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Abstract
Controlling angiotensin AT1 receptor function has been shown to be protective for many
pathophysiological disorders. Although estrogen metabolite, 2-methoxyestradiol (2ME2) can
down-regulate angiotensin AT1 receptor expression independently of nuclear receptors, no
specific cellular targets have been identified. This study was focused on identification and
validation of a cellular target responsible for 2ME2-mediated angiotensin AT1 receptor down-
regulation in a continuously passaged rat liver epithelial cell line. Cell membranes were isolated
and used to determine 2ME2 specific binding. Cell membranes exposed to [3H]2ME2 showed
specific saturable binding, which was found to be pertussis toxin (PTx) sensitive. Under similar
conditions, G-protein coupled receptor 30 (GPR30) agonist (G1) and antagonist (G15) inhibited
2ME2 specific binding. In these cells GPR30 was found localized to endoplasmic reticulum (ER)
membranes. In intact cells, G1 down-regulated angiotensin AT1 receptor expression and this effect
was reversed by G15. Furthermore, 2ME2 mediated activation of epidermal growth factor receptor
(EGFR) followed by ERK1/2 phosphorylation, an essential signaling step in angiotensin AT1
receptor down-regulation, was abrogated by G15, suggesting that this signal is GPR30 dependent.
Additionally, EGF was found to independently down-regulate angiotensin AT1 receptor in an
ERK1/2-dependent manner. In summary, our results demonstrate for the first time that 2ME2
down-regulation of angiotensin AT1 receptor is dependent on ER membrane-associated GRP30.
Moreover, this effect is facilitated by GPR30 dependent transactivation of EGFR and ERK1/2
phosphorylation. This study provides further understanding of the physiological significance of
2ME2 and its role in modulating angiotensin AT1 receptor expression.
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1. INTRODUCTION
Angiotensin II, the principal hormone in the renin-angiotensin endocrine axis, signals
through at least two primary G-protein coupled receptors, of which angiotensin AT1 receptor
is the principal isoform associated with cellular damage and multiple cardiovascular disease
states. Therefore inhibition or more specifically down-regulation of angiotensin AT1
receptor is shown to be protective in nearly all cardiovascular disorders (Parrish et al. 2011).

Menopausal transition results in the loss of roughly 60% endogenous estrogen production in
women, leading to significant physiological changes and vasomotor symptoms (Lisabeth
and Bushnell, 2012). Importantly, the prevalence of hypertension in post-menopausal
females is actually higher than males of similar age, though the general prevalence of
hypertension in the population as a whole is greater among males (Pimenta, 2012). In order
to alleviate post-menopausal vasomotor symptoms, as well as other conditions resulting
from the loss of endogenous estrogen production, one may initiate hormone replacement
therapy (HRT) involving exogenous supplementation of estrogen (Yang et al., 2011) or a
combination of estrogen and progestin/progesterone (Gadducci et al, 2009). Interestingly,
select retrospective analyses suggested that women receiving HRT derive some
cardioprotective benefits as compared to women not receiving HRT (Wren, 2009), though
clinical studies such as HERS and WHI failed to demonstrate conclusively that HRT was
sufficiently cardioprotective after finding increased cancer and thromboembolic risks.
Estrogen principally exerts its physiological effects through binding and activation of
nuclear estrogen receptors (ER), of which there are two general isoforms, ER3 and ER3 (Al-
Bader et al., 2011). Activation of these receptors results in transcriptional regulation of
target genes with ER response elements. However, it has been shown that estrogens are also
capable of exerting effects independent of nuclear estrogen receptors, allowing estrogenic
signaling to be divided into genomic and non-genomic signaling pathways (Kumar et al.
2011). For example, investigation in the non-genomic signaling pathway has shown that
estrogen may activate extracellular signal regulated kinases 1 and 2 (ERK1/2) through a low
affinity G-protein coupled receptor (GPR30) to mediate its effects (Filardo et al. 2000).
However GPR30 is considered an orphan receptor as the specific endogenous ligand
remains unidentified.

2-methoxyestradiol (2ME2) is a final end product of estrogen metabolism. Existing evidence
of 2ME2’s effect on cardiovascular physiology has been erratic, with studies indicating that
2ME2 possesses antimitogenic effects in vascular tissue (Dubey and Jackson, 2009), reduces
HMG Co-A reductase expression (Barchiesi et al., 2010; Masi et al., 2012), and serum
2ME2 level has a positive correlation with HDL levels (Masi et al., 2012). However, a
binding site or specific mechanism has not been attributed to its effects. Previously, we have
shown that 2ME2 specifically down-regulates angiotensin AT1 receptor gene transcription
and protein expression in rat liver epithelial cells and aortic smooth muscle cells (Koganti et
al., 2012). Moreover, this effect was not affected by estrogen receptor blocker (Fulvestrant),
suggesting that 2ME2’s down-regulatory effect was unrelated to classical estrogen signaling.
The primary focus of the current study was to elucidate a 2ME2 specific binding site and
down-stream signal transduction using a cellular model with high endogenous expression of
angiotensin AT1 receptor (rat liver epithelial cells). We proposed that 2ME2 activates
GPR30, initiating a complex signal transduction cascade leading to down-regulation of
angiotensin AT1 receptor.
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2. MATERIALS AND METHODS
2.1. Materials

Richter’s improved minimal essential medium (RIMEM) was obtained from Cellgro-
Mediatech Inc. (Manassas, VA). [3H]2ME2 was from American Radiolabeled Chemicals,
Inc. (St.Louis, Mo). Goat anti-rabbit Alexa-Flour 488® secondary IgG, 4′6′diamidino-2-
phenylindole-dihydrochloride (DAPI), and Prolong Gold Anti-Fade® were from Invitrogen
(Carlsbad, CA). DRAQ 5 was obtained from Thermo Scientific (Rockford, IL). Disposable
culture tubes for binding assays were from Kimble Glass, Inc. (Vineland, NJ). Nitrocellulose
membrane filters (0.45μm) were from Millipore (Billerica, MA). Fetal bovine serum (FBS)
was from Equitech-Bio, Inc. (Kerrville, TX). GPR30 agonist G1 and antagonist G15 were
from Tocris Biosciences (Bristol, UK). MAP Kinase inhibitor PD98059 and 2-
methoxyestradiol were from Calbiochem (La Jolla, CA). Anti-ERK1/2 antibodies were from
Cell Signaling (Danvers, MA). Anti-GPR30 and anti-β-actin antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-calnexin antibody was from Abcam
(Cambridge, MA). Electrophoresis reagents were from Bio-Rad (Hercules, CA) and all other
chemicals and molecular biology grade reagents were purchased from Sigma (St. Louis,
MO) or Fisher Scientific (Fairlawn, NJ).

2.2. Methods
2.2.1. Cell culture—Continuously passaged rat liver epithelial cells (WB) were kindly
provided by Dr. H. Shelton Earp, University of North Carolina at Chapel Hill (Chapel Hill,
NC). Cells were maintained in Richter’s improved minimal essential media containing 10%
fetal bovine serum (FBS) and 50 μg/ml gentamicin (complete medium) at 37°C in 5% CO2
under 100% humidity. For the studies, cells were grown to 85–90% confluence (cells
cultured from passages 21–28). All treatments were initiated in fresh complete medium and
cells were incubated for indicated times. The control plates were replenished with complete
medium.

2.2.2. Total membrane and ER specific membrane isolation—Total membrane
was isolated using previously described method (Tuma and Hubbard, 1999). Briefly, cells
were grown until 90% confluent and washed with Hanks buffer (HBSS). Cells were then
collected by scraping in 50mM Tris-HCl, pH 7.4. and homogenized using a Wheaton® glass
dounce tissue grinder with a “B” pestle for 10 strokes. The homogenate was centrifuged at
1000xg for 7 min. The resultant supernatant was centrifuged at 45,000xg for 20 min; the
membrane pellet obtained was resuspended in 50mM Tris-HCl, pH 7.4 buffer and
centrifugation and pellet resuspension was repeated. Membranes were immediately used for
receptor binding studies. For isolation of ER membranes (Rieder and Emr, 1999) cells were
grown until 90% confluent, after which cells were trypsinized and collected by
centrifugation at 2500xg. The cell pellet was suspended in 4 ml MTE buffer (270 mM
mannitol, 10mM Tris-HCl, 0.1mM EDTA pH 7.4), which also contained a Complete Mini
Protease inhibitor cocktail tablet (Roche) and 1 mM PMSF. The suspension was
homogenized using a Wheaton glass dounce tissue grinder with a “B” pestle for 10 strokes.
The resultant homogenate was centrifuged at 700xg for 10 minutes at 4°C. The supernatant
was subjected to high speed centrifugation at 15,000xg for 10 minutes at 4°C. The
supernatant thus obtained was further purified by sucrose gradient centrifugation;
specifically, the supernatant was layered on 3 progressive sucrose solutions (1.3 M, 1.5 M,
and 2M sucrose in 10mM Tris-HCl, pH 7) and subjected to centrifugation at 100,000xg for
45 min at 4°C. The purified ER obtained as a white circular band was removed and
resuspended in 1X PBS and was immediately used for radioligand binding assay.
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2.2.3. [3H]2-methoxyestradiol Binding Assay—[3H]2ME2 binding studies were
performed in triplicate using total or ER-enriched membranes. Briefly, membrane samples
were placed in disposable borosilicate culture tubes, and incubated with 0.8 nM [3H]2ME2
for 1 h at 22°C in binding buffer (50 mM Tris-HCl pH 7.4, 120 mM NaCl, 4 mM KCl, 1mM
CaCl2, 10 μg/ml bacitracin, 0.25% BSA, and 2 mg/ml dextrose). Non-specific binding was
determined in the presence of 10 μM unlabeled 2ME2. Specific [3H]2ME2 binding was
defined as that portion of the total binding displaced by unlabeled 2ME2. To determine
GPR30 and G-protein coupling specificity [3H]2ME2 binding was performed in the
presence of G15 (10 μM, specific GPR30 antagonist) and CTx (10μg/ml), or PTx (100ng/
ml), respectively. Total reaction volume was 500μl. Upon completion of 1 h incubation at
22°C with [3H]2ME2, the reaction volume was passed through presoaked membrane filter
using a filtration unit (Millipore). The membranes were washed three times with 2 ml of
binding buffer without BSA. The filters were then transferred to counting vials, in which
radioactivity was determined using a Beckman scintillation spectrometer in 10 ml
Scintiverse® scintillation fluid.

2.2.4. Radioligand Angiotensin II binding studies in intact cells—[3H]AngII
binding studies were performed in triplicate on WB cells as described previously
(Thekkumkara et al., 1998). Briefly, cells were grown to 70–80% confluence in 6-well
plates and treated with different agents for 24 hours. Cells were washed with phosphate
buffered saline (PBS) and incubated at 22°C for1 hour with 0.05 nM [3H]AngII in binding
buffer (50mM Tris-HCl pH 7.4, 120 mM NaCl, 4mM KCl, 1mM CaCl2, 10 μg/ml
bacitracin, 0.25% BSA, and 2 mg/ml dextrose). In order to confirm specific binding,
selected group of wells were incubated with [3H]AngII in the presence of unlabeled AngII
(1μM). Cells were washed 3 times with chilled PBS to remove non-specifically bound
[3H]AngII and lysed in 0.1 % Triton-X-100 for 1 h. The lysates were collected and
transferred to counting vials, and radioactivity was determined using a Beckman auto-
gamma scintillation spectrometer. Specific binding was defined as that portion of the total
binding displaced by 1 μM unlabeled AngII. Protein concentrations were determined by
using Bio-Rad protein assay system (Bradford, 1976).

2.2.5. Confocal Microscopy—For this analysis we used the method of dual-antibody
immunofluorescent staining described previously (Kumar et al., 1999). Cells were grown on
sterile coverslips until 75–80% confluent, after which the cells were washed three times with
room temperature 1X PBS and fixed with 3% paraformaldehyde in PBS for 30 minutes at
22°C. Cells were permeabilized with 0.2% Triton X-100 dissolved in 1X PBS for 5 minutes
and washed 3 times with 22°C 1X PBS. Cells were blocked in 5% goat serum (1X PBS) for
1 h and washed 3 times with 1X PBS before incubating with primary antibodies (anti-
GPR30 and anti-Calnexin; each 1:100) for 45 minutes. Cells were then washed an additional
3 times with 1X PBS (10 min for each wash) on a shaker incubator at 22°C. Cells were
incubated with secondary antibody: FITC labeled anti-rabbit IgG (for GPR30), Alexa-fluor®

594 labeled anti-mouse IgG (for calnexin) both at a dilution of 1:300 for 1 h at 22°C in the
dark, followed by 3 additional washes with 1X PBS (10 min each). Nuclei were stained with
DRAQ5 (5 μM) for 5 min and cells underwent a final wash for 30 min in 1X PBS.
Coverslips were sealed onto slides with prolong Gold Antifade mounting medium
(Invitrogen, Carlsbad, CA) and visualized and photographed with a Leica® DM IRE2
confocal microscope utilizing a TCS SL three-channel laser and a 60X objective.

2.2.6. Immunoflourescence Microscopy—Using the method described previously
(Koganti et al., 2012), WB cells were grown in chamber slides (Lab-Tek, Naperville, IL) to
75–80% confluence and exposed to agents separately or in combination as described in the
figure legends. Following 1 h incubation at 37°C, cells were washed with ice-cold PBS,
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fixed with 3% paraformaldehyde in PBS for 30 minutes at 22°C. Cells were washed 3 times
with PBS, blocked in 5% goat serum for 1 h at 22°C, and incubated with 1:100 rabbit
polyclonal anti-ERK1/2 or anti-phospho-ERK1/2 IgG overnight at 4°C. Cells were then
washed 5 times with PBS and incubated with 1:500 Alexa-Fluor® 488 labeled secondary
anti-rabbit IgG for 1 h at 22°C protected from light, and followed by washing. Nuclei were
stained with 1 nM DAPI for 5 min and washed with PBS. Slides were sealed with Prolong
Gold Antifade™ mounting medium, and were then visualized and photographed with a
fluorescence microscope (Olympus IX70) using a 60X objective.

2.2.7. Data Analysis—Results are presented as mean ± S.E.M. and the value of P<0.05
was considered statistically significant. Analyses performed include parametric t-test, first
testing for Gaussian distribution, and one-way analysis of variance (ANOVA) with post-hoc
Bonferroni analysis where appropriate. Values are normalized to mg of protein determined
by Bio-Rad R DC protein assay system based on the Bradford method (Bradford, 1976).
Data were analyzed using the GraphPad Prism software.

3. RESULTS
3.1. 2-methoxyestradiol shows specific binding to GPR30 in WB cells

Total cell membrane isolates were prepared from semi-confluent WB cells in culture and
exposed to [3H]2ME2 in the presence or absence of unlabeled 2ME2 to determine specific
binding. Addition of 10 μM unlabeled 2ME2 displaced 73.6±3.8% (P<0.001, n=3) of total
[3H]2ME2 binding, suggesting that 2ME2 binding is specific in membranes of cultured WB
cells [Fig. 1]. To further determine the identity of the 2ME2 specific binding site, membrane
2ME2 specific binding was performed in the presence or absence of the G-protein coupled
receptor 30 (GPR30) agonist G1 and antagonist G15 (Li et al., 2012). Addition of 10 μM
unlabeled G1 displaced 85.1±2.0% (P<0.001, n=3) of total [3H]2ME2 binding [Fig 2A],
while addition of 10 μM unlabeled G15 displaced 82.9±1.3% (P<0.001 n=3) of total
[3H]2ME2 binding [Fig 2B]. These results indicate that 2ME2 specific binding is displaced
by blockade or mutual competition of GPR30, and therefore suggests that the specific
binding site of 2ME2 is GPR30. Saturation binding isotherms of specific [3H]2ME2 binding
(10 μM 2ME2 displaceable) indicate a [3H]2ME2 specific binding Kd of approximately 10.1
nM and a Bmax of 14.0 nmol/mg protein (R2=0.914, n=3), demonstrating that 2ME2 binds
with relative high affinity to its specific binding site [Fig. 3A]. As GPR30 is a G-protein
coupled orphan receptor, in the next study we determined G-protein specificity. Cell
membranes were exposed to one of two toxins, cholera toxin (CTx) and pertussis toxin
(PTx) shown to be specific for selective inhibition of Gαs and Gαi isoforms respectively
(Finlay et al., 2010). 10 μg/ml CTx or 100 ng/ml PTx were incubated for 15 minutes prior to
[3H]2ME2 membrane binding. [3H]2ME2 specific binding was not significantly reduced in
CTx treated membrane preparations (mean difference in control and CTx treated membranes
20.8±20.1%, P=0.36, n=3); however, PTx treatment resulted in a 69.7±14.3% (P=<0.01,
n=3) reduction in [3H]2ME2 total binding, indicating that binding with GPR30 in WB cells
is primarily PTx-sensitive and is predominantly associated with Gαi-protein [Fig. 3B].

3.2. Localization of GPR30 at the Endoplasmic Reticulum
We conducted analyses to verify cellular localization of GPR30 in order to establish the site
of interaction of 2ME2. We performed dual-antibody directed confocal immunofluorescence
microscopy with immunoglobulins targeting GPR30 and the endoplasmic reticulum (ER).
The results indicate that there is significant co-localization (orange) of the GPR30 specific
signal (green) with endoplasmic reticulum specific marker calnexin directed
immunostaining (red) [Fig. 4A]. Furthermore, membrane fractionation by sucrose gradient
centrifugation to enrich ER membranes followed by [3H]2ME2 membrane binding analysis
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revealed that 10 μM unlabeled 2ME2 displaced 40.4±4.4% (P<0.001, n=4) of total
[3H]2ME2 binding in ER-enriched membrane preperations [Fig. 4B], indicating that a
significant proportion of total binding to the endoplasmic reticulum was specific, supporting
our results from confocal microscopy demonstrating GPR30 localization to the ER.

3.3. 2-methoxyestradiol dependent down-regulation of angiotensin AT1 receptor is
mediated by GPR30 activation

Based on our results that 2ME2 binding of GPR30 leads to G-protein signal activation, we
next conducted an angiotensin AT1 receptor binding analysis to determine whether GPR30-
selective agonist activation would result in angiotensin AT1 receptor down-regulation. Cells
were exposed to G1 for 24 hours. All concentrations of G1 utilized for this study resulted in
significant and dose-dependent down-regulation of AngII binding (reduction at 1 μM:
17.5±3.9% [P=<0.01, n=3]; reduction at 1.5 μM: 35.0±5.1% [P<0.001, n=3]; reduction at 2
μM: 61.8±3.3% [P<0.001, n=3]) [Fig. 5]. We next determined how GPR30 activation
mediates angiotensin AT1 receptor down-regulation. 2ME2 mediated down-regulation is
shown to be ERK1/2 phosphorylation dependent (Verenich and Gerk, 2010); therefore, we
determined GPR30’s role in ERK1/2 phosphorylation and subsequent nuclear translocation
by immunofluorescent microscopy after treatment with 2ME2 with or without GPR30-
specific antagonist G15 [Fig. 6A & 6B]. The results indicate that 1 μM 2ME2-mediated
ERK1/2 translocation was entirely abrogated in the presence of 10 μM G15. These results
were performed in parallel with a MEK inhibitor control to demonstrate that MEK and thus
ERK1/2 inhibition displayed a similar pattern as that achieved by treatment with G15. We
performed an additional series of [3H]AngII binding studies in order to demonstrate that G1
or 2ME2 antagonism by G15 or MEK inhibition using PD98059 would result in restoration
of angiotensin AT1 receptor expression, and thus demonstrate that the down-regulatory
effect of either agent is through GPR30 activation and ERK1/2 phosphorylation [Fig. 7A &
7B]. The results indicate that 1 μM G1 and 2ME2 both significantly reduce [3H]AngII
binding (G1 induced mean reduction of 56.6±4.9%, P<0.001, n=3; 2ME2 induced mean
reduction of 72.0±4.4%, P<0.001, n=3). Moreover, upon treatment with G15, binding was
significantly restored in G1 and 2ME2 treated groups (G1+G15 treatment group mean AngII
binding increased from G1 alone treatment group 94.5±5.7%, P<0.001, n=3; 2ME2+G15
treatment group mean AngII binding increased from 2ME2 alone treatment group
41.2±3.2%, P<0.001, n=3). Moreover, G15 treatment paralleled the effect of treatment with
the MEK inhibitor PD98059 in a way that there was no significant difference between
PD98059 and G15 treated groups (P=0.41 and P=0.74 for G1 and 2ME2 comparisons
respectively, n=3), demonstrating that 2ME2 and G1 result in GPR30 dependent activation
of ERK1/2.

3.4. GPR30 mediated ERK1/2 phosphorylation and angiotensin AT1 receptor down-
regulation involves EGFR transactivation

While data in this study indicates that GPR30 activation by 2ME2 or G1 results in ERK1/2
phosphorylation and nuclear translocation, we had yet to make a link between GPR30
stimulation and MEK/ERK signaling. Previous studies have demonstrated coordinated
transactivation via GPR30 of EGFR (Filardo, 2002; Filardo et al., 2008). Therefore, we
determined whether EGFR stimulation with EGF results in angiotensin AT1 receptor down-
regulation, presumably through ERK1/2 activation. The results demonstrate that there is a
dose dependent down-regulatory effect in [3H]AngII binding by addition of EGF (mean
reduction from control in 10 ng/ml treatment group 4.25±6.5%, P=0.546; in 100 ng/ml
treatment group 28.1±2.5%, P<0.001; in 1000 ng/ml treatment group 62.6±2.6%, P<0.001,
n=3) [Fig. 8]. To confirm the effect on ERK1/2 phosphorylation and translocation,
immunfluorescent microscopy analysis revealed that 1000 ng/ml EGF treatment resulted in
significant ERK1/2 activation [Fig. 9A & 9B]. Moreover, this effect was effectively
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inhibited using 10 nM EGFR inhibitor AG1478, as well as 20 μM MEK inhibitor PD98059.
These data demonstrated that EGF can independently activate ERK1/2 and result in
angiotensin AT1 receptor down-regulation; however, in order to associate EGFR signaling
with GPR30 activation, we performed an additional [3H]AngII binding study to demonstrate
that GPR30 and EGFR are downstream of 2ME2 induced signal transduction [Fig. 10]. The
results indicate that while 1 μM 2ME2 and EGF treatment resulted in similar reductions of
[3H]AngII binding (mean reduction of binding compared to untreated control of 49.3±8.6%,
P<0.01 and 51.9±7.1% for 2ME2 and EGF treated groups respectively), 35 μM G15
significantly restored AngII binding only in 2ME2 treated cells (difference between means
of untreated control and 2ME2+G15 8.87±7.1%, P=0.27 [restoration of 40.5±5.5%, P<0.001
compared to 2ME2 treated group]; difference between means of untreated control and EGF
+G15 43.6±7.3%, P=0.004 [no significant restoration 8.34±4.9%, P=0.139 compared to
EGF treated group]). However, we observed significant restoration of AngII binding for
both 2ME2 and EGF treatment groups by using 10 nM EGFR inhibitor AG1478 (difference
between means of untreated control and 2ME2+AG1478 1.15±8.3%, P=0.9 [restoration of
48.2±6.3%, P<0.001 compared to 2ME2 treated group]; difference between means of
untreated control and EGF+AG1478 4.46±13.9%, P=0.77 [restoration of 47.5±9.9%,
p=0.003 compared to EGF treated group]). These data suggest that 2ME2 and not EGF
signaling may be effectively inhibited by GPR30 antagonist G15, and either signal is
effectively inhibited by EGFR inhibition by AG1478. Therefore, 2ME2 induced activation
of GPR30 leads to EGFR transactivation, thus leading to activation of the MEK-ERK1/2
signaling pathway and subsequent angiotensin AT1 receptor down-regulation.

4. DISCUSSION
In recent years, significant effort has been directed towards understanding the beneficial
effects of estrogen; however, empirical clinical evidence from direct estrogen
supplementation is enigmatic, providing support that estrogen possesses both increased
benefit as well as increased risk to patients (Gadducci et al., 2009). Therefore, investigators
are currently focused on understanding the role of estrogen metabolites as possible
candidates for beneficial estrogenic signaling (Mueck and Seeger, 2010; Tofovic, 2010). In a
recently published study, we demonstrated that 2ME2 is capable of down-regulating
angiotensin AT1 receptor expression, a potential risk factor for many pathophysiological
disorders (Koganti et al., 2012). The study showed that 2ME2 was not acting through
classical nuclear estrogen receptors, as treatment with the ER antagonist ICI182780 did not
restore 2ME2 induced angiotensin AT1 receptor down-regulation. The purpose of the
current study was to identify the novel cellular target and target-mediated signaling
mechanism(s) by which 2ME2 down-regulates angiotensin AT1 receptor. The results of this
study showed specific binding of radio-labeled 2ME2 to GPR30, a Gαi associated G-protein
coupled receptor, which was found predominantly localized to endoplasmic reticulum.
Moreover, selective activation of GPR30 by agonist G1 resulted in down-regulation of
angiotensin AT1 receptor, and the observed effect was reversed by GPR30 antagonist G15.

Based upon existing literature, the role of GPR30 in cardiovascular physiology is not well
understood. Research largely has focused upon GPR30 expression and the effect of agonism
and antagonism in cancer cells (Filardo and Thomas, 2012), whereas our study examined its
effects not associated to anti-mitogenic potentiation. 17-β-Estradiol, considered by many to
be the endogenous ligand for this receptor, has been shown to induce vasodilatory effects
(Meyer et al., 2011); however, a recent study found that 17-β-Estradiol induced vasodilation
in rat aorta but was not prevented by the application of the GPR30 antagonist G15 (Seok et
al., 2012). Interestingly, this study demonstrated that G1, applied in the same manner as 17-
β-Estradiol, induced vasodilation, and this effect was reversible with the addition of G15,
suggesting that GPR30 activation can result in relaxation of smooth muscle, and this effect
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is not mediated by 17-β-Estradiol. Proposed mechanisms of 17-β-Estradiol-mediated
vasodilation largely involve the increased production of nitric oxide (Nilsson et al., 2011;
Qiao et al., 2008), though GPR30 associated effects are often contradictory, as seen above,
and no mechanism of 2ME2 mediated cardioprotective effect has yet been proposed.
Moreover, in contrast to previous reports suggesting estradiol’s cardioprotective effects,
implementation has been limited due to the increased incidence of cancer reported due to
estrogen use in hormone replacement therapy (Gapstur et al, 1999; Magnusson et al., 1999).
Studies utilizing GPR30 knockout models have shown that deletion of GPR30 increases
blood pressure (Mårtensson et al., 2009); however, association between GPR30 and
angiotensin AT1 receptor has yet to be studied. Observations from less direct studies have
shown that G1 administration lowers blood pressure in a model of estrogen depleted
mRen2.Lewis rats with hyper-activated renin-angiotensin signaling (Lindsey et al., 2009).
Therefore, it is entirely possible that G1 interferes with angiotensin AT1 receptor expression,
as demonstrated in this study, and may be a principal effect of GPR30 activation.

Identification of 2ME2 as a ligand for GPR30 is central to our overall hypothesis, as no
study has clearly identified this metabolite, which bears 2000-fold less activation potential
for estrogen receptors (Sibonga et al., 2003), as a ligand for GPR30. Studies aimed at
establishing the binding affinities of steroid compounds for specific targets are difficult, as
the tracers are highly lipophilic and often result in non-specific binding in lipid-rich
membrane preparations with low-level target receptor expression (Thomas et al., 2010).
Inevitably, reports of relative affinities of steroids, 17-β-Estradiol in particular, have been
highly variable, ranging from low nanomolar (Kuiper et al., 1996; Pang et al., 2008; Liu et
al., 2009) to no affinity for GPR30 (Pedram et al., 2006; Kang et al., 2010). Therefore, the
findings of this study must be considered significant by the novel demonstration of specific
binding of 2ME2, an agent with no known affinity for this receptor. In our previous study,
we demonstrated that ICI182780 treatment failed to reverse 2ME2’s down-regulatory effect
on angiotensin AT1 receptor, and also showed that ICI182780 treatment alone down-
regulated the angiotensin AT1 receptor independently of 2ME2 (Koganti et al., 2012). When
2ME2 and ICI182780 were combined, the effects were neither additive nor synergistic.
ICI182780 (Fulvestrant) is an effective ERα/ERβ antagonist when used in vitro and in vivo,
but it also functions as an agonist for GPR30, providing indirect evidence of participation of
GPR30 (Langer et al., 2010). However, data presented in this study provides direct evidence
of GPR30-mediated angiotensin AT1 receptor down-regulation. GPR30 is not differentially
expressed among males and females, and treatment with 2ME2 may be considered equally
efficacious in both genders, though additional studies must be performed (Delbeck et al.,
2011; Meyer et al., 2011). Thus, 2ME2’s effect as a GPR30 agonist may be clinically
significant, particularly in light of recent observations that GPR30 agonism has been shown
to be protective in cardiovascular tissue (Chakrabarti and Davidge, 2012). 2ME2 has proven
effective as a chemotherapeutic adjunct (Kumar et al., 2001), making it a promising
candidate for additional translational studies. 2ME2 is non-feminizing, and can be
considered beneficial irrespective of gender (Dantas and Sandberg, 2006). 2ME2 is non-
toxic to normal cells, and according to clinical data produces no cytotoxicity in cancer
patients (Pribluda et al., 2000).

Furthermore, our studies shows that GPR30 activation leads to transactivation of EGFR,
phosphorylating and translocating ERK1/2 and down-regulating angiotensin AT1 receptor.
Epidermal growth factor (EGF) receptor tyrosine kinases participate in proliferation,
migration, differentiation, and survival (Holbro and Hynes, 2004). EGFR over-expression is
correlated with a poor prognosis in select cancers (Bhola and Grandis, 2008). However, a
number of studies have shown the involvement of EGFR activation and its effect on
enhanced vascular relaxation, though the attributable mechanisms differ much in the same
way as the postulated mechanisms of vasorelaxation for estrogen (Harris et al., 1990;
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Matsumoto et al., 2001; McEwen et al., 2009; Zhou et al., 2009). Significant evidence exists
for GPCR involvement in transactivation of EGFR (Gschwind et al., 2003; Paolillo and
Schinelli, 2008). A specific crosstalk between GPR30 and EGFR activation has been
reported by numerous studies, many of which were directed to understanding GPR30
signaling upon the mitogenic contribution of GPR30 ligands (Albanito et al., 2007; Pupo et
al., 2012). The possible activation of EGFR by GPR30 involves activation of MMPs or
ADAMs to cleave EGF precursor ligands to activate EGFR tyrosine kinase phosphorylation
(Filardo and Thomas, 2005; Ohtsu et al., 2006); however, the exact role of these signaling
intermediates in this particular model requires further investigation. Upon stimulation,
EGFR is a potent activator of ERK1/2 (Yamashita and Shimada, 2012). Our data shows that
ERK1/2 is activated upon stimulation by 2ME2 and G1, and is effectively inhibited by
antagonism of GPR30, EGFR, and MEK. Sequential stimulation or blockade of each
intermediate transducer indicates the progressive signal from GPR30 to EGFR to ERK1/2
and eventual angiotensin AT1 receptor down-regulation [Fig. 11]. Based on our previous
study, 2ME2 induced down-regulation of angiotensin AT1 receptor is through
transcriptional repression; however, the mechanism following phosphorylation and
translocation of ERK1/2 to the nucleus in angiotensin AT1 receptor transcriptional
repression requires further investigation.

In conclusion, this study was conducted to identify and validate a distinct site of action for
the initiation of 2ME2’s down-regulatory effect on angiotensin AT1 receptor. Further
determination of the mechanism of GPR30 initiated and ERK1/2 mediated effects should
prove valuable, both in elucidating 2ME2’s general mechanism in angiotensin AT1 receptor
regulation, and demonstrating a novel regulatory pathway that may prove exploitable in the
future by additional compounds. As we have found that GPR30 agonists 2ME2, G1, and
ICI182780 are all down-regulators of angiotensin AT1 receptor, there is a potential role for
pharmacological application of all three agents that may be elucidated in translational
studies.
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Fig. 1. [3H]2ME2 displays specific binding in WB cell membrane preparations
Total binding corresponds to total binding detected after addition of 20 nCi of [3H]2ME2.
Non-specific binding corresponds to detectable binding after addition of 10 μM 2ME2. Data
are expressed as mean ± S.E.M, ***P<0.001, n=3.
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Fig. 2. GPR30 selective agents displace specific [3H]2ME2 binding
(A) 10 μM unlabeled G1 (GPR30 agonist) significantly displaces 20 nCi [3H]2ME2 specific
binding. (B) 10 μM unlabeled G15 (GPR30 antagonist) significantly displaces 20 nCi
[3H]2ME2 specific binding. Data are expressed as mean ± S.E.M, **P<0.01. ***P<0.001,
n=3.
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Fig. 3. 2ME2 binds to a Gαi associated GPCR with high affinity
(A) Saturation binding isotherm of specific [3H]2ME2 binding (10 μM unlabeled 2ME2
displaceable) Kd-10.1 nM, Bmax-14.0 nmol/mg protein (R2=0.914, n=3). (B) [3H]2ME2
specific binding in the presence of CTx and PTx. Data are expressed as mean ± S.E.M,
**P<0.01.
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Fig. 4. GPR30 in WB cells is primarily expressed in endoplasmic reticulum (ER) membranes
(A) Confocal microscopy analysis of immunostained GPR30 (green) and calnexin (red)
show significant colocalization of signal (orange) in overlay image. (B) Sucrose gradient
isolated ER membranes shows significant [3H]2ME2 specific binding. Data are expressed as
mean ± S.E.M, ***P<0.001.
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Fig. 5. GPR30 agonist G1 independently down-regulates angiotensin AT1 receptor expression in
intact WB cells
[3H]AngII binding assay demonstrates concentration dependent down-regulation of
angiotensin AT1 receptor expression in the presence of G1. Data are expressed as mean ±
S.E.M, ***P<0.001.
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Fig. 6. GPR30 antagonist G15 blocks 2ME2 mediated ERK1/2 phosphorylation and
translocation to WB nuclei
(6A) Anti-ERK1/2 IgG labeled with FITC labeled secondary anti-rabbit IgG (green) shows
increased translocation to the nucleus (blue – DAPI stained) in 1 μM 2ME2 compared to
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control (panels A & B). GPR30 antagonist G15 effectively blocks ERK1/2 translocation in
2ME2 treated cells showing no significant difference from G15 treated cells alone (panels C
& D). MEK inhibitor PD98059 was used as a control for ERK1/2 blockade (panels E & F).
(6B) Similar treatment conditions as figure 6A, but with phospho-ERK1/2 specific antibody
confirming phospho-ERK1/2 nuclear translocation.
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Fig. 7. G1 and 2ME2 mediated angiotensin AT1 receptor down-regulation is reversed by
treatment with G15
(A) G1 significantly reduced [3H]AngII binding, and angiotensin AT1 receptor expression
was restored to control levels or greater with treatment with G15 or MEK inhibitor
PD98059. (B) 2ME2 significantly reduced [3H]AngII binding, and angiotensin AT1 receptor
expression was restored significantly with treatment with G15 or MEK inhibitor PD98059.
Data are expressed as mean ± S.E.M, ***P<0.001.

Koganti et al. Page 20

Eur J Pharmacol. Author manuscript; available in PMC 2015 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8. Epidermal growth factor (EGF) independently down-regulates angiotensin AT1 receptor
expression in intact WB cells
[3H]AngII binding assay demonstrates concentration dependent down-regulation of
angiotensin AT1 receptor expression in the presence of EGF. Data are expressed as mean ±
S.E.M, ***P<0.001.
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Fig. 9. EGFR inhibitor AG1478 blocks 2ME2 and EGF mediated ERK1/2 phosphorylation and
translocation to WB nuclei
(9A) Anti-ERK1/2 IgG labeled with FITC labeled secondary anti-rabbit IgG (green) shows
increased translocation to the nucleus (blue – DAPI stained) in 1 μM 2ME2 (panel B) and 1
μM EGF (panel C) compared to control (panel A). EGFR inhibitor AG1478 effectively
blocks ERK1/2 translocation in EGF (panel E) and 2ME2 (panel F) treated cells showing no
significant difference from AG1478 treated cells alone (panel D). (9B) Similar treatment
conditions as figure 9A, but with phospho-ERK1/2 specific antibody confirming phospho-
ERK1/2 nuclear translocation.
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Fig. 10. EGFR inhibition reverses EGF and 2ME2 mediated angiotensin AT1 receptor down-
regulation while G15 is not effective in reversing EGF-mediated effects
1 μM 2ME2 and EGF significantly down-regulate angiotensin AT1 receptor expression. 35
μM G15 restores 2ME2 treated cells. EGF+G15 showed no significant difference in
angiotensin AT1 receptor expression from EGF alone treated cells. 10 nM AG1478
signficantly restored all down-regulation by 2ME2 and EGF. Data are expressed as mean ±
S.E.M, **P<0.01. ***P<0.001, n=3.
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Fig. 11.
Schematic representation of the proposed mechanism of 2ME2 initiated signal transduction
intermediates in angiotensin AT1 receptor down-regulation.
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