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Abstract

GPR30, or G protein-coupled estrogen receptor 1 (GPER1), was recently introduced as a membrane
estrogen receptor and a candidate cancer biomarker and therapeutic target. However, several questions
surround the subcellular localization and signaling of this receptor. In native cells, including mouse
myoblast C,Cy, cells, Madine-Darby canine kidney (MDCK) epithelia cells, and human ducta breast
epithelial tumor T47-D cells, G-1, a GPER1 agonist, and 17p-estradiol (E2) stimulated GPER1-dependent
CAMP production, a defined plasma membrane (PM) event, and recruitment of (-arrestin2 to the PM.
Staining of fixed and live cells showed that GPER1 was localized both in the PM and on intracellular
structures. One such intracellular structure was identified as cytokeratin (CK) intermediate filaments,
including those composed of CK7 and CK8, but apparently not endoplasmatic reticulum (ER), Golgi, or
microtubules. Reciproca co-immunoprecipitation of GPER1 and CKs confirmed an association of these
proteins. Live staining also showed that the PM receptors constitutively internalize apparently to reach
CK filaments. Receptor localization was supported using FLAG- and HA-tagged GPER1. We conclude
that GPER1-mediated stimulation of cCAMP production and B-arrestin2 recruitment occur in the PM.
Furthermore, the PM receptors constitutively internalize and localize intracellularly on CK. This is the
first observation that a G protein-coupled receptor (GPCR) is capable of associating with intermediate
filaments, which may be important for GPER1 regulation in epithelial cells and the relationship of this

receptor to cancer.
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I ntroduction

GPR30, or GPER1, is a GPCR that was recently proposed to be an estrogen receptor responsible for
at least some non-genomic estrogen signaling (Filardo and Thomas, 2005; Prossnitz et al., 2008).
Estrogens are important sex hormones in both genders that have long been recognized to act through both
genomic and non-genomic mechanisms. The genomic mechanisms are the best described and involves the
binding of estrogens to two nuclear estrogen receptors, ERo. and ER(, which function as nuclear
transcription factors regulating gene expression (Heldring et al. 2007). Membrane-associated full-length
ERo also exists that is at least in part responsible for non-genomic estrogen signaling (Razandi et a.,
2004).

GPER1 is ubiquitously expressed in both human and rodents, and GPER1-deficient mice show that
this receptor may participate in metabolic, cardiovascular, bone, and immune regulation, at least in part in
an estrogen-dependent manner (Olde and Leeb-Lundberg, 2009; Martensson et al., 2009, Windahl et al.,
2009). In addition, GPER1 was found to be associated with the growth of both breast and endometrial
cancers (Filardo et al., 2006; Smith et al., 2007). An agonist, G-1, with selectivity for GPER1 over ERa
and ERp, was reported (Bologa et al., 2006) and is now being used extensively to study this receptor.
Furthermore, some anti-estrogens, e.g. hydroxytamoxifen, act as agonists at this receptor (Maggiolini et
al., 2004; Thomas et al., 2005).

At the celular level, GPER1 was reported to bind E2 with high affinity (Thomas et al., 2005;
Revankar et al., 2005), to influence growth factor signaling pathways including trans-activation of the
EGF receptor, intracellular Ca?* mobilization, PI-3 kinase translocation, Src activation, ERK activation,
and cAMP production (Filardo and Thomas, 2005; Prossnitz et al., 2008), and to modulate downstream
transcription factor networks (Pandey et al., 2009). GPER1 was anti-proliferative in ERa- and ERf-
positive MCF-7 breast cancer cells but proliferative in ERa- and ERB-negative SkBr3 breast cancer cells

(Ariazi et a., 2010) suggesting that GPER1 function depends on the genetic environment of the cell.
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Limited detailed studies have been done on the subcellular localization and membrane trafficking of
GPER1, and then mostly in recombinant cells. Based on available studies, the localization of the receptor
and receptor signaling is in debate with some groups stating that the receptor is present and functions
exclusively intracellularly in the ER either with (Revankar et al., 2005) or without estrogen receptor
functions (Otto et al., 2008), whereas others state that GPERL is present and acts as an estrogen receptor
in the PM (Funakoshi et a., 2005; Filardo et al., 2007), as would be expected of atypical GPCR.

Here, we used several native cell lines to show that GPERL is functional and localizes in the PM and
intracellularly on CK intermediate filaments. CKs are proteins important for the structural integrity
primarily of epithelial cells. The human genome contains a total of 54 functional CK genes of which 37
are epithelia (Schweizer et al., 2006; Moll et a., 2008). Filamentous CK structures form by heteromeric
pairing of acidic type | and basic or neutral type Il CKs. Little is still known about CK beyond structural
roles, but evidence is accumulating that CK may also serve additional roles as signaling platformsin cell

adhesion, apoptosis/survival, and proliferation (Eriksson et al., 2009).
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Materialsand Methods

Céll culture and DNA constructs — C,Cy, cells, MDCK cells, and Hela cells (ATCC) were grown in
phenol-free Dulbecco’s Modified Eagle’'s Medium (DMEM) (Gibco BRL) supplemented with 10% fetal
bovine serum (FBS) (HyClone) in 5% CO, at 37°C. T47-D cells (ATCC) were grown in RPMI 1640
media supplemented with 10% FBS and 10 ug/ml insulin in 5% CO, at 37°C. HEK293 cells (ATCC)
were grown in Dulbecco’s Maodified Eagle’'s Medium (DMEM) supplemented with 10% FBS in 10% CO,
at 37°C. The human GPER1 cDNA was subcloned into the pIRESpuro vector (Clontech) containing a
puromycin selection marker. The mouse GPER1 cDNA and human B2 bradykinin receptor (B2R) were
subcloned into a pcDNA3.1 vector containing a zeosin selection marker. An N-terminal artificial signal
sequence, as previously described (Whistler et al., 2002; Enquist et al., 2007), and the FLAG sequence tag
were added in series to make the GPER1 construct FGPER1 and B2R construct FB2R. To make mouse
GPERL1 antisense cDNA, the mouse GPER1 sequence was amplified from a plasmid by PCR using
primers. upper 5-CAAGCGGCCGCTATGGATGCGACTACTCCAGC-3 and lower 5'-
CAGAAGCTTAGCACTGCTGAACCTGACCT-3 containing a Notl and a Hindlll site, respectively.
The insert was then cloned in reverse orientation into the Notl/Hindl 1l site of the pEAK12 vector. Clones
containing mouse GPERL, in reverse orientation, were identified by HindlIl/Notl digestion and
sequencing using the BigDye terminator sequencing kit (PerkinElmer Life and Analytical Sciences). A
cDNA construct of GPER1 tagged in the N terminus with three HA epitopes in series (HGPER1) was
obtained from Missouri S& T ¢cDNA Resource Center (Rolla, MO). A B-arrestin2-GFP ¢cDNA construct
was kindly provided by Dr. Marc Caron (Duke University Medical Center, Durham, NC) (Barak et d.,
1997).

HEK?293 cells were transfected with FGPER1 and FB2R cDNA using the calcium phosphate
precipitate method and HelLa cells with human GPER1 by electroporation as previously described

(Kotarsky et al., 2001). Single colonies were then chosen and propagated in the presence of selection-
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containing media to generate clonal stable cell lines. C,C,, cells, MDCK cells, and/or T47-D cells were
transiently transfected with antisense GPER1 cDNA, B-arrestin2-GFP cDNA, FGPER1 cDNA, HGPER1
cDNA, and/or GPER1 siRNA using lipofectamine and lipofectamine PLUS (Invitrogen) or Fugene-6
(Roche) according to the manufacturer’ s instructions.

RNA isolation and PCR — Isolation of RNA was performed using a previously described method
(Chomczynski and Sacchi, 1987). cDNA synthesis was performed using the Superscript first-strand
synthesis system for PCR (Life Technologies). The GPER1 cDNA was amplified using PCR with GPER1
primers: upper 5-TGGCTTTGTGGGCAACATCC-3' and lower 5-GGTGCTTGGTGCGGAAGAGGC-
3 (mouse), upper 5 -TCTACACCATCTTCCTCTTCC-3 and lower 5-
GTAGCGATCAAAGCTCATCC-3 (canine and human), and the products visualized on a 0.8% agarose
gel.

Immunoprecipitation and immunoblotting — Confluent cells grown on 10-cm dishes were washed
twice with ice-cold PBS and lysed in 0.5-1 ml lysis buffer (0.1% Triton X-100, 10 mM Tris-HCI, pH 7.4,
150 mM NaCl, 25 mM KCI) with complete protease inhibitor cocktail (Roche). Lysates were cleared by
centrifugation at 10,000 x g for 10 min at 4°C. Receptors were immunoprecipitated by incubating the
cleared lysates overnight at 4°C with goat anti-GPER1 antibody (R&D Systems) coupled to protein G-
Sepharose (GE Hedlthcare) or mouse anti-M2 FLAG agarose (Sigma-Aldrich) overnight at 4°C, and CKs
were immunoprecipitated with mouse anti-pan CK (clone C-11, Sigma-Aldrich), mouse anti-CK7
(Sigma-Aldrich), or mouse anti-CK8 antibody coupled to protein G-Sepharose (Sigma-Aldrich). The
precipitate was washed extensively and sequentially in the lysis buffer and in 10 mM Tris-HCI, pH 7.4.
For immunoblotting, proteins were denatured in sodium dodecylsulphate (SDS)-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer including 6% [-mercaptoethanol for 30 min at 37°C,
fractionated by SDS-PAGE, transferred to a nitrocellulose membrane, and the membrane blocked for at
least 45 min in Tris-buffered saline (TBS) and 10% nonfat milk. The proteins were stained by incubating
with goat anti-GPER1 antibody (1:200), mouse anti-M2 FLAG antibody (1:1000; Sigma-Aldrich), mouse

HA.11 antibody (1:1000, Biosite Inc.), mouse anti-pan CK antibody (1:1000), mouse anti-CK7 antibody
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(1:200), or mouse anti-CK8 antibody (1:200) for 1 h at 22°C. Immunoreactive bands were visualized with
a chemiluminescence immunodetection kit using peroxidase-labeled secondary antibody (Invitrogen)
according to the procedure described by the supplier (PerkinElmer Life and Analytical Sciences).

Enzymatic deglycosylation - To determine the presence of N-glycosylation in FGPERL,
immunoprecipitates were treated with 500 units PNGase F (New England Biolabs) in 10 mM Tris-HCI,
pH 7.4, for 2 h at 37°C.

Immunofluorescence microscopy — Cells were propagated to about 50% confluency in growth media
on glass coverslips, coated with poly-D-lysine (Sigma-Aldrich) or 0.1% gelatin (Sigma-Aldrich), and then
incubated in serum- and phenol-free mediafor at least 1 h at 37°C before treatment. For live cell staining,
live cells were incubated in serum- and phenol-free media containing goat anti-GPER1 antibody (1:100)
or mouse anti-M1 FLAG antibody (Sigma-Aldrich; 1:500) for 30 min at 37°C. In some experiments, live
cells were treated with 0.4 M sucrose for 60 min at 37°C prior to incubation with antibody to disrupt
clathrin-mediated endocytosis (Heuser and Anderson, 1989). Cells were then fixed with 3.7%
formaldehyde in PBS and permeabilized with blotto (3% dry milk, 0.1% Triton X-100, 1 mM CaCl,, 50
mM Tris-HCI pH 7.4). For fixed cell staining, cells were incubated in serum- and phenol-free medium
and then fixed and permeabilized. The cells were then incubated in blotto containing goat anti-GPER1
antibody (1:100), mouse anti-M1 FLAG antibody (1:500), and/or mouse HA.11 antibody (1:1000) for 1 h
at 22°C. In all experiments, cells were then washed with PBS and receptors visualized by incubation with
secondary Alexad88-labeled anti-goat antibody, anti-mouse 1gG2b antibody (Invitrogen), or anti-mouse
IgG1 antibody (Invitrogen). For colocalization studies, fixed and permeabilized cells were also incubated
for 1 h at 22°C with rabbit anti-calnexin antibody (Sigma-Aldrich; 1:200), mouse anti-GM 130 antibody
(BD Biosciences, 1:250), mouse anti-a-tubulin antibody (Sigma-Aldrich; 1:4000), mouse pan-CK
antibody (1:1000), or mouse anti-CK7 antibody (1:200). Alexab68-labeled anti-mouse IgGL1 or anti-rabbit
antibody (Invitrogen) were then used as secondary antibodies. For p-arrestin2-GFP imaging, cells were

incubated in serum- and phenol-free with or without 1 uM E2 (Sigma-Aldrich), 1 uM G-1 (Calbiochem),
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1 uM isoproterenol (Sigma-Aldrich), or DMSO vehicle for 30 min at 37°C and then fixed with 3.7%
formaldehyde in PBS and washed with PBS. Images were collected using a Nikon Eclipse confocal
fluorescence microscope. Some fluorescence images were analyzed using NIS Elements software (Nikon)
and then graphed.

CcAMP production — Cells were grown to near confluence in 6-well plates (Sarstedt). The cells were
washed one time with serum- and phenol-free medium followed by incubation in the same medium for 1
h at 37°C. This was followed by 20 min incubation at 37°C in medium containing 25 uM rolipram
(Sigma-Aldrich). Different concentrations of E2 and G-1 were added and the cells further incubated for
30 min, after which the cells were lysed in 0.20 ml ice-cold 0.1 M HCI for 30 min at 4°C, scraped, and
centrifuged at 13,000 x g for 10 min. The amount of CAMP in the supernatant was assayed using an EIA
kit (Cayman Chemical) according to the manufacturer’ sinstructions.

Data analysis — Data are presented as means = SEM. Student’s two-tailed t-test for unpaired data was
done to evaluate statistical significance. P-values less than 0.05 were regarded as statistically significant.

Data analysis was performed using the Prizm program (GraphPad).
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Results

GPERL1 expression — Severa native cell systems relevant to GPER1 physiology from several species
were used to study GPERL including canine kidney epithelial MDCK cells, mouse myoblast C,Cy, cells,
and human ductal breast epithelial tumor T47-D cells. All the cells expressed GPER1 as determined at the
MRNA level (Fig. 1A). Receptor expression at the protein level was monitored with a goat anti-GPER1
antibody raised against the human receptor N-terminal domain, which was used previously to detect
GPER1 (Kolkova et al., 2010). To verify that this antibody reacts specificaly with GPER1, we
immunoblotted control HelLa cells (HeLa-Ctr.) (Fig. 1B, lane 1) and cells stably expressing human
GPERL1 (HeLa-GPERL1) (lane 2). No bands were observed in HeLa-Ctr. cells, whereas major bands were
observed in HeLa-GPERL cells. The 40-45 kDa band corresponds most closely with the theoretical mass
of the receptor, whereas the lower bands (20 kDa and 30 kDa) are probably degradation products thereof.
To further evaluate receptor expression, control HEK293 cells (HEK-Ctr.) (Fig. 1C, lane 1) and cdlls
stably expressing mouse GPER1 with the FLAG epitope inserted at the N-terminal end (FGPER1) (HEK-
FGPERL1) (lane 2) were immunoprecipitated with M2 FLAG antibody covalently coupled to agarose and
immunoblotted with FLAG antibody. A receptor band at 40-45 kDa was present also in HEK-FGPER1
cells as well as a band at 20 kDa. In addition, these cells contained receptor bands at 65 kDa, 100 kDa,
and above that may be receptor complexes.

Immunaoblotting of T47-D cell (Fig. 1D, lane 1) and MDCK cell lysates (lane 2) with GPER1
antibody revealed bands common to these cells at about 40-45 kDa as well as at 30 kDa and 50-55 kDa
albeit with dightly different relative intensities. The GPER1 antibody did not recognize the mouse
receptor as determined with both mouse C,C;, cells and HEK-FGPERL1 cells. Thus, to further evaluate the
GPER1 antibody specificity, T47-D cells and MDCK cells were transfected with or without a cDNA of
human GPERL1 containing the HA epitope at the N-terminal end (HGPER1) and then immunopreci pitated
with protein G-Sepharose with and without pre-coupled GPER1 antibody. As shown in Fig. 1E (lanes 2

and 6), the GPER1 antibody recognized HGPER1 bands at 40-45 kDa and 50-55 kDa as well as a weak
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band at about 100 kDa in both T47-D-HGPERL1 cells and MDCK-HGPERL cells that were absent in
mock-transfected T47-D-Ctr. and MDCK-Citr. cells (lanes 1 and 5) and immunoprecipitates with only
protein G-Sepharose (lanes 3 and 7). In MDCK cells transfected with FGPER1 cDNA (MDCK-
FGPER1), FGPER1-specific bands were present at 50-55 kDa, in part overlapping with the IgG heavy
chain, and at about 65 kDa and 90-100 kDa (Fig. 1F, lane 2) that were absent in mock-transfected
MDCK- Citr. cells (Fig. 1F, lane 1). Thus, FGPER1 migrates in part differently in MDCK and HEK293
cells with a band at 40-45 kDa in the former cells and a band at 50-55 kDa band in the latter cells.
However, the presence of a 50-55 kDa band also in HEK293 cells was indicated following PNGase
deglycosylation (see below). On the other hand, HGPERL clearly migrates at both masses. Thus, GPER1
appears to reside on proteins of 40-45 kDa and 50-55 kDa as determined with GPERL antibody, which
reacts with the native receptor, FLAG antibody, which reacts with FGPER1, and HA antibody, which
reacts with HGPER1. Receptor immunoprecipitates also enriched for a higher mass receptor form(s) at
about 100 kDa, which may be a detergent-resistant receptor complex(es). Together, these results show
that the GPER1 antibody is specific for GPER1.

GPER1 N-glycosylation — The presence of multiple immunoreactive GPCR species is typical and
often caused by variations in receptor N-glycosylation. To address this modification as a basis for GPER1
heterogeneity, FLAG immunoprecipitates from HEK-FGPERL cell |ysates were N-deglycosylated with
PNGase F and then immunoblotted with FLAG antibodies. Surprisingly, PNGase F treatment resulted in
adramatic decrease in the intensities of the 20-kDa, 40-45-kDa, and 65-kDa bands and an increase in the
intensity of the 100-kDa band (Fig. 2A), which is contrary to the typical decrease in apparent receptor
mass that occurs upon deglycosylation. A decrease did occur in the mass of a FLAG-specific protein
corresponding to that of the 1gG heavy chain (50-55 kDa) supporting the presence of a receptor band here
aso in these cells. Similar changes occurred upon PNGase F treatment of FGPER1 immunoprecipitates
from lysates of MDCK-FGPER1 cells and T47-D-FGPERL cells (Fig. 2B), again with the notable
decrease in mass at 50-55 kDa. These results show that the receptor is N-glycosylation and that this

modification has additional effects on the physical properties of on the receptor, at least FGPERL1.
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GPER1-mediated cAMP production — G-1, a substance previously reported to be an agonist on
GPER1-mediated intracellular Ca?* signaling (Bologa et al., 2006), dose-dependently increased cAMP
production in a saturable manner in mouse C,C,, cells with an ECs, value of 282 + 52 nM (Fig. 3A). E2
also potently stimulated cCAMP production in these cells with an ECsy value of 1.8 + 0.3 nM (Fig. 3A).
However, the maximal response, or efficacy, of E2 was only about 10% of that of G-1. To address the
dependency of these responses on GPERL1, we transiently transfected C,C;, cells with a mouse anti-sense
GPER1 cDNA construct previously used and validated in detail (Ahola et a., 2002; Revankar et d.,
2005). The G-1- (Fig. 3B) and E2-promoted responses (Fig. 3C) were both inhibited by this anti-sense
construct. G-1 and E2 aso stimulated cAMP production in MDCK cells with relative efficacies and
potencies similar to those in C,Cy, cells (Fig. 3D). A canine GPER1-specific SsSRNA, but not a scrambled
non-specific sSIRNA, inhibited the G-1 response in MDCK cells (Fig. 3E) indicating that this response was
also dependent on GPER1. G-1 also stimulated cAMP production in human T47-D cells (Fig. 3F), which
express GPER1 (Fig. 1A). Thus, G-1- and E2-stimulated cAMP production in these native cells is
mediated at least in part by GPER1.

GPER1-mediated f-arrestin2 recruitment — Receptor-mediated CAMP production is a PM-dependent
event. To further address the subcellular localization of GPERL signaling, we analyzed the distribution of
B-arrestin2, aregulatory and signaling effector protein that physically associates with many GPCR at their
site of function. Consistent with CAMP signaling, G-1 and E2 increased B-arrestin2-GFP in the PM in
MDCK cells (Fig. 4). Isoproterenol was used as a positive control presumably by acting through a small
but significant number of [,-adrenergic receptors expressed on these cells (Meier et al., 1983). PM
recruitment of p-arrestin2-GFP by these agents was also observed in T47-D cells (data not shown). These
results provide additiona evidence that GPERL functions at least in part in the PM. Even though only
semi-quantitative, this assay further suggests that G-1 and E2 exhibit similar efficacies on this response.

Subcellular GPERL1 trafficking — Limited detailed studies have been done to localize GPER1

subcdllularly in native cells. To do so, we performed confocal immunofluorescence microscopy using the
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GPERL1 antibody. The dependence of antibody reactivity on GPERL expression was again confirmed by
positive staining in HeLa-GPERL cells but not in HeLa-Control cells (Fig. 5A). A calnexin antibody was
used as a control to show ER staining in both cells types. Some overlap in receptor and ER staining
occurred, which is common in over-expressed recombinant GPCR cell systems and often due to
saturation of maturation mechanisms (Fig. 5A). The specificity of the antibody for GPER1 was further
underlined by colocalization of GPER1 antibody and FLAG antibody staining in T47-D cells transfected
with human GPER1 and FGPER1 (Fig. 5B). Furthermore, FLAG antibody and HA antibody staining
colocalized in cells transfected with FGPER1 and HGPER1 (Fig. 5B). Co-staining of GPER1 and
HGPER1 with the GPER1 antibody could not be done because both receptor construct are of human
origin and thus recognized by this antibody. Interestingly, the intracellular co-staining had a web-like
appearance in al cells suggesting receptor localization on a cytoskeletal structure.

Staining of endogenous GPER1 with the GPERL antibody in fixed MDCK cells was observed both at
the cell periphery and intracellularly, the latter also exhibiting a web-like cytoskeletal appearance (Fig.
5B; Supplemental Figure 1). Staining aso occurred under live conditions at 37°C providing direct
evidence for PM receptors because the antibody is directed against the extracellular N-terminal receptor
domain (Fig. 5C). A significant amount of the live staining was intracellular showing that the PM
receptors undergo constitutive endocytosis (Fig. 5C). The live intracellular staining exhibited the same
web-like pattern as the fixed intracellular staining (Fig. 5C), suggesting that this pattern is at least in part
caused by constitutive receptor internalization.

To confirm constitutive GPER1 endocytosis, we used HEK-FGPERL cells. Fixed staining with M1
FLAG antibody showed that FGPERL1 was present primarily intracellularly (Fig. 5C) similar to HelLa-
GPERL cells (Fig. 5A). Live staining was again observed indicating the presence of PM receptors also in
these cells. Similar to MDCK cells, the live staining was almost exclusively intracellular again showing
constitutive receptor internalization (Fig. 5D). The live staining in HEK-FGPER1 cells was punctate
rather than web-like, which again may be due to the heterologous nature of this over-expressed

recombinant cell system. Incubating cells in the absence of serum for 24 hr did not change the live
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staining pattern showing that it was not caused by a serum-derived factor. The relative amount of cell
surface receptor staining increased dramatically by treating the cells prior to antibody incubation with
hyperosmotic sucrose for 30 min, which blocks endocytosis by yielding abnormal clathrin polymerization
resulting in empty microcages in the membrane (Heuser and Anderson, 1989) (Fig. 5D). The live
intracellular staining was not caused by non-specific uptake of the antibody or antibody-promoted
receptor internalization because GPCR vary in their ability to generate such staining as previousy
described by us (Enquist et al., 2007). Indeed, FLAG-tagged B2 bradykinin receptors (FB2R) stably
expressed in HEK293 (HEK-FB2R) remained in the PM during live staining until exposed to the agonist
bradykinin, upon which the receptor-antibody complex internalized (Fig. 5D). Thus, two different cell
systems (MDCK cells and HEK-FGPER1) using two different receptor-specific antibodies (GPERL
antibody and M1 FLAG antibody) show that at least a fraction of the cellular GPERL is localized in the
PM and undergoes constitutive endocytosis to populate intracellular structures.

Subcellular GPERL localization — Antibodies against various subcellular marker proteins were then
used to determine the intracellular localization of GPERL in native cells. Intracellular GPERL1 staining in
MDCK cells was not associated with ER as determined by the lack of overlap with calnexin staining (Fig.
6A). Also, no overlap occurred with GM130 staining of Golgi (data not shown). The web-like
intracellular staining pattern suggested receptor association with a cytoskeletal structure. Lack of cos-
staining with a-tubulin staining showed that this structure is not microtubules (Fig. 6B). Also, receptor
staining appeared too disorganized to be associated directly with actin filaments. On the other hand, a
significant overlap occurred in receptor and CK staining (Fig. 6C). The same overlap was observed in
T47-D cdls (Fig. 6C). The pan-CK antibody that was used recognizes several CKs including the simple
epithelial CK8, but not CK7. Using a specific CK7 antibody, overlap was also found with this CK
subtype (Fig. 6D). Thus, in MDCK cells and T47-D cells GPER1 is locdized in the PM and
intracellularly at least in part on CK intermediate filaments but not in the ER, Golgi, or on microtubules.

GPER1-CK association — GPER1-CK association was further addressed by co-immunoprecipitation.

Immunoblotting of MDCK and T47-D cells with anti-pan-CK antibody revealed that both cells express
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CKs at masses of 50-55 kDa, which is typical of epithelial CKs (Fig. 7A, lanes 1 and 2). The T47-D cell
line was the richest source of CK, which is expected of a breast cancer epithelial cell line. Typical of a
simple epithelia cell, T47-D cells expressed the basic type-1l CKs CK8 (Fig. 7A, lane 3) and CK7 (lane
4), often as doublets, and as previously reported (Ferrero et a., 1989). Even though MDCK cells have
been reported to express CK8 (Pollack et al., 1997), we were unable to effectively detect CK7 or CK8 in
MDCK cell lysates, which is probably due to the relatively low CK expression in this cell line (Fig. 7A,
lane 1).

Consistent with GPER1-CK association, GPER1 immunoprecipitates from both MDCK and T47-D
cells contained CK (Fig. 7B, lanes 1 and 2) including both CK7 (lanes 3 and 4) and CK8 (lanes 5 and 6).
CKs detected by the pan-CK antibody in both cells (Fig. 7B, lanes 1 and 2) and CK7 antibody in MDCK
cells (lane 3) migrated as monomers, whereas higher mass forms were detected of CK7 in T47-D célls
(lane 4) and CK8 in both cells (lanes 5 and 6). The reason for this is unknown but may be due in part to
detergent-resistant CK complexes with e.g. GPERL. Indeed, pan-CK immunoprecipitates from T47-D
cells contained a GPER1 antibody-reactive band at about 100 kDa (Fig. 7C, lane 2) that was not present
in protein G-Sepharose precipitates (lane 1). The same specific band was present in CK8 and/or CK7
immunoprecipitates of MDCK cells (Fig. 7D, lanes 2 and 3) and T47-D cells (lane 4). Occassionally,
weaker bands at about 50 kDa appeared in protein G-Sepharose precipitates (Fig. 7D, lane 1). PNGase F
treatment of the pan-CK immunoprecipitate from T47-D cells resulted in a small downward shift in the
100 kDa GPER1 band (Fig. 7E, lanes 1 and 2), whereas this treatment did not influence the CK band in
the GPERL immunoprecipitate (Fig. 7E, lanes 3 and 4).

FLAG immunoprecipitates of MDCK-FGPER1 cells aso contained pan-CK and CK8
immunoreactivities of higher masses (Fig. 8, lanes 2 and 4) that were not present in mock-transfected
MDCK-Ctr. cells (lane 1). Consistent with native cells, pan-CK immunoprecipitates from MDCK-
FGPERL1 cells contained a 100 kDa FLAG-receptor-specific band (Fig. 8, lane 5). Thus, the 100 kDa
receptor species observed in both FGPER1 and HGPER1 immunoprecipitates seems to be a major CK-

interacting partner as determined by immunoblotting with both GPER1 antibody for the native receptor
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(Fig. 7C-E) and FLAG antibody for FGPERL1 (Fig. 8, lane 5). In all, these results confirm those obtained
by immunofluorescence microscopy that at least some GPER1 in MDCK cells and T47-D cells associates

with CK intermediate filaments.
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Discussion

Here, we investigated the subcellular distribution and signaling of GPER1 expressed endogenously in
a series of pathophysiologically relevant cell lines from various species including MDCK cells, T47-D
cells, and C,Cy, cells. GPER1 was localized both in the PM and on intracellular cytoskeletal structures.
The PM receptors were subject to relatively rapid constitutive endocytosis to reach such structures. These
structures were identified at least in part as CK intermediate filaments, including those composed of CK7
and CK8, but not ER, Golgi, or microtubules. The GPER1 agonist G-1 and E2 stimulated GPER1-
dependent cCAMP production and B-arrestin2 recruitment to the PM. We conclude from this study that
GPERL1 couples to cAMP and B-arrestin2 signaling in the PM and associates intracellularly with CK, the
latter which may be a mechanism for subcellular redistribution of the receptor following endocytosis.

The subcdlular localization of GPERL has been a point of debate ever since this receptor was
introduced as a putative estrogen receptor in 2005. Four studies were published early that addressed this
issue using epitope-tagged receptors expressed in recombinant cell systems. Three of these studies used
receptors tagged at the N terminus with either the HA epitope (Thomas et al., 2005; Filardo et al., 2007)
or the FLAG epitope (Funakoshi et a., 2006) to claim that the receptor localized in the PM but reached
intracellular compartments via E2-promoted endocytosis. Two other studies used receptors tagged in the
C terminus with GFP, in the N terminus with the FLAG epitope, or hon-tagged receptor to claim that the
receptor is more or less exclusively localized intracellularly in the ER (Revankar et al., 2005; Otto et a.,
2008). Ancther study found that when GPER1 was tagged at the N terminus with the FLAG epitope it
localized in the PM, whereas when tagged at the C terminus with GFP it localized in the ER (Funakoshi
et a., 2006), which agrees with some other epitope-tagged GPCR (Brothers et al., 2003) and indicates
that tagging can influence GPCR trafficking. Since then, several studies have addressed endogenous
receptor localization using various receptor antibodies and reported immunoreactivity at the cell periphery
and/or intracellularly in the ER and/or Golgi (Funakoshi et a., 2006; Sakamoto et a., 2007; Brailoiu et

a., 2007; Otto et al., 2008; Matsuda et a., 2008; Lin et al., 2009). Even though not emphasized, many of
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these reports however also show significant intracellular immunoreactivity not associated with either of
these structures. Only in one study was PM localization of endogenous GPER1 directly addressed. In this
case, specific radiolabeled E2 binding to a PM fraction from SkBr3 breast cancer cells was detected that
was sensitive to prior treatment of the cellswith a GPER1 siRNA (Thomas et al ., 2005).

In this study, using an antibody that we confirmed is specific for GPER1, immunostaining of fixed
cells showed that endogenous GPERL is localized both at the cell periphery and intracellularly in MDCK
cellsand T47-D cells. Furthermore, human GPER1, mouse FGPER1, and human HGPERL colocalized on
the same cytoskeletal-like cellular structures. MDCK cells stained positive under live non-fixed
conditions indicating that GPER1 is also present at the PM in these cells. No significant overlap occurred
between receptor staining and either ER or Golgi staining, which suggests that the receptor matures
normally in these cells. The ability of GPER1 to reach the PM was confirmed by live staining of HEK-
FGPERL cells with FLAG antibody. Live staining of MDCK cells and HEK-FGPERL1 cells also showed
that the PM receptors can reach intracellular structures via constitutive endocytosis. In MDCK cells, live
and fixed staining had the same cytoskeletal-like patterns suggesting that it is at least in part the
constitutively internalized receptors that give rise to such staining.

Three experimental observations led us to conclude that at least a portion of the cytoskeletal-like
receptor staining represents receptors associated with CK intermediate filaments including 1) co-
localization of GPER1 and CK staining as determined by confocal immunofluorescence microscopy, 2)
identification GPERL staining on filamentous structures projecting between the nuclear membrane and
the PM, and 3) reciprocal co-immunoprecipitation of GPER1 and CK including CK7 and CK8. To our
knowledge, this is the first observation that a GPCR is capable of reaching and interacting with
intermediate filaments. CK7 and CK8 are simple-epithelia ductal-type CKs that are widdly distributed
and often co-expressed. Little is known about CK7, which usually pairs with CK19, but the related CKS,
which pairs with CK18, has been shown to associate with the external leaflet of the PM in cancer cells
(Gires et a., 2005). Also, CKs are necessary for membrane incorporation of GLUT1 and GLUT3

(Vijayarg] et al., 2009). One suggestion is that endocytic vesicles use CK filaments to redistribute GPER1
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to unique functional locations in the cell such as cell-cell or cell-basement membrane contacts (Toivola et
al., 2005) via interaction with the adapter complex AP3 involved in clathrin-mediated endocytosis in a
way similar to the CK-related proteins vimentin, peripherin, and a-internexin (Styers et al., 2004).

GPER1 expression at the protein level is heterogeneous both in native and recombinant cells with
products observed both below and above the theoretical receptor mass, which may be consequences of
detergent-resistant protein complexes, glycosylation, and degradation. The receptor monomer appears to
be a 40-45 kDa protein as observed in both native and recombinant cells. The relationship of this protein
to the 50-55-kDa receptor protein is not clear, but the latter may in part be a glycosylated form of the
former because it decreased in mass upon PNGase F treatment. The 100-kDa receptor band identified
primarily in receptor immunoprecipitates may be a detergent-resistant receptor dimer or a monomer
interacting with another protein. Interestingly, the 100 kDa band was the primary receptor band enriched
in CK immunoprecipitates suggesting that it is this receptor form that interacts with CK. Alternatively,
CK may serve as a scaffold for receptor interactions with other proteins. Some evidence was obtained that
N-glycosylation plays a role in receptor interactions, at least for FGPERL, because PNGase treatment
increased the amount of the 100 kDa FGPER1 band apparently at the expense of the lower mass bands.
One explanation is that N-deglycosylation makes the proteins in the immunoprecipitate more hydrophobic
thus promoting complex formation. Alternatively, N-deglycosylation of the two asparagines in the
receptor N-terminal domain may influence the immunoreactivity of the nearby N-terminal FLAG epitope.
Apparent receptor degradation products were also observed, which should be cellular because all
preparations contained a complete protease inhibitor cocktail. It isinteresting to note that CK intermediate
filaments associate with proteasomes (Olink-Coux et al., 1994), and ERa is degraded via a ubiquitin-
proteasome pathway involving receptor association with CK8 and CK 18 (Long and Nephew, 2006).

The localization of GPER1 signaling is also a matter of debate. Using recombinant cells systems and
membrane-permeable and -impermeable E2 analogs, GPER1 was proposed to function either in the PM
or intracellularly in the ER. PM signaling was based on GPER1 localization in this compartment,

stimulation of cAMP production by membrane-impermeable E2 anaogs, E2-stimulated PM GTPyS
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binding, and GPER1-dependent PM E2 binding (Filardo et a., 2002; Thomas et a., 2005; Filardo et al.,
2007). On the other hand, ER-associated signaling was based on the identification of GPER1 in this
compartment in some cells and stimulation of intracellular Ca®* signaling and PI3-kinase translocation
only by membrane-permeable E2 analogs (Revankar et al., 2005, 2007).

Here, we show that G-1 and E2 both stimulated GPER1-dependent cAMP production in several
native cell lines from several species, which is a PM-defined event. G-1 and E2 also recruited B-arrestin2-
GFP to the PM, which is consistent with the receptor for these agonists being localized in this
compartment and also a possible mechanism of GPER1-mediated ERK signaling as previously shown for
other receptors (Galandrin and Bouvier, 2006). Thus, we conclude that it is in the PM that GPER1
couples to GJ/adenylate cyclase and p-arrestin2 in native cells. Whether or not GPERL is able to couple to
other signals in other subcellular compartments such as intermediate filaments remains an open question.
Interestingly, the efficacy of E2 on GPER1-mediated CAMP production in these cells was only a fraction
of that of G-1, which suggests that E2 may act as a partia agonist or G-1 as a superagonist on this
response. While our assay of p-arrestin2 recruitment is only semi-quantitative, the efficacies of G-1 and
E2 on this response appeared to be approximately equal. Thus, E2 may exhibit biased signaling at
GPERY, i.e. full agonist on B-arrestin2 recruitment and partial agonist on CAMP production, a behavior
described for agonists at severa other GPCR (Kenakin, 2007) including receptors coupled to both cAMP
and B-arrestin signaling (Galandrin and Bouvier, 2006).

In summary, we show that GPERL is localized and signals via CAMP production and B-arrestin2
recruitment in the PM. Receptors aso reach CK intermediate filaments. CK is highly expressed in cancer
epithelial cells and has long been used to classify cancer subtypes (Moll et al., 2008). Considering that
GPERL influences growth factor signaling pathways (Filardo and Thomas, 2005; Prossnitz et al., 2008)
and cancer cell proliferation (Pandey et al., 2009; Ariazi et al., 2010), and that receptor expression is
associated with cancer growth (Filardo et al., 2006; Smith et a., 2007), it is tempting to propose that

GPER1-CK association in epithelial cells provides an important functional link in this disease.
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Figure Legends

Figure 1. GPER1 expression. (A), RNA from MDCK cells, T47-D cells, and C,Cy, cells was isolated and
cDNA synthesized and analyzed with (cDNA+RT, lane 1) and without reverse transcriptase (CDNA-RT,
lane 2). (B), HelLa cells without (HeLa-Ctr., lane 1) and with stable expression of human GPER1 (Hela-
GPER1, lane 2) were lysed and immunoblotted with goat GPERL antibody (GP). (C), HEK293 cells
without (HEK-Citr., lane 1) and with stable expression of mouse FGPER1 (HEK-FGPERL, lane 2) were
lysed, immunoprecipitated with mouse M2 FLAG antibody-agarose, and immunoblotted with M2 FLAG
antibody (FLAG). (D), T47-D cells (T47-D, lane 1) and MDCK cells (MDCK, lane 2) were lysed and
immunoblotted with GPERL1 antibody (GP). (E), Mock-transfected MDCK cells (MDCK-Ctr., lane 1) and
T47-D céls (T47-D-Ctr., lane 5) and MDCK cells (MDCK-HGPERL, lanes 2 and 3) and T47-D cdlls
(T47-D-HGPER1, lanes 6 and 7) transiently transfected with HGPER1 cDNA were lysed,
immunoprecipitated with protein G-Sepharose without (-, lanes 3 and 7) and with GPER1 antibody (GP)
(+, lanes 2 and 3), and immunoblotted with HA antibody. (F), Mock-transfected MDCK cells (MDCK-
Ctr., lane 1) and MDCK cells transiently transfected with FGPER1 cDNA (MDCK-FGPERL, lane 2)
were lysed, immunoprecipitated with M2 FLAG antibody beads, and immunoblotted with M2 FLAG
antibody. Molecular mass (M;) standards (kDa, kilo Daltons) or base pairs (bp) (left side arrows), and
position of 1gG heavy chain (h.c.) and light chain (I.c.) (right side arrows) are indicated. The results are

representative of experiments performed at | east three times.

Figure 2. GPER1 N-glycosylation. (A), HEK293 cells stably expressing mouse FGPER1 (HEK-FGPERL)
were lysed, immunoprecipitated with mouse M2 FLAG antibody-agarose, treated without (lane 1) and
with PNGase F (lane 2), and immunoblotted with M2 FLAG antibody. (B), MDCK cells (MDCK-
FGPERL, lanes 1 and 2) and T47-D cells (T47-D-FGPERL, lanes 3 and 4) transiently transfected with
FGPER1 cDNA were lysed, immunoprecipitated with M2 FLAG antibody beads, treated without (lanes 1

and 3) and with PNGase F (lanes 2 and 4), and immunoblotted with M2 FLAG antibody. Molecular mass

29

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on December 13, 2010 as DOI: 10.1124/mol.110.069500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 69500

(M)) standards (kDa, kilo Datons) (left side arrows) are indicated. The results are representative of

experiments performed at least three times.

Figure 3. GPER1-mediated cAMP production. (A), C.Cy, cells were stimulated with increasing
concentrations of G-1 () or E2 () for 30 min at 37°C and then assayed for cAMP production. (B, C), C.Cy»
cells were transfected with a mouse GPER1 anti-sense construct (+ AS) or empty vector (-AS), stimulated
without (Control) or with (B) 1 uM G-1 (G-1) or (C) 1 uM E2 (E2) for 30 min at 37°C and then assayed
for cAMP production. (D), MDCK cells were stimulated with increasing concentrations of G-1 (G-1) or
E2 (E2) for 30 min at 37°C and then assayed for cCAMP production. (E), MDCK cells were transfected
with a canine GPER1 siRNA (GPERL siRNA) or scrambled siRNA (Scr siRNA) construct, stimulated
without (Control) or with 1 uM G-1 (G-1) for 30 min at 37°C and then assayed for cAMP production. (F),
T47-D cells were stimulated with increasing concentrations of G-1 and then assayed for cAMP
production. Data are presented as % of Control where control corresponds to 15-20 pmol cAMP/well.
Vaues are means + SEM with each data point performed in quadruplicates. NS, not significant; *,

p<0.05; **, p<0.01; ***, p<0.001.

Figure 4. GPER1-mediated -arrestin2 recruitment. MDCK cells transiently transfected with -arrestin2-
GFP cDNA were stimulated without (Control) or with 1 uM G-1 (G-1), 1 uM E2 (E2), or 1 uM
isoproterenol (1S0) for 30 min at 37°C. Images of fixed cells were collected using a Nikon Eclipse
confocal microscope, 60x objective, 50 um zoom. Arrows indicate cellular distance that was analyzed for
changes in p-arrestin2-GFP fluorescence intensity upon agonist stimulation using the NIS Elements
software program (Nikon), and the results are graphed. Distance (arrow) is 2 um. The results are

representative of experiments performed at least three times.

Figure 5. Subcellular GPERL1 trafficking. (A), HeLa cells without (HeLa-Control) and with stable

expression of human GPERL1 (HeLa-GPERL) were fixed and permeabilized prior to incubation with goat
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GPERL1 antibody (GPER1) and rabbit calnexin antibody (calnexin). (B), T47-D cells transfected with
human GPER1 and FGPER1 (T47-D-GPERVFGPER1) or FGPER1 and HGPER1 (T47-D-
FGPERL/HGPER1) were fixed and permeabilized prior to incubation with goat GPER1 antibody
(GPERL), mouse FLAG antibody (FLAG), and/or mouse HA antibody (HA). (C), MDCK cells (MDCK)
were fixed and permeabilized prior to incubation with GPER1 antibody (GPER1, fixed) or preincubated
live with GPER1 antibody for 30 min at 37°C prior to fixation and permeabilization (GPERL, live). (D),
HEK293 cells stably expressing mouse FGPER1 (HEK-FGPER1) and human FB2R (HEK-FB2R) were
fixed and permeabilized prior to incubation with mouse M1 FLAG antibody (FGPERL, fixed; FB2R,
fixed) or preincubated live without (FGPERL, live; FB2R, live) or with 0.4 M sucrose for 60 min
(FGPERY, livetsucr) or 1 uM bradykinin for 30 min (FB2R, live+agonist) at 37°C prior to incubation
with M1 FLAG antibody for an additional 30 min at 37°C. The cells were then fixed and permeabilized.
In (A-D), cells were subsequently incubated with secondary donkey anti-goat, rabbit anti-mouse, or
mouse anti-rabbit ALEXA488- or ALEXA568-labeled antibody. The individual and merged (Merge)
images were collected using a Nikon Eclipse confocal microscope, 60x objective, 50 um zoom. The

results are representative of experiments performed at least three times.

Figure 6. Subcellular GPERL localization. (A-D), MDCK cells (MDCK) or T47-D cells (T47-D) were
fixed and permeabilized prior to incubation with goat GPER1 antibody (GPERL), rabbit calnexin
antibody (calnexin), mouse a-tubulin antibody (a-tubulin), mouse pan-CK antibody (pan-CK) or mouse
CK7 antibody (CK7). Cells were subsequently incubated with secondary mouse anti-rabbit, rabbit anti-
mouse, or donkey anti-goat ALEXA488- or ALEXA568-labeled antibody. The individual and merged
(Merge) images were collected using a Nikon Eclipse confocal microscope, 60x objective, 50 um zoom.

The results are representative of experiments performed at least three times.
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Figure 7. Native GPER1-CK association. (A), MDCK cells (MDCK, lane 1) and T47-D cells (T47-D,
lanes 2-4) were lysed and immunoblotted with mouse pan-CK antibody (lanes 1 and 2), mouse CK8
antibody (lane 3), or mouse CK7 antibody (lane 4). (B), MDCK cells (MDCK, lanes 1, 3, and 5) and T47-
D cells (T47-D, lanes 2, 4, and 6) were lysed, immunoprecipitated with goat GPER1 antibody (GP)
precoupled to protein G-Sepharose, and then immunaoblotted with pan-CK antibody (lanes 1 and 2), CK7
antibody (lanes 3 and 4) or CK8 antibody (lanes 5 and 6). (C), T47-D cells (T47-D) were lysed,
immunoprecipitated with protein G-Sepharose without (-, lane) and with precoupled pan-CK antibody (+,
lane), and then immunoblotted with GPER1 antibody (GP). (D), MDCK cells (MDCK, lanes 1-3) and
T47-D cells (T47-D, lane 4) were lysed, immunoprecipitated with CK8 antibody (lanes 1 and 2) or CK7
antibody (lane 3) precoupled to protein G-Sepharose, and then immunaoblotted with GPER1 antibody. (E),
T47-D cells (T47-D) were lysed, immunoprecipitated with pan-CK antibody (lanes 1 and 2) or GPER1
antibody (lanes 3 and 4) precoupled to protein G-Sepharose, respectively, treated without (lanes 1 and 3)
or with PNGase F (lanes 2 and 4) and then immunoblotted with GPER1 antibody. Molecular mass (M)
standards (kDa, kilo Daltons) (left side arrows) are indicated. The results are representative of

experiments performed at least three times.

Figure 8. Recombinant GPER1-CK association. MDCK cells without (MDCK-Ctr.) and with transient
transfection of FGPER1 cDNA (MDCK-FGPER1) were lysed, immunoprecipitated with M2 FLAG
antibody (lanes 1-3) or pan-CK antibody (lane 4), and immunoblotted with pan-CK antibody (lanes 1 and
2), CK8 antibody (lane 3), or M2 FLAG antibody (lane 4). Molecular mass (M,) standards (kDa, kilo
Daltons) (left side arrows) are indicated. The results are representative of experiments performed at least

three times.
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