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Abstract Purpose: 1,3,6,8-Substituted alkyl polychlori-
nated dibenzofurans (PCDFs), typified by 6-methyl-
1,3,8-triCDF (MCDF), inhibit 17f-estradiol (E2)-in-
duced responses in the rodent uterus and human breast
cancer cells. The major purpose of the experiments re-
ported here was to determine the structure-dependent
antiestrogenic activities of several alternate-substituted
(1,3,6,8- and 2,4,6,8-) PCDFs. Methods: The antiestro-
genic activities were determined in MCF-7 human breast
cancer cells using two assays, that is E2-induced cell
proliferation and induction of chloramphenicol acetyl
transferase (CAT) activity in cells transiently transfected
with the E2-responsive Vit-CAT plasmid. Results:
MCDF (107> M), 6-isopropyl-1,3,8-triCDF, 6-ethyl-
1,3,8-triCDF,  3-isopropyl-6-methyl-1,8-diCDF, and
6-methyl-2,4,8-triCDF, inhibited both E2-induced cell
proliferation and CAT activity in MCF-7 cells. All of the
remaining ten congeners inhibited either E2-induced cell
proliferation or CAT activity, but not both responses.
Conclusions: The antiestrogenic activity of the alternate-
substituted PCDFs involves interactions between the
aryl hydrocarbon and estrogen receptor signaling path-
ways. Although these compounds exhibited antiestro-
genic activity in MCF-7 cells, the effects of individual
congeners were response-specific, and there were no
apparent structure-activity relationships.
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Introduction

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and re-
lated halogenated aromatic hydrocarbons are industrial
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or combustion byproducts which have been identified as
contaminants in the environment and in human adipose
tissue, serum and milk [33]. TCDD induces a diverse
spectrum of biochemical and toxic responses in labora-
tory animals and mammalian cells including a wasting
syndrome, immunotoxicity, porphyria, reproductive and
developmental toxicity, carcinogenicity and modulation
of several enzyme activities [30, 33, 40]. The mechanism
of action of TCDD and related compounds has been
extensively investigated and the aryl hydrocarbon (Ah)
receptor has been identified as the intracellular protein
that mediates responses induced by these compounds
[30, 35, 37, 40]. The proposed mechanism of Ah recep-
tor-mediated responses was initially derived from studies
on the induction of CYP1A1 gene expression by aro-
matic hydrocarbons. The inducer passively diffuses into
target cells and initially binds to the cytosolic Ah re-
ceptor; the ligand-bound receptor translocates into the
nucleus and forms a heterodimer complex with the Ah
receptor nuclear translocator (Arnt) protein. The nu-
clear Ah receptor complex acts as a ligand-induced
transcription factor which interacts with cis-acting di-
oxin responsive elements (DREs) in the 5-promoter
regions of the Ah-responsive gene thereby triggering
transactivation [35, 37, 40].

TCDD and related compounds also inhibit the ex-
pression of several genes, and research in this laboratory
and others has focused on the antiestrogenic activity of
Ah receptor agonists [35]. TCDD and related com-
pounds inhibit a diverse spectrum of estrogen (E2)-in-
duced responses in rodent uterus, rodent mammary and
human breast cancer cell lines. For example, in the ro-
dent uterus, TCDD inhibits E2-induce uterine wet
weight increase, progesterone receptor (PR) binding,
peroxidase activity, epidermal growth factor receptor
(EGFR) binding, c-fos and EGFR mRNA levels [1, 3, 6,
7, 11, 13, 15, 31, 32, 38, 39]. In estrogen receptor
(ER ")/Ah receptor © MCF-7 cells, TCDD inhibits E2-
induced proliferation, [*H]thymidine uptake, secretion
or formation of pS2, cathepsin D, procathepsin D and
tissue-plasminogen activator activity and PR levels as
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well as PR, pS2 and cathepsin D gene expression [10,
16-19, 24, 25, 27, 43].

Although TCDD is a potent antiestrogen and inhibits
mammary tumor formation and growth in rodent
models [18, 21, 23], the high toxicity of this compound
precludes its use as an antineoplastic agent. How-
ever, several studies have shown that alternate-substi-
tuted 6-alkyl-substituted polychlorinated dibenzofurans
(PCDFs) are relatively nontoxic Ah receptor agonists
which have retained their antiestrogenic activity [1, 2, 4,
5, 8, 13, 34, 41, 42]. 6-Methyl-1,3,8-trichlorodibenzofu-
ran (MCDF) has been used as a prototype for the alkyl
PCDF and several studies have demonstrated the low
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of the congeners inhibited at least one E2-induced re-
sponse but only five compounds were active in both
assays.

Materials and methods

Chemicals

The substituted dibenzofurans, TCDD and ethoxyresorufin used in
these studies were synthesized to greater than 97% purity as de-
termined by gas-liquid chromatography by Dr. S. Safe. The syn-
thesis of compounds 1 through 8, 10, 11 and 13 have previously been
reported [4, 12, 13]. The remaining alternate-substituted PCDFs
(Fig. 1) were also synthesized by coupling a substituted aromatic
amine and phenol with isoamyl nitrite to give the corresponding
substituted biphenylol. Ring closure after heating with DMSO and
anhydrous sodium carbonate gave the alternate-substituted PCDF
which was purified by column and thin-layer chromatography and
crystallization from methanol as previously described [4, 12, 13, 36].
The aromatic amines and phenols used to synthesize the remaining
compounds included the following: 1-bromo-3,6-dimethyl-CDF [9],
2,6-dibromo-p-toluidine (Aldrich Chemical Co., Milwaukee, Wis.)/
4-chloro-2-methylphenol; 3-isopropyl-6-methyl-1,8-diCDF [12],
2,6-dichloro-4-isopropylaniline (Maybridge Chemical Co., Tre-
villett Tintagel, UK)/4-chloro-2-methylphenol; 6-methyl-2,4,8-
triCDF [14], 2,3,5-trichloroaniline (Wellington Science, Guelph,
Canada)/4-chloro-2-methylphenol; and §-methyl-2,4,6-triCDF [15],
2,3,5-trichloroaniline (Wellington Science) 4-methyl-2-chlorophe-
nol. The phenolic compounds were all purchased from Aldrich
Chemical Co. All of these compounds were >97% pure as deter-
mined by chromatographic and spectrometric studies [4, 12, 13, 36]

Biochemicals

The resorufin was obtained from Eastman Kodak (Rochester,
N.Y.). The tetrasodium salts of NADH and NADPH were ob-
tained from United States Biochemicals (Cleveland, Ohio). All
other biochemicals were obtained from Sigma Chemical Company
(St. Louis, Mo.) or were the highest quality available from com-
mercial sources. The Vit-CAT plasmid contained the -821/-87
5’-promoter region from the vitellogenin A2 gene linked to a thy-
midine kinase and a bacterial CAT reporter gene. This construct
was kindly provided by Drs. Ryffel and Klein-Hitpass (University
of Essen, Essen, Germany). The human ER (hER) expression
plasmid was kindly provided by Dr. Ming Jer Tsai (Baylor College
of Medicine, Houston, Tx.). MCF-7 cells were obtained from the
American Type Culture Collection.

Cell culture proliferation

MCF-7 cells were maintained in MEM medium with 10% fetal
bovine serum (FBS) plus 10 ml antibiotic/antimycotic solution and
10 pg insulin. Near confluent MCF-7 cells were seeded into 35-mm
wells (7.5 x 10* cells/well) in 2 m] DME/F12 (without phenol red)
medium supplemented with 5% FBS treated with dextran-coated
charcoal as previously described [14, 38], 1.2 g/l NaHCO; and
10 ml/l antibiotic/antimycotic solution. After 20 h, the cells were
treated with the appropriate chemicals for 10 days. The medium
was changed and the cells were redosed every 48 h. The cells were
harvested and counted using a Coulter Z1 cell counter.

Ethoxyresorufin O-deethylase (EROD) activity

Cells were seeded into 35-mm wells. TCDD (1079 M) and 1,3,6,8-
or 2,4,6,8- alternate-substituted PCDFs (107 M) dissolved in
DMSO were added to the culture dishes when the cells reached
70% confluency. Cells were harvested 24 h after chemical treatment
and EROD activity was determined by the fluorimetric method of
Pohl and Fouts [29].
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Estrogenic and antiestrogenic activities using the Vit/CAT
reporter plasmid

Cultured MCF-7 cells were cotransfected with 5 and 1 pg of the
Vit-CAT and hER constructs, respectively, using the calcium
phosphate method. Cells were dosed with the appropriate com-
pounds for 48 h and assayed for CAT activity as previously de-
scribed [22, 28].

Statistics

All experiments were carried out in triplicate and the results are
expressed as means +SD. The data were analyzed by ANOVA and
Scheffe’s test.

Results

The Ah-responsiveness of 15 alternate-substituted
PCDFs (Fig. 1) was assessed by determining their
induction of CYPlAl-dependent EROD activity in
MCF-7 human breast cancer cells. EROD activity in
MCEF-7 cells treated with 107° M TCDD for 24 h was
234 4+ 16.8 pmol/min per mg. In contrast, the activity
of the alternate-substituted PCDFs was nondetectable at
a concentration of 1077 M (data not shown) whereas
variable induction responses were observed after treat-
ing MCF-7 cells with these compounds at a concentra-
tion of 107 M (Table 1). At this concentration, all of the
compounds induced <50% of the response observed
with 107 M TCDD. The effects of the alternate-sub-
stituted PCDFs on the growth of MCF-7 human breast
cancer cells was also investigated. The effects of the
compounds alone (107 and 107 M) on cell proliferation
were initially investigated and, at a concentration of
10~7 M, only three of the congeners (4, 5 and 6) signif-
icantly induced cell proliferation (383 = 41%,
419 £+ 38% and 387 £ 47% in relation to control
DMSO-treated cells, respectively). At the highestcon-
centration (10_6 M), compounds 2, 3, 4, 5 and 6 incre-
ased cell proliferation by 255 + 34.7%, 344 £ 15.6%,
423 + 29%, 341 + 11.3% and 914 £ 109% compared
with control cells, respectively. In these same experi-
ments, 107° M E2 increased cell proliferation by
1617 £ 151% to 2666 + 283%.

The effects of alternate-substituted PCDFs on E2-
induced proliferation of MCF-7 cells is summarized in
Table 1. Compared to treatment with 10™ M E2 alone
(100%), there was a significant (P < 0.05) 28% and
26% decrease in proliferation of MCF-7 cells cotreated
with 107 M E2 and compounds 3 and 4 at a concen-
tration of 1077 M, respectively. In cells cotreated with
107 M E2 plus the alternate-substituted PCDFs at a
concentration of 107¢ M, a significant (P < 0.05) inhi-
bition of cell proliferation was observed for compounds
1 through 5, 12, 14 and 15 (43%, 34%, 13%, 24%, 36%,
31%, 21% and 19% decrease in E2-induced cell growth,
respectively; Table 1). In contrast, combined treatment
of alternate-substituted PCDFs 6 through 9 (1077 and
107® M) plus E2 gave proliferative responses higher
than those observed after treatment with 107~ M E2
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Table 1 Effects of alternate-substituted PCDFs on EROD activity and E2-induced responses in MCF-7 human breast cancer cells. To
determine EROD activity, MCF-7 cells were treated for 24 h with the test compounds (10™° M TCDD and 107 M alternate-substituted
PCDFs). The EROD activity was determined fluorimetrically as described in Materials and Methods. The activity observed for TCDD
was 234 + 16.8 pmol/min per mg. To determine CAT activity, MCF-7 cells were transiently transfected with the Vit-CAT and hER
plasmids (5 and 1 pg, respectively) and treated with the appropriate chemicals (10™° M E2 plus 107 M TCDD or 107% M alternate-
substituted PCDFs). CAT activity was determined as described in Materials and methods. To determine cell proliferation, cells were
treated every other day with the appropriate chemicals (10~ M E2 plus 107 M TCDD or 107® M alternate-substituted PCDFs) and
counted after 10 days as described in Materials and methods. The values are means +SD for three separate determinations for each

treatment group (ND, nondetectable)

Compound Relative EROD

CAT activity Cell proliferation

activity (% of E2-induced) (% of E2-induced)

(pmol/min/mg)
DMSO (control) ND 282 + 297 53+ 037
TCDD 100" 091+ 26 66.2 £ 58
1 41.5 + 4.0 569 = 7.9 56.7 £ 797
2 191 + 14" 65.4 + 10™ 662 + 1.3
3 ND 111 + 99 869 + 4.3
4 6.0 + 1.9 149+ 22.8 758 + 1.6
5 140 £ 1.17 82.7 £ 0.9 64.4 £ 4.1
6 ND 387 + 587 136+ 10
7 ND 31.6 + 28" 134 + 44
8 72 + 0.6 303 £+ 247 133 + 18
9 16.0 + 1.9 297 £ 2.1 129 + 12
10 ND 346 + 1.77 95 + 94
11 24 £28 412 + 767 109 + 5.3
12 299 + 25" 376 £+ 1.3 69.0 £ 7.9
13 8.4 £ 1.8 414 + 277 98.7 + 4.7
14 18.8 + 3.0" 352+ 737 79.1 + 827
15 29 + 1.3 11+ 22 80.7 + 8.5

*P < 0.05 vs DMSO-treated cells, P < 0.05 vs E2-treated cells

alone. In parallel experiments, 10~ M TCDD decreased
E2-induced proliferation of MCF-7 cells by 39%.

The antiestrogenic activities of these compounds were
also investigated in MCF-7 cells transiently transfected
with the E2-responsive Vit-CAT plasmid (Table 1,
Fig. 2). With the exception of compound 4, the alter-
nate-substituted PCDFs at a concentration of 107 A
and 107 M TCDD alone did not significantly increase
CAT activity, whereas 10~ M E2 caused a > 3.5-fold
induction in CAT activity. In contrast, compound 4
induced CAT activity (2.5-fold) compared with DMSO-
treated cells. In cells cotreated with 10~ M TCDD or
the alternate-substituted PCDFs at a concentration of

Fig. 2 Antiestrogenic activities of alternate-substituted PCDFs in
MCEF-7 cells. MCF-7 cells were transiently transfected with the Vit-
CAT (5 pg) and hER (I pg) plasmids, treated with 107 M E2,
10° M TCDD, 10~° M E2 plus 10~ M TCDD, and 10~° M E2 plus
107 M alternate-substituted PCDFs. CAT activity was determined as
described in Materials and methods. The thin-layer chromatogram
illustrates the results reported in Table 1
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107® M (compounds 1, 2, and 5 through 14) plus 10™° M
E2, there was a 58%, 43%, 35%, 17%, 61%, 68%, 70%,
70%, 65%, 59%, 62%, 59% and 65% decrease in the
E2-induced response, respectively. Increased induction of
CAT activity in the cotreated cells (compared with 10™°
M E2 alone) was observed only for PCDFs 3, 4 and 15.
Thus, the alternate-substituted PCDFs inhibited at least
one of two E2-induced responses in MCF-7 cells and the
antiestrogenic activities of these compounds was con-
firmed.

Discussion

Previous studies with alternate-substituted alkyl PCDFs,
typified by MCDF have shown that these compound are
relatively weak inducers of CYP1Al-dependent hepatic
EROD activity in rodents and this parallels their Ah
receptor-mediated toxicities such as immunotoxicity,
and those that cause body weight loss, thymic atrophy,
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fetal cleft palate formation, and porphyria [1, 2, 5, 8, 41].
Many of these responses were not observed at the
highest dose of MCDF, and in rodents cotreated with
MCDF plus a toxic dose of TCDD, there was partial
antagonism of some TCDD-induced toxic responses. In
contrast, MCDF and several 6-alkyl-1,3,8-trichloro-
dibenzofurans exhibit antiestrogenic activity in the ro-
dent uterus [1, 4, 13] and MCDF is also antiestrogenic in
MCF-7 cells [19, 42]. Recent studies have shown that
relatively low doses of MCDF (1 mg/kg) significantly
inhibit growth of 7,12-dimethylbenz[a]anthracene-in-
duced mammary tumors in adult female Sprague-Daw-
ley rats (McDougal, unpublished results) and therefore
the antiestrogenic activities of several alternate-substi-
tuted PCDFs was determined in MCF-7 cells to identify
additional active compounds for in vivo studies.

With the exception of compounds 3, 6, 7 and 10, all of
the alternate-substituted PCDFs induced EROD activity
in MCF-7 cells. All of the noninducers were 1,3,6,8-
substituted PCDFs containing cyclohexyl, n-butyl, nitro
and ¢-butyl substituents at C-6 of the dibenzofuran ring,
and previous in vivo studies have also shown that these
compounds do not induce hepatic microsomal EROD
activity in immature Long Evans rats [12, 13].

The estrogenic and antiestrogenic activity of the al-
ternate-substituted PCDFs was determined using two
assays, that is the induction of cell proliferation and
CAT activity in MCF-7 cells transiently transfected with
the E2-responsive Vit-CAT plasmid and treated with
10~ M E2. Treatment of MCF-7 cells with 107 or 107°
M concentrations of the 6-alkyl-substituted PCDFs (2—
6) showed that these compounds induced cell prolifera-
tion and were weakly estrogenic. Previous in vitro
studies in the immature female rat uterus have shown
that with one exception these congeners do not induce
estrogenic responses [1, 4, 13]. 6-Isopropyl-1,3,8-triCDF
(5) causes a small but significant (20%) increase in
uterine wet weight [13]. However, in rats cotreated with
E2 plus compounds 2, and 4 through 6, there is signifi-
cant inhibition of several E2-induced responses [1, 4, 13].
Compound 3 has been shown to be inactive as an es-
trogen or an antiestrogen in in vivo studies [4]. Only
compound 4 exhibited estrogenic activity (2.5-fold in-
duction) at a concentration of 107® M in the transient
transfection assay whereas the remaining 14 compounds
were inactive at this concentration. These results indi-
cate that for some of the alkyl-substituted PCDFs there
was no concordance between the in vivo results [1, 4, 13]
and the in vitro data reported here. In addition, rela-
tively weak estrogenic activity was observed for only one
compound (40) in both the cell proliferation and CAT
assays. The reason for the assay-specific differences in
the weakly estrogenic activity of the alkyl-substituted
PCDFs is unknown and is currently being investigated.

In the cell proliferation assay compounds 6-11 and
13 did not significantly inhibit E2-induced cell prolifer-
ation. All of these compounds were 1,3,6,8-substituted
PCDFs with variable substituent groups, and previous
in vivo studies have shown that compounds 6, 10, 11 and
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13 exhibit antiestrogenic activity in the immature fe-
male rat uterus [1, 4, 12, 13]. In MCF-7 cells treated with
10~ M E2 and transiently transfected with the Vit-CAT
plasmid, antiestrogenic activity was observed for all the
alternate-substituted compounds except compounds 3, 4
and 15. These results demonstrate that all of the cong-
eners | through 15 inhibited at least one of the in vitro
estrogenic responses in MCF-7 cells, but only com-
pounds 1, 2, 5, 12 and 14 were antiestrogenic in both
assays. Thus, in two different assays, which are routinely
used to measure estrogenic and antiestrogenic activities,
there was not a response- or structure-dependent cor-
relation for the antiestrogenic effects of, the alternate-
substituted PCDFs. Moreover, the effects of structurally
related isomers could be highly variable. For example,
compounds 14 and 15 are 2,4,6,8-substituted isomers in
which the chloro- and methyl-substituents at positions 6
and 8 have been interchanged. Both compounds inhib-
ited E2-induced cell proliferation (19-21%) whereas
only compound 14 inhibited E2-induced CAT activity.
Compounds 1 and 13 are 1,3,6,8-substituted isomers
which also differ only in the placement of chloro and
methyl groups at positions 6 and 8. Both of these iso-
mers significantly inhibited E2-induced CAT activity
(43-59%) whereas only compound 1 (MCDF) inhibited
E2-induced cell proliferation.

In summary, the results of this study demonstrate
that several alternate-substituted PCDFs exhibit anties-
trogenic activity in MCF-7 cells, thus confirming the
results of previous in vivo and/or in vitro studies. Their
structure-dependent antiestrogenic activities were re-
sponse-specific and the inhibition of estrogen-responsive
reporter gene activity did not correlate with the inhibi-
tion of cell proliferation, which is a more complex pro-
cess involving multiple genes. Therefore, additional
studies are required to establish specific in vitro bioas-
says which are predictive of the in vivo antiestro-
genic/antitumorigenic  activities of the alternate-
substituted PCDFs.
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