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SUMMARY

Estrogen exerts extensive and diverse effects
throughout the body of women. In addition to the
classical nuclear estrogen receptors (ERa and
ERb), the G protein-coupled estrogen receptor
GPER is an important mediator of estrogen action.
Existing ER-targeted therapeutic agents act as
GPER agonists. Here, we report the identification of
a small molecule, named AB-1, with the previously
unidentified activity of high selectivity for binding
classical ERs over GPER. AB-1 also possesses a
unique functional activity profile as an agonist of
transcriptional activity but an antagonist of rapid
signaling through ERa. Our results define a class of
small molecules that discriminate between the clas-
sical ERs and GPER, as well as between modes of
signaling within the classical ERs. Such an activity
profile, if developed into an ER antagonist, could
represent an opportunity for the development of
first-in-class nuclear hormone receptor-targeted
therapeutics for breast cancer exhibiting reduced
acquired and de novo resistance.

INTRODUCTION

Estrogens (predominantly 17b-estradiol, E2) regulate multiple

diverse aspects of physiology throughout the body, particularly

during development, puberty, and reproduction, but also in meta-

bolic, endocrine, cardiovascular, nervous, musculoskeletal, and

immune functions (Edwards, 2005). Although many of these

effects are traditionally associated with women, E2 also has

important roles in male physiology (Lombardi et al., 2001). As a

result of these varied actions, targeting E2 pathways has been

exploited extensively in the development of therapeutic and

preventative approaches (Arnal et al., 2013). For example, E2

and its derivatives have been used for over a half a century as

the primary constituent of contraceptive pills (Woutersz, 1991).

E2 and its receptors also play important roles in both health and

disease, particularly breast cancer development and treatment. In

addition to the classical nuclear estrogen receptors (ERa and

ERb), the 7-transmembrane spanningGprotein-coupled estrogen

receptor ([GPER] previously GPR30) has become recognized as

an important mediator of E2 action (Barton et al., 2018; Prossnitz

and Arterburn, 2015; Prossnitz and Barton, 2014; Prossnitz and

Hathaway, 2015; Pupo et al., 2016; Sharma et al., 2018). Although

many of the effects of E2 are mediated by ERa and ERb through

transcriptional regulation, rapid signaling pathways (e.g., kinase

activation, such as ERK1/2 and Akt, cAMP production, and ion

fluxes) that occur in the time frame of seconds to minutes are

now understood to be activated by both ERa (Levin andHammes,

2016) and GPER (Barton et al., 2018). Pharmacological ap-

proaches have identified families of compounds for breast cancer

therapy as well as for managing symptoms of menopause

(including osteoporosis) termed selective estrogen receptor mod-

ulators ([SERMs], such as tamoxifen and raloxifene) and selective

estrogen receptor downregulators ([SERDs], such as fulvestrant)

(Maximov et al., 2013; McDonnell and Wardell, 2010), based on

their (tissue-dependent, in the case of SERMs) transcriptional

Cell Chemical Biology 26, 1–11, December 19, 2019 ª 2019 Elsevier Ltd. 1

Please cite this article in press as: Revankar et al., A Selective Ligand for Estrogen Receptor Proteins Discriminates Rapid and Genomic Signaling, Cell
Chemical Biology (2019), https://doi.org/10.1016/j.chembiol.2019.10.009

mailto:eprossnitz@salud.unm.edu
https://doi.org/10.1016/j.chembiol.2019.10.009


activities assumed to occur exclusively through ERa; however,

tested SERMs and SERDs lack selectivity with respect to

GPER, functioning as GPER agonists (Filardo et al., 2000; Petrie

et al., 2013; Revankar et al., 2005). In fact, a broad array of xenoes-

trogens, including synthetic (industrial, agricultural, and pharma-

cological) and natural (phyto- and myco-estrogens), have been

shown not only to bind GPER but also to function as GPER ago-

nists (Prossnitz and Arterburn, 2015; Thomas and Dong, 2006;

Thomas et al., 2005). This lack of ER/GPER pharmacological

discrimination led us and others to seek compounds with the abil-

ity to selectively modulate GPER activity, in the absence of ERa/b

activity (Bologa et al., 2006; Dennis et al., 2009, 2011; Lappano

et al., 2012). The most widely used GPER-selective ligands are

the tetrahydroquinolines G-1 (Bologa et al., 2006) (an agonist),

G15 (Dennis et al., 2009) andG36 (Dennis et al., 2011) (both antag-

onists). G-1 mediates or reproduces many of the salutary effects

of E2, particularly those associated with rapid signaling, in rodent

models of multiple sclerosis (Blasko et al., 2009; Wang et al.,

2009), stroke (Lebesgue et al., 2010; Zhang et al., 2010), cerebral

ischemia following cardiac arrest (Kosaka et al., 2012), traumatic

brain and spinal cord injury (Hu et al., 2012; Prossnitz, 2012),

myocardial infarction (Bopassa et al., 2010), atherosclerosis

(Meyer et al., 2014), obesity (Sharma et al., 2018), diabetes

(Sharma and Prossnitz, 2017), pancreatic islet survival (Liu et al.,

2009) and transplantation (Liu et al., 2013), hypertension (Haas

et al., 2009; Lindsey et al., 2009), and diastolic dysfunction

(Wang et al., 2012), among others (Prossnitz and Arterburn,

2015; Prossnitz and Hathaway, 2015). In contrast, the GPER an-

tagonists G15 and G36 have been shown to have important appli-

cations in carcinogenesis (Mo et al., 2013; Petrie et al., 2013;

Scaling et al., 2014) and cardiovascular aging (Meyer et al.,

2016), the latter through the regulation of NADPH oxidase-medi-

ated superoxide production (Barton et al., 2019; Prossnitz, 2018).

A similar lack of pharmacological selectivity toward the clas-

sical estrogen receptors ERa/b and against GPER has resulted

in important experimental and clinical challenges. This is

evident as the result of unexpected agonist activities of both

SERMs and SERDs via GPER in both experimental systems

(Chen et al., 2014; Filardo et al., 2000; Hofmeister et al.,

2012; Petrie et al., 2013; Zekas and Prossnitz, 2015) and clin-

ical use of the SERD ICI182,780 (fulvestrant) as an anti-hor-

mone therapy for advanced breast cancer in women in

whom, for example, symptomatic hypotension is a common

side effect (Vergote and Abram, 2006), consistent with the

GPER-mediated vasodilatory activity of ICI182,780 observed

ex vivo (Meyer et al., 2010). There is also evidence suggesting

that the acquired resistance observed in women treated with

anti-estrogens (SERMs and SERDs) for prolonged periods

may result in part from chronic activation of GPER (Ignatov

et al., 2010, 2011; Mo et al., 2013), potentially through the inac-

tivation of the pro-apoptotic transcription factor FOXO3a (Ze-

kas and Prossnitz, 2015) as reviewed recently (Pepermans

and Prossnitz, 2019).

Here we present the discovery of the first truly ER-selective

ligand that lacks binding and activity toward GPER, defined as

a selective ligand for estrogen receptor proteins (SLERP). We

employed a combination of computational and biomolecular

screening to identify AB-1, a previously described oxabicyclic

compound that binds both ERa and ERb (Hamann et al., 2005;

Hsieh et al., 2006; Sibley et al., 2003). Our extensive character-

ization revealed unique properties of AB-1 in that it lacks binding

and thus rapid signaling via GPER, and although transcriptional

activity via ERa is largely similar to that of E2, AB-1 also lacks

the ability to initiate multiple rapid signaling events via ERa.

Thus, in addition to discriminating between ERa and GPER,

AB-1 also discriminates between the classic nuclear transcrip-

tional (genomic) and rapid signaling (non-genomic) activities of

ERa, providing the complementary activity profile to compounds

that elicit extra-nuclear signaling but not transcriptional activity

through ERa (Madak-Erdogan et al., 2016).

RESULTS

Employing computational and virtual screening of a 10,000-com-

pound G protein-coupled receptors (GPCR)-optimized library,

we previously identified the GPER-selective agonist G-1 (Bologa

et al., 2006), the GPER-selective antagonist G15 (Dennis et al.,

2009), and subsequently optimized the even more selective

antagonist, G36 (Dennis et al., 2011), as compounds that lack

ERa/b binding (Figure 1). The discovery of these GPER-selective

compounds has facilitated a better understanding of the physio-

logical roles of GPER in E2 signaling (Barton and Prossnitz, 2015;

Prossnitz and Arterburn, 2015). To further distinguish the roles of

ERs and GPER in E2 signaling, we sought to expand our reper-

toire of selective compounds, this time screening for compounds
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Figure 1. Chemical Structures of Estrogen (17b-Estradiol, E2),

GPER-Selective Ligand G-1 and ER-Selective Ligand AB-1
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harboring an inverse profile to that of our GPER-selective com-

pounds (i.e., high selectivity for binding ERa/b over GPER). Em-

ploying high-throughput flow cytometry-based biomolecular

screening with ERa-GFP- and ERb-GFP-expressing COS7 cells

and the fluorescently labeled E2 derivative E2-Alexa633 as

described previously (Bologa et al., 2006), we screened the top

100 virtual hits of our compound library for selective binding ac-

tivity toward ERa and ERb. We identified one compound, a

phenol-substituted oxabicyclo[3.3.1]nonene, hereafter termed

AB-1 (Figure 1), that competed with E2-Alexa633 binding to

ERa and ERb.

To validate the activity and confirm the chemical identity of our

primary hit, we synthesized AB-1 (4-(5-(hydroxymethyl)-8-methyl-

3-oxabicyclo[3.3.1]non-7-en-2-yl)-phenol) (Hamann et al., 2005;

Sibley et al., 2003), following a modified procedure employing a

A

E

CB D

Figure 2. Ligand Binding Properties of AB-1

(A) COS7 cells co-expressing ERa-GFP or

ERb-GFP with GPER-mRFP1 were stained with

E2-Alexa633 in the presence or absence of unla-

beled E2 (100 nM) or AB-1 (1 mM). AB-1 blocks the

binding of E2-Alexa633 to ERa and ERb, but not to

GPER. Confocal images are representative of

three independent experiments. Scale bar repre-

sents 10 mm. Data are from three independent

experiments.

(B–D) Binding affinities of E2 and AB-1 for ERa,

ERb, and GPER. Competitive ligand binding

assays were performed using 2 nM E2-Alexa633

and the indicated concentrations of unlabeled E2

(-) or AB-1 ( ) in COS7 cells transfected with

either ERa-GFP (B), ERb-GFP (C), or GPER-GFP

(D). Data are means ± SEM from three indepen-

dent experiments.

(E) Competitive radio-ligand binding assays of

AB-1 (1 and 10 mM) for androgen receptor

(AR), mineralocorticoid receptor (MR), pro-

gesterone receptor B (PR-B), glucocorticoid re-

ceptor (GR), and ERa. NHR-specific ligands (see

the STAR Methods) were used as control com-

petitors. Data are mean values from technical

duplicates.

hafnium(IV) triflate-catalyzed Prins cycli-

zation (Nakamura et al., 2009) (see the

STAR Methods). The compound was fully

characterized and was identical to previ-

ously reported NMR spectra with charac-

teristic 1H NMR signals observed for the

C8-methyl (d 1.01, 3H) and benzylic

hydrogen at C2 (d 4.50, 1H) (Hamann

et al., 2005) (Figures S1–S3).

To confirm our findings and examine

selectivity with respect to GPER, we co-

expressed ERa-GFP or ERb-GFP with

GPER-mRFP1 in COS7 cells, incubated

the cells with E2-Alexa633, and imaged

by confocal microscopy. As previously

demonstrated, because ERa/b and

GPER localization is mutually exclusive,

with ERa/b in the nucleus and GPER in

the ER (i.e., cytosolic), selectivity of E2-Alexa633 binding can

be assessed through spatial co-localization with each receptor

(Figure 2A) (Bologa et al., 2006). In cells expressing ERa-GFP

and GPER-mRFP1, E2-Alexa633 is localized to both ERa and

GPER (Figure 2A, top row). Addition of E2 blocked binding of

E2-Alexa633 to ERa-GFP (and ERb-GFP, not shown) as well as

GPER (GPER-mRFP1) (Figure 2A, second row), whereas addi-

tion of AB-1 blocked the binding of E2-Alexa633 to both

ERa-GFP and ERb-GFP, but not to GPER-mRFP1 (Figure 2A,

third and fourth rows). To characterize the binding properties

of AB-1 in greater detail, we determined its binding affinity to

the individual ERs. Using a flow cytometry-based competitive

binding assay with transiently transfected COS7 cells, we deter-

mined that AB-1 blocked E2-Alexa633 binding to ERa and ERb

with half maximal inhibitory concentration (IC50) values of 3 and
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26 nM, respectively (Figures 2B and 2C). IC50 values for E2 were

0.3 and 0.6 nM for ERa and ERb, respectively. Importantly, AB-1

did not significantly block E2-Alexa633 binding to GPER at con-

centrations up to 10 mM (Figure 2D). Binding affinities to the pu-

rified ligand binding domain (LBD) of ERa and ERb were also

determined employing a TR-FRET-based competitive binding

assay, revealing IC50 values for ERa and ERb LBDs of 38 and

24 nM, respectively (with IC50 values for E2 of 0.26 and

0.47 nM for ERa and ERb, respectively) (Figure S4; see Table 1

for a summary of all AB-1 properties). Taken together, these re-

sults show that AB-1 selectively binds to ERa and ERb, but

not GPER.

To further examine the selectivity of AB-1 with respect to other

nuclear hormone receptors (NHRs), we evaluated its binding to

androgen receptor (AR), mineralocorticoid receptor (MR), pro-

gesterone receptor B (PR-B), glucocorticoid receptor (GR), and

ERa using competitive radio-ligand binding assays (Figure 2E).

AB-1 exhibited no binding to AR, MR, PR-B, or GR, but did, as

expected, bind to ERa (Figure 2E). Control inhibitors to each of

the receptors showed >90% inhibition to the respective NHRs.

Taken together with the previous data, these results show that

AB-1 is not only selective to the classical ERs over GPER, but

also selective to ER over other NHRs.

To assess the functional properties of AB-1, we first examined

its effect on ER-mediated transcription in MCF-7 cells stably

expressing an ERE-GFP reporter gene (Yamaguchi et al., 2005).

Like E2, AB-1 dose-dependently induced ERE activation with a

half maximal effective concentration (EC50) value of �15 nM

(versus �0.08 nM for E2) (Figure 3A). To expand upon its tran-

scriptional activity, we also assessed the effect of AB-1 on global

ER-mediated gene transcription compared with that of E2 in

MCF-7 cells. Interestingly, AB-1 induced a highly similar transcrip-

tion profile (both in terms of activation and inhibition) to that of E2

(Figure 3B, r = 0.94, p < 0.0001), with two of the best characterized

E2/ER-stimulated genes (progesterone receptor [PGR] and

GREB1) showing virtually identical levels of upregulation, implying

that AB-1 functions as an ER transcriptional regulator that acti-

vates and inhibits expression of ER-target genes largely similar

to that of E2. Interestingly, a number of the most E2-repressed

genes (e.g., PSCA, MYCN, and FAM65C) were repressed to a

far lesser extent by AB-1 comparedwith E2, although other genes

repressed by about 8- to 10-fold byE2were similarly repressed by

AB-1. Many additional genes were either induced less or

repressed less with AB-1 compared with E2 (by 50% or more),

suggesting a contribution of rapid signaling to these transcrip-

tional events, complementing conclusions reached, employing

E2-dendrimers (that lack direct transcriptional regulation by

ER in the nucleus), that rapid signaling alone can regulate many

E2-responsive genes (Madak-Erdogan et al., 2008).

To further confirm the agonist nature of AB-1, we tested its

ability to induce MCF-7 cell growth, which is not only induced

by ER activation, but also dependent on it. AB-1 stimulated

cell growth to a similar (in fact, slightly greater) maximal extent

compared with E2, with an EC50 of �0.5 nM (versus �0.3 pM

for E2) (Figure 3C). Upon binding of both agonists and antago-

nists (classical SERDs), ERa protein undergoes degradation

and ultimately downregulation of its steady-state levels (Wijayar-

atne and McDonnell, 2001). Therefore, to determine whether

AB-1 exerts the same effect as E2 on ERa stability and protein

levels, we treated MCF-7 cells with E2, AB-1, the SERM 4-hy-

droxytamoxifen (4-OHT), which stabilizes ERa, or the SERD

ICI182,780, which potently downregulates ERa. AB-1 induced

A

C D

B Figure 3. Transcriptional Activity of AB-1

(A) Ligand-induced expression of GFP in MCF-7

cells. MCF-7 cells stably expressing an ERE-GFP

reporter were stimulated with the indicated con-

centrations of E2 (-) or AB-1 ( ) and GFP expres-

sionwasmeasuredbyflowcytometry.Data indicate

means ± SEM of four independent experiments.

(B) Ligand-induced global ER-mediated gene tran-

scription profile. MCF-7/WS8 cells were stimulated

with1nME2or1mMAB-1andgeneexpressionwas

assessed in duplicate. Gene expression changes of

1,231 genes (>1.5-fold) are shown as average log2
fold change comparedwith vehicle-treated cells for

E2 (x axis) and AB-1 (y axis). Expression of GREB1

and PGR are shown with arrows. Correlation factor

(R) was 0.94 with p < 0.0001.

(C) Effect of AB-1 on MCF-7 cell growth. MCF-7

cells were stimulated with the indicated concentra-

tions of E2 (-) or AB-1 ( ) and total cell numbers

were analyzedafter 5 days.Cell numbers are shown

as percentages relative to E2-treated cells (100%).

Data points are means ± SEM of three independent

experiments each performed in triplicate.

(D) Ligand-induced protein degradation of ERa.

MCF-7 cells were cultured with the indicated com-

pounds and ERa levels determined bywestern blot.

Data are normalized to DMSO-treated samples and

are shown as means ± SEM of at least four inde-

pendent experiments. ***p < 0.001 versusDMSOby

one-sample t test.
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a �50% decrease in ERa levels, similar to that of E2, whereas

4-OHT and the SERD ICI182,780, as expected, moderately

increased and potently decreased ERa levels, respectively (Fig-

ure 3D) (Wijayaratne andMcDonnell, 2001). Together, these data

demonstrate that AB-1 acts as an agonist of ERa/b transcrip-

tional activity, stimulating MCF-7 cell growth and inducing ERa

degradation.

To determine whether AB-1 mediates rapid signaling as

observed for E2, we examined the phosphatidylinositol 3-kinase

(PI3K)/Akt-mediated inactivation of FOXO3a in MCF-7 cells

(Zekas and Prossnitz, 2015). FOXO3a is a forkhead box tran-

scriptional activator of pro-apoptotic genes in the absence of

survival factors. Growth factors (e.g., EGF) that stimulate the

PI3K pathway lead to the Akt-mediated phosphorylation of

FOXO3a, which in turn leads to its translocation to the cytoplasm

and subsequent proteasomal degradation. To evaluate FOXO3a

localization, we employed a FOXO3a-GFP construct that was

transiently expressed in MCF-7 cells. Following EGF stimulation,

FOXO3a translocated from the nucleus to the cytoplasm (Fig-

ure 4A). E2 and the GPER-selective agonist G-1 also stimulated

cytosolic translocation, although in a lower percentage of cells

(Figure 4B). In contrast, AB-1 had no effect on FOXO3a translo-

cation, nor did it alter the extent of E2- or G-1-mediated translo-

cation (Figure 4B). This result is in fact consistent with our previ-

ous observations that the E2-mediated activation of PI3K and

Akt, leading to FOXO3a inactivation, is mediated by GPER (Ze-

kas and Prossnitz, 2015).

To determine whether AB-1 can also mediate E2-dependent

rapid signaling specifically via the classical estrogen receptors,

we employed COS7 cells expressing ERa, ERb, or GPER. We

first examined the ability of AB-1 to induce calcium mobilization.

Surprisingly, unlike E2, which induced rapid calciummobilization

in COS7 cells expressing ERa, ERb, or GPER (Figure 5A), AB-1

did not induce calcium mobilization in any of these cells (Fig-

ure 5B). More importantly, AB-1 dose-dependently inhibited

E2-mediated calcium mobilization in COS7 cells expressing

either ERa (IC50 = 33 nM) or ERb (IC50 = 75 nM) (Figure 5C),

but did not block E2-mediated calciummobilization in GPER-ex-

pressing COS7 cells (Figure 5B). This result suggests that,

despite acting as an agonist of transcriptional activation via

ERa, AB-1 acts as an antagonist or inverse agonist of ER-medi-

ated rapid calcium signaling.

Despite E2-dependent PI3K/Akt activation in MCF-7 cells be-

ing mediated by GPER, we have previously shown that E2 can

mediate PI3K activation by both classical estrogen receptors

(ERa and ERb) and GPER in transfected COS7 cells (Revankar

et al., 2005). Thus, to determine whether the inhibitory effect of

AB-1 on rapid calcium signaling extends to other rapid signaling

pathways, we next examined whether AB-1 could regulate PI3K

activation in COS7 cells transfected with ERa-GFP, ERb-GFP, or

GPER-GFP. Cells were cotransfected with the PH-mRFP1 re-

porter, which contains the PIP3-binding pleckstrin homology

(PH) domain of Akt fused to a red fluorescent protein and thus

translocates to sites of PI3K activity and PIP3 accumulation (Re-

vankar et al., 2005). Employing this system, we observed that E2

induced strong nuclear localization of the PH-mRFP1 reporter in

COS7 cells expressing ERa, ERb, or GPER (Figure 5D, second

row), indicative of PI3K activation, as reported previously (Re-

vankar et al., 2005). However, unlike E2, AB-1 did not induce

nuclear translocation of the PH-mRFP1 reporter in COS7 cells

expressing ERa, ERb, or GPER (Figure 5D, third row). Further-

more, AB-1 was again able to block E2-mediated signaling via

ERa and ERb, but not through GPER (Figure 5D, bottom row).

Together, the calcium and PI3K signaling results not only further

confirm the binding selectivity of AB-1 for ERa and ERb versus

GPER, but more importantly and surprisingly, they reveal that

AB-1 acts as an antagonist of rapid signaling via the classical

estrogen receptors ERa and ERb.

In vivo assessment of compound estrogenicity has tradition-

ally been carried out employing the uterotrophic assay, based

on highly E2-dependent actions in the uterus. Upon E2 depletion

in mice, typically through ovariectomy, the uterus regresses with

the epithelium entering a non-proliferative state and the uteus

losing electrolytes and water, resulting in substantial weight

reduction. Treatment with E2 for 1–3 days leads to an acute stim-

ulation of proliferation within the uterine epithelium and an in-

crease in overall weight due to water uptake, termed imbibition.

To investigate the estrogenic effects of AB-1 in vivo, we evalu-

ated the uterotrophic effects of AB-1 compared with E2.

Whereas E2 yielded a strong imbibition response at a dose of

10 ng (with an EC50 estimated between 2 and 10 ng), AB-1 dis-

played imbibition only at a dose of 91 mg (with an almost 2-fold

Ctl
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Figure 4. Ligand-Induced Intracellular Translocation of FOXO3a

(A) Intracellular localization of FOXO3a-GFP. MCF-7 cells transiently ex-

pressing FOXO3a-GFP were treated with vehicle (Ctl), E2 (10 nM), G-1

(100 nM), AB-1 (1 mM), EGF (50 ng/mL), or a combination of AB-1 + E2 or

AB-1 + G-1 and FOXO3a-GFP localization determined by confocal micro-

scopy. Scale bar represents 10 mm. Data are representative of three inde-

pendent experiments.

(B) Quantification of data in (A) and represent themeans ± SEM of at least three

independent experiments. *p < 0.05 versus vehicle (Ctl) by one-way ANOVA

with Bonferroni post-hoc test.
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increase in uterine wet weight over that of sham-treated mice),

with no effect at doses of 2 and 10 mg, suggesting an EC50 in

the 50–90-mg range (Figure 6A). We also examined the effect of

AB-1 on the proliferative response of uterine epithelial cells in

the samemice used for the uterotrophic assay. AB-1, at the high-

est dose tested, induced an almost 12-fold increase in epithelial

proliferation (measured as Ki-67-positive staining) versus sham-

treated mice, similar to the response observed with 10 ng E2

(Figure 6B). Together, these results demonstrate that AB-1 stim-

ulates multiple murine uterine effects associated with the activ-

ities of ERa, although with less potency compared with E2.

DISCUSSION

Our understanding of E2 signaling has evolved over the last half

century, from the earliest cellular studies of rapid signaling re-

A B

C

D

Figure 5. AB-1 Antagonizes Classical ER-

Mediated Rapid Signaling

(A–C) Ligand-induced effect on intracellular cal-

cium mobilization through individual ERs. COS7

cells transiently expressing ERa-GFP (red curve),

ERb-GFP (blue curve), or GPER-GFP (green curve)

were stimulated with either 1 nM E2 (A) or 1 mM

AB-1 followed by 1 nM E2 (B). Intracellular calcium

mobilization was evaluated using indo1-AM and

ligands were added at 20 or 80 s as indicated.

Data are shown as the relative 490 nm/400 nm

ratio change (y axis) compared with mock-trans-

fected COS7 cells (black curve) and representa-

tive of three independent experiments. (C) Intra-

cellular calcium mobilization dose-response

curves for E2-stimulated COS7 cells expressing

ERa-GFP (:) or ERb-GFP ( ), treated with the

indicated concentrations of AB-1. Data indicate

means ± SEM of three independent experiments.

(D) AB-1 antagonism of PI3K activation through

ERa and ERb. COS7 cells co-expressing PH-

mRFP1 and either ERa-GFP (left panel), ERb-GFP

(middle panel), or GPER-GFP (right panel) were

stimulated with vehicle (DMSO), 1 nM E2, 1 mM

AB-1, or a combination of E2 + AB-1. PI3K acti-

vation was assessed by the translocation of the

PH-mRFP1 reporter from the cytoplasm to the

nucleus as exemplified by E2 treatment of ERa

and ERb-expressing cells. Scale bar represents

10 mm. Confocal images are representative of

three independent experiments.

sponses (Pietras and Szego, 1975;

Szego and Davis, 1967), to the subse-

quent appreciation of its transcriptional

regulation through ERa and later ERb.

With the discovery of GPR30 as an addi-

tional estrogen receptor (leading to its

designation as GPER) that mediates

many of the rapid signaling events in

response to E2, the landscape of E2

signaling mediators became more

complicated. Pharmacological ap-

proaches have traditionally been critical

in unraveling the roles of individual re-

ceptor subtypes within a family. In the case of the classical

ERs and GPER, this approach has been complicated by the

high degree of overlap in ligand specificity (Dahlman-Wright

et al., 2006). Not only are the ligand binding pockets of ERa

and ERb highly homologous, but to date all tested ER-binding

compounds exhibit binding and/or activity toward GPER

(Prossnitz and Arterburn, 2015). This is particularly true of the

family of SERMs and SERDs, which despite generally inhibiting

activity of the classical ERs act as agonists of GPER. Studies of

GPER were facilitated with the identification of the highly selec-

tive GPER agonist G-1 (Bologa et al., 2006) and soon thereafter

GPER antagonists (G15 and G36) (Dennis et al., 2009, 2011), all

of which exhibit little to no activity toward the classical ERs.

Unfortunately, compounds with the inverse selectivity, i.e.,

binding to ERs but not GPER, have to date not been identified.

In this report, we described the identification of the first such
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compound AB-1, that binds with high affinity to both ERa

(and ERb) but not to GPER, defining AB-1 as a SLERP.

Pharmacological selectivity between the two classical estro-

gen receptors (ERa and ERb) has been difficult to achieve,

largely due to the extremely high sequence and structural con-

servation of the ligand binding pockets of these two receptors.

Following decades of optimization, the most highly ERa-selec-

tive compound propylpyrazoletriol (PPT) exhibits only about

400-fold selectivity for ERa over ERb (Stauffer et al., 2000).

Despite this, PPT has been shown to lack selectivity for ERa

against GPER, where it acts as an agonist (Petrie et al., 2013).

Thus, based on the fact that, to date, all tested ERa ligands

bind to or activate GPER (Prossnitz and Arterburn, 2015), one

might speculate that achieving ERa selectivity versus GPER

might be extremely difficult. This is in contrast to the high selec-

tivity (>105-fold) of the GPER-selective agonist G-1 for GPER

over ERa (Dennis et al., 2011), which is believed to be because

G-1 is slightly larger than E2 (Bologa et al., 2006), precluding

its occupancy of the ligand binding pocket of ERa or ERb while

allowing its binding to the presumably slightly larger or confor-

mationally more accommodating ligand binding pocket

of GPER.

Although ‘‘bulky’’ bicyclic compounds may seem like a poor

substitute for the planar E2 molecule, the ability of bicyclic

compounds, such as bicyclo[3.3.1]nonanes, to function as

ER ligands was reported by Katzenellenbogen and coworkers

in 2003 (Muthyala et al., 2003). Compounds of the oxabicyclo

[3.3.1]nonene structural class were first identified as ER li-

gands through screening campaigns carried out by multiple in-

dependent groups in the mid-2000s. Sibley et al. (2003) at

Bayer AG, identified AB-1 (termed compound 2) in a primary

screen as an ER ligand. Hamann et al. (2005) at Ligand Phar-

maceutical, again identified AB-1 (compound 3) in a primary

screen, and Hsieh et al. (2006) reported the characterization

of AB-1 (termed OBCP-1M) identified from a high-throughput

functional screen of the ChemBridge 10,000-compound

chemical library (San Diego, CA). Thus, the inclusion of com-

pounds with the oxabicyclo[3.3.1]nonene scaffold has been a

recurring occurrence in the design of chemical libraries,

perhaps due to its structural rigidity. Interestingly, our virtual

screen for similarity to E2 ranked AB-1 as 53rd, whereas G-1

was ranked as 92nd of the 10,000 compounds in our GPCR-

optimized library. Thus, both compounds fell within the top

1% of the library in terms of E2 ‘‘similarity’’, despite the fact

that they display inverse properties with respect to ER and

GPER selectivity.

Pharmacological cross-reactivity of NHR ligands is not un-

common, due to a high degree of structural similarities between

the various NHR LBDs as well as their ligands (Carson-Jurica

et al., 1990; Gao et al., 2005). For example, progesterone, the

natural ligand of PR, as well as many synthetic progestins

(commonly used in oral contraceptives), binds to MR and other

NHRs, leading to unwanted side effects (Madauss et al., 2007;

Oelkers, 1996). Despite these examples of cross-reactivity

among NHRs, AB-1 shows no significant binding toward other

NHRs, selectivity that could prove to be beneficial for future

therapeutic development.

The previous three reports identifying AB-1 as an ER ligand

were published prior to the wide acceptance of GPER as an E2

receptor; as a consequence, no evaluation of GPER selectivity,

either in terms of binding or function, was performed. Further-

more, none of the reports examined rapid signaling mechanisms

such as those observed for E2. Selectivity of ERa versus ERb

was however examined. Hamann et al. (2005) reported, based

on transcriptional reporter assays, a 2-fold difference in EC50

of racemic AB-1, favoring ERb over ERa. Whereas the (+) and

(�) isomers displayed similar EC50 values for ERb, similar to

the (�) isomer for ERa, the (+) isomer displayed a 20-fold worse

EC50 for ERa. Hsieh et al. (2006) also observed a selectivity for

ERb employing racemic AB-1, both in terms of binding to purified

ER LBD (�10-fold selectivity) and function (transcriptional re-

porter assays, �60-fold). Interestingly, in permeabilized whole-

cell ligand binding assays, we observed comparable binding of

AB-1 to ERa and ERb (Table 1).

A

B

Figure 6. Estrogenic Effects of AB-1 in the Mouse Uterus

(A) Ligand-induced effect onmouse uterine weight. Ovariectomizedmice were

treated with vehicle (sham) or the indicated amounts of E2 or AB-1 for 18 h and

body weights and uterine wet weights determined. Uterine weights are shown

as ratios to total body weights (mean ± SEM).

(B) Uterine epithelial cell proliferation. Fixed uterine sections from samples in

(A) were assessed for epithelial cell proliferation by staining for Ki-67 expres-

sion. Data are themeans ± SEMof threemice per group; *p < 0.05 versus sham

by one-way ANOVA with Bonferroni post-hoc test.

Cell Chemical Biology 26, 1–11, December 19, 2019 7

Please cite this article in press as: Revankar et al., A Selective Ligand for Estrogen Receptor Proteins Discriminates Rapid and Genomic Signaling, Cell
Chemical Biology (2019), https://doi.org/10.1016/j.chembiol.2019.10.009



Our results demonstrated a high correlation between the

gene expression profiles of E2 and AB-1 in MCF-7 cells. Given

the lack of rapid signaling observed for AB-1, this would

suggest that rapid signaling has a minimal overall impact on

ERa-mediated transcriptional activity of the majority of genes.

There were, however, approximately 4%–5% of genes that

exhibited lower regulation (less activation or less repression

by 50% or more) by AB-1 as compared with E2, indicating a

contribution of rapid signaling to ‘‘maximal’’ transcription regu-

lation (defined as that induced by E2). A study employing an

E2-dendrimer conjugate (that cannot cross the plasma mem-

brane) that activates rapid (non-genomic) signaling pathways,

but not nuclear ER-mediated transcriptional (genomic) path-

ways revealed that approximately 25% of E2-regulated genes

were E2-dendrimer responsive (Madak-Erdogan et al., 2008).

Although this result suggests that rapid signaling alone can

recapitulate a portion of E2-regulated transcription, it does

not imply the converse, that the same genes require rapid

signaling. Downregulation of ERK2 (via siRNA) has also been

shown to alter the gene expression profile of E2 in MCF-7 cells

(Madak-Erdogan et al., 2011), suggesting a role for mitogen-

activated protein kinase signaling in transcriptional activity of

ERa. Interestingly, there were also unique genes that were

only regulated by E2 in the presence of ERK1/2 knockdown.

Overall, these results suggest the extreme complexity of

E2-mediated transcriptional regulation. In our gene expression

study, MCF-7 cells were deprived of E2 for a total of 4 days prior

to stimulation with either E2 or AB-1 for 24 h. Under these con-

ditions, basal levels of ERK2 activity are expected to be

decreased but perhaps not to the same extent as in the pres-

ence of ERK2 knockdown, suggesting that basal ERK2 activity

may be sufficient to support E2-mediated regulation of tran-

scription. Finally, the overall high concordance between E2-

and AB-1-mediated transcriptional regulation suggests that

the conformation of ERa induced by AB-1 is very similar to

that of E2, resulting in the similar recruitment of co-activators

and co-repressors.

The ability of E2 to mediate rapid (i.e., non-genomic) signaling

has been known for over 50 years, from early studies of E2-medi-

ated cAMP production and calcium (45Ca) mobilization (Pietras

and Szego, 1975; Szego and Davis, 1967), to the resurgence of

interest in such pathways in the 1990s (Wehling, 1994, 1997).

Multiple approaches have been employed over the years to inves-

tigate mechanisms of rapid E2-mediated signaling, including the

generation of mutant forms of ERa (e.g., membrane- or nuclear-

targeted forms of the receptor) (Levin and Hammes, 2016) and

pharmacological approaches employing novel ligands, such as

E2-dendrimers (Harrington et al., 2006) and small-molecule

pathway preferential estrogens that exhibit exceptionally low af-

finity for ERa, purportedly resulting in the activation of non-

genomic signaling but not transcriptional activity (Madak-Erdogan

et al., 2016). The advent of GPER-selective ligands further

enhanced our understanding of rapid E2-mediated signaling

events in multiple cell types and tissues by selectively activating

or inhibiting GPER in the absence of ER activity (Prossnitz and

Arterburn, 2015). Now, for the first time, we have identified a truly

ER-selective compound that displays no binding affinity or activity

toward GPER, enabling studies of ER-specific activities in the

absence of GPER signaling. Furthermore, the selective profile of

AB-1with respect to ERactivity, activating transcriptionwhile pre-

cluding ER-mediated rapid signaling, provides additional selec-

tivity that will further our understanding of ER function. It should

be noted that we only examined two aspects of ER-specific rapid

signaling, namely calcium mobilization and PI3K activation,

limiting our conclusions to these pathways. Because the mecha-

nisms of ER-mediated signaling are in general poorly understood,

it is possible that other aspects of rapid signaling may be pre-

served. Nevertheless, the ability of AB-1 to regulate ER-mediated

gene expression in a highly similar manner to E2, while having no

effect on ER-mediated signaling (thus acting as an antagonist of

these pathways), represents a previously unidentified pharmaco-

logical profile, analogous to the tissue-selective activities of

SERMs (Komm and Mirkin, 2014) and the pathway-specific

actions of biased agonists of GPCRs (Wacker et al., 2017).

There has been mounting evidence that GPER expression and

activation by currently employed anti-estrogens, particularly

tamoxifen, play an important role in resistance to these drugs,

as suggested by the poor prognosis of breast cancer patients

treated only with tamoxifen (Ignatov et al., 2011), increased

GPER expression in breast cancer patient biopsies following

tamoxifen treatment (Ignatov et al., 2011), enhanced GPER

signaling in tamoxifen-resistant MCF-7 cells (Ignatov et al.,

2010), inhibition of tamoxifen-resistant breast cancer cell growth

by GPER antagonists (Mo et al., 2013), and improved survival of

MCF-7 cells in the presence of G-1 (Zekas and Prossnitz, 2015).

Based on such results, the development of highly ER-selective an-

tagonists that lack GPER cross-reactivity could be of significant

clinical benefit, lowering the occurrence of resistance seen with

current anti-estrogen therapies (Pepermans and Prossnitz, 2019).

SIGNIFICANCE

Cross-activation of G protein-coupled estrogen receptor

(GPER) by estrogen receptor (ER)-targeted therapeutic antag-

onists, suchas tamoxifenand fulvestrant, hasbeen implicated

in the development of endocrine resistance in breast cancer.

At present, truly ER-selective ligands lacking such GPER

cross-reactivity have not been identified. Here, Revankar

et al. report the identification and characterization of a small

Table 1. Summary of AB-1 Properties

E2 AB-1

ERa cell binding (IC50) 0.30 nM 3 nM

ERb cell binding (IC50) 0.65 nM 26 nM

ERa LBD binding (IC50) 0.26 nM 38 nM

ERb LBD binding (IC50) 0.47 nM 24 nM

GPER cell binding �8 nM >>10 mM

ERE expression (EC50) 0.08 nM 15 nM

MCF-7 proliferation (EC50) 0.3 pM 0.5 nM

ERa protein degradation (%) 54 52

Calcium signaling ERa (IC50) N/Aa 33 nM

Calcium signaling ERb (IC50) N/A 75 nM

Uterine imbibition (EC50) �3 ng �90 mg

Uterine proliferation (EC50) �5 ng �30 mg
aN/A, not applicable.
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ligand, termed AB-1, that binds with high selectivity to ERa/b

over GPER. Although AB-1 acts as an agonist of transcription

through ERa, the unique selectivity profile of AB-1 provides

new opportunities for the future development of next-genera-

tion ER-targeted antagonists that truly lackGPERcross-reac-

tivity, thereby decreasing or delaying the development of

endocrine resistance in breast cancer patients.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ERa (clone D8H8) Cell Signaling Cat# 8644; RRID: AB_2617128

Actin (clone C4) Millipore Cat# MAB1501; RRID: AB_2223041

Ki-67 (clone SP6) LabVision (Thermo) Cat# RM-9106; RRID: AB_2335745

Chemicals, Peptides, and Recombinant Proteins

G-1 (Bologa et al., 2006) N/A

E2 Sigma Cat# E1024

E2-AF633 (Revankar et al., 2005) N/A

AB-1 This paper N/A

4-OHT Sigma Cat# H7904

ICI182,780 Selleckchem Cat# S1191

EGF Sigma Cat# E9644

Critical Commercial Assays

AR Human Androgen NHR Binding

(Agonist Radioligand) Assay

Eurofins Cat# 206000

ERa Human Estrogen NHR Binding

(Agonist Radioligand) Assay

Eurofins Cat# 226010

GR Human Glucocorticoid NHR Binding

(Agonist Radioligand) Assay

Eurofins Cat# 232030

MCR Human Aldosterone NHR Binding

(Agonist Radioligand) Assay

Eurofins Cat# 204610

PR Human Progesterone NHR Binding

(Agonist Radioligand) Assay

Eurofins Cat# 299005

AlamarBlue ThermoFisher Scientific Cat# Y00-025

Indo1-AM ThermoFisher Scientific Cat# I1203

Deposited Data

Raw and analyzed data This paper N/A

Experimental Models: Cell Lines

MCF-7 ATCC Cat# HTB-22; RRID: CVCL_0031

MCF-7/WS8 Craig Jordan (MD Anderson) N/A

MCF-7 ERE-GFP (Yamaguchi et al., 2005) N/A

COS7 ATCC Cat# CRL-1651; RRID: CVCL_0224

Experimental Models: Organisms/Strains

C57BL/6NHsd Harlan https://www.envigo.com/products-

services/research-models-services/

models/research-models/mice/inbred/

c57bl-6-inbred-mice/c57bl-6nhsd/

Recombinant DNA

PH-mRFP1 (Revankar et al., 2005) N/A

ERa-GFP (Matsuda et al., 2002) N/A

ERb-GFP (Matsuda et al., 2002) N/A

GPER-GFP (Revankar et al., 2005) N/A

GPER-mRFP1 (Revankar et al., 2005) N/A

FOXO3a-GFP (Jacobs et al., 2003) N/A
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LEAD CONTACT AND MATERIALS AVAILABILITY

The lead contact is Dr. Eric R. Prossnitz (eprossnitz@salud.unm.edu). All requests for materials, reagents and resources should be

directed to the lead contact. AB-1 generated in this study will be made available on request but may require a payment and/or a

completed Materials Transfer Agreement.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mouse Strains
C57BL/6NHsd mice were obtained from Harlan Laboratories (now Envigo).

Cell Lines
COS7 and MCF-7 cells (obtained from the American Type Culture Collection, ATCC) were cultured in Dulbelcco’s Modified Eagle’s

Medium (DMEM), supplemented with 10% FBS, 2 mM L-glutamine, 100 units/mL penicillin and 100 ug/mL streptomycin and

maintained in a standard tissue culture incubator at 37�C in 5% CO2. MCF-7/WS8 cells, provided by Craig Jordan (MD Anderson),

were cultured in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, non-essential amino acids, antibiotic/antimycotic

(Gibco) and 6 ng/ml of insulin. MCF-7 ERE-GFP cells (Yamaguchi et al., 2005) were cultured in DMEM supplemented with 10%

FBS, 2 mM L-glutamine, 100 units/mL penicillin, 100 ug/mL streptomycin and 1 mg/mL G418.

METHODS DETAILS

Cell Transfection
Transient transfection experiments were performed 24 h after seeding cells using Lipofectamine 2000 (Invitrogen) according to

manufacturer’s instructions. The expression plasmids have been previously described (Revankar et al., 2005). For E2 deprivation,

cells were grown for 24-48 h (with intermediate changes of medium) in phenol red-free medium lacking serum or supplemented

with 10% charcoal-stripped FBS, both of which were further supplemented with 2 mM L-glutamine, 100 units/mL penicillin and

100 mg/mL streptomycin.

Virtual Screening
A database containing structures of 10,000 molecules (CDLDB) provided by Chemical Diversity Labs Inc (San Diego, CA), to which

17b-estradiol was added, was processed as described previously (Olah et al., 2004). Briefly, using 17b-estradiol as reference point,

2D-based similarity coefficients were computed employing both Daylight and MDL fingerprints using Tanimoto’s symmetric dis-

tance-between-patterns (Tanimoto, 1961) and Tversky’s asymmetric contrast model (Tversky, 1977). We also obtained 3D shape

similarity coefficients using the Tanimoto (Tanimoto, 1961) and Tversky (Tversky, 1977) formulae using Rapid Overlay of Chemical

Structures (Grant et al., 2001). An additional pharmacophore-based 3D similarity metric was derived from ALMOND descriptors

(Pastor et al., 2000). The combined similarity score attributed 40% weighting to 2D fingerprints, 40% to the shape-based similarities

and 20% to pharmacophore-based similarity. Given this composite score, the top 100 ranked molecules were selected for physical

screening employing a fluorescent whole cell ligand-binding assay.

Chemical Synthesis
G-1 was synthesized as previously described (Burai et al., 2010). The compound AB-1 (4-(5-(hydroxymethyl)-8-methyl-3-oxabicyclo

[3.3.1]non-7-en-2-yl))-phenol) has been reported previously (Hamann et al., 2005; Sibley et al., 2003), andwas synthesized by amodi-

fied procedure (Nakamura et al., 2009) and obtained as a diastereomerically pure, racemic mixture of enantiomers. All compounds

were synthesized in an efficient fume-hood. All other commercially available solvents and reagents were purchased and usedwithout

further purification. Compound identity was verified by comparison of high field 1H NMR (500 MHz) spectra to published values

(Hamann et al., 2005), and purity was demonstrated by quantitative analytical HPLC chromatography to be >98%. Preparative

chromatography was performed by medium pressure column chromatography using AnaLogix SuperFlash pre-packed columns.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

GraphPad Prism GraphPad software Inc. www.graphpad.com

Zen Lite Carl Zeiss Microscopy https://www.zeiss.com/microscopy/

us/products/microscope-software/

zen-lite.html

ImageJ nih.gov https://imagej.nih.gov/ij/

Cell Chemical Biology 26, 1–11.e1–e5, December 19, 2019 e2

Please cite this article in press as: Revankar et al., A Selective Ligand for Estrogen Receptor Proteins Discriminates Rapid and Genomic Signaling, Cell
Chemical Biology (2019), https://doi.org/10.1016/j.chembiol.2019.10.009

mailto:eprossnitz@salud.unm.edu
http://www.graphpad.com
https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html
https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html
https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html
http://nih.gov
https://imagej.nih.gov/ij/


1HNMR spectra were acquired using Varian Oxford 300MHz, Varian Unity 400MHz, and 500MHz spectrometers and 13CNMRwere

acquired using VarianOxford 75MHz, Varian Unity 100MHz and 125MHz spectrometers at ambient temperatures (20±2�C). 1HNMR

spectra in CDCl3 and acetone-d6 were referred to TMS. Mass spectra were obtained using an Orbitrap Fusion Mass Spectrometer

(Thermo Fisher, San Jose, CA) acquired with funding from NSF MRI #1626468. Spectroscopic data confirming the identification and

purity of AB-1 are provided in the Supplemental Information.

Diethyl 4-methylcyclohex-3-ene-1,1-dicarboxylate

A sealed tube containing a diethylmalonate (0.800 g, 5.0 mmol), paraformaldehyde (0.450 g, 15.0 mmol), 2-methyl-1,3-butadiene

(0.408 g, 6.0 mmol) and zinc chloride (0.09 g, 0.66 mmol, 7.5 mol %) in dry tetrahydrofuran (2.5 mL) was stirred at 70�C for 24 h. The

reaction mixture was concentrated under reduced pressure, diluted with dichloromethane (45 mL) and washed successively with

saturated aqueous NaHCO3, and H2O (25 mL each), dried over Na2SO4, evaporated in vacuo, and purified by silica gel column chro-

matography eluting with ethyl acetate/hexanes (1: 99) to obtain the pure product as a colorless oil (0.668 g, 57%). 1H NMR (300MHz,

CDCl3) d 5.37-5.35 (m, 1H), 4.18 (q, J = 7.23 Hz, 4H), 2.53-2.51 (m, 2H), 2.16-2.12 (m, 2H), 2.02-1.94 (m, 2H), 1.63 (bs, 3H), 1.23

(t, J = 7.40 Hz, 6H); FT-IR (Neat), 2960, 1731, 1210, 1151, 503 cm-1).

(4-Methylcyclohex-3-ene-1,1-diyl)dimethanol

A solution of diethyl 4-methylcyclohex-3-ene-1,1-dicarboxylate (0.68 g, 2.83 mmol) in dry diethylether (5 mL) was added dropwise

to a cooled (0�C) suspension of lithium aluminum hydride (0.240 g, 6.32 mmol) in dry diethylether (1 mL) and allowed to warm to

ambient temperature with magnetic stirring under a nitrogen atmosphere for 3 h. The reaction mixture was cooled in an ice-bath,

and worked up by successive slow addition of water, 10% sodium hydroxide, and three additional portions of water (240 mL

each) to yield tractable aluminum salt precipitates that were filtered, and the filtrate was concentrated and dried under vacuum to

provide the product (0.327 g, 74% mp 103-108�C). 1H NMR (300 MHz, CDCl3) d 5.30-5.27 (m, 1H), 3.61 (d, J = 5.47 Hz, 4H), 2.13

(t, J = 5.47Hz, 2H), 1.96-1.91 (m, 2H), 1.81-1.77 (m, 2H), 1.66-1.64 (bs, 3H), 1.60 (t, J = 6.64 Hz, 2H); FT-IR (Neat) 3300, 1610,

1518, 1269, 1071 cm-1.

4-(5-(hydroxymethyl)-8-methyl-3-oxabicyclo[3.3.1]non-7-en-2-yl))-phenol [AB-1]

To a solution of the (4-methylcyclohex-3-ene-1,1-diyl)dimethanol (0.161 g, 1.032 mmol) and 4-hydroxybenzaldehyde (0.15 g,

1.23 mmol) in anhydrous acetonitrile (4 mL) was added 5 mol% hafnium(IV) trifluoromethanesulfonate monohydrate (0.040 g,

0.051 mmol). The reaction mixture was stirred at ambient temperature under a nitrogen atmosphere for 18 h. The reaction mixture

was quenched with sat. NaHCO3 (10 mL), diluted with water (25 mL) and the product was extracted using CH2Cl2 (3x10 mL), dried

over Na2SO4, and evaporated in vacuo. The product was purified by silica gel column chromatography eluted with EtOAc/hexanes

(45:55) to isolate the product as white solid (0.23 g, 86%; mp 164-168�C) (Rf = 0.3). 1H NMR (500 MHz, acetone-d6) d 8.03 (bs, 1H),

7.10 (d, J = 8.85 Hz, 2H), 6.71 (d, J = 8.85 Hz, 2H), 5.45-5.46 (m, 1H), 4.42 (d, J = 1.83Hz, 1H), 3.83 (dd, J = 10.99, 2.83 Hz, 1H), 3.65

(bs, 1H), 3.53 (d, J = 10.99 Hz, 1H), 3.26 (s, 2H), 2.28-2.26 (m, 1H), 2.22-2.03 (m, 2H), 1.8 (dd, J = 11.6, 2.75 Hz, 1H), 1.65 (m, 1H,), 1.01

(dd, J = 3.97, 2.14 Hz, 3H) (Figure S1A); 13C NMR (125 MHz, CD3COCD3) d 157.03, 134.54, 134.16, 127.43, 124.75, 115.36, 80.51,

78.74, 69.90, 44.05, 35.62, 34.85, 34.68, 30.67, 24.4 (Figure S1B); FT-IR (Neat) 3300, 2975, 1610, 1092, 1051 cm-1. HRMS (m/z) calcd

for C16H21O3, 261.1485 [M+H+]; found, 261.1484 (Figure S2). The UV absorbance peak areas in the HPLC chromatogram of the AB-1

sample (Figure S3) were integrated and demonstrated compound purity of 98.6%.
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Compound identity was verified by comparison of high field 1H NMR (500 MHz) spectra to published values (Hamann et al., 2005),

and purity was demonstrated by quantitative analytical HPLC chromatography to be >98%. Full experimental details and spectro-

scopic data confirming the identification and purity of AB-1 are provided in the Supplemental Information.

Ligand-Binding Assays
Binding assays for ERa, ERb and GPER were performed as previously described (Revankar et al., 2005). Briefly, COS7 cells were

transiently transfected with ERa-GFP, ERb-GFP (Matsuda et al., 2002) or GPER-GFP (Revankar et al., 2005). Following serum star-

vation for 24 h, cells (�5x104) were incubated with competitor for 20 min prior to addition of an equal volume of 4 nM E2-Alexa633 in

saponin-based permeabilization buffer. Following 10 min at 25�C, cells were washed once with PBS/2%BSA. For flow cytometric

analysis, cells were resuspended in 20 mL and 2 mL samples were analyzed on a DAKO Cyan flow cytometer using HyperCyt� as

described (Edwards et al., 2009). For confocal microscopy, cells were stained as above and fixed with 2% PFA in PBS containing

1 mM CaCl2 and 1 mMMgCl2 for 15 min, washed, mounted in Vectashield and analyzed immediately by confocal microscopy using

a Zeiss LSM510 confocal fluorescent microscope.

Competitive Radio-Ligand Binding Assays
Competitive radio-ligand binding assays were performed using the NHR Binding Agonist Radioligand Assay (Eurofins) by Eurofins

Panlabs Discovery Services. AB-1 selectivity (at 1 mM and 10 mM) was assessed in the presence of [3H]-methyltrienolone

(0.5 nM), [3H]-aldosterone (0.4 nM), [3H]-progesterone (0.5 nM), [3H]-dexamethasone (5 nM), [3H]-estradiol (0.5 nM) for AR, MCR,

PR-B, GR and ERa, respectively. Control inhibitors for AR, MCR, PR-B, GR and ERa were testosterone (2.1 nM), aldosterone

(0.64 nM), promegestone (0.49 nM), dexamethasone (3.8 nM) and diethylstilbestrol (0.77 nM), respectively.

TR-FRET Ligand-Binding Assay
Binding assays for ERa-LBD and ERb-LBD were performed using the LanthaScreen TR-FRET Competitive Binding Assay by the

SelectScreen Biochemical Nuclear Receptor Profiling Service (ThermoFisher Scientific). AB-1 was tested at 300 nMwith subsequent

3-fold serial dilutions.

Intracellular Calcium Mobilization
COS7 cells transfected with ERa-GFP, ERb-GFP or GPER-GFP (5 x 106 cells) were incubated at room temperature in HBSS contain-

ing 5 mM indo1-AM and 0.05% pluronic acid for 30 min. Cells were then washed once with HBSS and resuspended in HBSS at a

density of 107 cells/mL. Ca++ mobilization was determined ratiometrically using lex 340 nm and lem 400/490 nm at 37�C in a

spectrofluorometer (QM-2000-2, Photon Technology International) equipped with a magnetic stirrer and heated sample chamber.

The relative 490nm/400nm ratio is plotted as a function of time.

PI3K Activation
The PIP3-binding domain of Akt fused to mRFP1 (PH-mRFP1) was employed to assess cellular PIP3 production and localization as

described (Revankar et al., 2005). Briefly, COS7 cells (co-transfected with PH-mRFP1 and either ERa-GFP, ERb-GFP or GPER-GFP)

were plated on coverslips and serum starved for 24 h followed by stimulation with ligands as indicated for 15min. The cells were fixed

with 2% PFA in PBS, washed, mounted in Vectashield and analyzed by confocal microscopy using a Zeiss LSM510 confocal

fluorescent microscope.

ER-ERE Transcription
ERa activity via EREs was determined using MCF-7 cells stably transfected with an ERE-GFP reporter construct (Yamaguchi et al.,

2005) as previously described (Dennis et al., 2011). Briefly, cells were deprived of E2 for 4 days (with one intermediate medium

change) in phenol red-free DMEM/F12 supplemented with 10% charcoal-stripped FBS. Cells (�80,000) were seeded in 24 well

plates, and 24 hours later treated with the indicated compounds (dissolved in DMSO, 0.1% final) for 24 hours in triplicate, trypsinized,

washed and analyzed for green fluorescence by flow cytometry. Mean fluorescence intensities of gated live cells were determined

and normalized to E2 values following subtraction of vehicle control values.

Gene Expression Analysis
MCF-7/WS8 cells, provided byCraig Jordan (MDAnderson), were cultured in RPMI supplementedwith 10%FBS, 2mML-glutamine,

non-essential amino acids, antibiotic/antimycotic and 6 ng/ml of insulin. E2 depletion was carried out by culturing cells in E2-depleted

medium with daily medium changes for three days. Cells were seeded sparsely (2x106 cells per 15 cm dish) in E2-depleted medium

and treated the following day with 1 nM E2, 1 mM AB-1 or DMSO (vehicle control) for 24 hours. Final DMSO concentrations were

0.01%. Total RNA was isolated using QIAGEN RNeasy minikits following homogenization using QIAshredders and employing the

direct lysis protocol for cell monolayers. Total RNA (500ng) was reverse transcribed using a T7 Oligo(dT) primer, followed by second

strand synthesis and purification of the double stranded cDNA. In vitro transcription was performed on this product using a mix of

biotinylated nucleotides to generate biotin labeled cRNA as described (Ambion/Applied Biosystems Illumina Total Prep RNA

Amplification Kit). cRNA samples were hybridized to the BeadChip array, washed, stained with C3-strepavidin following the manu-

facturer’s protocols (Illumina). The BeadChip was scanned and data analyzed using the Genome Studio Gene Expression Module
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(Illumina). Samples were normalized using a rank invariant normalization. Missing data were imputed, and Benjamini and Hochberg

false discovery rate calculations were applied. The DMSO controls were used as reference samples and the Illumina custom error

model was employed.

Cell Proliferation
MCF-7 cells were grown in E2-depleted medium for 4 days (with one intermediate medium change) in phenol red free DMEM/F12

supplemented with 10% charcoal-stripped FBS. Cells were seeded in 96 well plates at low density, and 24 hours later treated

with the indicated concentrations of compounds (dissolved in DMSO, 0.1% final) for 3-5 days in triplicate. Cell growth was

determined by Alamar Blue staining.

ERa Degradation
MCF-7 cells were seeded (500,000 cells/well) in 6-well plates in complete culturemedium. The following day, cells were transferred to

medium containing charcoal-stripped serum for 48 h (with one intermediate change of medium) and subsequently treated with the

indicated compounds (0.01%DMSO final) for 24 h. Cells were washed once with ice-cold PBS, lysed in RIPA buffer (50 mM Tris-HCl

pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 1% Na-deoxycholate and 0.1% SDS) containing 50 mM NaF, 1 mM Na3VO4 and

protease cocktail (1x) and passed through a 20G needle (10-16 times). Lysates were cleared by centrifugation (13,000 rpm for

15 min at 4�C) and protein concentrations determined using the Pierce� BCA Protein Assay Kit. Samples (20 ug) were resolved

by SDS-PAGE (4-12% Bis-Tris gel), transferred to nitrocellulose membranes and subjected to Western blot analysis. Membranes

were probed overnight with a rabbit anti-ERa antibody (Cell Signaling, 1:1000) in 4% BSA-TBST at 4�C followed by a secondary

HRP-linked goat anti-rabbit antibody (1:5000) for 1 h at RT. Bands were visualized by chemiluminescence. To detect actin,

membranes were stripped (30 min at RT) and probed with a mouse anti-actin antibody (Millipore, 1:5000) for 1 h at RT followed

by a secondary HRP-linked goat anti-mouse antibody (1:2500) for 1 h at RT. Bands were quantified using ImageJ software (NIH).

FOXO3a Translocation
FOXO3a localization assays were performed as described (Zekas and Prossnitz, 2015). Briefly, MCF-7 cells were seeded on 12 mm

coverslips in a 24-well plate one day before transfection. Cells were transfected with 0.3 mg FOXO3a-GFP plasmid (Jacobs et al.,

2003) using the Lipofectamine 3000 reagent (Invitrogen) according to the manufacturer’s protocol. Twenty-four hours post-transfec-

tion, cells were serum starved for 24 h prior to treatment. Cells were fixed in 2% PFA, washed with PBS and mounted in Vectashield

on coverslips. Coverslips were imaged on a Zeiss LSM800 microscope and localization determined from 10 fields per condition.

Mouse Uterine Estrogenicity
C57Bl6 female mice (Harlan) were ovariectomized at 10 weeks of age. E2 and AB-1 were dissolved in absolute ethanol at 1 mg/mL

and diluted in ethanol. For treatment, 10 mL of diluted E2 or AB-1 was added to 90 mL aqueous vehicle (0.9%NaCl with 0.1% albumin

and 0.1% Tween-20). Ethanol alone (10 mL) was added to 90 mL aqueous vehicle as control (sham). Twelve days post-ovariectomy,

mice were injected subcutaneously at 5:00 pm with 100 mL sham, E2 or AB-1. Eighteen hours after injection, mice were killed,

weighed and uteri removed and weighed (normalizing to body weight) after the mesometrium and any attached adipose tissue

was trimmed away. Uteri were then fixed in 4% paraformaldehyde, and embedded in paraffin. Five-micron sections were placed

on slides, and proliferation in uterine epithelia was quantitated by immunofluorescence using anti-Ki-67 antibody (LabVision) followed

by goat anti-mouse IgG conjugated to Alexa488 (Invitrogen). Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI).

At least 4 animals per treatment were analyzed, and the Ki-67 immunodetection was repeated three times per mouse. Percent Ki-67

positive cells = (number of Ki-67 positive cells/total number of DAPI-stained luminal epithelial cells) x 100 for three different fields per

sample.

QUANTIFICATION AND STATISTICAL ANALYSES

Data were quantified as described above and analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc

test, by two-tailed, unpaired Student’s t-test or by one-sample t-test as appropriate. Non-linear regression curves were determined

using a variable slope fit. Values are expressed as mean ± s.e.m.; n equals the number of assay replicates or animals used.

Differences were considered to be significant when P < 0.05. All analyses were carried out using Prism versions 5-7 for Macintosh,

GraphPad Software.

DATA AND CODE AVAILABILITY

Raw and processed data from the gene expression analysis (Figure 3B) are available upon request to the Lead Contact (eprossnitz@

salud.unm.edu).
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