
UC Office of the President
Recent Work

Title
AroER tri-screen™ is a novel functional assay to estimate both estrogenic and estrogen 
precursor activity of chemicals or biological specimens

Permalink
https://escholarship.org/uc/item/55s8p0x5

Journal
Breast Cancer Research and Treatment, 151(2)

Author
Chen, Shiuan

Publication Date
2015-05-12

DOI
http://doi.org/10.1007/s10549-015-3398-z
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/55s8p0x5
https://escholarship.org
http://www.cdlib.org/


PRECLINICAL STUDY

AroER tri-screenTM is a novel functional assay to estimate
both estrogenic and estrogen precursor activity of chemicals
or biological specimens
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Abstract The purpose of the study is to define AroER tri-

screen’s utility for identifying endocrine-disrupting che-

micals (EDCs) that target aromatase and/or estrogen re-

ceptor (ER), and to measure the total estrogenic activity in

biological specimens. ER-positive, aromatase-expressing

MCF-7 breast cancer cells were stably transfected with an

estrogen responsive element (ERE)-driven luciferase re-

porter plasmid to yield a new high-throughput screening

platform—the AroER tri-screen. AroER tri-screen was

capable of identifying estrogen precursors, such as corto-

doxone, which function as estrogens through a two-step

conversion process in aromatase-expressing tissue. Fur-

thermore, the system proved useful for assessing EDC

activity in biologically relevant samples. Estimating these

activities is critical because natural estrogens and estro-

genic EDCs are important factors in ER-positive breast

cancer risk. As our research demonstrates, incorporating

functionally active aromatase into the AroER tri-screen

produces a powerful and unique tool to (1) identify new

EDCs targeting aromatase and/or ER; (2) discover novel

EDCs activated by aromatase; and (3) estimate overall

estrogenic activities in biological samples as a potential

intermediate risk factor for breast cancer.

Keywords AroER tri-screen � Endocrine-disrupting
chemicals (EDCs) � Aromatase � Estrogenic

Introduction

By interfering with hormone biosynthesis, metabolism, or

action, EDCs can cause deviations in both normal

homeostatic control and reproduction [1]. Through multi-

ple mechanisms, EDC exposure (during development or in

later life) may perturb the physiological actions of hor-

mones [2]. We are exposed to thousands of chemicals in

food, water, and the general environment every day; and

some of them can act as EDCs. Therefore, high-throughput

screening systems must be established to identify EDCs in

these locales. With this in mind, we developed the AroER

tri-screen assay: estrogen receptor (ER)-positive, aro-

matase-expressing MCF-7 breast cancer cells were stably

transfected with an estrogen responsive element (ERE)-

driven luciferase reporter plasmid. The AroER tri-screen

can identify several types of EDCs: estrogenic ones, which

increase luciferase signal without 17b-estradiol (E2);

antiestrogenic EDCs, which inhibit the E2-induced lu-

ciferase signal; and aromatase inhibitor (AI)-like EDCs,

which suppress a testosterone (T)-induced luciferase sig-

nal. This high quality assay has an excellent signal-to-

background ratio (6.9-fold); a low coefficient of variation

(5.4 %); and an impressive screening window coefficient

(Z-factor of 0.78) [3]. The technique was first optimized in

a 96-well plate format; it was then miniaturized into a

1536-well plate format to screen both the NIH Clinical

Collection [Evotec (US) Inc, San Francisco, CA] and the
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Tox-21 10 K library [4]. The Food and Drug Administra-

tion (FDA) announced the availability of a draft guidance

for industry entitled ‘‘Endocrine Disruption Potential of

Drugs: Nonclinical Evaluation’’ on September 20, 2013. As

stated in this draft guidance, additional studies are needed

to characterize potential endocrine-disrupting properties of

currently used drugs. AroER tri-screen identified novel

EDCs from 446 drugs in the NIH Clinical Collection,

which included FDA-approved drugs [3]. Since these drugs

(with hitherto unknown estrogen-disrupting function) are

currently used in the clinic or serve as precursors for the

development of new drugs, people can be exposed to their

endocrine-disrupting activities. In this regard, in vitro high-

throughput screening of EDCs can help inform decisions

about both drug development and treatment, provided the

screen is highly reproducible and renders a minimal num-

ber of false-positives (for example through rescreening and

validation) [5]. Herein, we disclose positive-hit chemicals

identified by the AroER tri-screen and show novel

mechanistic actions of chemicals as estrogenic compounds.

In most cases during an EDC exposure event, multiple

compounds are simultaneously encountered (i.e., most

materials are mixtures). In this regard, the effects of dif-

ferent classes of EDCs may be additive or even synergistic

[1]. In biological samples, direct analytical chemistry ap-

proaches can (with high sensitivity) quantify levels of

known EDCs. However, using this approach, contributions

from compounds not typically considered EDCs cannot be

anticipated and included in the analysis. Furthermore, the

combined activities of a mixture of EDCs can be over-

looked. To compensate for these disadvantages, a func-

tional assay must be used to determine the sample’s overall

biological activity. Using mammalian cells transfected

with ERE-luciferase reporter vector, conventional ER

bioassays have been used to detect bioactiviy in human

samples [6–9]. Especially for breast cancer studies in

postmenopausal women, ER bioassays can predict an in-

creased risk of postmenopausal breast cancer indepen-

dently from hormone levels [10–12]. In this study, we

demonstrated directly that the detectable estrogenic activity

in tested human serum samples correlated with the sam-

ple’s ability to promote the proliferation of breast cancer

cell line MCF-7aro. Furthermore, by employing both in-

hibitors [ICI 182,780 (ICI) and Letrozole (Let)] and

estrogenic chemicals (including both natural and synthetic

chemicals) during the assay, we can also define the action

of the active constituents. To isolate compounds for this

assay, steroid hormones and potential EDCs are extracted

using a C-18 solid-phase extraction (SPE) column; they are

then subjected to our AroER tri-screen procedure. Below,

we present data indicating that the unique AroER tri-screen

can assess both estrogenic activity and (aromatizable)

estrogen precursor activity simultaneously in tested biolo-

gical samples. As such, we demonstrate the extended utility

of the AroER tri-screen: the presence of functionally active

aromatase makes it a unique tool to identify novel EDCs

targeting aromatase and/or ER; it is also a versatile method

to estimate the overall activity of female hormones in

biological samples, which can be correlated to risks asso-

ciated with developing breast cancer.

Materials and methods

Samples

Whole blood was centrifuged and serum was aliquoted and

frozen at -80 �C until analysis. The study protocol was

approved by the Committee for the Protection of Human

Subjects (CPHS).

Luciferase assay

Prior to the assay, AroER tri-screen cells were cultured

in phenol red-free MEM containing 10 % charcoal-

treated FBS for 2 days and then seeded into 96-well

plates at 2 9 105 cells per well. After 24 h, the cells

were individually treated with the extract or compound

alone and/or with ICI (100 nM) or Let (200 nM) in a

total volume of 100 lL. After an overnight incubation at

37 �C, 100 lL of 1X One-Glo reagent (Promega Cor-

poration) was added to each well and incubated for

5 min. Luciferase signal was measured using SpectraMax

M5 microplate reader (Molecular Devices, Sunnyvale,

CA) and normalized by protein concentration. Each as-

say was performed in triplicate. For the transient trans-

fection experiment using C4-12/ERa or C4-12/ERb
stable cell line, cells were seeded into 24-well plates at

1 9 105 cells per well. After 24 h of seeding, the cells

were individually transfected with pGL4.26 [luc2/minP/

Hygro] (ERE)3 plasmid [3]. An additional 24 h later,

cells were treated with each compound. After an over-

night incubation at 37 �C, cells were lysed with 200 lL
of passive lysis buffer. 20 lL of supernatant was mixed

with 20 lL of luciferase reagent (Promega Corporation).

The luciferase signal was measured using a TD-20/20

luminometer (Turner designs, Sunnyvale, CA) and nor-

malized by protein concentration. Each assay was per-

formed in triplicate.

Reagents and cell culture

Generation of the C4-12/ERa and C4-12/ERb cells

Extraction by solid-phase extraction (SPE) column
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Cell proliferation assay

Liquid chromatography and mass spectrometry

Please see supplementary materials for procedures.

Statistical analysis

Data are presented as mean ± SD. One-way analysis of

variance (ANOVA) with Dunnett’s post hoc test was used

to determine significant difference in human sample ana-

lysis. Unpaired t tests were used for the rest of the analysis.

We used GraphPad Prism 6.01 (GraphPad Software Inc.,

San Diego, CA) to perform statistical analysis.

Results

Validation of novel EDCs exhibiting ER agonistic

activity

Screening 446 drugs in the National Institutes of Health

Clinical Collection revealed 67 compounds exhibiting

estrogenic activity. Using the Estrogenic Activity Database

(EADB) developed by the National Center for Toxico-

logical Research (NCTR) [13], we found that 13 out of the

67 compounds had been reported already for their ER

agonistic action (Supplemental Table 1). For the remaining

54 compounds, we have used the ERE-luciferase reporter

to validate six compounds so far as estrogenic. One of the

six substances is the anti-depressant drug paroxetine [3].

The pure ER antagonist, ICI, significantly reduced to

baseline levels the reporter-induced activity of five other

compounds: cortodoxone, ethylestrenol, mestanolone, ke-

tolorac, and rabeprazole (Fig. 1).

Cortodoxone functionally acting like estrogens

through a two-step conversion process

Among these drugs, cortodoxone, ethylestrenol, and mes-

tanolone maximized luciferase activity at 10 lM. While

Let should not affect the activities of ER agonists, corto-

doxone activity was nevertheless inhibited by Let. A report

by Azueby et al. suggests that cortodoxone can be con-

verted into androstenedione by an uncharacterized enzyme

[14]. To account for our observed sensitivity of cortodox-

one to Let, we hypothesize that cortodoxone (through the

unidentified enzyme) is first converted to androstenedione;

this is subsequently converted by aromatase (in the AroER

tri-screen) to estrone. To test our hypothesis, analysis using

LC-tandem mass spectrometry revealed that androstene-

dione and estrone were produced and detected in cell cul-

ture media when the cells were treated with cortodoxone;

furthermore, production of estrone was inhibited by Let

treatment (Fig. 2a). The percent yields of both an-

drostenedione from cortodoxone and estrone from an-

drostenedione are shown in Table 1. Summary of this

steroid biosynthesis pathway is shown in Fig. 2b.

Validation using ERa- and ERb-specific expression

systems: ER-transduced C4-12 cells

Cortodoxone, ethylestrenol, and mestanolone induced

greater luciferease activity among the five tested com-

pounds when AroER tri-screen cells were treated with each

compound individually. We therefore evaluated those three

chemicals in an ERa- and ERb-specific luciferase assay

using ER-expressing C4-12 cells that are deficient in en-

dogeneous ER expression. As shown in Fig. 3, ERa-

Fig. 1 Validation of screening results for estrogenic compounds.

AroER tri-screen cells were treated with each of the chemicals and

inhibitors [ICI (ER-agonist) 100 nM and/or Let (aromatase inhibitor)

200 nM] for 24 h, and the luciferase activity was measured. Each

assay was performed in triplicate. Asterisks indicate p\ 0.05

compared with DMSO, number signs indicate p\ 0.05 compared

with the activity without inhibitor treatment (ICI or Let) by t test
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specific ligand (PPT) only induced ERE reporter activity in

ERa-expressing cells; ERb-specific ligand (ERB-041) only

induced the ERE reporter activity in ERb-expressing cells.

E2 induced ERE reporter activity in both C4-12 ERa- and
ERb-expressing cells. A similar pattern of ERE reporter

activity was observed in the cells treated with ethylester-

enol and mestanolone. Cortodoxone did not increase any

ERE reporter activity in either C4-12 ERa- or ERb-ex-
pressing cells. This result is consistent with our finding that

cortodoxone functionally acts like estrogens through a

conversion process by aromatase: ERE reporter activity

was not significantly induced in the ER-expressing C4-12

cells because they do not overexpress aromatase (Fig. 3).

Since the enzyme that converts cortodoxone to an-

drostenedione remains undefined, it is difficult to comment

on the efficiency of this reaction. However, we were sur-

prised by the low yielding conversion of androstenedione

to estrone by aromatase expressed in the AroER tri-screen.

To better understand the catalytic efficiency of expressed

aromatase, we performed a dose–response study of the

T-induced and E2-induced luciferase reporter assay (Sup-

plemental Fig. 1). The activity reached maximum at 1 nM

Progesterone

Aldosterone

17OH-pregnenolone

17OH-progesterone

Cortodoxone
(11-deoxycortisol)

Cortisol

DHEA

Androstenedione

Testosterone

Estrone

Estradiol

Cholesterol

Aromatase

(a)

(b)

Pregnenolone

Fig. 2 Cortodoxone functionally acts like estrogens through a two-

step conversion process. Androstenedione and estrone levels in

supernatant treated with cortodoxone were measured using liquid

chromatography and mass spectrometry (a). Summarized steroid

biosynthesis pathway (b). All experiments were performed in

triplicate. Asterisks indicate p\ 0.05 compared with DMSO, number

signs indicate p\ 0.05 compared with the activity without inhibitor

treatment (ICI or Let) by t test
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for both T- and E2-treated cells. The T-induced activity

profile was similar to the E2-induced profile. Importantly,

the results demonstrate that the expressed aromatase is

highly efficient when the concentrations of androgen are

kept lower than 1 nM. Such findings for the assay in a 96-

well format were similar to those reported in the 1536-well

format [3]. Therefore, the yield of aromatization by AroER

tri-screen is significantly reduced when the concentration

of androgen is higher than 1 nM.

SPE column extraction of EDC-containing

specimens

Since the AroER tri-screen effectively detected T or E2 at

concentrations less than 1 nM, we evaluated the system’s

capacity to isolate and detect these hormones in biological

samples. As proof-of-principle experiments, solutions

(10 mL) of T (100 fM–1 nM) or E2 (100 fM–1 nM) were

loaded onto SPE columns. After a 5 % methanol wash, the

100 % methanol-eluted fractions were collected, concen-

trated, and reconstituted in DMSO. AroER tri-screen cells

were treated with these reconstituted fractions for 24 h and

the luciferase activity was measured. An average of 91 %

of T was recovered from T samples. Similarly, an average

of 90 % of E2 was recovered from E2 samples (Supple-

mental Fig. 1). To quantify the recovery rate of the SPE

column, an experiment was performed using androst-4-

ene-3, 17-dione [1-b-3H(N)] (NEN-Dupont, Boston, MA).

10 lL of 10 mM androstenedione and 20 lL of 0.19 pmol

androst-4-ene-3, 17-dione [1-b-3H(N)] were added into

10 mL double distilled water; this mixture was then loaded

to the SPE column. 200 lL of each step (flow through,

wash and elution) was added into 3 mL scintillation fluid,

and they were quantified by a liquid scintillation counter.

The wash and flow-through samples had minimal counts

per minute (CPM) activities. Over 96 % of samples were

recovered using an elution volume of 4, 6, 8, or 10 mL.

The 6 mL elution could achieve a recovery rate of

98.26 %; therefore, we standardized our extraction proce-

dures with 6 mL of 100 % methanol (Table 2).

Analysis of the samples containing multiple

estrogenic substances

In biological samples, EDCs (including natural and syn-

thetic chemicals) are present in a mixture. Experiments

were performed to determine whether the presence of a

weak estrogenic EDC could impact the total estrogenic

activity in samples containing endogenous estrogen. Ke-

tolorac showed weak estrogenic activity in a dose-depen-

dent manner from 100 nM to 10 lM (Fig. 1a). In the

presence of ICI, this activity was suppressed. AroER tri-

screen cells were treated with ketolorac, paroxetine, and

50 pM of estradiol. The estradiol concentration was picked

to mimic physiological levels in blood level of post-

menopausal women [15]. In this analysis, paroxetine in-

creased luciferase activity (compared DMSO treatment) by

15.91 RLU/lg; ketolorac by 14.75 RLU/lg; and 50 pM of

E2 by 132.34 RLU/lg. When the cells were treated with

paroxetine together with ketolorac, the expected activity

was 30.66 RLU/lg, and the actual measured activity was

38.19 RLU/lg. Similarly, when cells were treated with a

combination of paroxetine and 50 pM of E2, the expected

activity was 148.24 RLU/lg, and the measured activity

was 164 RLU/lg. When ketolorac was treated with 50 pM

of E2, the expected induced RLU/lg was 147.09, and ac-

tual induced activity was 218.15 RLU/lg. When all three

(paroxetine, ketolorac and 50 pM E2) were treated together

in a combination, expected activity was 163 RLU/lg, and

Fig. 3 Validation using ERa- and ERb-specific systems: an MCF-7

variant—C4-12—that is deficient in endogenous ER expression. C4-

12/ERa or C4-12/ERb stable cell lines were seeded into 24-well

plates at 1 9 105 cells per well. After 24 h of seeding, the cells were

individually transfected with ERE reporter plasmid (pGL4.26 [luc2/

minP/Hygro] (ERE)3). An additional 24 h later, cells were treated

with each compound. After an overnight incubation at 37 �C, the
luciferase signal was measured using the supernatants and normalized

by protein concentration. All experiments were performed in

triplicate. Asterisks indicate p\ 0.05 compared with DMSO in C4-

12/ERa cells, number signs indicate p\ 0.05 compared with DMSO

in C4-12/ERb cells

Table 1 In vitro biosynthesis of androstenedione from cortodoxone

% Androstenedione % Estrone

DMSO 0 0

10 lM cortodoxone 0.75 ± 0.24 3.19 ± 1.04

1 lM cortodoxone 0.06 ± 0.01 0

10 lM cortodoxone ? Let 0.78 ± 0.43 0

1 lM cortodoxone ? Let 0.06 ± 0.01 0

Results (mean ± SD of triplicate) are given as a percentage of the

precursor
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actual activity was 256.12 RLU/lg (Fig. 4). These results

suggest that complex activation of ER can occur when

humans are exposed to multiple hormonal substances.

The luciferase activity of the extract correlated

with its ability to promote proliferation of estrogen-

responsive breast cancer cells

Luciferase activity was compared to cell proliferation ac-

tivity to determine the physiological significance of the

AroER tri-screen assay results. T or E2 samples, at dif-

ferent concentrations in 6 mL of Milli-Q water, were

loaded and eluted from an SPE column. Importantly, eluant

samples, but not wash samples, could increase cell prolif-

eration of AroER tri-screen cells. Using eluants from

samples containing T or E2, luciferase activity strongly

correlated with cell proliferation (R values of 0.815 or

0.716) (Fig. 5a). These results suggest that luciferase ac-

tivities of eluants are associated with their biological ac-

tivities (i.e., their impact on cell proliferation).

Evaluation of estrogenic and/or estrogen precursor

activity of extracts

To determine whether samples’ estrogenic activity resulted

from estrogen and/or estrogenic precursor constituents, the

AroER tri-screen cells were treated with eluates and ICI or

Let simultaneously. As expected, ICI significantly inhibit-

ed estrogen-induced luciferase activity for all concentra-

tions of E2 (100 fM–1 nM). ICI and Let significantly

reduced T-induced luciferase activity down to baseline

levels for all concentrations of T (100 fM–1 nM) (Fig. 5b).

This reduction is a consequence of Let’s ability to inhibit

the conversion of T to estrogen. These results indicate that

our assay can determine both estrogenic and androgenic

activities in test samples in a sensitive and reproducible

manner.

Human serum samples had estrogenic activity,

which correlated with cell proliferation

To test our assay’s usefulness in detecting estrogenic and

androgenic activities in biospecimens, we evaluated 11

human serum samples. All 11 eluted samples had sig-

nificantly higher luciferase activity compared to the DMSO

control (Fig. 6a). Moreover, we performed cell prolif-

eration assays using these extracts. Eleven eluted samples

induced the cell proliferation. Importantly, luciferase ac-

tivity significantly correlated with cell proliferation

(Fig. 6b). These results suggest that the assay’s range in

which estrogenic and/or estrogenic precursor materials can

be detected has biological significance—i.e., these con-

centrations can stimulate cell growth.

Aromatizable androgens are present at significant

levels in human serum samples

To elucidate whether luciferase activity of human serum

samples comes from estrogen or/and estrogenic precursors

(converted to estrogen by the expressed aromatase), we

treated human serum extracts with ICI and/or Let. All

samples’ activities was decreased by ICI treatment—this

suggests that luciferase activities were a consequence of

ER pathway operations (Fig. 6c). Let treatment of extract

Fig. 4 Analysis of the samples containing multiple estrogenic

substances. AroER tri-screen cells were treated with each chemical

and its combination [10 lM paroxetine (Par), 10 lM ketolorac (Ket),

and/or 50 pM E2] for 24 h. Luciferase signal was measured using

a microplate reader and normalized by protein concentration. Values

are expressed as mean and standard deviation. All experiments were

performed in triplicate. Asterisks indicate p\ 0.05 compared with

DMSO by t test

Table 2 Recovery rate of SPE column extraction

Elution volume (mL) Total CPM Recovery rate (%)

Loading Flow-through Wash Eluate

4 408,978 ± 8821 320 ± 75 290 ± 69 397,829 ± 6590 97.3

6 414,384 ± 9924 260 ± 75 220 ± 62 407,181 ± 9584 98.3

8 411,158 ± 17,796 460 ± 62 400 ± 17 399,661 ± 8578 97.2

10 431,651 ± 6332 350 ± 180 240 ± 30 416,106 ± 12,302 96.4
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could also inhibit luciferase activity of all samples; these

results imply that estrogen precursor activity is the main

source of luciferase signal in human serum samples.

Discussion

In vitro screening systems can help identify chemicals that

potentially disrupt the endocrine system. The AroER tri-

screen differs from other ER bioactivity systems because it

uses cells that overexpress the aromatase enzyme; and the

assay can screen three different types of EDCs (estrogenic,

antiestrogenic, and AI-like) [3]. In a previous study ap-

plying the assay to the NIH Clinical Collection, we showed

that paroxetine (Paxil), a commonly prescribed selective

serotonin reuptake inhibitor, is a weak ER agonist [3]. This

activity of paroxetine may be responsible, in part, for the

observed reduction in the effectiveness of tamoxifen in

some women with breast cancer [16]. In building upon this

work, we demonstrate herein that the screen also identifies

indirect estrogenic EDCs (Fig. 7). Four compounds—

ethylestrenol, mestanolone, ketorolac, and rabeprazole—

were newly identified as estrogenic (without antiestrogenic

and AI-like activities). In addition, cortodoxone appears to

impact ER activity through a conversion process to an-

drostenedione, which is subsequently transformed by aro-

matase to estrone. Whereas traditional ER bioassays are not

expected to capture this mode of action, it is detected by

the AroER tri-screen. Discovering such classes of EDCs—

i.e., those that require the catalytic activity of aromatase—

could have important physiological implications. We be-

lieve this is a conceptually important example of a new

mechanism for promoting ER-positive breast cancer. Most

of breast cancer cells are known to express higher levels of

aromatase than non-cancerous cells [17]. Therefore, drugs

like cortodoxone could be preferentially converted to

estrogen in breast cancer cells, promoting the proliferation

of cancerous cells.

Fig. 5 Significant correlation between the luciferase activity of the

extract and its ability to promote the proliferation of estrogen-

responsive breast cancer cells. AroER tri-screen cells were treated

with eluates for 24 h and the luciferase activity was measured. We

also performed an MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide) assay to determine the effect on cell

proliferation. There are significant correlations between luciferase

activity and cell proliferation using the eluates from samples

containing testosterone or estrogen (a). The AroER tri-screen cells

were treated with eluates and ICI (ER-agonist: 100 nM) or Let

(aromatase inhibitor: 200 nM) to determine whether the estrogenic

activity results from androgen and/or estrogen (b). Values are

expressed as mean and standard deviation. All experiments were

performed in triplicate. Asterisks indicate p\ 0.05 compared with

DMSO, number signs indicate p\ 0.05 compared with the activity

without inhibitor treatment (ICI or Let) by t test

Breast Cancer Res Treat (2015) 151:335–345 341

123



The Interagency Breast Cancer & Environmental Re-

search Coordinating Committee (IBCERCC) made two

important recommendations in February 2013: (1) phar-

macological agents with steroidal hormone-like activity

should be identified and (2) by developing better pre-

clinical screening tests, the potential risks of these mate-

rials should be evaluated before they are brought to market.

Mestanolone, an androgenic EDC, binds with high affinity

to nuclear androgen receptors [18]. In our assay, luciferase

activity was significantly increased upon treatment with

mestanolone at several concentrations (100 nM, 1 and

10 lM); 50 % of maximum activity was observed at ap-

proximately 100 nM. These results suggest that high con-

centrations of mestanolone act like estrogenic compounds.

ICI could significantly reduce compound induced activity,

suggesting that the luciferase activity produced by mes-

tanolone was a result of it acting though an ER pathway.

Moreover, activity was not inhibited by Let; thus, our

results are consistent with the report that mestanolone is a

nonaromatizable androgen [19]. Ethylestrenol is an an-

abolic steroid which potentially affects autoimmune dis-

orders [20] and/or postoperative venous thrombosis [21].

Recently, the compound has been illegally used as an

anabolic steroid in cattle to increase their lean mass [22].

Our results showed ethylestrenol-induced luciferase ac-

tivity was inhibited by ICI treatment but not by Let. This

suggests that luciferase activity was induced through the

ER pathway, not through conversion by aromatase.

We also examined compound binding to particular

estrogen receptor subtypes. While role of ERb in breast

cancer is not well elucidated, it is usually considered a

tumor suppressor in estrogen-sensitive breast cancer. ERa
and ERb are transcribed from two genes located on dif-

ferent chromosomes. Two ERs share *97 % homology in

their DNA-binding domain and 59 % in ligand binding

domain [23]. AroER tri-screen cells were generated from

Fig. 6 Analysis of human serum samples using AroER tri-screen

cells. All 11 eluted samples had significantly higher luciferase activity

compared to the DMSO control (a). Moreover, we performed cell

proliferation assays using these extracts. 11 eluted samples induced

cell proliferation. There is a significant correlation between luciferase

activity and cell proliferation (b). Extracts from human sera were

treated with ICI (ER-agonist: 100 nM) or Let (aromatase inhibitor:

200 nM) to elucidate if luciferase activity of human serum samples

results from estrogen or/and androgen (c). Values are expressed as

mean and standard deviation. All experiments were performed in

triplicate. E; estrogen (0.5 nM), T; testosterone (0.3 nM) asterisks

indicate p\ 0.05 compared with DMSO (a); with treatment without

ICI or Let (c); by one-way ANOVA with Dunnett’s post hoc test
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MCF7aro, which dominantly express ERa and minimally

express ERb. The luciferase activity detected using AroER

tri-screen is thought to be mainly from ERa; however, the
system cannot completely dissect which ERs (such as ERa,
ERb, GPR30 and membrane-associated ER) induce lu-

ciferease activity. We therefore defined each compound’s

ability to bind ERa and/or ERb by generating ERa or ERb
expressing cells using a MCF-7 variant—C4-12—that is

deficient in endogenous ER expression. As shown in our

results, mestanolone and ethylestrenol did not show any

specificity for ERa or ERb; rather, it bound to both re-

ceptors in a similar manner as E2.

Ketorolac is a nonsteroidal anti-inflammatory drug

(NSAID), widely used for the short-term relief of moderate

to severe pain. During early stages of development, in-

hibiting cyclooxygenase by NSAIDs may disrupt heart

development [24, 25]. As such, routine use of ketolorac in

neonates is not recommended. Rabeprazole is an example

of a proton pump inhibitor (PPIs) to treat acid-related

conditions such as stomach and duodenal ulcers; gastroe-

sophageal reflux disease (GERD); and Helicobactor pylori.

PPIs are some of the most frequently prescribed medica-

tions for adults and children, including newborns. These

drugs have also been used for pediatric patients chronically

(over years) [26]. Importantly, this is the first report of the

EDC activities of ketolorac and rabeprazole—specifically,

weak estrogenic activity.

Since many of these drugs (NSAIDs, PPIs, etc.) are

currently used in the clinic or serve as precursors for the

development of new drugs, people can be exposed to their

hitherto unknown endocrine-disrupting activities inadver-

tently. The newly identified estrogenic chemical ketolorac

and previously identified paroxetine were used as a model

of multiple exposures. According to our results, the activity

of a combination of ketolorac, paroxetine, and 50 pM of E2

(equivalent to the blood concentration found in post-

menopausal women) [15] does not simply reflect the ad-

ditive activities of the three individual components. Rather,

the mixture activated the ER pathway in a more compli-

cated manner. Congruently, there are a few reports that

demonstrate the complexity of multi-component exposure

[27, 28]. This emphasizes the importance of determining

the total biological activity of a sample properly (i.e., the

combined effects of all constituents).

Testosterone, estrone, and high levels of androgens (e.g.,

androstenedione) have been associated with increased risk

of breast cancer [11, 15, 29]. When evaluating individual

and summed contributions to risk, it can be challenging to

isolate and quantify these steroidal hormones in biospeci-

mens [30]. Toward clarifying the complex interplay be-

tween the steroids and EDCs, the AroER tri-screen is the

first biological assay that can simultaneously assess both

direct estrogenic activity and indirect (aromatizable)

estrogen precursor activity. By using ICI and/or an AI, the

ER

E 2

Testosterone

(2) Anti-estrogenic
(i.e. ICI) ER

E

Luciferase

Aromatase

(1) Estrogenic

(ERE) 3

ER

E 2

ER

E

E 2E2 E 2E2

Androstenedione

E 2E1 E 2E1

(4) Estrogen precursor

Cholesterol

Steroid synthesis pathway

(3) Anti-aromatase
(i.e. Let)

Fig. 7 AroER tri-screen can

detect chemicals with four

different mechanisms of action
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system can also distinguish functional contributions of the

steroids. The results demonstrate that luciferase signal

significantly correlates with breast cancer cell proliferation.

Thus, the biological activity of individual samples appears

to directly correlate with breast cancer growth; and the

total estrogenic activity may potentially serve as an inter-

mediate risk factor for breast cancer. In terms of its utility

for assessing serum samples, the screen’s expressed aro-

matase was highly efficient when the concentration of an-

drogen was as low as 1 nM. Physiological levels of

estrogen in blood levels of postmenopausal women [15]

and premenopausal women [31] are approximately 20–130

and 150–300 pM, respectively. Therefore, the sensitive

AroER tri-screen can assess the activity of estrogen in

blood at physiological levels.

In summary, we identified five novel compounds that

exhibit estrogenic activity. Our experiments provide im-

portant confirmation that EDCs, including both known and

unknown chemicals, can work in a synergistic manner. The

mixtures of natural estrogens, estrogen precursors, and

EDCs can promote the proliferation of breast cancer cell

lines, i.e., MCF-7aro. Our results show that estrogen pre-

cursor activity in human sera can be a major source of

ERE-luciferase activity, which is undetectable by other

ER-only assays. Overall, the AroER tri-screen is a novel

functional assay to estimate a sample’s overall estrogenic

bioactivity; to distinguish the activities contributed by

estrogens versus aromatizable estrogen precursors in breast

cancer-relevant samples; and to probe the action of drugs

with endocrine-disrupting activity. It is therefore a useful

approach to evaluate bioactivities in specimens as impor-

tant predictive markers for the onset of breast cancer.
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