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Abstract

Although multidrug-resistance-associated protein-1 (MRP1) is a major contributor to multi-drug resistance (MDR), the
regulatory mechanism of Mrp1 still remains unclear. Nrf2 is a transcription factor that regulates cellular defense response
through antioxidant response elements (AREs) in normal tissues. Recently, Nrf2 has emerged as an important contributor to
chemo-resistance in tumor tissues. In the present study, the role of Nrf2-ARE pathway on regulation of Mrp1 was
investigated. Compared with H69 lung cancer cells, H69AR cells with MDR showed significantly higher Nrf2-ARE pathway
activity and expression of Mrp1 as well. When Nrf2 was knocked down in H69AR cells, MRP1’s expression decreased
accordingly. Moreover, those H69AR cells with reduced Nrf2 level restored sensitivity to chemo-drugs. To explore how Nrf2-
ARE pathway regulates Mrp1, the promoter of Mrp1 gene was searched, and two putative AREs—ARE1 and ARE2—were
found. Using reporter gene and ChlP assay, both ARE1 and ARE2 showed response to and interaction with Nrf2. In 40 cases
of cancer tissues, the expression of Nrf2 and MRP1 was measured by immunohistochemistry (IHC). As the quantitive data of
IHC indicated, both Nrf2 and MRP1 showed significantly higher expression in tumor tissue than adjacent non-tumor tissue.
And more important, the correlation analysis of the two genes proved that their expression was correlative. Taken together,
theses data suggested that Nrf2-ARE pathway is required for the regulatory expression of Mrp1 and implicated Nrf2 as a
new therapeutic target for MDR.
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Introduction

Multidrug resistance (MDR) is a major obstacle in the treatment
of malignant carcinoma. It is a phenomenon in which cancer cells
exhibit reduced sensitivity to a large group of unrelated drugs with
different mechanisms of pharmacological activity whether it occurs
in primary therapy (intrinsic) or is acquired during or after
treatment [1]. Mechanistically, the resistance phenomena may be
explained by a number of aspects, which include reduced drug
accumulation due to the over-expression of transport proteins,
increased detoxification, altered targets and impaired apoptosis
pathway [2]. One of the most widely studied aspects of MDR is
the reduction of intracellular drug accumulation, in which ATP
binding cassette (ABC) transporters expressed in the plasma
membrane are notorious mediators of MDR [3].

Multidrug-resistance-associated proteints (MRPs) belong to
subfamily C of the ABC transporter superfamily (ABCC). In
human, the MRP family is composed of several members (MRP1-
MRPY), of which, MRP1 plays a very important role in MDR. As
one of the drug transporting ABCC proteins, MRP1 was first
cloned highly over-expressed in a doxorubicin-selected multidrug
resistant human lung carcinoma cell line H69AR [4]. In tumor
cells, the 190 kDa MRP1 can confer resistance to not only
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doxorubicin, but also many other widely used antineoplastic drug,
such as methotrexate (MTX), daunorubicin, vincristine and
etoposide [5].

Although MRPI has emerged as an important contributor to
chemoresistance, the molecular mechanism for the induction of
MRP1 has not been clarified. Several regulatory elements have
already been identified to control the expression and inducibility of
MRPs [6,7,8]. However, there is substantial evidence that
indicates the induction of phase II enzymes and MRPs is similar.
[9,10,11]. As the induction of phase II enzymes is mainly mediated
through antioxidant response elements (ARE or EpREs) [12], it
suggests that the most likely candidate for a concerted regulation
of expression of MRPs is also ARE[13], which has a common 5'-
(G/A)TGACnnnGC(G./A)-3" motif [14]. Recently, in the mouse
Mrp2 [15,16], Mrp3 and Mrp4 gene [16], ARE-like sequences
were identified, suggesting the possible role of ARE motif in the
regulatory expression of Mrpl. For instance, both y-GCS, the
well-known anti-oxidant enzyme and MRPI are all induced by
oxidative stress [17]. It demonstrated that expression of MRP1 can
be up-regulated by redox-active compounds, quercetin in MCF-7
cells [18]. However, the further reporter gene assay indicated that
a candidate ARE motif located in the proximal promoter of the
Mrpl gene seemed to be irrelevant for the induction. Later, a
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putative ARE/AP-1 binding site at —511 to —477 upstream of the
transcriptional initiation site in human Mrpl gene was identified
and functioned as a transcriptional enhancer [19]. However, it still
did not mediate induction of a luciferase reporter gene upon -
naphthoflavone treatment, which suggests that there might
another ARE(s) exist [19]. Although the study using Nrf2 wild
type and knockout mouse embryo fibroblasts confirmed that Nrf2
is required for the constitutive and inducible expression of MRP1
[20], how Nrf2 mediates the transcriptional activation of Mrpl
remains unclear, since the exact ARE(s) was not identified yet.

Nrf2 was identified as the main transcription factor that
mediates ARE-driven transcription [12]. It regulates the antiox-
idant response by introducing the expression of genes bearing an
ARE in their regulatory regions, such as NQO1, GCS, and HO-1
[21,22,23], It is negatively regulated by Kelch-like ECH-associat-
ed protein 1 (Keap 1), a substrate adaptor for the Cul3-dependent
E3 ubiquitin ligase complex [24]. Activation of the Nrf2 pathway
composes a cellular protective system that promotes cell survival
under detrimental environments [25,26]. However, recent studies
have shown that constitutively high level of Nrf2 promotes cancer
formation and contributes to chemoresistance [27,28,29,30],
which is called dark side of Nrf2 pathway. Down regulation of
Nrf2 sensitizes cells to chemotherapeutic agents, whereas up
regulation enhances resistance in variety of cancer cells
[31,32,33,34]. In further support of a role for Nrf2 in chemore-
sistance, the expression of Nrf2 in cancer cells is increased during
acquisition of drug resistance [35,36]. Collectively, these results
demonstrate that Nrf2 contributes to chemoresistance observed in
many types of cancer. However, how Nrf2 plays such a role still
remains unknown. For instance, which molecular that is tightly
regulated by Nrf2 pathway is responsible for chemoresistance? Is
MRP1 one of the candidates?

In this study we investigated the regulative role of Nrf2 on Mrpl
expression not only in cultured cell level, but also in cancer
patients’ tissue. We demonstrated Mrpl is one of the Nrf2’s
downstream genes, as we confirmed two ARE motifs in the
promoter region of Mrpl gene. Moreover, there is a high
correlation between Mrpl and Nrf2 expression in different types
of malignant tumors. In a word, as more and more attention was
paid to the role of Nrf2 in chemoresistance, our study showed the
detailed mechanism of how Nrf2 plays its negative role.

Materials and Methods

Ethics statement

Permission to use the tissue sections for research purposes was
obtained and approved by the Ethics Committee from Shanghai
Medical College, Fudan University, China, and a written consent
form was obtained from all patients.

Reagents

Polyclonal antibodies, including anti-Nrf2, Mrpl, Mrp2,
Tubulin, B-actin were all purchased from Santa Cruz Inc. (CA,
USA). Tert-Butylhydroquinone (tBHQ), sulforaphane (SFN) and
all chemicals including cisplatin, doxorubicin and etoposide were
purchase from Sigma Co. (St. Louis, MO, USA). Dual-Luciferase
Reporter Assay System was purchased from Promega (Madison,
WI, USA). All reagents were analytical grade.

Cell lines, cell culture and cell viability assay

Small cell lung cancer cell line H69, multidrug-resistant small
cell lung cancer cell line HG9AR, and MDA-MB-231 cell line were
purchased from ATCC (Manassas, VA, USA). H69 and H69AR
cells were maintained in ATCC-formulated RPMI-1640 Medium,
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supplemented with 10% and 20% (v/v) fetal bovine serum
respectively. MDA-MB-231 was cultured in ATCC-formulated
Leibovitz’s L-15 medium with 10% (v/v) fetal bovine serum. All
cultures were grown at 37°C in 5% CO2 atmosphere. Cell
viability was measured by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyl tetrazolium bromide (MTT) assay based on the
functional change of mitochondria during cell death.

Recombinant DNA

A pair of primers was designed containing Xho I and Hind III
sites to obtain the 992 bp promoter region, from —817 to +175
with numbering relative to the transcription start site (+1), of the
human Mrpl gene from human genomic DNA by PCR. Another
four pairs of primers were designed to clone the two possible ARE
elements within the promoter region of Mrpl gene and their
mutants accordingly. The amplified products were purified and
digested with restriction endonuclease, and then cloned into
pGL3-basic (Promega, Madison, WI). The sequences of primers
were listed in the table 1.

siRNA transfection and luciferase reporter gene assay
Nrf2 siRNA and Hiperfect transfection reagent were purchased
from Qiagen (Valencia, CA) and transfection of Nrf2 siRNA was
performed according to the manufacturer’s instructions. For
luciferase reporter gene assay, cells were transfected with luciferase
reporter plasmids for Mrpl gene promoter, AREs, mutants and
renilla luciferase, along with an expression vector for HA-Nrf2.
Firefly and renilla luciferase activities were measured using a dual-
luciferase reporter gene assay system (Promega, Madison, WI) and
analyzed on a GloMax 20/20 luminometer (Promega, Madison,

WI).

Chromatin immunoprecipitation (ChIP)

ChIP analysis was conducted according to protocols provided
by Upstate (A Part of Millipore, MA). Briefly, MDA-MB-231 cells
or H69AR cells or H69 cells (approximately 4x107) were cross-
linked with formaldehyde, collected in PBS, re-suspended in SDS
lysis buffer and sonicated on ice. The lysates were then diluted
with ChIP dilution buffer, pre-cleared with protein Agarose, and
then incubated with indicated antibodies (4 ng/sample) overnight.
The immune complexes were collected with protein A agarose,
washed and eluted. DNA-protein cross-links were reversed and
DNA was recovered. Relative amounts of DNA in the complex
were quantified by real-time PCR using LightCycler 480 DNA
SYBR green I kit (Roche). Primers shown in Table 2 were
designed according to ARE sequences within the promoter region
of Mrpl gene. The confirmed ARE sequence of NQO1 gene was
used as positive control for Nrf2 interaction and promoter
sequence of Tubulin gene as negative control. The ChIP assay
was repeated 3 times.

Quantitative real-time PCR (qRT-PCR), immunoblot assay

When cells were harvested, the total RNA was extracted using
Trizol solution (Invitrogen, Carlsbad, CA). Equal amounts of
RNA (2 pug) were reverse-transcribed using the Transcriptor First
Strand ¢cDNA synthesis Kit (Roche, IN, USA). The primers used
in the next PCR assay were listed in table 2. The qPCR conditions
were as follows: one cycle of initial denaturation (95°C for 30 s), 40
cycles of amplification (denaturation at 95°C for 5 s, annealing at
60°C for 30 s, and extension at 72°C for 30 s), followed by a
cooling period (50°C for 5 s). Relative mRNA expression was
determined using the Rotor-Gene 3000 which employs a
modification of the delta—delta Ct method that adjusts for
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Table 1. Primers used for MRP1 promoter, ARE1,ARE2 and their mutants.

Gene Primer nucleotide sequences

MRP1 promoter
Reverse: CGGAAGCTTGCCGGTGGCGCGGG

ARE1 mutant

ARE2 mutant

Forward: CGGCTCGAGTTATCATGTCTCCAGGCTTCA

ARE1 Forward:CAGTATTCACCTCCTTCTGTGTGACTCAGCTTTGGAGTCAGCGGACCGGGC
Reverse:TCGAGCCCGGTCCGCTGACTCCAAAGCTGAGTCACACAGAAGGAGGTGAATACTGGTAC
ARE2 Forward:CCCACGCCGAGACGCGCGAGGTGAGCGGGCGCCGGGGCGGGGCGGGGTGC

Reverse:TCGAGCACCCCGCCCCGCCCCGGCGCCCGCTCACCTCGCGCGTCTCGGCGTGGGGTAC
Forward: TCGAGAGTATTCACCTCCTTCTGTGGGACT CAATTTTGGAGTCAGCGGACCGGGA
Reverse:AGCTTCCCGGTCCGCTGACTCCAAAATTGAGTCCCACAGAAGGAGGTGAATACTC
Forward:TCGAGCCACGCCGAGACGCGCGAGGGGAGCGGATGCCGGGGCGGGGCGGGGTGA
Reverse:AGCTTCACCCCGCCCCGCCCCGGCATTCGCTCCCCTCGCGCGTCTCGGCGTGGC

doi:10.1371/journal.pone.0063404.t001

amplification efficiency between target and housekeeping genes.
The PCR data were expressed as relative fold change of the target

Table 2. Primers used in qRT-PCR amplification.

Gene Primer nucleotide sequences

NQO1 ARE Forward: GCAGTCACAGTGACTCAGC
Reverse: TGTGCCCTGAGGTGCAA

Tubulin promoter Forward: GTCGAGCCCTACAACTCTATC
Reverse: CCGTCAAAGCGCAGAGAA

MRP1 ARE1 Forward: AACAGTATTCACCTCCTTC
Reverse: TAAAGTCTCCACGTTCATG

MRP1 ARE2 Forward: TGCCCACGCCGAGAC
Reverse: GCAACGCCGCCTGGT

Nrf2 Forward: ACACGGTCCACAGCTCATC
Reverse: TGTCAATCAAATCCATGTCCTG

KEAP1 Forward: ATTGGCTGTGTGTGGAGTTGC
Reverse: CAGGTTGAAGAACTCCTCTTGC

MRP1 Forward: TGTGGGAAAACACATCTTTGA
Reverse: CTGTGCGTGACCAAGATCC

MRP2 Forward: TGAGCATGCTTCCCATGAT
Reverse: CTTCTCTAGCCGCTCTGTGG

NQO1 Forward: ATGTATGACAAAGGACCCTTCC
Reverse: TCCCTTGCAGAGAGTACATGG

HO-1 Forward: AACTTTCAGAAGGGCCAGGT
Reverse: CTGGGCTCTCCTTGTTGC

GST Forward: TCCCTCATCTACACCAACTATGAG
Reverse: GGTCTTGCCTCCCTGGTT

TXN Forward: TCAAATGCATGCCAACATTC
Reverse: GGTGGCTTCAAGCTTTTCCT

MyYC Forward: CGCTTCTCTGAAAGGCTCTCCTTG
Reverse: GAGTCGTAGTCGAGGTCATAGTTC

RAS Forward: AGGCAAGAGTGCCTTGACGATACA
Reverse: ACTGGTCCCTCATTGCACTGTACT

doi:10.1371/journal.pone.0063404.t002
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The core ARE1, ARE2 and their mutant sequences contained in primers were shown in shade. The mutated nucleotides in the table were in bold italic.

gene between treated and control groups. The cycle point (Cp)
values were analyzed by Student’s t-test to determine a P value.

For immunoblot assay, cells were homogenized in lysis butter
(0.1 M Tris buffer (pH 7.4), 0.1 mM EDTA) in the presence of
1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride,
and protease inhibitor cocktail (Roche, IN, USA). The equal
amount of sample was loaded in each well of a 7.5% gel and
subjected to SDS-PAGE. Gels were transferred to nitrocellulose
membrane. The membrane was then incubated with primary
antibodies for 4°C  overnight against Nrf2 (110 KD),
MRP1(190 KD), and MRP2(~170 KD). After washing with
TBS-T, the membrane was incubated with secondary antibody
against Rabbit and mouse IgG and the signals were visualized
using ECL plus western blotting system. All experiments
mentioned above were performed in triplicate unless otherwise
noted.

Patients and immunohistochemical analysis

The tissues (n=40) including gastric cancer (n=10), breast
cancer (n=10), colon cancer (n=10) and small cell lung cancer
(n=10) were obtained from the Department of Pathology,
Shanghai Huashan Hospital, China, within 2007. All cases were
diagnosed by 2 pathologists individually in a double-blind manner.
The paraffin sections were stained with hematoxylin and eosin
(H&E). For immunohistochemical assay, the deparaffinized
sections were conducted antigen retrieval by heating in sodium
citrate buffer, Ph 6.0. The primary antibody was used in a dilution
of 1:100 (NQO1 and Nrf2) and 1:50 (Mrpl) for 1 h at 37°C and
4°C overnight. Anti-Nrf2 polyclonal antibody (ab76026) and anti-
Mrpl monoclonal antibody (ab24102) were purchased from
Abcam. Monoclonal antibody against NQO1 (SC-271116) was
purchased from Santa Cruz. The stained sections were photo-
graphed under a light microscope at 400x magnification, and were
analyzed by i-Solution software (IMT i-Solution INC., Vancouver,
BC, Canada). Five random fields of vision in each sections were
selected and analyzed, and the positive area were calculated,
which is showed in percentage (ratio of positive area to the whole
visual field).

Statistical analysis

Results were expressed as means*SD. Statistical tests were
performed using SPSS Statistics 19. Unpaired Student’s t tests
were used to compare the means of two groups. One-way
ANOVA was applied to compare the means of three or more
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Figure 1. Nrf2 involves in the expression of Mrp1 and MDR in H69AR cells. (A) Relative mRNA level of Nrf2, Keap1, Mrp1, Mrp2, together
with NQO1, HO-1, GST and Txn was compared in H69 and H69AR cells by real-time RT-PCR using the AACt method with GAPDH as an internal
control. Results were expressed as mean * SD from three independent experiments. (B) Protein level of Keap1, Nrf2, Mrp1, Mrp2 was compared in
H69 and H69AR cells by Western blotting using Tubulin as internal control. Experiments were performed three times and a representative
immunoblot was shown here. (C), (D) and (E) The viability of H69 and H69AR cells with treatment of Dox, Cisplatin and Etoposide in different doses
for 24 hours was determined by MTT assay. The experimental differences were determined by two-tailed Student’s t-test and p<<0.05 was taken as a
significant difference in all cases.

doi:10.1371/journal.pone.0063404.9001
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Figure 2. Down regulation of Nrf2 leads to decreased Mrp1 and sensitized H69AR cells to chemotherapeutic drugs. (A) H69AR cells
were performed transfection of Nrf2 siRNA (10 nM and 50 nM) for 72 hours. Protein expression of Nrf2 and Mrp1 was determined by western blotting
using B-actin as internal control. Experiments were performed three times and a representative immunoblot was shown here. (B), (C) and (D) H69AR
cells were subjected to knockdown of Nrf2 with siRNA transfection. Forty-eight hours later, cells were treated with Dox, Cisplatin and Etoposide in
different doses for additional 24 hours, and they were then subjected to MTT assay to measure cell viability. The experimental differences were
determined by two-tailed Student’s t-test and p<<0.05 was taken as a significant difference in all cases.

doi:10.1371/journal.pone.0063404.g002

groups. The Pearson correlation analysis were performed to
compare the expression level of Nrf2, Mrpl and NQO1 by twos.
The experimental differences were determined by two-tailed
Student’s t-test and p<<0.05 was taken as significant difference in
all cases.

Results

In contrast with H69 cells, H69AR cells has higher Nrf2

pathway activation and Mrp1 expression level

On basal level, the activation of Nrf2 pathway was compared
between H69 and H69AR cells. The downstream genes of Nrf2,
such as NQOI, HO-1 and GST showed increased mRNA
expression in H69AR cells, but there was no significant difference
in Txn mRNA expression (Figure 1, panel A, * P<<0.05 vs. H69
cells). Interestingly, there was a higher Nrf2 mRNA level in
H69AR cells than H69 cells, with no difference in Keapl gene
(Figure 1, panel A, * P<<0.05 vs. H69 cells). Both Mrpl and Mrp2
gene showed higher mRNA level in H69AR cells, especially Mrpl
had more than 70 fold in H69AR cells to H69 cells (Figure 1,
panel A, * P<0.05 vs. H69 cells). Next the protein level of Nrf2
was measured in the two cell lines. Consistent with the changes in
mRNA level, H69AR cells had higher Nrf2 pathway activation
than H69 cells (Figure 1, panel B) in protein level. Moreover,

PLOS ONE | www.plosone.org

Mrpl and Mrp2 also showed increased expression in H69AR cells
(Figure 1, panel B). Interestingly, the major negative regulator of
Nrf2, Keapl did not show any difference between the two cell lines
(Figure 1, panel B). Considering the important roles that Mrpl
and Mrp2 play, H69AR cells have multi-chemo drugs resistance
due to the high level of Mrpl and Mrp2. As our MTT data
indicated, HG9AR cells had more viability rate with chemo drugs
treatment, such as Doxorubicin, Cisplatin and Etoposide (Figure 1,
panel C, D and E, * P<<0.05 vs. H69 cells).

Knockdown of Nrf2 leads to decreased Mrp1 expression
and sensitized H69AR cells to multi-chemo drugs

To analyze the regulation of Mrpl by Nrf2, specific siRNA was
used to knock down the Nrf2 expression. As the data showed, the
expression of Nrf2 was reduced more than 50% in contrast with
the mock group (Figure 2, panel A). More importantly, the protein
level of MRP1 was also reduced accordingly (Figure 2, panel A),
which means Mrpl may be regulated by Nrf2 pathway. As
H69AR showed multi-chemo drugs resistance, next the resistance
was measured again when expression of Nrf2 was knocked down.
As expected, H69AR cells restored sensitivity to all the three
chemo drugs including Doxorubicin, Cisplatin and Etoposide,
when the specific siIRNA was used to reduce significantly the
expression of Nrf2 (Figure 2, panel B, C and D, * P<<0.05 vs. mock
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Figure 3. Nucleotide sequence of the 5'-flanking region of the hMrp1 gene containing two potential ARE sites. Nucleotides were
numbered relative to the transcription start site (+1). The translation initiation codon (ATG) was in bold. Boxed region indicated ARE1T and ARE2
respectively. The nucleotides to be mutated in this study were in bold italic.

doi:10.1371/journal.pone.0063404.g003

group). Collectively, these data indicated the possible role of Nrf2
on regulation of Mrpl and confirmed the role of Nrf2 in chemo-
resistance.

The 5’-flanking region of the human Mrp1 gene contains
two ARE sequences

To determine the presence of ARE sequence in the 5'-flanking
region of the human Mrpl gene, a 992-bp long fragment was
cloned and sequenced from nucleotides —817 to +175 with
numbering relative to the transcription start site (indicated as +1 in
Figure 3). The nucleotide sequence of the 5'-flanking region of the
human Mrpl gene was shown in Figure 3. Transcription start site
was set to be at 5’-end of the Mrpl mRNA sequence with the
longest 5'-untranslated region, and was localized 175 base pairs
upstream of the translation start site (indicated in bold in Figure 3).
A number of cis-acting sequences were identified. Interestingly,
two ARE-like sequences were found in the isolated regions: one at
positions —499 to —490 (ARE-1; gT'GActcaGC, with lower-case
letters indicating non-conserved bases) and the other at positions
—66 to —57 (ARE-2; ¢gTGAgcggGC). The two ARE sequences
were identical with the previously reported minimal ARE
enhancer sequence (a/g)TGA(C/T/GnnnGC [37]. The nucleo-
tides to be mutated were highlighted in bold italic in Figure 3.

Nrf2-mediated induction of Mrp1 promoter activity
depends both on ARET and ARE2

To investigate the response of the 5'-flanking region of Mrpl to
Nrf2, dual luciferase reporter gene assay was performed. Firstly,
the 992-bp fragment was amplified by PCR from human genomic

PLOS ONE | www.plosone.org

DNA with primers that was listed in Table 1, and then the PCR
product was cloned into pGL3-basic vector and named pGL3-wt.
Secondly, based on pGL3-wt, the two putative AREs and mutated
AREs were amplified and cloned into pGL3-basic vector, which
were named pGL3-AREI, pGL3-ARE2, pGL3-AARE] and
pGL3-AARE2 (The mutated nucleotides were highlighted in bold
italic in Table 1). The reporter assay demonstrated that Nrf2
induced the promoter activity of Mrpl gene after co-transfection
of pGL3-wt with Nrf2 expressing plasmid (Figure 4, panel A, *
P<<0.05 vs. control). It also indicated that the induction of Mrpl
promoter activity was associated with the two putative AREs, since
both of them were up-regulated by overexpression of Nrf2.
Moreover, mutation of them ablated the induction accordingly
(Figure 4, panel A, ** P<<0.05 vs. control, **P<C0.05 vs. control).
However, there was no significant difference of induction between
the two AREs. In addition, NQO1 ARE-Luc was used as a
positive control to assure the validity of the whole assay, and the
immunoblot assay was performed to make sure that the
overexpression of Nrf2 was quite equivalent (Figure 4, A, upper
panel).

Next, to confirm the true binding of Nrf2 with the two putative
AREs, ChIP assay was performed both in 231 cells and small cell
lung cancer cells. According to the immunoblot assay of Nrf2
treated with tBHQ in 231 cells, the well-known Nrf2 pathway
inducer, an appropriate treating time of tBHQ, 24 hours was set
(Figure 4, panel B). So 231 cells (4 x107) were treated with 40 pM
tBHQ for 24 hours, and then were harvested to subject to ChIP
assay. Compared with the negative control, the binding with
ARE1 by Nrf2 was increased significantly (Figure 4, panel C, *
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Figure 4. Nrf2-mediated induction of Mrp1 promoter activity depends both on ARE1 and ARE2 in 231 cells. (A) 231 cells were
transfected with five luciferase reporter constructs (wt-Luc, ARE1-Luc, ARE2-Luc, AARET-Luc and AARE2-Luc), and promoterless pGL3-basic (pGL3-
Luc), NQO1-ARE-Luc and pRL-TK were used as negative control, positive control and internal control, respectively. The aforementioned plasmids were
co-transfected with or without Nrf2-expression plasmid. After 48 hours, cells were harvested and luciferase activities were measured with a dual-
luciferase assay system (lower panel). Data were means * SD of values from three independent experiments. The equal amount of transfection of
Nrf2 was assured by western Blot (upper panel). (B) 231 cells were treated with 40 uM tBHQ for the indicated time point, and then were harvested to
be subjected to immune blot to measure Nrf2 protein level. Experiments were performed three times and a representative immunoblot was shown
here. (C), (D), (E) and (F) 231 cells were treated or not with 40 uM tBHQ for 24 h and were cross-linked with formaldehyde. Sonicated chromatin was
subjected to immunoprecipitation with antibodies against Nrf2 or normal IgG. Precipitated DNA was followed by realtime PCR analysis with primers
against Mrp1 ARE1 (panel C), Mrp1 ARE2 (panel D), NQO1 ARE (panel E) and Tubulin promoter (panel F). Experiments were performed three times and
a representative of three experiments was shown here.

doi:10.1371/journal.pone.0063404.g004

P<0.05). Moreover, treatment with tBHQ made the binding tBHQ treatment (Figure 4, panel D, * P<0.05, # P<0.05).

increased much more higher (Figure 4, panel C, # P<0.05). However, the binding of Nrf2 with ARE2 was lower than ARE] in
Similarly, ARE2 also showed binding with Nrf2 with or without both basal level and tBHQ) treatment level. As the expression of
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Figure 5. Nrf2-mediated induction of Mrp1 promoter activity depends both on ARE1 and ARE2 in small cell lung cancer cells. H69
and H69AR cells were cross-linked with formaldehyde. Sonicated chromatin was subjected to immunoprecipitation with antibodies against Nrf2 or
normal IgG. Precipitated DNA was followed by realtime PCR analysis with primers against Mrp1 ARE1 (panel A), Mrp1 ARE2 (panel B), NQO1 ARE
(panel C) and Tubulin promoter (panel D). Experiments were performed three times and a representative of three experiments was shown here.

doi:10.1371/journal.pone.0063404.g005

Nrf2 was much higher in H69AR cells than H69 cells (Figure 1,
panel B), we next performed a comparative CHIP analysis to test
whether increased Nrf2 in HG9AR cells was bound to AREI and
ARE2 elements in Mrpl promoter. Consistent with our expecta-
tion, the binding with ARE1 by Nrf2 was increased significantly in
H69AR cells compared with H69 cells (Figure 5, panel A, *
P<0.05). Similar binding results with ARE2 was also found
(Figure 5, panel B, * P<<0.05). This may suggest a molecular
explanation for increased MRP1 expression in H69AR cells.
Moreover, binding of Nrf2 with ARE2 was lower than AREI in
both H69 and H69AR cells, which was consistent with the results
in 231 cells. The positive and negative controls of ChIP assay
assure the experiment was believable and the data was solid
(Figure 4, panel E and F and Figure 5, panel C and D).
Collectively, these data demonstrated that the two putative AREs
within Mrpl gene promoter region were real AREs that could be
regulated by Nrf2.

The expression of Nrf2 and Mrp1 was correlative and
higher in malignant tumors than adjacent non-tumor
tissue

Totally, 40 cases of malignant tumors, including lung cancer,
breast cancer, gastric cancer and colon cancer, were selected to
measure the i vivo expression of Nrf2, Mrpl, and NQO1 as well
by IHC. For lung cancer, only the cases that were diagnosed with
small cell lung carcinoma (SCLC), where both H69 and H69AR
cells originated form, were selected. Compared with the adjacent
non-tumor tissue, the lung cancer tissue showed dramatically
higher expression of Nrf2, Mrpl and NQOI1 (Figure 6, compare
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panel b2 to a2, b3 to a3, b4 to a4). The HE staining in the panel of
left most revealed the malignant hyperplasia and adjacent non-
tumor tissue, which is helpful to localize the positive signal in IHC-
stained sections. In adjacent non-tumor tissue, Nrf2 mainly
expressed in the nuclei of epithelial cells (Figure 6, panel a2),
and the expression of Mrpl was showed both on cell membrane
and in cytoplasm (Figure 6, panel a3). To show the nuclear
localization of Nrf2, a selected area within each photo of Nrf2
staining was enlarged and merged into the original photo at the
upper left corner (Figure 6, panel a2-h2, black arrow). It was hard
to see any obvious NQOI expression except faint positive signal in
scattered cells in adjacent non-tumor tissue (Figure 6, panel a4). In
lung cancer tissue, the expression of Nrf2 was limited in cancer cell
nodules except the necrotic center cells. Both cytoplasm and nuclei
showed Nrf2 expression, which was much stronger than adjacent
non-tumor tissue (Figure 6, panel b2). In a similar expressing
pattern with Nrf2, Mrpl also expressed obviously and diffusely in
the nodules of lung cancer (Figure 6, panel b3). As one
downstream gene of Nrf2, the expressing pattern of NQO was
similar with Nrf2 (Figure 6, panel b4). It was hard to see any
expression of Nrf2, Mrpl and NQOI in interstitial tissue. In breast
cancer tissue, the expression of Nrf2, Mrpl and NQOI was
significantly high (Figure 6, panel d2, d3 and d4), though mild
expression of them could be seen in adjacent non-tumor tissue
(Figure 6, panel c2, c3 and c4). The three genes in gastric cancer
and colon cancer were alike in expressing pattern, namely the
expression of them in tumor tissue was much higher than in
adjacent non-tumor tissue (Figure 6, panel el to h4). Moreover,
the IHC staining data indicated the possible correlation between
Nrf2 and Mrpl expression.
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Figure 6. Immunohistochemical staining results for Nrf2, NQO1 and Mrp1 expression in cancer tissuess. The unstained tissue slides
from small cell lung cancer, gastric cancer, breast cancer and colon cancer were subject to HE staining (a1 to h1) and IHC staining with antibodies
against Nrf2 (a2 to h2), Mrp1 (a3 to h3) and NQO1 (a4 to h4). The bar scales were labeled at the lower right corner of each pictures.

doi:10.1371/journal.pone.0063404.g006

Next, the IHC staining sections were analyzed and measured by
software, i-Solution to quantitate the expression of Nrf2, Mrpl
and NQOV in all cases. The expression was presented as the ratio
of positive area to whole area. In all the four cancer tissues, Nrf2,
Mrpl and NQOI showed significantly higher expression in
contrast with the adjacent non-tumor tissue (Figure 7, panel A,
* P<0.05 vs normal tissue, respectively). To confirm the
correlation of their expression by twos, the Pearson correlation
test was next performed. In lung tissue, including both tumor tissue
and adjacent non-tumor tissue, the Pearson correlation coefficient
(r) between Nrf2 and Mrpl equals to 0.899 (Figure 7, panel B,
upper left, ¥ P<<0.001), which means the expression of the two
genes was correlative. As one of the downstream genes of Nrf2, the
expression of NQOI is regulated by Nrf2, so the r equals to 0.820
(Figure 7, panel B, upper left, ** P<<0.005), which confirmed the
regulation of NQO1 by Nrf2. Like the correlation of Nrf2 and
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Mrpl in lung tissue, all other 3 tissues showed this significant
correlation too, such as stomach tissue (Figure 7, panel B, upper
right), breast tissue (Figure 7, panel B, lower left) and colon tissue
(Figure 7, panel B, lower right). Therefore, these staining data and
statistical analysis demonstrated both Nrf2 and Mrpl were
expressed much higher in tumor tissue than adjacent non-tumor
tissue, and more important, the expression of the two genes was
correlative.

Discussion

As one of the 9 MRP members (MRPI-MRP9), MRP1 is a
major contributor to chemoresistance which remains the pivotal
limitation in the treatment of cancer patients, especially after
surgery. The involvement of MRPI in MDR to oncolytic drugs
has been confirmed through several in vitro and in vivo studies
[38,39,40,41,42]. However, the molecular mechanism for the
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Figure 7. Statistical analysis of IHC data using i-Solution software. Five random visual fields were selected in each section and then were
taken pictures of by camera. The pictures were analyzed by i-Solution software, and the positive area and the whole area of each picture were
calculated. The protein level of Nrf2, Mrp1 and NQO1 was expressed as ratio of positive area to whole area. (A) The different expressing levels of Nrf2,
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Mrp1 and NQOT1 in the four cancers were compared. (B) The correlation analysis was performed by SPSS between Nrf2, Mrp1 and NQO1 by twos.

doi:10.1371/journal.pone.0063404.g007

regulation of Mrpl still remains unclear. Considering the key role
of Nrf2-ARE pathway in induction of phase II enzymes [12], it
may also regulate expression of Mrpl, since the parallel expression
of both phase II enzymes and MRPs was confirmed [9,10,11].

Nrf2 bears dual roles in cancer. Although lots of cancer
preventive compounds from diet have been proved Nrf2 inducers,
it is upregulated in most cancer cells and responsible for acquired
chemoresistance [27]. Overexpression of phase II enzymes is not
the only culprit thought to be involved in the chemoresistance.
The transporters, such as MRPs, may contribute more to
chemoresistance, since they are responsible for exporting the
drugs out of the cell. The recent emerging reports demonstrated
that Nrf2-ARE pathway is responsible not only for phase II
enzymes, but also MRPs, for instance, there is AREs found in the
promoter region of MRP2 gene [15]. Furthermore, Nrf2 was
shown to be necessary for the inducible expression of MRP1 in
MEFs [20]. Our study confirmed the regulative role of Nrf2 on
expression of MRP1 both in lung cancer cells and cancer tissues,
including lung, breast, colon and gastric cancer. Moreover, Nrf2
upreglates the transcription of MRP1 through binding to its 2
defined ARE sequence, which suggests the different sensitivity to
chemo drugs between H69 and H69AR cells is due to the Nrf2-
ARE-MRP1 level.

Although MDR transporters are generally considered to be cell
surface localized, where they are thought to reduce the cellular
accumulation of toxins or chemo drugs over time, some reports
have also suggested the subcellular localizations for P-glycoprotein
(Pgp), MRP1 and breast cancer resistance protein
(BCRP)[43,44,45]. Moreover, SM. Simon’s group demonstrated
that members of MDR transporter family, including MRP1, are
also expressed in subcellular compartments where they actively
sequester drugs away from their cellular targets[46]. Their study
showed that intracellular localization and activity for MRP1 and
other members of the MDR transporter family may suggest
different strategies for chemotherapeutic regimens in a clinical
setting. In our data, the expression of MRPI in different cancer
tissues was observed both on cell membrane and in cytoplasm.
This phenomenon is consistent with previous reports, and it may
suggest the functional complexity of MRP1 in chemoresistance.

In the past decades, uncovering transcriptional regulators of
MRPI has been stimulated by research seeking molecular targets
that could modulate the chemoresistant phenotype and thereby
constitute an effective therapeutic treatment. ARE is not new for
regulation of MRP1 gene, since Kurz’s group had identified one in
human MRP1, which is we named as ARE! in our study [19]. In
Kurz’s study, ARE] was responsible for the higher transcription of
Mrpl in H69AR cells than H69 cells in basal level, though
treatment of B-naphthoflavone (B-NF), one Nrf2 inducer [47,48],
did not show any induction of MRPI1. Therefore, cither the
“ARE” 1s not real ARE that can bind to Nrf2, or there might exist
other ARE(s) in Mrpl gene promoter region that account for the
huge difference in gene expression upon treatment of Nrf2
between H69 and H69AR cells. In our study, we found a new
fragment with constitutional ARE sequence and is more close to
transcription start site than AREL. We proved this fragment is a
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