
The Journal of Nutrition

Nutrition and Disease

Resveratrol Prevents Epigenetic Silencing of
BRCA-1 by the Aromatic Hydrocarbon Receptor
in Human Breast Cancer Cells1,2

Andreas J. Papoutsis,3 Sarah D. Lamore,4 Georg T. Wondrak,4 Ornella I. Selmin,3

and Donato F. Romagnolo3*

3Departments of Nutritional Sciences and 4Pharmacology and Toxicology, The University of Arizona, Tucson, AZ 85721

Abstract

The BRCA-1 protein is a tumor suppressor involved in repair of DNA damage. Epigenetic mechanisms contribute to its

reduced expression in sporadic breast tumors. Through diet, humans are exposed to a complexmixture of xenobiotics and

natural ligands of the aromatic hydrocarbon receptor (AhR), which contributes to the etiology of various types of cancers.

The AhR binds xenobiotics, endogenous ligands, and many natural dietary bioactive compounds, including the phytoalexin

resveratrol (Res). In estrogen receptor-a (ERa)-positive and BRCA-1wild-type MCF-7 breast cancer cells, we investigated

the influence of AhR activation with the agonist 2,3,7,8 tetrachlorobenzo(p)dioxin (TCDD) on epigenetic regulation of the

BRCA-1 gene and the preventative effects of Res. We report that activation and recruitment of the AhR to the BRCA-1

promoter hampers 17b-estradiol (E2)–dependent stimulation of BRCA-1 transcription and protein levels. These inhibitory

effects are paralleled by reduced occupancy of ERa, acetylated histone (AcH)-4, and AcH3K9. Conversely, the treatment

with TCDD increases the association of mono-methylated-H3K9, DNA-methyltransferase-1 (DNMT1), and methyl-binding

domain protein-2 with the BRCA-1 promoter and stimulates the accumulation of DNA strand breaks. The AhR-dependent

repression of BRCA-1 expression is reversed by small interference for the AhR and DNMT1 or pretreatment with Res,

which reduces TCDD-induced DNA strand breaks. These results support the hypothesis that epigenetic silencing of the

BRCA-1 gene by the AhR is preventable with Res and provide the molecular basis for the development of dietary

strategies based on natural AhR antagonists. J. Nutr. 140: 1607–1614, 2010.

Introduction

Changes in histone codes and DNA methylation are epigenetic
events mediated by the dynamic interplay among various
factors, including histone acetyl transferases, histone deacety-
lases (HDAC),5 and DNA methyltransferases (DNMT) (1,2).

Resetting of epigenetic modifications with bioactive food com-
ponents is important in cancer prevention and control (3).
Examples of epigenetic regulation by food constituents include
reduction of acetylated histone (AcH)4 at the cyclooxygenase-2
(COX-2) promoter by the metabolite 3,39-diindolylmethane in
breast cancer cells (4), accumulation of AcH3 by sodium
butyrate in a mouse model of colorectal cancer (5), inhibition
of DNMT and reactivation of methylation-silenced genes by
polyphenol(-)-epigallocatechin-3-gallate (6), and inhibition of
HDAC activity by sulforaphane in preclinical models (7) and
humans (8).

The BRCA-1 gene encodes for a tumor suppressor protein
involved in repair of DNA damage. In sporadic breast tumors,
which represent the vast majority of breast cancer cases,
epigenetic mechanisms contribute to its reduced expression in
the absence of mutations in the BRCA-1 gene (9–13). In women
who carry a mutated BRCA-1 allele, silencing of the wild-type
allele further increases the susceptibility to breast cancer.
Therefore, knowledge of the mechanisms that contribute to
epigenetic silencing of BRCA-1 is important in the prevention of
hereditary and sporadic breast cancers.

Through diet, humans are exposed to a complex mixture of
ligands of the aromatic hydrocarbon receptor (AhR). Prototypical
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AhR agonists include the polycyclic aromatic hydrocarbon
(PAH) benzo[a]pyrene (B[a]P), and the dioxin-like compound
2,3,7,8 tetrachlorodibenzene(p)dioxin (TCDD). Increased inci-
dence of breast cancer is documented in human populations of
industrialized areas where high levels of dioxins are found in the
air, soil, drinking water, and cow milk (14). Unlike PAH, TCDD
is not metabolized and it promotes tumor development (15).
Population studies reported the presence of TCDD in breast milk
(16,17), suggesting this agent may accumulate in breast tissue
and be a potential risk factor in mammary neoplasia. The in-
utero activation of the AhR with TCDD increased the suscep-
tibility to mammary carcinogens in rat female offspring (18).
The activation of the AhR pathway may increase the suscepti-
bility to breast cancer through epigenetic silencing of tumor
suppressor genes, including p16 and p53 (19), while inducing
transcription of the proinflammatory COX-2 gene (4).

The AhR influences transcriptional activity through binding
to xenobiotic responsive element (XRE = 59-GCGTG-39) and
other response elements. Most studies investigated the role of the
AhR in the context of environmental exposure (14). However,
XRE-reporter gene assays in humans reported higher blood
AhR-inducing equivalents than those accounted for by the
predicted exposure to dioxin-like compounds. The latter have a
high binding affinity for the AhR, as defined by their half-
maximal effective concentration, which for TCDD is;13 1028

mol/L. Bioactive compounds with AhR-binding activity are
found in cruciferous vegetables, bread, hamburgers, potatoes,
and grapefruit juice (20). Compounds present in Western-style
diets have been shown to induce AhR-dependent genes in a
mouse model of sporadic colon cancer (21). The AhR contains a
promiscuous ligand-binding site, which is targeted by numerous
dietary bioactive compounds (22) with various half-maximal
inhibitory concentrations, including indol-3-carbinol (half-maximal
inhibitory concentration 2.53 1023 mol/L), 3,39-diindolylmethane
(5 3 1025 mol/L), resveratrol (Res) (;2 31026 mol/L), and
the isoflavones biochanin A and formononetin (;2 3 1027

mol/L) (23). Interestingly, the binding affinity for the latter
group approximates that of the mammary carcinogen 7,12-
dimethylbenz[a]anthracene (DMBA; ;3.5 3 1027 mol/L)
(24,25). Therefore, food components with AhR-binding activity
may influence to various degrees the expression of genes targeted
by the AhR.

We previously reported that activation of the AhR interfered
with regulation of BRCA-1 transcription by 17b-estradiol (E2)
(26). In this study, we investigated the influence of AhR activation
on epigenetic regulation of the BRCA-1 gene in estrogen
receptor-a (ERa)-positive and BRCA-1 wild-type MCF-7 breast
cancer cells. We also tested the preventative effects of Res based
on the information it antagonizes the AhR (27) and reduces
DMBA-initiated mammary tumors in rodent models (28).

Materials and Methods

Cell culture and reagents. MCF-7 breast cancer cells were obtained

from the American Type Culture Collection and maintained as described

previously (29). TCDD was supplied by the National Cancer Institute,
Division of Cancer Biology, Chemical and Physical Carcinogenesis

Branch, and distributed by Midwest Research Institute under contract

(64 CFR 72090, 64 CFR 28205). E2 and Res were purchased from

Sigma. Treatments were carried out in phenol red-free medium
containing 5% charcoal-stripped fetal bovine serum.

Western blotting and transfection experiments. Western-blot anal-

ysis was performed as previously described (29) with antibodies against

DNMT1 (Upstate Cell Signaling Solutions), HDAC1 and ERa (Milli-

pore), BRCA-1 and human glyceraldehyde-3-phosphate (Cell Signaling),

and AhR and actin (Santa Cruz Biotechnologies). Reporter plasmids
were transiently transfected using the Lipofect-AMINE Plus (Invitrogen)

procedure as previously described (30). Plasmids encoding for renilla

were cotransfected to account for variations in transfection efficiency.

Luciferarase reporter activity was expressed as relative luciferase units
corrected for renilla.

DNA protein-binding (pull-down) assay. The binding of AhR to

BRCA-1 oligonucleotides is described elsewhere (29). Following disso-
ciation, bound nuclear proteins were separated by SDS-PAGE and

analyzed by western-blot analysis with an antibody against the AhR

(Santa Cruz Biotechnology). Sequences of biotin-labeled oligonucleo-
tides (Sigma) were: BRCA-1/XRE2, forward: 59-7GGGTACTGGCGT-

GGGAGAGTG-39; reverse: 59-7CACTCTCCCACGCCAGTACCC-39.

Small inhibitory RNA for AhR and DNMT1. Small inhibitory RNA
(siRNA) duplexes for the AhR (siAhR) and DNMT1 (siDNMT1)

were synthesized by Dharmacon. The AhR ON-TARGETplus SMART

pool siRNA sequences used were: 59-GCAAGUUAAUGGCAUGUUU-39,
59-GAACUCAAGCUGUAUGGUA-39, 59-GCACGAGAGGCUCAGG-
UUA-39, and 59-GCAACAAGAUGAGUCUAUU-39 (4). The DNMT1

ON-TARGETplus SMART pool siRNA sequences used were:

59-GCACCUCAUUUGCCGAAUA-39, 59-AUAAAUGAAUGGUGGAU
CA-39, 59-CCUGAGCCCUACCGAAUUG-39, and 59-GGACGACCCU-

GACCUCAAA-39. The siRNA duplexes were transfected into MCF-7

cells using Lipofectamine 2000 (Invitrogen). Nontargeting siRNA (siCon)

and siRNA for glyceraldehyde-3-phosphate (GAPDH) (siGAPDH) were
purchased from Dharmacon.

Chromatin immunoprecipitation assay and quantitative real-time

PCR. Chromatin immunoprecipitation (ChIP) assays were performed
using the EZ ChIP kit (Millipore) as previously described (31).

Chromatin was immunoprecipitated with antibodies against methyl-

binding protein-2 (MBD2), AcH4, AcH3K9, mono-methylated H3K9

(mMH3K9), and ERa (Millipore); AhR (Santa Cruz Biotechnologies);
and DNMT1 (Upstate Cell Signaling Solutions). DNAwere amplified by

quantitative real-time PCR using the SYBR Green PCR Reagents

kit (Applied Biosystems). Briefly, reactions were done at a final volume
of 25 mL consisting of the following master mix: 12.5 mL of 23
SybrGreen buffer, 1 mL each of forward (59-CTGACAGATGGG-

TATTCTTTGACG -39) and reverse (59-GCATATTCCAGTTCCTAT-

CACGAG -39) primers that flank the activator protein-1 (AP-1) binding
site in the BRCA-1 gene, 8.5 mL nuclease free water, and 2 mL DNA

purified from the ChIP assay. The standard curve was generated using a

plasmid containing the BRCA-1 promoter. Bound DNAwas normalized

to input DNA.

Comet assay (alkaline single cell electrophoresis). The procedure

for alkaline COMET assay was performed on MCF-7 cells according to
the manufacturer’s instructions (Trevigen) and is described elsewhere

(32). At least 200 tail moments for each group were analyzed to calculate

the mean 6 SE for each group. Untreated cells were used as a negative

control group.

Statistical analysis. Densitometry after western blotting was per-

formed using Kodak ID Image Analysis Software. Statistical analysis was

performed using GraphPad Prism5. Data for AhR-binding assays were
analyzed by 1-way ANOVA. Data from factorial experiments were

analyzed by 2-way ANOVA. Post hoc multiple comparisons among all

means were conducted using Tukey’s Test after main effects and
interactions were significant at P # 0.05.

Results

The activated AhR antagonizes E2 induction of BRCA-1

expression. Previous studies by our group (31) and other
laboratories (33) documented activation of BRCA-1 expression
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by E2 in epithelial cells expressing the ERa. Western-blot
analysis of cell lysates confirmed that E2 induced BRCA-1
protein levels in breast cancer MCF-7 cells, whereas culture of
cells in basal DMEM or treatment with the AhR agonist TCDD
did not alter BRCA-1 protein levels (Fig. 1A). Conversely,
washout time course experiments with TCDD reduced from
30%, at 3 and 6 h, to 60% at 12 h, the subsequent E2 induction
of BRCA-1 protein expression (Fig. 1B). Transient transfection
experiments with a BRCA-1-luciferase promoter construct
(pGL3-BRCA-1) revealed that the pretreatment with TCDD
reduced by ;60% the subsequent stimulation of BRCA-1 pro-
moter activity by E2 (Fig. 1C).

To investigate the role of the AhR in the TCDD-dependent
repression of BRCA-1 protein, we carried out siRNA experi-
ments (Fig. 1D) with control (siCon), AhR (siAhR), or GAPDH
(siGAPDH)-specific duplexes (34). Following transfection of
specific siRNA, MCF-7 cells were cultured for 24 h in DMEM,
DMEM supplemented with E2, or E2 plus TCDD. The

transfection with siAhR or siGAPDH, but not siCon, reduced
endogenous AhR or GAPDH protein levels, respectively. More
importantly, transfection of siAhR intoMCF-7 cells antagonized
the repressive effects of TCDD on BRCA-1 protein expression.

Res modulates the recruitment of the AhR and ERa to the

BRCA-1 promoter. Previously, we documented that E2 acti-
vation of BRCA-1 transcription required the assembly of an
ERa/p300 complex at an AP-1 site located in the proximal
BRCA-1 promoter (31). The AP-1 site is flanked on the 59 region
by an XRE, which is a consensus binding sequence for the AhR
(26). Therefore, we tested whether the treatment with TCDD
stimulated the interaction of the AhR with a BRCA-1 promoter
segment harboring the XRE. Results of western blots after DNA
pull-down with nuclear extracts obtained from MCF-7 cells
indicated that the treatment with TCDD induced the rapid
(90 min) association of the AhR with a BRCA-1/XRE oligonu-
cleotide (Fig. 2A). Conversely, the binding of the AhR was

FIGURE 1 TCDD disrupts E2-dependent

activation of BRCA-1 expression. (A) Breast

cancer MCF-7 cells were cultured in control

DMEM or DMEM plus 100 nmol/L TCDD or

10 nmol/L E2 for 24 h. Bands are immuno-

complexes for BRCA-1 and GAPDH. (B)

MCF-7 cells were pretreated for various

periods of time with 100 nmol/L TCDD and

then treated for an additional 24 h with E2.

(C) Values represent means 6 SD, n = 3

(means of quadruplicates) from DMEM and

TCDD-pretreated (100 nmol/L, 12 h) MCF-7

cells transfected with pGL3-BRCA-1. Treat-

ments were with E2 (10 nmol/L) or E2 plus

TCDD (100 nmol/L) for 24 h. Means without

a common letter differ, P , 0.05. (D) BRCA-1

protein expression in MCF-7 cells trans-

fected with siRNA and treated for 24 h with

E2 (10 nmol/L) or E2 plus TCDD (100 nmol/L).

Bands are immunocomplexes for BRCA-1,

AhR, GAPDH, and b-actin. siCon and si-

GAPDH were used as controls.

FIGURE 2 TCDD stimulates the asso-

ciation of the AhR to BRCA-1 promoter.

(A) Breast cancer MCF-7 cells were cul-

tured in DMEM plus E2 (10 nmol/L),

TCDD (100 nmol/L), or E2 and TCDD plus

various concentrations of Res (5, 10, and

20 mmol/L) for 90 min. Bands represent

AhR immunocomplexes after immuno-

precipitation of DNA:nuclear protein com-

plexes with an AhR antibody. Bars are

means 6 SD, n = 2 (means of triplicates)

independent experiments with CV , 5%.

(B,C) Pretreatments with TCDD (100

nmol/L) or TCDD plus Res for 12 h were

followed by cotreatment for 24 h with E2,

E2 plus TCDD, or E2 plus TCDD plus Res.

Bars are means 6 SD, n = 3 (means of

triplicates) independent experiments.

Means without a common letter differ,

P, 0.05. (D) Bands depict AhR, ERa, and

GAPDH protein.
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reduced (;50%) by the cotreatment with E2 (10 nmol/L) or
E2 plus Res at concentrations of 10 (;70%) and 20 (;80%)
mmol/L. These data corroborated previous reports by our
laboratory (4) and other groups (35) documenting the antago-
nistic properties of Res toward the AhR.

Using a ChIP assay, we found that the occupancy of the AhR
at the BRCA-1 promoter (Fig. 2B) was augmented in cells
receiving both the pretreatment and cotreatment with TCDD.
Conversely, the presence of Res in the pre- and cotreatment
media reduced (;60%) the recruitment of the AhR. Both pre-
and cotreatment with TCDD reduced the recruitment of ERa to
(Fig. 2C). The latter effect was reversed by the addition of Res
to the preculture medium for 12 h (Fig. 2C, column 7) and
cotreatment with Res (Fig. 2C, column 9). Fluctuations in the
recruitment of the AhR and ERa were not accounted for by
changes in the expression levels of endogenous AhR and ERa
protein (Fig. 2D).

Res antagonizes TCDD-induced histone modifications at

the BRCA-1 gene. We previously reported the activation of the
AhR led to increased recruitment of HDAC1 at the BRCA-1
gene (26). Therefore, we tested whether TCDD induced specific
histone modifications and the effects of Res. MCF-7 cells were
precultured for 12 h in DMEM, DMEM supplemented with
TCDD, or TCDD plus Res. After washout of preculture media,
MCF-7 cells were cultured for an additional 24 h in the presence
of E2 or E2 plus TCDD. The cotreatment or combination of
pretreatment plus cotreatment with TCDD reduced the levels of
AcH4 (Fig. 3A) and AcH3K9 (Fig. 3B) associated with the
BRCA-1 promoter by ;50–75%, whereas the pretreatment
with Res increased AcH4 and AcH3K9 levels. In MCF-7 cells
cotreated with TCDD, we observed a 0.5-fold increase in the
occupancy of mMH3K9, which was further augmented (;4.0-
fold) in MCF-7 cells pretreated with TCDD (Fig. 3C). Con-
versely, the addition of Res to the pretreatment medium reduced

FIGURE 3 Res modulates the recruit-

ment of (A) AcH4, (B) AcH3K9, (C)

mMH3k9, and (D) MBD2 to the BRCA-

1 promoter in breast cancer MCF-7 cells.

Pretreatments with TCDD (100 nmol/L) or

TCDD plus Res for 12 h were followed by

cotreatment for 24 h with E2 or E2 plus

TCDD. Bars are means 6 SD, n = 3

(means of triplicates) independent exper-

iments. Means without a common letter

differ, P , 0.05.

FIGURE 4 Res prevents the recruitment of

DNMT1 to the BRCA-1 promoter. (A) Pretreatment

of breast cancer MCF-7 cells with TCDD

(100 nmol/L) or TCDD plus Res for 12 h was

followed by cotreatment for 24 h with E2, E2 plus

TCDD, or E2 plus TCDD plus Res. Bars are means6
SD, n = 3 (means of triplicates) independent

experiments. Means without a common letter

differ, P , 0.05. (B) Transfection of siDNMT1

antagonizes TCDD-dependent repression of

BRCA-1 protein expression. Bands are immuno-

complexes for BRCA-1, DNMT1, AhR, HDAC1, and

b-actin. siCon was used as internal control.
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to DMEM-E2 levels the occupancy of mMH3K9. The increased
association of mMH3K9 was paralleled by an increase in the
occupancy of MBD2 (;0.8- to 1.3-fold) (Fig. 3D). In contrast,
the preexposure to Res antagonized the recruitment of MBD2.

TCDD induces the recruitment of DNMT1 at the BRCA-1

promoter. The increased association of MBD2 suggested the
participation of DNMT in repression of BRCA-1 promoter
activity by TCDD. In fact, we found the cotreatment with
TCDD induced a 2.2-fold increase in the recruitment of
DNMT1 (Fig. 4A), which is an enzyme involved in the

maintenance of DNA methylation (36), whereas no additional
association was observed when TCDD was included in the
pretreatment medium. In contrast, the cotreatment (column 3)
or pretreatment (column 9) with Res reduced DNMT1 levels at
the BRCA-1 promoter. Therefore, we tested whether DNMT1
contributed to silencing of the BRCA-1 gene. MCF-7 cells were
transiently transfected with siCon- or siDNMT1-specific
siRNA. After transfection, MCF-7 cells were treated for 24 h
with E2 or TCDD plus E2. Results of western blots (Fig. 4B)
illustrated that the knockdown of DNMT1 restored BRCA-1
protein expression while reducing the endogenous levels of
DNMT1 protein. The transfection with siRNA for DNMT1 did
not alter the expression of AhR and HDAC1 protein, which
were used as internal controls for the siRNA studies.

Res attenuates TCDD-dependent repression of BRCA-1

protein expression and induction of DNA damage. To
assess the effects of TCDD and Res on BRCA-1 protein expres-
sion,MCF-7 cells were precultured for 12 h in DMEMor DMEM
supplemented with TCDD, Res, or their combination. After
washout of pretreatment medium, MCF-7 cells were cultured for
an additional 24 h in the presence of E2, E2 plus TCDD, or E2
plus TCDD and Res. Quantitation of BRCA-1 immunocomplexes
illustrated that (Fig. 5A) the treatment with TCDD (lanes 3 and 6)
reduced (;75%) BRCA-1 protein levels compared with those
measured in cells treated with E2 (lane 1). However, BRCA-1
protein was restored to near DMEM-E2 levels by the cotreatment
with Res (lane 2). The pretreatment (lane 9) and cotreatment (lane
8) with Res increased BRCA-1 protein by ;25–30% compared
with DMEM-E2. The addition of Res in the pretreatment medium
(Fig. 5B, lanes 7, 8, and 9) attenuated the repressive effects of
TCDD on BRCA-1 protein expression (Fig. 5C).

The exposure to TCDD induces oxidative stress and DNA
strand breaks in ERa-positive breast cancer cells exposed to E2
(37). Because BRCA-1 is involved in repair of DNA damage, we
examined the effects of TCDD, Res, and their combination on
accumulation of DNA strand breaks by alkaline single cell
electrophoresis (comet) assay. As a positive control, MCF-7 cells
were treated with H2O2, which induces DNA damage (32). Both
the preexposure and cotreatment with TCDD increased DNA

FIGURE 5 Res antagonizes TCDD-dependent repression of BRCA-1

protein expression. (A) Breast cancer MCF-7 cells precultured in

DMEM or DMEMwith 100 nmol/L TCDD, 20 mmol/L Res, (B) or TCDD

plus Res for 12 h. Then, cells were cultured for an additional 24 h in

the presence of E2 (10 nmol/L), E2 plus TCDD (100 nmol/L), or E2 plus

TCDD plus Res (20 mmol/L). Bands are immunocomplexes for BRCA-1

and GAPDH. In C, bars are means 6 SD, n = 2 (means of duplicates)

independent experiments (CV , 5%). Means without a common

letter differ, P , 0.05.

FIGURE 6 Res antagonizes TCDD-induced DNA damage. Breast

cancer MCF-7 cells were precultured in DMEM or DMEM supple-

mented with 100 nmol/L TCDD or TCDD plus Res (20 mmol/L) for 12 h.

Then, cells were cultured for an additional 24 h in the presence of E2

(10 nmol/L) or E2 plus TCDD (100 nmol/L). Bars represent means 6
SE, n = 2 independent experiments of DNA strand breaks from at

least 200 tail moments (CV, 5%). H2O2 was used as positive control.

Means without a common letter differ, P , 0.05.
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damage as evidenced by a 2.0-fold increase in the mean tail
moment. Conversely, the addition of Res to the pretreatment
medium counteracted the effects of TCDD and reduced to near
DMEM-E2 levels the formation of nuclear comets (Fig. 6).

Taken together, these data illustrate that activation of the
AhR interferes with E2-dependent activation of BRCA-1 tran-
scription and reduces BRCA-1 protein expression. These silenc-
ing effects are accompanied by reduced association at the
BRCA-1 gene of AcH4 and AcH3K9; increased association of
mMH3K9, DNMT1, and MBD2; and accumulation of DNA
strand breaks. These epigenetic changes are attenuated most
effectively by the pretreatment with Res.

Discussion

Unlike mutations, epigenetic events are reversible and represent
viable targets for intervention using dietary compounds (3).
Previous studies advocate a role for the AhR in the etiology of
mammary (18,38) and intestinal (39) tumors. The occupancy of
the activated AhR at an XRE harbored in the BRCA-1 gene
disrupts the formation of an ERa/p300 complex and activation
of BRCA-1 transcription by E2 (26). In this study, we investi-
gated the epigenetic regulation of the BRCA-1 gene by the AhR
and the preventative effects of Res, which possesses antagonistic
properties toward the AhR (27). We used the dioxin compound
TCDD as a prototype AhR agonist, because, unlike PAH, it is
not metabolized and the interpretation of the results is not
confounded by effects due to reactive metabolites.

The recruitment of the AhR to the BRCA-1 promoter and
reduction of BRCA-1 expression were antagonized most effec-
tively by pretreatment with Res. These results are in agreement
with those of previous investigations reporting inhibition by Res
of TCDD- and B[a]P/DMBA-dependent stimulation of CYP1A1
and CYCP1B1 expression (27,40). The preexposure and treat-
ment with Res alone amplified the stimulatory effects of E2 on
BRCA-1 expression. This effect was attributed to the partial
agonistic properties of Res for the ERa (41). Previous studies
have documented accumulation of BRCA-1 mRNA in MCF-7
cells treated with Res (42,43).

The increased association of the AhR with the BRCA-1
promoter was paralleled by reduced AcH4 and AcH3K9 and
increased levels of mMH3K9. These epigenetic marks are linked
to transcriptional repression of tumor suppressor genes (44).
Methylation at H3K9 by histone methyl transferases is linked to
the recruitment of histone protein-1, which recruits factors with
methylating activity (45) and facilitates the assembly of hetero-
chromatin (46). Increases in AcH3 and AcH4 coupled to a
reduction in mH3K9 are reported in human leukemia cells
following treatment with isothiocyanates (47). Acetylated H3 is
increased by sodium butyrate supplementation in a mouse model
of colorectal cancer (5) and in response to diallyl sulfate (48).
Finally, p21 gene-associated regions of chromatin had hyper-
AcH3 in colon cancer cells treated with sodium butyrate (49).

Methyl-binding proteins bind to methylated CpG sequences
and complex with HDAC (50). We observed that TCDD
induced the association of MBD2 at the BRCA-1 gene. The
MBD2 is 1 of 5 proteins that bind methylated cytosines within
CpG dinucleotides. The recruitment of MBD2 was reversed by
pretreatment with Res. Moreover, the cotreatment as well as
preexposure with Res antagonized the recruitment of DNMT1,
a DNA methyl-transferase that functions as maintenance meth-
ylase during DNA synthesis and propagates DNA methylation
patterns (36). The transfection of siRNA for DNMT1 into

MCF-7 cells reduced endogenous levels of DNMT1 protein
while increasing BRCA-1 protein expression. The increased
recruitment of DNMT1 and reduced association of AcH3 and
AcH4 on the BRCA-1 gene are correlated to repression of
BRCA-1 expression in sporadic breast cancers (51). The
prevalence of DNA methylation of the BRCA-1 gene is also
correlated to increased expression of DNMT1 in ductal carci-
noma of the pancreas (52).

Previous studies reported that preexposure to TCDD in-
creased reactive oxygen species production and DNA damage in
MCF-7 cells subsequently treated with E2 (37,53). In addition,
TCDD is reported to increase the frequency of homologous
recombination (54). In contrast, Res has been shown to reduce
the accumulation of reactive oxygen species (55). Using the
comet assay, we observed that TCDD induced DNA strand
breaks, which were reduced by pretreatment with Res. A
working model (Fig. 7) that emerges from the current study is
one in which AhR agonists may increase cancer risk by inducing
the frequency of homologous recombination and DNA damage
while causing epigenetic silencing of BRCA-1, which partici-
pates in DNA repair during homologous recombination (56).
Results with Res highlight the potential for developing preven-
tion strategies based on dietary AhR-antagonists.

In summary, the current studies provide proof-of-principle
dietary AhR-antagonists may be useful in preventing AhR-
dependent epigenetic silencing of BRCA-1 in mammary epithe-
lial cells. Future studies should investigate whether the in vitro

FIGURE 7 Proposed model of epigenetic regulation of BRCA-1 by

AhR agonists. In A, E2 stimulates the assembly of a p300/ERa/SRC-1

heterocomplex at an AP-1 site (31), the association of AcH4 and

AcH3K9 leading to activation of BRCA-1 transcription and participation

of BRCA-1 in DNA repair. (B) The exposure to AhR agonists such as

TCDD induces silencing of BRCA-1 through the recruitment of an AhR/

ARNT heterocomplex to an adjacent XRE disrupting the formation of

the p300/ERa/SRC-1 complex. The recruitment of HDAC1 (26),

DNMT1, MBD2, and mMH3K9 orchestrate the epigenetic silencing of

BRCA-1 by AhR agonists, which may be antagonized by dietary AhR

antagonists, including Res.
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effects of TCDD and Res on BRCA-1 expression illustrated in
this study mimic the mechanisms of action and cumulative
exposure to dietary AhR ligands in humans. The doses of Res
(10 and 20 mmol/L) used in this study were lower than those
(30–50 mmol/L) used in previous BRCA-1 investigations (42,43)
but higher than concentrations (2.4 mmol/L) achieved in
pharmacokinetic studies with human participants using a
single dose of Res (57). Interestingly, recent reports docu-
mented that certain natural isoflavones may be more powerful
agonists of the AhR compared with indol-3-carbinol and
3,39-diindolylmethane (23) and that their binding affinities for
the AhR approximate that of the carcinogens DMBA and B[a]P
(24). Moreover, Western-style diets are reported to contain AhR-
inducing compounds (21). Because the AhR has a promiscuous
binding site for many bioactive food components, combination
diets with AhR antagonists may offer the advantage of higher
cancer prevention efficacies while reducing the problem of using
pharmacological and potentially toxic levels of single bioactives.
Kinetic studies are currently in progress in our laboratory to
investigate the effects of Res metabolites and combinations of
dietary AhR ligands on epigenetic regulation of BRCA-1 in
mammary epithelial cells.
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