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Abstract

There has been much discussion concerning endocrine disrupting chemicals suspected of exerting adverse effects in both wildlife
and humans. Since the majority of these compounds are estrogenic, a large number of in vitro tests for estrogenic characteristics have
been developed for screening purpose. One reliable and widely used method is the reporter gene assay employing estrogen receptor:
(ERs) and a reporter gene withces-acting estrogen responsive element (ERE). Other elements such as AP1 also mediate estrogenic
signals and the manner of response could be quite different from that of ERE. Since this has yet to be explored, the ER mediated
AP1 activity in response to a series of environmental estrogens was investigated in comparison with ERE findings. All the compounds
exhibited estrogenic properties with ERE-luc and their AP1 responses were quite similar. These was one exceptionplEyer,
(1,1,1,-trichloro-2,2-bigt-chlorophenyl)ethane) did not exert any AP1-luc activity, while it appeared to be estrogenic’ab1D—> M
with the ERE action. None of the compounds demonstratdél ER1 activity. These data suggest that significant differences can occur in
responses through the two estrogen pathways depending on environmental chemicals.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction [3,4]. For screening, cells were usually transfected with
estrogen receptor (ER) expression vectors, and a “reporter
During the last decade, there has been much discussiorgene” linked the downstream of @s-acting element, es-
as to the possibility that environmental chemicals which trogen responsive element (ERE), to which the liganded
are capable of interfering with the endocrine system in receptor can bind, and recruit several transcriptional cofac-
organisms are responsible for a number of reproductive, tors including p160/p300 complexes to initiate transcription
developmental, and immunological anomalies and as well [5,6].
as cancers found in wildlife and man. Initially, this con-  Although the mechanisms operating with the ERE path-
cern arose because of the presence of estrogen mimickingvay are understand fairly well after intensive investigations,
compounds in the environment, or environmental estrogensa number of estrogen inducible genes are regulated by other
[1,2]. Although the issue has now become generalized to cis-elements, such as AP1 binding element for the collage-
all types of agents with endocrine disrupting capability, nase and insulin-like growth factor 1 (IGF-1) cagés9].
the majority of the relevant chemicals are in fact estro- When ER mediated transcription at AP1 sites is examined,
genic. A number of test methods for screening estrogenic responses to estrogenic compounds may be quite different
compounds has already been developed, including receptofrom these with the ERE mot{fL0,11} However, only the
binding assays, hormone responsive cell proliferation as- ERE dependent pathway has been utilized for reporter gene
says and reporter gene assays, which has been widely usedssays for screening. In the present study, therefore, estro-
gen dependent AP1 activity responding to a series of envi-
* Corresponding author. Tek:81-82-257-5820; fax3+81-82-256-7107. ronmental estrogens was examined in comparison with ERE
E-mail address: nfim@hiroshima-u.ac.jp (N. Fujimoto). responses.
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2. Materials and methods
2.1. Chemicals

17B-Estradiol (E2), l&-estradiol, estriol, 4-hydroxy-
tamoxifen (OH-TAM), dienestrol, bisphenol Amethylbu-
tylphenol, chlordeconep,p’-biphenol, genistein, and zear-
alenol were purchased from Sigma Chemicals, St. Louis.
The DDT isomers;p,p’-DDT (1,1,1,-trichloro-2,2-bigt-
chlorophenyl)ethane)p,p’-DDE (1,1,-dichloro-2,2-bist-
chlorophenyl)ethylene)p,p’-DDD (1,1-dichloro-2,2-bigt-
chlorophenyl)ethane), and,p’-DDD (1,1-dichloro-2-p-
chlorophenyl)-2-¢-chlorophenyl)ethane) were from Wako-
junyaku (Osaka, Japan). They were all dissolved in ethanol
to give stock solutions.

2.2. Cdll culture

The NIH 3T3 cell line was obtained from the Health Sci-
ence Research Resources Bank (Osaka, Japan) and mai
tained in DME (Sigma Chemicals) containing penicillin and
streptomycin with 10% calf serum (CS, Gibco/Invitrogen
Corp., Carlsbad, CA, USA). For hormone treatment, the
medium was changed to phenol red free DME (Sigma
Chemicals) containing the same antibiotics along with
dextran—charcoal treated CS for a week. The MCF-7 cell line
was maintained in DME containing penicillin and strepto-
mycin with 5% fetal bovine serum (FBS, Gibco/lnvitrogen).
The medium was then changed to phenol red free DME
containing the antibiotics and dextran—charcoal treated FBS
for a week.

2.3. Plasmids

pAP1-luc, which contains six tandem copies of the AP1
enhancer, was obtained from Clontech (Palo Alto, CA,
USA). The construction of the (EREBV40-luc plasmid
and the expression vectors, pSG5-hEBd pSG5-hER
was previously reportefd 2]. phRL-CMV (Promega, Madi-
son, WI, USA) was used as the internal control.

2.4. ERE-luc and AP1-luc reporter assays

NIH 3T3 and MCF-7 cells were plated a&210* per well
in 48-well plates (Nalgen Nunc International, Rochester, NY,
USA). After 24 h, cells in each well were co-transfected with
total 0.4ug of plasmid DNA with TransFast transfection
reagent (Promega), i.e. Qug of reporter plasmid, 0.Lg of
ER expression plasmid and 10ng of phRL-CMV for NIH
3T3 and 0.4.g of (ERE}-luc and 10 ng of phRL-CMV for
MCF-7 cells. After 24 h incubation with chemicals, cells
were harvested with 301 of cell lysis buffer (Promega).
The firefly and renilla luciferase activities were determined
with a Dual Luciferase Assay Kit (Promega) by measur-
ing luminescence with a Wallac Micro-Beta scintillation
counter (Perkin-Elmer Life Sciences, Boston, MA). Firefly
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luciferase activity was normalized to renilla luciferase ac-
tivity from phRL-CMV.

2.5. Satistical analysis

Statistical comparisons were made using the Student's
t-test.

3. Results

3.1. Estrogenic activity assayed with the ERE-luc reporter
in MCF-7 cdlls

Estrogenic potency of test chemicals was examined with
ERE responses in MCF-7 cell§ig. 1). The endogenous
type of ER in MCF-7 cells was the& type, which ac-
counted for 99% of total expression of ERs, according to
our competitive RT-PCR quantification (data not shown).
ERE-luciferase activity was induced by E2 at the maximum
of 27-fold, while OH-tamoxifen did not exert any activity.
All of the test chemicals stimulated ERE-luc activity within
a variety of concentration ranges.

3.2. ER mediated AP1-luc and ERE-luc transcription due
to E2 and OH-tamoxifen

When NIH 3T3 cells were co-transfected with pSG5-
hERx, E2 induced both ERE and AP1 mediated transcription
(Figs. 2 and B OH-tamoxifen suppressed ERE-luc activity
to less than the control level, but activated AP1 mediated
transcription. When the cells were transfected wittgER2
activated the ERE response but failed to initiate AP1 de-
pendent transactivatioifrig. 3). OH-tamoxifen, on the other
hand, induced AP1 mediated transcription withoEd® ER3.

3.3. The effects of test chemicals on ER mediated ERE-luc
and AP1-luc activities

For each chemical, two doses that gave around the maxi-
mal response in the MCF-7 assay were selected and applied.
In NIH 3T3 cells, all of the chemicals induced ERE-luc
activity with both ERx and ERB. These were no signifi-
cant differences in ERE response between two receptors, ex-
cept genistein which gave significantly higher induction with
ERB and chlordecone which was specific for €RNVhen
the cells were transfected with the AP-luc reporter, th&aER
mediated activity was similar to ERE-luc activity with one
exception, DDT, which did not induce any AP1-luc activity.
With ERRB, all of the chemicals failed to induce any AP-luc
activity.

3.4. Effect of DDTs on ERx mediated ERE-luc
and AP1 activity

Data for the effects of DDT isomers on kRmediated
ERE-luc and AP1 activity in NIH 3T3 are summarized
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Fig. 1. Estrogenic property of a series of environmental chemicals measured by the ERE-luc reporter system in MCF-7 cells. The responsesdare expresse
as fold changes relative to control activity (meaB.E.M.). Concentrations of chemicals were indicated in log[molar concentration]; (*) and (**) indicate
significant difference from the control activity.

in Fig. 4. All four chemicals were estrogenic based on 4. Discussion

ERE-luc inductionp,p’-DDT ando,p-DDD having higher

activity than the others. Although,p’-DDT did not show The present study demonstrated that for the majority of
any ERx:AP1-luc activity, the other three compounds ex- test chemicals of endocrine disruptor type, induction of
pressed similar potency to BFERE-luc case. ERE-luc and AP1-luc activities though &Rs similar with
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Fig. 2. ERE-luc reporter assays of a series of environmental chemicals in NIH 3T3 cells. NIH 3T3 cells were co-transfected with humaERER
The responses are expressed as fold changes relative to each control activityt(B1Bavl.). Concentrations of chemicals were indicated in log[molar
concentration]; (*) and (**) indicate significant difference from the control activity.

the exception of DDT. In contrast, only ERE-luc induction However, some genes such as collagenase, insulin-like
was observed though action of BR growth factor 1 and ovalbumin genes, are known to be
A number of in vitro detection methods have been de- regulated by estrogen without containing any ERE motifs
veloped for screening of endocrine disrupting chemicals, in their gene promoters and it has been found that their
including receptor binding assay, hormone responsive cell regulation is mediated through the AP1 m¢@f8,20] Al-
proliferation assays, and reporter gene assays. Since bindthough several other promoter/enhancer motifs, such as Alu
ing to the receptor does not necessarily result in transac-DNA repeats and the Spl element, may also be involved
tivation, assessment of this in itself has limitatiogds]. in estrogen dependent transactivation, AP1 mediated action
For cell proliferation assays of estrogenic activity, human seems to be the most common for the non-ERE estrogen
breast cancer cell lines such as MCF-7 and T47D haveresponses. When ER mediated transcription at collagenase
been used as well as rat pituitary cells as proposed bypromoter was examined, the response for estrogen was
ourselves and othel[d4-17] Because the mechanisms of observed only with ER but not with ERB [21], which
hormone responsive cell growth are rather complex and suggested differential biological roles of ERnd ERB re-
are not fully understood, there is a problem with numbers garding AP1. Interestingly, partial estrogen antagonists such
of false positives and negatives. Thus, assays which canas tamoxifen induce both ERAP1 and ER:AP1 initiated
detect biologically relevant hormonal activity with a sim- transcription. As we have reported previously, ER mediated
ple mechanism have become widely sought affteé;19] AP1ldependent transcription can be reconstructed with a
Most of the assays utilize the classical estrogen pathwaysimple AP1 reporter containing only consensus AP1 motifs,
involving on ER and an ERE responsive element in ei- the approach utilized in the present study. The mechanisms
ther mammalian cells or yeast. Upon the ligand binding, of ER action at AP1 sites remain unclear, but it is interest-
the interaction of liganded receptor and the ERE results in ing that substantial transcriptional differences exist between
recruitment of several transcriptional cofactors, including ERa and ERB limited to the AP1 and not in the classical
pl60/p300 complexes, to initiate transcription of specific ERE pathway. We previously reported suppressive effects
geneq6]. of ERB co-existing with ER regarding AP1 mediated
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Fig. 3. AP1-luc activity in NIH 3T3 cells of a series of environmental chemicals. NIH 3T3 cells were co-transfected with humar ER3. The
responses are expressed as fold changes relative to each control activityHrBé¢aiM.). Concentrations of chemicals were indicated in log[molar
concentration]; (*) and (**) indicate significant difference from the control activity.
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Fig. 4. ERE- and AP1-luc activities in NIH 3T3 cells induced py'-DDT and isomers. The responses are expressed as fold changes relative to each
control activity (meant S.E.M.). Concentrations of chemicals were indicated in log[molar concentration]; (*) and (**) indicate significant difference
from the control activity.

transactivatiorf22]. The findings thus clearly indicated that o,p’-DDD was relatively high, similar tg,p’-DDT, while

responses to environmental estrogenic chemicals potentiallyp,p’-DDD andp,p’-DDE showed lower potendj24]. How-

differ between the AP1 and ERE pathways. ever, unlike p,o’-DDT, all three isomers also exhibited
Here we chose a series of environmental chemicals ERa:AP1 activity. The reason for the lack of action of

previously reported to be estrogenic, including physiolog- p,p’-DDT remains unclear.

ical estrogens, I¥-estradiol, 1&-estradiol, estroidol and Despite the limited number of compounds tested, the hy-

dienstrol, environmental chemicals, bisphenol A, methyl- pothesis that there might be differences in responses between

butylphenol, cholordeconp,p’-biphenol and DDTs, and ER:ERE and ER:AP1 to environmental endocrine disrupting

two phytoestrogens, genistein (isoflavonoid) and zearelenolchemicals was clearly proven. All of them failed to induce

(mycotoxin). We first confirmed that all the compounds ERB:AP1 transcription. Whether any compounds can evoke

were indeed estrogenic with the ERERE pathway in ERB:AP1 action remains to be clarified.

MCF-7 cells and determined doses for sub-maximal and

maximal responses for application in the reporter assay with
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