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Differential roles for Nrf2 and AP-1 in upregulation of HO-1
expression by arsenite in murine embryonic fibroblasts
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Abstract

Heme oxygenase-1 (HO-1) is markedly upregulated by sodium arsenite and previous studies implicated the transcriptional
enhancers Nrf2 and AP-1 in arsenite-induced %o-1 gene expression in murine cells. To further evaluate the role of Nrf2 and
its signalling pathway in the induction of HO-1 in response to low levels of arsenite, this paper studied wild-type and Nrf2-
deficient murine embryonic fibroblasts. It was found that Nrf2 plays a crucial role in the early activation of 4o-1 transcription
and that increased Nrf2 levels returned to basal levels within 24 h. In Ntf2 '~ cells, /0-1 gene activation increased gradually
and HO-1 protein levels were approximately half of those attained in Nrf2 /" cells. The tyrosine kinase inhibitor genistein
and JNK inhibitor SP600125 significantly attenuated arsenite induced increases in zo-1 mRNA levels in Nrf2 deficient cells
but had negligible effects on Nrf2 activation, suggesting tyrosine kinase/JNK/c-Jun plays a key role in the HO-1 upregulation
via AP-1.
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Abbreviations: AP-1, activator protein-1; ARE, antioxidant response element; EpRE, electrophile response element; HO-1,
heme oxygenase-1; JNK, Fun N-terminal kinase; Nrf2, NF-E2-related factor 2; TRE, TPA-response element; EGFR,
epidermal growth factor receptor.

Introduction . . .
stress, studies on the functions of HO-1 reaction

Heme oxygenase (HO) catalyses the initial and rate-
limiting reaction in heme catabolism [1,2]. HO-1is a
stress-inducible HO isoform that is recognized as a
cellular stress marker, because a variety of agents
strongly activate its gene expression [3-5]. As induc-
tion of HO-1 protects cells and tissues from oxidative

products and on the regulation of #o-1 gene expres-
sion by stress agents have attracted considerable
interest.

Arsenic compounds are potent HO-1 inducers [6]
and inorganic arsenic is an environmental contami-
nant and a known human carcinogen. Arsenite
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(trivalent) is thiol-reactive and more toxic than
arsenate (pentavalent). Low levels of arsenite cause
oxidative stress in cells, most likely by reacting with
cysteine residues in proteins and evoking cellular
defense responses that lead to the upregulation of
heat-shock family proteins [7] and other stress-
response proteins [8,9]. Although HO-1 is known
as Hsp32 [10], murine and human /o-1 genes are not
sensitive to heat-induction or to HSF-mediated gene
activation (see review by Alam and Cook [11]).

Previous studies established that stress-response
elements (StREs) are major cis-elements for zo-1 gene
activation in response to various stress agents includ-
ing arsenite [12,13]. The consensus sequence of the
StREs is similar to that of antioxidant response
elements/electrophile response elements (ARE/
EpRE) and all five StREs (AREs) contain an AP-1
(Fos/Jun)-binding consensus sequence, TRE [13].
Previous studies implicated AP-1 in arsenite-induced
ho-1 gene activation [14-16]. However, recent studies
highlighted the importance of the Nrf2-ARE/EpRE
pathway [17] in arsenite mediated HO-1 induction
[18-20]. Thus, Nrf2/small Maf heterodimers and
AP-1 complexes appear to be the two major tran-
scription factors participating in the arsenite-induced
murine ko-1 gene activation, but the role of kinases in
regulation of these two pathways by arsenite remains
unclear.

Tyrosine kinase activity is clearly important in
arsenite-induced HO-1 upregulation [21]. Kinase
activity seems to be important for AP-1 activation,
since arsenite activates JNK through tyrosine kinase
[22] and JNK regulates AP-1 activation [23]. How-
ever, the tyrosine kinase responsible for gene activa-
tion has not yet been identified, although Chen et al.
[24] first showed that arsenite activated EGF receptor
tyrosine kinase played a crucial role for Ras/ERK
signalling cascade. It is not known whether tyrosine
kinase activity affects arsenite induced Nrf2 activa-
tion. In this context, recent studies report that JNK
and ERK are involved in Nrf2-mediated gene activa-
tion [25,26].

Arsenite activates ho-1 gene expression through
multiple signalling pathways. Dissection of these
pathways using wild-type cells alone is not straight-
forward and can lead to incorrect conclusions. There-
fore, we compared wild-type and Nrf2-deficient
murine embryonic fibroblasts to define the roles of
Nrf2 and tyrosine kinase activity in #o-1 gene activa-
tion by low levels of arsenite. We report that Nrf2
plays an essential role in the early and transient phase
of ho-1 gene induction by arsenite, but that Nrf2-
independent pathway(s) is important for delayed and
long-lasting /so-1 gene expression. Our results also
indicate that genistein-sensitive but PD153035-in-

sensitive tyrosine kinase activity is crucial for arsenite-
mediated JNK activation.

Experimental procedures
Chemical agents

Sodium arsenite (NaAsO,) was purchased from
Wako Chemical Co. (Osaka). SP600125 was from
Tocris Co. (Ellisville, MO). Genistein and other
kinase inhibitors were from Calbiochem (Tokyo).
Western blotting reagents were from Amersham
(Tokyo). Anti-actin was from Sigma (Tokyo). Anti-
p-c-Jun was from Cell Signaling (Danvers, MA). The
RNeasy Micro Kit was from QIAGEN (Tokyo).
Other chemicals were from Nacalai Tesque (Kyoto).
Rabbit anti-HO-1 and anti-Nrf2 sera were prepared
using purified rat HO-1 [21] and recombinant
murine Nrf2 [18], respectively.

Cell culture and treatment

Embryonic fibroblasts derived from Nrf2-deficient
and wild-type C57BL mice were cultured in Iscove’s
Modified Dulbecco’s Medium containing 10% (v/v)
foetal bovine serum under 95% air and 5% CO,. The
cells were sub-cultured twice a week and for experi-
ments cells were seeded at 1.0 x 10 cells/ml and used
after 1-2 days when still pre-confluent. The growth
rate of Nrf2 '~ cells was similar to that of wild type
cells (data not shown).

Immunoblotting

Whole-cell proteins were solubilized with SDS-sam-
ple buffer (50 mm Tris-HCI, pH 6.8, 2% SDS, and
10% glycerol), boiled for 5 min and stored at — 20°C.
Protein concentrations were estimated by the BCA
protein assay (Pierce). 2-mercaptoethanol and a
marker dye were added to protein solutions and the
samples were boiled, separated by SDS-polyacryla-
mide gel electrophoresis and electrotransferred onto a
PVDF membrane [18]. Immunoreactive proteins
were detected with horseradish peroxidase-conju-
gated anti-rabbit IgG and the Chemi-Lumi One
(Nacalai, Kyoto) or ECL-plus Western blotting
system (Amersham Pharmacia Biotech).

Quanttative real-time PCR

Total RNA was isolated from cells and steady-state
mRNA levels in cells were determined by quantitative
real-time PCR using 25 ng RNA in 25 pl reaction
mixture per assay. The PCR thermocycling para-
meters were 48°C for 30 min, 95°C for 10 min and 40
cycles (95°C for 15 s, 60°C for 1 min). Real-time
PCR was carried out using an Applied Biosystems
7000 sequence detector. The primers and probe for
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HO-1 were designed with Primer Express (Applied
Biosystems, Tokyo) as follows:

e forward 5'-CCTCACTGGCAGGAAATCATC-3’,

e reverse 5'-CCTCGTGGAGACGCTTTACATA-3,
and

e probe FAM5'-TGCACGCCAGCCACACAGCA-
3'TAM.

For GAPDH, the primers and probe in the pre-
developed TagMan assay reagents (Applied Biosys-
tems) were used and the reverse-transcriptase was the
gqPCR Master Mix (Eurogentec SA, Seraing). Each
sample was assayed in duplicate and normalized to
GAPDH.

MTT assay

Cell sensitivity to arsenite was analysed by the
spectrophotometric measurement of mitochondrial
dehydrogenase activity with 3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyl tetrazolium bromide (MTT) as
the substrate. Cells were seeded at 1.0 x 10* cells/100
pul/well (96-well plates), cultured for 24 h, treated
with arsenite and incubated for another 24 h in the
presence of arsenite. MTT solution (5.0 mg/ml) was
added (10 pl/well) and the cultures were incubated
for 4 h. The solutions were removed, formazan salts
produced by the reaction were dissolved in DMSO
and the absorbance at 540 nm was determined. Cells
treated without arsenite were used as the 100%
control.

Results

We compared the toxicity of 1, 2.5 and 5 pm sodium
arsenite in Nrf2 ™/* and Nrf2 =/~ murine embryonic
fibroblasts using the MTT assay. The ODs,4o mea-
surements of Nrf2 '+ cells were significantly higher
than those of Nrf2 =/~ cells, when these cells were
treated with 2.5 and 5 pm arsenite for 24 h,
respectively (Figure 1A). These results suggest that
Nrf2 activation contributes significantly to cytopro-
tective mechanisms (Figure 1A), most likely by
upregulating expression of phase 2 detoxifying [16]
and antioxidant proteins [18].

We next compared concentration-dependent ef-
fects of arsenite on HO-1 induction in Nrf2 /" and
Nrf2 /= cells after 8 h of exposure to arsenite
(Figure 1B). HO-1 levels increased dose-depen-
dently, with a maximal expression induced by 2.5
UM arsenite in both cell types. Arsenite also evoked
concentration-dependent increases in Nrf2 (apparent
mass, 110 kDa) in Nrf2™'" fibroblasts. Notably,
HO-1 protein expression was ~ 2-fold higher in the
Nrf2 '+ cells compared to Nrf2 =/~ cells, implicat-
ing Nrf2 as an important transcription factor in HO-1
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Figure 1. Concentration dependent effects of arsenite on cell
viability and HO-1 expression in wild-type and Nrf2-deficient
murine embryonic fibroblasts. (A) MTT assay to estimate the
sensitivity of the cells to sodium arsenite. Embryonic fibroblasts
from wild-type and Nrf2-deficient mice were seeded in 96-well
plates (1 x 10* cells/well), incubated for 24 h and then exposed to
different concentrations of arsenite for another 24 h. Untreated
Nrf2 "'+ and Nrf2 '~ cells served as the 100% control. The
growth rates of the two cell types were similar. Data represent the
mean+SE of four replicate measurements in three different
cultures, ** p <0.01, determined by Student’s ¢-test, respectively.
Nrf2+/*, denoted by filled bars; Nrf2 =/~ , denoted by unfilled
bars. (B) HO-1 and Nrf2 expression levels detected by immuno-
blotting. Cells were treated with different concentrations of
arsenite for 8 h, as described in Experimental Procedures. The
blot shows representative immunostained bands. Immunostained
HO-1 protein bands were quantified by densitometry using actin
as an internal control, with data expressed as means+SE of
measurements in three different cell cultures. The increase in HO-
1 protein expression was significant at 0.5 pm (Nrf2 /' cells, p <
0.01; Nrf2 =/~ cells, p <0.05) and 1.0 um arsenite (Ner*/* cells,
p<0.01).

upregulation. All subsequent experiments were per-
formed in fibroblasts treated with 2.5 um arsenite.

Time-dependent changes in HO-1 protein expres-
sion were subsequently examined in response to
2.5 uM arsenite (Figure 2A). In Nrf2 7/ * cells, HO-
1 protein levels started to increase within 2 h, peaked
at 12 h and then decreased marginally by 24 h. In the
Nrf2 '/~ cells, HO-1 protein expression increased
gradually after 4 h, peaked at 12 h and remained
elevated at 24 h. In the Nrf2 7/ + cells, cellular Nrf2
levels reached their maximum 2 h after arsenite
treatment, returning to baseline within 24 h (Figure
2A, upper panel). As an indicator of Nrf2 activation,
we monitored protein levels in total cell lysates, since
these values reflect relative Nrf2 levels in the nuclear
fractions of arsenite treated cells [19].
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Figure 2. Time dependent effects of arsenite on HO-1 and Nrf2
protein and %o-1 mRNA expression. (A) representative immuno-
blots for HO-1 and Nrf2 expression in murine embryonic
fibroblasts stimulated with 2.5 um arsenite. Densitometric analysis
of HO-1 protein levels relative to actin were calculated from three
different cultures (data not shown). The increase of HO-1 level was
significant at 2 h in Nrf2*/* cells (p <0.01) and at 8 h (p <0.05)
and at 12 h (p<0.01) in Nrf2~/~ cells. (B) time-dependent
increase in s0-1 mRNA expression determined by quantitative real-
time PCR. /0-1 mRNA expression was normalized against GAPDH
mRNA expression. The data show the means+SE of duplicate
determination in three different cell cultures. The increase of HO-1
mRNA level was significant at 2 h in both cell types (p <0.01).
Nrf2 ™'+, filled bars; Nrf2 ~'~, unfilled bars.

HO-1 mRNA levels in the Nrf2 ™' cells were
clearly higher by 1 h of exposure to arsenite, reached
a maximum at 6 h and then decreased gradually. In
contrast, in Nrf2 =/~ cells, HO-1 mRNA levels
increased gradually during 24 h incubation with
arsenite (Figure 2B). These results indicate that
Nrf2 is essential for the early, marked %Zo-1 gene
activation, whilst %o-1 activation in the absence of
Nrf2 is relatively slow and significantly less strong.

To establish a role for tyrosine kinases and JNK in
ho-1 gene activation, we compared the effects of
relatively specific inhibitors, genistein and SP600125,
in Nrf2™/* and Nrf2 =/~ cells. Both genistein (100
pm) and SP600125 (40 um) caused similar inhibition
of arsenite stimulated /40o-1 mRNA upregulation in
Nrf2*'* and Nrf2 =/~ fibroblasts (Figure 3A). The
percentage inhibition of the increase in 4o-1 mRNA
levels was ~ 2-fold greater in Nrf2 =/~ cells (40%)
compared to wild-type cells (21%), suggesting these
kinases are important for the Nrf2-independent path-
ways (Figure 3A).

Genistein and SP600125 caused partial and similar
inhibition of arsenite stimulated HO-1 protein
expression in both Nrf2™'* and Nrf27/~ cells

(Figure 3B). Moreover, both genistein and
SP600125 inhibited the phosphorylation of c-Jun
(Figure 4A). Densitometric analyses showed that
genistein (100 um) and SP600125 (40 um) treat-
ments, respectively, decreased arsenite-induced p-c-
Jun levels from 1 to 0.66+0.17 (mean+ SD, n=3)
and 0.27 (n=2) in Nrf2 "' " cells (representative blot
shown in Figure 4A) and to 0.53+0.21 (n=3) and
0.364+0.10 (z=3) in Nrf2 '~ cells, respectively.
These results are consistent with a previous study that
JNK activation is a downstream effect of tyrosine
kinase activation [22]. We observed that SP600125
(1040 pm) dose-dependently blocked arsenite-in-
duced c-Jun phosphorylation and HO-1 induction in
Nrf2 /= cells (Figure 4B), suggesting that JNK-
mediated phosphorylation of c-Jun significantly con-
tributes to the %o-1 gene activation in the absence of
Nrf2. Notably, genistein and SP600125 did not
reduce Nrf2 levels in the absence or presence of
arsenite (Figure 4C and D).

To identify the tyrosine kinase that regulates JNK
activation, we examined another tyrosine Kkinase
inhibitor, PD153035, which is highly specific to
EGFR [27]. Notably, PD153035 negligibly inhibited
arsenite mediated HO-1 induction in either cell type
(Figure 5A). These results suggest that EGFR
tyrosine kinase activity is not involved in the ho-1
gene activation by arsenite.

Inhibitors for ERK1/2 (PD98059), p38MAPK
(SB202190 and SB203580) and pan-PKC
(GF109203X) also had negligible effects on arsenite
induced increases in HO-1 expression in both cell
types (representative blots are shown in Figure 5B, C
and D). Therefore, these kinase activities may not
play important roles in HO-1 induction, at least
under our experimental conditions.

Discussion

We have characterized arsenite-triggered signalling
pathways leading to %ko-1 gene activation in wild-type
versus Nrf2-deficient murine embryonic fibroblasts.
Our results clearly show the following: (i) Nrf2 =/~
cells are more sensitive to arsenite than Nrf2 ™' " cells
(Figure 1A), (i1)) Nrf2 plays a major role in the early
phase of ho-1 gene expression and is responsible for
~ 50% of the HO-1 upregulation (Figures 1 and 2),
(iii) genistein-sensitive and PD153035-insensitive
tyrosine kinase(s) and JNK constitute TK/JNK/
c-Jun/AP-1 signalling pathway (Figures 3-5A) and
(iv) negligible roles for ERK1/2, p38MAPK and PKC
in ho-1 gene activation (Figure 5 B, C and D).

The importance of Nrf2 in the induction of HO-1 by
arsenite has been reported previously. Alam et al. [20]
used a transient trans-activation system to establish the
inhibitory effect of mutant Nrf2 lacking a N-terminal
activation domain (Nrf2M) in murine fibroblast
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Figure 3. Effects of tyrosine kinase and JNK inhibitors on arsenite-induced mRNA and HO-1 protein expression. (A) Nrf2

+/+ and

Nrf2 ~/~ fibroblasts were treated with 2.5 pm sodium arsenite or left untreated for 6 h in the absence or presence of genistein (100 pm) or
SP600125 (40 um). Each inhibitor was added to the culture medium 1 h prior to the treatment with arsenite. #0-1 mRNA expression was
normalized against the GAPDH mRNA expression. The data denote means +SE of duplicate determination in three different cell cultures,
** p <0.01. (B) Cells were treated with 50 and 100 pm genistein or 20 and 40 pm SP600125 1 h before treatment with 2.5 um arsenite. HO-
1 protein levels in Nrf2 ™/~ and Nrf2*/* cells were determined by immunostaining and quantified by densitometry. Data denote means +
SE of three different cell cultures, * p <0.05. Nrf2+/+, filled bars; Nrf27/7, unfilled bars.

L.929 cells. Over-expression of Nrf2M inhibited
100 pmM arsenite-induced HO-1 mRNA accumulation
in 3 h in serum-free medium by 85-90% [20]. In
murine peritoneal macrophages, upregulation of
HO-1 expression by 2.5 um arsenite (8 h) was>5
times higher in Nrf2 "/~ cells compared to Nrf2 '~
cells [18]. In the present study, we confirmed the
importance of Nrf2 and have further established that
Nrf2 contributes only to early and transient 4o-1 gene
activation (Figure 2A and B). Concerning the mode of
Nrf2 activation by arsenite, recent studies have shown
that arsenite stabilizes Nrf2 in mouse hepalclc7 cells
[28] and upregulates mRNA levels in human kerati-
nocytes [29]. In this study, we could not detect
contribution of tyrosine kinase and JNK on Keapl/
Nrf2 pathways (Figure 4C and D), although previous
studies suggested activation of Nrf2 by JNK [25,26].

Although arsenic activates EGFR kinase [22,24],
our results do not support involvement of the tyrosine
kinase activity of EGFR in the 4o0-1 gene activation in
murine embryonic fibroblasts since PD153035 did
not inhibit HO-1 induction (Figure 5A). PD153035
is known as a very potent inhibitor of tyrosine kinase
activity of the EGFR (IC50=0.025 nm) [27], but
genistein is known to inhibit autophosphorylation of
EGFR kinase and v-Src activities [30]. Notably,
H,0, activates JNK through Src/Cas pathway [31].
It was further shown that Src-mediated activation of
JNK required interaction of Src with EGFR, but
autophosphorylation of EGFR (EGF-mediated acti-
vation) was not required for Src-mediated JNK
activation [32]. A recent study [33] has established
roles for tyrosine kinase in the activation of AP-1 by
H,0, that involves the transcriptional activation of
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Figure 4. Effects of tyrosine kinase and JNK inhibitors on
arsenite-induced c-Jun phosphorylation and Nrf2 levels. Cells were
treated with 2.5 pmM sodium arsenite or left untreated for 8 h in the
absence or presence of the inhibitors as indicated and immunos-
taining was performed. Each inhibitor was added to the culture
medium 1 h prior to the treatment with arsenite. Actin served as an
internal loading control. Representative immunoblots of similar
results from two-to-three different cell cultures are shown. (A)
Nrf2*/+ cells were treated with arsenite or left untreated in the
absence or presence of genistein (100 um) or SP600125 (40 um).
Immunoblotting was performed using antiserum specific to phos-
phorylated c-Jun (see text for more details). (B) Nrf2 ~/= cells were
treated with arsenite in the presence of 0, 10, 20, 30 and 40 pum
SP600125 and phospho-c-Jun and HO-1 levels monitored by
immunoblotting. (C) Nrf2*/* cells were treated with arsenite or
left untreated for 8 h in the absence or presence of genistein (50
and 100 um). Nrf2 expression levels in whole cell extracts were
monitored. (D) Nrf2*'* cells were treated with arsenite or left
untreated for 8 h in the absence or presence of SP600125 (20 and
40 um) and Nrf2 levels in whole cell extracts determined by
immunoblotting.

c-jun and c-fos genes and phosphorylation of c-Jun. It
is possible that arsenite could activate JNK through
similar manner as H,O,, since H,O, is produced in
cells by arsenite treatment [34,35]. These studies and
our results using kinase inhibitors support the
hypothesis that the Src/JNK/c-Jun/AP-1 signalling
pathway contributes %o-1 gene activation induced by
low levels of arsenite.

Interestingly, in Nrf2 '~ cells, activation of /o-1
gene expression levels increased gradually and re-
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Figure 5. Effects of other kinase inhibitors on arsenite-induced
HO-1 expression. All inhibitors were added 1 h prior to the start of
an 8-h treatment with 2.5 uM sodium arsenite. Representative
immunoblots of similar results from two different cell cultures are
shown. Actin served as an internal loading control. (A) Cells were
treated with PD153035 (inhibitor of EGFR) and/or arsenite or left
untreated. (B) Cells were treated with PD98059 (50 pum, inhibitor
of ERK1/2 activation) and/or arsenite or left untreated. (C) Cells
were treated with p38MAPK inhibitor SB202190 or SB203580 at
10 pm and/or arsenite or left untreated. (D) Cells were treated with
GF109203X (pan-PKC inhibitor) at 10 or 20 pm and/or with
arsenite or left untreated.

mained elevated after 24 h of arsenite treatment
(Figure 2B). This long-lasting so-1 gene activation
by arsenite in the absence of Nrf2 is most likely
mediated by AP-1, since previous studies showed that
JNK activation is sustained under oxidative stress
[36] and expression of multiple AP-1 family proteins
is increased during the course of gene activation by
arsenite [16]. Activation/phosphorylation of JNK by
arsenite seems to be regulated through two co-
operating mechanisms: inhibition of JNK phospha-
tase [14] and activation of an upstream tyrosine
kinase.

In summary, we demonstrated that Nrf2 mediates
the early induction of HO-1 and that Nrf2 contri-
butes to approximately half of the HO-1 upregulation
in embryonic fibroblasts exposed to low levels of
arsenite. We also showed that genistein-sensitive but
PD153035-insensitive tyrosine kinase, probably Src,
plays a role in the JNK/AP-1 pathway, which seems to
be important for the long-term induction of HO-1 by
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arsenite. Qur study provides insights for strategies to
increase cellular protection against toxic agents such
as arsenite. Furthermore, our findings suggest that
the Nrf2 pathway may be a potential as a target for
potential therapies [37], as we previously reported a
beneficial effect of the Nrf2 activator sulphoraphane
in reducing the toxicity of arsenite [38,39].
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