
INTRODUCTION

ARSENIC IS A UBIQUITOUS CONTAMINANT, and humans are
continually exposed to this semimetal. Trivalent arsenic

is highly toxic and carcinogenic, but has been shown to in-
duce apoptosis in certain tumor cells at low concentrations,
and is thus currently used as a standard anticancer treatment
(20, 28). Arsenic affects numerous intracellular signaling mole-
cules including protein kinases, tyrosine phosphatases, NF-�B/
I�B and caspases (20). Besides the induction of apoptosis, ar-
senic may also inhibit growth and angiogenesis, and promote
differentiation. In addition, exposure to arsenic has been shown
to cause oxidative stress by disturbing natural oxidation and
reduction equilibria in the cell (20).

The CNC and Maf families of basic-leucine (bZIP) transcrip-
tion factors play important roles in mammalian gene regulation,
development, differentiation, oncogenesis, and cellular stress re-
sponse (4, 23). Several studies have linked the CNC factor Nrf2
and small Maf proteins to arsenic induced stress. Induction of
antioxidative stress proteins such as heme oxygenase-1 (HO-1)
and peroxiredoxin I (Prx I) by arsenic is impaired in Nrf2 defi-

cient macrophages (18). In keratinocytes, Nrf2 is activated by in-
organic arsenic and it has been proposed that hydrogen peroxide
(H2O2) is one of the mediators of this process (27). Treatment of
osteoblasts with arsenite [As(III)] or arsenate [As(V)] also in-
duces Nrf2 levels and leads to the transcriptional activation of
Nrf2 target genes (3). In addition, it was shown that the transcript
levels of the small Maf factor mafG gene, coding for an Nrf2
dimerization partner, are induced by high doses of sodium arsen-
ite in HeLa cells (30). Hence, arsenic mediated stress is clearly
linked to the activity of CNC and small Maf proteins. Recent ev-
idence suggests that Nrf2 is the primary target of the broad com-
plex–tramtrack–bric-a-brac (BTB) protein Keap1 (Kelch-like
ECH associated protein 1) that retains Nrf2 in the cytoplasm (19,
24, 25). Keap1, functioning as a substrate adaptor protein, asso-
ciates with cullin 3 and the Ring finger protein Rbx1/Roc1 to
form a functional E3 ubiquitin ligase complex, that targets Nrf2
for degradation by the proteasome (13, 33). Thus, Nrf2 activity
appears to be regulated by cytoplasmic sequestration and degra-
dation via the ubiquitin pathway.

Arsenic has been shown to cross the placenta in both ani-
mals and humans, and experimental studies support a role for
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arsenic as a developmental toxicant leading to spontaneous
abortions, birth defects, and embryonic lethality (8, 16, 21).
Placental levels of arsenic can be significantly increased in
humans living in regions with high environmental contamina-
tion (31). Placental trophoblast cells are exposed to extensive
oxidative stress during pregnancy, and there is evidence im-
plicating oxidative stress in the pathogenesis of preeclampsia
and miscarriage (6). Based on these previous data, we ana-
lyzed the effect of arsenic induced stress in placental cells. As
a model we chose placental trophoblast derived JAR chorio-
carcinoma cells (26). We found that arsenic has a profound
effect on Nrf2 expression and DNA-binding activity of endoge-
nous Nrf2/small Maf complexes. There is evidence of signifi-
cant oxidative stress in JAR cells in the presence of arsenic.
Furthermore, the expression of HO-1, a major stress respon-
sive protein, is also induced upon exposure to arsenic. Thus
CNC/small Maf complexes are likely to be involved in the
regulation of the cellular response to stress in placental cells.

MATERIALS AND METHODS

Cell culture and induction by arsenic

Human embryonic kidney 293T (HEK293T) cells were
cultured in minimal essential medium alpha (MEM-�) and
10% bovine growth serum. The human choriocarcinoma JAR
cell line (American Type Culture Collection, Manassas, VA)
was maintained in RPMI-1640 medium plus 1 mM sodium
pyruvate, 10 mM HEPES, and 10% fetal bovine serum. Peni-
cillin and streptomycin was added to all media. For induction
studies, JAR cells at 70–90% confluency were incubated with
various concentrations of arsenic trioxide (As2O3) (Sigma,
Oakville, ON) for the times indicated.

Plasmid constructs and transfections

The human nrf2 cDNA was recovered by RT-PCR using
the following oligonucleotides: hNrf2-Fnew (5'-CCCAGCAG
GACATGGATTTGAT-3') and hNrf2-Rnew (5'-GGTCAAA
TCCTCCTAAATCTAG-3'). The PCR fragments were then
cloned into the pCR-BluntII-TOPO vector. As the nrf2 cDNA
comprises an internal EcoRI site, the insert was recovered
from the pCR-BluntII-TOPO plasmid by a partial EcoRI di-
gest, and subcloned into the EcoRI site of the pMT2 expres-
sion vector to yield pMT2Nrf2. The pMT2MafG, pMT2MafF
and pMT2MafK expression constructs have been described
elsewhere (5; Massrieh, Derjuga, Doualla-Bell, Ku, Sanborn,
and Blank, in revision). Transient transfections of HEK293T cells
were performed using the standard calcium-phosphate co-
precipitation procedure. To this end, we cotransfected HEK293T
cells at 30–50% confluency (100 mm dish) with 10 µg of
both, the pMT2Nrf2 vector and either of the pMT2MafF,
pMT2MafG or pMT2MafK expression plasmids.

Immunoblot analysis

To prepare cytoplasmic extracts, the cells were scraped using
1� PBS, centrifuged, and the pellets were then resuspended in
NB buffer (250 mM sucrose, 10 mM Tris/HCl, 2 mM MgCl2, 1
mM CaCl2, 1% Triton X-100) and protease inhibitors. After in-

cubation on ice for 10 min, samples were briefly centrifuged and
the supernatant was collected. Nuclear extracts were prepared by
resuspending the pellet from the cytoplasmic extract preparation
in NB buffer plus 420 mM NaCl, centrifuging, and collecting the
supernatant. The protein concentrations were determined using a
protein assay kit (Bio Rad, Hercules, CA). 20–30 µg of the
lysates were electrophoresed in 4–12% NuPage Novex Bis-Tris
(Invitrogen, Carlsbad, CA) (Figs. 1 and 2) according to the in-
structions of the manufacturer or 12% SDS-polyacrylamide gels
(Fig. 6). Resolved proteins were transferred electrophoretically
to a PVDF membrane (Immobilon, Millipore, Bedford, MA).
After transfer, the membrane was blocked for 1 hour at room
temperature and was subsequently incubated overnight with pri-
mary antisera in 1� TBS plus 5% milk, 0.05% Tween-20, and
350 mM NaCl. After washing, the membrane was incubated for
1 hour at room temperature with secondary goat anti-rabbit or
anti-mouse antibodies conjugated to horseradish peroxidase
(Pierce, Rockford, IL). The proteins were detected using the
Super-Signal West Pico chemiluminescent reagent (Pierce) fol-
lowing the manufacturer’s instructions.

EMSA experiments

For electrophoretic mobility shift assay (EMSA) experiments,
nuclear extracts were prepared as described previously (2) and
then incubated at 4ºC for 30 min in the binding reaction contain-
ing 18 mM HEPES-KOH (pH 7.9), 80 mM KCl, 2 mM MgCl2, 10
mM DTT, 10% glycerol, poly(dI-dC) 160 �g/ml, 0.2 mg/ml
bovine serum albumin, and 7K-30K cpm �-32P–ATP labeled
probe (15). Reaction mixtures were analyzed by native 5% poly-
acrylamide gel electrophoresis and autoradiography. The StRE
(stress response element) DNA binding site oligonucleotide de-
rived from the human HO-1 promoter (15), end-labeled with T4-
polynucleotide kinase, was used as a probe. A 1200 molar excess
of unlabeled oligonucleotide was used for competition. For su-
pershift experiments 3 µl of either preimmune or immune serum
was added to the reaction mixture as indicated.

Antisera

For immunoblot and/or EMSA analyses we used antisera
specific for various human proteins. The Nrf1, Nrf2, MafK
(Santa Cruz Biotech, Santa Cruz, CA), HO-1 (Stressgen, Victoria,
BC), �-actin (Sigma) antisera were obtained commercially.
The generation of the MafF (Massrieh, Derjuga, Doualla-Bell,
Ku, Sanborn, and Blank, in revision), MafG (5) and Nrf3 (7)
antisera has been described elsewhere.

Detection of intracellular H2O2 levels

Intracellular H2O2 is detected when membrane-permeable
2',7'-dichlorofluorescin diacetate (DCFH-DA) undergoes non-
specific cleavage by intracellular esterases, and the resulting
DCFH is oxidized to the fluorescent compound, 2',7'-dichlo-
rofluorescein (DCF) in the presence of H2O2 as previously
described (11). JAR cells were seeded at 2 � 105 cells/ml in
six-well plates and were treated the following day with 5 µM
As2O3 for 6 hours. Cells were then treated with 25 µg/ml
DCFH-DA, and incubated at 37°C for 45 min. Positive control
groups were treated with 1 mM H2O2, and incubated at 37°C
for 15 min prior to time of collection (data not shown). The
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fluorescent intensity of DCF was then measured with a Coul-
ter flow cytometer.

Quantification and statistical analysis

Quantification was performed by densitometry using NIH
image software (version 1.63). Values of p < 0.01 (**) were
used as criteria for declaring significance. FACS analysis was
performed using Cell Quest Pro software. All data are expressed
as the mean ± SEM and were analyzed for significance using
one way ANOVA or Student t-test.

RESULTS

Upregulation of Nrf2 protein levels by different
doses of arsenic

We first performed dosage-response experiments expos-
ing placental JAR choriocarcinoma cells for 6 hours to differ-
ent concentrations of arsenic trioxide. Nuclear extracts of JAR
cells were prepared and analyzed in immunoblot assays using
an Nrf2 specific antiserum. We found that nuclear Nrf2 pro-
tein levels are upregulated by doses of 0.5 µM arsenic (Fig.
1). Higher concentrations resulted in even stronger inductions
of Nrf2 protein. At doses of 10 µM and higher, cells looked
unhealthy as evidenced by a rounded appearance resulting in
increased numbers of cells that were lifting off the plate, es-
pecially at longer time points (data not shown). We thus chose
to use 5 µM of arsenic in further experiments as this dose re-
sulted in a strong induction of Nrf2 protein levels with no vis-
ible toxic effects.

Time course of arsenic induction

We next analyzed the induction of Nrf2 after treatment of
choriocarcinoma cells with 5 �M arsenic by preparing nu-
clear extract at different time points. We found upregulation
of Nrf2 at all the times analyzed, from 2 to 24 hours (Fig.
2A). The highest induction levels were observed at the 6 hour
time point. Nrf2 was similarly induced by arsenic in the cyto-
plasm (data not shown). We also monitored the expression of
the dimerization partners of Nrf2, the small Maf protein MafF,

MafG, and MafK. We used a set of antisera shown earlier to
be specific for each of the small Maf proteins in immunoblot
experiments (Massrieh, Derjuga, Doualla-Bell, Ku, Sanborn,
and Blank, in revision). We found no induction for the small
Maf factors MafG and MafK, whereas expression of MafF
was slightly upregulated, in particular at 2, 4, 6 and 16 hours
following arsenic treatment (Fig. 2B–D).

Increase of Nrf2/small Maf DNA binding activity
following exposure to arsenic

Since we detected a strong increase in nuclear Nrf2 levels,
we performed electrophoretic mobility assays (EMSAs) to
analyze the DNA binding activities in JAR choriocarcinoma
cells. First, we assessed the specificities of antisera used in
this study. To this end, we prepared extracts from human em-
bryonic kidney 293T (HEK293T) cells that were transiently
transfected with expression constructs coding for Nrf2 and either
one of the small Mafs MafF, MafG, or MafK. Cotransfection
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FIG. 1. Induction of Nrf2 by different doses of arsenic.
Immunoblot of nuclear extracts prepared from JAR choriocar-
cinoma cells exposed to different concentrations of arsenic tri-
oxide (0.5–10 µM) or not (control) for 6 hours using antisera
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FIG. 2. Time course of arsenic treatment of nuclear Nrf2
and small Maf levels. Immunoblot of nuclear extracts pre-
pared from JAR choriocarcinoma cells treated or not (control)
with 5 µM arsenic trioxide for 2 to 24 hours using antisera spe-
cific for (A) Nrf2, (B) MafF, (C) MafG, (D) MafK and �-actin.
30 µg of protein was loaded per well. Control extracts from
HEK293T cells transfected with an expression vector coding
for Nrf2 or not (mock) have been analyzed in parallel.
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of Nrf2 and either of the small MAF constructs resulted in a
complex binding to a stress responsive element (StRE) recog-
nition site, derived from the human HO-1 promoter (15) (Fig.
3). DNA binding was specific as addition of an unlabeled
oligonucleotide corresponding to the recognition site abol-
ished the interaction. The Nrf2 antiserum disrupted the NRF2/
small Maf heterodimer, whereas Nrf1 or Nrf3 specific anti-
sera did not appear to recognize the complex. As expected, the
MafG specific antiserum supershifted the complex containing
MafG, but also crossreacted with DNA binding complexes
comprising MafF or MafK. In contrast, both the MafF and MafK
antisera seem to be highly specific and recognized only com-
plexes that comprise either of these small Maf factors. Next,
we examined the endogenous DNA binding complexes in JAR
cells that have been exposed to 5 µM arsenic for 6 hours.
Uninduced cells showed only a minor band, although this basic
DNA binding activity appeared to be specific, as competition
with nonlabeled oligonucleotides abolished this interaction
(Fig. 4, left panel). Exposure to arsenic resulted in the induc-
tion of a prominent DNA binding complex (Fig. 4, right panel).
This DNA binding activity comprised Nrf2, as addition of the
Nrf2 antiserum clearly disrupted the complex. In contrast, an-
tisera specific for the highly homologous Nrf1 and Nrf3 pro-

teins did not appear to have an effect. Addition of the MafG
antiserum that crossreacts with all three small Mafs also com-
pletely abolished the DNA binding complex, whereas in the
presence of the specific MafF and MafK antisera, the complex
did not fully disappear. Our results suggest that the arsenic-
induced complex in JAR choriocarcinoma cells consists of
Nrf2/small Maf heterodimers (Fig. 4), in agreement with the
fact that all three small Maf proteins are expressed in these
cells (Fig. 2).

Arsenic treatment results in oxidative stress and
increase of HO-1 expression

As it has been shown previously, arsenic treatment can
lead to increased oxidative stress. We analyzed the production
of hydrogen peroxide (H2O2) in JAR cells and showed that
levels are significantly increased in JAR choriocarcinoma cells
(Fig. 5) at 6 hours following exposure to arsenic. As further
evidence for oxidative stress, we examined the expression of
the enzyme HO-1, a major protein involved in the oxidative
stress response, and a target of Nrf2/small Maf DNA binding
complexes (1, 15). We found that HO-1 protein levels are strongly
upregulated in the presence of arsenic (Fig. 6).
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FIG. 3. Specificities of Nrf2 and small Maf antisera. EMSA analysis of nuclear extracts for HEK293T cells transfected or not
(mock) with expression vectors coding for Nrf2 and either MafF (left panel), MafG (center panel), or MafK (right panel). A
stress responsive element (StRE) recognition site derived from the HO-1 promoter has been used as a probe. Nonlabeled competi-
tor StRE oligonucleotide (oligo), preimmune serum and Nrf1, Nrf2, Nrf3, MafF, MafG and MafK specific antisera were added to
the reaction mix as indicated. Arrows indicate the position of the different Nrf2/small Maf heterodimers.
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DISCUSSION

Arsenic is well known as a lethal toxicant, human carcino-
gen, and neurotoxicant (14). There is also evidence that ar-
senic is able to cross the placenta, and experimental studies
support a role for this semimetal as a reproductive and devel-
opmental toxicant (8, 16, 21). In addition, arsenic levels in
the placenta are increased in pregnant women living in areas
with significant environmental contamination (31). Thus, we
analyzed here the effect of arsenic trioxide-induced stress on
placental cells, in particular with respect to the cellular levels
and DNA binding activity of CNC and small Maf transcrip-
tion factors. As a model, we used JAR choriocarcinoma cells
that have been derived from trophoblastic tumors of the pla-
centa. We clearly established a link between arsenic exposure
and the presence of Nrf2 in this placental cell line. Arsenic
rapidly induces nuclear Nrf2 levels (Figs. 1 and 2). In addi-
tion, we found a strong upregulation of endogenous DNA
binding complexes comprising this CNC transcription factor
(Fig. 4). Our results thus identify Nrf2 as an important stress
regulator in placental cells and confirm earlier data showing
that Nrf2 is involved in the response to arsenic insult in other
cell types such as peritoneal macrophages, keratinocytes, and
osteoblasts (3, 18, 27). From the work of many laboratories,
Nrf2 has been established as a major regulator in the response
to oxidative and xenobiotic insult in numerous cell types (24).

RESPONSE OF PLACENTAL CELLS TO ARSENIC 57

It has become clear that the BTB protein Keap1 acts as a cy-
toplasmic repressor of Nrf2 activity (19, 24, 25). Keap1, in
association with cullin 3 and the ring finger protein Rbx1/
Roc1, appears to form an E3 ubiquitin ligase complex that
mediates the rapid degradation of Nrf2 via the proteasome
(29, 33). It is known that arsenic perturbs the natural oxida-
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tion and reduction balance through a variety of mechanisms
that are involved in redox reactions with endogenous oxidants
and cellular antioxidant systems (20). This is of interest, as
the redox capacities of many proteins reside in the sulfhydryl
groups on cysteines. As proposed earlier (12), we believe that
the accumulation of nuclear Nrf2 is at least in part mediated
by modification of the sulfhydryl groups on cysteines in Keap1
by arsenic. Recent results confirm the existence of redox-
sensitive cysteine residues in Keap1 and mutation of a single
cysteine in Keap1 has been shown to confer significant resis-
tance to inhibition by either oxidative stress or sulforaphane,
a cancer-preventive isothiocyanate (12, 33). It is not clear yet
whether oxidative stress and xenobiotics regulate the associa-
tion of Nrf2 with Keap1 or the association of Keap1 with the
degradation machinery or both (24). Recently, it was proposed
that it is the ability of Keap1 to assemble into a functional E3
ubiqutin ligase complex that is the critical determinant that
controls the steady-state levels of Nrf2 (33). In addition, it has
been suggested by several groups that activation of Nrf2 is
also regulated by phosphorylation of this transcription factor
(24). ERK mitogen activated protein kinase (MAPK) activa-
tion has been shown to be required for Nrf2 nuclear localiza-
tion during pyrrolidine dithiocarbamate induction of glutamate
cysteine ligase gene expression in HepG2 cells (34). Intrigu-
ingly, we found that ERK MAPKs are activated in the pres-
ence of arsenic in our choriocarcinoma cell model (data not
shown). Induction of ERK MAPKs by arsenic has been ob-
served previously in the human HaCat keratinocyte and JP6
mouse epidermal cell lines (9, 17).

In addition to Nrf2, it appears that the small MafF factor
expression is induced by arsenic, although the levels of the
two other small Mafs MafG and MafK seem not to be modu-
lated. This is of interest, as the small Maf proteins are highly
homologous, and functional redundancy has made it difficult
to assign specific roles in vitro and in vivo for each of these
factors (4, 23). In our previous study, we found that mafG
mRNA levels are induced by high concentrations (80 µM) of
sodium arsenite at the 2 hour time point in HeLa cells (30). In
the present study we analyzed placenta-derived JAR cells and
used a concentration of 5 µM arsenic trioxide. Interestingly,
in this earlier study we also noticed the induction of a maf ho-
mologous mRNA species by sodium arsenite, with a transcript
size corresponding to that of the mafF gene (30). Our results
in JAR cells hint at a possible role for MafF in the cellular re-
sponse to arsenic. Previous studies showed induction of small
Maf transcript levels in the response to oxidative stress and
electrophiles (10, 22, 30, 32). Arsenic clearly causes oxida-
tive stress in our JAR choriocarcinoma cell model, as detected
by an increase in intracellular H2O2 levels (Fig. 5). In addi-
tion, the expression of the HO-1 protein, the rate-limiting en-
zyme for heme degradation and a major stress responsive
protein, is significantly induced by arsenic in JAR cells (Fig.
6). Our results are in agreement with earlier reports showing
upregulation of HO-1 in the presence of arsenic (3, 18).

In conclusion, we provide here the first evidence that CNC/
small Maf complexes may also play a role in the cellular stress
response in placental cells. This is important as arsenic appears
to cause developmental toxicity leading to spontaneous abor-
tions, birth defects, and embryonic lethality (8, 16, 21). In ad-
dition, oxidative stress in placental cells is associated with

58 MASSRIEH ET AL.

common pregnancy-related pathologies including miscarriage
and preeclampsia (6). In future studies, it will be of interest to
identify the placenta-specific target genes of Nrf2/small Maf
heterodimers. Further investigation of the signaling mecha-
nisms involved in the cellular response to toxic insults in pla-
cental cells should provide novel insights into gestational dis-
orders as well as into other arsenic-associated pathologies
such as cancer.

ABBREVIATIONS

BTB, broad complex–tramtrack–bric-a-brac; EMSA, elec-
trophoretic mobility shift assay; HO-1, heme oxygenase-1;
H2O2, hydrogen peroxide; Keap1, Kelch-like ECH associated
protein 1; StRE, stress response element.
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