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Summary—The effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on the growth of
estrogen-responsive MCF-7 human breast cancer cells in the presence of 17f-estradiol was
determined. After treatment with 17f-estradiol (1 nM), TCDD (10 nM) and 178-estradiol
(1 nM) plus TCDD (10 nM) the cells were monitored daily for cell growth and DNA content
for 7 days. The results showed that TCDD inhibited cell proliferation and DNA content of
untreated cells and inhibited the 178-estradiol-stimulated cell proliferation and increase in
cellular DNA content. In contrast, TCDD did not effect the growth of estrogen non-responsive
MDA-MB-231 human breast cancer cells. TCDD (0.1-10 nM) also caused a concentration-
dependent decrease in the 17§-estradiol-induced proliferation in MCF-7 cells. The effects of
TCDD on the 178-estradiol-induced secretion of the 52-kDa protein (i.e. procathepsin D), the
34-kDa (cathepsin D) and 160-kDa proteins were also determined in the MCF-7 and
MDA-MB-231 human breast cancer cell lines. The levels of the proteins were determined by
autoradiographic analysis of the incorporation of [*S]methionine into the secreted proteins
which were separated by denaturing sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis. Treatment of MCF-7 cells with 178 -estradiol (1 nM), TCDD (10 and 100 nM) and
178 -estradiol (1 nM) pius TCDD (10 nM) resulted in levels of the 52-kDa protein which were
497, 63.6, 98.1 and 66.3%, respectively, of the corresponding levels observed in control
(untreated) cells. Using the same concentrations, the levels of the 34-kDa protein secreted into
the media were 372, 42.3, 64.0 and 43.8% of control values, respectively, and the correspond-
ing levels of the 160-kDa protein were 381, 52.9, 71.2 and 76.6% of the control values,
respectively. In contrast, treatment of MDA-MB-231 cells with 17§-estradiol (1 nM), TCDD
(10 and 100 nM) and 17B-estradiol (1 nM) plus TCDD (10 nM) resulted in a 31-39%
reduction in the secretion of the 52-kDa protein however these effects were not statistically
different from the control values. In addition, the treatments did not cause any significant
effects on the secretion of the 34- and 160-kDa proteins by MDA-MB-231 cells. These results
clearly confirm and extend the range of antiestrogenic effects caused by TCDD in estrogen-
responsive MCF-7 cells and indicate that the MDA-MB-231 cells are not responsive to the
antiestrogenic effects of TCDD.

INTRODUCTION

MCF-7 human breast cancer cells contain rela-
tively high levels of the estrogen receptor and
these cells have been extensively utilized to
investigate the cellular and molecular mechan-
isms of estrogen-stimulated gene transcription
and growth[1-7]. The treatment of MCF-7
cells with estrogens results in increased
growth [2, 6, 7) which is accompanied by the
induction of a number of enzymes[8-10]
and the enhanced secretion of several pro-
teins [11-16]. One of the secreted proteins,
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designated the 52-kDa protein, is an aspartyl
protease which has been identified as procathep-
sin D1, 11,12, 14, 17]. This protein acts as a
mitogenic factor and stimulates the growth of
MCF-7 cells. In addition, this enzyme degrades
the extracellular matrix from bovine endothelial
cells and this proteolytic property may be an
important factor in facilitating tumor invasion
of these cells in acidic environments. Treatment
of MCF-7 cells also enhances the secretion of a
34- and 160-kDa protein[19] and the former
protein has been identified as the mature form
of the enzyme cathespin D. It has recently been
reported that high levels of either the 34- or
52-kDa proteins in human breast cancer tissue
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were significant predictors of reduced disease-
free survival in some groups of patients [20, 21].

Several studies have reported that tri-
phenylethylene-derived antiestrogens such as
tamoxifen inhibit several estrogen-stimulated
processes in MCF-7 cells including growth
and the secretion of several proteins
including the 34-, 52- and 160-kDa pro-
teins [1-6, 14, 19, 22-24]. Recent studies have
reported that 2,3,7.8-tetrachlorodibenzo-p-
dioxin (TCDD) and related compounds also
exhibit several antiestrogenic responses in the
rodent uterus [25-29] and MCF-7 cells in cul-
ture [30, 31]. For example, in the rat uterus,
TCDD caused a dose-dependent decrease in
constitutive and estrogen-induced nuclear and
cytosolic estrogen and progesterone receptor
levels, and uterine peroxidase activity [26-29].
TCDD also inhibits estrogen-induced increases
in rat uterine wet weight and exhibits compar-
able antiestrogenic activities in mice [25]. It has
also been reported that estrogen-responsive
MCF-7 human breast cancer cells contain the
TCDD or aryl hydrocarbon (Ah) receptor pro-
tein and are also responsive to the effects of
TCDD and related compounds on the induction
of CYPIA1 gene expression (32, 33]. Gierthy
and co-workers have reported that TCDD
inhibited cell growth, postconfluent focus pro-
duction and the estrogen-induced secretion of
tissue plasminogen activator activity in MCF-7
cells [30, 31].

This paper reports the effects of TCDD on
the constitutive and 178-estradiol-stimulated
growth and the secretion of the 34,- 52- and
160-kDa proteins in MCF-7 human breast
cancer cells in culture. In addition, parallel
experiments using estrogen and TCDD non-
responsive  MDA-MB-231 cells were also
carried out.

EXPERIMENTAL

Chemicals and biochemicals

The TCDD ( > 98% purity) was synthesized
in this laboratory. The radiolabeled ['“C]methyl-
ated protein kit and [*S]methionine (9.52 mCi/
ml) were purchased from Amersham and New
England Nuclear, respectively. All other chemi-
cals and biochemicals were the highest purity
available from commercial sources.

Cell proliferation assay

MCF-7 and MDA-MB-231 human breast
cancer cell lines, were obtained from the ATCC.
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Stock cultures were maintained in T-150
Corning plastic culture flasks, on RPMI 1640
medium, supplemented with 5% fetal calf
serum. Stock cultures were conditioned to grow
in RPMI 1640 medium supplemented with 3%
dextran-coated charcoal treated fetal calf serum.
Conditioned MCF-7 cells were suspended with
trypsin and seeded into T-25 plastic tissue cul-
ture flasks at a concentration of 5 x 10°
cells/flask. The cultures were allowed to incu-
bate at 37°C and 5% CO, for 24 h. The medium
was then removed, the cultures were washed
twice with phosphate-buffered saline (PBS) and
the cultures were refed with medium containing
10nsM TCDD, 1nM 17f-estradiol or 1nM
17f-estradiol plus 10 nM TCDD. DMSO was
used as the vehicle for the compounds as well as
the control studies. The cultures were refed daily
thereafter. Upon termination of the experiment,
the medium was removed and the cells were
washed twice with PBS. The cultures were
then trypsinized, the cells were counted and the
numbers were recorded. The cells were
centrifuged for 10 min at 3000 rpm. The trypsin
was removed and replaced with TEN buffer.
The cells were sonicated for 45s and then the
protein and DNA content were determined.

Cell culture conditions for analysis of the 34-, 52-
and 160-kDa proteins

The cells were maintained in a monolayer
with RPMI 1640 media, supplemented with
83 ug/l insulin and 5% fetal calf serum (FCS).
On day —7 the cells were washed twice with
PBS and passaged into RPMI 1640 medium
containing 83 ug/1 insulin and 3% FCS. On day
—2 the cells were washed twice with PBS and
were passaged into Corning 24-well culture
dishes with RPMI 1640 medium containing 3%
FCS, which had been treated with dextran-
coated charcoal (FCS-DCC), and no insulin, at
a concentration of 50,000 cells/well in 1 ml of
media. On day 0 the medium was removed, and
the cells were rinsed twice with PBS. The
medium was then replaced with RPMI 1640
containing 3% FCS-DCC, no insulin and one of
the following chemicals; 1 nM 17f-estradiol,
10nM TCDD, 100 nM TCDD or 1nM 178-
estradiol + 10 nM TCDD. The dose-response
effects of TCDD (10~'°-10~'3 M) were also de-
termined using a comparable protocol. The cells
were allowed to incubate for 48 h. The medium
was changed after 24 h; 6 h prior to the termin-
ation of the experiment, the medium was re-
moved, the cells were washed twice with PBS
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Fig. 1. The effects of 1 nM 178-estradiol, 10 nM TCDD and
I nM 178-estradiol plus 10 nM TCDD on the growth of
MCF-7 (top) and MDA-MB-231 (bottom) cells as a % of
(vehicle) control cell growth. The growth conditions are
summarized in the Experimental section. From days 5 to 7,
TCDD significantly (P < 0.05) inhibited the constitutive
and 178 -estradiol-induced growth of MCF-7 cells compared
to the control cells whereas no effects were observed in the
MDA-MB-231 cells.

% of controt (cells/ml)

and the medium was replaced with methionine-
deficient RPMI 1640 containing 3% FCS-DCC,
the same chemicals and 2 ul [*S]methionine
(10 mCi/ml) for a total volume of 200 ul. After
6 h the medium was removed, 10 ul was counted
and the remaining medium was used for analysis
of secreted proteins.

The secreted proteins were analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis; 30 ul of the medium was
mixed with an equal volume of buffer contain-
ing SDS, f-mercaptoethanol, glycerol, Tris and
bromophenol blue. The samples were heated for
2 min in a boiling water bath and 50 ul of each
sample was loaded onto a 1.5mm thick 12%
acrylamide slab gel (containing 0.075% bis-
acrylamide) with a 3% stacking gel (containing
0.15% bisacrylamide). The gels were run at
50 mV overnight and processed for fluorog-
raphy (using Enhance: Dupont) and exposed
to Kodak X-OMAT film for 10 days at
—80°C. The molecular weights of the proteins
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were estimated by their mobility relative to a set
of standard proteins with known molecular
weights.

The incorporation of [**S]methionine into the
34-, 52- and 160-kDa proteins was estimated by
scanning the films using a Zeineh Soft Laser
Scanning Densitometer (model SLR-20/10)
from Biomedical Instruments Inc. The percent-
age of the area of the scans due to the particular
protein was then compared between the exper-
imental and control samples and the results are
presented as means + SD for at least 3 samples
per treatment group.

RESULTS

Figure 1 summarizes the time-course effects
of 17B-estradiol (1 nM), TCDD (10 nM) and
17B-estradiol plus TCDD on the proliferation
of MCF-7 and MDA-MB-231 human breast
cancer cells in culture. 178-Estradiol signifi-
cantly increased proliferation of the MCF-7
cells whereas treatment with TCDD (10 nM)
decreased cell proliferation and significantly
inhibited 178 -estradiol-induced proliferation of
the MCF-7 cells from 5 to 7 days after initial
treatment. In contrast, the growth curves for
MDA-MB-231 cells treated with 17f-estradiol
(1nM), TCDD (10 nM) or 178-estradiol plus
TCDD were not significantly different from the
control cells after 7 days. Comparable results
were observed for the cellular DNA levels in
these cell lines (data not shown). The results
illustrated in Fig. 2 show that 17f-estradiol
(1 nM) caused an increase in the growth of
MCF-7 cells in culture and TCDD (0.1, 1.0, 5.0
and 10 nM) caused a concentration-dependent
decrease in 17f-estradiol-enhanced growth in
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Fig. 2. The concentration-dependent effects of TCDD (0.1,

1, 5 and 10 nM) in the presence or absence of 17f-estradiol

(1 nM) on the growth of MCF-7 cells in culture. The growth

conditions are summarized in the Experimental section and

the data in the figure summarize the cell number 7 days after
initial treatment.
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Fig. 3. The effects of 1 nM 178-estradiol, 10 and 100 nM
TCDD and 1 nM 178-estradiol plus 10 ntM TCDD on levels
of the 52-kDa protein secreted by MCF-7 (top) and MDA-
MB-231 (bottom) cells in culture. The cells were grown and
treated with the chemicals as described in the Experimental
section and labeling was achieved using [**S]methionine. The
levels of radiolabeled 52-kDa protein relative to the control
(untreated cells) were determined by fluorography and
densitometry. Each experiment was carried out in triplicate
and the results are expressed as means + SD. Treatment
with 1 nM 178 -estradiol significantly increased 52-kDa pro-
tein levels (P < 0.01) and treatment of the cells with TCDD
(10 or 100 nM) or TCDD (10 nM) plus 178-estradiol (1 nM)
all significantly decreased levels of excreted 52-kDa protein
(P <0.01). In contrast, the levels of the 52-kDa protein
secreted by the treated MDA-MB-231 cells were not signifi-
cantly different (P <0.01) than observed for the solvent
control cells.

MCEF-7 cells. Comparable results were observed
for the ng/DNA per flask (data not shown).

Preliminary time-course experiments indi-
cated that the maximum levels of the 17f-estra-
diol-stimulated secretion of the 52-kDa protein
occurred within 48-96 h after treatment of the
cells with 1 nM concentrations of the hormone.
Figures 3-5 summarize the relative levels of
incorporation of [**S]methionine into the 52-,
34- and 160-kDa proteins secreted by MCF-7
and MDA-MB-231 cells treated with 1 nM 178-
estradiol, 10nM TCDD, 100 nM TCDD and
10nM TCDD plus 1nM 178-estradiol. In
MCF-7 cells treated with 178-estradiol (1 nM)
the levels of the 34-, 52- and 160-kDa proteins
secreted into the medium were 372 + 150,
497 + 206 and 381 + 143% of the correspond-
ing levels secreted in control (untreated) cells;
the levels of these secreted proteins were signifi-
cantly decreased in MCF-7 cells treated with

10nM TCDD (42.3+7.39, 63.7+9.28 and
529+ 19.3%, respectively), 100nM TCDD
(64.0+18.1, 982+ 145 and 71.2+ 18.2%,
respectively) and 178-estradiol (1 nM) plus
TCDD (10 nM) (43.8 +25.4, 66.3+20.9 and
76.6 + 48.3%, respectively). In MDA-MB-231
cells with few exceptions, the levels of the 34-,
52- and 160-kDa proteins were not significantly
different from the values observed in the control

cells after treatment with 17f-estradiol
(146 +36.5, 61.2+50.6 and 94.7+16.2%,
respectively), 10nM TCDD (136 + 38.3,

67.1 £26.7 and 86.4 & 12.0%, respectively),
100nM TCDD (148 +50.9, 63.2 +29.5 and
120.7 + 43.0%, respectively) and 178 -estradiol
(InM) plus 10nM TCDD (128 % 56.5,
69.2 + 41.0 and 113 + 5.50%, respectively).
Table 1 summarizes the dose-dependent
effects of TCDD on the secretion of the 34-, 52-
and 160-kDa proteins in MCF-7 cells in the
presence or absence of 17f-estradiol. The data
indicate that TCDD causes a concentration-
dependent inhibition of the estrogen-induced
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Fig. 4. The effects of 1 nM 178-estradiol, 10 and 100 nM
TCDD and 1 nM 178 -estradiol plus 10 nM TCDD on levels
of the 34-kDa protein secreted by MCF-7 (top) and MDA-
MB-231 (bottom) cells in culture. The experimental proto-
cols were identical to those described in Fig. 3. The levels
of the 34-kDa protein were significantly (P < 0.01) greater
in cells treated with 17f-estradiol and significantly lower
(P <0.01) in cells treated with 10 or 100 nM TCDD and
10 nM TCDD plus 17B-estradiol compared to levels in the
solvent control cells. The levels of the secreted 34-kDa
protein in the MDA-MB-231 cells were not significantly
different in the treated or control cells.
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Fig. 5. The effects of 1 nM 17f-estradiol, 10 and 100 nM
TCDD and 178-estradiol plus 10 nM TCDD on levels of the
160-kDa protein secreted by MCF-7 (top) and MDA-MB-
231 (bottom) cells in culture. The experimental protocols
were identical to those described in Fig. 3. The levels of the
34-kDa protein were significantly (P < 0.01) greater in cells
treated with 178 -estradiol and significantly lower (P < 0.01)
in cells treated with 10 or 100 nM TCDD and 10 nM TCDD
plus [78-estradiol compared to levels in the solvent control
cells. The levels of the secreted 160-kDa protein in the
MDA-MB-231 cells were not significantly different in the
treated or control cells.

secretion of all 3 proteins and significant inhi-
bition was observed at concentrations of 1 pM
TCDD. Figure 6 illustrates a representative
autoradiograph of the ¥S-labeled proteins
secreted by MCF-7 cells treated with 17f5-
estradiol (1 nM), TCDD (10 and 100 nM)
and 17f-estradiol plus TCDD.
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DISCUSSION

MCF-7 human breast cancer cells are an
estrogen-responsive human breast cancer cell
line which contain relatively high levels of the
estrogen receptor. It has also been shown that
treatment of MCF-7 cells with TCDD results
in the induction of CYP1A1 gene expression
and the associated monooxygenases, aryl
hydrocarbon hydroxylase and ethoxyresorufin
O-deethylase activities [30-33]). Moreover, the
Ah receptor has also recently been identified in
this cell line [32, 33]. The results from this study
complement previous reports by Gierthy and
co-workers [30, 31] and confirms that TCDD
inhibits the growth of MCF-7 cells in culture in
both a time- and concentration-dependent
manner (Figs 1 and 2). These results are com-
parable to the growth inhibitory effects of non-
steroidal antiestrogens in MCF-7 cells [23, 24].
In contrast, TCDD does not significantly alter
the growth characteristics of MDA-MB-231
cells (Fig. 1) and these results correlate with the
failure of these cells to respond to the effects of
TCDD as an inducer of cytochrome P-4501A1
and related monooxygenases [32, 33]. The fail-
ure of these cells to respond to TCDD is
somewhat paradoxical since the cytosolic and
nuclear Ah receptor have been characterized in
this cell line [33]. The factor(s) responsible for
the Ah non-responsiveness of MDA-MB-231
cells are currently being investigated in this
laboratory.

The estrogen-induced secretion of the 52-
kDa protein, procathepsin D, in MCF-7
cells has been extensively characterized 1, 11—
14,17, 18, 23]. Treatment of MCF-7 cells
with *S-labeled methionine has been utilized
to determine the effects of estrogens and anti-
estrogens and their combination on the
secretion of the 52-kDa protein. This technique

Table 1. Concentration-dependent effects of TCDD on the 178-estradiol-induced secretion of
the 34-, 52- and 160-kDa proteins in MCF-7 cells

Concentration of the **S-labeled secreted proteins as
a per cent of the values for control cells

Treatment

(conc., nM)* 160-kDa 52-kDa 34-kDa
178 -estradiol 371 +£27.1 2251278 282+ 17.6
TCDD (0.1) 928 + 5.16 103 £ 4.35 94.5+13.3
TCDD (0.01) 90.4 +17.2 93.1+15.5 857+ 119
TCDD (0.001) 94.3 +3.00 87.7+4.89 952+ 128
TCDD (0.0001) 97.4+2.73 103 + 6.63 86.5 + 8.56
178 -estradiol + TCDD (0.0001) 321 +£29.0 164 +20.3 255 +37.8
174 -estradiol + TCDD (0.001) 167 +31.3° 126 + 4.62° 151 +20.7°
17f-estradiol + TCDD (0.01) 127 + 21.0° 103 + 4.39° 94.2 +24.0°
178 -estradiol + TCDD (0.1) 94,3 +5.23° 94.4 + 3.80° 94.9 + 11.4°

*The concentration of 17f-estradiol was 1 nM in all experiments. ®Significantly lower (P < 0.01)

than cells treated with 17f-estradiol alone.
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Fig. 6. Autoradiographic analysis of the 34-, 52- and

160-kDa proteins treated with 10 nM TCDD plus 178-estra-

diol (lane A), 178-estradiol (lane B), 10 nM TCDD (lane C)
and 100 nM TCDD (lane D).

can also be used to investigate the secretion
of other estrogen-induced proteins including
the 34-kDa protein, a processed form of
procathepsin D[17] and the 160-kDa pro-
tein[19]. The results summarized in Figs 3-6
demonstrate that TCDD (10 nM) significantly
decreased the 17f-estradiol-induced secretion
of the 34-, 52- and 160-kDa proteins in the
MCEF-7 cells. Moreover, the inhibitory effects of
TCDD were also observed in a concentration-
dependent fashion as summarized in Table 1.
The results obtained in this study for TCDD
were comparable to those observed in MCF-7
cells for the non-steroidal antiestrogen, tamox-
ifen [19].

Figures 3—5 summarize a parallel set of exper-
iments on the effects 17f-estradiol, TCDD and
their combination on the levels of the 52-kDa
protein secreted in the estrogen non-responsive
MDA-MB-231 cell line. The levels of 52-kDa
protein in cells treated with 1 nM 178 -estradiol,
10nM TCDD, 100nM TCDD and 10nM
TCDD plus 1 nM 17f-estradiol were 61.2, 67.1,
63.2 and 69.2% of the values observed for the
control (untreated) cells. However, analysis of
the results showed that there were no significant
differences between the levels of the 52-kDa
protein secreted in all of the treatment groups
and in the cells treated with the vehicle control
(DMSO). Moreover, comparable results were
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also observed for the 34- and 160-kDa proteins
and these data demonstrate that the interactive
effects of 178-estradiol and TCDD in MDA-
MB-231 cells were not significant with respect
to the secretion of these proteins. These results
are comparable to the effects of TCDD, 178-
estradiol and TCDD plus 17f-estradiol on
cell growth (Fig. 1) and confirm the Ah non-
responsiveness of this cell line. The results of
this study demonstrate that TCDD, like tamoxi-
fen[19] acts as a full estrogen antagonist in
MCEF-7 cells. TCDD does not exhibit agonist or
antagonist activity in the Ah non-responsive
MDA-MB-231 cell line, however Rochefort
and co-workers have reported that tamoxifen
increased the secretion of the 52-kDa protein in
the estrogen-insensitive R27 and RTx6 human
breast cancer cell lines [19].

The results reported in this study show
that TCDD caused a concentration-dependent
decrease in the secretion of the 17f-estradiol-
induced 34-, 52- and 160-kDa proteins in MCF-
7 cells (Table 1) and TCDD also suppressed cell
growth and proliferation. Results from previous
studies suggest that there are at least two poss-
ible mechanisms of action for TCDD as an
antiestrogen. The structure-dependent activities
of TCDD [26-29] are consistent with a direct
role for the Ah receptor which presumably
elicits antiestrogenic effects through altered gene
transcription [34]. Gierthy and co-workers [35]
have reported that the TCDD-mediated induc-
tion of aryl hydrocarbon hydroxylase activity is
paralled by induced 178-estradiol hydroxylase
activities. These data suggest that TCDD may
also act as an antiestrogen by increasing the
cellular oxidative metabolism of 178-estradiol
thereby decreasing constitutive levels of the
hormone. It has previously been shown that
TCDD does not significantly induce aryl hydro-
carbon hydroxylase activity in MCF-7 cells
at concentrations of 0.01 nM and lower [33].
However, the results summarized in Table 1
demonstrate that TCDD significantly inhibited
the 17f-estradiol-induced secretion of the 34-,
52- and 160-kDa proteins in MCF-7 cells at
concentrations of 0.01 and 0.001 nM. These
data not only illustrate the remarkable potency
of TCDD as an antiestrogen but also suggest
that these effects are not due to TCDD-induced
metabolism of 178-estradiol. This does not
necessarily exclude this pathway as a factor for
other antiestrogenic effects of TCDD which
may be observed at higher concentrations
(i.e> 0.01 nM).
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These results coupled with data from previous
studies [25-31] confirm the broad spectrum anti-
estrogenic activity of TCDD in estrogen-respon-
sive cells and target tissues. Moreover, the
differential responsiveness of the MCF-7 (Ah
responsive) and MDA-MB-231 (Ah nonrespon-
sive) cells to the antiestrogenic effects of TCDD
and the concentration-dependent activities
(Table 1) are consistent with a role for the Ah
receptor in mediating this process. The identity
of TCDD-induced factors which may be in-
volved in the antiestrogenic action of this com-
pound are currently being investigated.
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