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Abstract

Estrogenic endocrine disrupting chemicals are found in environmental and biological samples, 

commercial and consumer products, food, and numerous other sources. Given their ubiquitous 

nature and potential for adverse effects, there is a critical need for rapidly detecting these 

chemicals. We developed an estrogen-responsive recombinant human ovarian (BG1Luc4E2) cell 

line recently accepted by the USEPA and OECD as a bioanalytical method to detect estrogen 

receptor (ER) agonists/antagonists. Unfortunately, these cells appear to contain only one of the 

two known ER isoforms, ERα but not ERβ, and the differential ligand selectivity of these ERs 

indicates that the currently accepted screening method only detects a subset of total estrogenic 

chemicals. To improve the estrogen screening bioassay, BG1Luc4E2 cells were stably transfected 

with an ERβ expression plasmid and positive clones identified using ERβ-selective ligands 

(genistein and Br-ERβ-041). A highly responsive clone (BG1LucERβc9) was identified that 

exhibited greater sensitivity and responsiveness to ERβ-selective ligands than BG1Luc4E2 cells 

and qRT-PCR confirmed the presence of ERβ expression in these cells. Screening of pesticides 

and industrial chemicals identified chemicals that preferentially stimulated ERβ-dependent 

reporter gene expression. Together, these results not only demonstrate the utility of this dual ER 

recombinant cell line for detecting a broader range of estrogenic chemicals than the current 

BG1Luc4E2 cell line, but screening with both cell lines allows identification of ERα and ERβ-

selective chemicals.
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INTRODUCTION

Many environmental contaminants can directly affect a multitude of hormonally regulated, 

physiological processes in humans and wildlife. Reports of alterations in reproduction and 

endocrine homeostasis, changes in behavior, reductions in sperm count, as well as dramatic 
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increases in human breast and prostate cancers are responses which may result from 

chemicals that affect steroid hormone action [1]. Endocrine disrupting chemicals (EDCs) 

have been identified in a wide range of environmental samples (air, water, soil and 

sediment), commercial and consumer products and foods, and a significant number have 

been shown to exert their effects through mimicking and/or inhibiting the action of estrogen 

on estrogen receptors (ERs) [1, 2]. Accordingly, screening of extracts from diverse matrices 

for the presence of chemicals that can affect estrogen action using rapid ER-dependent 

mechanism-based bioassays is a relatively simple first step in determining the potential of 

chemicals, extracts, and products to affect wildlife and human health.

Numerous cell-based bioassays and bioanalytical methods have been described for the 

detection and relative quantitation of estrogenic/antiestrogenic activity of pure chemicals, 

mixtures and extracts of a broad range of matrices [3–8]. These bioassays are generally 

based on the ability of chemicals to stimulate or inhibit ER-dependent cell proliferation or 

expression of a native or transfected gene [6, 7, 9]. While the majority of these bioassays 

have widespread utility for screening purposes, very few have received official approval as 

an accepted bioassay for regulatory screening purposes. Only two ER-dependent gene 

expression (i.e. transactivation) cell bioassays have been included in the USEPA Endocrine 

Disruptor Screening Program (EDSP) as officially accepted methods [10, 11]. The first is 

the HeLa-9903 cell bioassay that uses a recombinant human cervical cancer (HeLa) cell line 

containing a stably transfected estrogen-/ER-responsive luciferase expression vector. 

Because these cells lack functional ER, they were also stably transfected with a human ERα 

expression vector. Curiously, the HeLa-9903 bioassay reportedly can only be utilized for 

detection of estrogen agonists and not antagonists [12]. The second accepted transactivation 

assay is the BG1Luc ER TA bioassay that uses a recombinant human ovarian carcinoma cell 

line (BG1Luc4E2) that contains a stably transfected estrogen-/ER-responsive luciferase 

reporter gene and endogenously expresses ERα [3]. In addition to the USEPA EDSP, the 

BG1Luc ER TA bioassay was also approved by the OECD as an officially accepted method 

(TG455/457) for detection of estrogenic/antiestrogenic chemicals [13, 14]. While the 

BG1Luc ER TA bioassay has some advantages over the HeLa cell bioassay method (such as 

the ability to detect estrogen antagonists) and has been used by many labs for screening 

purposes, there remain some limitations of this bioassay (and the HeLa bioassay) with 

regards to the spectrum of estrogenic chemicals that can be detected. This limitation derives 

from the fact that while BG1 cells, like most other ER-containing cancer cell lines, contain 

significant amounts of one ER subtype (ERα), they contain little or no ERβ, and thus may 

underestimate the overall estrogenic potency of a sample extract [3, 15, 16].

While ERα and ERβ are highly homologous in some functional domains, (i.e. the DNA 

binding domain), their ligand binding domain is distinctly different (~60% homology) [17]. 

Although both ER subtypes can bind and be activated/inhibited by many of the same 

compounds, numerous chemicals have been identified that can selectively bind and activate/

inhibit ERs in a subtype-specific manner [18–21]. Given the critical role that ERβ plays in 

normal physiological/endocrinological processes and tissue health and in modulating the 

functional activity and levels of ERα [22, 23], detection by high throughput screening (HTS) 

assays of chemicals that also affect ERβ activity is necessary for more accurate assessment 

of the estrogenic/antiestrogenic activity of chemicals and sample extracts. Accordingly, here 
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we describe the reengineering of the BG1Luc4E2 cell line so that it constitutively expresses 

both ERα and ERβ. The utility of this new recombinant cell line, BG1LucERβc9, was 

demonstrated through the use of ERβ-selective ligands and the identification of additional 

estrogenic chemicals present in a chemical library of common insecticides, herbicides, 

industrial and household chemicals that were not detected in BG1Luc4E2 cells containing 

only ERα.

MATERIALS AND METHODS

Materials

The ERβ-selective ligand Br-ERβ-041 was generously provided by Dr. John 

Katzenellenbogen (University of Illinois, Urbana-Champaign) and the chemical library of 

176 compounds was obtained from Dr. Bruce Hammock (University of California, Davis). 

Fulvestrant (ICI-182,780) was from Santa Cruz Biotechnology (Santa Cruz, CA), genistein, 

17β-estradiol (E2), tamoxifen (citrate salt) and 4-hydroxy tamoxifen (4-OHT) were 

purchased from Sigma Aldrich Chemical Company (St. Louis, MO), 4,4’,4”-(4-Proply-

[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT) from Tocris Biosciences (Ellisville, Missouri) 

and DMSO and EtOH from EMD Chemicals (San Diego, CA). Translation grade L-[35S]-

methionine (>400 ci/mmol) was from MP Biomedical (Solon, OH). Primers for quantitative 

real-time polymerase chain reaction (qRT-PCR) were from Applied Biosystems (ABI, 

Grand Island, NY) and restriction enzymes from New England Biolabs (Ipswich, MA). 

Premium and charcoal-stripped fetal bovine serum (FBS) were obtained from Atlanta 

Biologicals (Lawrenceville, GA), Zeocin and alpha Minimal Essential Medium (α-MEM) 

were from Invitrogen (San Diego, CA), Dulbecco’s Modified Eagle’s Medium (DMEM) 

from Sigma (St. Louis, MO). FuGene6 transfection reagent, Cell Culture Lysis Buffer, and 

Passive Lysis Buffer were from Promega (Madison, WI), Lipofectamine 2000 transfection 

reagent from Invitrogen (San Diego, CA). Mini-Protean TGX gels (10%) and Protein Assay 

Dye Reagent were from Bio-Rad (Hercules, CA) and PageRuler prestained protein ladder 

from ThermoScientific (Rockford, IL). Human breast carcinoma (SKBR3) cells were 

obtained from American Tissue Culture Collection (Manassas, VA). Test chemicals and 

standards were dissolved in DMSO (with the exception of 4-OHT which was dissolved in 

EtOH) and stored at 4°C in borosilicate amber vials with PTFE-lined caps.

Construction of receptor expression vectors

To construct the human ERβ expression plasmid, ERβ/pcDNA3.1+Zeo pcDNA3.1+Zeo/

ERβ, a 2367 bp fragment including the human ERβ sequence was excised from the ERβ/

pcDNA3 plasmid (originally isolated from the ERβ/pCMV5 plasmid obtained from Dr. John 

Katzenellenbogen (University of Illinois, Urbana-Champaign)) and inserted into the HindIII/

XbaI sites in the vector pCDNA3.1+Zeo (Invitrogen) [24]. The human ERα expression 

plasmid, pcDNA3.1+Zeo/ERα, was constructed by excision of a 2497 bp XhoI/BstEII 

fragment (human ERα cDNA) from the plasmid ERα/pcDNA3 and ligation into the same 

sites in pcDNA3.1+Zeo [24, 25]. The resulting plasmids were confirmed by sequencing. 

Plasmids ERβ/pcDNA3.1+Zeo and ERα/pcDNA3.1+Zeo were used as templates for in vitro 

expression using the Promega rabbit reticulocyte lysate TnT Quick coupled transcription/

translation (with empty vector pcDNA3.1+Zeo and unprogrammed lysate [UPL] as controls) 
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and the molecular weight of the resulting [35S]-radiolabeled expressed proteins was 

determined as previously described [25].

Transient transfection

Transient transfection of SKBR3 cells was performed as we have described previously [25]. 

Briefly, SKBR3 cells were maintained in DMEM containing 10% premium FBS and 48 

hours before transfection switched to phenol-red free DMEM (referred to as ‘estrogen-

stripped medium’ [ESM]) containing 10% charcoal-stripped FBS. Twenty four hours before 

transfection, cells were seeded in 24-well plates at a density of 300,000 cells/mL. SKBR3 

cells were transfected with 0.2 µg of ER-responsive reporter plasmid pGudLuc7.ERE [3] 

and 0.05 µg of ER expression plasmid (ERα/pcDNA3.1+Zeo or ERβ/pcDNA3.1Zeo) using 

Lipofectamine reagent (2 µL/well) according to the manufacturer’s recommendations (µg 

DNA/well was normalized to 0.8 µg/well with the addition of empty vector DNA 

[pcDNA3.1+Zeo]) and cells allowed to incubate for 24 h [3]. Transfected SKBR3 cells were 

then incubated for 24 h with the desired test chemical (triplicate wells per chemical or 

concentration), the cells harvested, and both protein concentration and luciferase activity 

determined as described [25, 26].

Stable transfection

To produce the stable BG1LucERβ cell line, human ovarian carcinoma (BG1Luc4E2) cells 

containing a stably transfected estrogen-responsive luciferase plasmid [3] were transfected 

with ERβ/pcDNA3.1+Zeo using FuGene6 transfection reagent according to the 

manufacturer’s recommendation. Following 24 h of incubation in regular medium, the 

transfected cells were split 1 to 15 and replated into selective medium containing the 

antibiotic Zeocin (600 mg/L) which was replaced every three days with fresh Zeocin-

containing medium. After approximately 3 weeks of growth, 28 individual cell colonies 

were isolated, their ERβ responsiveness was determined, and those clones exhibiting the 

greatest induction by ERβ-selective ligands (Br-ERβ-041 (31.6 nM) and genistein (10 nM)), 

were selected for further evaluation.

RNA isolation and Real time PCR

Cells in 10 cm plates (four replicates per cell line) were grown in maintenance medium with 

the addition of Zeocin for the BG1LucERβc9 cells. Total RNA was isolated using RNeasy 

(Qiagen) according to the manufacturer’s instructions (β-mercaptoethanol was added to the 

lysis buffer immediately before use, and cells were homogenized using QIAshredder 

homogenizer). Complementary DNA (cDNA) was generated from 2 µg RNA using a High 

Capacity cDNA Reverse Transcription kit (ABI) with random primers followed by a 1:10 

dilution with RNAse/DNAse-free water. Real-time quantitative PCR reactions (20 µL) were 

performed with TaqMan Fast Universal PCR Master Mix and TaqMan Gene Expression 

assays (ABI) in an ABI 7500 Fast Sequence Detection instrument. ERα and ERβ mRNA 

levels were quantitated using 7500 Software (v.2.0.6), normalized to β-actin (internal 

control), and results presented relative to levels in BG1Luc4E2 cells (set to value of 1.0). 

Primers/probes for human ERβ (ESR2, Hs01100353_m1), human ERα (ESR1, 

Hs00174860_m1) and human β-actin (ACTB, Hs999999031_m1) were obtained from ABI.
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Chemical treatment and luciferase analysis

For the screening and characterization studies, BG1LucERβ cells were switched from 

maintenance medium (α-MEM, containing 10% premium FBS and 600 mg/L Zeocin) to 

ESM, containing 10% charcoal-stripped FBS and incubated three days prior to plating into 

white, clear-bottomed 96-well tissue culture plates at a density of 750,000 cells/mL. Cells 

were allowed to attach for 24 hours and were then incubated with carrier solvent DMSO 

(1% final solvent concentration) or the indicated concentration of chemical for 24 hours 

(unless otherwise indicated) at 37°C with triplicate wells per chemical and controls. After 

incubation cells were rinsed twice with PBS, lysed with Promega cell lysis buffer, and 

shaken for 20 min at room temperature to allow complete cell lysis. Luciferase activity in 

each well was measured using an Orion microplate luminometer as previously described 

[27].

Chemical compound library

The chemical library used for screening contained 176 different compounds in DMSO [28] 

and cells were incubated with each chemical at a final incubation concentration of 10 µM in 

triplicate. For comparative purposes, luciferase induction values were normalized to 

maximal luciferase induction obtained with 1 nM E2 in each plate (set at 100%). Values 

represented the mean ± SD of triplicate incubations in the single screening analysis of the 

entire chemical compound library. Accordingly, all positive chemicals from the initial 

library screen that induced luciferase activity in BG1LucERβc9 cells greater than 40% of 

maximum E2 activity and also induced luciferase activity significantly greater in 

BG1LucERβc9 cells than in BG1Luc4E2 cells were confirmed in subsequent induction 

analysis experiments (triplicate analysis in three separate experiments).

Statistical analysis

Significant differences between results were determined using One-way ANOVA (i.e. 

Student’s t-test, 2-tailed, type 2, p < 0.05). Luciferase activity of control (solvent treated) 

cells was subtracted from that of treated cells to obtain final induced activity (RLU). Final 

RLU values < 0 were set at 0 RLUs. Half-maximal concentrations induced (EC50) or 

repressed (and IC50) by chemical or extract were determined using SigmaPlot (v.12) by the 

concentration of chemical which induced exactly 50% of maximal E2-induced luciferase 

activity unless otherwise noted, in which case the values were determined as previously 

described [27].

RESULTS AND DISCUSSION

Subtype selectivity of ligands

To confirm that the ERα and ERβ expression vectors were constructed appropriately, we 

first demonstrated that ER expressed in vitro from these vectors produced proteins of the 

expected size (66 and 59 kDa, respectively (Supplemental Figure S1)). To test the 

functionality of the two ER expression vectors, ER negative SKBR3 cells were transiently 

cotransfected with an estrogen-responsive luciferase reporter construct (pGudLuc7.ERE) 

and either the ERα expression vector (ERα/pcDNA3.1+Zeo) or the ERβ expression 
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construct (ERβ/pcDNA3.1+Zeo) and their response to E2, genistein, Br-ERβ-041, or PPT 

determined (Figure 1). E2 induced luciferase activity only in SKBR3 cells cotransfected 

with either ER expression vector (Supplemental Figure S2), confirming both the absence of 

functional ERs in these cells [29] and the functionality of our ER expression vectors. E2 

induced luciferase activity in a concentration-dependent manner in SKBR3 cells 

cotransfected with the ER-responsive luciferase reporter plasmid and either ERα or ERβ 

expression vectors (Figure 1A) with half-maximal induction of 8.5 ± 2.2 pM and 75 ± 29 

pM E2, respectively (Figure 1A; Table 1). These EC50 values are comparable to previously 

published results in human osteosarcoma (U2OS) cells transfected with ERα or ERβ [30]. 

Concentration-dependent analysis revealed that the ERβ-selective ligands genistein or Br-

ERβ-041 were more potent activators of ERβ-dependent luciferase reporter gene expression 

than that observed with ERα (Figures 1B and C), with EC50 induction values in ERβ- and 

ERα-transfected SKBR3 cells for genistein of 44 ± 19 nM and 260 ± 79 nM, and for Br-

ERβ-041 54 ± 8.5 nM and 970 ± 130 nM, respectively (Table 1). Interestingly, although 

genistein resulted in superinduction of reporter gene expression only in ERβ-transfected 

cells (Figure 1B), no superinduction was observed with Br-ERβ-041 (Figure 1C). The 

mechanism for this ligand selective superinduction effect remains to be elucidated. Finally, 

as expected, incubation of ERα- and ERβ-transfected SKBR3 cells with PPT, an ERα-

selective ligand, only stimulated ERα-dependent reporter gene expression (Figure 1D) with 

an EC50 of 250 ± 21 pM (Table 1) [18, 19, 31]. This is consistent with previously published 

studies demonstrating selective activation of ERα by PPT [18, 19]. Together, these results 

both confirm the functionality of our ERα and ERβ expression vectors and the selectivity of 

the ligands needed for identifying for ERβ-containing stable cell clones.

Selection of stably transfected BG1LucERβ clones

To prepare the desired ERα- and ERβ-containing stably transfected cell line, BG1Luc4E2 

cells, which contain endogenously expressed ERα and a stably integrated ER-responsive 

luciferase reporter gene [3], were stably transfected with ERβ/pcDNA3.1+Zeo, and Zeocin-

resistant clones were isolated and screened for the presence of functional ERβ. This was 

accomplished by evaluating the ability of the cell clones to respond to low concentrations of 

the ERβ-selective ligands Br-ERβ-041 (31.6 nM) and genistein (10 nM) with the induction 

of luciferase activity. Preliminary studies demonstrated that while these concentrations of 

Br-ERβ-041 and genistein failed to induce ERα-dependent reporter gene induction in 

BG1Luc4E2 cells (data not shown), they are sufficient to simulate ERβ-dependent reporter 

gene expression at least in transfected SKBR3 cells (Figure 1B, C). The response of 

BG1Luc4E2 cells and selected stably transfected BG1LucERβ clones to Br-ERβ-041, 

genistein, and E2 is shown in Supplemental Figure 3. While initial screening revealed 

several cell clones that responded to genistein and Br-ERβ-041 with the induction of 

luciferase activity, BG1LucERβ clones 2 and 9 exhibited the greatest response to these ERβ 

selective ligands (Supplemental Figure 3); little induction was observed in the parental 

BG1Luc4E2 cell line. Given that the absolute level of luciferase induction was significantly 

greater in clone 9 than in clone 2 (data not shown), BG1LucERβ clone 9 (BG1LucERβc9) 

was selected as the ERβ containing cell line for chemical analysis.
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Characterization of the BG1LucERβc9 cell line

To examine the characteristics of the BG1LucERβc9 cell line, we first compared its ability 

to respond to E2 in a concentration-dependent manner to that induced in the parental cell 

line BG1Luc4E2 (Figure 2). Interestingly, these results revealed that clone 9 cells exhibited 

a significantly reduced response to E2, when compared to the parental BG1Luc4E2 cell line. 

While the mechanism responsible for this reduction remains to be determined, it may be 

related to the previously documented ability of ERβ to decrease ERα levels and functionality 

[22, 32–36].

To further characterize the responsiveness of the stably transfected BG1LucERβc9 cell line, 

we examined the concentration-dependent ability of E2, the ERβ-selective ligands Br-

ERβ-041 and genistein and the ERα-selective ligand PPT to induce luciferase reporter gene 

activity and compared the induction responses to those obtained using the ERα-containing 

parental cell line BG1Luc4E2. Induction in these cells was examined at 24 h of incubation, 

the earliest time resulting in maximal luciferase induction by all tested ligands 

(Supplemental Figure S4) and induction responses in each cell line was normalized to 

maximal induction observed with E2. The results of these analyses revealed the ability of the 

ERβ-selective ligands to induce luciferase reporter gene activity in the BG1LucERβc9 cells 

at a significantly lower concentration than in BG1Luc4E2 cells (Figure 3A, B). As expected, 

the relative induction by the ERα-selective ligand PPT was comparable in both cell lines 

(Figure 3C) when activity was normalized to the response to E2 since they both contain 

endogenously expressed ERα. Quantitative analysis of concentration-response experiments 

for each compound in BG1Luc4E2 and BG1LucERβc9 cell lines are presented in Table 2. 

These results not only reveal comparable EC50 and minimal detection limit (MDL) values 

for induction of reporter gene activity by E2, but they highlight the overall reduction in both 

the background luciferase activity of the BG1LucERβc9 cells compared to the BG1Luc4E2 

cells and the maximal induction levels by all ER ligands. The reduction in the overall ER-

dependent reporter gene induction response in the new BG1LucERβc9 cell line is consistent 

with several other reports demonstrating an ERβ-dependent down regulation/repression of 

ERα signaling in a variety of different transfected cell types [22, 32, 33]. Since ERα can 

result in dramatically greater levels of reporter gene activity than observed in the presence of 

ERβ (Supplemental Figure S2), the significant reduction in inducible gene expression in the 

ERβ cell line is not surprising since the level of ERα would be the primary driver of the 

gene expression response.

The EC50 values for the ERβ-selective ligands, genistein and BR-ERβ-041, were 9- and 22-

fold lower, respectively in the BG1LucERβc9 cells compared to the parental BG1Luc4E2 

cells and the MDL for each was 10-fold lower (Table 2). Additionally, although 

BG1LucERβc9 cells display a small but significant increase in the relative potency of the 

ERα-selective ligand PPT compared to the parental cell line (3.2 nM compared to 0.67 nM, 

respectively), no differences in the relative potency of E2 were observed. This slight 

reduction in the potency of PPT may result from the presence of ERβ interfering with ERα 

functionality. In fact, a previous study demonstrated that while ERα:ERα homodimers bind 

PPT with high affinity, ERα:ERβ heterodimers and ERβ:ERβ homodimers bind PPT 
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inefficiently and both receptors must bind and be activated by PPT in order to transactivate 

the induction response [31].

In addition to examining the response of BG1LucERβc9 cells to ER agonists, we 

demonstrated the ability of the ER antagonists fulvestrant (ICI 182780) and 4-

hydroxytamoxifen (4-OHT) to inhibit E2-inducible reporter gene expression in these cells 

(Supplemental Figure S5). To examine the differential effect of the ER antagonist 

fulvestrant against ERα and ERβ, we determined the ability of fulvestrant to antagonize 

luciferase induction by both E2 and Br-ERβ-041 in BG1LucERβc9 and BG1Luc4E2 cells. 

While concentration-dependent antagonism of E2-induced luciferase activity by fulvestrant 

was comparable in the BG1LucERβc9 and BG1Luc4E2 cells, it was a significantly more 

potent antagonist of Br-ERβ-041 induced activity (p < 0.05 as determined by Student’s t-

test) in BG1Luc4E2 cells (Supplemental Figure S6; Supplemental Table S1). Together, 

these results demonstrate that the ERβ-containing BG1LucERβc9 recombinant cell line 

responds appropriately to ER antagonists and can be used to detect both ER agonists and 

antagonists.

Finally, to confirm that the increased responsiveness of BG1LucERβc9 cells to ERβ-

selective ligands was correlated with the increased ERβ expression levels in these cells, we 

compared ERβ mRNA levels in BG1LucERβc9 cells to those of the parental BG1Luc4E2 

cells using quantitative rtPCR. The average threshold cycle (Ct) value for ERβ mRNA levels 

in the parental BG1Luc4E2 cells was 34.8 ± 0.3 indicating very little expression of this gene 

(Figure 4A), comparable to low levels of ERβ mRNA expression previously reported in wild 

type BG1 cells [32, 37]. In contrast, the average Ct value for ERβ mRNA in BG1LucERβc9 

cells was 24.3 ± 0.2, approximately 1,100-fold more ERβ mRNA than that in BG1Luc4E2 

cells (Figure 4A, B). We also examined whether ERα mRNA levels differed between 

BG1LucERβc9 cells and BG1Luc4E2 cells, especially given the significant reduction in 

overall ER-inducible gene expression and the decrease in potency of the ERα-specific 

ligand PPT observed in BG1LucERβc9 cells (Table 2). These analyses revealed that the 

level of ERα mRNA expression in BG1LucERβc9 cells was only 64 ± 6% of that found in 

the parental BG1Luc4E2 cells (Figure 4B). The significant reduction of ERα mRNA in 

BG1LucERβc9 cells not only agrees well with the apparent repressive effect of ERβ 

expression on ERα mRNA levels (Figure 4) and ER-dependent reporter gene activation 

(Figure 2; Table 2) observed in the BG1 cells, but also that previously reported by other 

investigators using a variety of other cell lines [22, 32, 3331].

Application of the BG1LucERβc9 cell line for chemical screening

Given that the goal of generating the stably transfected BG1LucERβc9 cells was to develop 

a cell bioassay containing both ERα and ERβ that would be useful for more comprehensive 

chemical screening, the BG1LucERβc9 cell line was used to detect both ERα- and ERβ-

selective agonists in a chemical library consisting of 176 pesticides and industrial chemicals 

(in two 96-well plates) [28]. The BG1Luc4E2 cells were also included in the screen for 

comparative purposes, with the resulting data allowing identification of chemicals that can 

activate ERα. Differences in response between the two BG1Luc4E2 and BG1LucERβc9 cell 

lines can be used to identify potential ERβ-selective agonists. Representative plates of 
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luciferase induction data from these screens are shown in Figure 5 and Supplemental Table 

S2 and results normalized to the maximal response obtained with E2. While the induction 

results in BG1Luc4E2 cells identified compounds that induce reporter gene activity in an 

ERα-dependent manner, the induction observed in BG1LucERβc9 cells can result from 

activation of ERα and/or ERβ. These comparative results identified numerous chemicals in 

the library that increased reporter gene activity to a greater degree in BG1LucERβc9 cells 

compared to that in BG1Luc4E2 cells, consistent with a role of ERβ in the induction 

response by these chemicals.

To confirm the ERβ-selectivity of the positive chemicals in these library screens, those 

chemicals that induced luciferase activity >40% of that of maximal induction by E2, and 

which exhibited a significantly greater induction response in BG1LucERβc9 cells (compared 

to that in the parental BG1Luc4E2 cells) in the initial screen were reanalyzed for their ability 

to induce luciferase in both cell lines. Based on these criteria, we selected chemicals P82, 

P83, P89, P108, P110, P112, P113, and P115 for subsequent reanalysis to confirm their 

ability to induce luciferase activity in both cell lines. Chemical P159 (bisphenol A, position 

H10 on plate 2), produced high activity in both cell lines in the initial screen and was 

selected as a second positive control (in addition to E2) for confirmatory analysis. 

Interestingly, the majority of the most potent estrogenic chemicals which met the criteria for 

inclusion in the confirmatory screen were organochlorine insecticides (Table 3; 

Supplemental Figure S7). In the initial screening analysis, chemical P12 (cyanazine, position 

3D on plate 1) induced significant luciferase activity in BG1LucERβc9 cells (72% of 

maximum induction by E2 (Figure 5)) while not inducing significant luciferase activity 

above background in BG1Luc4E2 cells. However, in the confirmatory screening assays 

cyanazine failed to induce luciferase activity above background in either BG1LucERβc9 or 

BG1Luc4E2 cells. The reason for the observed activity of cyanazine in the initial screen 

only, is unclear, but these results clearly demonstrate the necessity for confirmatory 

screening analysis. The chemical which exhibited the greatest ERβ-selective induction of 

luciferase activity in BG1LucERβc9 cells was chemical P112 (Tedion, also known as 

tetradifon) inducing luciferase to 64 ± 11% of the maximum activity induced by E2 (0.1 

nM); Tedion induced only to 27 ± 3% in BG1Luc4E2 cells (Figure 6, Table 3). While the 

endocrine disrupting activity of Tedion has been previously examined, no studies examined 

the ER-subtype selectivity of Tedion and the differential ability of Tedion to affect ovaries 

and bone remodeling and development remains to be examined [38, 39]. Lindane (P108), 

which resulted in the second largest ERβ-selective difference in induction (Figure 6, Table 

3), was previously reported to inhibit E2-mediated activation of ERK1/2 and Akt (kinases 

known to stimulate cell proliferation) in ERα/ERβ-containing cerebellar granular cells [40]. 

Thiodan (P113, also known as endosulfan) is a known ER agonist and stimulated both ERβ- 

and ERβ-dependent gene expression (Figure 6, Table 3) [40, 41].

Interestingly, all the compounds which induced significantly greater luciferase activity in the 

BG1LucERβc9 cells compared to BG1Luc4E2 cells, were organochlorine insectides, some 

of which are known to be estrogenic (although ER subtype selectivity is not known), and/or 

they have structures which group them into known classes of ER ligands [42]. However, 

several of these compounds (Heptachlor (P89), Lindane (P108), Endrin (P110), and Thiodan 

(P113)) have structures which deviate significantly from established structure activity 
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relationship (SAR) characteristics reported for estrogenic chemicals [42–44]. Although 

quantitative SAR models have been previously developed for both ERα and ERβ binding, it 

is unlikely that SAR approaches alone can anticipate binding of a novel compound to 

ERα/β, especially if the compound structure does not fall under the established classes of 

known estrogenic chemicals or tested compounds [45, 46]. Whether these novel ER 

activators directly bind to the ER ligand binding pocket and activate the ER and ER-

dependent gene expression by the classical mechanism or whether they utilize a more novel 

mechanism (i.e. allosteroic modulation or stimulation of an ER activating kinase activity) 

remains to be determined. However the results presented here not only demonstrate the 

utility of this new bioassay to identify ERβ active chemicals, but these approaches can 

identify novel compounds whose chemical structure deviates from known QSAR 

predictions, providing new results that can be used to improve on existing QSAR models for 

inclusion of unexpected ERα/β activators.

Taken together, we have generated an improved BG1 ER-dependent screening bioassay that 

now can be used to identify a broader and more comprehensive spectrum of ER-dependent 

ligands (ERα/β agonists and antagonists), compared to our previous cell line (BG1Luc4E2) 

which lacks functional ERβ. The combined use of both the BG1LucERβc9 and BG1Luc4E2 

cell lines for screening will also allow identification of ERα and/or ERβ-selectivity of a 

given chemical or chemical class. As such, the new BG1LucERβc9 has significant 

advantages over the parental cell line BG1Luc4E2 which is currently accepted by the OECD 

and the USEPA for detection of estrogenic chemicals. The ERβ-selective results presented 

here clearly demonstrate that the BG1Luc4E2 cell line may underestimate the overall 

potency and ability of chemicals and mixtures to activate ER-dependent gene expression. 

Additionally, the BG1LucERβc9 and parental cell lines provide a useful model system to 

examine both the molecular mechanism responsible for ERβ-mediated suppression of ERα 

expression and signaling and its impact on other signaling events in these cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
ER subtype-specific induction of ER-dependent luciferase reporter gene expression in 

transiently transfected SKBR3 cells. Cells were cotransfected with the ER-responsive 

luciferase reporter plasmid pGudLuc7.ERE and the ERα or ERβ expression vector, 

incubated with the indicated concentration of (A) E2, (B) genistein, (C) Br-ERβ-041, or (D) 

PPT for 24 h, lysed and luciferase and total protein levels analyzed as described in Materials 

and Methods. Luciferase activity is expressed as a percent of maximum luciferase induction 

by 1 nM E2 and results represent the mean ± SD of triplicate determinations from each of 
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three separate experiments after subtraction of the luciferase activity present in cells exposed 

to DMSO.
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Figure 2. 
Concentration-dependent induction of luciferase in BG1LucERβ clone 9 and the parent cell 

line BG1Luc4E2 by estrogen. Cells were incubated with E2 (24 h), lysed, and luciferase 

levels measured and analyzed as described in Materials and Methods. Luciferase activity is 

expressed as relative light units (RLUs) and values represent the mean ± SD of triplicate 

determinations after subtraction of the luciferase activity obtained in cells exposed to DMSO 

and are representative of more than 15 different replicate experiments.
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Figure 3. 
Concentration-dependent induction of luciferase in BG1LucERβc9 and BG1Luc4E2 cells by 

ERα and ERβ selective ligands. BG1LucERβc9 cells (closed circles) or BG1Luc4E2 cells 

(open circles) were incubated with the ERβ-selective ligands genistein (A) or Br-ERβ-041 

(B) or with the ERα-selective ligand PPT (C) for 24 h, cells lysed, and luciferase levels 

measured and analyzed as described in Materials and Methods. Luciferase activity is 

expressed as a percent of maximum induction by E2 (0.1 nM) in each cell line and results 

represent the mean ± SD of triplicate determinations after subtraction of the background 

luciferase activity obtained in cells exposed to DMSO and values are representative of more 

than 8 replicate experiments.
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Figure 4. 
Comparison of ERβ and ERα mRNA levels in BG1Luc4E2 and BG1LucERβc9 cells. (A) 

Threshold cycle values for ERα, ERβ, and β-actin mRNA levels in BG1Luc4E2 and 

BG1LucERβc9 cells. (B) Expression of ERβ and ERα mRNA in BG1LucERβc9 cells. 

Results represent the mean ± SD of four determinations, and ER mRNA levels were 

normalized to that of β-actin and expressed relative to levels in BG1Luc4E2 cells as 

described in Materials and Methods. Significant difference (p < 0.05, determined by 
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Student’s t-test) in relative ERβ or ERα mRNA levels in BG1LucERβc9 cells from that of 

levels in BG1Luc4E2 cells is indicated by an asterisk *.
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Figure 5. 
Screening results of a chemical library of common pesticides and industrial chemicals in 

BG1Luc4E2 and BG1LucERβc9 cells. Chemicals in the library were screened once in 

triplicate for ER agonist activity in BG1Luc4E2 or BG1LucERβc9 cells at a final 

concentration of 10 µM. Cells were incubated for 24 h, lysed, and luciferase levels measured 

and analyzed as described in Materials and Methods. Luciferase activity is expressed as a 

percent of maximal luciferase induction obtained with 1 nM E2 in each cell line. Each bar 

represents the mean of triplicate determinations.
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Figure 6. 
Induction of luciferase activity by selected library chemicals in BG1Luc4E2 and 

BG1LucERβc9 cells. Cells were incubated with the indicated chemicals (10 µM) for 24 h, 

lysed, and luciferase levels measured and analyzed as described in Materials and Methods. 

Luciferase activity is expressed as a percent of maximum induction by E2 (0.1 nM) in each 

cell line. Results represent the mean ± SD of three individual experiments (with triplicate 

wells analyzed per chemical per experiment) after subtraction of the luciferase activity 

obtained in cells exposed to DMSO. Significant differences (p < 0.05, determined by 

Student’s t-test) in luciferase induction in BG1LucERβc9 cells above that of the 

BG1Luc4E2 cell line from chemical treatment is indicated by an asterisk (*).
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Table 1

ER-subtype selectivity of genistein, Br-ERβ-041, and PPT in SKBR3 cells transiently co-transfected with a 

estrogen-responsive reporter gene plasmid (pGudLuc7.ERE) and either a ERα or ERβ expression plasmid.

ERα ERβ

Chemical EC50 [M] Maximal Inductiona EC50 [M] Maximal Inductiona

E2 8.5 ± 2.2 × 10−12 100 ± 8% 7.5 ± 2.9 × 10−11 100 ± 7%

Genistein 2.6 ± 0.8 × 10−7 101 ± 3% 4.4 ± 1.9 × 10−8 199 ± 25%*

Br-ERβ-041 9.7 ± 1.3 × 10−7 90 ± 8% 5.4 ± 0.9 × 10−8 93 ± 7%

PPT 2.5 ± 0.2 × 10−10 92 ± 16% No induction   No induction

a
Luciferase induction is expressed as the mean ± SD of three individual experiments (with chemicals analyzed in triplicate) and values are 

presented as the percent of maximum luciferase induction obtained with E2 (1 nM). Maximum luciferase induction by genistein, Br-ERβ-041, and 
PPT was observed at concentration of 3.16 µM, 10 µM, and 10 nM, respectively.

*
Significantly different from that of 1 nM E2 at p < 0.05 as determined by Student’s t-test.
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