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Exposure to estrogens increases the risk of breast and endo-
metrial cancer. It is proposed that the estrogen receptor (ER)
may contribute to estrogen carcinogenesis by transduction of
the hormonal signal and as a “Trojan horse” concentrating
genotoxic estrogen metabolites in the nucleus to complex with
DNA, enhancingDNAdamage. 4-Hydroxyequilenin (4-OHEN),
the major catechol metabolite of equine estrogens present in
estrogen replacement formulations, autoxidizes to a redox-cy-
cling quinone that has been shown to cause DNA damage.
4-OHEN was found to be an estrogen of nanomolar potency in
cell culture using a luciferase reporter assay and, using a chro-
matin immunoprecipitation assay, was found to activate ER�
binding to estrogen-responsive genes in MCF-7 cells. DNA
damage was measured in cells by comparing ER�(�) versus
ER�(�) cells and 4-OHEN versusmenadione, a reactive oxygen
species (ROS)-generating, but non-estrogenic, quinone.
4-OHEN selectively induced DNA damage in ER�(�) cells,
whereasmenadione-induced damagewas not dependent on cel-
lular ER status. The rate of 4-OHEN-induced DNA damage was
significantly enhanced in ER�(�) cells, whereas ER status had
no effect on the rate of menadione-induced damage. Imaging of
ROS induced by 4-OHENshowed accumulation selective for the
nucleus of ER�(�) cells within 5 min, whereas in ER�(�) or
menadione-treated cells, no selectivitywas observed.Thesedata
support ER� acting as a Trojan horse concentrating 4-OHEN in
the nucleus to accelerate the rate of ROS generation and thereby
amplify DNA damage. The Trojan horse mechanism may be of
general importance beyond estrogen genotoxins.

An increased relative risk of breast cancer in postmenopausal
women is strongly linked to several endocrine-related risk fac-
tors. One of these risk factors is long-term exposure to hor-
mone or estrogen replacement therapy (HRT3 or ERT). The

most widely prescribed formulations in the United States con-
tain conjugated human estrogens and B-ring unsaturated con-
jugated equine estrogens, the latter constituting approximately
half of the estrogen content of these formulations (1). Observa-
tions from various clinical trials and epidemiological studies
collectively support the hypothesis that estrogen contributes to
breast cancer and is probably causative (2–8). The large pro-
spective Women’s Health Initiative Study comparing postm-
enopausal women assigned HRT/ERT or placebo was termi-
nated because of significant increases in breast cancer, stroke,
and pulmonary embolism associated with therapy (9, 10). A
recent analysis of data from theNational Cancer Institute’s Sur-
veillance, Epidemiology, and End Results (SEER) registries
showed that the age-adjusted incidence rate of breast cancer fell
6.7% in 2003 compared with 2002, which was linked to lowered
use of HRT/ERT (11).
The collective evidence supports contributions to estrogen-

sensitive breast cancer from both the proliferative and anti-
apoptotic hormonal effects of estrogen itself (12–16) and the
genotoxic and mutagenic effects of estrogen metabolites (17,
18). In human breast tissue, estrogen metabolites have been
detected (19), and DNA adducts of equine estrogens have been
reported (20). Human estrogen 4-hydroxy catechol metabo-
lites, formed by the action of cytochrome P450, are proposed to
be genotoxic through formation of DNA-reactive, electrophilic
o-quinones and by formation of DNA-damaging, reactive oxy-
gen species (ROS) through redox cycling (21–26). The equine
estrogen equilenin is of special interest as a carcinogen because:
1) it is selectively oxidized to the more genotoxic 4-hydroxy
catechol isomer (4-OHEN); and 2) 4-OHEN autoxidizes to a
redox-cycling o-quinone without need for cytochrome P450
catalysis (27, 28). 4-OHEN-o-quinone induces a variety of dif-
ferent types of DNA damage both in vitro and in vivo, including
single strand breaks (29, 30), oxidized bases (31, 32), apurinic
sites, and formation of cyclic DNA adducts (20, 33, 34).

* This work was supported, in whole or in part, by National Institutes of Health
Grant CA130037 (to J. L. B.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

1 To whom correspondence may be addressed: 833 S. Wood St., Chicago, IL
60612-7231. Fax: 312-996-7107; E-mail: judyb@uic.edu.

2 To whom correspondence may be addressed: 833 S. Wood St., Chicago, IL
60612-7231. Fax: 312-996-7107; E-mail: thatcher@uic.edu.

3 The abbreviations used are: HRT, hormone replacement therapy; ERT, estro-
gen replacement therapy; ChIP, chromatin immunoprecipitation; CM-

DCF, 5-(and 6)-chloromethyl-2�,7�-dichlorofluorescein; CM-H2DCFDA,
5-(and 6)-chloromethyl-2�,7�-dichlorodihydrofluorescein diacetate, acetyl
ester; COMT, catechol-O-methyltransferase; DMSO, dimethyl sulfoxide; E2,
17�-estradiol; ER, estrogen receptor; ERE, estrogen-responsive element;
4-MeOEN, 4-methoxy equilenin; NAC, N-acteylcysteine; 4-OHTAM, 4-hy-
droxytamoxifen; 4-OHEN, 4-hydroxyequilenin; 8-oxo-dG, 8-oxo-7,8-dihy-
dro-2�-deoxyguanosine; ROS, reactive oxygen species; MEM, minimum
essential medium; PBS, phosphate-buffered saline; LC-MS/MS, liquid chro-
matography-tandem mass spectroscopy.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 13, pp. 8633–8642, March 27, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MARCH 27, 2009 • VOLUME 284 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 8633



The estrogen receptor (ER) may play two key roles in medi-
ating estrogen carcinogenesis: transduction of the hormonal
signal and transport of genotoxic estrogen metabolites to the
nucleus to complex with DNA. In the latter role, ER acts as a
“Trojan horse,” enhancing DNA damage. This hypothesis is
persuasive for 4-OHEN because this catechol readily autoxi-
dizes and redox cycles, theoretically generating large fluxes of
ROS in the cell nucleus. However, 4-OHEN is autoxidized to a
reactive quinone electrophile known to be trapped readily by
glutathione and protein nucleophiles. It is not clear from pre-
vious work whether 4-OHEN represents a good ER ligand. Fur-
thermore, the Trojan horse hypothesis has obvious weaknesses
in that 4-OHENmay be trapped in the cytoplasm and may not
be able to redox cycle as part of an ER-DNA complex.
To test the hypothesis, the hormonal estrogenicity of

4-OHEN was assayed using cellular reporters; a comparison
was made between ER�-positive and -negative cells testing
4-OHEN-induced DNA damage; a comparison was made with
the ROS-generating, but non-estrogenic, quinone, menadione;
and finally, nuclear localization of 4-OHEN and generation of
ROS was determined by chromatin immunoprecipitation
(ChIP) assay and fluorescence confocal microscopy. The Tro-
jan horse model may be of general importance in the study of
environmental estrogen genotoxins and the nuclear concentra-
tion of genotoxins by other nuclear receptors and transcription
factors.

EXPERIMENTAL PROCEDURES

The catechol estrogens were handled in accordance with
NIH Guidelines for the Laboratory Use of Chemical Carcino-
gens (35).
Materials—All chemicals were purchased from Sigma or

Fisher Scientific unless stated otherwise. 5-(and 6)-Chlorom-
ethyl-2�,7�-dichlorodihydrofluorescein diacetate was pur-
chased from Invitrogen. 4-OHEN was synthesized by treating
equilin with Fremy’s salt as described previously (36) with
minor modifications (27). The comet assay and Fpg FLARE
comet assay kits for detection of DNA single strand breaks and
oxidized bases were purchased from Trevigen (Gaithersburg,
MD). All buffers and reagents used in ChIP assay were from
Upstate Biotechnology (Lake Placid, NY), and antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell Culture Conditions—MDA-MB-231 cells were obtained

from the American Type Culture Collection (Manassas, VA)
andmaintained in minimum essential medium (MEM) supple-
mented with 1% penicillin-streptomycin-fungizome, 6 �g/liter
insulin, 1% GlutaMAX (Invitrogen), 5% fetal bovine serum
(Atlanta Biologicals, Atlanta), and 5%CO2 at 37 °C. The S30 cell
line, a stable ER� transfectant of the MDA-MB-231 cell line,
was a generous gift from Dr. V. C. Jordan (Fox Chase Cancer
Center, Philadelphia). The S30 cells were maintained in phenol
red-free MEM supplemented with the same solution as the
MDA-MB-231 cells except for the addition of 5% charcoal-dex-
tran-treated fetal bovine serum and 500 �g/ml Geneticin. The
MCF-7 cells were maintained in RPMI 1640 containing 10%
fetal bovine serum, 1% penicillin-streptomycin-fungizome, 6
�g/liter insulin, and 1% GlutaMAX. The MCF-7:K1 cell line, a
clonal derivative of MCF-7 cells, was a kind gift from Dr. J.

Frasor (University of Illinois at Chicago) and wasmaintained in
MEM supplemented with 1% penicillin-streptomycin-fun-
gizome, 25 �g/ml gentamicin, 2 mM glutamine, 5% calf bovine
serum (Hyclone, Logan, Utah), and 2 mg/ml sodium bicarbon-
ate solution. Estrogen-free medium for MCF-7:K1 cells was
prepared by supplementing charcoal-dextran-treated fetal
bovine serum to phenol red-free MEM, whereas other compo-
nents remained the same except omitting gentamicin.
Transient Transfection and ERE-Luciferase Assays—Briefly,

MCF-7 cells were cultured in estrogen-free media for 4 days
before transfection. The cells were transfected with 2 �g of the
pERE-luciferase plasmid, which contains three copies of the
Xenopus laevis vitellogenin A2 ERE upstream of firefly lucifer-
ase. To normalize transfection efficiency, 1 �g of pRL-TK plas-
mid, which contained a cDNA encoding Renilla luciferase, was
co-transfected with ERE-luciferase plasmid. Cells (4 � 105
cells/well) were transfected with ERE-luciferase, pretreated
with or without 10 �M Ro-41-0960 (COMT inhibitor) for
24 h, and then treated with DMSO (0.05%), menadione (100
nM, 1 �M), E2 (1 nM), or 4-OHEN (100 nM) with or without 10
�M COMT inhibitor for 18 h. The luciferase activity in cell
lysates was measured using the Dual-Luciferase assay system
from Promega (Madison, WI) with a FLUOstar OPTIMA
(BMG Labtech, Durham, NC). Data are reported as relative
luciferase activity (firefly luciferase reading divided by the
Renilla luciferase reading).
Chromatin Immunoprecipitation Assay—Cells were cul-

tured in estrogen-free media for 4 days before treatment with
compounds. Cells were treated withDMSO, E2, or 4-OHEN for
45 min, washed with phosphate-buffered saline (PBS), and
cross-linked with 1.5% formaldehyde at room temperature for
15min. Cells were rinsed twicewith ice-cold PBS, collected into
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8, and
1� protease inhibitor tablet (RocheApplied Science)), and son-
icated 20 times for 10 s at 10% strength (FisherModel 300 Sonic
Dismembrator) followed by centrifugation at 21,000 � g for 10
min at 4 °C. Each sample was reserved for the inputs prior to
immunoprecipitation. Supernatants were collected and diluted
in immunoprecipitation buffer (1% Triton X-100, 2 mM EDTA,
150mMNaCl, 20mMTris-HCl, pH 8.1) containing 1� protease
inhibitor followed by immunoclearing with 8 �g of sheared
salmon spermDNA and protein A-agarose slurry (40 �l of 50%
slurry in TE buffer (10 mM Tris-HCl, pH 8.1, 1 mM EDTA)) for
2 h at 4 °C. After centrifugation at 5,000 � g for 1 min, immu-
noprecipitation was performed by gently mixing the superna-
tants with the antibodies against ER� (3.3 �g/ml, HC-20) or
IgG (3.3 �g/ml, normal rabbit IgG) overnight at 4 °C. After
immunoprecipitation, protein A-agarose slurry (40 �l) con-
taining 8 �g of salmon spermDNAwas added, and the incuba-
tion was continued for another 2 h at 4 °C. Precipitates were
obtained by centrifugation at 5,000 � g for 1 min and washed
sequentially for 5 min each in TSE I (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl),
TSE II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-
HCl, pH 8.1, 500 mM NaCl), and LiCl buffer (0.25 M LiCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM
Tris-HCl, pH 8.1). Precipitates were then washed three times
with TE buffer, and DNA was extracted three times with 1%
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SDS, 0.1 M NaHCO3. Eluates were pooled and heated at 65 °C
for 16 h to reverse the formaldehyde cross-linking. DNA frag-
mentswere purifiedwith aQIAquick PCRpurification kit (Qia-
gen, Valencia, CA). The subsequent PCR experiment was per-
formed to detect DNA fragments of estrogen sensitive-gene,
such as the ERE sequence. The pS2-ERE forward and reverse
primer sequences, from �4919 to �4806 (5� to 3�), were
GACGGAATGGGCTTCATGA and AGTGAGAGATGGC-
CGGAAAA, respectively. The pS2 upstream forward and
reverse primer sequences (5� to 3�), spanning the�446 to�339
region of the pS2 promoter, were GGGTCTCAGTGGTG-
GCAGTA and ACCGCTCATACCATCCAGTC, respectively.
Single Cell Gel Electrophoresis Assay (Comet Assay)—The

comet assay (37) was carried out as recommended by the man-
ufacturer. Briefly, after cells (1.5 � 105 cells/ml) were treated
with various concentrations of test compounds, the attached
cells were trypsinized, combined with suspended cells, and
washed twice with chilled PBS, pH 7.4 (Ca2�- and Mg2�-free;
Trevigen). The cell suspension was combined with 0.5% low
melting agarose, and the mixture was immediately placed onto
a CometSlide. The slides were incubated at 4 °C in the dark for
gelling before immersion in prechilled lysis solution for 30 min
at 4 °C and then incubated in freshly prepared alkali (pH � 13)
solution for 45min. The assay was adapted for measurement at
earlier time points by quenching with excess N-acetylcysteine
(NAC; 10mM) for 1min. As described above, cells were washed
with cold PBS, trypsinized, and collected by centrifugation. The
cells were further washed with cold PBS and collected by cen-
trifugation. PBS (2 ml) was added to produce a suspension that
was mixed with lowmelting agarose, placed on glass slides, and
then incubated at 4 °C for 10 min in the dark.
Alkali solution electrophoresis was performed for 10 min at

300 mA and 1 V/cm, and then the slides were immersed in
prechilled 70% ethanol for 5 min and air-dried. The slides were
then stained with SYBRGreen and scored under a fluorescence
microscope (Nikon Y-FL). The DNA damage from at least 100
cells/slide was scored in arbitrary units from 0 (intact DNA) to
4 (completely damaged DNA with tail only) (38). Scores were
calculated using Equation 1 in which NA (intact DNA) and
NB � NE (completely damaged DNA) were the number of dif-
ferent kinds of comets.

Score �S� � �NB � 2NC � 3ND � 4NE�/�NA � NB � NC � ND

� NE� � 100 (Eq. 1)

Modified Oxidative DNA Damage Comet Assay (Fpg FLARE
Comet Assay)—Oxidized bases were determined using the
Trevigen Fpg FLARE (fragment length analysis using repair
enzymes) comet assay kit. Briefly, following treatment the cells
were collected and washed as described previously and resus-
pended in PBS. The cell suspensions were combined with low
melting agarose and transferred onto CometSlides. After fixing
the cell/agar mixture to the slide at 4 °C, the cells were lysed at
4 °C in lysis buffer for 30 min. After equilibration with FLARE
buffer (10 mM HEPES-KOH, pH 7.4, 0.1 M KCl) for 15 min, the
slides were incubated at 37 °C for 60 min with the diluted Fpg
enzyme, and appropriate buffer-only controls were included.
Following equilibration with alkali solution, the slides under-

went electrophoresis for 3min at 300mA. The slides were then
fixedwith 70% ethanol, stainedwith SYBRGreen, and scored as
described above using Equation 1. The difference between the
scores of the Fpg-treated samples and buffer controls was pro-
portional to the amount of oxidized bases in the cells.
Analysis of 8-Oxo-dG in Breast Cancer Cells by LC-MS/MS—

8-Oxo-dG analysis was carried out as described previously (31)
with minor modifications. After incubation with test com-
pounds, the floating cells were collected by centrifugation, and
the attached cells were trypsinized and then harvested by cen-
trifugation. The cells were combined and washed with 10 ml of
PBS. After centrifugation, the cell pellets were homogenized in
3.5ml of lysis buffer (320mM sucrose, 10mMTris, pH 7.4, 5mM
MgCl2, 10 mM Triton X-100, and 50 mM mannitol). The nuclei
pellets were treated for 30 min at 37 °C with RNase T1 (1000
units) and RNase A (0.2 mg) in solution buffer (1% SDS, 1 mM
EDTA, 10 mMTris, pH 7.4, 0.45 M NaCl) and further incubated
with proteinase K (0.8 mg) for 30 min at 37 °C. NaCl and Tris
were added to achieve final concentrations of 0.62M and 20mM,
respectively. An equal volume of 1-butanol was added, the sam-
ples were thoroughly mixed and centrifuged, and the bottom
aqueous layer was isolated. After isopropanol precipitation, the
DNA was washed twice with 70% ethanol. The DNA was dis-
solved in 100 �l of buffer (25 mM ammonium acetate, pH 5.3,
0.1 mM ZnCl2), mixed with 2 �l of 10 mMDesferral, and hydro-
lyzed using nuclease P1 (4 units) and alkaline phosphatase (8
units) for 30min at 37 °C. The enzymes were removed by ultra-
filtration using aMicroconYM-30 centrifugal filter (Millipore).
Stable isotopically labeled [15N5]8-oxo-dG was added to the
ultrafiltrate as the surrogate standard, and themixturewas ana-
lyzed using LC-MS/MS on a Thermo (San Jose, CA) TSQ
Quantum triple quadrupole mass spectrometer coupled with a
Surveyor HPLC System and photodiode array detector. The
samples were separated using a YMC (YMC Co., Wilmington,
NC) AQ C18 column (2.0 � 250 mm) and guard column (4.0 �
20 mm) at a flow rate of 0.2 ml/min with a gradient mobile
phase starting at 5% methanol/water and increasing to 10%
methanol over 6 min, increasing to 20% methanol/water over
another 6min, increasing to 90%methanol/water for 5min, and
then equilibrium with 5% methanol/water for 15 min in one
step. The native dG was determined by UV scanning from 240
nm to 290 nm. The 8-oxo-dGwas detected using selected reac-
tionmonitoring and collision-induced dissociation for the frag-
mentation pathway of m/z 2823 192 with a dwell time of 0.5
s/ion using negative ion electrospray (39).
Determination of ROS by CM-H2DCFDA—Both S30 and

MDA-MB-231 cells were grown (106 cells/ml) on each of eight
wells on a sterile NuncTM chambered coverglass and incubated
for 48 h at 37 °C with 5% CO2 in phenol red-free MEM supple-
mented with 10% stripped fetal bovine serummedium. S30 and
MDA-MB-231 cells were labeled with 10 �M CM-H2DCFDA
for 30 min at 37 °C, 5% CO2 (40, 41). CM-H2DCFDA-treated
cells were rinsed twice with PBS to remove the unincorporated
dye, and 0.2 �g/ml Hoechst stain was added to the cells to
detect nuclear staining. The cells were then treated with
4-OHEN (1�M),menadione (1�M), or DMSO (0.5%) for 5min,
and imaging was performed with a Zeiss LSM 510 laser-scan-
ning confocal microscope with the detector gain adjusted to
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eliminate the background autofluorescence. The fluorescence
signal from CM-H2DCFDA was monitored with a 488 nm
argon/krypton laser and a 530 nmband pass filter. TheHoechst
nuclear staining signal was monitored with a 345 nm UV laser
and 420 nm band pass filter. A �63 (1.2 numerical aperture)
water immersion objectivewas used for all experiments. Images
were analyzed using the analysis tool provided in the Zeiss bio-
physical software package.
Statistical Analyses—ERE-luciferase assays and comet and

FLARE comet studies were performed three times, and the
results of 8-oxo-dG measurement using LC-MS/MS were
obtained from two separate experiments. All data were ex-
pressed as the mean � S.D. The statistical analysis of these
results consisted of one-way analysis of variancewithDunnett’s

or Tukey’s multiple comparison tests using GraphPad Prism
version 4 for Windows.

RESULTS

4-OHEN Is a Poor Ligand for the Isolated ER but an Estrogen
of Nanomolar Potency in Cell Culture—The first question to
address was the estrogenicity of 4-OHEN in ER�-positive cells.
Previous reports have shown low affinity in the radioligand
competitive binding assay to recombinant full-length ER�, with
significant variance probably because of the instability of
4-OHEN: IC50 	 1.5� 0.2�M (31, 42). Furthermore, binding to
ER by 4-methoxy equilenin (4-MeOEN), the product of COMT
action on 4-OHEN, was not even detectable under the same
assay conditions (43). Nevertheless, 4-MeOENwas observed to
be an estrogen agonist in both ER�(�) Ishikawa (EC50 	 0.16�
0.1 nM) and MCF-7 cells (EC50 	 6.5 � 0.6 nM) (43). Similarly,
4-OHEN was observed to be an agonist with nanomolar
potency (EC50 	 5.7 � 2.8 nM) as measured in ER�(�) MCF-7
cells transiently transfected with an ERE-luciferase reporter
vector and treated for 18 h with test compound. As expected,
co-administration of the selective estrogen receptor modulator
4-hydroxytamoxifen (4-OHTAM) or the pure estrogen antag-
onist ICI 182,780 inhibited the estrogenic activity of 4-OHEN
(Fig. 1). As 4-MeOEN has been shown to be an estrogen of
nanomolar potency, it was necessary to rule out COMT-medi-
atedmethylation of 4-OHEN as the cause of estrogenicity using
the COMT inhibitor Ro-41-0960 (Fig. 1). Finally, menadione
was confirmed to be devoid of estrogenic or antiestrogenic
activity.
4-OHENBinding Causes Translocation of ER� to the Nucleus

of MCF-7 Cells—Although 4-OHEN is a full and potent estro-
gen, multiple mechanisms of nonclassical estrogenic signaling
are being revealed involving membrane-associated ER (44).
Both 4-MeOEN and 4-OHEN are reported to activate extracel-
lular signal-regulated kinase at 5min inMCF-7 cells, a target for
rapid membrane-associated ER-mediated response (43).
Therefore it was deemed essential to demonstrate that activity
resulted from nuclear localization and binding to DNA of
4-OHEN-liganded ER�. The status of the ligand-activated ER�
present on the estrogen-responsive regions of the pS2 pro-

FIGURE 1. ER�-mediated activation of ERE-luciferase activity in MCF-7
cells. Shown are control (0.05% DMSO), E2 (1 nM), 4-OHEN (0.1 �M), 4-OHTAM
(10 nM), ICI 182,780 (ICI, 1 �M), menadione (1 �M), Ro-41-0960 (Ro, 10 �M) for
18 h. Experimental details are described under “Experimental Procedures.”
Data represent the mean � S.D. (n 	 3).

FIGURE 2. PCR products for pS2 ERE and pS2 upstream (negative control) in the ChIP assay. Cells were cultured in estrogen-free media for 4 days before
treatment. Cells were treated with DMSO, E2 (10 nM), or 4-OHEN for 45 min and then washed and cross-linked using 1.5% formaldehyde for 15 min. All samples
were pulled down by antibodies (Ab) against ER� and IgG and then incubated with protein A/G agarose slurry. 1, Input, positive control, all DNA fragments
without any antibody treatment; 2, rAb ER�, ER� antibody; 3, rIgG, negative control, illustrating the specificity of the ER� antibody.
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moter was determined using ChIP and analyzed by semiquan-
titative PCR (Fig. 2). In this assay, MCF-7:K-1 cells were used
because they contain high levels of ER� and very low levels of
Her2/neu expression (45). In addition, pS2mRNAand the tran-
scription rate of the pS2 gene were shown to be markedly
increased by treatment with E2 (46). These features of MCF-7:
K-1 cells facilitated the analysis of the promoter region of the
pS2 gene occupied by ligand-activating ER� using the ChIP
assay. After estrogen stimulation, the maximal protein recruit-
ment to the promoters of pS2 and cathepsinDwere observed by
ChIP at 45 min (47, 48). Based on these results, MCF-7:K1 cells
were treated with 4-OHEN for 45 min, and chromatin was
cross-linked by formaldehyde treatment.
As shown in Fig. 2, treatment of MCF-7:K-1 cells with

4-OHEN induced a significant increase in binding of the pS2
gene promoter by ER�. Given the 
500–2000-bp size of the
DNA fragments produced by sonication in these experiments,
PCR analysis did not detect any significant increase in ER�
occupancy of a region corresponding to 4,400 bp upstream of
the pS2 ERE gene. No PCR amplification product was detected
in the chromatin immunoprecipitation pulled down with IgG.
These results showed that 4-OHENactivates ER� to bind to the
promoter region of estrogen-responsive genes in cells.
4-OHEN-induced DNA Single Strand Breaks and 8-Oxo-dG

Formation Are Enhanced by ER� in Breast Cancer Cells—The
comet assay and measurement of 8-oxo-dG provide two assays
of oxidative DNA damage. 4-OHEN was observed to cause
concentration-dependent DNA single strand breaks in both
S30 ER�(�) and MDA-MB-231 ER(�) cell lines (Fig. 3A). In
addition, ER�(�) cells were more sensitive to 4-OHEN-in-
duced DNA single strand breaks, confirming previously pub-
lished data (31). After pretreatment with 4-OHTAM for 1 h or
with ICI 182,780 for 24 h, DNA damage induced by 4-OHEN
was significantly inhibited in ER�(�) cells (Fig. 3B), whereas no
protection was observed in ER(�) cells (Fig. 3C). It should be
noted that the low concentration of 4-OHTAM used is com-
patible with ER-mediated antiestrogenic activity and not with
the putative antioxidant activity of 4-OHTAM associated with
much higher concentrations. Similar results were obtained
using LC-MS/MS to quantitate the formation of 8-oxo-dG
(Table 1) in the presence of 4-OHEN and in the presence or
absence of 4-OHTAM. The data show that ER�(�) cells are
more sensitive to oxidative DNA damage induced by 4-OHEN.
Menadione-induced Oxidative DNA Damage Is ER-inde-

pendent in Breast Cancer Cells—Using both the comet assay
and Fpg FLARE comet assay, the induction of DNA single
strand breaks and oxidized bases by menadione was assayed in
ER�(�) and ER(�) cells under the same conditions as
described for 4-OHEN-treated cells. The expected con-
centration-dependent increase in DNA single strand breaks
(Fig. 4A) and oxidized bases (Fig. 4B) was observed in both cell
lines. The extent of DNA damage in ER(�) cells was compara-
ble with 4-OHEN at the same concentration, compatible with
similar redox-cyclingmechanisms for ROS generation induced
by menadione and 4-OHEN (Scheme 1). In contrast to
4-OHEN, no effect of cellular ER status was seen upon mena-
dione-induced oxidative damage. In accord with this observa-
tion, 4-OHTAM pretreatment had no effect on the level of

oxidative damage in response to menadione (Fig. 4). Similar
results were obtained in LC-MS/MS experiments (Table 1).
These data support the hypothesis that menadione-induced
DNA damage is ER-independent.
ER� Accelerates the Rate of 4-OHEN-induced DNA Damage—

The results presented above show that 4-OHEN-induced DNA
damage is modestly enhanced by ER�. This generally supports
the Trojan horse hypothesis that posits the liganded ER com-

FIGURE 3. Induction of DNA single strand breaks by 4-OHEN measured
using the comet assay. Cells were treated with various concentrations of
4-OHEN for 90 min in S30 and MDA-MB-231 cells. A, squares, 4-OHEN in S30
cells; circles, 4-OHEN in MDA-MB-231 cells. B, closed squares, 4-OHEN in S30
cells; open squares, 4-OHEN � 4-OHTAM (10 nM, 1 h) in S30 cells; closed circles,
4-OHEN � ICI 182,780 (1 �M, 24 h) in S30 cells. C, closed circles, 4-OHEN in
MDA-MB-231 cells; open circles, 4-OHEN � 4-OHTAM (10 nM, 1 h) in MDA-MB-
231 cells. Data represent the mean � S.E. (n 	 3).
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plex as an active nuclear transporter of the small molecule
genotoxin (Scheme2).Unassisted, passive diffusion of genotox-
ins to the nucleus is a parallel process; one might predict that
the active process would lead tomore rapid induction of oxida-
tive DNA damage after cells are exposed to genotoxin. To
address this hypothesis, the time dependence of 4-OHEN-in-
duced DNA damage was assayed in ER�(�) versus ER(�) cells

using the comet assay (Fig. 5A). In ER�-positive cells, induction
of DNA damage by 4-OHENwasmore rapid. Furthermore, the
ER antagonist 4-OHTAM at low concentrations was able to
reduce significantly the rate of accumulation of oxidative DNA
damage in ER�(�) cells, essentially attenuating DNA damage
to the level observed in the ER(�) cell line. Finally, no signifi-
cant effect of 4-OHTAM was observed in ER-negative cells.
These results suggest that active transport by ER� accelerates
genotoxin-induced DNA damage in the nucleus of ER�-posi-
tive cells.
ER� Enhances the Initial Rate of 4-OHEN-induced DNA

Damage—To strengthen the hypothesis that ER� active trans-
port rapidly enhances genotoxin-induced DNA damage, it was
informative to examine very early time points after genotoxin
application. Unfortunately, most common methods of quanti-
tation are not readily suited to be used at early time points. A
recent study on ER-mediated gene transcription reported,
remarkably, that early and rapid formation of 8-oxo-dG, upon
binding of the ER complex to DNA, was required to trigger
chromatin and DNA conformational changes essential for
estrogen-induced transcription in MCF-7 cells (49). The fluo-
rescencemethod used for rapid detection of 8-oxo-dG required

FIGURE 4. Induction of DNA single strand breaks and oxidized bases by
menadione measured using the comet assay (single strand breaks) (A)
and Fpg FLARE comet assay (oxidized bases) (B). Cells were treated with
various concentrations of menadione for 90 min in S30 and MDA-MB-231
cells. Closed diamonds, menadione in S30 cells; open diamonds, menadione �
4-OHTAM (10 nM, 1 h) in S30 cells; open circles, menadione in MDA-MB-231
cells. Data represent the mean � S.E. (n 	 3).

SCHEME 1. Generation of ROS by redox cycling of 4-OHEN and
menadione.

SCHEME 2. Proposed mechanisms of induction of DNA damage by
4-OHEN or menadione in breast cancer cells. Active transport of estrogenic
genotoxins by the ER-enhanced (“Trojan horse”) pathway is contrasted with
passive diffusion by ER-independent pathways for estrogenic and non-estro-
genic genotoxins.

TABLE 1
LC-MS/MS analysis of 8-oxo-dG in S30 and MDA-MB-231 cells treated
with 4-OHEN or menadione
Cells were treated with 4-OHEN or menadione (10 �M) for 90 min with or without
4-OHTAM (10 nM) pretreatment for 60 min. Experimental details are described
under “Experimental Procedures.” Data represent the mean � S.D. (n 	 2). *, sig-
nificant difference (p � 0.05) compared with the S30 sample treated with 4-OHEN
only.

Treatment
8-Oxo-dG/dG � 105

4-OHEN Menadione
S30 MDA-MB-231 S30 MDA-MB-231

DMSO 1.06 � 0.04 0.98 � 0.04 1.20 � 0.25 1.10 � 0.21
10 �M 1.65 � 0.16 1.37 � 0.08* 2.26 � 0.41 2.23 � 0.07
10 �M �
4-OHTAM

1.29 � 0.01* 1.34 � 0.13 2.40 � 0.51 2.62 � 0.14
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rapid fixing of cells with paraformaldehyde, washing, and per-
meabilization followed by a 15-h incubation with a test kit.
The comet assay was adapted for early time point measure-

ments using an excess of the cell-permeable quinone and ROS
scavenging agent NAC. Control experiments were conducted
using different concentrations of NAC and different incuba-
tions times. Incubation with NAC (10 mM) for 1 min was cho-
sen followed by rapid cooling and an accelerated work-up of no
more than 50 min before cell lysis. The work-up period could
not be reduced furtherwithout increasing variance; however, in
control experiments, extended work-up times did not lead to
increased amounts of DNAdamage using theNACprotocol. In
the absence of NAC, extended work-up time was observed to
lead to increased comet scores. The major advantage of NAC
quenching is the scavenging of ROS, which might continue to
be generated during the comet assay work-up. The method is

therefore not seen as inferior to alternative procedures
reported.
4-OHEN did not significantly induce DNA single strand

breaks in ER(�) cells within 8 min, suggesting that in the
absence of ER, DNA damage occurs relatively slowly (Fig. 5B).
However, in ER�(�) cells, DNA damage was dramatically
increased at these early time points, with an almost 10-fold
higher initial rate of single strand breakage, confirming that
ER� enhances the rate of DNA damage. This conclusion was
supported by similar experiments with menadione treatment;
equivalent and minor amounts of oxidative DNA damage were
observed in cells regardless of ER status. These results indicate
that ER� plays a role in dramatically enhancing the initial rate
of 4-OHEN-induced DNA damage.
4-OHEN Rapidly Generates ROS in the Nucleus of ER�-posi-

tive Breast Cancer Cells—In contrast to measurements of oxi-
dative DNA damage (Comet assay, LC-MS/MS), the rapid and
real-time detection of ROS by confocal fluorescence micros-
copy is reliably able to measure and localize the cellular gener-
ation of ROS. Cells were treated with CM-H2DCFDA, a cell-
permeable dichlorofluorescein ROS indicator that is sensitive
to oxidizing oxygen radicals, including hydroxyl radicals
formed from H2O2 (40). Cells were treated with 4-OHEN (1
�M), menadione (1 �M), or DMSO vehicle (0.5%) (Fig. 6). In
ER�(�) cells, within 5 min generation of ROS induced by
4-OHEN was selectively localized in the nucleus (Fig. 6A),
whereas in ER(�) cells, ROS were equally distributed in both
the nucleus and the cytoplasm (Fig. 6B). ROS generation
induced by menadione was detected, but in contrast, no differ-
ences were observed between the two cell lines based upon ER
status.
Application of confocal fluorescence microscopy to the

actions of E2 itself (1�M) in S30 andMDA-MB-231 cells did not
reveal generation of comparable levels of ROS to those
observed for the redox-cycling quinones menadione and
4-OHEN-o-quinone, nor was dependence on ER status
observed (Fig. 7). The results of this control experiment are not
compatible with generation of ROS in the nucleus resulting
fromhormonal activity of 4-OHEN.The data are in accordwith
the ability of ER� to bind, actively translocate, and concentrate
4-OHEN in the nucleus, leading to redox cycling-enhanced
ROS generation in the nucleus and, in turn, amplified DNA
damage.

DISCUSSION

It is well accepted that the ER plays a major role in estrogen-
induced carcinogenesis (13, 16). ER binding of estrogen leads to
cell proliferation and anti-apoptotic signaling in hormone-sen-
sitive target tissues such as the breast and endometrium. How-
ever, a contributor to the hormonal carcinogenesis mechanism
must be the incorporation, in rapidly dividing cells, of DNA
mutations that lead to initiation and/or promotion of the car-
cinogenic process. Yager and Davidson (16), in particular, have
made the case for the contribution to carcinogenesis from oxi-
dativemetabolismof estrogens to genotoxic,mutagenicmetab-
olites. Metabolism of estrogens to catechols and further oxida-
tion to reactive o-quinones has been correlated with the
genotoxicity of estrogens (17, 18). Estrogens that are potent ER

FIGURE 5. Time dependence of 4-OHEN and menadione-induced DNA sin-
gle strand breaks in breast cancer cells using the comet assay. Cells were
treated with 4-OHEN (4 �M) or menadione (4 �M) for various incubation times.
A, closed squares, 4-OHEN in S30 cells; open squares, 4-OHEN � 4-OHTAM (10
nM, 1 h) in S30 cells; closed circles (dashed lines), 4-OHEN in MDA-MB-231 cells;
open circles, 4-OHEN � 4-OHTAM (10 nM, 1 h) in MDA-MB-231 cells. Data were
fitted to a first order equation for ease of visualization. B, time dependence
was assayed using NAC to quench the reaction. NAC (10 mM) was added at
the indicated time points after 4-OHEN or menadione treatment, and then
the cells were incubated for a further 1 min. Closed squares, 4-OHEN in S30
cells; closed circles (dashed lines), 4-OHEN in MDA-MB-231 cells; closed dia-
monds, menadione in S30 cells; open circles, menadione in MDA-MB-231
cells. Data were fitted to a linear equation. Data represent the mean � S.E.
(n 	 3).
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agonists and are oxidized to electrophilic and redox-cycling
metabolites have the potential to contribute to the initiation,
promotion, and progression of hormone-sensitive cancers as
dual mechanism carcinogens.
The equine estrogens contained in HRT and ERT formula-

tions that are proven to increase breast cancer risk in postm-
enopausal women are potent estrogens; the ER binding affinity,
uterotrophic potency, and cell proliferation potency of equi-
lenin and equilin approach that of E2 (50). Furthermore, their

oxidative metabolites are argued to
have more genotoxic potential than
those of endogenous estrogens (17).
In contrast to endogenous estro-
gens that are selectively oxidized to
2-hydroxy catechols rather than the
carcinogenic 4-hydroxy isomers,
equine estrogens are predominantly
hydroxylated at the 4-position to
give 4-OHENand 4,17�-dihydroxy-
equilenin (27, 34, 51). Furthermore,
unlike endogenous catechol estro-
gens, 4-OHEN autoxidizes to an
o-quinone that is genotoxic in
breast cancer cells; it is thus a redox-
cycling genotoxin (Scheme 1).
Questions remain as to the rele-

vance of equine estrogens and the
4-OHEN metabolite as human car-
cinogens. Although relatively stable
in the absence of reductant,
4-OHEN-o-quinone is readily
trapped by nucleophiles including
GSH. In addition, the concentration
of oxidative metabolites in target
tissues may be low, although
4-OHEN-DNA adducts have been
reported in human breast tissue
(20). If 4-OHEN or its o-quinone
represents a good estrogenic ligand,
the ER would be capable of translo-
cation of this genotoxin to the
nucleus where oxidative DNA dam-
age would be amplified or acceler-
ated, even at lower concentrations.
The ER would act as a Trojan horse,
and ER-positive cells would be
highly sensitive to DNA damage.
The Trojan horse model would also
hold for alternative nuclear recep-
tors and transcription factors and
other ligands, for example, environ-
mental estrogen genotoxins and
polyaromatic hydrocarbon metabo-
lites in the case of the arylhydrocar-
bon receptor (52).
4-OHEN causes covalent adduc-

tion and oxidation of DNA (17, 25,
30, 31). For the Trojan horse mech-

anism to hold for 4-OHEN, the first requirement is that the
catechol or o-quinone must be a ligand for the ER and must
trigger translocation to the nucleus and binding to an ER-re-
lated DNA response element. 4-OHEN has previously been
reported to have low affinity for recombinant ER; however,
4-MeOEN, which had even lower ER affinity in the radioligand
displacement assay, has been reported to satisfy all criteria for a
classical estrogen of nanomolar potency acting via ER� binding
(43). Similarly, 4-OHEN was observed herein to function as an

FIGURE 6. Detection of ROS in S30 (A) and MDA-MB-231 cells (B) using CM-H2DCFDA. Cells were labeled
with CM-H2DCFDA and treated separately with 4-OHEN (1 �M), menadione (1 �M), or DMSO vehicle control.
Confocal images were taken before and after a 5-min treatment with each compound or vehicle control. Ex/Em
(488 nm/530 nm), describes the fluorescent CM-DCF excitation/emission signal; Ex/Em (345 nm/420 nm),
describes excitation and emission wavelengths of the nuclear staining signal; Overlay, describes both the
CM-DCF and nuclear signals. The images shown are representative of at least three independent experiments.

FIGURE 7. Detection of ROS in S30 and MDA-MB-231 cells using CM-H2DCFDA. Cells were labeled with
CM-H2DCFDA and treated with E2 (1 �M). Confocal images were taken before and after a 5-min treatment with
each compound or vehicle control. Similar data (not shown) were obtained with E2 (10 nM). Ex/Em (488 nm/530
nm), describes the fluorescent CM-DCF excitation/emission signal; Ex/Em (345 nm/420 nm), describes the exci-
tation and emission wavelengths of the nuclear staining signal; Overlay, describes both the CM-DCF and
nuclear signals. The images shown are representative of at least three independent experiments.
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estrogen with nanomolar potency in ER�(�) breast cancer cell
lines, the activity of which was blocked by the antiestrogen
ICI 182,780 and the selective estrogen receptor modulator
4-OHTAM.Moreover, using the ChIP assay of chromatin-pro-
tein mixtures, the binding of the pS2 estrogen target gene pro-
moter by ER� inMCF-7 cells was shown to be dependent upon
4-OHEN; that is, 4-OHEN triggers ER� nuclear translocation
and DNA binding in breast cancer cells.
To test the relevance of the Trojan horse mechanism to oxi-

dative DNA damage, comparison is required between ER�(�)
and ER�(�) cell lines but also between 4-OHEN and a redox-
cycling quinone that is not an ER ligand. Thus, MDA-MB-321
breast cancer cells were compared with S30 cells, the variant of
the same breast cancer cell line stably transfected with ER�.
The non-estrogenic p-quinone,menadione, well known to pro-
duce oxidative DNA damage and to redox cycle, provided the
comparator redox-cycling genotoxin (53). Oxidative DNA
damage was concentration-dependent for both 4-OHEN and
menadione. DNA damage was observed to be
 1.3-fold higher
in S30 cells than in MDA-MB-231 cells after 90 min of incuba-
tion with 4-OHEN, but this was not the case for menadione.
Furthermore, DNA damage due to 4-OHEN was uniquely
attenuated in ER�(�) cells in response to 4-OHTAM or
ICI 182,780. No effects of antiestrogens were seen in menadi-
one-treated cells.
These results strongly support the Trojan horse hypothesis.

However, the absolute difference between DNA damage pro-
duced by passive diffusion (4-OHEN in ER(�) cells and mena-
dione) versus ER-assisted active transport (4-OHEN in ER(�)
cells) ismodest. In accordwith this observation, Essigmann and
colleagues (54, 55) have reported that a nitrogen mustard con-
jugated to estrogen showed no more than a 2.5-fold higher
potency toward killing ER�(�) cells. The rate of oxidativeDNA
damage caused by agents such as 4-OHEN and menadione is
expected to be amplified by high nuclear concentrations of the
redox-cycling quinones generating high local concentrations of
ROS, in particular themore reactive ROS, such as hydroxyl and
alkoxyl radicals. Therefore, it was important to assay the time
course of DNA damage in response to 4-OHEN and menadi-
one. Using the standard comet assay in which DNA damage is
quenched by cooling in the dark, formation of DNA single
strand breaks was indeed seen to be time-dependent. Tomeas-
ure earlier time points, the comet assay was adapted by adding
NAC to quench quinones and ROS in addition to cooling. Oxi-
dative DNA damage, at early time points induced by 4-OHEN
in ER�(�) breast cancer cells, was observed uniquely and dra-
matically to be enhanced.
In contrast to DNA damage, localization of ROS generation

can readily be measured in real-time employing confocal
microscopy with a cell-permeable, ROS-sensitive reporter dye.
Again comparing 4-OHENwithmenadione in the two different
breast cancer cell environments (ER�(�) versus ER�(�)) the
prediction based upon the Trojan horse hypothesis is straight-
forward: 1) 4-OHEN and menadione are predicted to generate
ROS in a time-dependent manner in all cell compartments by
passive diffusion and 2) ER-mediated active transport of
4-OHEN to the nucleus is predicted to increase the rate of ROS
generation in the nucleus relative to other cell compartments.

Using co-administration of a nucleus-specific dye, these predic-
tions were fully borne out by the data. At 5 min after 4-OHEN
administration, generation of ROS was selectively elevated in
the nucleus, fully in accord with data from the comet assay.
Breast cancer risk is associatedwith estrogen receptor status.

Hormone-dependent genomic instability during cell prolifera-
tion and regulation of antioxidant genes have been proposed as
purely hormonal ER-dependent contributors to DNA damage
(56–58). Catechol estrogen metabolites have been proposed to
contribute to DNA damage (16), although these genotoxic
effects, taken alone, are thought to be ER-independent (21).
Mammary tumors were reported in ER� knock-out mice
expressing the Wnt-1 oncogene; however, tumor formation
was delayed compared with mice with wild type ER�-positive
animals (59, 60). The Trojan horse mechanism could also
amplify the ER-dependent genotoxicity of the endogenous
4-hydroxy catechol estrogens, although in contrast to equine
estrogen catechols, these do not undergo autoxidation.
Clinical use of HRT in women appears to be correlated with

increased risk of ER-positive breast cancer but not with ER-
negative breast cancer (61, 62). Recent clinical studies have
been interpreted as showing a significant decline in the inci-
dence of breast cancer forwomenwith ER-positive tumors after
discontinuation of HRT (11, 63, 64). One of themajor oxidative
metabolites in HRT, 4-OHEN, is autoxidized to an o-quinone
that causes DNA damage in breast cancer cells. The data pre-
sented herein show that ER� acts as a Trojan horse, rapidly
amplifying the rate of oxidative DNA damage caused by
4-OHEN in breast cancer cells and potentially enhancing the
mutagenicity of equine estrogens in ER-positive cells. This
genotoxicmetabolitemechanism, coupledwith the potent pro-
liferative estrogenicity of equine estrogens and their metabo-
lites, could contribute to hormone-dependent breast cancer in
women. The nuclear translocation and localization of 4-OHEN
by ER� will be selective for binding to DNA at estrogen-
responsive genes, implying sequence-selective DNA damage
and contributing to mutagenicity, which requires further
study. The recent proposal that rapid and transient forma-
tion of 8-oxo-dG is required to trigger estrogen-induced
transcription inMCF-7 cells should also be examined in light
of the actions of 4-OHEN in ER-positive cells (49). Finally, it
should be noted that the Trojan horse mechanism is appli-
cable to other nuclear receptors.
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