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ABSTRACT

Elevated expression of NF-E2-related factor 2 (Nrf2), a nuclear transcription factor, is a frequent genetic
abnormality and is an important contributor to chemoresistance in cancer therapy. To further characterize its
biological significance, the response of Nrf2 on the synergistic cytotoxic effect of luteolin and tamoxifen was
investigated in tamoxifen resistant breast cancer (MCF-7/TAM) cells. Tamoxifen-resistant human breast cancer
cells (MCF7/TAM) were treated with tamoxifen and luteolin alone and in combination at different concentration for
24 h. The cdll viability was detected by 3-(4,5-dimethiylthiazol-2-y1)-2, 5-diphenyl tetrazolium bromide (MTT) assay.
The transfection of SIRNA was performed using Lipofectamine 2000 Reagent and the expression levels of Nuclear
factor erythroid-2 p45-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) were detected by Western bl otting.
Our results showed that combination treatment significantly sensitizes MCF-7/TAM cells to tamoxifen, which was
accompanied by suppression of Nrf2 activation and decreased expression of HO-1. While overexpression of Nrf2 in
tamoxifen resistant breast cancer cells conferred protection against the cytotoxicity caused by their combination,
knockdown of Nrf2 expression using siRNA techniques enhanced their cytotoxic effect. These results suggested that
luteolin in combination with tamoxifen can reversed tamoxifen resistance in MCF-7/TAM cells in synergic manner,
at least in part, through suppression of Nrf2 signaling.
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INTRODUCTION

The ability to reduce breast tumor growth through administration of anti-estrogen agents has gdlaykey role in
the endocrine therapy of breast cancer. A non-sterantiestrogen, tamoxifen (TAM), is the most elidused in
estrogen receptor-positive breast cancer patidjtsAjthough most patients are initially responsivesistance to
TAM is a critical problem for anti-estrogen therg2y. Therefore, it is urgently needed to devel@wradjuvants
that enhance the efficacy of TAM based chemotheaaylycircumvent chemoresistance. Nuclear factgheid-2
p45-related factor 2 (Nrf2), a cap’n’collar bas&utine zipper transcription factor, was identifiasl a critical
intracellular regulator in the adaptive responsa ndgulation of a wide array of cytoprotective eneg [e.g.
NADPH quinone oxidoreductase 1 (NQO1), heme oxygefla(HO-1), aldo-keto reductase family 1, membegr C
(AKR1C) and glutathione S-transferase [BJrf2 is negatively regulated by Kelch-like ECH-asisted protein 1
(Keapl) whereby Keapl maintains Nrf2 at low coneidgns in the cytoplasm [4]. However, in sevesges of
human cancers, recent studies have demonstratedigiaNrf2 expression results in enhanced rest&tda toxic
effects of chemotherapeutic drugs and that supjoresd endogenous Nrf2, either by transfecting Nsfiecific
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SiRNA or overexpressing Keapl, renders these osdie susceptible to therapy[5, Ghese observations suggest
that the Nrf2 signal pathway may function as a setlival pathway that protects cancer cells againsg-induced
cell death. Therefore, if Nrf2 inhibitors as adjovéo chemotherapeutic drugs can be identified &aimize cancer
cells death, this could have significant therapepttential.

Luteolin (3, 4, 5, 7-tetrahydroxy flavone), a flanad with antioxidant, anti-inflammatory, cardiocasar protection
and anti-cancer effects has been identified agengial Nrf2 inhibitor [7-9]. Luteolin can promothe degradation
of Nrf2 mRNA, leading to down-regulation of the mxxidant response element (ARE)-gene battery amamcing
the sensitivity of A549 cells to anti-cancer drii§y®]. Based on these findings, the present stuay eesigned to
investigate the combined effects of luteolin androbtherapeutics agent tamoxifen drug resistant breast cancer
cells and the role of Nrf2 in protecting cells agsiinjury.

EXPERIMENTAL SECTION

2.1 Reagents

Luteolin was obtained from Sigma—Aldrich (St. LquisO), and dissolved in DMSO (The DMSO concentnatio

all drug-treated cell culture medium was 0.1%) avete used in all experiments unless otherwise atdit

Tamoxifen, 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphgntetrazolium bromide (MTT) were obtained from Sig—

Aldrich (St. Louis, MO). Primary antibodies for NQOHO-1,B-actin, a-tubulin, Nrf2 siRNA, and control siRNA
were purchased from Santa Cruz Biotechnology, (8anta Cruz, CA). All other reagents were usethis study

were of analytical grade.

2.2. Cell culture

The human breast adenocarcinoma cells (MCF-7) weshpsed from National Cell Bank of Iran (NCBI),sRaur
Institute of Iran (Tehran, Iran), and maintainedDMEM medium supplemented with 10% fetal bovineuser
(FBS) and 100 U/ml penicillin and 10@/ml streptomycin. The cells were grown as moneldayat 37°C in
humidified atmosphere with 5% GQand 95% air. Tamoxifen-resistant MCF-7 cells (MOFAM) were
established using the methodology reported elsesvfiel]. Briefly, MCF-7 cells were washed with PBS\d the
culture medium was changed to phenol-red-free DMé&fivitaining 10% charcoal-stripped, steroid depldatdl
bovine serum (Hyclone, Logan, UT) and tamoxiferd ((M). The cells were continuously exposed to thiatirent
regimen for 2 weeks and the concentration of tafeoxivas gradually increased tou® over a 9-month period.
Initially, the cell growth rates were reduced. Hoee after exposure to the medium for 9 months,réte of cell
growth gradually increased, showing the establistitroka tamoxifen-resistant cell line [12].

2.3. Cell viability assay

Cell viability was determined using the MTT assByiefly, 2.5x10d cells in logarithmic phase were seeded in 96-
well plates at 37°C with 5% GCfor overnight incubation and treated with appraf#i concentrations of test
samples for the indicated times. The cells wera theubated with a serum-free medium containing Mif & final
concentration of 0.5 mg/ml for 4h. The dark bluenfazan crystals formed in intact cells were solabd in
dimethyl sulfoxide, and the absorbance was measare&s¥0 nm. Results were expressed as the peresntdg
reduced MTT, assuming the absorbance of contrid esl 100%.

2.4. Determination of drug resistance

To determine the drug resistance of MCF-7/TAM célldamoxifen, MCF-7, and MCF-7/TAM cells were @dt
into 96-well plates at approximately 8,000 celldivire 100 uL medium, then treated with various cemitations of
tamoxifen for 24 h. Cell viability was assessedhwMTT assay and cell survival ratio was calculatesing
AvreatedAcontrol < 100%, where feaeq aNd AonoWere the absorbance from treated and control edtey 24 h
incubation, respectively. The d@was taken as the concentration that caused 50iitioh of cell proliferation and
the degree of resistance was estimated by resistdek (RI), which was calculated by (Cof MCF-7/TAM

cells/IGg of MCF-7 cells [13].

2.5. Preparation of nuclear and cytoplasmic extract

Nuclear extracts were prepared according to theucons provided in the NE-PERhuclear and cytoplasmic
extraction kit (Pierce). Briefly, cells were resasded in 10 vol of CER | solution, after which thegre incubated
in a CER Il solution on ice for 1 min and homogewizNuclei were recovered by centrifugation at @@,6pm for 5
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min, and the supernatant was kept as the cytoptasxtiact. The nuclear fraction was extracted fbrmin on ice in
NER solution. After centrifugation, the supernatamat used as the nuclear extract.

2.6. Western blot analysis

Cell lysates were prepared using RIPA buffer. Rnst¢30ug per lane) were separated on NUPAGE 4-12% Bis-
Tris polyacrylamide gels (Invitrogen) and then #leghoretically transferred to Immuno-Blot PVDF meanaines.
The membranes were incubated for 2 h at room temtyorer with a 1:500 dilution of anti-Nrf2 (Santa €ru
Biotechnology), and anti-HO-1 (Santa Cruz Biotedhgg). Next, HRP-conjugated secondary antibody agsied

at a dilution of 1: 5,000 and the signal was visgal using an ECL detection kit (Santa Cruz Biotextbgy). All
blots were stripped and probed with polyclonal-frdictin antibody to ascertain equal loading of thetqins.

2.7. Nrf2 siRNA transfection

The transfection of sSiRNA was performed using Lgagdémine 2000 Reagent (Invitrogen, Car-Isbad, @Apading
to the manufacturer’s protocol. Briefly, a total2fix1d cells were seeded into 6 well plates and transtkitte next
day with a 100 nM final concentration of siRNA, ngi5 pl Lipofectamine 2000. Cells were harvested 48 braft
transfection for western blot analysis. To meashieeeffect of sSiRNA and luteolin treatment togethike cells were
treated with luteolin for another 24 h before deti@ing cell viability and apoptosis.

2.8. Statistical Analysis

All results shown represent means + SD from trgikcexperiments performed in a parallel mannersgni¢herwise
indicated. Statistical analysis was performed using-way ANOVA. See details of each statisticallgsia used in
Figures and Figure legends.

RESULTS AND DISCUSSION

3.1. Establishment of a tamoxifen resistant breastancer cell line

Breast cancer is the leading cause of cancer deathomen worldwide. Despite advances in detectiod a
chemotherapy, many women with breast cancer contindie of this malignancy [14]. Therefore, an erstainding
of the molecular mechanisms involved in breast eafiermation and progression should be helpful émedoping
more effective treatments for breast cancer. Drgjstance during chemotherapy is the major obstaclhe
successful treatment of many cancers. Tamoxifenaisna commonly-prescribed drug for the treatmemt a
prevention of ER-positive breast cancer, as the dtareases survival and helps maintain diseasediatus [15].
Accumulating data in cancer studies indicate thd2 W directly involved in the resistance agaimatious drugs,
such as cisplatin in lung cancer cells [16], ciBpland paclitaxel in endometrial cancer [5], anflusrouracil (5-
FU) in esophageal squamous cancer [17]. Many Nd@rdtream genes have been shown to contributeeto th
observed Nrf2-dependent chemoresistance [18, 1&.ifStance, treatment of the pancreatic cancds edth
gemcitabine or radiation strongly induced HO-1 esgion and enhanced expression was found to belyglos
associated with the development of cellular reststato therapy [20].

In this study, the acquisition of tamoxifen resista in MCF-7/TAM cells was confirmed through MTTsag. The
cell viability assay revealed that the percentafeswviving cells decreased significantly in a doependent
manner. Tamoxifen (1QM) treatment in control MCF-7 cells significantlghiibited cell proliferation but not in
MCF-7/TAM cells (more than 80 % of live cells) (Fig). The 50 percent inhibition concentration s()Cfor
tamoxifen in the MCF-7 and MCF-7/TAM cells was 3002uM VS 10.2+0.9uM, respectively P<0.05). To verify
the drug resistance phenotype of MCF-7/TAM celig, tesistant index (RI) was calculated byl@f MCF-7/TAM
cells/IG, of MCF-7 cells. The RI was 3.4, indicating that MZ/TAM cell line is tamoxifen-resistant. Our retsul
manifested that MCF-7/TAM cells could be relativegsistant to tamoxifen treatment and suitableofar further
studies.
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Fig. 1. The inhibitory effect of tamoxifen on MCF-7and MCF-7/TAM cells proliferation. Data were expressed as means + SEM of three
independent experiments

3.2. Effects of luteolin and tamoxifen, alone anchicombination, on cell viability and Nrf2 induction

To evaluate the efficacy of luteolin in combinatiasith the chemotherapeutic agent tamoxifen on ttoevth of
MCF-7/TAM cells, we treated the cells with luteolind tamoxifen, alone and in combination. Afteatneent with
tamoxifen (80 uM) and luteolin (5QM) for 24 h, cell viability was decreased to 40% aycombination of
tamoxifen and luteolin (Fig. 2A). To investigatehether the synergistic inhibition of cell growth Hhiye
combination of tamoxifen and luteolin is associatgth the Nrf2 activity, we assessed the effectutéolin and
tamoxifen, alone or in combination, on the nucleamcumulation of Nrf2 protein and its expression.eTh
transcriptional activity of Nrf2 was confirmed byeasuring the level of HO-1 protein, a target geradpct for
Nrf2. Fig. 2B clearly demonstrates that Nrf2 leirelvhole cell lysate was potently inhibited by tt@mbination of
tamoxifen and luteolin, whereas it was decreaskghty} in cells treated with tamoxifen or luteolalone. Such
effect was accompanied by a decrease in HO-1 (&gl 2B). In combination with tamoxifen, the abjlof luteolin
to reduce the amount of Nrf2 and HO-1 proteins alas evident in the dose-dependent experiment prij.
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Fig. 2. Effects tamoxifen and luteolin on cell viaility (A) and Nrf2 levels (B, C). Error bars represent the mean + SEM for three
independent experiments.

Flavonoids are polyphenolic compounds that occuquitously in food plants and vegetables. Flavoroate
generally safe and are associated with low toxiaityaking them ideal candidates for cancer chemamtexe
agents. Several flavonoid compounds have beentezbtw be potent Nrf2 inhibitors, such as epigaltechin 3-
gallate, luteolin and brusatol [21, 10, 22]. Instbtudy, we observed that the combined treatmetatrobxifen and
luteolin inhibited the Nrf2 signaling pathway bydreing the nuclear localization of Nrf2 and dechegighe Nrf2
and HO-1 protein levels. It is possible that supgi@n of Nrf2 activation by the combination treatrnis mediated
by a mechanism that inhibits its stabilization asllvas the regulation via its synthesis, thus desireg the
intracellular level of Nrf2 and subsequent tranisation of its downstream target genes.

3.3. Effect of tamoxifen and luteolin, alone or irtombination, on cell viability in Nrf2 knockdown cédls

To investigate the biologic relevance between Nxf@l drug resistance, we examined whether Nrf2 lahmok
affected sensitivity to combined treatment. WhaRNsA-Nrf2-transfected cells were treated with tanfexi and
luteolin in combination, the cell viability was sificantly decreased to approximately 25% compavél that of
control siRNA, and expression of endogenous Nri@ ld®-1 proteins was also effectively suppressed. ().
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Fig. 3. Effects of Nrf2 knockdown on cell viability(A) and Nrf2 level (B).
CONCLUSION

In conclusion, the present study demonstrates M@F-7/TAM cells acquiring resistance to chemotheraj
agents due to Nrf2 overexpression become suscefitibthe drug treatment combined with luteolin. 8ese of the
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complexity of cancer, combination therapy is beaggrincreasingly important to overcome multidrugisisice in
cancer and to enhance apoptosis.

Although additional studies in animal models aslwaslin human clinical trials are necessary to ttestefficacy of
co-treatment of luteolin and chemotrophic agentseltas other Nrf2 inhibitors during chemotherapy.
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