contributes to pulmonary protection against
hyperoxic injury in mice, Mice with site-directed mutation
(knockout) of Nrf2 (Nrf27) and wt mice (Nrf2*'*) were
exposed to hyperoxia, and pulmonary permeability, in-
flammatory, and epithelial injury responses in bronchoal-
veolar lavage fluid (BALF) were compared in both geno-
types of mice. The effects of hyperoxia exposure on lung
NRY2 mRNA expression and DNA-binding activity in wt
mice were determined by Northern blot analysis and elec-
trophoretic mobility shift analysis (EMSA), respectively.
Lung mRNA expression for selected ARE-responsive de-
fense enzymes were examined in Nrf2™'~ and wf mice to
identify molecular mechanisms through which NRF2 may
contribute to the protection against oxidative lung injury.

Materials and Methods
Animals

Breeding pairs of ICR/Sv129-Nrf2+~ mice were obtained from a
colony at Tsukuba University (17) and maintained in the Johns
Hopkins facility. Mice were fed a purified AIN-76A diet. Water
was provided ad Iibitum. Mice were bred, and progeny were gen-
otypad for Nrf2** and Nrf2™'~ (17). Cages were placed in lami-
nar flow hoods with high-efficiency particulate-filtered air. Senti-
nel animals were examined periodically (titers and necropsy) for
infection. All experimental protocols conducted in the mice were
performed in accordance with the standards established by the
US Animal Welfare Acts, set forth in NIH guidelines and the Pol-
ity and Procedures Manual (Johns Hopkins University School of
Hygiene and Public Health Animal Care and Use Committee).

Oxygen Exposure

Mice were placed on a fine mesh wire flooring in a sealed 45-liter
glass exposure chamber. The chamber bottom was lined with
CO, absorbent (Soda-sort; WR Grace, Lexington, MA). Food
and water were provided ad ibirum. Sufficient humidified pure
oxygen was delivered to the chamber to provide 10 changes/h
(7 liters/min flow rate}. The concentration of oxygen in the exhaust
from the chamber was monitored (OM-11; Beckman, Irvine, CA)
throughout the experiments, The oxygen concentration for all ex-
periments ranged from 95-99%. The chambers were opened
once a day for 10 min 1o replace CO, abserbent, food, and water.
Age- and gender-matched (6- to 8-wk) mice of each genotype
(Nrf2** and Nrf2~'~) were exposed to either room air or hyper-
oxia for 48 and 72 h (n = 4 per group).

BALF and Phenotyping

Immediately following exposure, mice were removed from the
chamber, anesthetized with sodjium pentobarbital (104 mg/ke),
and weighed. Hyperoxia-induced changes in lungs were assessed
" by total protein concentration and total and differential cell
counts in BALF following procedures described previously (24).
Briefly, the right lung of each mouse was lavaged it sire four times
with Hanks' balanced saflt solution (HBSS, 17.5 mike, pH 7.2-

7.4), and the recovered BALF was immediately cooled to 4°C. For
each mouse, the four BALF retumns were centrifuged (500 X g at
£C), and the supernatant from the first BALF return was de-
canted for determination of total protein (an indicator of lung
permeability). Protein concentration was measured following the
method of Bradford as indicated in the manufacturer's procedure
{Bio-Rad, Hercules, CA). The cell pellets from all lavage returns
were combined and resuspended in 1 ml of HHBSS. The numbers
of eells (per ml tolal BALF return) were counted with a hemocy-
tometer as indicators of lung injury and inflammation. An aliquot
(200 ul) of BALF cell suspension was cytocenirifuged (Shandon
Southern Produets, Pittsburgh, PA) and stained with Wright-
Giemsa stain (Diff-Quik; Baxter Scientific Products, McGaw
Park, IL) for differential cell analysis. Differential counts for epi-
thelial cells, macrophages, and PMNs were done by identifying
300 cells according to standard cytologic techniques (25). Epithe-
lial cells in particular were identified by the presence of cilia.

Total Lung RNA Isolation and Northern Blot Analysis for
NRF2 mRNA Expression

Total RNA was isolated from nonlavaged lung homogenate of
each mouse according to the method of Chomezynski and Sacchi
{26) as indicated in the Trizol (Life Technologies, Gaithersburg,
MD) reagent specifications. Pooled total RNA from each group
{15 pg) was separated on a 1.2% formaldehyde-agarose gel in 1%
MOPS acid buffer and transferred overnight to a nylon mem-
brane (Nytran; Schleicher and Schuell, Keene, NH). The mem-
brane was UV-crosslinked, and the blot was hybridized with a
double-stranded [y®P)dCTP-labeled NRF2 cDNA probe (1.8 kb)
in the Perfect Hybridization Buffer (Sigma, St. Louis, MO) and
evaluated autoradiographically. As a control for Joading of total
RNA, 185 RNA on the gel was examined by staining with ethid-
jum bromide. The intensity of each NRF2 band was quantifated
using a Gel Doc 2000 System (Bio-Rad) and normalized by the
intensity of the corresponding 185 RNA band.

Lung Nuclear Protein Extraction and EMSA for
NRF2 Activity

Nuclear protein exiracts were prepared from pooled lung tissues
of four mice in each group as previously described (27). An ali-
quot of 2 ug nuclear proteins was incubated on ice with a binding
buffer (10 mM HEPES [pH 7.9], 60 mM KCl, 0.5 mM EDTA, 4%
Ficoll, 1 mM DTT, 0.2 pg Polyd-dC, 1 mM PMSF) in a total vol-
ume of 19 pl. After 15 min incubation, 1 wl (2 X 10* cpm) of
[v**P]dATP end-labeled double-stranded oligonucleotide con-
taining a NF-E2-consensus sequence (3-TGG GGA ACCTGT
GCT GAG TCA CTG GAG-3") or ARE-consensus sequence
(5'-AGT CAC AGT GACTCA GCA GAA TCT-3') was added
to the reaction and followed by an additional 30-min incubation
at room temperature. The mixture was subjected to electro-
phoresis on a 4% polyacrylamide gel with 0.25X TBE buffer for
2 h at 180 V. The gel was autoradiographed using an intensifying
screen at —70°C. The intensity of each shifted band was quant-
tated using a Gel Do¢ 2000 System (Bio-Rad).

RT-PCR for Lung Antioxidant Enzyme mRNA Exprdcsion

Total RNA (500 ng) was reverse transcribed into cDNA in a vol-
ume of 50 pl, containing 1% PCR buffer (50 mM KCl and 10 mM
Tris {pH 8.3]), § mM MgCl,, T mM each dNTPs, 125 ng oligo
(dT)ys, and 50 U of Moloney Murine Leukemia Virus reverse
transcriptase (Life Technologies), at 45°C for 15 min and 95°C for
5 min using gene amp PCR System 9700 (Perkin Elmer Applied
Biosystems, Foster City, CA). Separate but simultaneous PCR
amplifications were performed with aliquots of cDNA. (10 pl) at
a final concentration of 1X PCR buffer, 4 mM MgCl,, 400 WM
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dNTPs,and 1.25 U Taq Polymerase (Life Technologies) in a total
volume of 12.5 ul using 240 nM each of forward and reverse
primers {Table 1) specific for mouse GST-Ya, -Yc¢, and -Yp; and
rat GST-Yby; mouse NQO1; UDP glycosyl transferase (UGT);
GCLS; HO-1; GPx1 and 2; GR; SODs 1, 2, and 3; and catalase.
B-actin was used as an internal control. PCR was started with 5 min,
incubation at 94°C followed by a thres-step temperature cycle:
denaturation at 94°C for 30 s, annealing at 55-60°C for 30 s, and
exlension at 72°Cfor 1 o ~ 2 min for 25 to ~ 30 cycles (see Table
1). A final extension step at 72°C for 10 min was included after
the final cycle to complete polymerization. The number of cycles
was chosen to ensure that amplification product did not reach a
plateau level. Reactions were electrophoresed in 2% agarose gel
containing ethidium bromide. The volume of each ¢cDNA band
was quantitated using 2 Gel Doc 2000 System (Bio-Rad), and the
ratio of each gene cDNA to B-actin cDNA was determined.

‘Lung Cytosol Preparation

For preparation of crude cytosol, right lung tissees from four
mice of each group were pooled and homogenized in ice-cold
10 mM Tris-HCI (pH 7.8). The homogenates were centrifuged at
10,0600 X g for 20 min at 4°C. Protein concentration of the result-
ing supernatant was determined using the Bradford assay (Bio-
Rad). Aliquots of the supernatant were stored at —70°C.

Lung NQOI Assay

Dicoumarol-sensitive NQO1 activity was measured in cytosolic
fractions at 25°C by a method reported by Shaw and colleagues
{28). The reaction mixture contained 30 pg cytosolic protein,
25 mM Tris-HCl (pH 7.4), 0.23 mg/m! crystalline bovine serum al-
bumin, 0.01% (vol/vol) polyethylene sorbitan monolaurate (Tween
20, Bio-Rad), 5 pM FAD, 0.2 mM NADH, and O or 10 uM dicou-
marol in a final volume of 200 pl. To initiate the reaction, 40 uM
of 2,6-dichloroindophenol {electron acceptor) was added, and the
initial velocity of the reduction of dichloroindophenol was mea-
sured spectrophotometrically at 600 nm (ay = 2.1 X 10* M/em).
The nonenzymatic rate measured jn the presence of dicoumarol
was subtracted from the vninhibited rate (i.e., rate in the absence
of dicournarol). Activity was measured three times, and group
mean activity was expressed as nmol/min/mg protein.

Lung Total GST Assay

Total GST activity of the cytosolic preparation was measured
spectrophotometrically at 25°C according to procedures published
previously (29). Cytosolic protein (45 pg) was added to a 200-ut
reaction mixture containing 100 mM KH,PO, (pH 6.5) and 1 mM
glutathione. Formation of the thioether betwean glutathione and
CDNB was menitored at 340 nm (a2, = 9.6 X mM/cm) by adding
1 mM CDNB to the reaction. Measurements were performed three
times, and activity was expressed as nmol/min/mg protein.

Statistics

Data were expressed as the group mean + standard error of the
mean (SEM). Three-way analysis of variance was used to evaluate
the effects of hyperoxia exposure on BALF protein and cells as
well as tung antioxidant enzyme mRNA, expression and activity
between Arf2 knockout (Nrf2™") and wt (Nrif2**) mice (n = 4
per group). The factors in the analysis were exposure (hyperoxia
or air}, genotype (Nrf2~/~ or Nrf2*/*), and exposure time (48 or 72
k). Data sets were tested for homoscedasticity as required for para-
metric analyses, and data that did not meet this requirement (that
is, heteroscedastic) were natural log transformed. The Student-
Newman-Keuls fest was used for @ posteriori comparisons of
means. All analyses were performed using a commercial statistical
analysis package (SigmaStat; Jandel Scientific Software, Sun
Rafael, CA). Statistical significance was accepted at P < 0.05.

Results 7
Effects of Targeted Disruption of Nrf2 on Hyperozia-Induced
Lung Injury

The role of NRF2 in hyperoxic lung injury was evaluated by
comparing pulmonary responses to hyperoxia in Nrf2~/'— and
Nrf2** mice. Statistically significant (P < 0.05) effects of ge-
notype and time were detected on total protein and numbers
of macrophages and epithelial cells recovered by BALF. No
statistically significant effects of genotype, exposure, or time
were found for BALF Iymphocytes or PMNs. Compared
with genotype-matched air controls, hyperoxia induced sta-
tistically significant increases in mean total protein concen-
tration and numbers of BALF macrophages and epithelial
cells in Nrf2*"* and Nrf2~'~ mice at 72 h (Figure 1). How-
ever, the mean numbers of BALF macrophages and epithe-
lial cells were 47 and 43% greater, respectively, in Nrf2~/~
mice compared with those in Nrf2*™* mice after 72 h of hy-
peroxia {Figure 1). Furthermore, total protein concentration
was significantly higher in Nrf27~ mice compared with
Nrf2*+ after 48 (7.6-fold) and 72 h (3.8-fold) exposure (Fig-
ure 1). The results therefore indicate that disruption of Nrf2
significantly enhanced pulmonary sensitivity and responsiv-
ity to hyperoxic challenge.

Effect of Hyperoxia on Lung NRF2 mRNA Expression and
DNA Binding Activity

Expression levels of NRF2 mRNA were measured by
Northern blot analysis to determine whether hyperoxia ex-
posure modulates mRNA levels of NRF2, NRF2 mRNA was
not detectable in the lungs of air- or hyperoxia-exposed
knockout mice (Figure 2A), In contrast, constitutive ex-
pression of NRF2 mRNA (2.38 Kb) was detected in the
lungs of Nrf2+* mice, and hyperoxia enhanced the steady-
state level of NRF2 mRNA in the wf mice at 48and 72 h
(2- and 2.6-fold, respectively) compared with those in the
air-exposed wt mice (Figure ZA).

NF-E2- and ARE-binding abilities of lung nuclear pro-
teins were assessed by EMSA to determine whether hy-
peroxia enhances functional NRF2 activity of Nrf2+* mice.
The nuclear protein-DNA complex formation in the Jung
identified by shifted bands was greater in the mice ex-
posed to 48 (2-fold) and 72 (3-fold) h of hyperoxia than in
the air-exposed mice, regardless of DNA probe used (Fig-
ure 2B). Negligible protein binding to the DNA sequences
was detected in the lungs of all Nrf2~/~ mice (data not
shown). To detect specific binding of NRF2 to these DNA,
sequences, we performed supershift analysis using the only
commercially available anti-mouse NRF2 antibody (SC-
722x; Santa Cruz Biotechnology, Santa Cruz, CA). How-
ever, we failed to obtain satisfactory supershifted bands
representing antibody-NRF2-DNA complex in the lung of
these mice, though the same antibody has yielded success-
ful results when applied to liver tissue (42}.

Differential Expression of Lung Antioxidant Defense
Enzyme mRNAs between Nrf2*/* and Nirf2™'~ Mice
Expression levels of mRNA for selected antioxidant en-
zymes, phase 2 detoxifying enzymes, and HO-1 were com-
pared between Nrf2++ and Nrf2~/~ mice to identify down-
stream genes transcriptionally activated by NRF2 (Figure
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TABILE1
Primer sequences for RT-PCR
Amplified Annealing PCR
cDNAS Primer sequences size (bp) temp (*C) cycle no,
NQO1 Forward ATT GTA CTG GCCCATTCA GA 1,164 - 60 30
Reverse CGCCATTGTTTACITTGA GC
GST-Ya Forward AAGCCAGGACICTCACTA 408 55 ' 28
Reverse AAG GCA GTCTTG GCTTCT
GST-Yb, Forward AAGACCACAGCACCAGCACCAT 301 55 30 .
Reverse CTCTCCTCCTCTGTCTCT CCAT
GST-Ye Forward GGA AGCCAGTCCTICATTACT 621 55 28
Reverse CGTCAT CAAAAG GCTTCCTCT
GST-Yp, Forward ATG CTG CTG GCT GACCAG GGC 576 60 25
Reverse ATCTTG GGC CGG GCA CTG AGG
UGT1a6 Forward TGATGCTCT GIT CACAGACC 669 55 25
Reverse AATGCC CGA GTCTIT GGA TG
GCLS Forward AGG AGCTIC GGG ACTGTATT 598 55 25
Reverse TGG GCTTCA ATG TCA GGG AT
HO-1 " Forward GAG CAG AACCAG CCTGAA CTA 200 55 25
Reverse GGT ACA AGG AAG CCATCA CCA
S0D1 Forward ATCCACTIC GAG CAG AAG 340 55 30
Reverse TTC CACCIT TGC CCA AGT
SOD2 Forward AGC GGT CGT GTA AACCICA 439 55 30
. Reverse AGACATGGCTGTCAGCITC
sSOD3 Forward GGT GCA GAGAACCICAGCC ' 518 55 30
Reverse TGC GCA CCA CGA AGTTGCC
GPx1 Forward AGT ACG GATTCCACG TITGA 533 55 ‘ 35
Reverse GGA ACTTCT CAAAGTTCCAG
GPx2 Forward GACTTC AAT ACG TIC AGA GG ] 390 55 35
Reverse GGA ACTTCT CAA AGTTCCAG .
GR Forward CITCCTTCG ACT ACCTGG 400 55 35
Reverse ATG CCT GCG ATCTCC ACA
Catalase Forward AAT CCT ACA CCATGTCGG ACA 726 ' 55 28
Reverse CGG TCTTGT AAT GGA ACTTGC
B-Actin Forward GTG GGC CGC TCT AGG CAC CA ' 341 57 .25
Reverse CGGTTG GCC TTA GGG TTC AGQ '

3). B-Actin mRNA expression was not significantly differ-
ent between genotypes or exposures {data not shown).
ITyperoxia significantly increased the mRNA expression
for NQOL1 (48 and 72 h), GST-Ya (72 h), UGT (72 h),
GPx2 (48 and 72 ), and HO-1 {48 and 72 h) in the Nrf2+/+*
mice over basal levels {(Figure 3). The induced gene levels
of all these enzymes as well as basal mRNA levels of
NQO1 and UGT in the Nrf2*'* mice were significantly
higher than those in the Nrf2~'~ animals, although UGT
and HO-1mRNAs were also inducible in the Nrf2~/~ mice
after hyperoxia (Figure 3). The steady-state expression

level of GST-Yc mRNA was upregulated by hyperoxia ex-
posure in the Nrf2~*~ mice but not in the wt mice. How-
ever, both baseline and induced mRNA levels of GST-Yc
in the wr mice were significantly greater than those in sim-
ilarly exposed Nrf2~'~ mice (Figure 3). Northern blot anal-
yses were used to confirm small, but statistically signifi-

‘cant, differences in enzyme gene expression as detected by

reverse transcriptase polymerase chain reaction (RT-PCR)
(data not shown). :

The differential mRNA expression of all antioxidant
defense enzymes assessed between Nrf2**+ and Nrf2~'~ mice
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Figure 1. Effect of targeted gene disruption (knockout) of Nrf2
on hyperoxia-induced changes in lung macrophages {A), epithelial
cells (B), and total protein (C). Data are presented as means = SEM
{n = 4 per group). *Significantly different from genotype-matched
air-control mice (P < 0.05). +Significantly greater than fime-
matched Nrf2** mice (P < 0.05). Solid bars, Nrf2+'*; open bars,
Nrf27~,

exposed to either hyperoxia or air are summarized in Fig-
ure 4. In addition to those discussed above, the steady-
state levels of mRNAs for GCLS (48 and 72 1), GPx1 (72 h),
and GR (72 h) were markedly enhanced in the Nrf2*/+
mice by hyperoxia, whereas the mRNA level for SOD2
{48 and 72 h) was significantly elevated only in the Nrf2=~
mice (see Figure 4). However, no significant differences in the
abundance of these enzyme mRNAs were detected between
Nrf2+* and Nrf2~'~ mice. No statistically significant effects
of either hyperoxia or genotype were found on the mRNA.
levels of GST-Yb; and SODs 1 and 3 (see Figure 4).

Differential Activities of Lung Phase 2 Enzymes Between
Nrf2+'* and Nrf2~'~ Mice

Basal NQO1 activity was 50% greater in the lungs of
Nrf2+* mice compared with Nrf2~/~ mice (Figure 5A). Hy-
- peroxia significantly enbanced NQOI activity in lung cytosol
of Nrf2** mice at 48 and 72 h (55 and 74%, respectively).
Hyperoxia did not change lung NQO1 activity in Nrf2=/~

mice. Furthermore, NQOL activity in hyperoxia-exposed’

Nrf2~'- mice was significantly lower than that in similarly
exposed Nrf2** mice,

The total GST activity measured in wt mice exposed to
either air or hyperexia (72 h) was significantly higher (1.6-

A A ABhr - TTRF
e i HE e e e
NRFz BB

Figure 2. (A) The expression of NRF2 mRNA in the lungs of
Nrf2+'+ and Nrf2~/- mice after 48 and 72 h exposure to either air or
hyperoxia. Aliquots of total-lung RN A isolated from each mouse
were pooled for each group (n = 4 mice/group), and 2.38-kb NRF2
mRNA was detected by Northern blot analysis. (B) EMSA of
lung nuclear protejng for NF-E2- and ARE-binding activity in
Nrf2** mice exposed to either ait or hyperoxia (48 and 72 h).
Nuclear protein extracts from pooled [ung homogenates (2 pg)
of mice exposed to room air or hyperoxia (r = 4 mice per group)
were incubated with an end-labeled oligonucleotide probe contain-
ing an NF-E2 or ARE consensus sequence. A reaction mixture
was also incubated with 40-fold excess amount of each unlabeled
probe to determine the specificity of NF-E2 or ARE binding pro-
teins in the nuclear extracts, which resulted in an elimination of
the protein-DNA binding activities {cold lane). Arrow indicates
shifted bands (NF-E2- or ARE-protein complex). FP indicates
free probes.

to ~ 2.2-fold) than that measured in the corresponding
Nrf2~'= mice (Figure 5B). No exposure-induced changes
were observed in the total GST activity in the lungs of
both genotypes of mice.

Discussion

We have demonstrated that NRF2 contributes to the pro-
tection against hyperoxic lung injury in mice. Compared
with wt mice, mice lacking NRF2 expression and activity
had significantly enhanced lung damage characterized by
increased protein permeability, macrophage inflammation,
and epithelial injury after hyperoxia exposure. Upregulation
of NRF2 mRNA and increased DNA binding of nuclear
NREF2 was found in the lungs of wt mice in response to hy-
peroxia. Furthermore, significant attenuation in basal and/or
hyperoxia-induced mRNA expression of NQO1, GST-Ya
and -Ye {which compose the class a GST in rodents), UGT,
HO-1, and GPx2 was observed in the lungs of mice deficient
in Nrf2, relative to the wt mice. This suggests that these
enzyme genes are downstream effector molecules transcrip-
tionally activated by NRF2 in the lungs of mice. NRF2-
mediated pulmonary protection against hyperoxia may be
attributed at least in part to these enzymes.

Previous studies using Nrf2-knockout mice and Nrf2-
transfected or -deficient cell lines demonstrated that NRF2,
in association with other trapscription factors such as c-Tun
and small Maf, plays an essential role in preventing car-
cinogenesis of cells or tissues (e.g., liver) (17, 21, 30, 31).
This activity is thought to occur via ARE-mediated induction
of phase 2 detoxifying enzymes including NQO1, GST, or
GCLS. Chan and Kan have sugpested a protective role of
NRF2 against butylated hydroxytoluene (BHT) through the
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Figure 3. Differential expression of antioxidant defense enzymes
in the lungs of NrfZ*'* and Nrf2~'~ mice exposed to either air or
hyperoxia (48 and 72 h). Total-lung RN A was isolated from each
mouse, and each enzyme cDNA was amplified by RT-PCR using
specific primers as indicated in Table 1 and separated on ethid-
ium bromide-stained 1.2 to ~ 2% agarose gel. Digitized images
of cDNA bands from each mouse were quantitated using a Gel
Doc Analysis System and normalized to f-actin ¢cDNA (an inter-
nal control}. All data are presented as the group means + SEM
(n = 4 mice per group). Representative agarose gel images for
each enzyme are shown on top of the graphs, and the order of in-
dividual cDNA bands cotresponds to that of graph bars. *Signifi-
cantly diffcrent from genotype-matched air-comtrol mice (P <
0.05). +Significantly different from exposure and time-matched
Nrf2¥* mice (P < 0.05). Solid bars, Nrf2*'*; open bars, Nrf2 7.

activation of pulmonary antioxidant defense enzymes (19).
These investigators demonstrated that Nrf2-knockout mice
exposed to BHT had more severe acute lung injury and
lower levels of lung mRNA, transcripts for antioxidant de-
fense enzymes including NQO1, UGT, catalase, and SOD1
than similarly exposed we mice. The potential contribution
of NRF2 in oxidative tissue injury has been demonstrated
in a study by Ishii and colleagues (22), who reported that
peritoneal macrophages isolated from electrophile-suscep-
tible Nrf2-knockout mice had impaired mRNA induction
of HO-1, A170, and percxiredoxin MSP23. They con-
cluded that NRF2 is a key transcription factor for oxidative
stress-inducible proteins. The present study, to our knowl-
edge, is the first to demonstrate a protective role of NRF2
in oxidative tissue injury of the lungs.

We have determined that both basal and hyperoxia-
inducible NQO1 expression are NRF2 dependent in the
murine lungs. In addition, transcriptional regulation of GST
isozyme a and UGT was also at least in part mediated
through NRF2 in this model. Consistent with their NRF2-
dependent gene expression patterns, enzyme activities for
lung NQO1 were significantly higher in wt mice than in
Nrf2~'~ mice. Total GST activity, which is attributed to all
isoenzymes (e.g., o, p, m, and 8), was also significantly
higher in wt mice than in Nrf2~/~ mice following air or by-
peroxia exposure. Although the total GST activity does
not discriminate between the contributions of the various
isoenzymes, results largely reflected the mRNA expres-
sion pattern of o GST (composed of Ya and Yc subunits;
see Figure 3). The antioxidant role of phase 2 detoxifying
enzymes has been widely examined in cells and several tis-
sues due to their protection against toxic and neoplastic ef-
fects of electrophilic metabolites or ROS generated by
chemical carcinogenes or xenobiotics (14, 15). Moreover,
as a component of the glutathione redox system, GST has
been postulated to provide protection to the lung from ox-
idative injury induced by toxicants (32). However, only
one previous study has investigated the contribution of
phase 2 enzymes to the hyperoxic lung injury in laboratory
animals (33). In that study, increased pulmonary NQO1
activity by pretreatment with 3-methylcholanthrene and
BHT did not significantly improve the survival rate of rats
exposed to hyperoxia. Our observations suggest that in ad-
dition to conjugating reactive electrophilis or xenobiotics,
phase 2 detoxifying enzymes may also exert indirect anti-
oxidant functions in the hyperoxic lungs of mice. How-
ever, functional analyses are necessary to establish their
importance in the pathogenesis of oxidative lung injury.

Accumulating cvidence has suggested that the microso-
mal enzyme HO-1 is highly inducible as a protective mech-
anism by various oxidative stresses, including hyperoxia
(13, 34) and electrophiles that induce phase 2 enzymes
(35). Recent in vitro studies (20, 36) and an in vivo study
using Nrf2 gene-knockout mice (22) have determined that
NEF2 upregulates ARE-mediated HO-1 expression. The
present study demonstrated that hyperoxia-inducible lung
HO-1 expression is partially mediated through NRF2. In-
terestingly, we also observed a significant induction of
HO-1 mRNA in the Nrf2~'~ mice by hyperoxia challenge,
which could be explained by evidence indicating that ei-
ther NF-«B (37) or AP-1 (38) plays a role in the transcrip-
tional regulation of HO-1.

Among lung classical antioxidant enzymes, regulation
of mRNA for GPx2, a recently identified isoform of celln-
lar GPxs in the gastrointestine of rodents (39), was largely
NRF2-dependent in the lungs of hyperoxia-exposed mice.
To date, only GPxl1 has been widely investigated as the
representative isoform of eellular GPxin the lungs of labo-
ratory animals. However, a study using a mouse model
with targeted disruption of GPx1 demonstrated that the
hyperoxic survival rate was not increased in GPx1-defi-
cient mice (40). The results from this and our current study
suggest an important role of GPx2 as a critical component
of pulmonary antioxidant defense system. We found that
catalase and SOD (1, 2, and 3) mRNA expression were
not dependent on NRF2 in the hyperoxic lungs. It is likely
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Figure 4. Ratio of mean (n = 4 per group) mRNA levels for lung antioxidant defense enzymes determined by semi-quantitative RT-PCR
to elucidate genotype (Nrf2*/*, Nrf2~/=) effects on each enzyme gene expression after air or hyperoxia (48 and 72 h) exposure. Black
circles show enzymes of which mRNA levels vary significantly between two genotypes, and gray circles show others,

that the contribution of NRF2 to the induction of these
lung antioxidant enzymes may be very limfted in the pro-
tection against oxygen toxicity. These observations are in-
consistent with the results from a previous study in which
BHT treatment induced mRNA expression of SOD1 and
catalase via NRF2 (19).
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Figure 5. Differential enzyme activity of NQO1 and total GST in
the lungs of Nrf2*/* and Nrf2~'~ mice exposed to either air or hy-
peroxia (43 and 72 h). Cytosolic protein was prepared from
pooled lung homogenates of each group. Enzymatic activity of
NQO1 in 30-pg protein was measured spectrophotometrically
using 2,6-dichloroindopbenol as the electron acceptor in the pres-
ence or absence of dicoumarol (A). Enzymatic activity of total
GST in 45-pg protein was measured spectrophotometrically us-
ing CDNB as the enzyme substrate (B). Data are presented as
the group means + SEM from three separate measurements.
*Significantly hipher than genotype-matched air-control mice (P <
0.05). +Significantly lower than exposure and time-matched
Nrf2%* mice (P < 0.05). Solid bars, Nri2¥'*; open bars, Nrf2~'-,

The present study also demonstrates that hyperoxia ex-
posure enhances expression of NRF2 mRNA and func-
tionally activated nuclear NRF2 in the lungs of normal
{w?) mice. The regulatory mechanisms of NRF2 have been
largely unknown with the exception of Keapl, a cytoplas-
mic chaperone that suppresses NRF2 transcriptional activ-
ity by specific binding to the N-terminal regulatory do-
main (Neh2) of NRF2 (41). Ishii and colleagues (22)
postulated that NRF2 may be activated at the posttransla-
tion level, probably by deactivation of Keapl and, in turn,
induction of NRF2 nuclear translocation. However, upreg-
ulation of the liver NRF2 mRNA Jevel and a subsequent
increase of nuclear NRF2 translocation has been reported
in a recent in vive study with mice treated with a cancer
chemoprotective agent (42). This recent investigation and
our present observation provide new understanding of the
regulatory mechanisms of NRF2.

In conclusion, we determined that NRF2 plays a signifi-
cant role in the protection against hyperoxic pulmonary
injury in mice possibly by transcriptional activation of lung
antioxidant defense enzymes. The results from our study
add a potential protective mechanism through NRF2 and
a putative role of phase 2 detoxifying enzymes as indirect
antioxidants in oxidative lung injury.
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Induction of phase 2 enzymes, which neutralize reactive electrophiles and act as indirect antioxidants, is an
important mechanism for protection against carcinogenesis. The transcription factor Nrf2, which binds to the
antioxidant response element (ARE) found in the upstream repulatory repion of many phase 2 genes, is
essential for the induction of these enzymes. We have investigated the effect of the potent enzyme inducer and
anticarcinogen 3H-1,2-dithiole-3-thione (D3T) on the fate of Nrf2 in wmorine keratinocytes. Roth total and
nuclear Nri2 levels increased rapidly and persistently after treatment with D3T but could be blocked by
cofreatment with cycloheximide, Nrf2 mRNA levels increased ~2-fold 6 h afier D3T freatment. To examine the
transcriptional activation of Nrf2 by D3T, the proximal region (I kb) of the nrf2 promoter was isolated.
Deletion and mutapenesis analyses demonstrated that arf2 promaoter-luciferase reporter activily was enhanced
by treatment with D3T and that ARE-like sequences were required for this activation. Gel shift assays with
nuclear extracts from PE cells indicated that commeon factors bind to typical AREs and the ARE-like sequences
of the rrf2 promoter. Direct binding of Nrf2 to its own promoter was demonstrated by chromatin immuno-
precipitation assay. Overexpression of Nrf2 increased the activity of the nrf2 promoter-luciferase reporter,
while expression of mutant Nrf2 protein repressed activity. Thus, Nrf2 appears (¢ antoregulate its own
expression throngh an ARE-like element located in the proximal region of its promoter, leading fo persistent
nuclear accumulation of Nrf2 and protracted induction of phase 2 genes in response to chemopreventive

agents,

Inducers of phase 2 and antioxidative enzymces arc known to -

enhance the detoxication of environmental carcinogens in an-
imals, often lcading to protection against neoplasia {14, 24,
26). Use of enzyme inducers as cancer chemopreventive agents
in humans is currently under clinical investigation (37, 41).
Regulation of both basal and inducible expression of protective
enzymes is mediated in part by the antioxidant response ele-
ment (ARE), a cis-acting sequence found in the 5'-flanking
region of the genes encoding many phase 2 enzymes such as
mouse ghitathione S-transferase (GST) Ya, human NAD(FYH
quinone oxidoreductase (NQO1), aud human y-glutamyleys-
teine ligase. The core sequence of the ARE has been identified
as TGAConnGC, and several transcription factors are known
to bind to the ARE (19, 28, 31, 35, 39). Among these tran-
scription factors, members of basic leucine zipper (bZIP)
NF-E2 family such as Nrfl and Nrf2, which heterodimerize

with small Maf family proteins, may be particularly important. -

Overexpression of Nrfl and Nrf2 in human hepatoma cells
enhanced the basal and inducible transcriptional activation of
an ARE reporter gene (39). Recent studies with arf2-disrupted
mice indicated that Nif2 was essential for induction of GST
and NQO1 activities in vivo by many different classes of che-
mopreventive agents, including phenolic antioxddants, 3/4-1,2-
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mental Health Sciences, Johns Hopkins Bloomberg School of Public
Health, 615 N. Wolfe St., Baltimore, MD 21205, Phone: (410). 955~
4712, Fax: {410) 955-0116. E-mail: tkensler@jhsph.eclu.

dithivlc-3-thione (D3T), and isothiocyanates (19, 27, 30).
Moreover, these knockout mice were considerably more sen-
sitive to the toxicitics of acetaminophen, butylated hydroxy-
toluene, and hyperoxia (4, 6, 11) and the carcinogenicity of
benzopyrene (34). Collectively, these reports demonstrated a
cenfral role for Nrf2 in the regulation of basal and inducible
expression of genes that defend against environmental stresses.

Nuclear levels of Nrf2 are increased when peritoneal mac-
Tophages are treated with oxidative stressors such as diethyl-
maleate and paraquat (18). Increased nuclear accumulation of
Nrf2 has also been observed m the Jiver of mice treated with
D3T and B-naphthoflavone (26, 27). Initially, this accummula-
tion resnlts from tramsiocation of Nrf2 protein from the cyto-
plasm. Itoh et al. (20) have identified Keapl, a protein located
in the cytoplasm that sequesters Nif2 by specific binding to the
amino-terminal regulatory domain of Nrf2. Administration of
sulfhydryl reactive reagents such as diethylmaleate (which are
also phase 2 inducers) abolished Keapl repression of Nri2
activity in cells and facilitated the nuclear accumulation of
Nrf2 (20). Huang et al. {16) have recently proposed that pro-
tein kinase C-mediated phosphorylation of Nrf2 could be a
critical event for the nuclear translocation of this protein. In-
volvement of ERK and p38 mitogen-activated protein kinase
pathways in the nuclear binding of Nrf2 to the ARE have been
proposed by others (45).

We bave previously observed that treatment of mice with
dithiolethiones led to increased steady-state mRNA levels for
Nif2 m several tissues (27, 34). In this study with a murine cell
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culture system in which phase 2 enzymes were readily induc-
ible, we observed that Nrf2 accumulated in nuclei and in total
cellular homogenate after treatment with D3T. mRNA levels
for Nrf2 were also increased after treatment. Reporter con-
structs containing either —33 to —1065 of the murine nrf2
promoter or nested deletion fragments indicated that intact
promoter activity was increased twofold after incubation with
D3T and that this activation was blunted when the ARE-like
sequences in the promoter were deleted or mutated. Overex-
pression of Nrf2 doubled the activity of the reporter promoter
and coexpression of MafK in the cells further enhanced the
promoter activity of Nrf2. However, the mutated ARE-like
promoter showed no activation when Nrf2 was overexpressed.
Chromatin immunoprecipitation {ChIP) with Nrf2 antibody
also indicated association of Nrf2 with its promoter. Collec-
tively, these results suggest that rapid accumulation of Nrf2
within nuclei after treatment with D3T may upregulate its own
expression through ARE-iike sequences In its promoter, This
antoregulation of Nrf2 expression can, in turn, lead to a more
sustained signaling of phase 2 gene expression.

MATERIALS AND METHODS

Reagents, All chemicals were purchased from $igma Chemical Co, (St. Loois,
Moa.), and D3T was provided by Thomas Curphey (Dartmouth Medical Schoo),
Hanover, N.H.) (100, [v-7PJATP (4,500 Ci/mmol) was purchased from 1CN
{Costa Mesa, Calif.). The luciferase reporter vector pGLbasic and the assay kit
were purchased from Promega (Madison, Wis.} and pTATALuc+ from the
American Type Culture Collaction (Manassas, Va.).

Cell colture. Murine keratinocyte PE cells were established from 12-O-tetea-
decanoyl phorbol-13-acetate (TPA}induced murine skin papillomas as de-
scribed previously (46). The cells were maintained in Eagle minimal essential
medium containing 10% hent-inactivated and Chelex-treated fetal bovine serum
(Life Technologies, Inc., Grand Island, N.Y.), 2 mM CaCl,, and antimycotics or
antibiotics (Life Technologies).

Plasmide. The sequence of the prometer region of nf2 (—1065 to —35) has
been published {5), and this promoter was isolsted by PCR amplification from
hepatic genomic DNA of ICR mice. The isolated PCR product was ligated
into pCR2.1 (Invitrogen, Carsbad, Calif.) and a Sael-Xhol fragment from this
construct was recloned into the luciferase reporter vector pGLbasic (pGLNRP
—10%3/~35). Deleted sequences of the nrf2 promoter {—599 1o —35 and —42% o
~135) were produced by PCR from the full-length promoter and ligated into
pGLbasic vector (pGLNRP ~599/~35, pGLNRP—420/~35). Seqrences contain-
ing ARE-like 1 (~574 to —403) and ARE-like 2 (~848 to —£84) were also
produced by PCR and ligated into ihe enkancer reporter vector pTATALuc+
(pTATA. AREL!, AREL2). Plasmids for overexpression of murine Nrf2 and
MafK were made by ligating cDNAs generated by PCR from mouse brain cDNA
(Clontech, Palo Alto, Calif) into pcDNA3 (Promega) (5, 17). A mutant Nrf2
construct, in which the N-terminal region (amino acids 1 to 368), including the
transactivation domain, was excluded, was generated as described previously (1).
All plasmid sequences were confirmed by sequencing analysis by the DNA
Analysis Facility of the Johns Hopkins University {Baltimore, Md.)..

Site-directed motagenesis. Mutated ARE-like sequence-containing promoters
of arf2 were generated by site-directed mutagenesks. Primers containing mutat-
ed AREL1 (ACCGTCCTCCGCCAT) or AREL? (GGCGTLCTGTAGCGC)
were used for PCR. amplification of tutated nrf2 promoter, and PCR products
were digested with Dpnl for 1 h wo cleave the wild-ype promoter. The sequence
of each promoter was verified.

DNA traosfection aud fnciferase nctivity, Cells were transfected at 50% con-
fluency by using Lipofectamine Plus reagent (Life Technologies). Briefly, cells
were seeded in 12-well plates at a density of 3 X 10% 1o 4 X 10° cellsfwell. Cells
were grown overnight, and the transfection complex containing 1 pg of plasmid
DNA, 02 pg of pRLik plasmid (Promega), and transfection reagent was added
to each well in the absence of feta) bovine serum. Medium containing 20% fetal
bovine serum was added 3 h after transfection was begun, and cells were inco-
bated for another 16 to 18 h. Cells recovered for 6 h in normal media after
removal of the transfection reagents. After incubations with indncers, cells were
Iysed and Renilla and firefly luciferase activitles were measured by using the dual
luciferase assoy kit (Promegn) with a luminometer (EG&G Wallac, Inc., Gaith-
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ersburg, Md.). Luciferase activities were normalized relative 1o Renilla luciferase
activities, the internal contral. For overexpression studies, pcDNA3 and
pcDNA3-wild-type Nrf2, -mutant Nrf2, or -MsfK constructs were cotransfected
with the pGL-Nr{2 promoter, Reported luciferase activities are from three to five
different transfections.

Preparafion of cell extracts. Nuclear extracts from PE cells were prepared os
described previously (9), and supernatant resuliing from isolation of nuclei was
centrifnged at 100,000 X g for 1 Y to obtain the cytosolic fraction. Total homog-
enate from PE cells was prepared by disrupting cells with a glass-Teflon homog-
enizer in an extraction buffer containing 20 mM HEPES (pH 7.9), 1.5 mM
MgCl, 420 mM NaCl, 10% glycerol, 0.2 mM EDTA, and 0.5 mM phenylmeth-
yisulforyl fluoride. Proiwein concentrations were determined by the modified
Lowry method (Bio-Rad, Hercules, Calif.). .

Electrophoretic mobility shift assays (EMSAs). Nif2 ARE-like sequence 1
{(GCCCACCTGACTCCOCCATGCCC) or N2 ARE-like sequence 2 (AACT
GGCGCCACAGTCAGCCGGT) was end labeled with [y-2PIATP and incu-
bated with 5 g of nuclear extracts from PB cells for 30 min at room temperature
in a reaction mixture containing 10 mM HEPES (pH 7.9), 60 mM KC1, 0.5 mM
EDTA, 4% Ficoll, 1 mM phernylmethylsulfonyl fivoride, and 0.2 g of poly{d1-¢C).
For competition binding, a 200-fold excess of cold ARELL or AREL? human
NQOI ARE (GCAGTCACAGTGACTCAGCAGAATCT), NF-E2 (TGGGGA
ACCTGTGCTGAGTCACTGGT), and AP-1 (TATCGATAAGCTATGACTC
ATCCGGG) consensus binding sequences were incubated with radivlabeled
AREL1 and ARELZ2. For immunodepletion studies, nuclear extracts from D3T-
treated cells preincubated with T pg of Nrf2 antibody for 2 h. Afier incubation,
loading baffer was added and the reaction products were analyzed on a 4%
acrylamide gel (80:1 [acrylamide-bisacrylamide]) and exposed 1o X-ray film for
16 h. '

SDS-PAGE and Western blotting. Total cellular homaogenate (20 pg), cytosol
(35 pg) ond nuclear extroct (12 pg) were separated by sodium dodecy] sulfate-
polyacrylamide gel electropheresis (SDS-PAGE) on 2 6% polyacrylamide gel,
Gels were transferred to nitrocellnlose membranes (Amersham Pharmacia Bio-
tech, Inc., Piscataway, N.J.) at 50V for 3 h, and immunoblotting was carried out
with Nrf2 antibodies reacting with the N-terminal of murine Nri2 (27). Imma-
noblotted membranes were developed by using the ECL Western blotting sysiem
(Amersham Pharmacia Biotech) as described in the manufacturer’s instructions.

Isolation of RNA and Northern blot hybridization, Total RNA was isotated by
the procedure of Chomezynski and Sacchi (7), and RNA samples were electro-
phoresed on 1% agarose gels containing 2.2 M formaldehyde and then trans-
ferred to oylon membranes (Schleicher and Schuell, Keene, N.EL). cDNA for
mouse Nri2 was labeled with [v*?PJdCTP by using a random primer labeling kit
(Amersham Pharmacia Biotech), hybrldized, and washed nx described previously
(27). After being washed, the membranes were exposed to X-tay film (Eastman
Kodak, Rochester, N.¥.) and developed with 2 Xonica (Tokyo, Japan) film
procassor, Labeled mentbtanes were stripped and reprobed with cligonucleo-
1ides for B-actin for loading control.

ChIP assay. Formaldehyde cross-linking and immunoprecipitations were car-
ried ont as described previously (3, 44) by using an acetyl-histone H4 ChIP assay
kit (Upstate Biotechnology, Lake Placid, N.Y.}). Briefly, 37% formaldchyde was
directly added to cell cultare medium at a final concentration of 1%. Cells were
incubated for 10 min at 37°C and washed twice with ice-cold phosphate-bufiered
saline containing protease inhibitor cocktail (Sigma). Nuclei were isolated after
Daounee homogenization and resuspended in sonication buffer (1% S18; 10 mM
EDTA; 50 mM Tris-HCT, pH 8.1; protease inhibiter cocktail). Samples were
sopicated on ice 1o an average length of 500 to 1,000 bp by nsing o Sonic
Dismemibrator (Fisher Scieatific, Pittsburgh, Pa.) and centrifuged at 12,000 rpm.
The chromatin solution was dilated 10-fold with dilution buffer (001% SDS;
1.1% Triton X-100; 1.2 mM EDTA; 16.7 mM Tris-HCL pH 8.1; 167 mM NaCl);
one-third was reserved as a total Input of chromatin. Diluted chromatin solution
was precleared with salmon sperm DNA-protein A-agarose for 1 h and incu-
bated with either anti-Nri2 antibody, anti-GATA-1 antibody (Santa Cruz, Santa
Cruz, Calif), nonspecific immunoglobulin, or no antibody for 18 h at 4°C with
rotation. immunoprecipitation, washing, and elution were carried out according
to the manufacturer’s instructions. Cross-linked immunoprecipitates and total
chromatin input were reversed, and samples were treated with proteinase K
(Sigma) and extracied with pbenol-chloroform-isoamyl alcehol (25:24:1). DNA
was precipitated with ethanol and resuspended with 30 w! of water. Then, 1 wlof
DNA was used for 32 to 36 cycles of PCR amplification with the following
primers: g&# Ya ARE (5-ACTTGGCAGGAAGGATCAGT-3' and 5-TGCTC
TAGGTCTCAGTGCAG-3"), nif2 AREL-2 (5*-QCQCAGTIGGCCTCTTGCA
AA-3 and §-CCTGCAGAACCTTGCCCGCT-37), promoter of Baatin (§-C
CGOTCGAGTCGC-GTCCACC-3" and §-GGCGAACTGGTGGC-GGGTGT-
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FIG. 1. Effects of D3T on levels of Nif2 in PE cells. (A) Nrf2 levels
were examined in nuclear extracts, total cellular homogenates, and
cytosolic fractions after treatment with D3T for different incubation
times. Each lane contains three pooled samples. (B} Nuclear extracts
were isolated from dimethyl sulfoxide (control)-, D3T (10 pM)-, dis-
ulfiram (50 pM)-, fert-butylhydroxyquinone (tBHQ) (50 pM)-, or
B-naphthofalvone (B NF) (20 uM)-treated cells 6 h after treatment.
Immunoblot analyses were performed with Mif2 antibody. A positive
standard for the immuncblot was prepared from Nrf2-overexpressing
cells (Nrf2 std).

3'}, and hematopoietic enhancer of GAT4-1 (5'-GGATCCAAGGAAGAGAG
GAC-3' and 5'-TTCCTGOAGGTOACAAAGGG-3").

RESULTS

Nrf2 levels are increased in nuclei and total celinlar homog-
enates by enzyme inducers. Murine keratinocyte PE cells are
very responsive to induction of GST and NQO1 activities. For
example, NQO1 activity increased fivefold after treatment with
10 uM D3T for 18 h compared to vehicle-treated cells. There-
fore, these cells were used to invesligate changes in the distri~
bution of NIf2 after (reatment with enzyme inducers by West-
em blot analysis. Time course studies (Fig. 1A) indicated that
Nrf2 levels increased within 20 min of addition of D3T, both in
nuclei and total cellular homogenates. At least sixfold -
creases in N2 were seen after 2-h incubations in nuclear and
total cellular homogenate. Basal Jevels of cytosolic Nrf2 were
difficult to detect but appeared to increase slightly alter treat-
ment of cells with D3T. Nuclear N1f2 levels remained elevated
for at least 6 h (Fig. 1B). Morcover, treatment with different
phase 2 enzyme inducers (D3T [10 uM], disulfiram [50 uM],
tert-butylhydroquinone [50 pM], and B-naphthoflavone [20
pM]) led to substantial increases in nuclear Nrf2 content com-
pared to vehicle-treated PE cells. Thus, overall levels of the
ARE-binding transcription factor Nri2 increase rapidly and
persistently after treatment of PE cells with enzyme inducers.

Inhibitors of protein synthesis and proteasome function af-
fect the accumulation of Nrf2., Accumulation of Nrf2 in PE
cells was very sensitive to treatment with the protein synthesis
inhibitor cyclobeximide {CHX), since the cotreatment of 1 pg
of CHX/ml with D3T for 3 h completely blocked both the
nuclear and total cellular accumulation of Ntf2 triggered by
DAT (Fig. 2A). Treatment with CHX for 1 h prior to addition
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of D3T also blocked the induction of NQO1 and heme oxy-
genase-1 activities; products of genes known to be regufated
through Nrf2-ARE interactions {data not shown). As shown in
Fig. 2A, washout experiments, in which the rate of disappear-
ance of Nrf2 from nuclei was monitored, indicated that the
addition of CHX significantly enhanced the loss of nuclear
Nrf2. Thus, while continved incubation of PE cells with D3T
from 3 to 4.5 b maintained a constant elevation of nuclear
Nrf2, removal of D3T from cells at 3 h led to a 50% reduction
in nudlear levels of Nrf2 50 min later. Removal of D3T at 3 h
coupled with addition of CHX led to a 50% reduction in 30
min and a complete loss of Nrf2 in nuclei within 90 min.
Similar results were seen when total cellular levels of Nrf2
monitored. These observations suggest that mamtenance of
elevated nuclear Nrf2 depends upon de novo synthesis of Nrf2
after treatment with D3T. .

Protein degradation also appears to play a role in the regu-
lation of Nif2. Addition of the 268 proteasome inhibitor,
MG132 (15 pM) increased the level of total cellular Nrf2 after
incubation of PE cells for 3 h but did not increase the nuclear
level of Nrf2 (Fig. 2B). Apparently, Nrf2 is constantly degraded
by the 265 proteasome in uninduced cells, such that imhibition
of proteasomes causes accomufation of N1f2 within cells. Pre-
sumably, however, there is an excess of Keapl, the cytoplasmic.
tether for Nief2, in the cell to keep Nrf2 sequestered in the
cytoplasm rather than allowing for nuclear accumulation as its
concentration is increased. However, accomulfation of beth
total and nuckear levels of Nrf2 was greatly increased by coin-
cubation of cells with MG132 and D3T, indicating that D3T
increases Nrf2 levels in part through a proteasome-indepen-
dent pathway. Collectively, the effects of CHX and MGI132

‘suggest that levels of Nif2 protein are regulated through a

balance between rapid protein synthesis and constant degra-
dation. D3T treatment may elevate the level of Nrf2 not only
by enhanced translocation but also by enhanced protein syn-
thesis.

Levels of Nrf2 mRNA are increased by D3T. The sensitivity
of N2 nuclear accurmulation to CFIX and the additive effect
of D3T and the proteasome inhibitor on the accumulation of
Nitf2 suggested that transeriptional activation of n#f2 leading to
enhanced synthesis of Nrf2 protein may contribute to the in-
creased level of this transcription factor after D3T treatment.
Steady-state mRNA levels of Nrf2 increased ~2-fold 6 h after
treatment with D3T (Fig. 2C). mRNA levels retumed to basal
levels at 24 h, a pattern also observed with nuclear levels of
Nrf2 in the liver of mice treated with D3T (27).

Promoter activity of nrf2 is increased by D3T. The promoter
activity of arf2 was measured by using a Iuciferase reporter
system to further test the hypothesis that enzyme inducers may
enhance transcriptional activation of nrf2 m PE cells. Chan et
al. (5) previously described a 1-kb proximal promoter region
for nrf2, so this region was isolated by PCR amplification from
genomic DNA prepared from the livers of ICR mice. The
sequence of the isolated promoter determined here matched
the sequence reported earlier. This promoter is very GC-rich
and contains several putative AP-2 and SP-1 binding sites. Of
particular interest, there are two ARE-like sequences at —754
(AREL2; GCCACAGTCA) and —492 (AREL1; TGACTCC
GC) from the transcription start site (Fig. 3A). A full-length
promoter construct (pGLNRP-1065/—35) was transiently



