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Abstract 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) exhibits remarkably potent antiestrogenic activity. To
further elucidate the role of estrogen receptor (ER) regulation in this response, we examined the effects of exposure to
TCDD in MCF-7 human breast cancer cells on ER mRNA levels by using an RNase protection assay, on ER accumulation
by using an ER immunocytochemical essay (ER-ICA), and on ER function by competitive binding assays under conditions
of saturating 17p-estradiol (E;). Comparative studies were conducted with E, and 12-O-tetradecanoylphorbol-13-
acetate (TPA), as both compounds are known to suppress ER expression. Our results indicate that 1 nM E, and 100 nM
TPA both suppress ER mRNA levels as early as 4 h after exposure and to 33.6% and 16.5% of control levels, respectively,
after 72 h. In contrast, no significant effect on ER mRNA levels was attributed to exposure to 10 nM TCDD. A greater
than 50% reduction in positive staining was observed by ER-ICA after 72 h exposure to 1 nM E, and to 100 nM TPA,
while only an 11% reduction in positive staining was observed with 10 nM TCDD. Specific binding of [3H]E, under
saturating conditions (10 nM E,) in whole cells was reduced by 50% in cultures exposed to 100 nM TPA, although no
effect on binding was observed with exposure to 10 nM TCDD. In contrast, specific binding using subsaturating 1 nM
[*H]E, was depressed by 49% in MCF-7 cells exposed to 10 nM TCDD for 72 h. This depression was inhibited by a 1-h
treatment with 5 uM a-naphthoflavone, which inhibits TCDD-induced, P450-mediated, E; metabolism, and subsequent
E, depletion. In conclusion, while TPA and E, effectively down-regulate ER expression, TCDD, under antiestrogenic
conditions, has little if any effect on total ER levels in MCF-7 cells, and thus ER modulation is probably not necessary for
the suppression of estrogenic activity in MCF-7 cells by TCDD. ¢ 1996 Wiley-Liss, Inc.
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Environmental exposure to 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) and related haloge-
nated aromatic hydrocarbons continues to evoke
public health concerns. TCDD and related com-
pounds induce multiple biological responses in
animals and in cultured cells that are species-,
strain-, sex-, age-, and target organ-specific.
These responses include thymic and lymphoid
involution; developmental, reproductive, and he-
patic toxicity; dermal lesions; and carcinogenesis
[reviewed by Birnbaum, 1994]. Much interest is
currently focused on the endocrine-modulating
effects of these compounds, particularly with re-
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gard to alteration of estrogenic function [Umbreit
and Gallo, 1988; Umbreit et al., 1989]. While poly-
chlorinated biphenyls, a related although less po-
tent class of compounds, have been shown to either
suppress or enhance estrogenic activity depending
on the structures of the individual congeners and
their metabolic fate, it is generally agreed that
TCDD is an extremely potent antiestrogen [re-
viewed by Safe et al., 1991].

Evidence of the antiestrogenicity of TCDD is
based on the suppression of estrogen enhanced
uterotropic responses in rodents [Gallo et al.,
1986; Romkes et al., 1987; Umbreit et al., 1988]
and on the inhibition of 17B-estradiol(E,)-stimu-
lated gene expression in animals and in cultures
of mammalian derived cells [Gierthy et al., 1987;
Safe et al., 1991]. While numerous investigations of
the mechanisms involved in the effects caused by
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exposure to TCDD indicate the involvement of
aromatic hydrocarbon (Ah) receptor and Ah-
receptor-mediated signal transduction, the pre-
cise mechanisms of several TCDD-mediated re-
sponses, including the antiestrogenic response,
remain uncertain. However, it is apparent that
many of the biological manifestations of expo-
sure to TCDD are associated with altered differ-
entiation, such as those resulting in teratogenic-
ity [Couture et al., 1990]. It is also recognized
that appropriate tissue and organ differentia-
tion depends on unperturbed endocrine func-
tion, and it has been proposed that many of the
observed biological responses elicited by TCDD
can be attributed to alteration of estrogenic
action [Umbreit and Gallo, 1988]. Therefore,
elucidation of the mechanism of TCDD-medi-
ated antiestrogenicity has been the goal of a
number of studies and has led to the generation
of several testable hypotheses.

Since TCDD alters the expression of several
growth-factor receptors, an attractive hypoth-
esis was that the antiestrogenicity of TCDD is
due to the suppression of the estrogen receptor
(ER) expression. Studies with rodent liver and
uterus generally supported this hypothesis and
evidence of suppression of ER expression in
response to TCDD exposure was reported
[Romkes et al., 1987; Lin et al., 1991; DeVito et
al., 1992]. However, subsequent studies with
estrogen-responsive MCF-7 human breast can-
cer cells indicated that TCDD treatment, under
conditions which suppressed estrogen-enhanced
tissue plasminogen activator and thus demon-
strated antiestrogenic potential in this human
cell line, had no effect on total cellular ER bind-
ing capacity or ligand affinity in estrogen-de-
pleted cultures [Gierthy et al.,, 1987]. It was
concluded from these initial studies that, in the
case of the MCF-7 cell system, the antiestroge-
nicity of TCDD was the result of an Ah-receptor-
mediated mechanism that did not involve alter-
ation of ER expression. However, other investigators
have reported a decrease in the level of occupied
nuclear ER [Harris et al., 1990] and a time-depen-
dent decrease in level of ER mRNA [Lu et al., 1994]
in MCF-7 cells treated with TCDD. These subse-
quent studies have prompted a re-examination of
the effects of TCDD on ER expression and function.

In the present study, the effects of exposure to
TCDD on the regulation of ER expression and
function in MCF-7 cultures were evaluated by
using three independent determinations that

were chosen to reflect possible changes in ER
gene expression or ligand-binding properties of
the ER. Levels of ER mRNA were determined by
RNase protection assay, ER accumulation was
determined by using an ER immunocytochemi-
cal assay, and ER binding capacity was deter-
mined under conditions of saturating [PHIE,.
The effects of two agents known to alter ER
expression, E, [Horwitz and McGuire, 1980;
Saceda et al., 1988; Cho et al., 1991; Borras et
al., 1994] and 12-O-tetradecanoylphorbol-13-
acetate (TPA) [Ree et al., 1991; Saceda et al.,
1991; Tzukerman et al., 1991] were determined
in parallel cultures.

MATERIALS AND METHODS
Chemicals

TCDD was obtained from Cambridge Isotope
Laboratories, Woburn, MA, Its purity was deter-
mined by mass spectroscopy to be >99%. 17B-
Estradiol, 12-O-tetradecanoylphorbol-13-ac-
etate, and a-naphthoflavone were obtained from
the Sigma Chemical Company, St. Louis, Mis-
souri, DMSO was from the Aldrich Chemical
Company, Milwaukee, Wisconsin, and [3H] 178-
estradiol (S.A. = 111 Ci/mmole) was from Du-
pont NEN Products, Boston, Massachusetts.

Cell Culture

A strain of the MCF-7 cell line, which was
originally obtained from Dr. Alberto C. Baldi,
Institute of Experimental Biology and Medicine,
Buenos Aires, Argentina, was used in all experi-
ments. Cultures were maintained in plastic tis-
sue-culture flasks (T-75) with medium (DC;)
consisting of Dulbecco’s modified Eagle’s me-
dium (without phenol red) supplemented with
5% bovine calf serum (HyClone, Logan UT) and
containing penicillin (100 U/mL), streptomycin
(100 pg/mL), insulin (10 ng/mL), L-glutamine
(2 mM), and nonessential amino acids (10 mM,
from Gibco BRL, Grand Island, NY). The E,
content of serum lots was determined by radio-
immunoassay to be <5 pg/mL [Gierthy et al.,
1991], which resulted in <1 pM E; in the DC;
medium. The complete medium was filter-steril-
ized using 500-mL capacity 0.2-pm pore-size
plastic filter units from Nalgene (Rochester, NY)
as previously described [Gierthy et al., 1991].

RNase Protection Assay of ER mRNA Levels

The effects of TCDD, E,, and TPA on the
steady-state ER and 36B4 mRNA levels were
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determined by using RNase protection with the
standard protocol [Ausubel et al., 1987]. The
construct for synthesis of the human ER anti-
sense riboprobe (cCRNA) was prepared by insert-
ing the Smal-to-Pvull fragment corresponding
to positions 244-348 of the human ER ¢DNA
[Greene et al., 1986] into the pBluescript SK-
phagemid (Stratagene, La Jolla, CA) at the Smal
site. For synthesis of the radiolabeled ER cRNA,
the construct was linearized by treatment with
EcoR1, and synthesis was performed with [a-3?P]
CTP and T3 polymerase. The construct for syn-
thesis of the 36B4 ¢cRNA consisted of a 220-bp
Pstl fragment of p36B4 [Masiakowski et al.,
1982], which was inserted into the pGEM-3
vector (Promega, Madison WI); the construct
was linearized with Hind1Il and probe synthesis
was performed with [a-32P]CTP and T'7 polymer-
ase. For the analysis of ER and 36B4 mRNA
levels in MCF-7 cultures, T-75 flasks at conflu-
ence were treated with test compounds or the
solvent vehicle, dimethyl sulfoxide (DMSO), at a
final concentration of 0.1% v/v in the medium,;
at the indicated times total cellular RNA was
extracted by the method of Chomcynski and
Sacchi [1987]. The sequences of the ER and
36B4 mRNAs were protected in the same reac-
tions with 10 pg of MCF-7 cell RNA, assuring
that a greater than 20-fold excess of each probe
was used. After treatment with RNase A and
RNase T1, the protected cRNA fragments were
resolved on an 8% acrylamide sequencing gel,
which was subjected to autoradiography. The
autoradiograms were quantified by scanning
densitometry on a Pharmacia LKB ImageMas-
ter densitometer (Pharmacia, Uppsala, Swe-
den), ensuring that all signals fell within the
linear range of absorbance. The relative ER
mRNA levels were determined as a ratio of the
integrations for the ER band relative to that for
the constitutively expressed 36B4 mRNA.

Immunocytochemical Detection of Estrogen
Receptor in MCF-7 Cells

Stock MCF-7 cells were seeded into eight-well
chamber slides at a concentration of 10° cells per
0.4 mL DC; per cm2, After attaining confluence,
the cultures were refed with fresh DC; or DC;
containing 0.1% DMSO as solvent control, 10
nM TCDD, 1 nM E,, or 100 nM TPA. After 72-h
exposure, the cultures were fixed and stained
with the Abbott ER-ICA Monoclonal Immunocy-
tochemical Assay for the detection of human

estrogen receptor using the methods described
by the manufacturer. Briefly, after sequential
fixation in 3.7% formaldehyde in phosphate-
buffered saline (PBS), cold methanol, and cold
acetone, the cultures were blocked, treated with
the primary monoclonal (rat) antibody (H222)
to human ER or control antibody. This was
followed by bridging antibody (goat anti-rat IgG)
and then rat peroxidase/antiperoxidase com-
plex. The final addition of a chromogen-sub-
strate solution (hydrogen peroxide and diamino-
benzidine) produced an insoluble reddish brown
product that localizes the ER. The cultures were
then counterstained with 0.4% methyl green in
sodium acetate buffer, mounted, and evaluated
for percent label using a CAS Image Analyzer
(Cell Analysis System, Inc., Elmhurst, Ill). Five
40x magnification fields on each of 9 or 18
replicates were evaluated for positive staining
using a nuclear threshold setting of 8 and an
antibody threshold setting of 18.

[*H117B-Estradiol Specific Binding Assay

MCF-7 cultures were initiated in 24-well plates
(2 cm?/well) using 2 x 10° cells/mL of DC;. To
determine saturation characteristics of [3H] E,
binding, confluent untreated cultures were ex-
posed to a 10-19-10-8 M concentration series of
[*H]E, in serum-free medium with or without
200-fold unlabeled E, to quantify total binding
and nonspecific binding. After 1 h of incubation,
the labeling medium was removed, the cultures
were washed three times with PBS and incu-
bated for 1 h in 200 pL ethanol to extract the
[BH]E,. A 100-uL aliquot of the ethanol solution
was added to liquid-scintillation counting fluid
and assessed for radioactivity using a Packard
Tricarb liquid-scintillation counter. Specific ac-
tivity was determined by subtracting the nonspe-
cific binding activity from the total binding activ-
ity.

To determine the effect of radiolabeled ligand
concentration on TCDD- and TPA-mediated al-
teration of [PH]E, specific binding, confluent
cultures were refed with DC; medium alone or
DC; medium containing 0.1% DMSO as a sol-
vent control, 10 nM TCDD, or 100 nM TPA, and
incubated for 72 h. Where indicated, a-naphtho-
flavone was added as a 100 X concentrate to 10
nM TCDD-treated cultures for the last hour of
treatment. Specific binding of [*H]E; was deter-
mined as described above using either 1 nM or
10 nM [BH]E, with or without a 200-fold excess
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of unlabeled E, after adjustments were made for
cell culture density based on total DNA measure-
ments using the Hoechst dye procedure de-
scribed previously [Gierthy et al., 1991].

RESULTS

Effects of TCDD, E,, and TPA on ER mRNA
Levels in MCF-7 Cells

To determine the effects of TCDD, E,, and
TPA on ER mRNA levels in MCF-7 cells, a
highly sensitive RNase protection assay was de-
veloped similar to that described by Saceda et al.
[1991]. Constructs were prepared for synthesis
of radiolabeled cRNAs to portions of the ER and
constitutively expressed 36B4 mRNAs, and the
efficacy with which the cRNAs were protected
from digestion with RNase A and RNase T1 by
incubation with MCF-7 RNA was determined.
The RNA-dependent protection of the 220-bp
36B4 (Fig. 1, lanes 2, 3) and the 104-bp ER (Fig.
1, lanes 4, 5) from digestion was observed. The
concentrations of the 32P-labeled cRNA probes
that were used in the assays were far in excess
(greater than 20-fold) of the concentrations of
the ER and 36B4 mRNA concentrations in ex-

perimental samples. For analysis of the intact
270-bp 36B4 (Fig. 1, lane 6) and 170-bp ER (Fig.
1, lane 7) cRNAs, both of which contain vector
sequences, they were diluted 35- and 12-fold,
respectively, from the concentrations used in
the protection assay for application to the gel.
The low background of the assay allowed the
protection of the 36B4 and ER sequences in the
same incubation (Fig. 1, lanes 8, 9), allowing for
greater precision in the determination of ER
mRNA levels relative to those of the 36B4
mRNA. In all subsequent assays protection of
the 36B4 and ER mRNA sequences was carried
out simultaneously.

Autoradiograms from RNase protection as-
says for the determination of the effects of 72-h
exposure to 10 nM TCDD, 1 nM E,, and 100 nM
TPA on ER mRNA levels are shown in Figure 2.
Treatment with 10 nM TCDD had no apparent
effect (Fig. 2A), although reduced levels of ER
mRNA in response to treatment with 1 nME,
(Fig. 2B) and 100 nM TPA (Fig. 2C) were visu-
ally evident. In additional experiments, expo-
sure to TCDD, E, and TPA was carried out for 4,
15, and 24 h, and for each time point autoradio-
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Fig. 1. RNase protection assay of ER and 36B4 mRNAs. Total
RNA was isolated from MCF-7 cultures by the method of
Chomczynski and Sacchi [1987], and 10-ug samples were
incubated with 32P-labeled ER cRNA, 36B4 cRNA, or with both
radiolabeled cRNAs for 18 h at 45°C. The samples were then
digested with RNase A and RNase T1, and the protected radiola-
beled cRNAs were resolved on an 8% sequencing gel. Lane 1,
DNA size markers (pUC18 digested with Haelll and labeled

S

-
.-

with [y32P]JATP and T4 polynucleotide kinase); lane 2, minus
RNA control reaction with 36B4 cRNA probe; fane 3, protection
of the 36B4 sequence with MCF-7 RNA; fane 4, minus RNA
control reaction with ER cRNA; lane 5, protection of the ER
sequence with MCF-7 RNA; lane 6, intact 36B4 cRNA probe;
lane 7, Intact ER cRNA probe; lane 8, minus RNA control
reaction with 36B4 and ER cRNA probes; lane 9, protection of
the 36B4 and ER sequences with MCF-7 RNA,
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Fig. 2. Effects of TCDD, E; and TPA on ER and 3684 mRNA
levels in MCF-7 cells. MCF-7 cultures were treated with 0.1%
DMSO or 10 nM TCDD (A), 0.1% DMSO or 1 nM E; (B) and
0.1% DMSO or 100 nM TPA (C) for 72 h. RNA was then isolated
and analyzed by RNase protection assay. The migration of the
protected 32P-labeled ER and 36B4 cRNAs are indicated by
arrows. In each panel, lane 7 is the minus RNA control, lanes
2-5 are the 0.1% DMSO controls, and lanes 6-9 are the
treatment group.

grams were prepared with reduced exposure
times to ensure that band intensities fell within
the linear range of absorbance by scanning den-
sitometry. The relative ER mRNA levels, deter-
mined as the ratio of the ER band integrated
absorbance to that of the 36B4 band and ex-
pressed as a percentage of the same ratio deter-
mined for the 0.1% (v/v) DMSO controls, were
shown to be significantly affected in MCF-7 cells
by pretreatment with 1 nM E; and 100 nM TPA
but not with 10 nM TCDD (Fig. 3). After 4 h, the
relative ER mRNA levels in cultures exposed to
1 nM E, and 100 nM TPA were significantly
reduced, to 69.7 + 4.1 and 65.2 + 7.9% of
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Fig. 3. Time course of the effects of TCDD, E,, and TPA on ER
mRNA levels in MCF-7 cells. Cultures were treated with 0.1%
DMSO, 10 nM TCDD (hatched bars), 1 nM E (gray bars), or
100 nM TPA (blackened bars) for the indicated time. At each
time point, the ratio of the autoradiographic signals for the ER
bands to the 36B4 band were determined and expressed as a
percentage of the same ratio obtained for the 0.1% DMSO
controls. Mean +SE for 3 or 4 determinations; *significantly
different from control (P < 0.05) by the two-tailed t test.

control, respectively; after 72 h the relative ER
mRNA levels in E,- and TPA-treated cultures
had fallen to 33.6 + 3.2 and 16.5 = 9.4% of
control. In contrast, the relative ER mRNA lev-
els in cultures treated with 10 nM TCDD were
not significantly affected throughout the entire
time course.

Effects of TCDD, and E,, and TPA on
Immunochemical Detection of ER in MCF-7 Cells

In previous studies by others [Harris et al.,
1990}, the suppression of occupied nuclear ER
isolated from high-salt nuclear extracts of TCDD-
treated MCF-7 cells after a 1-h pretreatment
with 1 nM [3H] E; was reported. Since this
concentration of E, is slightly above the K, for
E,-ER interaction, it is possible that use of this
preloading procedure under conditions of less
than ER saturation could lead to equivocal re-
sults in regard to estimation of total ER. This is
because virtually all of the ER is localized in the
nucleus and any metabolism of subsaturating E,
levels occurring in the cytoplasm would result in a
reduction of nuclear E, levels and subsequent reduc-
tion of occupied nuclear receptor. This would result
in an increased loss of the unoccupied ER during
the low-salt nuclear preparation. Furthermore,
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while the enzyme-linked immunosorbent assay
(ELISA) used on the high-salt nuclear extracts in
these studies would give an accurate determination
of the level of occupied nuclear ER, which is depen-
dent on the condition of the pretreatment, it could
give an underestimation of total cellular ER.
Studies were therefore conducted to deter-
mine the effect of TCDD on total cellular ER
protein by using an ER-specific immunocyto-
chemical assay that was independent of nuclear
isolation procedures. The localization of the ER
as primarily nuclear, as reported using cytologi-
cal preparations (Murdoch and Gorski, 1991),
was confirmed (Fig. 4). Extensive nuclear stain-
ing was observed in both the control (Fig. 4A)
and TCDD-treated cultures (Fig. 4B) at approxi-
mately equivalent levels, whereas the cultures
treated with 1 nM E, (Fig. 4C) or 100 nM TPA
(Fig. 4D) both showed reduced levels of nuclear

staining. Replicate preparations were subjected
to image analysis for quantitation of immunore-
active ER by using the CAS system. The total
positive staining is presented in Figure 5, which
shows, as is consistent with Figures 3 and 4,
that treatment with 1 nM E, or 100 nM TPA
resulted in a large reduction in immunoreactive
ER. Conversely, treatment with 10 nM TCDD
resulted in a minor, although significant, effect
on nuclear staining.

Effect of TCDD on ER Ligand Binding Under
Saturating Conditions

Initial studies were performed to determine
the saturation kinetics of E; binding to the ER
of MCF-7 cells. The results shown in Figure 6
indicate that an E, concentration of 1 nM ap-
proaches saturation, while a concentration of 10
nM is clearly saturating. Further [*H]E, binding

Fig. 4. Effects of TCDD, E,, and TPA on immunocytochemical
detection of ER in MCF-7 cells. Total cellular ER was detected
using the Estrogen Receptor-immunocytochemical Assay (ER-
ICA, Abbott). MCF-7 cultures were incubated for 72 h untreated
or in the presence of 0.1% DMSO (A), 10 nM TCDD (B), 1 nM
E; (C), or 100 nM TPA (D). In these representative micrographs,

the dark brown DAB reaction product of the enzyme-linked
assay is localized to the nuclei and appears as dark gray to black
as in panels A and B, while the methy! green counter-stained
nuclei appear light gray as in C and D. Untreated and contro}
antibody-treated wells showed no positive DAB staining (data
not shown). The bar represents 100 pm.
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Fig. 5. Quantitation of TCDD, E;, and TPA treatment on
immunocytochemical staining of ER in MCF-7 cells. Total cellu-
lar ER was stained using the ER-ICA system as described in
figure 4 and percent positive staining was determined using the
CAS image analysis system described in Materials and Meth-
ods. *P < 0.05 by Student’s t-test. For DMSQ, n = 18; TCDD,
n=18;E;,n=9,TPAn =9,

studies were performed with MCF-7 cells pre-
treated for three days with 10 nM TCDD or 100
nM TPA. The results (Fig. 7) indicate that un-
der the less than saturating conditions of 1 nM
[BH]E,, pretreatment with TCDD resulted in a
49% suppression of specifically bound [PH]E, as
compared with controls. However, this suppres-
sion was not observed when the concentration of
the [BH]E, ligand was increased to 10 nM, a
saturating concentration, indicating that the to-
tal binding capacity for E,, or the total receptor
number, had not been appreciably altered by
pretreatment with TCDD. In contrast, pretreat-
ment with 100 nM TPA caused a 60% decrease
in [3H]E, binding under the saturating condi-
tions. These results indicate that the down-
regulation of ER expression caused by pretreat-
ment with TPA is consistent with a reduction in
the receptor number, but suggest that the sup-
pression of ER binding observed with 1 nM
[H]E, after pretreatment with TCDD is primar-
ily due to a mechanism unrelated to ER down-
regulation.
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Fig. 6. Saturation kinetics of [3H] 17B-estradiol specific bind-
ing in MCF-7 cells. Total [3H]E; binding in confluent cultures of
intact cells was measured by liquid scintillation counting, using
the indicated concentrations in the absence or presence of
200-fold nonlabeled E; to determine total binding and nonspe-
cific binding respectively. Specific binding was calculated by
subtracting the nonspecific binding from the total binding val-
ues and percent maximum specific binding is presented using
the value from 3 nM [3H]E; as 100%. Each point is the mean of
six replicates £SEM.

It is possible that the TCDD-mediated suppres-
sion observed with 1 nM [3H]E, could be due to
availability of less ligand for binding to the
nuclear ER. This could be due to metabolism of
the [BH]E, by TCDD-induced P450s known to
catalyze the hydroxylation of E, [Spink et al.,
1990; 1992a,b; 1994a,b]. Based on the results of
co-treatment experiments, it has been proposed
that the Ah-receptor ligand a-naphthoflavone
(aNF) inhibits the antiestrogenicity of TCDD by
competition with TCDD for binding to the Ah
receptor [Merchant et al., 1990]. The fact that
aNF is also a P450 inhibitor was not considered
in this report.

Since aNF both competes with TCDD for bind-
ing to the Ah receptor and also inhibits the
TCDD-induced metabolism of E, catalyzed by
CYP 1A1 [Spink et al., 1992a], the mechanism
for suppression of TCDD-mediated antiestroge-
nicity by aNF has not been established. Studies
were carried out to clarify this mechanism. Since
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Fig. 7. Effect of TCDD, TPA, and a-naphthoflavone on 1 nM
and 10 nM [3H] E; specific binding in MCF-7 cells. Percentage
of nontreated control specific binding was determined in intact
cells using confluent MCF-7 cultures after a 72-h exposure to
the 0.1% DMSO vehicle, 10 nM TCDD, and 100 nM TPA
together with 1 nM [*H]E; (open bars) or 10 nM I*H]E, (black
bars) as in figure 6. Results of treatment with 5 pM a-naphtho-
flavone (aNF) during the last hour of the 72-h 10 nM TCDD
treatment are shown on the right. Results are a mean of eight
replicates =SEM.

we established that co-incubation of aNF with
E, for 0.5 h resulted in substantial inhibition of
E, metabolism under cell free in vitro conditions
[Spink et al., 1992a] it was concluded that little
time is required for the aNF-P450 interaction to
occur. This is in contrast to the time that would
be required for the Ah-receptor-mediated ef-
fects, which involve inhibition of gene expres-
sion and subsequent decay of CYP1Al activity.
Therefore, aNF treatment was undertaken dur-
ing the last hour of a three-day TCDD treatment
before binding assessment using 1 nM [*H]E,.
Induction of P450 by TCDD is known to be
maximal by 72 h and is highly persistent, mak-
ing it unlikely that this late addition of aNF
would affect P450 levels, while it would be effec-
tive at inhibiting P450 enzyme activity. As shown
in Figure 7, this short treatment was sufficient
to reduce the TCDD-induced suppression of
[BH]E, specific binding detected at 1 nM [3H]E,.
This result supports the possibility that TCDD-

induced E; metabolism through induction of
P450 is responsible for the reduction of [3H]E,
specific binding and reduction of occupied
nuclear ER under subsaturating conditions of
ligand binding.

DISCUSSION

The present results indicate a lack of TCDD-
mediated modulation of total ER in the human
estrogen-responsive MCF-7 breast cancer cell
line. Exposure to TCDD was shown to have no
effect on the ER MRNA levels, little effect on the
amount of immunocytochemically detectable ER
protein, and no effect on the level of maximal E,
binding under saturating conditions. These re-
sults are consistent with the lack of effect of
exposure to TCDD on MCF-7 cell ER-binding
affinity and receptor number reported previ-
ously from this laboratory using multidose li-
gand-binding studies with Scatchard analysis
[Gierthy et al., 1987]. They do not support
mechanisms of ER regulation by TCDD involv-
ing alterations in the rate of ER gene transcrip-
tion, the receptor number, or the total E, bind-
ing capacity of TCDD-treated MCF-7 cultures.

It has been reported by others that exposure
to TCDD results in a down-regulation of the ER
in liver [Romkes et al., 1987; Lin et al., 1991;
DeVito et al., 1992] and uterus of rodents in
vivo. These conclusions were based on ER mRNA
steady-state levels determined by Northern
analysis, ligand-binding analysis, and by deter-
mination of ER protein levels by ELISA. The
fact that TCDD down-regulates ER expression
in rodent liver and uterus [Romkes et al., 1987;
DeVito et al., 1992; Colella and Gallo, 1993] but
does not affect ER levels in MCF-7 cells may be
explained by well-known differences in the tissue-
specific regulation of the ER. In both rodent
liver and immature rodent uterus, E; up-regu-
lates the ER levels [Shupnick et al., 1989]. In
contrast, E, is known to down-regulate the ER
in the MCF-7 cell line as shown by others [Hor-
witz and McGuire, 1980; Saceda et al., 1988;
Cho et al., 1991; Borras et al., 1994] and con-
firmed by results presented here (Figs. 2, 3, 5).
Thus TCDD would not necessarily be expected
to alter expression of the ER in MCF-7 cells in a
similar manner as it does in rodent liver and
uterus.

It is possible that TCDD may be active through
two independent tissue-specific mechanisms for
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regulation of ER and antiestrogenic activity, one
active in the rodent liver and uterus and another
active in the human MCF-7 cell line. However,
based on known tissue differences in E, regula-
tion of ER, an alternative common mechanism
is possible. It is known that TCDD is one of the
most potent inducers of P450s in rodents [Ked-
daris et al., 1991] and in MCF-7 cells [Jaswalil et
al., 1985; Spink et al., 1990]. Since members of
this enzyme superfamily are known to catalyze
E; metabolism both in rodent tissue [Namkung
et al., 1985; Graham et al., 1988] and in MCF-7
cells [Spink et al., 1990; 1992a,b; 1994a,b], pos-
sibly the mechanism of TCDD-mediated suppres-
sion of the ER in rodent liver and uterus in-
volves intracellular E, depletion due to elevated
rates of P450 catalyzed metabolism of E, to
nonestrogenic metabolites. This depletion would
probably not alter circulating levels of E,, owing
to a very efficient feedback system that main-
tains homeostasis. However, tissue-specific me-
tabolism of E, and suppression of intracellular
levels of the hormone may reduce the concentra-
tion of E, that reaches the nucleus, where essen-
tially all of the ER is located in association with
chromatin [Murdoch and Gorski, 1991). The
depression of intracellular levels of E,, indepen-
dent of circulating E, levels, could result in the
observed down-regulation of Ey;-maintained ER
levels in liver [DeVito et al., 1992] and the
inhibition of Es-enhanced ER levels in the imma-
ture rodent uterus [Romkes et al., 1989]. Specifi-
cally, the observed down-regulation of the E;-
regulated expression of ER in vivo in these
studies may be a secondary effect of the induc-
tion of E, metabolism in these tissues by TCDD.

The lack of effect of TCDD on total ER in
MCF-7 cells reported here is also consistent
with this metabolic intracellular depletion of E,.
Since E; exposure has been shown to down-
regulate ER expression in this breast cell line
[Horwitz and McGuire, 1980; Saceda et al., 1988;
Cho et al., 1991; Borras et al., 1994], an environ-
ment low in E; would result in maximal levels of
ER. In this case, TCDD-induced P450 would be
expected to have no effect on ER levels, since the
system is already low in E,, and its suppressive
effect of ER expression would therefore be ab-
sent. However, in an estrogen-rich environ-
ment, TCDD-induced metabolism would sup-
press E; levels and result in reduced E,-ER
binding at the nuclear site of the ER, resulting

in suppression of E,-sensitive physiological re-
sponses.

Support for this hypothesis would require
demonstration of relevant levels of E, metabo-
lism induced by corresponding levels of TCDD
and verification of a decrease in E, reaching the
nuclear site of the ER. First, studies carried out
in these laboratories showed that TCDD causes
a marked increase in the rate of metabolism of
E, in MCF-7 cells [Spink et al., 1990]. Rates of
microsomal P450-catalyzed hydroxylation of E,
at the C-2, -4, -6q, and -15a positions were each
elevated more than tenfold. The TCDD-induced
metabolism resulted in the depletion of 10 nM
levels of E; in MCF-7 cultures within 24 h of E,
exposure to TCDD-treated cultures. In TCDD-
treated cultures 2- and 4-methoxyestradiol,
which are without significant estrogenic activ-
ity, were the major metabolites formed. In fact,
2-methoxyestradiol has been shown to disrupt
cell-cycle events in MCF-7 cells [Lottering et al.,
1992] and suppress tumor growth [Fotis et al.,
1994]. Lesser amounts of 6a-hydroxyestradiol
and 15a-hydroxyestradiol, metabolites with low
estrogenic activity, were also formed in response
to treatment with TCDD, whereas 16a-hy-
droxyestradiol, a metabolite with estrogenic ac-
tivity similar to that of E, [Pasqualini et al.,
1986], was a very minor metabolite both in
microsomal incubations and in assays with in-
tact cells with or without prior exposure to TCDD
[Spink et al., 1990, 1992b, 1994a].

The second aspect of supportive evidence for
relation of TCDD antiestrogenicity to E, deple-
tion through cytoplasmic metabolism is the dem-
onstration of diminished E, reaching the nucleus
and binding to the ER in TCDD-treated cells.
Harris and coworkers [Harris et al., 1990] dem-
onstrated that, under specific conditions, expos-
ing MCF-7 cultures to TCDD results in an ap-
proximately 50% suppression of occupied nuclear
ER. In these studies there was a 1-h pre-
exposure of intact cells to 1 nM [*H]E,, which is
slightly above the K, for ER-E, interaction and
less than the concentration necessary to fully
achieve saturation in these cells. Occupied ER
levels were then determined after low-salt
nuclear isolation followed by sucrose gradient
analysis of a high-salt nuclear extract. These
procedures ensure recovery of occupied (high-
salt extractable) ER [Murdoch and Gorski, 1991].
It should be noted that in these procedures
unoccupied ER is not recovered in the nuclear
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preparation, and the level of occupied nuclear
ER determined is strictly dependent on the
nuclear E, concentration at the time of extrac-
tion. Since ER-ligand binding studies at saturat-
ing E, show little change in receptor number in
MCF-7 cells after exposure to TCDD (Fig. 5), the
reduced levels of occupied nuclear ER observed
by Harris et al. [1990] with 1 nM E; could reflect
a reduced nuclear E, concentration. Studies us-
ing immunological analysis of the high-salt
nuclear extracts confirmed this suppression of
occupied nuclear ER [Harris et al., 1990]. In
addition, a suppressed electrophoretic mobility
of a radiolabeled consensus estrogen-response
element by incubation with high-salt nuclear
extracts from TCDD-treated MCF-7 cells was
also cited in support of a decrease in the amount
of occupied nuclear ER [Wang et al., 1993].
Since levels of [*H]E, that were not saturating
were used in the pretreatment before nuclear
extraction, there are at least two explanations
for the TCDD-mediated suppression of occupied
nuclear ER in those studies: (1) there is a tran-
scriptional, translational, or post-translational
alteration of ER resulting in decreased receptor
number or altered ligand-binding properties; or
(2) the decrease in occupied ER in the high-salt
nuclear extracts is the result of less [FH]E, tra-
versing the cytoplasm and consequently a lower
nuclear E, concentration. The first possibility is
unlikely owing to the results of our previous
ligand-binding studies of total ER [Gierthy et
al., 1987] and those presented here (Fig. 7).
Studies by Northern analysis showing no ef-
fect of TCDD on ER mRNA in MCF-7 cells after
24-h exposure were reported [Wang et al., 1993];
in subsequent studies a 30% reduction in the
relative ER mRNA level was observed after 72 h
of treatment [Lu et al., 1994]. In the current
study, we did not observe any reduction in the
relative ER mRNA levels throughout the 72-h
time course of treatment with TCDD when com-
pared with concurrent controls treated with only
the solvent vehicle (Figs. 2, 3). It should be noted
that, in the Northern analyses and in the RNase
protection assay used in the current studies, the
ER mRNA levels were determined relative to
the level of a different constitutive RNA present
in MCF-7 cells. The B-tubulin mRNA was used
to standardize ER mRNA levels in Northern
blot analyses [Wang et al., 1993; Lu et al., 1994],
and the 36B4 mRNA was used for standardiza-
tion in the RNase protection assay reported here
as described by Saceda et al. [1991]. Possible

minor effects of exposure to TCDD on the B-tu-
bulin and/or 36B4 MRNA levels may account
for the fact that we did not observe the slow
decrease in the relative ER mRNA level in re-
sponse to TCDD exposure reported by Lu et al.
[1994]. In any event, the effect of exposure to
TCDD on ER mRNA levels is, at most, relatively
minor and appears to be too slow to account for
most of the antiestrogenic effects of TCDD in
MCF-7 cells that have been reported.

Other reports and reviews suggest that sup-
pression of occupied nuclear ER in high-salt
nuclear extracts of TCDD-treated MCF-7 cells is
equivalent to suppression of total nuclear and/or
cellular ER [Safe et al., 1991]. In the present
report, the effects of TCDD exposure on total
(i.e., nuclear) ER levels in MCF-7 cells are clari-
fied and the significance of the TCDD-mediated
suppression of occupied-nuclear ER in relation
to cytoplasmic E; depletion by TCDD-induced
metabolism is suggested. Results of the present
report confirm and extend the earlier total ER-
binding studies by showing that TCDD has little
or no effect on ER expression or function in
MCF-7 cells as determined by ligand-binding
studies performed with saturating levels of
[*HIE,, by RNase protection assays for ER
mRNA levels, and by ER immunocytochemical
assays.

ACKNOWLEDGMENTS

We gratefully acknowledge the secretarial as-
sistance of Jill Colfels and the technical exper-
tise of Hillary Sussman. This study was sup-
ported by National Institute of Environmental
Health Services Grant ES03561.

REFERENCES

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman
JG, Smith JA, Struhl K (eds.) (1987): “Current, Protocols
in Molecular Biology.” New York: John Wiley & Sons.

Birnbaum LS (1994): The mechanism of dioxin toxicity:
Relationship to risk assessment. Environ Health Perspect
102(Suppl 9):157-167.

Borras M, Hardy L, Lempereur F, Khissiin AH, Legros N,
Gol-Winkler R, Leclercq G (1994): Estradiol-induced down
regulation of estrogen receptor. Effects of various modula-
tors of protein synthesis and expression. J Steroid Bio-
chem Mol Biol 48:325-336.

Cho H, Ng PA, Katzenellenbogen BS (1991): Differential
regulation of gene expression by estrogen in estrogen
growth-independent and -dependent MCF-7 human breast
cancer cell sublines. Mol Endocrinol 5:1323-1330.

Chomeynski P, Sacchi N (1987): Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal Biochem 162:156-159.



MCF-7 Estrogen Receptor Regulation 183

Colella TA, Gallo MA (1993): Down-regulation of hepatic
estrogen receptor mRNA in 2,3,7,8-TCDD treated CD-I
mice. The Toxicol 13:102.

Couture LA, Abbot BDE, Birnbaum LS (1990): A critical
review of the developmental toxicity and teratogenicity of
2,3,7,8-tetrachlorodibenzo-p-dioxin: Recent advances to-
ward understanding the mechanism. Teratology 45:619-
627.

DeVito MJ, Thomas T, Martin E, Umbreit TH, Gallo MA
(1992): Antiestrogenic action of 2,3,7,8-tetrachlorodibenzo-
p-dioxin: Tissue-specific regulation of estrogen receptor in
CD 1 mice. Toxicol App! Pharmacol II 3:284—-292.

Fotis T, Zhang Y, Pepper MS, Aldercreutz H, Montesano R,
Nawroth PP, Schweigerer L (1994): The endogenous oes-
trogen metabolite 2-methoxyoestradiol inhibits angicgen-
esis and suppresses tumor growth. Nature 368:237-239.

Gallo NM, Heese EJ, MacDonald GJ, and Umbreit TH
(1986): Interactive effects of estradiol and 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin on hepatic P-450 and mouse uterus.
Toxicol Lett 32:123-132.

Gierthy JF, Lincoln DW, Gillespie MB, Seeger JI, Martinez
HL, Dickerman HW, Kumar SA (1987): Suppression of
estrogen-regulated extracellular tissue plasminogen acti-
vator activity of MCF-7 cells by 2,3,7,8-tetrachlorodibenzo-
p-dioxin. Cancer Res 47:6198-6203.

Gierthy JF, Lincoln DW, Roth KE, Bowser SS, Bennett JA,
Bradley L, Dickerman HW (1991): Estrogen-stimulation
of postconfluent cell accumulation and foci formation of
human MCF-7 breast cancer cells. J Cell Biochem 45:177—
187.

Graham MJ, Lucier GW, Linko P, Maronpot RR, Goldstein
JA (1988): Increases in P-450 mediated 17B-estradiol 2-hy-
droxylase activity in rat liver microsomes after both acute
administration and subchronic administration of 2,3,7,8-
tetrachlorodibenzo-p-dioxin in a two stage hepatocarcino-
genesis model. Carcinogenesis 9:1935-1941.

Greene GL, Gilna P, Waterfield M, Baker A, Hort Y, Shine J
(1986): Sequence and expression of human estrogen recep-
tor complementary DNA. Science 231:1150-1154.

Harris M, Zacharewski T, Safe S (1990): Effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin and related compounds on
the occupied nuclear estrogen receptor in MCF-7 breast
cancer cells. Cancer Res 50:3579-3584.

Horwitz K, McGuire WL (1980): Nuclear estrogen receptors.
Effects of inhibitors on processing and steady state levels.
J Biol Chem 255:9699-9705.

Jaswail AK, Gonzalez FJ, Nebert DW (1985): Human dioxin-
inducible P;-450: Complementary DNA and amino acid
sequence. Science 228:80-83.

Kedderis LB, Diliberto JJ, Linko P, Goldstein JA, Birnbaum
LS (1991): Disposition of 2,3,7,8-tetrabromodibenzo-p-
dioxin and 2,3,7,8-tetrachlorodibenzo-p-dioxin in the rat:
biliary excretion and induction of cytochromes CYPIAl
and CYPIAZ. Toxicol Appl Pharmacol 111:163-172.

Lin FH, Stohs SJ, Birnbaum LS, Clark G, Lucier GW,
Goldstein JA (1991): The effects of 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD) on hepatic estrogen and glucocor-
ticoid receptors in congenic strains of Ah responsive and
Ah nonresponsive C57BL/6J mice. Toxicol Appl Pharma-
col 108:129-139.

Lottering ML, Haag M, Seegers JC (1992): Effects of 178-
estradiol metabolites on cell cycle events on MCF-7 cells.
Cancer Res 52:5926-5932.

Lu Y, Wang X, Safe S (1994): Interaction of 2,3,7,8-
tetrachlorodibenzo-p-dioxin and retinoic acid in MCF-7

human breast cancer cells. Toxicol Appl Pharmacol 127:
1-8.

Masiakowski P, Breathnach R, Block J, Gannon F, Krust A,
Chambon P (1982): Cloning of ¢cDNA sequences of hor-
mone-regulated genes from the MCF-7 breast cancer cell
line. Nucleic Acids Res 10:7895-7903.

Merchant M, Arellano L, Safe S (1990): The mechanism of
action of a-naphthoflavone as an inhibitor of 2,3,7,8-
tetrachlorodibenzo-p-dioxin-induced CYPIAI gene expres-
sion. Arch Biochem Biophys 281:84-89.

Murdoch FE, Gorski J (1991): The role of ligand in estrogen
receptor regulation of gene expression. Mol Cell Endocri-
nol 78:C103-C108.

Namkung MJ, Porubek DJ, Nelson SD, Juchau MR (1985):
Regulation of aromatic oxidation of estradiol-17p in mater-
nal hepatic, fetal hepatic and placental tissues: compara-
tive effects of a series of inducing agents. J Steroid Bio-
chem 22:563-567.

Pasqualini JR, Gelly C, Lecerf F (1986): Biological effects
and morphological responses to estriol, estriol-3-sulfate,
estriol-1 7-sulfate and tamoxifen in a tamoxifen-resistant
cell line (R-27) derived from MCF-7 human breast cancer
cells. Eur J Cancer Clin Oncol 22:1495-1501.

Ree AH, Landmark BF, Walaas SI, Lahooti H, Eikvar L,
Eskild W, Hansson V (1991): Down regulation of messen-
ger ribonucleic acid and protein levels for estrogen recep-
tors by phorbol ester and calcium in MCF-7 cells. Endocri-
nology 128:339-344.

Romkes M, Piskorska-Pliszczynska J, Safe S (1987): Effects
of 2,3,7,8-tetrachlorodibenzo-p-dioxin on hepatic and uter-
ine estrogen receptor levels in rats. Toxicol Appl Pharma-
col 87:6198-6203.

Saceda M, Lippman ME, Chambon P, Lindsey RL, Ponglikit-
mogkol M, Puente M, Martin MB (1988): Regulation of
the estrogen receptor in MCF-7 cells by estradiol. Mol
Endocrinol 2:1157-1162.

Saceda M, Knabbe C, Dickson RB, Lippman ME, Bronzert
D, Lindsey RK, Gottardis MM, Martin MB (1991): Post-
transcriptional destabilization of estrogen receptor mRNA
in MCF-7 cells by 12-0-tetradecanoylphorbol-13-acetate. J
Biol Chem 266:17809-17814.

Safe S, Astroff B, Harris M, Zacharewski T, Dickerson R,
Romkes M, Biegel L (1991): 2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD) and related compounds as antiestrogens:
Characterization and mechanism of action. Pharmacol
Toxicol 69:400-409.

Shupnik MA, Gordon MS, Chin WW (1989): Tissue-specific
regulation of rat estrogen receptor mRNAs. Mol Endocri-
nol 3:660-665.

Spink DC, Lincoln DW, Dickerman HW, Gierthy JF (1990):
2,3,7,8-tetrachlorodibenzo-p-dioxin causes an extensive al-
teration of 17B-estradiol metabolism in MCF-7 breast
tumor cells. Proc Natl Acad Sci USA 87:6917-6921.

Spink DC, Eugster H-P, Lincoln DW, Schuetz JD, Schuetz
EG, Johnson JA, Kaminsky LS, Gierthy JF (1992a): 17p-
Estradiol hydroxylation catalyzed by human P4501A1: a
comparison of the activities induced by 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin in MCF-7 cells with those from heter-
ologous expression of the cDNA. Arch Biochem Biophys
293:342-348.

Spink DC, Lincoln DW, Johnson JA, Dickerman HW, Gier-
thy JF (1992b): Stimulation of 17B-estradiol metabolism
by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Chemosphere 25:
87-90.



184 Gierthy et al.

Spink DC, Johnson JA, Connor SP, Aldous KM, Gierthy JF
(1994a). Stimulation of 17B-estradicl metabolism in
MCF-7 cells by bromochloro- and chloromethyl-substi-
tuted dibenzo-p-dioxins and dibenzofurans: Correlations
with antiestrogenic activity. J Toxicol Environ Health
41:451-466.

Spink DC, Hayes CL, Young NR, Christou M, Sutter TR,
Jefcoate CR, Gierthy JF (1994b): The effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin on estrogen metabolism in
MCF-7 breast cancer cells: evidence for induction of a
novel 17B-estradiol 4-hydroxylase. J Steroid Biochem Mol
Biol 51:251-258.

Tzukerman M, Zhang X-K, Pfahl M (1991): Inhibition of
estrogen receptor activity by the tumor promoter 12-0-
tetradecanoylphorbol-13-acetate: A molecular analysis.
Mol Endocrinol 5:1983-1992.

Umbreit TH, Hesse EJ, MacDonald GJ, Gallo MA (1988):
Effects of TCDD-estradiol interactions in three strains of
mice. Toxicol Lett 40:1-9.

Umbreit TH, Gallo MA (1988): Physiological implications of
estrogen receptor modulation by 2,3,7,8-tetrachlorodiben-
zo-p-dioxin. Toxicol Lett 42:5-14.

Umbreit TH, Scala PL, MacKenzie SA, Gallo MA (1989):
Alteration of acute toxicity of 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) by estradiol and tamoxifen. Toxicology
59:163-169.

Wang X, Porter W, Krishnan V, Narasimhan TR, Safe S
(1993): Mechanism of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)-mediated decrease of the nuclear estrogen recep-
tor in MCF-7 human breast cancer cells. Mol Cell Endocri-
nol 96:159-166.





