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Abstract

Estrogens play essential roles in the progression of mammary and prostatic diseases. The transcriptional effects of estrogens
are transduced by two estrogen receptors, ERa and ERb, which elicit opposing roles in regulating proliferation: ERa is
proliferative while ERb is anti-proliferative. Exogenous expression of ERb in ERa-positive cancer cell lines inhibits cell
proliferation in response to estrogen and reduces xenografted tumor growth in vivo, suggesting that ERb might oppose
ERa’s proliferative effects via formation of ERa/b heterodimers. Despite biochemical and cellular evidence of ERa/b
heterodimer formation in cells co-expressing both receptors, the biological roles of the ERa/b heterodimer remain to be
elucidated. Here we report the identification of two phytoestrogens that selectively activate ERa/b heterodimers at specific
concentrations using a cell-based, two-step high throughput small molecule screen for ER transcriptional activity and ER
dimer selectivity. Using ERa/b heterodimer-selective ligands at defined concentrations, we demonstrate that ERa/b
heterodimers are growth inhibitory in breast and prostate cells which co-express the two ER isoforms. Furthermore, using
Automated Quantitative Analysis (AQUA) to examine nuclear expression of ERa and ERb in human breast tissue microarrays,
we demonstrate that ERa and ERb are co-expressed in the same cells in breast tumors. The co-expression of ERa and ERb in
the same cells supports the possibility of ERa/b heterodimer formation at physio- and pathological conditions, further
suggesting that targeting ERa/b heterodimers might be a novel therapeutic approach to the treatment of cancers which co-
express ERa and ERb.
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Introduction

Estrogens exert their biological effects via interaction with two

estrogen receptors (ERs), ERa and ERb [1,2]. ERs regulate key

physiological functions in the reproductive tract, breast, prostate,

bone, brain and the cardiovascular system [1,2]. In some organs,

ERa and ERb are expressed at similar levels but in different cell

types [3]. For example, in the prostate, ERa is predominately

expressed in stroma while ERb is expressed in the epithelium.

Both receptors are expressed in normal mammary epithelial cells

[4]. Studies with ERa knockout mice (aERKO) demonstrate

that ERa is essential for ductal formation and mammary gland

development [5]. Although ERb knockout mice (bERKO)

generate mild mammary phenotypes, Ki-67 expression is

increased in luminal mammary epithelial cells of bERKO mice

[6], suggesting that ERb may be important for terminal

differentiation of mammary epithelial cells. ERa and ERb are

also involved in growth and differentiation of the prostate gland

and progression of prostate disease [7,8]. A recent study showed

that stromal ERa promotes prostatic carcinogenesis [9]. More-

over, hyperplasia was observed in the prostates of bERKO mice

[10] and ERb expression was silenced in a subset of malignant

human breast and prostate cancers [11,12], suggesting that ERb
plays protective roles in these diseases.

The classic mechanism through which the ERs modulate gene

expression is a cascade of events: ligand binding to ERa or ERb
induces receptor dimerization, either as homodimers (ERa/ERa
or ERb/ERb) or heterodimers (ERa/ERb), translocation of

dimers to the nucleus, and recognition of Estrogen Response

Elements (EREs) on DNA. The target genes activated by these

events, and hence the physiological responses, depend on the

dimer pair activated by the ligand. Indeed, several studies have

shown that ERa and ERb exhibit opposing roles in cellular

proliferation and apoptosis, with ERa inducing the transcription of

pro-proliferative and anti-apoptotic target genes, and ERb being

anti-proliferative and pro-apoptotic [13,14,15]. In accordance
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with this notion, target gene studies reveal that ERa and ERb may

have distinct biological functions; it is believed that ERa promotes

cell growth, while ERb inhibits it in breast and prostate cancer

cells [11,14,16,17,18,19]. It has thus been deduced that the role of

the ERa/a homodimer is to accelerate cellular proliferation, thus

lending to carcinogenesis and tumor progression, while conversely

the transcriptional activation from ERb/b homodimers is thought

to be protective against hormone-dependent diseases including

breast and prostate cancers [13,14,15].

ERb has well known growth modulatory activity in ERa-

positive breast cancer cells. Compared with tumors expressing

ERa alone, the co-expression of ERb has been correlated with a

more favorable prognosis [20] and decreased biological aggres-

siveness [11,21,22,23,24]. Moreover, ERb has been shown to

modulate the proliferative actions of estrogens when co-expressed

with ERa [13,19,25,26] and can be considered an endogenous

partial dominant negative receptor [27,28]. ERb is thought to

counteract the stimulatory effects of ERa through heterodimer-

ization of the two receptors [29,30]. Indeed, these heterodimers

have been shown to form and maintain function [31], and they

have been suggested to be responsible for the activation of target

genes which are distinct from those induced by either homodimer

[32,33]. The co-expression of ERb with ERa results in reduced

ERa-mediated proliferation and invasion of breast cancer cells

[11,16,17,18,19], at least in part due to ERb’s inhibition of ERa
selective target gene expression. Furthermore, in the ERa/ERb-

positive mouse mammary epithelial cell line HC11, ERa drives

cellular proliferation whereas ERb contributes to growth inhibi-

tion and apoptosis in response to 17b-estradiol; (E2); the loss of

ERb in this cell line results in cellular transformation [14]. Thus,

the ERa:ERb ratio determines whether E2 will induce cellular

proliferation. Despite the fact that the ERa/b heterodimer has

been proposed to have a biological role that is unique from that of

either homodimer, the biological function of these heterodimers in

vivo has until now remained elusive, at least in part due to the

heterogeneous population of dimers existent upon the co-

expression of ERa and ERb and the lack of heterodimer-specific

compounds to elucidate their functions.

To circumvent this issue, the identification of ERa/b
heterodimer-selective ligands that activate the transcriptional

effects of ERa/b heterodimers, but not that of either homodimer,

were sought in order to shed light upon the transcriptional

outcomes and biological roles of these heterodimers. To this end, a

multi-step high throughput small molecule screen for ER

transcriptional activation and dimer selectivity was developed

(Figure 1). This screening resulted in the identification of two

phytoestrogens that are transcriptionally active and ERa/b
heterodimer-selective at specific concentrations. These compounds

were rigorously characterized for their biological activity in cell-

based assays (Figure 1). The results of these studies suggest that the

ERa/b heterodimer exerts growth inhibitory effects in breast and

prostate epithelial cells. These compounds may serve not only as

tools for deciphering the biological functions of the ERa/b
heterodimer, but also potentially as a means for therapeutically

targeting ERa/b heterodimers in hormone-dependent diseases

including breast and prostate cancers.

Results

Characterization of Lead Compounds Cosmosiin and
Angolensin Using Bioluminescence Resonance Energy
Transfer (BRET) and Reporter Assays

We developed two-step high throughput screening (HTS) for

identification of ER dimer-selective ligands (unpublished). The

primary screening and counter-screening in the presence of the

antagonist ICI 182,780 (Fulvestrant) for ER-specific transcription-

al activity was performed in T47D-KBLuc as described in the

Methods section. ER dimer selectivity of the primary hits was

assessed in secondary HTS BRET assays as described in the

Methods section and in [34]. Several compounds with dimer

selectivity were identified after performing two-step HTS on

.5200 compounds at the UWCCC Small Molecule Screening

Facility (unpublished results). Two phytoestrogens, cosmosiin

(apigenin-7-glucoside) and angolensin (R) (Fig. 2), were identified

in HTS as ER dimer selective ligands. Angolensin exists in two

enantiomeric forms; only the R form was identified and used in

this study and is thus abbreviated as angolensin hereafter. To

determine if they bind the same ligand binding pocket as

17b-estradiol and to measure their binding affinity to recom-

binant ERs, we employed in vitro Fluorescence Polarization (FP)

competition binding assays [35]. The IC50 values for cosmosiin

binding to ERa and ERb were 15.9 mM and 3.3 mM, respectively

(Fig. 2A). The IC50 values for angolensin binding to ERa and ERb
were 2.2 mM and 4.7 mM, respectively (Fig. 2B).

The ER dimer selectivity was validated in BRET and reporter

assays in ER-negative HEK293 cells as described [35]. While

cosmosiin exhibits preference for inducing both ERb/b homodi-

mers and ERa/b heterodimers (Fig. 3A), angolensin exhibits

ERa/b heterodimer selectivity (Fig. 3B). Neither compound shows

preference for inducing ERa/a homodimers. Because the lower

limit of detection for these compounds was 1 mM, concentrations

lower than 1 mM are not shown in this figure, although they were

tested in a range from 1 nM to 10 mM; below 1 mM, the BRET

ratios were the same as vehicle-treated. Furthermore, the ability of

these lead compounds to induce the transcriptional activity of ERa
alone, ERb alone, or ERa in combination with ERb was tested at

a range of concentrations using the HEK293 ERE-luciferase

reporter assays (Fig. 3C and 3D). Although these reporter assays

do not directly examine ERa/b heterodimerization, the condition

in which ERa and ERb are cotransfected can be compared with

each receptor transfected alone.

As shown in Figure 3B, BRET assays reveal that angolensin is

capable of efficiently inducing the formation of ERa/b heterodimers

at 1 mM and 10 mM, while not inducing ERa/a or ERb/b
homodimers. ERa/b heterodimerization appears to be favored in

the presence of angolensin , and in the condition in which ERa
and ERb are co-transfected for luciferase reporter assays, the

highest fold induction of transcriptional activity relative to DMSO

vehicle is observed (Fig. 3D). Thus, angolensin (R) appears to be

an ERa/b heterodimer-selective ligand at 10 mM. Cosmosiin

appears to be less selective in terms of its ability to induce ERa/b
heterodimers, as ERb/b homodimers are also induced in BRET

assays; however, ERa/a homodimers are not induced by

cosmosiin (Fig. 3A). Cosmosiin at 1 mM appears to transcription-

ally activate ERb/b homodimers and ERa/b heterodimers

(Fig. 3C). At 10 mM cosmosiin, while ERa/a and ERb/b
homodimers were slightly activated, co-transfecting ERb with

ERa exhibited much stronger transcriptional activity (Fig. 3C).

Thus, cosmosiin appears to be ERb/b homodimer- and ERa/b
heterodimer-selective at 1 mM.

The transcriptional activity of ERa/a homodimers treated with

10 mM cosmosiin is despite the finding that the BRET assay does

not show statistically significant ERa/a homodimerization

(Fig. 3A). The most likely explanation for this discrepancy is

differences in sensitivity between BRET and the luciferase reporter

assays. These BRET assays and luciferase reporter assays are

performed under different conditions and measure different signal

outputs: BRET captures a single moment in time in which ERa

ER Heterodimers Inhibit Growth
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and ERb may or may not be dimerized. This moment in time was

observed after 1 hour incubation with ligand. Conversely, the

luciferase reporter assay measures an accumulation of transcrip-

tional output signal (the transcribed luciferase protein) over 18–

24 hours. Consequently, the dimerization ratios obtained via the

BRET assay do not always completely agree with the transcrip-

tional profiles obtained in the luciferase reporter assays for a given

ligand. Therefore, it is important to consider the direct dimerization

of ERa and ERb in conjunction with the transcriptional output of

these diverse dimer pairs.

Selection and generation of cell lines expressing different
amounts of ERa and ERb

In order to characterize the cellular effects of cosmosiin and

angolensin, we surveyed a variety of breast and prostate cell lines

for co-expression of ERa and ERb. As shown in Fig. 4, the non-

tumorigenic mammary epithelial cell HC11 and prostate cancer

cell line PC3 were found to express both receptors (Lanes 1 and 2)

as reported by others [14,36]; in contrast, DU-145 expresses only

ERb [36] (lane 6) and MDA-MB-231 is negative for both ERa
and ERb (lane 5). To delineate the functions of ERa/b
heterodimers, we knocked down ERa and ERb transcript levels

in PC3 cells by means of stable transfection with specific shRNA

plasmids targeting ERa and ERb, respectively. Western blotting

results showed that ERa is selectively silenced in PC3-shERa cells

and ERb is selectively silenced in PC3-shERb cells (Fig. 4A, lanes

3 and 4). The silencing of one ER did not influence the expression

of the other. All of these characterized cell lines were subsequently

used for determination of compounds’ cellular effects.

Cosmosiin and angolensin inhibit cell motility and
migration but not apoptosis in PC3

In order to examine the influences of these ERa/b heterodimer-

activating compounds on cell migration, wound healing assays

were employed using migratory PC3 cells. This assay gives a

qualitative measure of a compound’s ability to inhibit cell

migration. For these assays, 1 mM cosmosiin and 10 mM

angolensin were utilized because these are the concentrations at

which ERa/b heterodimers are most highly selectively induced by

each respective compound. As shown in Figure 5A, the vehicle

DMSO (0.1%) was unable to inhibit the migration of PC3 cells in

scratch wound healing assays: cells can be seen infiltrating the

wound 24 hours after scraping, and the wounds are completely

filled 72 hours after scraping. Conversely, both 10 mM angolensin

Figure 1. Flow scheme of high throughput screening and characterization of compounds with selectivity for ERa/ERb heterodimers.
A library of .5200 small molecules was screened ER transcriptional activity using T47D-KBLuc cells. Molecules with transcriptional activity were then
screened for ERa/a, ERa/b, or ER b/b dimerization potential using BRET assays. Two phytoestrogens, angolensin and cosmosiin, were identified as ER
dimer selective ligands. These molecules were validated using in vitro binding assays and BRET and ERE-luciferase reporter assays. Heterodimer
selective concentrations were identified as 10 mM angolensin and 1 mM cosmosiin. The cellular effects of these two heterodimer-selective
concentrations were characterized using cell migration and proliferation assays.
doi:10.1371/journal.pone.0030993.g001
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and 1 mM cosmosiin are able to inhibit the ability of PC3 cells to

infiltrate the wounds, indicating that these compounds can hinder

cell motility.

To quantitatively measure the ability of cosmosiin and angolensin

to inhibit cell migration, transwell assays were employed. Figure 5C

shows that 10 mM angolensin can inhibit the ability of PC3 cells to

migrate through the pore, and this inhibition of migration is ablated

by the ER antagonist ICI 182,780. 1 mM angolensin, a concentra-

tion at which ERa/b heterodimers are not transcriptionally active

(Fig. 3D), has a negligible effect on cell migration. Both 1 mM and

10 mM cosmosiin can inhibit cell migration through the pore, and

this inhibition of migration is ablated by ICI 182,780 (Fig. 5B).

These results are recapitulated when the transwell is coated with

matrigel (data not shown), indicating that in addition to dampening

the ability of PC3 cells to migrate, these compounds are able to

dampen the ability of PC3 cells to invade.

The abilities of these lead compounds to influence apoptosis in

PC3 cells were next evaluated using caspase 3/7 assays. PC3 cells

were incubated with the indicated concentrations of DMSO

vehicle (0.1%), the indicated concentrations of cosmosiin or

angolensin (Fig. S1A and S1B), or the positive control cisplatin

(10 mg/mL) for 24, 48, and 72 hours. Cisplatin did not activate the

caspases 3/7 pathway at 24 hours and 48 hours (data not shown);

only at 72 hours was a weak induction of the caspases 3/7

observed (Fig. S1). At no time point did these compounds reveal

any activation of the caspase 3/7 pathway. Thus, it appears that

cosmosiin and angolensin are not strong inducers of apoptosis, at

least through the caspase 3/7 pathway.

Determination of the growth effects of compounds in
PC3, PC3-shERa, PC3-shERb cells

To determine if these compounds also inhibit cell proliferation

in addition to migration, MTT assays were employed. This assay

measures mitochondrial activity when yellow MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is reduced

to its purple formazan metabolic product [37]. Thus, the ability of

a cell to metabolize MTT to formazan is correlated to its

metabolic activity and cellular growth. To show that PC3 cells

express functional ERs and that E2’s cellular effects are ER-

dependent, we compared E2’s growth effects in PC3, PC3-shERa,

PC3-shERb cell lines. As shown in other ERa and ERb co-

expressing cell lines [14], E2 exhibits no effects in proliferation of

PC3 (Fig. S2A). However, when ERb expression was blocked, E2

induced proliferation (Fig. S2C) and E2’s proliferative effects were

completely abrogated by the pure ER antagonist ICI 182,780 and

the ERa selective antagonist MPP dihydrochloride (Fig. S2C,

middle and right panels). This result recapitulates the previous

finding in HC11 mammary epithelial cells that ERa drives

Figure 2. Fluorescence polarization competition binding assays for ERa and ERb. Cosmosiin (A) and angolensin (B) bind to recombinant
ERa and ERb with mM affinities.
doi:10.1371/journal.pone.0030993.g002
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proliferation in response to E2 [14]. It appears that silencing ERb
in PC3 cells causes the cells to respond to E2 with increased

proliferation, similar to breast cancer cells [19,28]. In contrast to

HC11 where ERb is growth inhibitory, knockdown of ERa did

not result in E2-dependent growth inhibition (Fig. S2B). The

discrepancy might be due to cell line specific effects.

The cellular effects of cosmosiin and angolensin were deter-

mined in PC3, PC3-shERa or PC3-shERb cells at concentrations

that display ER selectivity. As shown in Figure 6, both 1 mM and

10 mM cosmosiin (Fig. 6A) and 10 mM angolensin (Fig. 6B) were

able to inhibit the growth of PC3 cells compared to the vehicle

DMSO. The inhibition of growth due to 10 mM angolensin was

ablated by the antagonists ICI 182,780, indicating that this

response is ER-specific. The inhibition of growth by 1 mM

cosmosiin was also ER-specific. However, the inhibition of growth

by 10 mM cosmosiin was not ablated by the antagonist, indicating

that this response is not ER-specific in PC3 cells and is likely due to

off-target effects or non-genomic ER signaling. Cell counting and

viability assays with Trypan blue staining ruled out the possibility

of general cytotoxicity due to these compounds (Fig. S3A, S3B).

In PC3-shERa cells, ERb is the only functional ER present;

thus, ERb/b homodimers are the only ER dimers capable of

forming and activating transcription. The growth inhibition

observed by 1 mM cosmosiin (Fig. 6C) and 10 mM angolensin

(Fig. 6D) in the parent PC3 cells is ablated with the loss of ERa in

PC3-shERa cells. The addition of the ER antagonist ICI 182,780

had no effect on this cell line in the presence of 1 mM cosmosiin

and 10 mM angolensin compared to these ligands alone. However,

10 mM cosmosiin was still able to inhibit the growth of these PC3-

shERa cells in both the absence and presence of the ER antagonist

ICI 182,780 (Fig. 6C). Thus, 10 mM cosmosiin is confirmed to

have off-target, ER non-specific influences on growth regulation.

In PC3-shERb cells, ERa is the only functional ER present;

thus, ERa/a homodimers are the only ER dimers capable of

forming and activating transcription. As shown in Figure 6F,

angolensin has a negligible effect in this cell line, and treatment

with the ER antagonist ICI 182,780 completely ablates any

growth effects observed in the presence of this compound. This

finding is consistent with angolensin’s high degree of ERa/b
heterodimer selectivity. However, contrary to observations in PC3

Figure 3. The dimer selectivity for cosmosiin and angolensin was demonstrated in dose-response BRET assays (A and B) and
reporter assays (C and D) in HEK293 cells. ER dimer-specific BRET assays were performed over a range of compound concentrations of
cosmosiin (A) and angolensin (B). HEK293T ERE-luciferase transcriptional assays reveal each compound’s ability to transcriptionally activate various
dimer pairs (C and D). ERa alone, ERb alone, or ERa+ERb was transfected along with an ERE-luciferase element in order to test the ability of cosmosiin
(C) and angolensin (D) to transcriptionally activate these various ER dimer pairs. RLU, relative luciferase units. Error bars represent standard deviations
from the mean of triplicate samples. In BRET (A), p values indicate all pairs with statistical significance by the Student’s T-Test.
doi:10.1371/journal.pone.0030993.g003
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cells and PC3shERa cells, cosmosiin increases the growth of PC3-

shERb cells at both 1 mM and 10 mM (Fig. 6E). The

transcriptional activation of ERa/a homodimers is induced with

10 mM cosmosiin in HEK293 ERE-luciferase assays (Fig. 3C),

which is in keeping with its ability to increase the growth of PC3-

shERb cells at this concentration. However, the increase in

growth due to 1 mM cosmosiin is not predicted by the HEK293

ERE-luciferase assay (Fig. 3C). These data were confirmed with

cell counting and viability assays with Trypan blue staining (data

not shown). These growth increases in PC3-shERb cells due to

1 mM cosmosiin are ablated by the antagonist ICI 182,780

(Fig. 6E), suggesting that these growth increases are due to ERa/

a homodimers. Intriguingly, treatment with these antagonists in

the presence of 10 mM cosmosiin not only ablates the growth

increases observed at this concentration, but actually results in

decreased growth (Fig. 6E). This inhibited growth in PC3-shERb
cells when ERa is antagonized may be explained by the off-target

effects mediated by this compound: when ERa is the only ER

present, it is not damped by heterodimerization with ERb and is

instead able to bind cosmosiin to increase cellular growth;

however, when ERa is antagonized in this cell line, cosmosiin is

free to mediate its off-target growth inhibitory effects, resulting in

decreased growth.

The ERa/b heterodimers were found to be growth

inhibitory using PC3 derived cell lines and ERa/b heterodi-

mer-selective ligands at concentrations determined to be

heterodimer-selective. The effects of ERa/b heterodimer-

selective ligands in PC3 cells suggest that 1 mM cosmosiin

and 10 mM angolensin are responsible for mediating the

physiological responses of ERa/b heterodimers on a cellular

level since loss of either ERa or ERb abrogates growth

inhibition at these concentrations (Fig. 6C–F). 10 mM cosmo-

siin mediates growth inhibitory effects via ERb/b homodimer-

ization and off-target effects when ERa is lost, and both

concentrations of cosmosiin increase growth via ERa homo-

dimers when ERb is lost. Therefore, the expression levels of

ERs appear to be important to the physiological outcome of

these ligands at cellular levels.

The growth effects of cosmosiin and angolensin on
additional cell lines with differing ERa:ERb expression
ratios

The differing cellular effects in PC3, PC3-shERa, and PC3-

shERb suggest that the ratio of ERa:ERb may be a determinant for

the ability of these dimer-selective ligands to act in a proliferative or

anti-proliferative manner. To address this, growth and viability

assays in several cell lines with differing expression levels of ERa and

ERb were compared. HC11 is a normal mouse mammary cell line

that expresses both ERa and ERb (Fig. 4A and [14]). As shown in

Fig. S3, cosmosiin and angolensin are both able to inhibit the

growth of this cell line. Specifically, 1 mM angolensin, a concentra-

tion at which ERa/b heterodimers are not predicted to be activated

(Figures 3B, D) has no effect on the growth of this cell line, whereas

10 mM angolensin inhibits HC11’s growth by ,10% compared to

the vehicle DMSO (Fig. S3D), and this inhibition is ablated by the

antagonist ICI 182,780, which suggests that this inhibition is ER-

specific. Cosmosiin is also able to inhibit the growth of HC11 cells

at 1 mM and 10 mM (Fig. S3C). The ,15% inhibition of growth

resulting from 1 mM cosmosiin treatment is ablated by the

antagonist ICI 182,780, indicating that this response is ER-specific.

10 mM cosmosiin inhibits the growth of HC11 cells by ,25%

compared to the vehicle DMSO, and this response is not completely

ablated by the antagonist ICI 182,780, indicating that the inhibition

of proliferation by 10 mM cosmosiin is not ER-specific in agreement

with earlier findings (Fig. 6A and 6D). Cell counting and viability

assays with Trypan blue staining confirmed these findings of growth

inhibition and indicated that they were not due to general

cytotoxicity (Fig. S3A and S3B). The growth inhibitory effects of

1 mM cosmosiin and 10 mM angolensin in HC11 cells support the

notion that ERa/b heterodimers are growth inhibitory. Further-

more, we examined the compounds’ effects on ERa2/ERb2 cell

line MDA-MB-231 and ERa2/ERb+ DU-145. Neither compound

has any effect on cell growth at all tested concentrations in MDA-

MB-231 breast cancer cells (Fig. S4) nor DU-145 prostate cancer

cells (Fig. S5). This result suggests that the growth effects exerted by

compounds are ERa and ERb-dependent in breast and prostate

epithelial cells. This conclusion is supported by the findings that

growth effects elicited by 1 mM cosmosiin and 10 mM angolensin

could be completely antagonized by ER antagonist in PC3, PC3-

shERa, and PC3-shERb cells (Fig. 6).

Nuclear co-localization of ERa and ERb in human breast
tumor specimen

Our studies indicate that cosmosiin and angolensin could be

therapeutically useful for inhibiting the growth of breast cancer

cells that co-express ERa and ERb. Although previous studies

have shown 60% of ERa-positive breast tumors express ERb
[11,21], in order for ERa/b heterodimerization to occur, ERa
and ERb must be co-expressed in the same cell. To investigate the

co-expression of ERa and ERb in breast tumor samples, we

analyzed a breast cancer tissue microarray (TMA) using the

quantitative immunofluorescence AQUAH technology (HistoRx)

that allows the quantitative measurement of proteins of interest

within subcellular location of tissue samples by calculation of an

AQUAH score. Such precision is not possible with conventional

testing methods, such as standard immunohistochemistry (IHC).

This TMA was purchased from US Biomax (BR2082) and

contained 32 cases of metastatic carcinoma, 68 cases of invasive

ductal carcinoma, 22 cases of invasive lobular carcinoma, 22 cases

of intraductal carcinoma, 4 cases each of squamous cell carcinoma

and lobular carcinoma in situ, 8 cases of fibroadenoma, 16 cases

each of hyperplasia and inflammation, 10 cases of cancer adjacent

Figure 4. Determination of relative expression levels of ERa
and ERb in various cell lines. Western blotting analyses of ERa and
ERb expression in HC11 (lane 1), PC3 (lane 2), PC3shERa (lane 3),
PC3shERb (lane 4), MDA-MB-231 (lane 5), and DU145 (lane 6).
doi:10.1371/journal.pone.0030993.g004
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normal breast tissue (NAT) and 6 cases of normal tissue. A total of

208 cores were analyzed for nuclear ERa and ERb intensity with

DAPI and b-actin staining as references. As shown in Fig. 7A, the

ERa/ERb ratio increases throughout the stages of carcinogenesis

and progression. Pairwise analysis with two-sample t-tests of benign

tissue versus hyperplasia (p-value = 0.0039) and versus carcinoma

(in situ, inflammation, metastatic, and malignant cases with p-values

0.0092, 0.0035, 0.0042, respectively) indicate that this ratio is

significantly higher in cases of hyperplasia and carcinoma compared

to benign tissue. Figure 7B shows that ERa and ERb colocalize

within the nucleus of the same cell in tissue samples. Overlaying the

high resolution images (Fig. 7B, right) for ERa staining with those for

ERb staining shows that ERa and ERb co-localize to the same spots

within the same nucleus, rendering the possibility that ERa/b
heterodimerization is feasible in these tissues.

Discussion

While the roles of ERa and ERb in hormone-dependent diseases

such as breast and prostate cancers are becoming increasingly

elucidated, with ERa having a proliferative and ERb having an anti-

proliferative role, the mechanism by which these two receptors

interact with each other in both normal and diseased states has

remained elusive. Because the co-expression of ERb along with ERa
dampens the proliferative action of ERa, direct interaction of ERa
and ERb is thought to convey growth inhibitory effects, and the

ERa/b heterodimer has been proposed to activate target genes

mediating these anti-proliferative effects [38,39]. However, the

heterogeneous population of dimer pairs present when ERa and

ERb are co-expressed and the lack of full length heterodimerized ER

structures prevent a clear understanding of their biological function.

Figure 5. Cosmosiin and angolensin inhibit PC3 cell motility and migration. (A) Wound healing assays showing the effect of 1 mM
cosmosiin and 10 mM angolensin on ERa,b-positive PC3 cells. Vehicle (DMSO) treatment resulted in cell motility to fill the wound (top panels) that was
inhibited by 1 mM cosmosiin (middle panels) and 10 mM angolensin (bottom panels). (B) Transwell migration assays measured the ability of cosmosiin
(B) and angolensin (C) to inhibit cellular migration of PC3 cells toward a chemoattractant. Cosmosiin (B) and angolensin (C) decreased the ability of
PC3 cells to migrate through the pore, and this decreased ability was ablated by the antagonist ICI 182,780 at 100 nM.
doi:10.1371/journal.pone.0030993.g005
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Thus, in order to shed light upon the biological action of these ERa/

b heterodimers, we sought to identify small molecule ligands capable

of specifically inducing heterodimers while not inducing ERa/a
homodimers or ERb/b homodimers with the rationale that these

ligands could be used to decipher the biological action of ERa/b
heterodimers.

The BRET technology developed in our lab [34,35] allowed the

examination of each ER dimer pair (ERa/a homodimers, ERb/b
homodimers, and ERa/b heterodimers) in isolation. This

segregation was especially essential in the case of the ERa/b
heterodimer, as the co-expression of ERa and ERb leads to the

formation of all three dimer forms and prevents separation of the

action of each individual dimer pair as they function in concert in

vivo. However, the BRET assay allows the examination of ERa/b
without observing homodimer formation. Specifically, we have

previously shown that two phytoestrogens, genistein and liquir-

itigenin, preferentially induce different ER dimers [34]. Liquir-

itigenin selectively induced formation of ERb/b homodimers and

ERa/b heterodimers but not ERa/a homodimers at 1 mM [34],

which provides proof-of-principle that small molecule compounds

which preferentially induce ERa/b heterodimers over ERa/a
homodimers do indeed exist. We had further shown that BRET

assays can be optimized for HTS [35]. The goal of secondary HTS

BRET screening in this study was to find a compound with similar

characteristics to liquiritigenin but with greater ERa/b heterodi-

mer selectivity. If a library compound was able to induce ERa/b

Figure 6. ER dimer-selective compounds influence cell growth in an ER-dependent and dose-dependent manner. Cosmosiin (A) and
angolensin (B) decrease the growth of PC3 prostate cancer cells in a dose-dependent manner. These decreases are ER-specific for 1 mM cosmosiin and
10 mM angolensin, since the growth decreases are ablated by the ER antagonist ICI 182,780. These ER-specific effects by 1 mM cosmosiin (C) and 10 mM
angolensin (D) are lost with the silencing of ERa in PC3-shERa cells, while ER non-specific effects due to 10 mM cosmosiin are retained. Silencing ERb in
PC3-shERb results in cosmosiin-dependent increases in cell growth (E) that are ablated in the presence of the antagonist, and furthermore, when ERs are
antagonized, ER non-specific growth inhibition in PC3-shERb is retained. Angolensin has no statistically significant effects in PC3-shERb (F). Error bars
represent standard deviations from the mean of triplicate samples. * indicates statistical significance by the Student’s T-Test.
doi:10.1371/journal.pone.0030993.g006
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heterodimerization while not inducing ER homodimerization, the

ligand could be used in biological systems to determine the

function of these heterodimers with minimal interference from

either homodimer.

Two lead compounds were successfully identified in BRET

screening. The two lead compounds are flavonoids, a group of

potentially chemoprotective compounds widely distributed in fruit,

vegetables, and beverages of plant origin including tea and wine, and

have similar structures that consist of two phenolic benzene rings

linked to a heterocyclic pyre or pyrone [40]. Isoflavones represent an

important group of phytoestrogens and are found mainly in plants

belonging to the Leguminosae family. Angolensin (Trifolium pretense,

29,49-dihydroxy-40-methoxy-a-methyldeoxybenzoin, 1-(2,4-dihydrox-

yphenyl)-2-(4-methoxyphenyl)propan-1-one; CAS 642-39-7), is an

isoflavone that was first isolated from the wood of Pterocarpus angolensis

and later from the wood and bark of Pterocarpus indicus. Angolensin is a

metabolite of Biochanin A and formononetin, which are present in red

clover [41,42]. Dietary supplements manufactured from red clover are

widely marketed to provide beneficial health effects of isoflavones

without dietary changes. Specifically, red clover supplements are often

consumed for the purported alleviation of post-menopausal symp-

toms. Cosmosiin (apigenin 7-O-beta-glucoside; apigenin-7-D-gluco-

side; apigenin-7-O-beta-D-glucopyranoside; apigenin-7-glucoside;

cosmetin, Cosmosiine, Apigetrin,5-hydroxy-2-(4-hydroxyphenyl)-7-

[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-

chromen-4-one; CAS 578-74-5) is a flavonoid present in chamomile

flowers which are used pharmaceutically and cosmetically for their

anti-spasmodic, anti-inflammatory and antimicrobial properties and

also as a natural hair dye and fragrance. Cosmosiin has also been

isolated from Veratrum grandiflorum (white hellebore) and Kummerowia

striata (Korean clover). Cosmosiin has been shown to exhibit anti-

inflammatory properties [43] and has been shown to exhibit HIV anti-

viral properties [44], although it has not received FDA approval for

these purposes. The direct binding of angolensin and cosmosiin to the

E2-binding pocket of ERs are observed (Fig. 2). To our knowledge,

this is the first demonstration of cosmosiin as an estrogenic compound.

Furthermore, we validated ERa/b-heterodimer specificity using

BRET and reporter assays and showed that 1 mM cosmosiin and

10 mM angolensin are specific to ERa/b-heterodimers (Fig. 3).

Using ERa/b-heterodimer selective compounds at specific

concentrations, we are able to show that the ERa/b-heterodimer

is growth inhibitory. These compounds inhibit cell proliferation in

HC11 and PC3 cells which co-express ERa and ERb. Inhibition

of cell growth (Fig. 6) and migration (Fig. 5) due to 1 mM

cosmosiin and 10 mM angolensin is ablated with treatment of ICI

182,780 or the silencing of either ERa or ERb in PC3-shERa and

PC3-shERb, respectively. These compounds, however, did not

have an effect on ER-negative MDA-MB-231 and ERa-negative/

ERb-positive DU-145 cells, further supporting that the growth

inhibitory effects observed with these compounds were dependent

on expression of both ERa and ERb. While these compounds

appear to have little or no effect on ERa/a homodimerization and

transcriptional activation in HEK293 BRET and ERE-luciferase

assays employing exogenous ERs (Fig. 3), treatment of breast and

prostate cancer cells expressing ERa at a much higher level than

ERb (PC3-shERb) results in ERa-dependent growth increases

Figure 7. Automated quantitative measurement of ERa and ERb expression in breast cancer tissue microarrays. (A) Tissue microarray
analysis with the AQUAH technology shows that the ERa:ERb ratio increases from benign samples throughout various stages of malignancy. Pairwise
two-sample t-tests between the benign and malignant samples showed a statistically significant difference (p-values,0,01). (B) AQUAH analysis
indicates that ERa and ERb colocalize to the nucleus within the same cell in human breast tumors. Figures are shown at 2006magnification, and
scale bars are present in the lower left corners of each image. The blow-up picture is an amplified section of AQUA staining showing co-localization of
ERa and ERb to the nucleus. * indicates statistical significance by the Student’s T-Test. NAT = cancer adjacent normal breast tissue.
doi:10.1371/journal.pone.0030993.g007
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(Fig. 6E). This result is in agreement with the common theme that

ERa is a major growth driver, and it also implicates the

dependence of these compounds’ growth effects on the relative

expression ratio of ERa:ERb, as these compounds ablate growth

increases in PC3 and HC11, in which ERa and ERb expression

levels are relatively similar and heterodimerization may be favored

[31]. Taken together, these data suggest that the ratio of ERa:ERb
in the same tumor cells is extremely important for physiological

effects of these compounds. While the data presented herein

provide initial evidence for a growth-inhibitory function of the

ERa/b heterodimer, identification of higher affinity compounds

with greater ERa/b heterodimer selectivity will be needed to

validate our findings since both compounds are weak agonists, and

cosmosiin at 10 mM appears to have off-target effects.

Compounds exhibiting ERa/b heterodimer-selectivity may

have therapeutic or preventive efficacy in hormone-dependent

diseases. A recent study shows that the tamoxifen metabolite

endoxifen is capable of degrading ERa [45], stabilizing ERb, and

inducing ERa/b heterodimerization in a concentration dependent

manner [46]. Tamoxifen is a widely-utilized FDA-approved breast

cancer treatment and prevention drug. This finding suggests that

tamoxifen’s cancer preventive effects may be mediated by

stimulation of ERa/b heterodimer formation. The possibility is

supported by the fact that both ERs are expressed in normal

mammary epithelial cells [4]. Similarly, naturally-occurring

estrogen-like compounds such as phytoestrogens, a group of

plant-derived compounds with estrogenic and/or antiestrogenic

activities hold promise for action as preventive or therapeutic ER-

regulators via their abilities to mediate estrogenic responses tissue-

specifically. Indeed, consumption of soy phytoestrogens has been

correlated with decreased breast cancer risk [47], although these

data remain somewhat controversial [48]. Furthermore, consump-

tion of genistein [49], resveratrol [50], and soy [51] has been

inversely correlated with prostate cancer risk. Although these

compounds may stimulate the proliferative action of ERa when

ERb is lost in tumors, they may have preventative effects under

normal physiological conditions when both ERs are expressed.

Furthermore, our examination of nuclear co-localization of

ERa and ERb within the same tumor cell using the AQUAH
technology (Fig. 7) support that ERa/b heterodimerization could

potentially occur within tumor cells. Prior to these studies, the co-

localization of ERa and ERb within the same cell had not been

examined. The punctate staining pattern suggests that ERa and

ERb are co-localized on DNA, and therefore may be transcrip-

tionally active in these cells as ERa/b heterodimers. Furthermore,

AQUAH analysis showed that the ERa:ERb ratio is higher in

malignant states compared to benign tissue samples, in agreement

with the finding that ERb levels often decrease in malignant breast

cancers [52]. The growth inhibitory effects of ERa/b heterodi-

mers might due to their activation of different target genes from

their respective homodimers. Recently, global ChIP-Seq analyses

of ERa and ERb target genes show that perfectly or imperfectly

palindromic EREs are preferential binding sites for ERa/b
heterodimers as compared to ERa/a or ERb/b homodimers

which are more flexible in DNA recognition [53]. This is

consistent with other reports that ERa/b heterodimers might

regulate distinct genes [32,33]. The ERa/b heterodimer-selective

ligands identified in this study will allow identification of

heterodimer target genes in cells co-expressing ERa and ERb
(e.g. PC3). While our findings implicate the ERa/b heterodimer as

a putative preventative and therapeutic target for hormone-

responsive cancers, this example highlights the imminent need to

decipher the role these heterodimers in breast and prostate

cancers.

In conclusion, these data provide a proof-of-principle that ERa/

b heterodimer-selective ligands can inhibit cell growth and

migration in ERa/ERb-positive cells such as PC3 and HC11 when

ERa and ERb are expressed at similar levels. We also found that the

compounds’ growth effects depend on the relative expression levels

of ERa and ERb. Upon knockdown of ERb in PC3 cells, cosmosiin

increases PC3 cell growth in an ERa-dependent manner. Thus,

more heterodimer selective ligands need to be identified to clarify

whether the heterodimer-selective ligands become growth stimula-

tory when ERb expression is lost in human tumors. Although more

studies are needed to demonstrate the ERa/b heterodimer as a

therapeutic target, the concept of inducing ERb to pair with ERa,

thus antagonizing ERa’s proliferative function, is distinct from

existing breast cancer therapeutic strategies of targeting ERa alone.

We also suggest that the relative ERa and ERb expression levels in

patient tumors should be carefully evaluated to better understand

the ER-targeted drugs’ therapeutic performance, as many of these

drugs have not been evaluated for their dimer selectivity, and ERb
expression in patient tumors is not routinely evaluated.

Materials and Methods

High Throughput Screening Methods
All primary and secondary screens were performed at the

University of Wisconsin Carbone Cancer Center (UWCCC) Keck

Small Molecule Screening Facility (SMSF). Ten thousand T47D-

KBLuc cells [54] were seeded into 384-well plates and allowed to

attach overnight. The next day, 0.5 ml of 1 mM compound was

added to a final concentration of 10 mM using an automated

robotic system (Beckman Biomek FX). 10 nM E2 and 1% (0.5 ml)

DMSO were used as positive and negative controls, respectively.

Cells were incubated with compound for 18 hrs at 37uC in 5%

CO2 in a cell culture incubator. On day 3, media were removed,

and 25 ml lysis buffer (Promega, cat# E2661) was added to each

well using the robot. Cells were allowed to lyse for 10 min with

constant agitation, and lysis was confirmed by microscopically

viewing a clear-bottom 384-well plate maintained in parallel under

identical conditions. 25 ml luciferase substrate (Promega, Cat#
E2620) was then added, mixed for 30 seconds, and luciferase

emission was immediately detected on a Tecan Safire 2 plate

reader at 0.1 seconds per well. Counter-screening was performed

in a similar fashion in the presence and absence of the ER

antagonist ICI 182,780. Secondary Bioluminescence Resonance

Energy Transfer (BRET) screening was performed in transiently

transfected HEK293 cells (ATCC, CRL-1573). DNA encoding

BRET fusions were transfected as described in [34]. Following

24 hours of protein expression after transfection, cells were

trypsinized and counted using a Nexcelcom Cellometer, and cell

viability was determined to be .95% in each condition. Cells were

seeded at 11,000 cells per well of 384-well white-walled white-

bottom plates in 40 mL PBS. 0.2 mL of 1 mM library compound

was then added to each well using the Biomek FX Robot such that

the final concentration per well was 5 mM. Cell suspensions were

incubated with library compounds for 1 hour in a dark cabinet at

room temperature, at which point 10 mL of the Renilla Luciferase

(RLuc) substrate coelenterazine h was added to a final concentra-

tion of 5 mM. Plates were then gently shaken on a plate shaker for

10 seconds at 300 rpm, and RLuc emission was read at 460 nm

followed immediately by YFP emission at 535 nm at 0.1 second

per wavelength read per well. Each RLuc and YFP emission

measurement was taken consecutively per well before moving to

the next well. Emission values were used to calculate the BRET

ratio as described in [34]. Additional details for BRET screening

were described in [35].
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In vivo BRET assays to monitor ER dimer formation in
living cells

HEK293 cells (ATCC, CRL-1573) were either transfected with

a single BRET fusion plasmid (pCMX-ERa-RLuc or pCMX-

RLuc-ERb) or co-transfected with RLuc and YFP BRET fusions

(pCMX-ERa-RLuc+pCMX-YFP-ERb for ERa/ERb heterodi-

mers; pCMX-ERa-RLuc+pCMX-ERa-YFP for ERa homodimers;

or pCMX-RLuc-ERb+pCMX-YFP-ERb for ERb homodimers)

[34]. ‘‘Empty’’ expression vector pCMX-pL2 was used to keep the

total amount of transfected DNA constant. 24 hr post-transfection,

cells were trypsinized, counted, and resuspended in PBS in

quadruplicate at ,50,000 cells per well of a 96-well white-bottom

microplate. Cells were incubated with ligands for 1 hour. Coelenter-

azine h (Promega, Madison, WI) was added in PBS at a final

concentration of 5 mM, and 460 nm and 530 nm emission detection

measurements were immediately taken at 0.1 second per wavelength

read per well on a Perkin Elmer Victor 3-V plate reader.

Immunofluorescence Staining
Deparaffinization and heat induced epitope retrieval were

performed simultaneously using the Lab Vision PT module

(Thermo Fisher Scientific, Fremont, CA) with Lab Vision citrate

buffer pH 8.0 at 98uC for 20 minutes. All staining was performed

at room temperature using the Lab Vision 360 automated staining

system. Endogenous peroxidase was blocked for 5 minutes with

Peroxidazed-1 (Cat.No. PX968, Biocare Medical). Non-specific

protein binding was eliminated via a 60 minute block with Biocare

Medical Sniper, and non-specific avidin was blocked using Biocare

Medical Avidin Biotin kit, incubating 15 minutes. DaVinci Green

Antibody Diluent (Cat.No. PD900L, Biocare Medical) was used

for antibody dilution. Breast TMA BR2082 containing 208 cores

was purchased from US Biomax Inc. (http://www.biomax.us/

tissue-arrays/Breast/BR2082). ERa was detected using ERa
rabbit mAb SP1 (1:50, 1 hr) (Thermo Fisher) and visualized with

goat anti-rabbit conjugated with Alexa Fluor 555 (Invitrogen)

secondary antibody. ERb was detected with mouse mAb 14C8

(Abcam,1:1600, 1 hr) and visualized with Alexa Fluor 647

conjugated Tyramide Signal Amplification system (Invitrogen),

which included biotinylated goat anti-mouse immunoglobulin,

streptavidin-horseradish peroxidase and Alexa Fluor 647-Tyra-

mide. Breast epithelial nuclei were masked using ProLong Gold

Antifade Reagent with DAPI mounting medium (Invitrogen).

Automated Image Acquisition
Automated image capture was performed by the HistoRx PM-

2000 using the AQUAsition software package (New Haven, CT).

High-resolution (2048_2048 pixel, 7.4 mm), 8-bit grayscale digital

images are obtained for each area of interest resulting in 256

discrete intensity values per pixel of an acquired image [55]. The

breast epithelial nuclear compartment was defined with DAPI

(blue). The target markers (ERa and ERb) were visualized with

Alexa Fluor 555 (green) and 647 (red), respectively.

AQUA H Score Generation
Since the distributions of the original AQUAH scores exhibited

deviation from the normal distribution, we took the natural log

transformation of the original scores and then performed two

sample t-tests for pairwise comparisons among different samples.

Results from these tests were consistent with a Wilcoxon rank sum

test on the original scores. Images were evaluated before scoring.

Histospots showing ,5% tumor area, tissue folding, too much

debris, and those that were out of focus were disqualified from

scoring. Nuclear AQUAH scores for ERa and ERb for each

histospot were generated based on the unsupervised pixel-cased

clustering algorithm for optimal image segmentation for use in the

pixel-based locale assignment for compartmentalization of expres-

sion algorithm as described previously [56]. Pixels that could not

accurately be assigned to a compartment were discarded. The data

were saved and subsequently expressed as the average signal

intensity per unit of compartment area. All the signals in each

compartment were then added. The AQUAH score is expressed as

target signal intensity divided by the compartment pixel area and

is expressed on a scale of 0 to 33333 (AQUA_2.0, HistoRx). The

resultant AQUAH score is continuous and directly proportional to

the number of molecules per unit area.

Additional descriptions of cell culture, TMA and experimental

procedures can be found in Methods S1.

Supporting Information

Figure S1 Caspase 3/7 apoptosis assays showed that
cosmosiin and angolensin exhibited no apoptotic effect
via caspases 3 or 7 in PC3 cells at 96 hours. Cosmosiin (A)

and angolensin (B) modestly increase apoptosis through this

pathway in PC3 cells to a statistically non-significant level compared

to the strong apoptotic inducer cisplatin, which served as a positive

control. Statistical analysis method: Students T-Tests. Error bars

represent standard deviations from the mean of triplicate samples.

(TIF)

Figure S2 MTT assays showing the effect of 10 nM 17b-
estradiol in ERa,b-positive PC3 cells and variants of
these cells in which ERa has been silenced (PC3-shERa)
or ERb has been silenced (PC3-shERb). E2 has no effect on

the proliferation of PC3 cells (A) or PC3-shERa cells (B); however,

the silencing of ERb in this cell line allows E2 to increase cellular

growth (C, left panel) by binding to ERa, since the presence of the

antagonists ICI 182,780 (C, middle panel) and MPP Dihydro-

chloride (C, right panel) ablates this increase. Statistical analysis

method: Students T-Test; * indicates p,0.05. Error bars represent

standard deviations from the mean of triplicate samples.

(TIF)

Figure S3 Cosmosiin at 1 mM and angolensin at 10 mM
inhibited the growth of ERa/ERb positive HC11 cells in
an ER-dependent manner. Cosmosiin (A) and angolensin (B)

had no cytotoxic effects at all tested concentrations. The growth

inhibitory effects of cosmosiin at 1 mM (C) and angolensin at 10 mM

(D) were ablated by pure ER antagonist ICI 182,780, suggesting the

growth inhibitory effects are ER-dependent. These decreases due to

10 mM cosmosiin are ER-independent since they are retained in the

presence of the antagonist ICI 182,780 (C). Statistical analysis

method: Students T-Test; * indicates p,0.05. Error bars represent

standard deviations from the mean of triplicate samples.

(TIF)

Figure S4 Neither cosmosiin (A) nor angolensin (B)
influenced the growth of ER-negative MDA-MB-
231breast cancer cells. Error bars represent standard

deviations from the mean of triplicate samples.

(TIF)

Figure S5 Neither cosmosiin (A) nor angolensin (B)
influenced the growth of ERa-negative, ERb-positive DU-
145 prostate cancer cells. Error bars represent standard

deviations from the mean of triplicate samples.

(TIF)

Methods S1 Supplemental Methods file.

(DOC)
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