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Abstract

Estrogen is central to many physiological processes throughout the human body. We have
previously shown that the G protein-coupled receptor GPR30/GPER, in addition to classical
nuclear estrogen receptors (ERa/p), activates cellular signaling pathways in response to estrogen.
In order to distinguish between the actions of classical estrogen receptors and GPR30, we have
previously characterized a selective agonist of GPR30, G-1 (1). To complement the
pharmacological properties of G-1, we sought to identify an antagonist of GPR30 that displays
similar selectivity against the classical estrogen receptors. Here we describe the identification and
characterization of a G-1 analog, G15 (2) that binds to GPR30 with high affinity and acts as an
antagonist of estrogen signaling through GPR30. In vivo administration of G15 reveals that
GPR30 contributes to both uterine and neurological responses initiated by estrogen. The
identification of this antagonist will accelerate the evaluation of the roles of GPR30 in human

physiology.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

"Correspondence should be addressed to E.R.P. (eprossnitz@salud.unm.edu), T.1.0. (toprea@salud.unm.edu) or J.B.A.
(jarterbu@nmsu.edu).


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dennis et al. Page 2

Introduction

Estrogens play an important role in many areas of human physiology (including
reproduction and the immune, vascular and nervous systems) as well as disease states such
as cancer, depression and reproductive disorders?,2. Estrogen has long been known to act
through soluble nuclear receptors that function as ligand-activated transcription factors.
However, in addition to gene regulation, estrogen also mediates rapid signaling events, more
commonly associated with growth factor and G protein-coupled receptors3. Recent studies
reveal that GPR30 (International Union of Basic and Clinical Pharmacology designation:
GPER), an intracellular transmembrane G protein-coupled estrogen receptor, mediates
numerous aspects of cellular signaling ranging from calcium mobilization to EGFR
transactivation to gene regulation®. The classical nuclear estrogen receptors (ERa/B) appear
to overlap with GPR30 not only in many of their cellular and physiological responses? but
also in their ligand specificity®, making pharmacologic resolution of individual receptor
functions challenging. For example, 17f8-estradiol (3), 4-hydroxytamoxifen (4) and
IC1182,780 (5) each bind to GPR30 in addition to classical estrogen receptors, though with
different outcomes with respect to agonism and antagonism®-8. Whereas 17p-estradiol, 4-
hydroxytamoxifen and 1C1182,780 all activate GPR30, 17B-estradiol is an ERa agonist, 4-
hydroxytamoxifen is a selective estrogen receptor modulator (SERM) and I1C1182,780 is a
pure ERa antagonist®. Interestingly, until recently, GPR30-specific ligands were unknown.

In 2006, we described a highly selective GPR30 agonist named G-1 that shows no detectable
activity towards the classical estrogen receptorst0. This compound activates multiple
cellular signaling pathways via GPR30 and has been used to examine the cellular and
physiological actions of GPR30. Cellular effects include activation of calcium mobilization
in cancer cells1®, LHRH neurons!! and hypothalamic neurons!2, spinal neuron
depolarization3, protein kinase Ce activationl# and phosphatidyl inositol-3-kinase (P13K)
activation10, gene expression1® 16, proliferation!® 17, oocyte meitotic arrest!® and primordial
follicle formation1®, G-1 has also been used to probe the role of GPR30 in vivo with
reported effects including estrogen-induced thymic atrophy2?, experimental autoimmune
encephalomyelitis?! and vascular regulation?2. In each of these animal models, the G-1-
mediated effects were absent in GPR30 knockout mice, establishing the selectivity of this
compound for GPR30. Thus, the availability of a selective GPR30 agonist has, in a very
brief time, greatly advanced our understanding of the biological functions of GPR30.

Unfortunately, to date, antagonists of GPR30 have not been identified. To better understand
the actions of GPR30, we identified a selective GPR30 antagonist using a combination of
virtual and biomolecular screening. The compound is related in structure to the agonist G-1
and binds to GPR30 but not ERa or ERp. Cellular assays demonstrate that this antagonist
prevents both estrogen- and G-1-mediated mobilization of intracellular calcium in ER-
negative breast cancer cells. Furthermore, estrogen-mediated GPR30-dependent PI13K
activation is blocked, whereas no effect on either ERa- or ERB-mediated PI3K activation in
response to estrogen is observed. In vivo studies utilizing both the agonist and antagonist
reveal that GPR30 contributes to estrogen-mediated proliferation of the uterine epithelium
and plays an important role in the anti-depressive effects of estrogen. The introduction of
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this first GPR30-selective antagonist should provide additional avenues for characterizing
the physiological functions of GPR30.

RESULTS

Virtual & biomolecular screening and chemical synthesis

We recently employed a combination of virtual and biomolecular screening to identify the
first GPR30-specific ligand, a substituted dihydroquinoline, named G-119 (Fig. 1a). To
identify potentially novel GPR30-specific ligands, we again employed virtual screening to
identify G-1-like structures of interest from the NIH Molecular Libraries Small Molecule
Repository (MLSMR). We performed a SMARTS substructure search (Daylight Theory
Manual, Daylight Chemical Informations Systems Inc., http://www.daylight.com/
dayhtml/doc/theory/theory.smarts.html) of the MLSMR (consisting of 144,457 molecules at
the time of the search, March 2007) for compounds containing the core scaffold of G-1 (Fig.
1b) using a custom JAVA program built using the OpenEye OEJava toolkit (OEChem - Java
Theory Manual, OpenEye Scientific Software Inc., http://www.eyesopen.com/docs/html/
javaprog/). The search identified 64 molecules, of which 57 were obtained from the
MLSMR.

To accomplish the primary biomolecular screen for GPR30 antagonism, we utilized calcium
mobilization in GPR30-expressing SKBr3 cells and tested for the ability of the compound to
block cellular activation by estrogen. Primary screening of the 57 G-scaffold containing
compounds from the MLSMR yielded 8 that showed some inhibition of estrogen-mediated
calcium mobilization in cells expressing GPR30. Of particular interest was one compound
(designated G15) that closely resembled G-1 but lacked the ethanone moiety of the molecule
(Fig. 1c). Based on the structural overlap of G-1 with estrogen and in particular the similar,
though not identical spacing of oxygen atoms at the extremes of the molecules, we
speculated that the ketone functionality of G-1 might play an important role as a hydrogen
bond acceptor by inducing conformational changes that activate GPR30. For this reason, in
parallel to the virtual screening efforts, G15 was also chemically synthesized as a possible
antagonist candidate.

The tetrahydro-3H-cyclopenta[c]quinoline scaffold of G-1 is synthetically accessible via the
versatile three-component Povarov cyclization. We evaluated a series of reaction conditions
employing protic and Lewis acid catalysts to optimize reaction rate, yield, and
diastereoselectivity for the construction of G-1-like derivatives. Our optimized one-step
procedure employing the catalyst Sc(OTf)5 in acetonitrile23 resulted in rapid reaction times,
high product yield and enhanced selectivity favoring the syn diastereomeric products. The
synthesis of G15 from aniline, 6-bromopiperonal and cyclopentadiene is illustrated in Fig.
1d. Precipitation from dichloromethane/methanol gave analytically pure G15 in yields
exceeding 85% as a racemic mixture of syn diastereomers. The syn diastereomer is
distinguished by the *H-NMR coupling pattern of H-4 (4.65 ppm) with a coupling constant
of 3.25 Hz that is characteristic for the syn orientation of the cyclopentene ring and phenyl
group. The product was fully characterized by NMR spectroscopy, and HPLC-MS with
positive ion detection (showing the correct molecular ion (MH*)) as well as UV detection
(PDA/Amax= 294 nm), yielding a single peak.
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G15 inhibits cellular signaling through GPR30

Chemically synthesized G15 was subjected to multiple cellular and physiological assays in
order to characterize its biological effects. Competitive binding assays using endogenous
GPR30 and a novel iodinated GPR30-selective G-1 analog (manuscript in preparation),
demonstrated that G15 binds to GPR30 with an affinity of approximately 20 nM (Fig. 2a).
This compares to an affinity for G-1, utilizing the same assay, of approximately 7 nM,
similar to our previously reported affinity of G-1 for recombinant GPR30 of 11 nM 10 and
reported affinities for 17p-estradiol between 3-6 nM 8,7 Thus removal of the ethanone
moiety resulted in a decrease in relative binding affinity of approximately 3 fold. Additional
competitive binding studies to assess interactions with ERa and ERp revealed that similar to
G-1, G15 displays little binding to ERa or ERp at concentrations up to 10 pM, where
estrogen competes with a Ki of approximately 0.3-0.5 nM (Figs. 2b and c). These results
reveal that G15, like G-1, displays high affinity for GPR30 with minimal binding to ERa
and ERp (Ki > 10 uM).

Evaluation of the functional capabilities of G15 with respect to the rapid mobilization of
intracellular calcium demonstrated that G15 alone was incapable of inducing a response in
SKBr3 breast cancer cells, which are ERa and ERp negative but express GPR30, whereas
stimulation by either estrogen or G-1 induced a response (Fig. 3a). In contrast, stimulation of
the cells with G-1 or estrogen subsequent to G15 exposure substantially reduced the
response to G-1 or estrogen (Fig. 3a). There was however no inhibition of the calcium
response mediated by ATP through endogenous purinergic receptors, indicating the
antagonistic effect is specific to GPR30. Inhibition of G-1-mediated calcium mobilization in
SKBr3 cells by G15 was dose-dependent, yielding an ICsq of approximately 185 nM (Fig.
3b), whereas inhibition of E2-mediated calcium mobilization yielded a similar ICgq of
approximately 190 nM (Fig. 3c).

In addition to intracellular calcium mobilization, we have demonstrated that estrogen
stimulation of ERa, ERP or GPR30 results in the nuclear accumulation of PIP3 as a result of
PI3K activation®, revealed by the translocation of an Akt PH domain-fluorescent protein
fusion protein reporter?4. To determine whether G15 similarly inhibits GPR30-mediated
PI3K activation, we examined the activation of PI3K in receptor-transfected COS7 cells,
where estrogen stimulates the nuclear accumulation of PIP3 through all three receptors and
G-1 selectively activates GPR30 but not ERa or ERp. Not only was G15 capable of
inhibiting the G-1-mediated activation of PI3K in GPR30-transfected cells, it also
effectively blocked the estrogen-mediated response in GPR30-transfected cells (Fig. 4a) but
had no effect on the estrogen-mediated response in ERa or ERpB-transfected cells, even at
concentrations 100-fold greater than that required to inhibit GPR30 (Fig. 4b). To determine
whether G15 inhibits PI3K activation in cells endogenously expressing GPR30, we
examined PI3K activation in SKBr3 breast cancer cells. As in GPR30-transfected cells, G15
was able to inhibit both estrogen and G-1 stimulation of PI3K (Fig. 4c). In total, these results
demonstrate that G15 can selectively inhibit GPR30.
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G15 inhibits GPR30-mediated function in vivo

One goal of developing GPR30-specific agonists and antagonists is the elucidation of the
roles of GPR30 in normal and disease physiology. One of the best characterized assays for
estrogenic activity is the uterine response in the mouse, where uterine water content (i.e.
imbibition) and epithelial cell proliferation are highly responsive to estrogen treatment,
particularly following ovariectomy?2®. In the ovariectomized mouse model, a single injection
of estrogen (E2) led to a 17-fold increase in the proliferative index of uterine epithelia
relative to control, as measured by immunodetection of Ki-67 protein (Fig. 5a). Here we
show that the GPR30 agonist G-1 also increases proliferation, by 3-4 fold over sham (Fig.
5b), and that there is little difference in proliferation rates across a 25-fold dose range,
suggesting a maximal response was achieved. In contrast, treatment with the GPR30
antagonist G15 alone did not alter proliferation relative to sham injections (Fig. 5b). When
mice were treated with G15 plus E2 (Fig. 5a), proliferation was reduced by approximately
50% in a dose-dependent manner, being maximal at a 10-fold molar excess of G15. G15
treatment also blocked G-1-induced proliferation in a dose-dependent manner (Fig. 5b),
being maximal at a 15-fold molar excess of G15. These results suggest that GPR30
contributes to a specific estrogenic response, proliferation. Neither G-1 nor G15 had any
effect on uterine wet weight or imbibition, evaluated by measuring uterine weight and by
microscopic evaluation of histologic sections (not shown). In conclusion, GPR30 appears to
contribute to the proliferative response in the uterus, while another response, imbibition,
appears to be solely mediated by ERa28.

Clinical observations suggest that vulnerability to depression in the female population is
associated with hormonal fluctuations, in which estrogens may play an important role. For
example, chronic treatment of women with E2 or conjugated equine estrogens attenuated
depressive symptoms during peri-menopausal and postpartum periods??,28. Several animal
models have been developed to evaluate putative anti-depressants2?,3% and have
demonstrated the anti-depressive effects of estrogenic compounds3t. Among these, the tail
suspension test32,33 is a convenient model in which many antidepressants reduce the
duration of immobility, suggesting this parameter is an index of antidepressant activity34.
Since GPR30 expression has been demonstrated in the male (as well as female) brain2,
male mice were used to evaluate the potential neurological effects of G-1 and G15, given
that behavioral and neurochemical depression studies are carried out almost exclusively in
male mice34. The antidepressant action of G-1 was compared to that of E2 and the tricyclic
antidepressant desipramine, which markedly reduced immobility time, when compared to
control vehicle-injected animals (Fig. 5¢). G-1 dose-dependently decreased immobility time,
whereas pretreatment of the mice with G15, which alone had no significant effect on
immobility time, significantly attenuated the effects of both G-1 and E2. Pretreatment of the
mice with G15 did not influence the immobility time of subsequent desipramine treatment.
Together, these results suggest a neurological role for GPR30 in the regulation of
depression.
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DISCUSSION

In this paper, we described the synthesis and characterization of the first GPR30 antagonist,
G15. Binding studies demonstrated that G15 exhibited only moderately reduced binding to
GPR30 (about 3-fold) compared to G-1, and yet no significant binding to either ERa or ERp
at concentrations as high as 1-10 uM. Functional assays revealed that G15 blocked both
estrogen- and G-1-mediated mobilization of intracellular calcium in ER-negative SKBr3
breast cancer cells. In addition, GPR30-dependent PI3K activation by either estrogen or G-1
was blocked by prior incubation with G15. However, G15 was unable to prevent estrogen-
mediated PI3K activation through either ERa or ERp. In vivo studies demonstrated that G15
completely blocked uterine epithelial cell proliferation mediated by GPR30 in response to
G-1 but only partially inhibited the estrogen-mediated response (presumably occurring
through activation of all estrogen receptors). Finally, we established that the anti-depressive
effects of estrogen appear to be mediated through GPR30, in that G-1 recapitulated the
effects of estrogen and that G15 inhibited the anti-depressive effects of both G-1 and
estrogen.

The selectivity of G15 towards GPR30 in cellular assays is consistent with the selectivity of
G-1 for GPR30 in cells expressing both GPR30 and classical estrogen receptors as well as
the stimulatory effects of estrogen in cells expressing only GPR30. Given the similarity in
structure between G15 and G-1, with the difference being the lack of an ethanone moiety in
G15, we suggest that G-1 activates GPR30 in a similar manner to the way in which estrogen
activates classical estrogen receptors and presumably GPR30. Crystal structures of estrogen-
bound ERa reveal extensive hydrogen bonding networks between the hydroxyl groups of
the estrogen and receptor hydrogen bond donors and acceptors3®. Assuming that G-1
activates GPR30 through similar networks of hydrogen bonds at the distal ends of the
molecule, removal of one hydrogen bond acceptor could allow binding to occur without the
agonist-induced receptor conformational changes required for activation.

Although estrogen mediates effects on most physiological systems, including the nervous,
immune and vascular systems, its most appreciated role is in reproduction. In the uterus, a
variety of cellular and molecular responses, including imbibition, proliferation, and
induction of gene expression, are mediated by estrogen. Whereas ERa plays a major role in
these responses26, ERB appears to play no role in imbitition, although it plays a role in the
suppression of uterine epithelial proliferation36. Here, we have demonstrated that the
GPR30-specific antagonist G15 is capable of partially inhibiting estrogen-dependent uterine
epithelial proliferation, but not imbibition (wet weight increase), suggesting that GPR30, in
addition to ERa, plays a role in promoting uterine epithelial proliferation. Our results are in
contrast to a recent paper that reported no effect of G-1 on proliferation in the uterus3;
however in that report, G-1 effects on uterine epithelial proliferation were not quantitated. It
is possible that a 3-fold difference in proliferation was not detected by visual inspection
alone, particularly when compared to the massive response to estrogen. In contrast to the
restricted role of GPR30 in uterine responses to estrogen, GPR30 appears to contribute in a
significant way to the anti-depressive effects of estrogen with G-1 fully recapitulating the
estrogen-mediated effects, and G15 equally inhibiting both estrogen- and G-1-mediated
responses.
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Although estrogen mediates the full range of uterine responses, including proliferation,
imbibition, immune responses and gene expression, other estrogenic compounds have been
observed to regulate these responses differentially. For example, DES (6) is weaker than
estrogen in inducing uterine eosinophilia, imbibition and proliferation, equal to estrogen in
mediating epithelial hypertrophy and stronger than estrogen in inducing the reduction of
epithelial cell height and myometrial cell hypertrophy38. In addition, genistein (7) has only a
limited ability to induce proliferation whereas estrogen-regulated genes are fully induced3®.
Finally, the ERa-selective compound PPT (8) is less effective in stimulating imbibition and
the expression of complement component 3 and glucose-6-phosphate dehydrogenase but is
as effective as estrogen in regulating lactoferrin, androgen receptor, and progesterone
receptor expression??, Since genistein has been shown to bind and activate GPR30%1, it is
unclear whether the varying effects of genistein and other compounds on distinct aspects of
uterine physiology are due to either differential activation of classical estrogen receptor(s) or
complex combinatorial effects on multiple estrogen receptors, including GPR30.

In conclusion, we report the identification and preliminary characterization of the first
selective GPR30 antagonist. The discovery of this high affinity GPR30-selective antagonist
that does not bind significantly to classical nuclear estrogen receptors has yielded novel
insights into the physiological roles of GPR30 in the reproductive and nervous systems.
Future studies utilizing GPR30-selective agonists and antagonists will further define the role
of GPR30 in vivo and open the door to the generation of diagnostics and therapeutics
directed at individual estrogen receptors.

METHODS

Chemical synthesis and characterization of G15

The compound G15 (4-(6-Bromo-benzo[1,3]dioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-
cyclopenta[c]quinoline) was synthesized using an optimized one-step procedure similar to
Kobayashi et. al.23 A catalytic amount of Sc(OTf)3 (0.049 g, 0.1mmol, 10 mol%) in
anhydrous acetonitrile (1 mL) was added to a mixture of 6-bromopiperanal (0.229 g, 1.00
mmol), aniline (0.093 g, 1.0 mmol) and freshly distilled cyclopentadiene (0.33 g, 5.0 mmol)
in acetonitrile (3 mL). The reaction was stirred at ambient temperature (~23 °C) for 3 h with
monitoring of product formation by thin layer chromatography using 80% hexane/ethyl
acetate eluent (R¢ 0.6). The volatiles were removed in vacuo. The residue was dissolved in
methylene chloride (10 mL) and then precipitated by drop-wise addition of methanol (5
mL), and the product was isolated by filtration and washed with additional methanol to give
the product as a colorless solid (321mg, 87%): mp 178-180° C.

Spectroscopic characterization of G15 yielded the following: 1H NMR (300 MHz, DMSO-
dg): 6 7.23 (s, 1H), 7.13 (s, 1H), 6.97 (d, J = 7.9 Hz, 1H), 6.87 (ddd, J= 7.3, 7.3, 1.3 Hz,
1H), 6.68 (dd, J=7.9, 1.3 Hz, 1H), 6.60 (ddd, J=7.3, 7.3, 1.3 Hz, 1H), 6.1 (d, J = 0.9 Hz,
1H), 6.06 (d, J=0.9 Hz, 1H), 5.88-5.82 (m, 1H), 5.60-5.53 (m, 2H), 4.65 (d, J = 3.2 Hz,
1H), 3.98 (d, J = 9.8 Hz, 1H), 3.07-2.95 (m, 1H), 2.48-2.38 (m, 1H), 1.69-1.59 (m, 1H). 13C
NMR (75 MHz, CDCls): 6 147.5, 147.2, 145.3, 134.6, 134.0, 130.3, 129.0, 126.3, 126.2,
119.4,116.1, 113.0, 112.9, 108.1, 101.7, 56.7, 46.1, 42.2, 31.4. FT-IR (KBr, cm1): 3338(w),
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2887(w), 1605(w), 1587(s), 1473(s). HRMS (m/z): calcd. C19H16BrNO, requires MH*,
370.0443, found MH™, 370.0435. Anal (C1gH15BrNO>) C, H, N.

G15 was analyzed by standard LC-MS methods with electrospray positive ion detection.
The LC-MS chromatogram showed the correct molecular (MH*) ion as well as a single peak
with UV-Vis Amax 294 nm. Only one diastereomer was obtained; examination of the 1H-
NMR data shows H-4 (4.65 ppm) with a coupling constant of 3.2 Hz, indicating a cis
orientation of the cyclopentene and phenyl group, in agreement with the all-cis
stereochemistry of similar reaction products of cyclopentadiene established previously. Thus
G15 is a racemic but diastereomerically pure compound.

Ligand binding assays

Intracellular

Binding assays for ERa and ERpP were performed as previously described®. Briefly, COS7
cells were transiently transfected with either ERa-GFP or ERB-GFP). Following serum
starvation for 24 h, cells (~5x10%) were incubated with G-15 for 20 min. in a final volume of
10 uL prior to addition of 10 uL. 20 nM E2-Alexa633 in saponin-based permeabilization
buffer. Following 10 min at RT, cells were washed once with 200 pL PBS/2%BSA,
resuspended in 20 pL and 2 uL samples were analyzed on a DAKO Cyan flow cytometers
using HyperCyt™as described*2. For GPR30 binding, a radioiodinated derivative of G-1, 1-
{2-[4-(6-Bromo-benzo[1,3]dioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-
yl]-ethyl}-3-(3-iodo-phenyl)-urea, was used (see Supplementary Information, manuscript in
preparation). Briefly, Hec50 cells were cultured in phenol-red free DMEM/F-12 containing
10% charcoal-stripped FBS, plated in 24-well tissue culture plates and grown to 80%
confluence. Wells were rinsed with PBS and cells were incubated with competitor (G-1 or
G15) for 30 minutes prior to addition of approximately 0.5-1 uCi of radioligand. The 125]
radiolabeled ligand was prepared from the corresponding tributylstannane using lodo-gen
beads (Pierce) following the manufacturer’s recommended protocol. Complete details of the
synthesis and radiolabeling will be described elsewhere (manuscript in preparation). Wells
were incubated at 37°C for 1 hour, rinsed with PBS and radioactivity collected by ethanol
extraction and counted in a Wallac Wizard 1480 gamma counter (Perkin Elmer,
Gaithersburg, MD).

calcium mobilization

SKBr3 cells (1 x 107) were incubated in HBSS containing 3 uM indo1-AM (Invitrogen) and
0.05% pluronic acid for 1 h at RT. Cells were then washed twice with HBSS, incubated at
RT for 20 min, washed again with HBSS, resuspended in HBSS at a density of 108 cells/mL
and kept on ice until assay, performed at a density of 2 x 106 cells/mL. Ca** mobilization
was determined ratiometrically using gy 340 nm and Agm 400/490 nm at 37°C in a
spectrofluorometer (QM-2000-2, Photon Technology International) equipped with a
magnetic stirrer. The relative 490nm/400nm ratio was plotted as a function of time.

PI3K activation

The PIP3 binding domain of Akt fused to mRFP1 (PH-mRFP1) was used to localize cellular
PIP3. COS7 cells (cotransfected with GPR30-GFP or ERa/p-GFP and PH-mRFP1) or
SKBr3 (transfected with PH-mRFP1) cells were plated on coverslips and serum starved for
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24 h followed by stimulation with ligands as indicated. 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.

Mouse uterine estrogenicity assay

C57BI6 female mice (Harlan) were ovariectomized at 10 weeks of age. E2, G-1, and G15
were dissolved in absolute ethanol at 1 mg/mL (E2 and G-1 were diluted to 10 ug/mL in
ethanol, G15 was diluted to 50 pg/mL in ethanol). For treatment with all three compounds,
10 pL was added to 90 pL aqueous vehicle (0.9% NaCl with 0.1% albumin and 0.1%
Tween-20). Ethanol alone (10 pL) was added to 90 uL aqueous vehicle as control (sham). At
12 days post-ovariectomy, mice were injected subcutaneously at 5:00 pm with 100 pL
consisting of 1) sham; 2) 200 ng E2 (0.74 nmol); 3) 40, 200, or 1000 ng G-1 (0.1, 0.5, or 2.4
nmol, respectively); 4) 272, 900, 2725, or 10000 ng G15 (2.4, 7.4, or 27 nmol, respectively)
or 5) G15 combined with E2 or G-1 (at the same concentrations as used individually: G-1
was used at 200 ng (0.5 nmol) in all G-1 + G15 combination experiments). The doses of
G15 were chosen to represent an approximately 1:1, 1:3.3, 1:10, and 1:35-fold molar excess
relative to E2. Eighteen hr after injection, mice were sacrificed and uteri were dissected,
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
Alexad88 (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.

Mouse Depression assay

Adult male ICR mice, weighing 20-25 g, were used. Animals were maintained at room
temperature, with free access to tap water and standard diet, under a 10:14 light/dark cycle
(lights on 8:00h) and were housed 5/cage. Mice were acclimated to the laboratory for at least
one hour before testing and used only once. All experiments were conducted during the light
phase, between 8:30 and 14:30 h. Procedures used in this study were performed in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee. The procedure was similar to that
described by Steru et al. 33. Mice were isolated and suspended 35 cm above the floor by an
adhesive tape placed 1 cm from the tip of the tail. The mouse was 15 cm away from the
nearest object. The total amount of time each animal remained immobile (mice were
considered immobile only when they hung passively and completely motionless) during a 6-
min period was recorded (in seconds) as immobility time. Each animal received two
successive injections (0.1 mL/mouse) in order to eliminate any possible bias comparing
single-compound treatments to dual-compound treatments. G1 and G15 were first dissolved
in DMSO and diluted with saline; the final concentration in DMSO was 1 mM. Desipramine
and E2 (cyclodextrin-encapsulated, 4-5.5% E2) were dissolved in saline solution and DMSO
was added to a final concentration of 1 mM. An appropriate vehicle-treated group (saline
with 1 mM DMSO) was included as a control (sham). All solutions were freshly prepared
before each experimental series. Independent groups of mice (n=12-16) were treated with
two consecutive intraperitoneal injections as follows: vehicle solution + vehicle solution
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(sham group); vehicle + G-1 (indicated amount in nmol); vehicle + desipramine (10mg/kg);
G15 (10nmol/mouse) + desipramine (10mg/kg); G15 (10nmol/mouse) + G-1 (1nmol/
mouse); vehicle + G15 (10nmol/mouse); vehicle + soluble E2 (5 mg/kg); G15 (25nmol/
mouse) + soluble E2 (5 mg/kg). The second compound was injected 15 min (7 min for E2)
after the first injection and the tail suspension test performed 30 min after the second
injection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of G-1 (a), the substructure utilized for virtual screening of the MLSMR (where

“A” means any atom (except hydrogen) and thick black lines mean any type of bond) (b)
and G15 (c).
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Figure2.
Ligand binding properties of G15. Ligand binding affinities of 17p-estradiol, G-1 and G15

for GPR30, ERa and ERp. For GPR30 (a), Hec50 cells, which endogenously express
GPR30 but neither ERa nor ERp, were incubated with trace quantities of an iodinated G-1
derivative and the indicated concentration of either G-1 (i) or G15 (t) as competitor. For
ERa and ERp, COS7 cells were transfected with either ERa-GFP (b) or ERB-GFP (c). For
the latter, competitive ligand binding assays were performed using 10 nM E2-Alexa633 and
the indicated concentration of either 173-estradiol (i) or G15 (v). Data indicate the mean +
s.e.m. of at least three separate experiments.
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Figure 3.

G15 antagonism of intracellular calcium mobilization by GPR30. (a) The effect of G15 on
the subsequent mobilization of calcium by G1, E2 or ATP was evaluated using indo1-AM-
loaded SKBr3 cells. G15 (1 uM, red line) or vehicle (ethanol, black line) was added at 20
sec. (first arrow). G-1 (200 nM), 17f-estradiol (E2, 100 nM) or ATP (1uM, a purinergic
receptor control) was added at 80 sec. (second arrow). (b) Dose response profile of G-1-
stimulated SKBr3 cells to increasing concentrations of G15. (c) Dose response profile of
17p-estradiol-stimulated SKBr3 cells to increasing concentrations of G15. In panels b and c,
G-1 and 17pB-estradiol were used at 100 nM and 30 nM, respectively, concentrations that
yield approximately the half-maximal calcium response for each ligand (approximately 25%
that of the full ATP response). Data in panel a are representative of at least three
independent experiments. Data in panels b and c represent the mean * s.e.m. from at least

three separate experiments.
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Figure4.

G15 antagonism of PI3K activation by GPR30. The activity of G15 was evaluated using
COS7 cells transfected with Akt-PH-mRFP1 and either GPR30-GFP (a), ERa-GFP or ERp-
GFP (b) or SKBr3 cells transfected with Akt-PH-mRFP1 (c). 17B-estradiol, G-1 and G15
were used at the indicated concentrations. The white bar in upper panel of (a-c) denotes 10

um for all images. Data are representative of three independent experiments.
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Figureb5.

Effects of G15 on physiological responses mediated by GPR30. Epithelial uterine cell
proliferation was assessed in the presence of E2 or E2 + G15 (a) or in the presence of G-1,
G15, or G-1 + G15 (b) in ovariectomized female C57BI6 mice. Compounds (amount in
parentheses indicates nmol/mouse). Proliferation of uterine epithelium was quantitated by
immunofluorescence using anti-Ki-67 antibody. (c) Immobility in adult male ICR mice was
assessed as an indicator of depression. Mice were suspended from the tip of the tail and the
total amount of time each animal remained immobile during a 6-min period was recorded.
Compounds (amount in parentheses indicates nmol/mouse; desipramine and soluble E2 were
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used at 10mg/kg and 5 mg/kg respectively) were administered intraperitoneally. Each group
consisted of 10-12 animals. For all panels, results are expressed as mean + s.e.m., and
statistical significance (P<0.05) was assessed by student’s t test: *, significantly different
than sham; **, significantly different than E2 or G-1, respectively.
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