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Abstract

The objective of the present study was to characterize the role of resveratrol (Res) and vitamin C 

(VC) in prevention of estrogen-induced breast cancer through regulation of CNC b-zip 

transcription factors. Human breast epithelial cell line MCF-10A was treated with 17β-estradiol 

(E2) and VC or Res with or without E2. mRNA and protein expression levels of CNC b-zip 

transcription factors: Nrf1, Nrf2, Nrf3 and Nrf2-regulated antioxidant enzymes SOD3 and NQO1 

were quantified. Treatment with E2 suppressed while VC and Res prevented E2-mediated 

decrease in the expression levels of SOD3, NQO1, Nrf2 mRNA and protein in MCF-10A cells. 

Treatment with E2, Res or VC significantly increased mRNA and protein expression levels of 

Nrf1. 17β-estradiol treatment significantly increased but VC or Res decreased Nrf3 mRNA and 

protein expression levels. Our studies demonstrate that estrogen-induced breast cancer might be 

prevented through up-regulation of antioxidant enzymes via Nrf-dependent pathways.
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INTRODUCTION

Breast cancer is one of the leading causes of death among women in the US [1–3]. Most of 

the breast cancers are estrogen-dependent and estrogens are known to be carcinogenic in 

both humans and rodents [4, 5]. Prolonged exposure to estrogen is associated with 

development of breast cancer [6–11]. Estrogen metabolism-mediated oxidative stress plays 
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important role in development of carcinogenesis [12–18]. According to epidemiologic 

observations, the incidence of breast cancer is lower in Asian women, who consume 

significantly higher amounts of phytoestrogens than those of Westerners [19]. Second- and 

third-generation descendants of Asian women who migrated to Western countries have 

breast cancer risks similar to Westerners, suggesting that lifestyle may explain the low 

breast cancer risk observed in Asian women [20]. However, the relationship between 

phytoestrogens and breast cancer remains controversial [21, 22]. Moreover, the possible 

mechanisms of phytoestrogen action in breast cancer have yet to be resolved.

Resveratrol (Res) is an extensively studied phytoestrogen found in grapes, nuts, red wine 

and various other plants, and is well known for its protective role against various diseases 

including cancer [23–26]. One important activity of Res is antioxidant activity, manifested 

as eliminating reactive oxygen species (ROS) [25, 26]. Excessive ROS can cause 

peroxidation of lipids, oxidative damage of DNA and proteins, and play important role in 

different diseases including cancer [16, 17, 27, 28]. Resveratrol has been shown to have 

anticancer activity in in vitro and in vivo studies [29, 30]. Vitamin C (VC) is very well 

known naturally occurring antioxidant found in a wide variety of fruits and vegetables. The 

use of VC in cancer chemoprevention and treatment has been reported extensively in the 

literature [11, 31–34]. The mechanism of breast cancer chemoprevention by antioxidants is 

not well understood and is the focus of our present studies. We have characterized in our 

current studies, the antioxidant mechanism of the naturally occurring antioxidants, Res and 

VC.

Transcription factors from Cap’n’collar (CNC) family of proteins are well known for 

mediating important developmental and homeostatic functions [35–38]. Nuclear factor 

erythroid 2-related factor 1 (Nrf1, also called NFE2L1), nuclear factor erythroid 2-related 

factor 2 (Nrf2), and nuclear factor erythroid 2-related factor 3 (Nrf3) comprise a subgroup of 

CNC factors that mediate adaptive responses to cellular stresses [35–38]. The most studied 

stress-activated CNC factor is Nrf2, responsible for the transcriptional response of cells to 

oxidative stress mediators [39–43]. There are fewer studies reporting functions of Nrf1 in 

controlling oxidative stress and estrogen-induced breast cancer. It has been suggested that 

Nrf1 may play as important a role in human carcinogenesis as Nrf2 [44–47]. Under 

oxidative stress, Nrf2 is known to be regulated by Kelch-like ECH-associated protein 1 

(Keap1) [39, 40, 43]. In contrast, Nrf1 is not regulated by Keap1 [48, 49]. Nrf1, but not Nrf2 

or Nrf3, is essential for embryonic development; Nrf1−/− mice die at mid-late gestation, 

presumably due to anemia-induced hypoxia [38]. In contrast, Nrf3 is known to negatively 

regulate antioxidant enzymes [50].

Since Nrf1, Nrf2 and Nrf3 control phase II detoxification enzymes that help in 

detoxification of potential carcinogens, understanding the mechanisms of regulation of these 

three “Nrfs” might help in development of cancer therapeutics. We report in this study that 

antioxidants may mediate their protective role in E2-induced breast cancer through a 

complex interplay of CNC b-zip family of proteins.
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MATERIALS AND METHODS

Chemicals

17 β-Estradiol (E2), Resveratrol (Res) and Vitamin C (VC) were purchased from Sigma–

Aldrich (St. Louis, MO). 17 β-Estradiol (E2) and Res were dissolved in dimethylsulfoxide 

(DMSO) and VC in distilled water prior to treatments. The concentration of DMSO in 

control experiments or in experimental samples was always 1/1000th (v/v) of the final 

medium volume.

Cell culture

Non-tumorigenic breast epithelial cell line MCF-10A was purchased from American Type 

Culture Collection (ATCC, Manassas, VA). Experiments were performed in passages two to 

six of cells sub-cultured from a frozen vial. MCF-10A cells were grown in Dulbecco’s 

modified Eagle’s medium/F12 (50:50) media (Mediatech, Herndon,VA). Twenty four hours 

prior to treatment, cells were washed twice with phosphate-buffered saline (PBS) and then 

grown in phenol red-free Dulbecco’s modified Eagle’s medium/F12 (50:50) supplemented 

with 5% charcoal-dextran-stripped horse serum (Cocalico Biologicals, Reamstown, PA). 

Cells were treated with E2 (10 and 50 nM), VC (1 mM), Res (50 μM), VC + E2 and Res + 

E2 for up to 72 hr. Treated cells were washed with PBS, RNA and protein were isolated and 

used for RT-PCR, Western blot and Co-Immunoprecipitation (Co-Ip) analyses, respectively, 

according to established methods.

Reverse transcription and real-time PCR

Real-time PCR was used to quantify mRNA expression levels of Nrf1, Nrf2, Nrf3, 

Superoxide dismutase 3 (SOD3) and NAD(P)H:quinone oxidoreductase 1(NQO1). Our 

recently published study suggests that SOD3 and not SOD1 or SOD2 play important role in 

antioxidant-mediated prevention of E2-induced breast cancer in female ACI rats [51]. After 

different treatments, total RNA from cultured cells was isolated using TRI Reagent 

(Molecular Research Center, Inc.), according to the supplier’s protocols. Five μg total RNA 

was reverse transcribed using the Superscript II reverse transcription system and an oligo-

dT18 primer (Invitrogen, Carlsbad, CA). After reverse transcription, RNase H (2 units/μl) 

was added to all samples to ensure degradation of the remaining RNA. Real-time PCR was 

performed in duplicate 25 μl reactions using human-specific Nrf1, Nrf2, Nrf3, SOD3 and 

NQO1 primers (Qiagen, Valencia, CA and Integrated DNA Technologies, Coralville, IA, 

USA) using the iCycler iQ5 system (Bio-Rad Laboratories,Hercules, CA). The mRNA 

expression of cyclophilin, a housekeeping gene, was used for quantification and 

standardization purposes [54]. The expression of the genes under study relative to 

cyclophilin were determined by dividing the number of cDNA molecules for the gene of 

interest by the number of cyclophilin cDNA molecules as reported previously [55]. Data 

were analyzed from at least three different samples in each group.

Western blot analysis

Cell lysates were prepared in RIPA buffer with protease inhibitor cocktail (Sigma–Aldrich, 

St Louis, MO). Thirty micrograms total protein, isolated from quadruplicates of control or 
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treated cells were size fractionated on a 12% SDS-polyacrylamide gel, and transferred onto 

PVDF membranes, under standard conditions [28, 51–53]. Membranes were blocked in 5% 

dry non-fat milk/PBS/0.05% Tween-20 at room temperature for 2 hr. Affinity purified 

polyclonal antibodies against Nrf1, Nrf2, Nrf3, SOD3 and NQO1 (Santa Cruz 

Biotechnology, Santa Cruz, CA) were diluted 1:1500 in PBS/0.05% Tween-20 and used for 

immunodetection. After overnight incubation at room temperature with the primary 

antibody, membranes were washed four times for 8 min per wash using PBS/

0.05%Tween-20. Horse radish peroxidase conjugated IgG was diluted 1:2000 in PBS/0.05% 

Tween-20 and used as a secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). 

After incubation for 2 hr at room temperature, the membrane was washed again as described 

above. Chemiluminescent detection was performed using the BM Chemiluminescence 

Detection kit (Roche, Indianapolis, IN) and Alpha Innotech FluorChem HD2 (Alpha 

Innotech, San Leandro, CA) gel documentation system. Membranes probed for Nrf1, Nrf2, 

SOD3, and NQO1 were washed in PBS/0.05% Tween-20 and re-incubated overnight at 

room temperature with α-Tubulin mouse monoclonal antibody (Santa Cruz Biotechnology, 

Santa Cruz, CA), diluted 1:2000 in PBS/0.05%Tween-20. Horse radish peroxidase-

conjugated anti-mouse IgG antibody (Santa Cruz Biotechnology) was diluted 1:2500 in 

PBS/0.05% Tween-20 and used as a secondary antibody for α-Tubulin detection. Secondary 

antibody was incubated with the the membrane for 2 hr at room temperature prior to 

chemiluminescent detection using the method described above.

RNA interference

Small interfering RNAs (siRNAs) for Nrf3 and scrambled siRNA were obtained from Santa 

Cruz Biotechnology (Santa Cruz, CA). MCF-10A cells were transfected with siNrf3 (20 

nmol/l) using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA). 

Scrambled siRNA- (20 nmol/l) transfected MCF-10A cells were used as a negative control.

Co-Immunoprecipitation

A Pierce kit (Pierce Biotechnology, Inc., Rockford, IL; Catalog #26149) was used for co-

immunoprecipitation of interacting proteins, Nrf2 and Nrf3. After direct covalent 

immobilization of the primary antibody (Nrf2 antibody, Santa Cruz, CA) to amino link plus 

resin, immunoprecipitation of the Nrf2 protein (bait protein), and co-immunoprecipitation of 

interacting Nrf3 protein (prey protein) were performed using spin columns. The experiments 

were repeated reversing bait and prey proteins. Now Nrf3 antibody (Santa Cruz, CA) was 

covalently immobilized to the resin and immunoprecipitated, the blot was probed to detect 

co-immunoprecipitation of Nrf2 as prey protein. Unspecific interactions were identified by 

using the provided control gel and substituting IgG for the specific antibody. Eluted 

fractions were then subjected to Western blotting for identification of the interacting 

proteins.

Statistical analysis

Statistical analyses were performed by using Sigma Plot 11.0 (Systat Software, San Jose, 

CA) and IBM SPSS Statistics 19 software (IBM Inc, Armonk, NY). All cell culture 

treatments were done in quadruplicate. The Student’s t-test was used to calculate p values 
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for comparing Nrf2 mRNA and protein levels for the time course and dose-dependent 

experiments between control and estrogen treatment groups. One-way analysis of variance 

(ANOVA) and least significant difference (LSD) post hoc analyses were used to calculate p 

values for comparisons of Nrf1, Nrf2, Nrf3, SOD3, or NQO1 mRNA and protein expression 

levels among all groups with E2, Res and VC-treated MCF-10A cells. A p value of <0.05 

was considered significant.

RESULTS

Estrogen decreases, whereas antioxidants reverse E2-mediated decrease in Nrf2 mRNA 
and protein expression levels, and further increase its mRNA and protein expression 
levels

A dose-dependent change in Nrf2 mRNA and protein expression levels was determined 

using different concentrations of E2. A maximum decrease in Nrf2 mRNA (24 hr) and 

protein expression (48 hr) at a dose of 50 nM E2 was observed (Figure 1A and 1B). A time-

dependent change in Nrf2 mRNA and protein expression levels was determined using 50 

nM E2. A maximal inhibition of Nrf2 mRNA expression at 24 hr and protein expression at 

48 hr was observed (Figure 1C and 1D). The effect of Res and VC on the regulation of Nrf2 

mRNA and protein expression levels in MCF-10A cells was examined. Vitamin C (1 mM) 

or Res (50 μM) significantly increased Nrf2 mRNA and protein expression levels and 

reversed E2-mediated decrease in Nrf2 mRNA and protein expression levels in MCF-10A 

cells after 48 hr of treatment (Figure 2A and 2B). The fold changes in Nrf2 protein 

expression levels in MCF-10A cells treated with E2, Res, Res + E2, VC and VC + E2 for 48 

hr were 0.43, 2.33, 1.87, 3.32 and 2.84, respectively, compared to vehicle-treated control 

cells (Figure 2B).

Estrogen treatment induces Nrf3 and Nrf1, whereas antioxidants VC and Res differentially 
regulate Nrf3 and Nrf1 in MCF-10A cells

Nrf3 mRNA and protein expression levels were quantified in MCF-10A cells treated with 

E2 (50 nM) for up to 72 hr. A significant increase in Nrf3 mRNA as well as protein 

expression levels compared to control was identified at 48 hr after treatment (Figure 3A and 

3B). Resveratrol (50 μM) and VC (1 mM) treatment reversed E2-mediated increase in Nrf3 

mRNA as well as protein expression levels, and significantly decreased Nrf3 mRNA and 

protein expression levels in MCF-10A cells compared to controls (Figure 3A and 3B). The 

fold changes in Nrf3 protein expression levels in MCF-10A cells treated with E2, Res, Res + 

E2, VC and VC + E2 for 48 hr were 2.68, 0.53, 0.31, 0.61 and 0.78, respectively, compared 

to vehicle-treated control cells (Figure 3B).

Nrf1 mRNA and protein expression levels were quantified in MCF-10A cells treated with 

E2 (50 nM) for up to 48 hr. A significant increase in Nrf1 mRNA as well as protein 

expression levels compared to control was detected (Figure 3C and 3D). Antioxidants by 

themselves also significantly increased Nrf1 mRNA and protein expression levels compared 

to vehicle-treated control cells (Figure 3C and 3D). This increase was independent of E2 

treatment. The fold change in Nrf1 protein expression levels in MCF-10A cells treated with 
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E2, Res, Res + E2, VC and VC + E2 for up to 48 hr were 2.87, 2.51, 2.62, 2.13 and 1.97, 

respectively, compared to vehicle-treated control cells (Figure 3D).

Antioxidants reverse estrogen-mediated decrease in NQO1 and SOD3 mRNA and protein 
expression levels

mRNA and Protein expression levels of NAD(P)H:quinone oxidoreductase 1 (NQO1) were 

quantified in MCF-10A cells treated with E2 (50 nM) for up to 48 hr. Significant decreases 

in NQO1 mRNA as well as protein expression levels were determined (Figure 4A and 4B). 

Resveratrol (50 μM) and VC (1 mM) treatment reversed E2-mediated decrease in NQO1 

mRNA as well as protein expression levels and significantly increased NQO1 mRNA and 

protein expression levels in MCF-10A cells treated for up to 48 hr (Figure 4A and 4B). The 

fold changes in NQO1 protein expression levels in MCF-10A cells treated with E2, Res, Res 

+ E2, VC and VC + E2 for 48 hr were 0.48, 3.28, 3.15, 2.24 and 1.12, respectively, 

compared to vehicle-treated cells (Figure 4B). mRNA and protein expression levels of 

SOD3 were quantified in MCF-10A cells treated with E2 (50 nM) for up to 48 hr. A 

significant decrease in SOD3 mRNA as well as protein expression levels was detected 

compared to control cells (Figure 4C and 4D). Resveratrol (50 μM) and VC (1 mM) 

treatment reversed E2-mediated decrease in SOD3 mRNA as well as protein expression 

levels and further, significantly increased SOD3 mRNA and protein expression levels in 

MCF-10A cells treated for up to 48 hr (Figure 4C and 4D). The fold changes in SOD3 

protein expression levels in MCF-10A cells treated with E2, Res, Res + E2, VC and VC + 

E2 for 48 hr were 0.42, 3.84, 3.79, 2.32 and 2.18, respectively, compared to vehicle-treated 

controls (Figure 4D).

Nrf3 negatively regulates Nrf2 and Nrf2-dependent gene NQO1

Nrf2 is a known positive regulator of antioxidant phase-II detoxifying gene NQO1 (38), 

whereas Nrf3 is known to negatively regulate NQO1 gene (73). We investigated whether 

silencing of Nrf3 has any effect on the expression of Nrf2 gene. An increase in Nrf2 protein 

expression was observed after silencing of Nrf3 in MCF-10A cells (Figure 5A). Additionally 

an increase in NQO1 protein expression after silencing of Nrf3 was detected (Figure 5A).

Nrf3 interacts with Nrf2

Co-immunoprecipitation is an in vitro method for detecting protein-protein interactions. We 

used Pierce Co-immunoprecipitation Kit to investigate whether Nrf2 interacts with Nrf3 and 

vice versa as described in the methods section. After immobilization and 

immunoprecipitation of the primary antibody (Nrf2), Co-Ip of interacting protein Nrf3 was 

detected by Western blotting (Figure 5Bi). The same blot was stripped and probed for Nrf2 

and a mild band was detected (Figure 5Bii). After immobilization and immunoprecipitation 

of the primary antibody (Nrf3), Co-Ip of interacting protein Nrf2 was detected by Western 

blotting (Figure 5Biii). The same blot was stripped and probed for Nrf3 and Nrf3 was 

detected (Figure 5Biv). Any unspecific interactions were identified by using the provided 

control gel and substituting IgG for the specific antibody. No nonspecific interaction was 

observed (Figure 5B).
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DISCUSSION

Long-term exposure to the female sex hormone E2 has been associated with the initiation 

and progression of breast cancer [4–14]. However, the mechanisms of E2-induced breast 

carcinogenesis are not clear. It has been suggested that estrogen metabolism plays a major 

role in the onset of estrogen-induced breast cancer [10, 12–14]. Oxidative stress produced by 

redox cycling between catechol estrogens and estrogen quinones has been suggested to play 

a critical role in estrogen-induced breast cancer [12–18].

Induction of antioxidant phase-II detoxifying enzymes NQO1 and SOD3 has been suggested 

to play a role in breast cancer chemoprevention [28, 51]. In the current study, we have 

investigated the role of Cap’n’collar (CNC) transcription factors in antioxidant-mediated 

prevention of estrogen-induced breast carcinogenesis. We have demonstrated significant 

suppression of SOD3 mRNA and protein expression after E2 treatment and this suppression 

was reversed upon co-treatment with VC or Res (Figure 4). Antioxidant treatment further 

increased the mRNA and protein expression levels of SOD3 (Figure 4). Additionally, E2-

mediated decrease in the expression of NQO1 mRNA and protein was reversed by 

antioxidants VC or Res (Figure 4). These studies further support the importance of 

antioxidant phase-II detoxifying enzymes NQO1 and SOD3 in prevention of E2-induced 

breast cancer [28, 51]. Role of Nrf2 in E2-induced breast cancer has only recently begun to 

be examined [28, 51–53]. Nrf2-mediated regulation of several antioxidant enzymes has 

previously been reported [11–14]. In this study we found significant suppression of Nrf2 

mRNA and protein expression levels in E2-treated MCF-10A cells (Figure 1). This 

suppression was reversed upon co-treatment with VC or Res (Figure 2). Antioxidant 

treatment further increased the mRNA and protein expression levels of Nrf2 (Figure 2). This 

finding suggested the involvement of Nrf2-pathway in regulation of E2-induced breast 

cancer.

We further examined the role of Nrf1 in E2-induced breast cancer and effect of antioxidant 

agents in its regulation. We demonstrated significant increase in Nrf1 mRNA and protein 

expression levels following E2 treatment in MCF-10A cells (Figure 3C and 3D). Treatment 

with VC or Res increased Nrf1 mRNA and protein expression levels (Figure 3C and 3D). 

From these results it could be suggested that Nrf1 has compensatory role in E2-induced 

stress and antioxidants (Res and VC) play very important chemopreventive role in E2-

induced breast cancer by up-regulation of cytoprotective gene Nrf1. However, further 

studies are needed to demonstrate specific role of Nrf1 in E2-induced breast cancer.

Nrf3 is the third member of the Nrf gene family [35, 37]. In this study we also examined the 

role of Nrf3 in E2-induced breast cancer and the effect of antioxidant agents, in regulation of 

Nrf3. We demonstrated that E2 treatment increased Nrf3 mRNA expression levels in a time 

dependant manner in MCF-10A cells (Figure 3A). Estrogen-mediated increase in the 

expression of Nrf3 protein was reversed by antioxidants VC or Res (Figure 3B) which 

further support the importance of Nrf3 in E2-induced breast cancer. The increased 

expression of Nrf2 and NQO1 following silencing of Nrf3 (Figure 5A) and Co-Ip of Nrf3 

with Nrf2 and vice versa (Figure 5B) suggests that possibly Nrf2 is regulated by Nrf3; 

although further studies are needed to establish this relationship between Nrf2 and Nrf3. In 
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conclusion, we demonstrated that CNC b-zip transcription factors are regulated differently 

and play important roles in E2-induced breast cancer.
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ABBREVIATIONS/FOOTNOTES

E2 17β-estradiol

VC Vitamin C

Res Resveratrol

CNC Cap’n’collar

Nrf1 Nuclear factor erythroid 2-related factor 1

Nrf2 Nuclear factor erythroid 2-related factor 2

Nrf3 Nuclear factor erythroid 2-related factor 3

SOD3 Superoxide dismutase 3

NQO1 NAD(P)H:quinone oxidoreductase 1
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FIGURE 1. 
17 β-Estradiol (E2) down-regulates Nrf2 in MCF-10A cells in a time- and dose-dependent 

manner. (A) Nrf2 mRNA expression levels in MCF-10A cells treated with 10, 50 or 100 nM 

E2 for 24 hr; (B) Nrf2 protein expression levels in MCF-10A cells treated with increased 

doses of E2 for 48 hr; (C) Nrf2 mRNA expression levels in MCF-10A cells treated with 50 

nM E2 for up to 72 hr; and (D) Nrf2 protein expression levels in MCF-10A cells treated 

with 50 nM E2 for up to 72 hr.

‘*’ indicates p value ≤ 0.05 compared with respective controls.

Chatterjee et al. Page 12

J Biochem Mol Toxicol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 2. 
Antioxidants (VC and Res) significantly reverse E2-mediated decrease in Nrf2 mRNA and 

protein expression levels in MCF-10A cells. (A) Nrf2 mRNA expression levels in MCF-10A 

cells treated with 50 nM E2, 50 μM Res, Res + E2, 1 mM VC or VC + E2 for 24 hr and (B) 

Nrf2 protein expression levels in MCF-10A cells treated with 50 nM E2, 50 μM Res, Res + 

E2, 1 mM VC or VC + E2 for up to 48 hr.

‘*’ indicates p value ≤ 0.05 compared with respective controls.
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FIGURE 3. 
17 β-Estradiol induces Nrf3 as well as Nrf1 mRNA and protein expression levels in 

MCF-10A cells. Antioxidants (VC and Res) reverse E2-mediated increase in Nrf3 mRNA 

and protein expression levels and induce Nrf1 mRNA and protein expression levels in 

MCF-10A cells. (A) Nrf3 mRNA expression levels in MCF-10A cells treated with 50 nM 

E2, 50 μM Res, Res + E2, 1 mM VC or VC + E2 for up to 72 hr; (B) Nrf3 protein 

expression levels in MCF-10A cells treated with 50 nM E2 and 50 μM Res, Res + E2, 1 mM 

VC or VC + E2 for 48 hr; (C) Nrf1 mRNA expression levels in MCF-10A cells treated with 

50 nM E2, 50 μM Res, Res + E2, 1 mM VC or VC + E2 for up to 48 hr; and (D) Nrf1 

protein expression levels in MCF-10A cells treated with 50 nM E2, 50 μM Res, Res + E2, 1 

mM VC or VC + E2 for 48 hr.
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FIGURE 4. 
Antioxidants reverse E2-mediated decrease in Phase-II detoxifying enzymes, NQO1 and 

SOD3, at both mRNA and protein levels. (A) NQO1 mRNA expression levels in MCF-10A 

cells treated with 50 nM E2, 50 μM Res, Res + E2, 1 mM VC or VC + E2 for 24 hr; (B) 

NQO1 protein expression levels in MCF-10A cells treated with 50 nM E2, 50 μM Res, Res 

+ E2, 1mM VC or VC + E2 for 48 hr; (C) SOD3 mRNA expression levels in MCF-10A 

cells treated with 50 nM E2, 50 μM Res, Res + E2, 1 mM VC or VC + E2 for 24 hr; and (D) 

SOD3 protein expression levels in MCF-10A cells treated with 50 nM E2, 50 μM Res, Res + 

E2, 1 mM VC or VC + E2 for 48 hr.

‘*’ indicates p value ≤ 0.05 compared with respective controls.
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FIGURE 5. 
Nrf3 negatively regulates Nrf2 and Nrf2-dependent gene NQO1 and Nrf3 interacts with 

Nrf2. (A) MCF-10A cells were transfected with 20 nmol/l of scrambled siRNA or siNrf3 for 

48 hr, and Western blot analysis was carried out using Nrf3 antibody. The same membrane 

was reprobed with Nrf2, NQO1 and α-Tubulin antibodies. (B) Co-Immunoprecipitation of 

Nrf2 and Nrf3 from MCF-10A cells. Co-Immunoprecipitation of Nrf2 and Nrf3 were 

performed in MCF-10A cell lysates using Pierce Co-Ip kit, according to manufactures 

protocol with some modifications. The immunoblot in the upper panel in figure 5B (i) was 

probed for Nrf3 after Nrf2 was pulled down. The same blot was stripped and probed for 

Nrf2 shown in the lower panel of figure 5B (ii). The immunoblot in the upper panel in figure 

5B (iii) was probed for Nrf2 after Nrf3 was pulled down. The same blot was stripped and 

probed for Nrf3 shown in the lower panel of figure 5B (iv).
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