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Abstract

Estrogens (estrone, E1; estradiol, E2) are oxidized in the breast first to catechols and then to form 

two ortho-quinones (E1/2-3,4-Q) that react with DNA to form depurinating adducts, which lead to 

mutations associated with breast cancer. NAD(P)H:quinone oxidoreductase 1 (NQO1) reduces 

these quinones back to catechols, and thus may protect against this mechanism. We examined 

whether the inheritance of two polymorphic variants of NQO1 (Pro187Ser or Arg139Trp) would 

result in poor reduction of E1/2-3,4-Q in normal human mammary epithelial cells (MCF-10F) and 

increased depurinating adduct formation. An isogenic set of stably transfected normal human 

breast epithelial cells (MCF-10F) that express a truncated (135Stop), the wild-type, the 139Trp 

variant or the 187Ser variant of human NQO1 cDNA was constructed. MCF-10F cells showed a 

low endogenous NQO1 activity. NQO1 expression was examined by RT-PCR and Western 

blotting, and catalytic activity of reducing E2-3,4-Q to 4-hydroxyE1/2 and associated changes in 

the levels of quinone conjugates (4-methoxyE1/2, 4-OHE1/2-2-glutathione, 4-OHE1/2-2-Cys and 4-

OHE1/2-2-N-acetylcysteine) and depurinating DNA adducts (4-OHE1/2-1-N3Ade and 4-OHE1/2-1-

N7Gua) were examined by HPLC with electrochemical detection, as well as by ultra-performance 

liquid chromatography with tandem mass spectrometry. The polymorphic variants transcribed 

comparably to the wild-type NQO1, but produced ~2-fold lower levels of the protein, suggesting 

that the variant proteins may become degraded. E1/2-3,4-Q toxicity to MCF-10F cells (IC50 = 

24.74 µM) was increased (IC50 = 3.7 µM) by Ro41-0960 (3 µM), a catechol-O-methyltransferase 

inhibitor. Cells expressing polymorphic NQO1 treated with E2-3,4-Q with or without added 

Ro41-0960, showed lower ability to reduce the quinone (~50% lower levels of the free catechols 

and ~3-fold lower levels of methylated catechols) compared to the wild-type enzyme. The 
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increased availability of the quinones in these cells did not result in greater glutathione 

conjugation. Instead, there was increased (2.5-fold) formation of the depurinating DNA adducts. 

Addition of Ro41-0960 increased the amounts of free catechols, quinone conjugates and 

depurinating DNA adducts. NQO1 polymorphic variants (Arg139Trp and Pro187Ser) were poor 

reducers of estrogen-3,4-quinones, which caused increased formation of estrogen-DNA adduct 

formation in MCF-10F cells. Therefore, the inheritance of these NQO1 polymorphisms may favor 

the estrogen genotoxic mechanism of breast cancer.
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1. Introduction

The NQO1 gene codes for a flavoprotein enzyme that catalyzes the reduction of various 

endogenous and exogenous quinones and quinone imines to protect cells from DNA damage 

that causes toxicity, and induces mutations and cancer [1,2]. Recent studies suggest that 

NQO1may have a protective role against the initiation of breast cancer [3–5]. Natural 

estrogens can be oxidized to ortho-quinones in the breast, and then react with DNA to form 

depurinating adducts, leading to mutations that could initiate breast cancer [6,7]. NQO1 and 

NQO2 reduce estrogen ortho-quinones back to catechols by a two-electron transfer 

mechanism, without forming the toxic semiquinone [8,9]. The catechol thus formed may 

largely become conjugated for detoxification ([10] and this work). Consistent with the idea 

that NQO1 could protect against the initiation of breast cancer, it was observed that NQO1 

RNA levels in breast cancer-adjacent ‘normal’ tissue can be 10–1000-fold lower compared 

to breast tissue of control women [5]. Such downregulation of NQO1 in pre-cancerous tissue 

would favor the oxidation of estrogens to ortho-quinones and may favor the initiation of 

breast cancer. Certain exogenous and dietary factors may protect against this defect by 

upregulating NQO1 gene expression [11–17].

Similar to the effect of NQO1 downregulation in precancerous breast tissue, polymorphic 

variants of NQO1 that have decreased catalytic activity may increase the risk of breast 

cancer. An exon 6 C609T polymorphism in NQO1 that results in Pro187Ser alteration is 

known to produce an enzyme that shows negligible/very low activity, and it may increase 

the risk of breast cancer [4,18–20]. The inheritance of the 187Ser/Ser allele can vary among 

ethnic groups. For example, among Whites, it appears in 1–2% of controls and 4–8% of 

breast cancer patients, and among Asians it appears in 14–20% of controls and breast cancer 

patients [4,18,21]. An additional NQO1 polymorphic variant (a C465T mutation in exon 4 

that causes an Arg139Trp change) has been reported in the literature [22,23]. It is not well 

studied, but may appear at 2% frequency in the tested populations (http://

www.genecards.org/cgibin/carddisp.pl?gene=NQO1&search=NQO1). The relationship of 

Arg139Trp to breast cancer is not known. However, some studies suggest that compared to 

the wild-type protein, the 139Trp variant also has a lower activity of reducing the anti-tumor 

quinone, mitomycin C [22,24]. Therefore, it is possible that the inheritance of 139Trp and 

187Ser variants may increase the risk of breast cancer.
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To study the impact of these twoNQO1polymorphisms on estrogen metabolism in breast 

cells, we constructed NQO1 cDNA clones that express these variants in a normal human 

breast epithelial cell line (MCF-10F). This cell line is an important model for studying the 

role of estrogen genotoxicity in breast cancer initiation [25–27]. It expresses a low level of 

the endogenous NQO1 protein and shows very little catalytic activity (this work). In this 

study, we examined these isogenic NQO1 cells to evaluate the abilities of the 139Trp and 

187Ser variants to reduce estradiol-3,4-quinone to the 4-catechol, and their impact on 

estrogen-DNA adduct formation.

2. Materials and methods

2.1. NQO1 cDNA constructs and transfection of MCF-10F cells

A wild-type NQO1 cDNA cloned between the EcoRI-SalI sites of the plasmid pCMV6-

XL5was purchased from Origene Technologies (Cat No. SC119599, Rockville, MD). This 

cDNA (transcript variant 1, GenBank Accession No. NM 000903) corresponds to the 

longest of the three known alternative transcripts [28]. The insert (1147 bp) contained the 

complete NQO1 coding sequence (745 bp) flanked by a 141 bp 5′ UTR and a 261 bp 3′ 

UTR sequence. Following validation of the NQO1 DNA sequence (with vector primer v1.5 

and vector primer XL39, Origene), this plasmid was used as a template for generating three 

mutant clones; one contained an AAALys 135 TAAStop mutation in exon 4 of the NQO1 

gene (Entrez GeneID: 1728), a second contained the polymorphic CGGArg 139 TGGTrp 

mutation in exon 4, and a third contained the polymorphic CCTPro 187 TCTSer mutation in 

exon 6. The mutations were introduced by using the Quick Change XL Site-Directed 

Mutagenesis kit (Strata-gene, La Jolla, CA) and the following primers: K135X Forward (5′ 

CGCTGCCATGTATGACTAAGGACCCTTCCGGAG), K135X Reverse (5′ 

CTCCGGAAGGGTCCTTAGTCATACATGGCAGCG), R139W Forward (5′ 

GACAAAGGACCCTTCTGGAGTAAGAAGGCAGTG), R139W Reverse (5′ 

CACTGCCTTCTTACTCCAGAAGGGTCCTTTGTC), P187S Forward (5′ 

TGTGGCTTCCAAGTCTTAGAATCTCAACTGACATATAGCATTGGG), P187S 

Reverse (5′ CCCAATGCTATATGTCAGTTGAGATTCTAAGACTTG-GAAGCCACA), 

as described by the vendor. Following mutagenesis, the NQO1 insert was PCR amplified 

with a pair of primers with built-in SnaBI and SalI restriction sites (Forward: 5′ GTTACG-

TATTCGGCACGAGGTTG, containing a SnaBI site; Reverse: 5′ 

AGCAGTCGACGGAAGCCTGGAAAGATACCC, containing a SalI site) for convenient 

cloning of the NQO1 cDNA into the SnaBI-SalI sites of the mammalian retroviral 

expression vector pBABE-puro [29] (map and sequence from: http://www.stewartlab.net/

index-2-plasmidmaps.html and http://www.addgene.org/pgvec1?

f=c&cmd=findpl&identifier=1764), kindly provided by Dr. Kay-Uwe Wagner, University of 

Nebraska Medical Center, Omaha, NE. A fourth pBABE-puro construct was similarly 

prepared with the wild-type NQO1 insert. The size of the NQO1 inserted in pBABE-puro 

was 1031 bp. The pBABE-puro: NQO1 constructs were transformed in E. coli One Shot® 

TOP10 cells (Invitrogen, Carlsbad, CA), harvested with a recommended kit (Endofree 

Plasmid Maxi kit, Qiagen Inc., Valencia, CA), and verified by sequencing with primers 

located within the NQO1 ORF (Forward: 5′ ACGCTGC-CATGTATGACAAAG, Reverse: 

5′ GATCCCTTGCAGAGAGTACATG). All primers were synthesized in the Eppley 
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Institute Molecular Biology Core Facility, University of Nebraska Medical Center, Omaha, 

NE, and DNA sequencing reactions were conducted in the Genomics Core Research 

Facility, University of Nebraska, Lincoln, NE.

The purified pBABE-puro: NQO1 recombinant plasmids, as well as the empty pBABE-puro 

vector, were linearized with NotI, extracted with phenol:chloroform, precipitated with 

ethanol, resuspended in H2O, electophoresed in a low-melting point agarose gel, extracted 

with Gelase (Epicentre Biotechnologies, Madison, WI) and re-purified with a spin column 

(QIAquick PCR purification kit, Qiagen). The purified linear DNAs (5 µg) were electro-

transfected into 10 million MCF-10F cells (CRL-10318, ATCC, Rockville, MD) using a 

Nucleofector Device (Amaxa GmbH, Köln, Germany). For use in transfection, exponential 

cells [grown to 50% confluence in DMEM/Ham’s F-12 50/50 culture medium (Mediatech 

Inc., Herndon, VA), supplemented with 20 ng/mL epidermal growth factor, 0.01mg/mL 

insulin, 500 ng/mL hydrocortisone, 100 µg/mL penicillin/streptomycin mixture (all from 

Sigma) and 5% horse serum (Hyclone)] were harvested by centrifugation (300 × g for 5 

min), washed with PBS supplemented with 0.5% bovine serum albumin (Sigma Chemical 

Co., St Louis, MO), resuspended in 100 µL of solution T (Cell Line Nucleofector kit T, 

Amaxa), transferred to the supplied cuvette, and pulsed at the electrical setting T-24. The 

cells were gently pipetted out and resuspended into 500 µL of pre-warmed supplemented 

Nucleofector solution (Amaxa) and then transferred into six-well plates containing 2.0 mL 

of culture medium for incubation at 37 °C with 5% CO2. The transfected cells were initially 

enriched, and then individual clones were isolated by growth in culture medium 

supplemented with 2.5 µg/mL puromycin (Sigma). These procedures generated an isogenic 

set of cell lines: MCF-10F, MCF-10F pBABE-puro (empty vector), MCF-10F NQO1 WT, 

MCF-10F NQO1 135Stop, MCF-10F NQO1 139Trp and MCF-10F NQO1 187Ser.

2.2. RT-PCR and Western blot analysis

To characterize the expression of the NQO1 cDNAs, RNA extracted (RNeasy Mini kit, 

Qiagen) from two randomly selected clones of the various isogenic NQO1 cells were 

analyzed by RT-PCR. The forward primer was located 45 bp upstream of the NQO1 insert 

within the viral gag gene (5′ CTCAATCCTCCCTTTATCCAG) in pBABE-puro, and the 

reverse primer (5′ TGAACACTCGCTCAAACCAG) was located within the NQO1 ORF 

(between codons 115 and 122). RT-PCR of this segment produced a 573 bp DNA. For 

comparison, GAPDH expression was similarly analyzed by RT-PCR using previously 

described primers (Forward: 5′ ACGCATTTGGTCGTATTGGG and Reverse: 5′ 

TGATTTTGGAGGGATCTCGC), which generated a 230 bp DNA [30].

Whole-cell protein extracts were prepared by three freeze-thaw cycles of cells suspended in 

RIPA buffer (50 mM Tris, 5mM EDTA, 150 mM NaCl, 0.25% sodium deoxycholate, 1% 

NP-40, pH 7.5) supplemented with a protease inhibitor cocktail (Complete Protease 

Inhibitor Cocktail tablet, Roche Diagnostics GmbH, Mannheim, Germany). The protein 

content in the extracts was quantified by the BCA protein assay kit (Pierce Biotechnology, 

Rockford, IL). Aliquots of the extracts (equivalent to 10 µg protein) were fractionated by 

12% SDS-PAGE, electroblotted to PVDF membrane (Millipore Corporation, Bedford, MA) 

and analyzed for NQO1 protein level with a polyclonal antibody (NB100-1005, goat 
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polyclonal anti-NQO1, Novus Biologicals Inc., Littleton, CO), and after stripping the 

membranes (Restore Plus Western Blot Stripping Buffer, Pierce), analyzed again for β-actin 

levels with a mouse monoclonal antibody (A5441, Sigma). The blots were processed with 

anti-goat or anti-mouse HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, 

Santa Cruz, CA), and developed with a chemiluminescence substrate (SuperSignal West 

Femto Maximum Sensitivity Substrate, Pierce). As described by the vendor, the NQO1 

antibody was raised against its C-terminal amino acids (267–274), and it cross reacts with 

the human protein, detecting all three variant forms (30.9, 27.3 and 26.4 kDa).

2.3. Estrogen cytotoxicity

Exponentially growing MCF-10F cells in the DMEM/F-12 medium (described above) were 

seeded at a density of 5000 cells/well in 96-well plates. After a day (day 0), cells in one 96-

well plate were counted by the MTT [3-(4,5-dimethyl-thiazolyl-2)-2,5-diphenyl-tetrazolium 

bromide, Sigma] assay (see below), while other cells were treated with estradiol-3,4-quinone 

(E2-3,4-Q, 10–50 µM) and incubated for 24 h. The estrogen solutions were prepared in 

acetonitrile (final concentration 0.007%). Following this incubation, cells were rinsed with 

PBS (Invitrogen, Carlsbad, CA), fresh medium added, and the cells were cultured for 

another 3 days. Cell numbers at days 1–3 were determined by the MTT assay. The effect of 

the catechol O-methyltransferase (COMT) inhibitor, Ro41-0960 (3,4-dihydroxy-5-nitro-2′-

fluorobenzophenone, 3 µM, Sigma) [31,32] on the growth of the estrogen-treated cells was 

similarly determined.

In the MTT assay, the media in the 96-well plate cultures were replaced with 100 µL fresh 

medium containing 25 µL MTT (5 mg/mL in PBS), and incubated for 2 h at 37 °C to allow 

the reduction of MTT by metabolically active cells to form a purple formazan precipitate. 

The precipitate was then solubilized by adding 100 µL of 20% SDS in 1:1 DMF:H2O (pH 

4.7), and incubating overnight at 37 °C. The purple color was read at 570 nm in a µQuant 

microplate spectrophotometer (Bio-Tek Instruments, Winooski, VT) and analyzed by using 

KCjunior (version 1.41) software. The absorbance values were converted into cell numbers 

using a standard curve constructed by plotting MTT assay absorbance against cell counts. 

Linear interpolation was used to estimate the IC50. Survival estimates are presented using 

means and 95% confidence intervals.

2.4. Analysis of estrogen metabolites and DNA adducts

Cells (2 × 105) were grown for 48 h in DMEM/F-12 medium (described above), and then 

adapted for 72 h in phenol red-free DMEM/F-12 50/50 culture medium (Mediatech) 

similarly supplemented, except replacing the horse serum with 5% charcoal-stripped fetal 

bovine serum (HyClone). The adapted cells (20 × 106) were treated for 24 h either with 

E2-3,4-Q (10 µM) alone, with Ro41-0960 alone (3 µM) or with E2-3,4-Q (10 µM) and 

R41-0960 (3 µM, 1 h pre-treatment). Following the treatments, the culture media were 

harvested and supplemented with 3 µg of 2-hydroxy 3-methoxyestrone (internal standard for 

assessing sample recovery) and 2 mM ascorbic acid (to prevent the possible decomposition 

of the compounds) and processed immediately. Media from MCF-10F cells treated with 10 

µL acetonitrile (solvent)were used as controls. Catecholestrogens and their conjugates, as 

well as the estrogen quinone conjugates and DNA adducts are efficiently secreted to the 
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media, but a portion of these compounds is retained by the cells. We analyzed the secreted 

fractions in the culture media, because cell lysates can rapidly decompose the quinone 

conjugates and make it difficult to conduct these studies.

The harvested media were partially purified by passing through Varian C8 Certify II 

cartridges (Varian, Harbor City, CA) pre-equilibrated by sequentially passing 1mL of 

methanol, distilled water, and potassium phosphate buffer (100 mM, pH 8). The collected 

media (40 mL) were adjusted to pH 8 with 1 mL of 1 M potassium phosphate buffer, and 

passed through these cartridges. The retained analytes in the cartridges were washed with 

the above phosphate buffer, eluted with 8:1:1:0.1 of 

methanol:acetonitrile:water:trifluoroacetic acid, and processed by passing through a 

5000/10,000 cut-off filter (Millipore Corporation, Burlington, MA).

The resulting samples were analyzed in an HPLC apparatus equipped with a multi-channel 

electrochemical detector (Model 580 solvent delivery modules, Model 540 auto-sampler 

fitted with a 12-channel CoulArray electrochemical detector, Environmental Sciences 

Association, Chelmsford, MA). The analytes and adducts were separated with solvent 

gradients generated by solvent A [15:5:10:70 of acetonitrile:methanol:CAA buffer (5.25% 

citric acid, 3.85% ammonium acetate, 11.5% acetic acid):water] and solvent B [50:20:10:20 

of acetonitrile:methanol:CAA buffer:water]. The samples were injected into a Phenomenex 

Luna-2 C-18 column (250 mm × 4.6 mm, 5 µM; Phenomenex, Torrence, CA), and eluted 

isocratically (90% solvent A:10% solvent B) for 10 min, then by a linear gradient (up to 

90% solvent B) in the next 35 min, at a flow rate of 1mL/min. The 12 coulometric electrodes 

were set at potentials of −35, 10, 70, 140, 210, 280, 350, 420, 490, 550, 620 and 690 mV. 

The analyte and adduct peaks were identified by their retention times and peak height ratios 

between the dominant peak and the peaks in the two adjacent channels. The data were 

quantified by comparison with known amounts of standards. The results were compared 

between groups using the Mann-Whitney test.

The results were confirmed by analysis on a MicroMass QuattroMicro triple stage 

quadrupole mass spectrometer attached to a Waters Acquity UPLC (Waters, Milford, MA) 

as described previously [33].

3. Results and discussion

The scheme for generating the NQO1 cDNA constructs in the pBABE-puro vector is shown 

in Fig. 1. These constructs were linearized with NotI, transfected intoMCF-10F cells and 

clonal cells selected for puromycin resistance.

3.1. Expression of ectopic NQO1 in MCF-10F cells

RT-PCR analysis of RNA extracted from the clonal cells (Fig. 2) indicated that the NQO1 

constructs are efficiently expressed in MCF-10F cells. As is generally observed from ectopic 

expression, the levels of NQO1 transcription varied within the pairs of the clonal cells. For 

example, NQO1 transcript levels in WT-2 was 21% more than WT-3 (NQO1:GAPDH ratios 

were 3.07 and 2.52 respectively), 135Stop-4 was 7% lower than 135Stop-5 (1.59 and 1.71), 

139Trp-4 was 12%higher than 139Trp-6 (2.20 and 1.96), and 187Ser-2 was 22% lower than 
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187Ser-3 (1.96 and 2.53). However, NQO1 transcript levels in two mutant clones (139Trp-4 

and 187Ser-3) were comparable to a wild-type clone (WT-3), which suggests that the 

mutations per se did not affect the transcription of NQO1 cDNA.

Western blot analysis (Fig. 3) indicated that MCF-10F cells have low endogenous NQO1 

protein. The MCF-10F NQO1 protein level was comparable to that in Caco-2 cells, and was 

approximately 10-fold lower NQO1 protein than in HeLa S3 and HT-29 cells (Supplement 

1). The Caco-2 are human colon cancer epithelial cells, known to be homozygous for the 

NQO1 187Ser allele. Caco-2 is deficient in NQO1, because the 187Ser variant has poor 

enzymatic activity [34] and can be degraded by proteasomal mechanisms [35]. HT-29 are 

also human colorectal adenocarcinoma epithelial cells, but they are homogyzous for wild-

type NQO1 [35]. Introduction of the pBABE-puro: wild-type NQO1 cDNA in MCF-10F 

cells elevated NQO1 protein levels by approximately 10-fold (Fig. 3), i.e., the ectopic 

expression of NQO1 cDNA brought this protein up to HT-29 and HeLa S3 levels 

(Supplement 1).

As expected, the NQO1 antibody (specific for the NQO1 C-terminal dodecapeptide) did not 

detect the truncated NQO1 protein in MCF-10F cells expressing the 135Stop mutant 

(expected protein size = 14.85 kDa) (Fig. 3). Densitometry indicated that NQO1 protein 

levels in the 139Trp and 187Ser variant cells were respectively, ~2.8-fold and ~1.8-fold 

lower than the wild-type. Expression of these polymorphic variants in Caco-2 cells also 

showed lower levels than in wild-type (Supplement 1). Considering the similarities of the 

RT-PCR and Western blot results, the possibility is raised that like 187Ser [35], the 139Trp 

variant may also be susceptible to post-translational changes.

3.2. Estrogen toxicity in MCF-10F cells

E2-3,4-Q toxicity to the MCF-10F (host) cells was examined to identify a suitable dose for 

studying estrogen metabolism. These studies were conducted in the presence or absence of a 

known inhibitor (Ro41-0960) of catechol-O-methyltransferase [31,32] to determine the 

contributions of the 4-hydroxyestrogens (4-OHE1/2, endogenous as well as those produced 

by NQO1 from the added E2-3,4-Q) to toxicity.

The toxicity time-course is shown in Fig. 4A. Cells were treated (0 h) and followed for 72 h. 

E2-3,4-Q showed a narrow spectrum (0–50 µM)of cytotoxicity. The untreated (control) cells 

showed normally growing cells, and all treatments including Ro41-0960 (3 µM) alone and 

E2-3,4-Q (5–50 µM) with or without Ro41-0960 (3 µM) affected cell numbers in the 24–72 

h period. At the low doses of E2-3,4-Q (5 and 10 µM), cell numbers showed an initial 

decline (24 h), and then increased at a lower rate than control (48–72 h). At high doses (40 

and 50 µM), cells showed poor growth recovery beyond 24 h. Addition of Ro41-0960 with 

E2-3,4-Q increased the initial toxicity (24 h) and also inhibited the growth recovery. Since 

E2-3,4-Q- and E2-3,4-Q/Ro41-0960-treated cells showed a linear decline up to 24 h, the data 

at the 24 h time point was replotted in a survival curve to determine the 50% killing dose 

(IC50) (Fig. 4B). The estimated IC50 values for E2-3,4-Q was 24.74 µM and E2,3,4-Q + 

Ro41-0960 was 3.70 µM.
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Estrogen cytotoxicity may occur by multiple mechanisms. The two better known 

mechanisms include oxidative stress generated by estrogen semiquinones, and estrogen 

quinone reaction with DNA [36] and proteins [37,38] (Fig. 5). E1/2-3,4-Q has been thought 

to induce cytotoxicity primarily through its reactions with DNA and proteins. This 

conclusion was reached because E2-3,4-Q has a relatively short half-life (t1/2 ≈ 45 min at 

pH 7); it self-polymerizes to form inert compounds ([39] and unpublished results) and in the 

cell, its reaction with DNA and proteins is rapid. Furthermore, additives such as N-

acetylcysteine and cysteine protect cells from estrogen quinone toxicity by forming 

conjugates [40] (Fig. 5), whereas ascorbic acid, which does not form a quinone conjugate, 

protects cells by minimizing endogenous oxidation of 4-OHE1/2 to E1/2-3,4-Q [41]. In 

particular, cells such asMCF-10F which have low endogenous levels of NQO1 would be 

expected to convert only a portion of the added E2-3,4-Q to 4-OHE2 that can then be 

oxidized to the toxic semiquinone. Therefore, E2-3,4-Q toxicity in MCF-10F cells should be 

a good model to test this idea.

In our studies, E2-3,4-Q induced an acute toxicity to MCF-10F cells (Fig. 4A), which is 

consistent with the idea that E2-3,4-Q-DNA and protein adducts aremajor contributors to the 

observed toxicity. However, when Ro41-0960 was added with E2-3,4-Q, there was a ~3-fold 

increase in acute cytotoxicity (Fig. 4B). For example, 24 h after treatment with 40 µM 

E2-3,4-Q, 45.2% of MCF-10F cells survived, whereas Ro41-0960 supplementation further 

reduced the survival to 12.4% (i.e., a 3.6-fold reduction). In contrast, without exogenously 

added E2-3,4-Q, Ro41-0960 showed only a marginal increase (~10%) of toxicity. 

Ro41-0960 blocks COMT, preventing it from methoxylating the catechols (e.g., 4-OHE1/2 

to 4-OCH3E1/2, Fig. 5), and may thus increase the availability of E2-3,4-Q for biological 

reactions leading to toxicity. If so, NQO1 may have a critical influence on reverting estrogen 

metabolism leading to toxicity.

Next, we examined whether the study of estrogen metabolites, conjugates and DNA adducts 

in breast epithelial cells expressing wild-type or truncated or polymorphic NQO1 cDNAs 

and treated with E2-3,4-Q with or without Ro41-0960 can provide clues towards 

understanding how NQO1 impacts estrogen metabolism.

3.3. Influence of NQO1 on E2-3,4-Q metabolism and DNA adduct formation

In MCF-10F cells, estrogens are oxidatively metabolized to quinones by cytochrome P450 

and peroxidases (Fig. 5). The catechols and the quinones can be shunted off this pathway by 

conjugation to protect cells from DNA adduct formation. NQO1 exerts its protective 

function by reducing the quinones back to catechols. RT-PCR (Fig. 2) and Western blot 

(Fig. 3) results suggest that MCF-10F cells are poor in NQO1. However, cytotoxicity studies 

(Fig. 4) suggest that despite the low levels of NQO1, these cells have significant protection 

against estrogen cytotoxicity.

To determine the role of endogenous NQO1 on estrogen metabolism in MCF-10F cells and 

to study the effects of overexpressing wt or polymorphic variants of NQO1, we treated these 

cells with 10 µM E2-3,4-Q for 24 h, with or without 3 µM Ro41-0960, and examined the 

culture media for estrogen metabolites (4-OHE1/2), conjugates (4-OCH3E1/2, 4-OHE1/2-2-

SG, 4-OHE1/2-2-Cys and 4-OHE2-2-NAcCys) and DNA adducts (4-OHE1/2-1-N3Ade and 
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4-OHE1/2-1-N7Gua) (Fig. 6 and Table 1). At the 10 µM dose, E2-3,4-Q induced 56.5% 

killing of MCF-10F cells at 24 h (Fig. 4B). In both MCF-10F cells and human breast, E1 and 

E2 metabolites are easily interconverted, therefore, the treatment with E2-3,4-Q results in 

metabolites, conjugates and adducts from both estrogens [32]. Since breast cells have high 

levels of COMT, it is typical to observe that most of the 4-OHE1/2 is present as its conjugate 

(4-OCH3E1/2), and since estrogen quinones are readily conjugated with glutathione, the 

major fraction of these quinones are detected as conjugates (4-OHE1/2-2-SG and its 

derivatives 4-OHE1/2-2-Cys and 4-OHE2-2-NAcCys) [32]. Additionally, E1/2-3,4-Q reacts 

with DNA, which almost quantitatively (>99.9%) form depurinating adducts (4-OHE1/2-1-

N3Ade and 4-OHE1/2-1-N7Gua) [42].

Treatment of the control group [MCF-10F, MCF-10F transfected with pBABE-puro (empty 

vector) or MCF-10F transfected with pBABE-puro containing the truncated NQO1 cDNA 

constructs (NQO1 135Stop-4 and 135Stop-5)] with 10 µM E2-3,4-Q resulted in comparable 

profiles of estrogen metabolites, conjugates and adducts. The addition of Ro41-0960 (3 µM) 

in these experiments resulted in a drastic (~98%) reduction in the levels of the methoxy 

conjugates, accompanied by an increase in the levels of free 4-OHE1/2 by ~2-fold (Table 1). 

In the Ro41-0960-treated control group, cells showed elevated overall levels of quinone 

conjugates [35% (MCF-10F, 0.51–0.84, p = 0.09), 48% (MCF-10F empty vector, 0.54–0.82, 

p = 0.08), 49% (135Stop-4, 0.48–0.76, p = 0.27) and 16% (135Stop-5, 0.38–0.52, p = 0.13)]. 

In addition, Ro41-0960 increased the levels of both DNA adducts (~4-fold) in all control 

cells. The levels of the individual DNA adducts (N3Ade and N7Gua) were comparable. 

These results also suggest that the truncation of NQO1 at codon 135 results in the loss of 

catalytic activity.

In comparison to the negative control group, E2-3,4-Q treatment of MCF-10F cells 

transfected with wild-type NQO1 cDNA (NQO1WT-2 and WT-3) resulted in major changes 

in the estrogen metabolic profile. Specifically, compared to the controls, 4-OHE1/2 levels 

were increased by 20% (WT-2) or 72% (WT-3) (1.42 in control vs. 1.71 or 2.44 in the WT 

cells, p = 0.01), and 4-OCH3E1/2 levels increased by 2.4-fold (WT-2) or 2.5-fold (WT-3) 

(28.4 in control vs. 68.92 or 71.71 in the WT cells, p = 0.003), accompanied by a lowering 

in the levels of quinone conjugates [1.88 in the controls vs. 1.17 (WT-2) or 1.35 (WT-3)] 

and DNA adducts 37% (WT-2) and 30% (WT-3) [0.27 in controls vs. 0.17 (WT-2) or 0.19 

(WT-3)]. These results suggest that expression of wt NQO1 effectively reduced the 

exogenously added E2-3,4-Q, forming increased levels of the catechols and their conjugates, 

leaving a smaller portion of the quinone to conjugate with glutathione and estrogen-DNA 

adducts. The addition of Ro41-0960 in these experiments brought about a trend of 

alterations in the metabolism profile comparable to the negative controls. Specifically, 

Ro41-0960 increased the levels of the free 4-OHE1/2 by 28% (WT-2)(1.71 vs. 2.19, p = 

0.14) or 39% (WT-3)(2.44 vs. 3.40, p = 0.14) and decreased 4-OCH3E1/2 by 99.1% (WT-2) 

(68.92 vs. 0.66, p = 0.14) or 99.5% (WT-3) (71.71 vs. 0.41, p = 0.14). Compared to control, 

the overall levels of the quinone conjugates increased from the Ro41-0960 treatment by 77% 

(WT-2, 1.18 vs. 2.07) or 58% (WT-3, 1.35–2.13).

As in the control cells, Ro41-0960 treatment to these cells, however, resulted in ~4-fold 

increase in DNA adduct formation (WT-2, 0.17–0.70 and WT-3, 0.19–0.72) (Table 1). Thus, 
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with COMT inhibition by Ro41-0960, wt NQO1 was able to reduce a greater fraction of the 

exogenously added E2-3,4-Q, which increased the levels of 4-OHE1/2, but also allowed 

greater formation of quinone conjugates (under these conditions, quinone conjugates 

increased by 16–49% in control cells and 58–77% in WT-2 and WT-3). In WT-2 and WT-3 

cells, even though Ro41-0960 increased DNA adduct levels by 4-fold, the absolute levels of 

these adducts were 55% lower than in the control cells (0.71 vs. 1.03), suggesting that 

wtNQO1 can protect breast epithelial cells from estrogen-DNA adduct formation.

Compared to cells expressing wild-type NQO1, cells that expressed the polymorphic 

variants (139Trp or 187Ser) showed lower levels of 4-OHE1/2 and 4-OCH3E1/2. 

Specifically, NQO1 139Trp-4 showed 55% [2.07 (average of 4-OHE1/2 levels in WT-2 and 

WT-3, 1.71 and 2.44) vs. 0.93] and 139TRp-6 showed 51% (2.07 vs. 1.02) lower levels of 4-

OHE1/2, and 2.7-fold [70.31 (average of 4-OCH3E1/2 levels in WT-2 and WT-3, 68.92 and 

71.71) vs. 25.66] and 2.8-fold (70.31 vs. 24.91) lower levels of 4-OCH3E1/2 than the wild-

type (Table 1). Similarly, NQO1 187Ser-2 showed 52% (2.07 vs. 0.99) and 187Ser-3 

showed 54% (2.07 vs. 0.95) lower levels of 4-OHE1/2, and 3.6-fold (70.31 vs. 19.46) and 

3.3-fold (70.31 vs. 21.04) lower levels of 4-OCH3E1/2 than the wild-type. Since the Western 

blot results indicate that 139Trp and 187Ser variants carry lower levels of NQO1 protein 

than the wild-type (2.78-fold and 1.8-fold respectively) (Fig. 3), the apparent lowering of the 

reduction of E2-3,4-Q could not be readily interpreted as a consequence of poor catalytic 

activity of these variants. On the other hand, it is known that compared to the wild-type, 

both 139Trp and 187Ser variants show poor quinone-reducing activity [22,24]. Since the 

levels of 139Trp-4 and -6 proteins are comparable to the 187Ser-2 and -3 proteins, and both 

showed similar levels of 4-OHE1/2, it is likely that both polymorphisms have poorer ability 

to reduce E2-3,4-Q than the wild-type enzyme.

The 139Trp and 187Ser variants showed comparable quinone conjugate levels as in the 

negative and positive control cells (average values were 1.575 for the polymorphic, 1.425 

for the negative and 1.265 for the positive). Addition of Ro41-0960 increased quinone 

conjugates to ~55.6±10% [54.7% in the negative controls (1.425 vs. 2.205), 66% in the 

positive controls (1.265 vs. 2.1) and 46% in the polymorphic variants (1.575 vs. 2.30)]. On 

the other hand, the 139Trp and 187Ser variants showed greater levels of estrogen-DNA 

adducts than either negative controls or the wild-type clones. For example, compared to 

wild-type clones (positive controls), DNA adduct levels were 2.3-fold higher for 139Trp-4 

(0.18 vs. 0.42) and 2.7-fold higher for 139Trp-6 (0.18 vs. 0.49), and 2.9-fold higher for 

187Ser-2 (0.18 vs. 0.52) and 2.7-fold higher for 187Ser-3 (0.18 vs. 0.48). These results 

suggest that both polymorphisms could allow greater formation of DNA adducts in 

estrogen-exposed breast epithelial cells. Similar to results obtained with the control cells, 

addition of Ro41-0960 increased the levels of DNA adducts by a further ~3-fold. For 

example, adduct levels increased by 3.1-fold for 139Trp-4 (0.42–1.31), 2.5-fold for 

139Trp-6 (0.49–1.22), and 3.3-fold for 187Ser-2 (0.52–1.74) and 3.1-fold for 187Ser-3 

(0.48–1.49).

Overall, factors that increased the levels of E2-3,4-Q led to greater formation of DNA 

adducts. This suggests that polymorphic variants of NQO1 with diminished capacity to 
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reduce E1(E2)-3,4-Q could be associated with increased estrogen-DNA adduct formation 

and, consequently, increased risk of developing cancer.

4. Conclusions

Both 139Trp and 187Ser variants of NQO1 showed lower activity in reducing E1/2-3,4-Q 

than the wild-type protein, which increased the availability of these quinones for reaction 

with DNA and formation of depurinating adducts. The mechanisms by which these 

polymorphic variants suffer loss in catalytic activity are not well understood. However, it is 

known that NQO1 (UniProtKB/Swiss-Prot entry: P15559) is an interlocked dimer of two 

identical subunits of 274 amino acid polypeptides, both non-covalently attached to a 

prosthetic FAD group [43–45]. NQO1 is thought to have two domains: a catalytic domain 

(amino acids 1–220) and a small C-terminal domain. The catalytic domain is a large pocket 

at the dimer interface and has three functional regions: (1) FAD-binding, (2) NAD(P)-

binding and (3) NAD(P)H/substrate-binding. NQO1 catalyzes in two-steps: first, the 

cofactor (NADH/NADPH) reduces the prosthetic FAD to FADH2, and second, a hydride 

transfer from the FADH2 to the substrate quinones by a 1,4-Michael addition mechanism 

[8,45]. The reported catalytically involved amino acids include: Gln104, Tyr128, Tyr155 

and His161 [1,43,45,46]. The 139Trp (Swiss Prot variant: VAR 016170) and 187Ser (VAR 

008384) variants are yet to be studied in detail, but available evidence suggests that 187Ser 

alters the conformation of a β-sheet, which lowers FAD-binding and results in very poor 

enzyme activity [1,43].

The 187Ser variant may undergo post-translational inactivation in human cells as evidenced 

by its not being detectable in tissues of homozygous individuals [34]. Since the levels of 

expression and activity of the 187Ser and 139Trp variants show a similar pattern, this raises 

the possibility that the latter variant may also undergo post-translational changes.

The observation that the polymorphisms may lead to increased formation of depurinating 

estrogen-DNA adducts suggests that they may increase mutagenesis in estrogen-exposed 

breast epithelial cells [6,7]. While this idea remains to be examined in the context of breast 

cancer, one study reported that the 187Ser variant significantly increased the incidence of, 

and the 139Trp variant shows a possible association with transversion mutations in the p53 

gene in bladder cancer [47]. Such reports give credence to the idea that the NQO1 

Arg139Trp and Pro187Ser polymorphisms may increase breast cancer risk.

The estrogen genotoxicity mechanism is mediated by a host of phase I and phase II 

enzymes, and alterations in several of these enzymes could impact the risk of breast cancer 

[48]. Upregulation of ‘activating’ genes (CYP19, CYP1B1) that convert estrogens to 

E1/2-3,4-Q and downregulation of ‘protective’ genes (COMT, NQO1) [5], as well as 

inheritance of deleterious polymorphic mutations in these genes [4,49–52] will favor 

estrogen genotoxicity. If sufficient levels of estrogens are present in the breast, the present 

study suggests that the inheritance of NQO1 Arg139Trp or Pro 187Ser polymorphisms 

would favor increased estrogen genotoxicity. The NQO1 polymorphisms represent one of 

these factors of breast cancer risk, but it remains to be determined whether they would 

indeed play a critical role. Our studies have demonstrated that the estrogen-induced 
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depurinating DNA adducts are excreted in the human urine, and can serve as biomarkers of 

breast cancer risk [33,53]. We think that a parallel study of urine-excreted depurinating 

adducts and the inheritance of the Arg139Trp and Pro187Ser polymorphisms in control, 

high risk and breast cancer patients will reveal the true impact of NQO1 in breast cancer.
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Abbreviations

COMT catechol O-methyltransferase

MTT 3-(4,5-dimethyl-thiazolyl-2)-2,5-diphenyl tetrazolium bromide

NQO1 NAD(P)H:quinone oxidoreductase 1

Ro41-0960 3,4-dihydroxy-5-nitro-2′-fluorobenzophenone

E1 estrone

E2 estradiol

E1/2 estrone and estradiol

4-OHE2 4-hydroxyestradiol

4-OCH3E1/2 4-methoxy(estrone and estradiol)

4-OHE1/2-2-SG 4-hydroxy(estrone and estradiol)-2-glutathione

4-OHE1/2-Cys 4-hydroxy(estrone and estradiol)-2-cysteine

4-OHE2-2-NacCys 4-hydroxy(estrone and estradiol)-2-N-acetylcysteine

4-OHE1/2-1-N3Ade 4-hydroxy(estrone and estradiol)-1-N3-adenine

4-OHE1/2-1-N7Gua 4-hydroxy(estrone and estradiol)-1-N7-guanine

References

1. Chen S, Wu K, Knox R. Structure-function studies of DT-diaphorase (NQO1) and NRH: quinone 
oxidoreductase (NQO2). Free Radic. Biol. Med. 2000; 29:276–284. [PubMed: 11035256] 

2. Nioi P, Hayes JD. Contribution of NAD(P)H:quinone oxidoreductase 1 to protection against 
carcinogenesis, and regulation of its gene by the Nrf2 basic-region leucine zipper and the 
arylhydrocarbon receptor basic helix-loop-helix transcription factors. Mutat. Res. 2004; 555:149–
171. [PubMed: 15476858] 

3. Siegelmann-Danieli N, Buetow KH. Significance of genetic variation at the glutathione S-
transferase M1 and NAD(P)H:quinone oxidoreductase 1 detoxification genes in breast cancer 
development. Oncology. 2002; 62:3945.

4. Menzel HJ, Sarmanova J, Soucek P, Berberich R, Grunewald K, Haun M, Kraft HG. Association of 
NQO1 polymorphism with spontaneous breast cancer in two independent populations. Br. J. 
Cancer. 2004; 90:1989–1994. [PubMed: 15138483] 

5. Singh S, Chakravarti D, Edney JA, Hollins RR, Johnson PJ, West WW, Higginbotham SM, 
Cavalieri EL, Rogan EG. Relative imbalances in the expression of estrogen-metabolizing enzymes 

Singh et al. Page 12

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the breast tissue of women with breast carcinoma. Oncol. Rep. 2005; 14:1091–1096. [PubMed: 
16142378] 

6. Chakravarti D, Mailander PC, Li K-M, Higginbotham S, Zhang HL, Gross ML, Meza JL, Cavalieri 
EL, Rogan EG. Evidence that a burst of DNA depurination in SENCAR mouse skin induces error-
prone repair and forms mutations in the H-ras gene. Oncogene. 2001; 20:7945–7953. [PubMed: 
11753677] 

7. Mailander PC, Meza JL, Higginbotham S, Chakravarti D. Induction of A.T to G.C mutations by 
erroneous repair of depurinated DNA following estrogen treatment of the mammary gland of ACI 
rats. J. Steroid Biochem. Mol. Biol. 2006; 101:204–215. [PubMed: 16982187] 

8. Gaikwad NW, Rogan EG, Cavalieri EL. Evidence from ESI-MS for NQO1-catalyzed reduction of 
estrogen ortho-quinones. Free Radic. Biol. Med. 2007; 43:1289–1298. [PubMed: 17893042] 

9. Gaikwad NW, Yang L, Rogan EG, Cavalieri EL. Evidence for NQO2-mediated reduction of the 
carcinogenic estrogen ortho-quinones. Free Radic. Biol. Med. 2009; 46:253–262. [PubMed: 
18996184] 

10. Talalay P, Fahey JW, Holtzclaw WD, Prestera T, Zhang Y. Chemoprotection against cancer by 
phase 2 enzyme induction. Toxicol. Lett. 1995; 82–83:173–179.

11. Egner PA, Kensler TW, Prestera T, Talalay P, Libby AH, Joyner HH, Curphey TJ. Regulation of 
phase 2 enzyme induction by oltipraz and other dithiolethiones. Carcinogenesis. 1994; 15:177–
181. [PubMed: 8313505] 

12. Jeffery EH, Stewart KE. Upregulation of quinone reductase by glucosinolate hydrolysis products 
from dietary broccoli. Methods Enzymol. 2004; 382:457–469. [PubMed: 15047117] 

13. Lee YY, Westphal AH, de Haan LH, Aarts JM, Rietjens IM, van Berkel WJ. Human 
NAD(P)H:quinone oxidoreductase inhibition by flavonoids in living cells. Free Radic. Biol. Med. 
2005; 39:257–265. [PubMed: 15964517] 

14. Moon YJ, Wang X, Morris ME. Dietary flavonoids: effects on xenobiotic and carcinogen 
metabolism. Toxicol. In Vitro. 2006; 20:187–210. [PubMed: 16289744] 

15. Hsieh TC, Lu X, Wang Z, Wu JM. Induction of quinone reductase NQO1 by resveratrol in human 
K562 cells involves the antioxidant response element ARE and is accompanied by nuclear 
translocation of transcription factor Nrf2. Med. Chem. 2006; 2:275–285. [PubMed: 16948474] 

16. Montano MM, Chaplin LJ, Deng H, Mesia-Vela S, Gaikwad N, Zahid M, Rogan E. Protective 
roles of quinone reductase and tamoxifen against estrogen-induced mammary tumorigenesis. 
Oncogene. 2007; 26:3587–3590. [PubMed: 17160017] 

17. Lu F, Zahid M, Wang C, Saeed M, Cavalieri EL, Rogan EG. Resveratrol prevents estrogen-DNA 
adduct formation and neoplastic transformation in MCF-10F cells. Cancer Prev. Res. (Phila. Pa.). 
2008; 1:135–145.

18. Hamajima N, Matsuo K, Iwata H, Shinoda M, Yamamura Y, Kato T, Hatooka S, Mitsudomi T, 
Suyama M, Kagami Y, Ogura M, Ando M, Sugimura Y, Tajima K. NAD(P)H: quinone 
oxidoreductase 1 (NQO1) C609T polymorphism and the risk of eight cancers for Japanese. Int. J. 
Clin. Oncol. 2002; 7:103–108. [PubMed: 12018106] 

19. Sarmanova J, Susova S, Gut I, Mrhalova M, Kodet R, Adamek J, Roth Z, Soucek P. Breast cancer: 
role of polymorphisms in biotransformation enzymes. Eur. J. Hum. Genet. 2004; 12:848–854. 
[PubMed: 15280903] 

20. Fowke JH, Shu XO, Dai Q, Jin F, Cai Q, Gao YT, Zheng W. Oral contraceptive use and breast 
cancer risk: modification by NAD(P)H:quinone oxoreductase (NQO1) genetic polymorphisms. 
Cancer Epidemiol. Biomarkers Prev. 2004; 13:1308–1315. [PubMed: 15298951] 

21. Kelsey KT, Ross D, Traver RD, Christiani DC, Zuo ZF, Spitz MR, Wang M, Xu X, Lee BK, 
Schwartz BS, Wiencke JK. Ethnic variation in the prevalence of a common NAD(P)H quinone 
oxidoreductase polymorphism and its implications for anti-cancer chemotherapy. Br. J. Cancer. 
1997; 76:852–854. [PubMed: 9328142] 

22. Pan SS, Forrest GL, Akman SA, Hu LT. NAD(P)H:quinone oxidoreductase expression and 
mitomycin C resistance developed by human colon cancer HCT 116 cells. Cancer Res. 1995; 
55:330–335. [PubMed: 7812966] 

Singh et al. Page 13

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Hu LT, Stamberg J, Pan S. The NAD(P)H:quinone oxidoreductase locus in human colon 
carcinoma HCT 116 cells resistant to mitomycin C. Cancer Res. 1996; 56:5253–5259. [PubMed: 
8912865] 

24. Siegel D, Beall H, Senekowitsch C, Kasai M, Arai H, Gibson NW, Ross D. Bioreductive activation 
of mitomycin C by DT-diaphorase. Biochemistry. 1992; 31:7879–7885. [PubMed: 1510975] 

25. Calaf G, Russo J. Transformation of human breast epithelial cells by chemical carcinogens. 
Carcinogenesis. 1993; 14:483–492. [PubMed: 8453725] 

26. Russo J, Hasan Lareef M, Balogh G, Guo S, Russo IH. Estrogen and its metabolites are 
carcinogenic agents in human breast epithelial cells. J. Steroid Biochem. Mol. Biol. 2003; 87:1–
25. [PubMed: 14630087] 

27. Lu F, Zahid M, Saeed M, Cavalieri EL, Rogan EG. Estrogen metabolism and formation of 
estrogen-DNA adducts in estradiol-treated MCF-10F cells. The effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin induction and catechol-O-methyltransferase inhibition. J. Steroid 
Biochem. Mol. Biol. 2007; 105:150–158. [PubMed: 17582757] 

28. Jaiswal AK, McBride OW, Adesnik M, Nebert DW. Human dioxin-inducible cytosolic 
NAD(P)H:menadione oxidoreductase. cDNA sequence and localization of gene to chromosome 
16. J. Biol. Chem. 1988; 263:13572–13578. [PubMed: 2843525] 

29. Morgenstern JP, Land H. Advanced mammalian gene transfer: high titre retroviral vectors with 
multiple drug selection markers and a complementary helper-free packaging cell line. Nucleic 
Acids Res. 1990; 18:3587–3596. [PubMed: 2194165] 

30. Li A, Dubey S, Varney ML, Dave BJ, Singh RK. IL-8 directly enhanced endothelial cell survival, 
proliferation, and matrix metalloproteinases production and regulated angiogenesis. J. Immunol. 
2003; 170:3369–3376. [PubMed: 12626597] 

31. Mannisto PT, Kaakkola S. Rationale for selective COMT inhibitors as adjuncts in the drug 
treatment of Parkinson’s disease. Pharmacol. Toxicol. 1990; 66:317–323. [PubMed: 2196554] 

32. Zahid M, Saeed M, Lu F, Gaikwad N, Rogan E, Cavalieri E. Inhibition of catechol-O-
methyltransferase increases estrogen-DNA adduct formation. Free Radic. Biol. Med. 2007; 
43:1534–1540. [PubMed: 17964424] 

33. Gaikwad NW, Yang L, Muti P, Meza JL, Pruthi S, Ingle JN, Rogan EG, Cavalieri EL. The 
molecular etiology of breast cancer: evidence from biomarkers of risk. Int. J. Cancer. 2008; 
122:1949–1957. [PubMed: 18098283] 

34. Siegel D, McGuinness SM, Winski SL, Ross D. Genotype-phenotype relationships in studies of a 
polymorphism in NAD(P)H:quinone oxidoreductase 1. Pharmacogenetics. 1999; 9:113–121. 
[PubMed: 10208650] 

35. Siegel D, Anwar A, Winski SL, Kepa JK, Zolman KL, Ross D. Rapid polyubiquitination and 
proteasomal degradation of a mutant form of NAD(P)H:quinone oxidoreductase 1. Mol. 
Pharmacol. 2001; 59:263–268. [PubMed: 11160862] 

36. Zahid M, Kohli E, Saeed M, Rogan E, Cavalieri E. The greater reactivity of estradiol-3,4-quinone 
vs estradiol-2,3-quinone with DNA in the formation of depurinating adducts: implications for 
tumor-initiating activity. Chem. Res. Toxicol. 2006; 19:164–172. [PubMed: 16411670] 

37. Tabakovic K, Abul-Hajj YJ. Reaction of lysine with estrone 3,4-o-quinone. Chem. Res. Toxicol. 
1994; 7:696–701. [PubMed: 7841350] 

38. Cao K, Devanesan PD, Ramanathan R, Gross ML, Rogan EG, Cavalieri EL. Covalent binding of 
catechol estrogens to glutathione catalyzed by horseradish peroxidase, lactoperoxidase, or rat liver 
microsomes. Chem. Res. Toxicol. 1998; 11:917–924. [PubMed: 9705754] 

39. Tabakovic K, Gleason WB, Ojala WH, Abul-Hajj YJ. Oxidative transformation of 2-
hydroxyestrone. Stability and reactivity of 2,3-estrone quinone and its relationship to estrogen 
carcinogenicity. Chem. Res. Toxicol. 1996; 9:860–865. [PubMed: 8828921] 

40. Venugopal D, Zahid M, Mailander PC, Meza JL, Rogan EG, Cavalieri EL, Chakravarti D. 
Reduction of estrogen-induced transformation of mouse mammary epithelial cells by N-
acetylcysteine. J. Steroid Biochem. Mol. Biol. 2008; 109:22–30. [PubMed: 18226522] 

41. Samuni AM, Chuang EY, Krishna MC, Stein W, DeGraff W, Russo A, Mitchell JB. Semiquinone 
radical intermediate in catecholic estrogen-mediated cytotoxicity and mutagenesis: 

Singh et al. Page 14

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chemoprevention strategies with antioxidants. Proc. Natl. Acad. Sci. U.S.A. 2003; 100:5390–5395. 
[PubMed: 12702779] 

42. Cavalieri EL, Stack DE, Devanesan PD, Todorovic R, Dwivedy I, Higginbotham S, Johansson SL, 
Patil KD, Gross ML, Gooden JK, Ramanathan R, Cerny RL, Rogan EG. Molecular origin of 
cancer: catechol estrogen-3,4-quinones as endogenous tumor initiators. Proc. Natl. Acad. Sci. 
U.S.A. 1997; 94:10937–10942. [PubMed: 9380738] 

43. Li R, Bianchet MA, Talalay P, Amzel LM. The three-dimensional structure of NAD(P)H:quinone 
reductase, a flavoprotein involved in cancer chemoprotection and chemotherapy: mechanism of 
the two-electron reduction. Proc. Natl. Acad. Sci. U.S.A. 1995; 92:8846–8850. [PubMed: 
7568029] 

44. Faig M, Bianchet MA, Talalay P, Chen S, Winski S, Ross D, Amzel LM. Structures of 
recombinant human and mouse NAD(P)H:quinone oxidoreductases: species comparison and 
structural changes with substrate binding and release. Proc. Natl. Acad. Sci. U.S.A. 2000; 
97:3177–3182. [PubMed: 10706635] 

45. Bianchet MA, Faig M, Amzel LM. Structure and mechanism of NAD[P]H:quinone acceptor 
oxidoreductases (NQO). Methods Enzymol. 2004; 382:144–174. [PubMed: 15047101] 

46. Chen S, Wu K, Zhang D, Sherman M, Knox R, Yang CS. Molecular characterization of binding of 
substrates and inhibitors to DT-diaphorase: combined approach involving site-directed 
mutagenesis, inhibitor-binding analysis, and computer modeling. Mol. Pharmacol. 1999; 56:272–
278. [PubMed: 10419545] 

47. Ryk C, Kumar R, Sanyal S, de Verdier PJ, Hemminki K, Larsson P, Steineck G, Hou SM. 
Influence of polymorphism in DNA repair and defence genes on p53 mutations in bladder 
tumours. Cancer Lett. 2006; 241:142–149. [PubMed: 16343742] 

48. Cavalieri E, Frenkel K, Liehr JG, Rogan E, Roy D. Estrogens as endogenous genotoxic agents—
DNA adducts and mutations. J. Natl. Cancer Inst. Monogr. 2000; 27:75–93. [PubMed: 10963621] 

49. Zheng W, Xie DW, Jin F, Cheng JR, Dai Q, Wen WQ, Shu XO, Gao YT. Genetic polymorphism 
of cytochrome P450-1B1 and risk of breast cancer. Cancer Epidemiol. Biomarkers Prev. 2000; 
9:147–150. [PubMed: 10698474] 

50. Wen W, Cai Q, Shu XO, Cheng JR, Parl F, Pierce L, Gao YT, Zheng W. Cytochrome P450 1B1 
and catechol-O-methyltransferase genetic polymorphisms and breast cancer risk in Chinese 
women: results from the shanghai breast cancer study and a meta-analysis. Cancer Epidemiol. 
Biomarkers Prev. 2005; 14:329–335. [PubMed: 15734954] 

51. Long JR, Kataoka N, Shu XO, Wen W, Gao YT, Cai Q, Zheng W. Genetic polymorphisms of the 
CYP19A1 gene and breast cancer survival. Cancer Epidemiol. Biomarkers Prev. 2006; 15:2115–
2122. [PubMed: 17119036] 

52. Long JR, Cai Q, Shu XO, Cai H, Gao YT, Zheng W. Genetic polymorphisms in estrogen-
metabolizing genes and breast cancer survival. Pharmacogenet Genomics. 2007; 17:331–338. 
[PubMed: 17429315] 

53. Gaikwad NW, Yang L, Pruthi S, Ingle J, Sandhu N, Rogan EG, Cavalieri EL. Urine biomarkers of 
risk in the molecular etiology of breast cancer. Breast Cancer: Basic Clin. Res. 2009; 3:1–8.

Singh et al. Page 15

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Generation of NQO1-expressing retroviral vector constructs. A recombinant plasmid 

(pCMV6-XL5 NQO1) containing the wild-type NQO1 cDNA was mutagenized and inserted 

in pBABE-puro retroviral vector [29]. In this construct, the NQO1 cDNA is transcribed by a 

promoter present in the 5′LTR. The selectable marker (puromycin) is under the control of 

the SV40 early promoter.
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Fig. 2. 
RT-PCR analysis of NQO1 transcription in the MCF-10F host cells.
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Fig. 3. 
Top:Western blot analysis of NQO1 protein levels in MCF-10F host cells. Bottom:Western 

blot analysis of endogenous NQO1 levels in MCF-10F, HT-29, HeLa S3, Caco-2 cells, as 

well as in Caco-2 cells transfected with NQO1 constructs. MCF-10F and Caco-2 cells 

showed comparable levels of NQO1 protein.
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Fig. 4. 
E2–3,4-Q-induced MCF-10F cytotoxicity can be increased by a COMT inhibitor 

(Ro41-0960). (A) Dose and time-course of cytotoxicity. (B) Re-plot of the 24 h data for 

determining 50% killing dose.
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Fig. 5. 
Estrogen genotoxicity pathway in MCF-10F cells.
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Fig. 6. 
Analysis of estrogen metabolism and DNA adduct formation in MCF-10F cells expressing 

wild-type and polymorphic NQO1 variants.
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