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Preface

This thesis is all about a single protein, the enigmatic receptor GPR30.

This receptor is associated with multiple cancer forms and reported to be activated by
multiple endogenous ligands. Notably, the female sex hormone estrogen is proposed to be
the cognate ligand by what looks like the majority of GPR30 researchers. This has given
the receptor the (controversial) name G Protein coupled Estrogen Receptor (GPER), a
name I have chosen to not use in this thesis because of reasons that will become apparent to
the reader as helshe reads on.

It is undeniable that the conflicting reports are numerous with regards to GPR30
signaling, agonist specificity, receptor localization, its potential role in cancer, as well as
other fundamental parts of its pharmacology and function. This has made the research
area of GPR30 a tough field to navigate, to say the least. Apparently, incoberent results,
unfortunate unusual methodology and irreproducibility all haunt what makes up existing
knowledge. The only conclusion must be, that, even today, some 18 years after its discovery,
there is a considerable amount of missing information about how this receptors functions at
the cellular and molecular level.

To try to resolve the discrepancy, I have dedicated my Ph. D. years to study this atypical
receptor. In doing so, I have learned a significant amount and also enjoyed contributing to
the growing knowledge of GPR30. My research has resulted in four published articles, in
which I present novel results and insights regarding GPR30 signaling, subcellular
localization, membrane trafficking and multiple newly discovered interacting proteins and
more. These articles make up the basis of this thesis. Enjoy!

/Stefan Broselid, Ph.D.
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Introduction

This thesis describes my work with a controversial seven-trans-membrane receptor
(7TMR) called GPR30. It is purported to be activated by estrogen and is therefore
also called G Protein Estrogen Receptor (GPER). It is also reported to be activated by
aldosterone, genistein, BPA, CCL-18 and not to mention the “GPR30-specific”
synthetic compound G1. A lot of “what is known” about GPR30 is built upon frail
ground and unrepeatable results obtained through obscure methods. To overcome
most of these obstacles I have eventually come to study the effects that the receptor
confers by itself, just by being expressed in a cell.

G protein-coupled receptors (GPCRs)

The protein family we call G protein-coupled receptors (GPCRs), to which my
receptor of interest, G Protein-coupled receptor 30 (GPR30) is a member of, is
currently the most important family of targets for clinically useful drugs, and is
expected to remain so for the foreseeable future. How so? These receptor proteins are
the initiators of complex intracellular signaling involved in essentially all physiological
events. Faulty receptor signaling can manifest itself in disease, emphasizing the
importance of this field of science. The fact that there are so many different GPCRs
and that they have remained and co-evolved during evolution and are thus found in
early organisms such as bacteria, yeast, plants, insects as well as more advanced
organisms such as vertebrates and mammals (Schioth and Fredriksson, 2005) speaks
for their importance by itself.

Still today, as pharmaceutical companies and academia around the world have worked
for half a century to try to understand and identify these receptors, there are believed
to be more than 200 so called orphan receptors remaining in humans. Orphan
receptors are those receptors to which no endogenous ligand has yet been identified
(Jassal ez al., 2010). The total amount of GPCRs in the human genome is unknown
but predicted to be around 800 (Jassal ez 4., 2010). Thus, one in four GPCRs in the
human genome remain classified as orphan receptors.
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Is it possible that there is a subset of GPCRs that do not necessarily couple and signal
through G proteins?

The original definition of these receptor types (before there was any knowledge of G
proteins) were 7TMRs but the name is not as commonly adapted as GPCRs. The
name 7TMR has the advantage of not assuming that G proteins inherently must be
involved in the signaling of the receptor, something that some researchers may at first
have a hard time to grasp.

There are many GPCRs that, aside from classical G protein-mediated signaling, are
known to signal through G protein-independent pathways. Even though I have
nothing to back this up with, I would not rule out the possibility that some GPCRs
may have evolved without the need for an extracellular ligand or associated G protein.
Instead these 7TMRs might signal through other mechanisms by acting as
membrane-bound docking proteins and associating with G protein-coupled receptor
interacting proteins (GIPs) and in many cases being part of larger protein complexes
or signalosomes. My point has hopefully been made and semantics and nomenclature
aside, henceforth I will refer to the receptors as GPCRs to avoid any further
confusion.

The superfamily of proteins known as GPCRs is one of the largest groups of proteins
in the vertebrate genome with members found in all eukaryotic cells. Indeed, they
constitute the largest single gene family in the human genome and it is worth
repeating that there are more than 800 genes coding for different GPCRs identified
therein. Of further importance, GPCRs are involved in essentially every physiological
response. Furthermore, about 40-50% of all drugs used clinically today, target the
function of these receptors either directly or indirectly (Jacoby ez a/., 2006), indicating
that they also constitute the most important drug targets known.

Despite their extreme diversity in function, all GPCRs share the superstructural
feature of spanning the plasma membrane seven times, which is why they are
sometimes referred to as 7TMRs (see Figure 1). As the name suggests, this means that
all mature GPCRs have an extracellular N-terminal tail, three intracellular loops,
three extracellular loops and a C-terminal intracellular tail. In between the loops are
seven hydrophobic regions that allow the receptor to reside within the lipid bilayer
that makes up the plasma membrane. Aside from the shared 7TM structural
homology, the sequential homology in the tails and loops of different GPCRs is
remarkably low, likely reflecting their large functional diversity.

A simplified analogy useful to describe GPCRs is that they act as “molecular
antennae” mostly residing in the plasma membrane awaiting specific extracellular
stimuli (lipid, peptide- or steroid hormone, neurotransmitter etc.), which they
subsequently convert into intracellular signals, resulting in receptor-specific responses.
These antennae vary in their ligand-specificity, i.e. what they bind and respond to.
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Some receptors are highly specific and recognize only a single endogenous ligand,
whereas other receptors have a broader ligand recognition profile.

exterior of cell

interior of cell

GTP GDP

Figure 1

A schematic representation of a GPCR in the plasma membrane, getting activated by an agonist as in
the classical model off GPCR signaling. Agonist binding to the receptor jostles the receptor slightly, so
that the weak interaction with its associated G protein is altered. As a consequence, the dissociation of
GDP and subsequent reassociation of GTP from and to the a-subunit of the associated G protein leads
to the activation of two effectors. The activated cytoplasmic a subunit and the activated membrane-
bound By-subunits are so thus free to influence further signaling downstream. Which pathways that will
be affected and what response will occur as a consequence depend on the specific set of a- and By-
subunits.

An example of the complexity and variability of GPCRs can be made of the
adrenergic subfamily of GPCRs. Numerous variants exist and all react to the
catecholamines adrenaline or noradrenaline and thus together mediate the
sympathetic nervous system activity. Stimulation of these receptors leads to different
effects in different parts of the body depending on what specific subtype of adrenergic
receptor present. Adrenaline causes an increase in heart rate (mainly through B-
adrenergic receptors which are ubiquitous and the predominant types of adrenergic
receptors in the heart). At the same time in other tissues, other adrenergic receptors
redistribute blood flow and promote optimal oxygenation of skeletal muscle while
simultaneously reducing intestinal motility (mainly through a-adrenergic receptors).
The combined effects of adrenaline and noradrenaline acting on all the different
adrenergic receptors found in the different tissues of the body lead to an increase in
what we often call the “fight and flight”-response.

Another example of the high variability within the family of GPCRs is the highly
atypical receptor rhodopsin, which is expressed in the rod cells in the retina of the eye
and also was the very first GPCR to be crystallized (Rasmussen et al., 2007).
Activation of this GPCR is not initiated by the binding of a ligand to the receptor;
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instead rhodopsin is activated directly by specific wavelengths of light. An integral
part of rhodopsin is called retinal and has the ability to absorb the energy of photons
and cause a conformational change in the receptor, thus triggering its activation and
initiation of signal transduction.

GPCRs are thought to exist in an equilibrium between inactivate and a series of active
conformational states. The degree of activation is tightly regulated by both ligand-
dependent and ligand-independent factors. Anything that has the ability to bind the
receptor can potentially alter the equilibrium and stabilize a specific conformational
state with a specific intrinsic activity. The endogenous cognate ligand of a receptor
normally stabilizes the receptor conformation in a state very close to the theoretical R*
state, thus promoting receptor-mediated signaling, classifying the cognate ligand as a
full agonist (see Figure 2).

From many years of studying ligand binding to GPCRs, primarily by the
pharmaceutical industry for therapeutic benefit, a multitude of different types of
synthetic ligands have been developed. Because of this endeavor, it is known that
ligands can also be classified as partial agonists, which are thought to stabilize partially
active receptor conformational states and neutral antagonists, which do not perturb
the basal equilibrium of receptor states. In addition, there are inverse agonists, which
stabilizes inactive receptor conformational states and thus inhibit any constitutive
receptor activity (see Figure 2).

full agonist

partial agonist
—_—

neutralantagonist *
R Ll >R

partial inverse agonist
—

full inverse agonist
+

Figure 2

Current classification system of ligands and the two state-model of GPCR pharmacaology
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The functions of GPCRs are classically thought to be mediated by G proteins, which
interact with the intracellular part of the receptor (see Figure 1) and become active G
protein subunits conferring the GPCR-mediated signaling. This classical model is
perhaps not entirely wrong, though arguably obsolete.

A new concept has emerged during the last decade or so. It is the notion that some
receptors, possibly the majority of them, have specific intracellular protein-protein-
interaction domains made up from specific amino acid sequences, which make them
the outermost part of a larger intracellular multi-protein structure, often dubbed
signalosome or receptosome. These signalosomes are made up of a multitude of
different proteins and enzymes, often with opposing effects such as kinases and
phosphatases, allowing for a very tight regulation of receptor signaling, both spatially
and temporally.

GPCR signaling

GPCR-G protein-mediated signaling

As the name indicates, GPCRs couple to G proteins, which occurs through their
intracellular domains. Therefore, most receptor signaling has been studied through
these “molecular switches”. G proteins are made up of three subunits, the a-, 3- and
Y subunit. These in turn make up two functional subunits, the a- and the By-
subunit. There are 20 different a-subunits, 6 B-subunits and 12 y-subunits found
(Clapman and Neer, 1997:37) creating an astounding 1440 theoretical combinations,
again in line with the impressive functional diversity of GPCRs. G protein classes are
defined based on the function and sequence of their Ga-subunits, the most common
being Gas, Ga; and Ga,.

Gas activation leads to an increase in the second messenger cAMP through direct
activation of specific adenylate cyclases, whereas Ga; causes an inhibition of adenylate
cyclase. On the other hand, Gagq causes activation of phospholipase C (PLC) and the
production of two different second messengers through hydrolysis of PIP; into DAG
and IPs. IP5 then freely diffuses to IP; receptors in the endoplasmatic reticulum (ER),
which releases Ca** into the cytosol and DAG activates protein kinase C (PKC).

The binding of an agonist to a GPCR causes a small but significant conformational
shift, allowing for a tighter binding to associated G proteins. This tighter binding
between the GPCR and a G protein releases the GDP from the a-subunit of the G
protein, allowing the more freely available GTP to bind. The GTP-bound a-subunit
then dissociates, activating the effector enzyme, while the activated By-subunit mainly
resides and affect substrates within the membrane. Re-association of the afly complex
happens quickly when the GTP is hydrolyzed into GDP. GEFs (Guanine nucleotide

exchange factors) are able to influence the speed of this process. Agonist stimulation
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of a many GPCRs also commonly triggers receptor internalization, which is a way for
the cell to regulate the number of available receptors at any given time or for the
receptor to access additional effectors. Internalized receptors can either be stored
intracellularly, recycled back to the membrane, or degraded either via the endosomal-
lysosomal- or proteosomal degradation pathway.

Receptor activity states and agonist-dependent- and —independent function

Most GPCRs do not function as simple switches waiting for agonists to press the
button that starts the signaling process. Instead, research has shown that many
GPCRs confer ligand-independent signaling just by being expressed at the cell
surface. In a simplified scheme, a GPCR is thought of to exist in an equilibrium
between different conformational states, an inactive conformation, R, and an active
conformation, R*.

The R* state is considered to be responsible for effective G-protein activation. The
equilibrium between R and R* determines the level of ongoing constitutive GPCR
signaling. Because of the structural limitations, the equilibrium usually lies closer
towards the R state than R*. Agonist binding or site-specific mutations in the GPCRs
can shift the equilibrium towards R* leading to increased constitutive GPCR activity.
Agonists and antagonists are thought to stabilize different conformations of GPCRs;
agonists stabilize conformations closer to R* whereas antagonists stabilize
conformations closer to R. Dynamic phosphorylation and dephosphorylation of the
GPCR by kinases and phosphatases are also thought to stabilize different
conformations with different intrinsic activities. Another class of ligands that are able
to modulate the state of activation of GPCRs is called allosteric modulators. Allosteric
modulators bind to the receptor at a different site than the orthosteric binding-site
and are thus able to fine-tune a receptor response even in presence of a ligand at the
orthosteric binding-site.

By increasing receptor density, the absolute amount of R* will increase, making
recombinant overexpression a valid strategy to use when investigating both agonist
dependent- and independent GPCR signaling. The understanding of intrinsic
constitutive signaling led to the reclassification of many substances and compounds
previously considered antagonists as inverse agonists, because when intrinsic GPCR
activity was investigated, it was found to be inhibited by these compounds.

GPCR oligomerization and GPCR-interacting proteins (GIPs)

GPCRs were previously thought to exist and couple to G proteins primarily as
monomers, but research now favors the concept that many receptors have the capacity
to oligomerize, thus forming multimeric complexes (Milligan, 2007). GPCRs have
been found to form both homodimers and heterodimers with other GPCRs.
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Oligomerization has been shown to influence various receptor events such as receptor
surface maturation, internalization, ligand binding, and G protein coupling
(Somvanshi et al., 2011); (Prinster, 2005). The discovery of hetero-dimerization of
different GPCRs has unveiled a new dimension of cross talk between different
signaling pathways and possibly pharmacological entities. Notable hetero-oligomers
include PB2AR-M3R, B2AR-EP;R, B1AR-SSTR5, yOR-60R, SHT2CR-DIR,
SHT2AR-mGlu2R (Barnes, 20006).

Research has shown that the C-terminal domain of GPCRs is the predominant site
for protein-protein interactions and regulation of GPCR effects (Bockaert et al.,
2004) with more than 50 different GIPs identified at this site. Many GPCR splice
variants also show sequence variation primarily in the C-terminal tail. In addition,
this domain is also the primary site for a number of important post-translational
modifications such as palmitoylation and phosphorylation and such modifications
can influence G protein-coupling, ligand binding, internalization, resensitization and
localization (Leeb-Lundberg et al., 2005); (Ryan et al., 2008). Important GIPs
include G protein-coupled Receptor Kinases (GRKs), which commonly
phosphorylate C-terminal = serine-residues following receptor activation. Such
phosphorylation facilitates the binding of [-arrestins, which subsequently promote
receptor internalization through endocytosis (Luttrell and Lefkowitz, 2002).

Arrestins have also been shown to function as scaffold proteins; notably it is well
established that B-arrestins can function as scaffolds for components of the Mitogen-
activated protein kinase (MAPK)-cascade thus mediating MAPK activation by various
GPCRs (Luttrell and Lefkowitz, 2002). Other notable GIPs are proteins with PDZ
domains (Olalla et al., 2001). Many GPCRs have PDZ (PSD95-disc large-Zonula
occludens) recognition motifs (a.k.a. PDZ ligands) at their extreme C-terminus.
These motifs constitute important protein-protein interaction motifs and allows for
proteins with PDZ domains to bind and influence the pharmacology and/or receptor
localization of a given GPCR. Three hundred and twenty-eight different PDZ
domain proteins have been identified in the mouse genome (Lee and Zheng, 2010).
PDZ domains can be categorized into three different subtypes based on recognition
specificity: class I domains interact with C-terminal motifs X-S/T-X-® (where @
indicates a hydrophobic amino acid and X indicates any amino acid), class I domains
with @-X-® motif and class III domains with D/E-X-® motifs. Most GPCRs with
C-terminal PDZ motifs are able to bind to a number of different PDZ proteins, often
with dramatically different effects. For instance B1AR, which has a type I PDZ-motif
in its C-terminal tail (E-S-K-V), interacts with six different PDZ domain-containing
proteins, among those the membrane-associated guanylate kinases (MAGUKSs) PSD-
95 and SAP97, and another PDZ protein, MAGI-2 (He et al., 2006). PSD-95 retains
the receptor in the cell membrane in response to agonist stimulation whereas MAGI-
2 promotes receptor internalization in response to agonist. A schematic representation

of a MAGUK is seen in Figure 3 below. As different PDZ domain-containing
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proteins are expressed in different tissues, the importance of knowing the expression
status of these proteins in for example tumors can not be understated, especially since
many of them have been shown to be potent tumor suppressors and involved in

GPCR signaling and G protein-switching.

Probable binding region of SAP97
GPR30
‘Illllllllllll’ - R
Binding region Binding region
Binding region of BAR1 of AKAPS of AKAPS
S S I
N-
—
* * o
. . . Protein 4.1
Alternative splicing site Splicing site Alternative binding
splicing site region
CaM binding region
Figure 3

A schematic representation of SAP97, A MAGUK and also a GIP with several PDZ domains as well as

other anchoring and interaction domains.

Not a GIP in its literal sense, but PKA-anchoring proteins (AKAPs) are known to
dock to MAGUK proteins such as PSD-95 and SAP-97 (Colledge, 2000). One
particular AKAP might be of interest since it is known to be involved in f1AR
signaling which has a similar extreme C-terminus as GPR30 and that is AKAPS5,
which is seen in Figure 4.

AKAP5

1-170

Essential for intracellular anchoring

31-52 76-101 116-145 153-315 315-360 392-405 427

~73-103 GPCR binding domain/AKAP domain
~73-103 Approximate binding site of Adenylate Cyclases I/II/IVNNI/IX
~31-52 Binds to f-actin

Figure 4
A schematic representation of A Kinase Anchoring protein 5 (AKAP5). AKAP5 constitutively associates
with different MAGUKSs such as SAP97.
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GPR30

GPR30, also known as GPER (G protein-coupled estrogen receptor), is a GPCR that
was first cloned in Lund and subsequently in several labs around the world in 1996-
1998 (Owman et al., 1996); (Kvingedal and Smeland, 1997); (O’'Dowd et al., 1998).
Based on sequence homology, its closest relatives are the IL8-R and the AT;-R.
Therefore, it was initially speculated that GPR30 was most likely activated by an
endogenously expressed peptide. Catusse ez al. presented some evidence that the
chemokine CCL-18 regulates CXCR4 responsiveness in a GPR30-dependent manner
(Catusse et al., 2010) but no consensus regarding this has been established in the
scientific community.

In one of the cloning approaches used, HUVECs (Human Umbilical Vein
Endothelial Cells) were found to have GPR30 upregulated 8-fold by shear stress
(Takada et al., 1997). Another study, investigating GPR30 expression in breast cancer
cell lines, found that GPR30 correlated with ERa expression, suggesting that the
expression of the two receptors might be regulated by the same transcription factors
(Carmeci et al., 1997). Furthermore, in ERat" MCEF-7 cells, progestins were found to
enhance GPR30 mRNA expression, and GPR30 had an antiproliferative effect with
GPR30" cells prone be inhibited in the GO/G1 phase. Interestingly, this effect was
completely independent of the presence of any steroid hormones such as 17(3-
estradiol (E2).

GPR30 was, perhaps prematurely, deorphanized by two independent research groups
in 2005 (Revankar et al., 2005); (Thomas et al., 2005). Revankar e# a/. reported that
GPR30-GFP directly bound a fluorescent Alexa-estradiol-derivative in the ER,
whereas Thomas et al. reported GPR30-dependent tritiated estradiol binding in
plasma membrane fractions. Both these studies have caveats with lacking controls,
low amounts of specific binding as well as the use of non-standard methods.
Interestingly, they also reported that tamoxifen and ICI-182780, two of the most
clinically used anti-estrogens worldwide, apparently acted as agonists through
GPR30, in sharp contrast to their antagonistic effects on nuclear ERs. These findings
led to a number of publications where the effects of E2, which could not be abrogated
by tamoxifen or ICI-182780, were directly attributed to GPR30. Revankar ez al. also
reported sustained Ca®* signals through a PI3K-mediated pathway in response to
estrogen, whereas Thomas ez al. reported a very modest cAMP response and GTPyS
binding in GPR30-transfected cells upon E2 stimulation.

In 2004, Maggiolini et al. performed gene expression analysis of ER” SKBr3 cells and
found that C-fos and CTGF genes were specifically upregulated in response to
micromolar concentrations of E2, and that the C-fos induction was inhibited when
an anti-sense vector against GPR30 was used to silence endogenous GPR30
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expression (Maggiolini et al., 2004). Using ERK-inhibitors and EGFR-inhibitors,
they also provided evidence that the C-fos induction involved transactivation of the
EGEFR, which subsequently induced a MAPK-response. In the same article, they
reported that they were unable to induce any C-fos expression in SKBr3 cells when
stimulated with ICI-182780 or 4-hydroxy-tamoxifen (4-OHT). In 2009 however, the
same researchers found that 10uM 4-OHT (an extremely high concentration)
induced C-fos and CTGF in the same SkBr3 cells (Pandey et al., 2009), a strange
contradiction to their work five years earlier for which they gave no explanation.
Langer et al. (2010) points out additional caveats to their studies (Langer et al.,
2010), including that the 4-OHT concentrations were unusually high, and that the
genomic changes seen in response to E2 and 4-OHT are very similar to a receptor-
independent stress response, a response that has been shown to occur with 4-OHT in

such high concentrations (Morley and Whitfield, 1994).

The lack of a reliable antibody against human or murine GPR30 has made the studying of its
expression and localization a challenge. Because of this, other less sensitive methods have been
used to investigate the subcellular localization of GPR30. Revankar e# /. (2005) made use of a
GFP-GPR30 fusion-protein that they found to be retained in the ER when ectopically
overexpressed in COS-7 cells lacking endogenous GPR30. Revankar ez a/. reported no plasma
membrane localization of endogenous GPR30 in any of the investigated cell lines, including
MCEF?7, SKBr3, MDA-MB231, JEG and Hec50 when using an antiserum produced against
the C-terminus of GPR30. In stark contrast, later studies by many different research groups
have shown plasma membrane localization of GPR30 in the same cell lines. Another group
showed that Hela cells transiently transfected with N-terminally flag-tagged GPR30, a less
disruptive tag compared to GFP-tagging, do have GPR30 in the cell membrane (Funakoshi et
al., 2006). The same group also identified endogenous GPR30 in the cell membrane of
pyramidal neurons with their in house-produced polyclonal antibody. Similar results have also
surfaced from another group regarding HA-tagged GPR30 in HEK293 cells and endogenous
SKBr3 cells (Thomas et al., 2005). The discrepancies in receptor localization can be explained
by the different methods employed and by the use of unspecific antibodies, a common
problem in GPCR research (Michel et al., 2009). The use of a GFP-GPCR fusion protein is
particularly controversial, as the covalent attachment of a GFP-moiety to the C-terminal end
of a GPCR, as used by Revankar er al. (2005), will most likely interfere with GIPs that
normally bind to the C-terminus of untagged endogenous receptors. Careful comparison of
GFP-fusion proteins and epitope-tagged proteins with endogenous untagged protein should
always be performed, something that unfortunately has not always been taken in to
consideration in GPR30 research.

In 2006, Bologa et al. identified G1 as a GPR30 specific agonist through a virtual in-
silico screening. Its effects were evaluated using Alexa-labelled E2 and GPR30-GFP in
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COS-7 cells with all the mentioned caveats. G1 caused a dose-dependent sustained
Ca’ signal in transfected cells that was not detected in wild-type COS-7 cells. G15, a
structurally very similar analog of G1, was later developed as a specific antagonist for

GPR30 based on its ability to inhibit G1 effects (Dennis et al., 2009).

In 2010, Kang ez al. presented compelling evidence that G1 might not be GPR30-
specific but instead an agonist for ERa36, a splice variant of ERa. GPR30 expression
was found to induce the expression of ERa36, and specific binding of G1 to SKBr3
cells with silenced GPR30 but functional ERa36 was shown. Subsequently, Wang ez
al. (2012) presented additional evidence for GPR30-independent effects of G1 as
they observed suppression of cell proliferation and pro-apoptotic signaling in both
native and recombinant cell lines independent of GPR30 expression. Other research
groups have reported numerous GPR30-independent effects of G1 such as
microtubule reorganization (Holm et al.,, 2012), antiproliferation and apoptotic
signaling (Wang et al., 2012).

Taken together, the signaling through GPR30 is far from elucidated and caution
should be used when interpreting data obtained through the use of the proposed
agonist G1 and antagonist G15, both of which are routinely used in labs all over the
world as a means to detect GPR30-specific effects.

GPR30 and cancer

Given that GPR30 is reportedly activated by tamoxifen, and the fact that one in four
breast cancer patients with ER* tumors do not respond to anti-estrogens (Wittliff,
1984), GPR30 expression has been studied in breast cancer biopsies in a number of
studies. Filardo ez al. (2006) investigated GPR30 expression in 321 cases of primary
breast cancer as well as in normal breast tissue and found that the receptor is
expressed both in healthy and cancerous mammary tissue. They also found that
GPR30 expression positively correlates with ER expression, PGR expression, Her2
expression, tumor size, and with metastasis. Later studies have confirmed GPR30
correlation with ER, PGR and Her2 (Sjéstrom et al., 2014).

The prognostic value of GPR30 in different cancers is however not yet fully
understood as there are conflicting reports regarding survival and GPR30 expression
levels. GPR30 expression has been evaluated in cancers from other estrogenic tissues
asides from breast cancer, for instance ovarian cancer, where the authors could not see
any correlation of GPR30 with any clinicopathological factors (Kolkova et al., 2012).
The fact that tamoxifen possibly works as an agonist through GPR30 could offer an
explanation to the existence of tamoxifen-resistant ER* cancer as when a tumor
becomes more advanced, it tends to lose its ER expression.
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Aims

1. To identify/develop immunological tools and cell-based reporter assays to
monitor and explore GPER1 expression, maturation, trafficking, and
signaling in cellular model systems and breast cancer cells.

Paper LIII and IV

2. To screen natural and synthetic chemical libraries in cell-based reporter
systems for substances that can modulate receptor function by acting as
receptor agonists/antagonists and/or by perturbing receptor maturation and

trafficking.
Paper L, III, IV

3. To probe human breast cancer cells and specimens with GPERI1-specific
immunological, natural, and natural/synthetic GPER1 ligands for
identification of novel prognostic and therapeutic tools in breast cancer.

Paper I1
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Paper summaries

Paper I

This study was undertaken to develop tools and identify cellular models, both native and
recombinant, to study the cellular localization, function and regulation of GPR30.

In this article, I present studies of GPR30 expression in both overexpressing recombinant cell
lines (HeLa, HEK293, T47-D) and in natively expressing cell lines (MDCK, T47-D). To do
this, multiple plasmids coding for human and murine epitope-tagged GPR30 were created
and used and to generate stable cell lines HeLa(GPR30) and HEK(GPR30). The plasmids
were also used as crucial tools in transient transfection-based assays. Another aim was to
identify a reliable antibody specifically recognizing GPR30. No thoroughly validated antibody
against murine GPR30 has to my knowledge been identified, hampering important in-vivo
studies in mouse models.

After a lengthy searching process, we acquired and extensively validated an anti-human
GPR30 antibody. The antibody detected no receptors in naive Hela cells but specific
detection in stable HeLa(GPR30) cells, both by western blotting of cell lysates and by confocal
immunofluorescence microscopy analysis. The same results were obtained when the
experiments were repeated in stable HEK(GPR30) cells as well in transiently
transfected HEK cells. Over-expressed FLAG-GPR30 and HA-GPR30 were also
confirmed to colocalize with endogenous GPR30 in T47-D cells, validating that the
epitope-tags had no influence on subcellular localization of the receptor.

The immunoblotting profile of the receptor (both overexpressed and endogenous)
showed multiple bands of varying sizes, as can be expected of a GPCR, which are
commonly subjected to prominent post-translational modifications such as
glycosylation, phosphorylation and palmitoylation. A band of the predicted
monomeric size of the receptor (40 kDa) was identified. In addition,
immunoreactive bands of larger sizes were also present, suggesting larger multimeric
complexes. Deglycoslyation of the receptor with PNGase F reduced the monomeric
band slightly as can be expected. Counter-intuitively, the deglycosylation also yielded
a band of a larger molecular weight (100 kDa). These results strongly suggest that the
receptor is indeed N-glycosylated and that N-deglycosylation results in structural
changes in the receptor.
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GPR30-dependent cAMP signaling was also investigated in ectopically overexpressed
cells and in native cells. GPR30-overexpressing C2C12 cells and MDCK cells showed
a very weak cAMP signal in response to 17-estradiol (E2), even at extremely high
concentrations (>10“M). On the other hand, G1 caused a more reliable dose-
dependent cAMP signal. GPR30 antisense constructs against murine GPR30 and
canine GPR30 were used to establish that the signals appeared to be receptor-
dependent. In both C2C12 cells and in MDCK cells, the cAMP levels in response to
both E2 and G1 were blunted by expression of antisense constructs. A third cell line,
T47D, also responded to G1 in a dose-dependent manner, although this response was
not validated as GPR30-specific.

Of note, the amplitude of the cAMP response was significantly higher from GI
stimulation compared to E2 stimulation, indicating that E2 may not be the cognate
ligand for GPR30, since cognate ligands most often are full agonists.

As G1 was shown to produce receptor-specific responses, I also evaluated if G1 also
relocated B-arrestin  to the receptor, an early event of agonist-promoted
internalization. B-Arr2-GFP translocated to the cell membrane of MDCK cells in
response to G1 and E2 and isoproterenol, a 32-adrenergic receptor (2AR) agonist,
known to recruit B-Arr2 to in HEK293 cells and therefore used as positive controls.
However, whether these responses are truly GPR30-dependent remains to be
determined.

Examining GPR30 subcellular localization by confocal immunofluorescence
microscopy in different cell lines using our validated antibody yielded intriguing
results. I fixed MDCK cells grown on glass with 4% paraformaldehyde for fifteen
minutes. This followed some gentle washing of the cells and then some incubation
with a blocking agent including 0.1% Triton-x-100, a detergent and gentle cell
membrane perforator. It will allow antibodies to enter inside of the cell and label the
entirety of the revealed intracellular landscape. Describing the GPR30 staining in
these cells by words is challenging but is best described as web-like or cytoskeletal in
nature with the majority of receptors residing internally, with only a fraction at the
cell surface. Co-staining with known markers against ER, golgi, and tubulin showed
no apparent colocalization with those structures. In addition, the filaments did not
look as organized as actin filaments. The most similar structures I could find when
researching filamentous or cytoskeletal proteins iz silico were cytokeratins, members
of the cytoskeletal intermediate filaments. GPR30 association was confirmed by
reciprocal co-immunoprecipitation, as well as colocalization imaged by confocal
immunofluorescence microscopy, using an antibody against pan-cytokeratin in
combination with our validated GPR30 antibody. HPLC-MSMS analysis of GPR30-
immunoprecipitations also found several cytoskeletal cytokeratins (unpublished data).
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The final part of this study was to investigate the membrane trafficking of the
receptor. Cell surface receptors were labeled with antibodies directed against an
extracellular epitope of GPR30, by adding antibodies to the cell growth medium, and
incubating the cells at 37°C for 30 minutes. Following fixation and the addition of a
secondary fluorescent antibody, the membrane trafficking of receptors originating at
the cell surface were monitored.

These two different techniques, I have learnt to call “fed” and “dead”, because one
technique involves feeding antibodies to live cells, hence “fed”. “Dead”, because we
fix (kill) and gently perforate them to give the antibodies access to the whole of the
cell, before staining them with our antibodies.

Extensive constitutive internalization of the receptor occurred, with the internalized
receptors forming a web-like intracellular structure. Neither E2 nor G1 treatment had
any effect on internalization rate (data not shown). Surface labeling in presence of
sucrose to block clathrin-mediated endocytosis also confirmed the existence of a pool
of receptors residing in the plasma membrane.

To summarize, this paper shows that GPR30 localizes differently in different cell lines
and that there is a novel association of the receptor with cytokeratin filaments. The
paper also present novel results regarding high constitutive agonist-independent
GPR30 endocytosis as well as some data that G1 elicits responses that are in part
dependent on this receptor.

Paper 11

The purpose of this study was to examine whether GPR30 expression plays a role in
breast cancer. This was done correlating GPR30 expression with clinicopathological
variables and distant disease-free survival (DDES) in breast cancer biopsies gathered
from women with different stages and types of breast cancer.

Two cohorts were analyzed by immunohistochemistry (IHC), one patient group with
tamoxifen-treated stage II carcinoma, and one with a lymph node-negative and
mainly untreated patient group. IHC was done using the GPR30 antibody previously
confirmed by me to be receptor specific. I contributed minimally to sample
preparation, analysis of the tissue micro-arrays or the statistical analysis of the patient
data.

The clinical results revealed that GPR30 positively correlates with ER and PGR and
that GPR30 is an independent prognostic marker of increased 10-year DDFS in the
ER" subgroup of patients, i.e. ER" cancer patients may benefit from GPR30
expression.

33



Based on the clinical data, as well as observations that GPR30 expression tends to
decrease cell growth, I hypothesized that GPR30 expression might confer apoptotic
signaling. To test this, HEK293 cells stably expressing murine GPR30 (HEK-R) and
naive HEK293 cells (HEK) as controls were assayed for viability using the
standardized MTT assay. A significant decrease in viability was observed in HEK-R
cells compared to HEK cells. This led me to propose that GPR30 may be pro-
apoptotic.

Recent research suggests that GPR30 is degraded through the proteosomal pathway.
Therefore, I used the specific proteasomal inhibitor epoxomicin to try to increase the
total amount of GPR30 on the cell surface. Indeed, epoxomicin treatment led to
~100% increase in the amounts of surface GPR30 as quantified by FACS analysis
(not performed by me) and confocal immunofluorescence microscopy. Epoxomicin is
also a known proapoptotic stimulus, as observed by increased cytochrome C release
and cleavage of PARP (a caspase substrate) in both HEK and HEK-R cells. However,
HEK-R cells were much more sensitive to epoxomicin, as all pro-apoptotic signals
were amplified. The most prominent effect in HEK-R cells was the increased caspase
3 cleavage, whereas the HEK cells show only trace amounts in response to epoximicin
treatment. Thus, GPR30 constitutively sensitizes cells to apoptotic stimulation.

Next, I proceeded to investigate GPR30-mediated effects in an ER" breast cancer cell
line, MCEF7 cells. As MCEF?7 cells express endogenous GPR30, we created an MCF7
subclone stably expressing a GPR30-silencing vector MCF7(shGPR30) as a tool to
study the function of GPR30. As expected, the GPR30 protein level in
MCF7(shGPR30) cells is significantly lower than in MCF7 cells.

The effects of G1 and 4-OHT on pro-apoptotic signaling were also evaluated in
MCEF7 cells and MCF7(shGPR30) cells. MCF7(shGPR30) cells showed a lower basal
and agonist-induced apoptotic signaling as compared to MCF7 cells, indicating that
GPR30 has some intrinsic constitutive apoptotic signaling that can be enhanced by
Gl in a GPR30-dependent way. In addition, Gl seems to inhibit cell cycle
progression in a GPR30-dependent manner, yet another sign of apoptotic signaling
somehow involving GPR30.

To summarize, this is a translational study showing that GPR30 is pro-apoptotic in
ER" breast cancer cells, which may translate into improved prognosis for patients with
certain ER* breast tumors.
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Paper 111

Paper III describes the novel finding that Receptor Activity Modifying Protein 3
(RAMP3) directly interacts with GPR30 both in-vitro and in-vivo. This is the first
report of a RAMP protein interacting with a type I GPCR.

Considering that GPR30 has an unusually high ligand-independent internalization, I
began investigating potential GIPs that could be involved in this process. During this
time, I was given some preliminary data that GPR30 associates with RAMP3, the
most estrogen-induced gene found in the human genome. Compelling BRET results
from Dr. Caron ez al. led to the establishment of a research partnership where I would
confirm the BRET data through other means to strengthen the manuscript.

Transient transfection of HEK293 cells with a liposome-DNA mix consisting of ha-
RAMP3 and flag-GPR30 yields cells that express flag-GPR30 OR ha-RAMP3 OR a
combination of both OR none of them, since there will always be some untransfected
cells. Both "fed” and ”dead” staining of flagGPR30 and haRAMP3 was performed as
described in detail in Paper I. The confocal image chosen for the article has all of the
advantages of transient transfection, namely we can see cells that express GPR30,
RAMP3, both or none. “Dead”-staining revealed that RAMP3 expressed by itself is
expressed diffusely throughout the cytoplasm, but when expressed in a cell also
expressing GPR30, RAMP3 is found at the site of GPR30, thus colocalization is
observed. “Fed”-staining revealed that RAMP3 when expressed by itself is primarily
seen in intracellular punctae far from the cell membrane, whereas when co-expressed
with GPR30, RAMP3 seems to be retained at the cell surface at the same site as
GPR30.

Next, the implications of this interaction were investigated in-vivo in RAMP3”" and
RAMP** mice. There was a marked sex difference in the subcellular localization of
GPR30 in murine hearts where female hearts had more plasma membrane GPR30
than male hearts. In addition, loss of RAMP3 further reduced the amount of GPR30
found in the membrane fraction of both male and female hearts. Since female mice
produce more estrogen than male mice and RAMP3 is the most estrogen-induced
gene found, the sex differences in GPR30 localization in the murine heart could be
explained by the different concentrations of estrogen in male and female mice.

Finally, RAMP3"* and RAMP3” mice bred on a heart disease-prone background
were treated with G1 to examine any cardiovascular effects of GPR30 activation with
and without RAMP3. Activation of GPR30 by G1 resulted in significant reductions
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in cardiac hypertrophy and perivascular fibrosis only in hearts from RAMP** mice.
The results of this study demonstrate that GPR30-RAMP3 physically interacts and
that the interaction has functional consequences on the localization of these proteins
both in-vitro and in-vivo. Additionally, our results suggest that RAMP3 is required
for GPR30-mediated cardioprotection.

Paper IV

Because of the current controversy regarding the pharmacological profile and effector
coupling of GPR30, I took a completely unbiased approach in this study. Based in
part of the constitutive internalization of GPR30, I hypothesized investigating that
there could be constitutive receptor signaling that I was not aware of, because
internalization is often a response to activation.

Reports have occurred that GPR30 may be linked to cAMP signaling and that this
pathway is capable of regulating both apoptotic and proliferative signaling, depending
on cell type and/or tissues, we started out to investigate this pathway. We chose
HEK293 cells as it is one of the most well described model cell lines and contains all
the required effector molecules.

E2 and G1, two reported agonists for GPR30, did not change cAMP signal, however,
as I included mock-transfected cells in my assay, I noted that GPR30-transfected cells
inhibited the response to heterologous GPCR agonists, such as isoproterenol or PGE2
and even the diterpene forskolin, a direct activator of adenylate cyclases, as compared
to the mock-transfected cells. This was repeated in three different cell lines with three
different cAMP assays in two different labs. Thus, GPR30 inhibits the response of
adenylate cyclase.

Because GPR30 inhibition of cAMP production was insensitive to pertussis toxin,
and therefore not mediated by Gi-proteins, I addressed the coupling mechanism by
truncating the receptor C-terminus. This approach also removed a PDZ motif, which
often are important for receptor coupling and membrane trafficking. The truncated
receptor mutant lacks S-S-A-V in its intracellular tail but is in all other regards

identical to GPR30.

Investigating GPR30ASSAYV, I found that receptor inhibition of cAMP production
was completely dependent on this motif. In addition, GPR30ASSAYV internalized to a
much greater degree than GPR30 receptors, as determined by both confocal
microscopy and FACS analysis.

36



Therefore, the PDZ ligand recognition motif in the extreme C-terminus of GPR30 is
responsible for a blunting of adenylate cyclase activity, as well as involved in retaining
the receptor in the cell membrane.

Type I PDZ motifs are known to interact with Membrane Associated Guanylate
kinases (MAGUKSs). Co-immunoprecipitation and confocal immunofluorescence
microscopy in transiently transfected HEK293 cells using a pan-MAGUK antibody
which recognizes four related MAGUK proteins, PSD-95, Chapsyn-110, SAP97 and
SAP102 showed that GPR30 forms a complex with one or more MAGUKSs and co-

localize with these proteins in the plasma membrane.

An epitope-tagged PSD-95 plasmid was used to show that PSD-95 is one of the
MAGUKs that GPR30 interacts with. Since HEK293 cells do not express PSD-95
endogenously, we hypothesized that another MAGUK interacts with GPR30 in
HEK293 cells. The pan-MAGUK antibody recognized proteins around ~120 kDa in
GPR30-immunprecipitates from HEK293 cells, consistent with the size of SAP97. A
specific SAP97 antibody was used to immunoblot GPR30-immunoprecipitates. The
results showed that SAP97 is indeed the endogenous MAGUK that GPR30 interacts
with in HEK293 cells through its PDZ ligand recognition motif, and that this
constitutive interaction may confer attenuation in cAAMP production in these cells.

A well-known binding partner of the MAGUK proteins is AKAP5/AKAP79, a
docking protein with multiple binding sites for many important enzymes and
effectors, including PKA, PKC, CaM, PP2B/Calcineurin, PDE4 and certain
adenylate  cyclase isoforms. By  co-immunoprecipitation and  confocal
immunofluorescence microscopy colocalization studies, I showed that AKAP5 can be
co-immunoprecipitated  from  HEK(GPR30)  lysates but not from
HEK(GPR30ASSAV) lysates and that only GPR30 and not GPR30ASSAV

colocalizes with GPR30 in the plasma membrane.

Similar studies were done in MDCK cells where endogenous GPR30 was pulled
down through immunoprecipitation. Immunoreactive bands to both endogenous
MAGUKs and AKAP5 were observed, arguing strongly that this occur in more

natural cell lines with native proteins.

To examine the role of AKAPS in GPR30-mediated cAMP inhibition, we inhibited
enzymes known to be associated with AKAP5. A short peptide, st-HT31, known to
disrupt PKA-RII-AKAP interactions was acquired as a means to dissociate PKA from
AKAP5. A control peptide, identical by all means except for a functional disrupting
proline at the end of the peptide, st-HT31P, was also acquired. When GPR30-
transfected cells were pretreated with st-HT31 or st: HT31P prior to stimulation of
the cells with forskolin or isoproterenol to elevate cAMP, the GPR30 inhibition was
significantly attenuated in st-HT31-pretreated but not st HT31P cells.
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St-HT31 but not st-HT31P pretreatment also increased the already prominent
constitutive receptor internalization even further.

Colocalization studies of GPR30/GPR30ASSAV and PKA-RII were also done to
strengthen the results further. In line with previous results, PKA-RII specifically
colocalizes with GPR30 but not GPR30ASSAV, additional evidence that GPR30
forms a complex with AKAP5-PKA-RII.

To summarize, the C-terminal motif of GPR30 binds to MAGUK proteins, which in
turn binds to AKAP5. PKA-RII negatively regulates adenylate cyclase activity. Other
AKAP5-docked proteins such as PDEs and protein phosphatases may allow for a very
spatially and temporally regulated form of signaling. Even though the underlying
mechanism for GPR30-regulated cAMP signaling now has been uncovered, there are
still questions as to exactly what PKA phosphorylates and what functions the other
proteins present in the signalosome has on GPR30-mediated effects.
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Future perspectives

Through my research, I have uncovered a number of proteins that specifically interact
with the receptor GPR30. I have also identified a GPR30-dependent signaling
pathway, however there are still many unanswered questions regarding GPR30.

The discovery of the signalosome and all the associated effector molecules and
enzymes in the vicinity of GPR30 of course leads to more questions that need to be
answered. Do all these proteins have the ability to influence GPR30 in some way?
Multiple GPCRs have similar type I PDZ-motifs and therefore interact with the same
PDZ proteins. Is there ligand-specificity for different PDZ domains? What
determines whether SAP97 binds to GPR30, B1AR, SHT2A or SHT2C since they
can all bind to SAP97? Can many bind simultaneously? Do GPR30 and B1AR, since
they bind the same MAGUKS, localize to the same signalosome or are they separate?
Both MAGUKs and AKAP5 are known to oligomerize but how and to what extent?
These are some interesting questions that I would like to work with in my future
research.

Another transition I would like to make is to study GPR30 in the brain, which is the
organ with the densest population of GPR30 receptors. The quintessential MAGUK
protein, PSD-95, which I have confirmed interact with GPR30, is exclusively
expressed in the brain. Naturally, neuronal cell lines would make for much better
models to study the effects of the both proteins. Also, in the brain, there are no
cytokeratins with which GPR30 can associate. Does it instead interact with
neurofilaments?

GPR30, AKAP5, RAMP3 and PSD-95 are all proteins known to be induced by E2,
but how is the receptor truly involved in estrogen signaling? More research is needed
to finally elucidate this long-lasting question.

And lastly, the most important question to answer is still, what is the cognate ligand
of GPR30, or does it even need one?
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Populirvetenskaplig
sammanfattning

Den hir avhandlingen handlar om ett protein, en receptor, kallad GPR30. GPR30
tillhér proteinfamiljen G protein-kopplade receptorer vilka ir nédvindiga for att
celler ska kunna kommunicera med varandra och med sin omgivning. Forenklat sitt
kan de ses sitta pa ytan av en cell dir de vdntar pd att ndgonting ska binda till dem,
vilket aktiverar receptorerna och far dem att borja signalera. Vad for slags signal det
blir i slutdindan handlar om vad for slags cell det ir, vilken typ av GPCR som aktiveras
och av vad for stimuli. Ytterligare faktorer som spelar in ir vilka varianter av G-
proteiner som finns associerade med receptorerna. Beroende pa vilka, si sitter de
igang olika signalkaskader som kan fa vitt olika konsekvenser.

Férutom att plotslige aktiveras av att nagonting binder till en GPCR sé har det pa
senare dr visat sig att de flesta GPCRer har en inneboende egenaktivitet, d.v.s. istillet
for att se pd en receptor som en lampknapp si bor man se pi den som en halvt
paslagen dimmer. Hur pass uppvriden dimmern ir, det beror pa vilken GPCR man
pratar om, men den gar att vrida 4t bada hillen. Detta 4r vad man utnyttjar nir man
utvecklar likemedel som ir riktade mot GPCRer, antingen vill man stinga av deras
egenaktivitet, eller sd vill man oka den.

I artikel 1 si visar jag att GPR30 har en omfattande konstitutiv internalisering av
receptorn (d.v.s. ett stindigt flode av GPR30 frn ytan indt i cellen) samt att den kan
interagera med cytokeratiner, strukturella proteiner som bl.a. ger cellen stadga.
Internalisering av. GPCRer i4r generellt nagot som hinder efter aktivering utav en
receptor, si inflodet av receptorer kan tolkas som att GPR30 signalerar kontinuerligt
(frigan 4r bara hur), utan krav pa bindning av ligand.

I artikel 2 sa tittar vi pi mingden GPR30 i brostcancervivnad och forsdker hitta
samband mellan uttrycksniva och overlevnad. Vi fann att GPR30 ir en oberoende
prognostisk markér f6r god overlevnad hos patienter med brostcancer som uttrycker
den klassiska ostrogen-receptorn ERa. Forutom den kliniska utvirderingen si
undersokte jag dven om GPR30 méjligen medfor programmerad celldod (apoptos),
nagot som ldter hemskt men ar 6nskvirt vid cancer. En cancerforskares vata drom ir
namligen att cancerceller skall g i apoptos medan normala celler inte skall paverkas.
Vad jag sag var att celler som 6veruttryckte receptorn hade en ligre viabilitet, hade en
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rundare morfologi samt visade tecken pa proapoptotiska signaler. Samma slutsats
kunde dras nir jag upprepade forsoken i mer kliniskt relevanta brostcancer-cellinjer.

I artikel 3 s visar vi for forsta gingen pé en interaktion mellan en typ 1 GPCR
(GPR30) och Receptor Activity Modifying Protein 3 (RAMP3). Det var en
transnationell studie som vi genomférde med Dr Caron frin University of North
Carolina, Chapel Hill, USA. Med hjilp av diverse tekniker och djurstudier kunde vi
pavisa att proteinerna interagerar direkt med varandra och att RAMP3 verkar styra
membranlokaliseringen av GPR30 i hjirtat. Dessutom har detta en kardioprotektiv

effekt.

I artikel 4 som gav oss de storsta och mest omfattande resultaten fér den hir
avhandlingen presenterar jag en rad nyheter. Efter ytterligare letande efter konstitutiva
signaler sa hittade jag av en slump att celler som uttrycker GPR30 har ett dimpat svar
i en av de stora signaleringsvigarna, cAMP, som anvinds i alla celler hela tiden
kontinuerligt. Aktiviteten av denna signalvig mits oftast i mingden cykliske
adenosinmonofosfat (<(AMP) inne i cellerna. Jag tillverkade en receptormutant som
saknade de fyra sista aminosyrorna i svansen pd receptorn da vi trodde att de utgjorde
en protein-protein-interaktionsdomin, kallad PDZ-ligand, som skulle kunna vara
inblandad i detta. Mycket riktigt sa visade det sig att hela effekten var beroende pi en
intakt receptorsvans dir andra proteiner kan binda in och formedla effekten.
MAGUK-proteiner ir proteiner som kinner igen receptorer med PDZ-ligander och
ir kinda for att vara inblandade i membranlokalisering och signalering. Dirfor
testade vi en antikropp mot MAGUK-proteiner och glidjande nog hittade vi de i
samma proteinkomplex som GPR30. MAGUK-proteiner i sin tur ir kinda for att
associera med en mingd olika proteiner men bl.a. AKAP5 (A Kinase Anchoring
Protein 5). Med hjilp av en antikropp mot AKAP5 sa kunde vi sla fast att dven
AKAPS5 befanns i samma komplex. AKAPS5 ir ett slags dockningsprotein och med det
menar jag att en massa olika enzymer och effektormolekyler kan binda in till AKAPS.
Exempelvis kinaser (som fosforylerar) och fosforylaser (som defosforylerar). cAMP-
beroende proteinkinas A (PKA) ir ett kinas som sitter ihop med AKAP5. Med hjilp
av en liten peptid som stor PKA fran att binda AKAP5 kunde jag reversera
himningen av cAMP éven nir GPR30 fanns nirvarande. Mekanismen sattes i sten
ndr vi "knockade ner” AKAPS ifran celler som normalt uttrycker bade AKAP5 och
GPR30. Forsvann AKAP5 si forsvann ocksd himningen av cAMP. En ytterligare
effeke vi sag var att forbehandling med PKA-AKAP-dissocierande peptid dven gjorde
att den spontana internaliseringen 6kade. Sammanfattningsvis sa bildar GPR30 alltsa
ett komplex med bl.a. MAGUK-proteiner och AKAP5 som forankrar receptorn i
cellmembranet och samtidigt dimpar cAMP-signalering.
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ABSTRACT

G protein-coupled receptor 30 [G protein-coupled estrogen
receptor 1 (GPER1)], has been introduced as a membrane
estrogen receptor and a candidate cancer biomarker and ther-
apeutic target. However, several questions surround the sub-
cellular localization and signaling of this receptor. In native
cells, including mouse myoblast C,C,, cells, Madin-Darby ca-
nine kidney epithelial cells, and human ductal breast epithelial
tumor T47-D cells, G-1, a GPER1 agonist, and 17p-estradiol
stimulated GPER1-dependent cAMP production, a defined
plasma membrane (PM) event, and recruitment of B-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 endoplasmic reticulum, Golgi, or mi-
crotubules. Reciprocal coimmunoprecipitation 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 hemagglutinin-tagged GPER1. We
conclude that GPER1-mediated stimulation of cAMP produc-
tion and B-arrestin2 recruitment occur in the PM. Furthermore,
the PM receptors constitutively internalize and localize intracel-
lularly on CK. This is the first observation that a G protein-
coupled receptor 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.

Introduction

G protein-coupled receptor 30 (GPER1) is a GPCR that has
been proposed to be an estrogen receptor responsible for at
least some nongenomic estrogen signaling (Filardo and
Thomas, 2005; Prossnitz et al., 2008). Estrogens are impor-
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tant sex hormones in both genders that have long been rec-
ognized to act through both genomic and nongenomic mech-
anisms. The genomic mechanisms are the best described and
involve the binding of estrogens to two nuclear estrogen
receptors, ERa and ERB, which function as nuclear tran-
scription factors regulating gene expression (Heldring et al.,
2007). Membrane-associated full-length ER« also exists that
is at least in part responsible for nongenomic estrogen sig-
naling (Razandi et al., 2004).

GPERI is ubiquitously expressed in both human and ro-
dents, and GPER1-deficient mice show that this receptor
may participate in metabolic, cardiovascular, bone, and im-
mune regulation, at least in part, in an estrogen-dependent
manner (Martensson et al., 2009; Olde and Leeb-Lundberg,
2009; Windahl et al., 2009). In addition, GPER1 was found to
be associated with the growth of both breast and endometrial

ABBREVIATIONS: GPER1, G protein-coupled estrogen receptor 1; B2R, B2 bradykinin receptor; ERa, estrogen receptor «; ERpB, estrogen
receptor B; CK, cytokeratin; E2, 17B-estradiol; ER, endoplasmic reticulum; PM, plasma membrane; HEK, human embryonic kidney; MDCK,
Madin-Darby canine kidney; GPCR, G protein-coupled receptor; FBS, fetal bovine serum; PCR, polymerase chain reaction; PBS, phosphate-
buffered saline; PNGase F, peptide:N-glycanase; HA, hemagglutinin; ATCC, American Type Culture Collection; GFP, green fluorescent protein;

siRNA, short interfering RNA.
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cancers (Filardo et al., 2006; Smith et al., 2007). An agonist,
G-1, with selectivity for GPER1 over ERa and ERB, was
reported (Bologa et al., 2006) and is now being used exten-
sively to study this receptor. Furthermore, some antiestro-
gens (e.g., hydroxytamoxifen) act as agonists at this receptor
(Maggiolini et al., 2004; Thomas et al., 2005).

At the cellular level, GPER1 was reported to bind E2 with
high affinity (Revankar et al., 2005; Thomas et al., 2005) to
influence growth factor signaling pathways, including trans-
activation of the epidermal growth factor receptor, intracel-
lular Ca®* mobilization, phosphatidylinositol 3-kinase trans-
location, Src activation, extracellular signal-regulated kinase
activation, and cAMP production (Filardo and Thomas, 2005;
Prossnitz et al., 2008) and to modulate downstream tran-
scription factor networks (Pandey et al., 2009). GPER1 was
antiproliferative in ERa- and ERB-positive MCF-7 breast
cancer cells but proliferative in ERe- and ERB-negative
SkBr3 breast cancer cells (Ariazi et al., 2010), suggesting
that GPER1 function depends on the genetic environment of
the cell.

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 de-
bate, 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
GPERLI is present and acts as an estrogen receptor in the PM
(Funakoshi et al., 2006; Filardo et al., 2007), as would be
expected of a typical GPCR.

Here, we used several native cell lines to show that GPER1
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 hu-
man genome contains a total of 54 functional CK genes, of
which 37 are epithelial (Schweizer et al., 2006; Moll et al.,
2008). Filamentous CK structures form by heteromeric pair-
ing of acidic type I and basic or neutral type II CKs. Little is
still known about CK beyond structural roles, but evidence is
accumulating that CK may also serve additional roles as
signaling platforms in cell adhesion, apoptosis/survival, and
proliferation (Eriksson et al., 2009).

Materials and Methods

Cell Culture and DNA Constructs. C,C,, cells, MDCK cells,
and HeLa cells (ATCC, Manassas, VA) were grown in phenol-free
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS) (HyClone Laborato-
ries, Logan, UT) in 5% CO,, at 37°C. T47-D cells (ATCC) were grown
in RPMI 1640 media supplemented with 10% FBS and 10 pg/ml
insulin in 5% CO, at 37°C. HEK293 cells (ATCC) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS in
10% CO, at 37°C. The human GPER1 ¢cDNA was subcloned into the
pIRESpuro vector (Clontech, Mountain View, CA) containing a pu-
romycin 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 described previously (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 GPER1 antisense ¢cDNA, the mouse GPER1 sequence was

GPER1/G protein-Coupled Receptor 30 Trafficking 401
amplified from a plasmid by PCR using the following primers: upper,
5'-CAAGCGGCCGCTATGGATGCGACTACTCCAGC-3’, and lower,
5'-CAGAAGCTTAGCACTGCTGAACCTGACCT-3' containing a Notl
and a HindIII site, respectively. The insert was then cloned in
reverse orientation into the NotI/HindIII site of the pEAK12 vector.
Clones containing mouse GPER1, in reverse orientation, were iden-
tified by HindIII/NotI digestion and sequencing using the BigDye
terminator sequencing kit (PerkinElmer Life and Analytical Sci-
ences, Waltham, MA). A ¢cDNA construct of GPER1 tagged in the N
terminus with three HA epitopes in series (HGPER1) was obtained
from Missouri S&T ¢DNA Resource Center (Rolla, MO). A B-arres-
tin2-GFP ¢DNA construct was kindly provided by Dr. Marc Caron
(Duke University Medical Center, Durham, NC) (Barak et al., 1997).

HEK293 cells were transfected with FGPER1 and FB2R cDNA
using the calcium phosphate precipitate method and HeLa cells with
human GPER1 by electroporation as described previously (Kotarsky
et al., 2001). Single colonies were then chosen and propagated in the
presence of selection-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 ¢DNA, and/or GPER1 siRNA using Lipo-
fectamine and Lipofectamine PLUS (Invitrogen) or FuGENE-6
(Roche Diagnostics, Indianapolis, IN) according to the manufactur-
er’s instructions.

RNA Isolation and PCR. Isolation of RNA was performed using
a method described previously (Chomczynski and Sacchi, 1987).
¢DNA synthesis was performed using the SuperScript III First-
Strand Synthesis System for PCR (Invitrogen). The GPER1 ¢cDNA
was amplified using PCR with the following GPER1 primers: upper,
5'-TGGCTTTGTGGGCAACATCC-3', and lower, 5'-GGTGCTTGGT-
GCGGAAGAGGC-3' (mouse); upper, 5'-TCTACACCATCTTC-
CTCTTCC-3', and lower, 5-GTAGCGATCAAAGCTCATCC-3' (ca-
nine and human); the products were 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 to 1 ml of lysis buffer (0.1% Triton X-100, 10 mM
Tris-HC], pH 7.4, 150 mM NaCl, and 25 mM KCl) with complete
protease inhibitor cocktail (Roche Diagnostics). Lysates were cleared
by centrifugation at 10,000g 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, Minneapolis,
MN) coupled to protein G-Sepharose (GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK) or mouse anti-M2 FLAG agarose (Sig-
ma-Aldrich, St. Louis, MO) overnight at 4°C, and CKs were immu-
noprecipitated with mouse anti-pan CK (clone C-11), mouse anti-
CK7, or mouse anti-CK8 antibody coupled to protein G-Sepharose
(all from Sigma-Aldrich). The precipitate was washed extensively
and sequentially in the lysis buffer and in 10 mM Tris-HCl, pH 7.4.
For immunoblotting, proteins were denatured in SDS-polyacryl-
amide gel electrophoresis sample buffer including 6% B-mercapto-
ethanol for 30 min at 37°C, fractionated by SDS-polyacrylamide gel
electrophoresis, transferred to a nitrocellulose membrane, and the
membrane was blocked for at least 45 min in Tris-buffered saline 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.,
San Diego, CA), mouse anti-pan CK antibody (1:1000), mouse anti-
CK7 antibody (1:200), or mouse anti-CK8 antibody (1:200) for 1 h at
22°C. Immunoreactive bands were visualized with a chemilumines-
cence immunodetection kit using peroxidase-labeled secondary anti-
body (Invitrogen, Carlsbad, CA) according to the procedure described
by the supplier (PerkinElmer Life and Analytical Sciences).

Enzymatic Deglycosylation. To determine the presence of N-
glycosylation in FGPER1, immunoprecipitates were treated with 500
units of PNGase F (New England Biolabs, Ipswich, MA) in 10 mM
Tris-HCI, pH 7.4, for 2 h at 37°C.
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Immunofluorescence Microscopy. Cells were propagated to
approximately 50% confluence in growth media on glass coverslips,
coated with poly(D-lysine) or 0.1% gelatin (both from Sigma-Aldrich),
and then incubated in serum- and phenol-free media for at least 1 h
at 37°C before treatment. For live cell staining, live cells were incu-
bated in serum- and phenol-free media containing goat anti-GPER1
antibody (1:100) or mouse anti-M1 FLAG antibody (1:500; Sigma-
Aldrich) for 30 min at 37°C. In some experiments, live cells were
treated with 0.4 M sucrose for 60 min at 37°C before incubation with
antibody to disrupt clathrin-mediated endocytosis (Heuser and An-
derson, 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,, and 50 mM Tris-HCl, 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 contain-
ing goat anti-GPER1 antibody (1:100), mouse anti-M1 FLAG anti-
body (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 Alexa488-labeled anti-goat
antibody, anti-mouse IgG2b 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 (1:200; Sigma-Aldrich), mouse anti-GM130
antibody (1:250; BD Biosciences, San Jose, CA), mouse anti-a-
tubulin antibody (1:4000; Sigma-Aldrich), mouse pan-CK antibody
(1:1000), or mouse anti-CK7 antibody (1:200). Alexa568-labeled

anti-mouse IgG1 or anti-rabbit antibody (Invitrogen) were then
used as secondary antibodies. For B-arrestin2-GFP imaging, cells
were incubated in serum- and phenol-free with or without 1 uM
E2 (Sigma-Aldrich), 1 uM G-1 (Calbiochem, San Diego, CA), 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 (Nikon, Tokyo, Japan). Some fluorescence
images were analyzed using NIS Elements software (Nikon) and
then graphed.

cAMP Production. Cells were grown to near confluence in
six-well plates (Sarstedt, Niimbrecht, Germany). 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 of incubation at 37°C in medium containing 25 uM
rolipram (Sigma-Aldrich). Different concentrations of E2 and G-1
were added, and the cells were further incubated for 30 min, after
which the cells were lysed in 0.20 ml of ice-cold 0.1 M HCI for 30
min at 4°C, scraped, and centrifuged at 13,000g for 10 min. The
amount of cAMP in the supernatant was assayed using an EIA kit
(Cayman Chemical, Ann Arbor, MI) according to the manufactur-
er’s instructions.

Data Analysis. Data are presented as means + S.E.M. Student’s
two-tailed ¢ test for unpaired data were performed to evaluate sta-
tistical significance. P values less than 0.05 were regarded as statis-
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Fig. 1. GPERI1 expression. A, RNA from MDCK cells, T47-D cells, and C,C,, cells was isolated and cDNA synthesized and analyzed with (¢c(DNA+RT,
lane 1) and without reverse transcriptase (cDNA-RT, lane 2). B, HeLa cells without (HeLa-Ctr., lane 1) and with stable expression of human GPER1
(HeLa-GPER1, lane 2) were lysed and immunoblotted with goat GPER1 antibody (GP). C, HEK293 cells without (HEK-Ctr., lane 1) and with stable
expression of mouse FGPER1 (HEK-FGPERL1, 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 GPER1 antibody
(GP). E, mock-transfected MDCK cells (MDCK-Ctr., lane 1) and T47-D cells (T47-D-Ctr., lane 5) and MDCK cells (MDCK-HGPER], lanes 2 and 3) and
T47-D cells (T47-D-HGPER]1, 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-FGPER1, lane 2) were lysed, immunoprecipitated with M2
FLAG antibody beads, and immunoblotted with M2 FLAG antibody. Molecular mass (M,) standards (in kilodaltons), or base pairs (bp) (left side
arrows), and position of IgG heavy chain (h.c.) and light chain (l.c.) (right side arrows) are indicated. The results are representative of experiments

performed at least three times.
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tically significant. Data analysis was performed using the Prism
program (GraphPad Software Inc., San Diego, CA).

Results

GPERI1 Expression. Several native cell systems relevant
to GPER1 physiology from several species were used to study
GPERI1, including canine kidney epithelial MDCK cells,
mouse myoblast C,C,, cells, and human ductal breast epi-
thelial tumor T47-D cells. All of 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 do-
main, which was used previously to detect GPER1 (Kolkova
et al., 2010). To verify that this antibody reacts specifically
with GPER1, we immunoblotted control HeLa cells (HeLa-
Ctr.) (Fig. 1B, lane 1) and cells stably expressing human
GPER1 (HeLa-GPER1) (lane 2). No bands were observed in
HeLa-Ctr. cells, whereas major bands were observed in
HeLa-GPER1 cells. The 40- to 45-kDa band corresponds most
closely with the theoretical mass of the receptor, whereas the
lower bands (20 and 30 kDa) are probably degradation prod-
ucts thereof. To further evaluate receptor expression, control
HEK293 cells (HEK-Ctr.) (Fig. 1C, lane 1) and cells stably
expressing mouse GPER1 with the FLAG epitope inserted at
the N-terminal end (FGPER1) (HEK-FGPER1) (lane 2) were
immunoprecipitated with M2 FLAG antibody covalently cou-
pled to agarose and immunoblotted with FLAG antibody. A
receptor band at 40 to 45 kDa was present also in HEK-
FGPERI1 cells as well as a band at 20 kDa. In addition, these
cells contained receptor bands at 65 and 100 kDa and greater
that may be receptor complexes.

Immunoblotting of T47-D cell (Fig. 1D, lane 1) and MDCK
cell lysates (lane 2) with GPER1 antibody revealed bands
common to these cells at approximately 40 to 45 kDa as well
as at 30 and 50 to 55 kDa, albeit with slightly different
relative intensities. The GPER1 antibody did not recognize
the mouse receptor as determined with both mouse C,C,,
cells and HEK-FGPERI1 cells. Thus, to further evaluate the
GPERI1 antibody specificity, T47-D cells and MDCK cells
were transfected with or without a cDNA of human GPER1
containing the HA epitope at the N-terminal end (HGPER1)
and then immunoprecipitated with protein G-Sepharose with
and without precoupled GPER1 antibody. As shown in Fig.
1E (lanes 2 and 6), the GPER1 antibody recognized HGPER1
bands at 40 to 45 and 50 to 55 kDa as well as a weak band at
approximately 100 kDa in both T47-D-HGPERI1 cells and
MDCK-HGPERLI cells that were absent in mock-transfected
T47-D-Ctr. and MDCK-Ctr. cells (lanes 1 and 5) and immu-
noprecipitates 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 to 55
kDa, in part overlapping with the IgG heavy chain, and at
approximately 65 and 90 to 100 kDa (Fig. 1F, lane 2) that
were absent in mock-transfected MDCK- Ctr. cells (Fig. 1F,
lane 1). Thus, FGPER1 migrates in part differently in MDCK
and HEK293 cells with a band at 40 to 45 kDa in the former
cells and a band at 50- to 55-kDa band in the latter cells.
However, the presence of a 50- to 55-kDa band also in
HEK293 cells was indicated after PNGase deglycosylation
(see below). On the other hand, HGPERI1 clearly migrates at
both masses. Thus, GPER1 seems to reside on proteins of 40
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to 45 and 50 to 55 kDa as determined with GPER1 antibody,
which reacts with the native receptor, FLAG antibody, which
reacts with FGPER1, and HA antibody, which reacts with
HGPERI1. Receptor immunoprecipitates also enriched for a
higher mass receptor form(s) at approximately 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 im-
munoreactive GPCR species is typical and often caused by
variations in receptor N-glycosylation. To address this mod-
ification as a basis for GPER1 heterogeneity, FLAG immu-
noprecipitates from HEK-FGPER1 cell lysates were N-degly-
cosylated with PNGase F and then immunoblotted with
FLAG antibodies. Surprisingly, PNGase F treatment re-
sulted in a dramatic decrease in the intensities of the 20-, 40-
to 45-, 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 degly-
cosylation. A decrease did occur in the mass of a FLAG-
specific protein corresponding to that of the IgG heavy chain
(50-55 kDa) supporting the presence of a receptor band here
also in these cells. Similar changes occurred upon PNGase F
treatment of FGPER1 immunoprecipitates from lysates of
MDCK-FGPERL1 cells and T47-D-FGPER1 cells (Fig. 2B),
again with the notable decrease in mass at 50 to 55 kDa.
These results show that the receptor is N-glycosylated and
that this modification has additional effects on the physical
properties of the receptor, at least FGPERI1.

GPER1-Mediated cAMP Production. G-1, a substance
reported previously to be an agonist on GPER1-mediated
intracellular Ca®" signaling (Bologa et al., 2006), dose-de-
pendently increased cAMP production in a saturable manner in
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Fig. 2. GPER1 N-glycosylation. A, HEK293 cells stably expressing mouse
FGPER1 (HEK-FGPER1) 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-FGPERL1, lanes 1 and 2) and T47-D cells (T47-D-FGPER1, lanes
3 and 4) transiently transfected with FGPER1 ¢cDNA were lysed, immu-
noprecipitated 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 standards (in kilodaltons) (left side
arrows) are indicated. The results are representative of experiments
performed at least three times.
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mouse C,Cy, cells with an EC;, value of 282 = 52 nM (Fig. 3A).
E2 also potently stimulated cAMP production in these cells
with an ECj, value of 1.8 = 0.3 nM (Fig. 3A). However, the
maximal response, or efficacy, of E2 was only approximately
10% of that of G-1. To address the dependence of these
responses on GPER1, we transiently transfected C,C,, cells
with a mouse antisense GPER1 cDNA construct used previ-
ously and validated in detail (Ahola et al., 2002; Revankar et
al., 2005). The G-1- (Fig. 3B) and E2-promoted responses
(Fig. 3C) were both inhibited by this antisense construct. G-1
and E2 also stimulated cAMP production in MDCK cells with
relative efficacies and potencies similar to those in C,C,,
cells (Fig. 3D). A canine GPER1-specific siRNA, but not a
scrambled nonspecific siRNA, 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 p-Arrestin2 Recruitment. Receptor-
mediated cAMP production is a PM-dependent event. To
further address the subcellular localization of GPER1 signal-
ing, we analyzed the distribution of B-arrestin2, a regulatory

A
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and signaling effector protein that physically associates with
many GPCRs at their site of function. Consistent with cAMP
signaling, G-1 and E2 increased p-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 B,-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 additional evidence that
GPERI1 functions at least in part in the PM. Even though
only semiquantitative, this assay further suggests that G-1
and E2 exhibit similar efficacies on this response.
Subcellular GPERI1 Trafficking. Limited detailed stud-
ies have been done to localize GPER1 subcellularly in native
cells. To do so, we performed confocal immunofluorescence
microscopy using the GPER1 antibody. The dependence of
antibody reactivity on GPER1 expression was again con-
firmed by positive staining in HeLa-GPER1 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 com-
mon in overexpressed recombinant GPCR cell systems and is
often due to saturation of maturation mechanisms (Fig. 5A).
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then assayed for cAMP production. B and C, C,C,, cells were transfected with a mouse GPER1 antisense construct (+AS) or empty vector (—AS),
stimulated without (Control) or with 1 uM G-1 (B) or 1 uM E2 (C) for 30 min at 37°C and then assayed for cAMP production. D, MDCK cells were
stimulated with increasing concentrations of G-1 or E2 for 30 min at 37°C and then assayed for cAMP production. E, MDCK cells were transfected
with a canine GPER1 siRNA (GPER1 siRNA) or scrambled siRNA (Scr siRNA) construct, stimulated without (Control) or with 1 uM 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
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The specificity of the antibody for GPER1 was further under-
lined by colocalization of GPER1 antibody and FLAG anti-
body 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). Costaining of GPER1 and
HGPER1 with the GPER1 antibody could not be done be-
cause both receptor constructs are of human origin and are
thus recognized by this antibody. It is noteworthy that the
intracellular costaining had a web-like appearance in all cells,
suggesting receptor localization on a cytoskeletal structure.
Staining of endogenous GPER1 with the GPER1 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 Fig. 1). Staining also
occurred under live conditions at 37°C, providing direct evi-
dence 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 intracel-
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Fig. 4. GPER1-mediated B-arrestin2 recruitment. MDCK cells tran-
siently transfected with B-arrestin2-GFP ¢cDNA were stimulated without
(Control) or with 1 uM G-1, 1 uM E2, or 1 uM isoproterenol (ISO) for 30
min at 37°C. Images of fixed cells were collected using a Nikon Eclipse
confocal microscope with 60X objective and 50 um zoom. Arrows indicate
cellular distance that was analyzed for changes in B-arrestin2-GFP flu-
orescence 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.
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lular, showing that the PM receptors undergo constitutive
endocytosis (Fig. 5C). The live intracellular staining exhib-
ited 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-
FGPER1 cells. Fixed staining with M1 FLAG antibody
showed that FGPER1 was present primarily intracellularly
(Fig. 5C), similar to HeLa-GPER1 cells (Fig. 5A). Live stain-
ing was again observed, indicating the presence of PM recep-
tors also in these cells. Similar to MDCK cells, the live
staining was almost exclusively intracellular, again showing
constitutive receptor internalization (Fig. 5D). The live stain-
ing in HEK-FGPERI1 cells was punctate rather than web-
like, which again may be due to the heterologous nature of
this overexpressed recombinant cell system. Incubating cells
in the absence of serum for 24 h did not change the live
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 before
antibody incubation with hyperosmotic sucrose for 30 min,
which blocks endocytosis by yielding abnormal clathrin
polymerization, resulting in empty microcages in the mem-
brane (Heuser and Anderson, 1989) (Fig. 5D). The live intra-
cellular staining was not caused by nonspecific uptake of the
antibody or antibody-promoted receptor internalization be-
cause GPCRs vary in their ability to generate such staining
as described previously by us (Enquist et al., 2007). Indeed,
FLAG-tagged B2 bradykinin receptors (FB2Rs) stably ex-
pressed 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
(GPERI1 antibody and M1 FLAG antibody) show that at least
a fraction of the cellular GPERL1 is localized in the PM and
undergoes constitutive endocytosis to populate intracellular
structures.

Subcellular GPER1 Localization. Antibodies against
various subcellular marker proteins were then used to deter-
mine the intracellular localization of GPERI in native cells.
Intracellular GPER1 staining in MDCK cells was not associ-
ated with ER, as determined by the lack of overlap with
calnexin staining (Fig. 6A). In addition, 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 costaining with a-tu-
bulin staining showed that this structure is not microtubules
(Fig. 6B). In addition, receptor staining seemed too disorga-
nized 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
cells (Fig. 6C). The pan-CK antibody that was used recog-
nizes 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 localized in the PM and intracel-
lularly at least in part on CK intermediate filaments but not
in the ER, Golgi, or on microtubules.

GPER1-CK Association. GPER1-CK association was fur-
ther addressed by coimmunoprecipitation. Immunoblotting
of MDCK and T47-D cells with anti-pan-CK antibody re-
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Fig. 5. Subcellular GPERI trafficking. A, HeLa cells without (HeLa-Control)
and with stable expression of human GPER1 (HeLa-GPER1) were fixed and
permeabilized before incubation with goat GPER1 antibody (GPER1) and rab-
bit calnexin antibody (calnexin). B, T47-D cells transfected with human GPER1
and FGPER1 (T47-D-GPERI/FGPER1) or FGPER1 and HGPER1 (T47-D-
FGPERVHGPER1) were fixed and permeabilized before incubation with goat
GPERI1 antibody (GPER1), mouse FLAG antibody (FLAG), and/or mouse HA
antibody (HA). C, MDCK cells (MDCK) were fixed and permeabilized before
incubation with GPER1 antibody (GPER1, fixed) or preincubated live with
GPERL1 antibody for 30 min at 37°C before fixation and permeabilization
(GPERL, live). D, HEK293 cells stably expressing mouse FGPER1 (HEK-FG-
PER1) and human FB2R (HEK-FB2R) were fixed and permeabilized before
incubation with mouse M1 FLAG antibody (FGPERI, fixed; FB2R, fixed) or
preincubated live without (FGPERL, live; FB2R, live) or with 0.4 M sucrose for
60 min (FGPER1, live + sucr) or 1 uM bradykinin for 30 min (FB2R, live +
agonist) at 37°C before incubation with M1 FLAG antibody for an additional 30
min at 37°C. The cells were then fixed and permeabilized. In A to D, cells were
subsequently incubated with secondary donkey anti-goat, rabbit anti-mouse, or
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vealed that both cells express CKs at masses of 50 to 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 ex-
pected of a breast cancer epithelial cell line. Typical of a
simple epithelial cell, T47-D cells expressed the basic type-II
CKs CK8 (Fig. 7A, lane 3) and CK7 (lane 4), often as dou-
blets, and as reported previously (Ferrero et al., 1989). Even
though MDCK cells have been reported to express CK8 (Pol-
lack 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 immuno-
precipitates 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 anti-
body 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 cells (lane
4) and CKS8 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, for example, GPER1. Indeed, pan-CK immu-
noprecipitates from T47-D cells contained a GPER1 anti-
body-reactive band at approximately 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). Weaker bands at approximately
50 kDa occasionally appeared in protein G-Sepharose precip-
itates (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 GPER1 immunoprecipitate (Fig. 7E, lanes 3 and 4).

FLAG immunoprecipitates of MDCK-FGPER1 cells also
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-FGPER1
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 im-
munoblotting with both GPER1 antibody for the native
receptor (Fig. 7, C-E) and FLAG antibody for FGPER1
(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 associate with CK
intermediate filaments.

Discussion

Here, we investigated the subcellular distribution and sig-
naling of GPER1 expressed endogenously in a series of patho-
physiologically relevant cell lines from various species, in-
cluding MDCK cells, T47-D cells, and C,C,, cells. GPER1
was localized both in the PM and on intracellular cytoskel-
etal structures. The PM receptors were subject to relatively

mouse anti-rabbit ALEXA488- or ALEXA568-labeled antibody. The indi-
vidual and merged (Merge) images were collected using a Nikon Eclipse
confocal microscope, 60X objective, 50 pm zoom. The results are repre-
sentative of experiments performed at least three times.
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rapid constitutive endocytosis to reach such structures.
These structures were identified at least in part as CK inter-
mediate filaments, including those composed of CK7 and
CKS8, but not ER, Golgi, or microtubules. The GPER1 agonist
G-1 and E2 stimulated GPER1-dependent cAMP production
and B-arrestin2 recruitment to the PM. We conclude from
this study that GPER1 couples to cAMP and B-arrestin2
signaling in the PM and associates intracellularly with CK,
the latter of which may be a mechanism for subcellular
redistribution of the receptor after endocytosis.

The subcellular localization of GPER1 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 ex-
pressed 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 al., 2006) to claim that the
receptor localized in the PM but reached intracellular com-
partments 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 nontagged receptor to

GPER1 calnexin

Merge

Fig. 6. Subcellular GPER1 localization. A to D, MDCK cells (MDCK) or
T47-D cells (T47-D) were fixed and permeabilized before incubation with
goat GPER1 antibody (GPER1), rabbit calnexin antibody (calnexin),
mouse a-tubulin antibody (e-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 AL-
EXA488- 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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claim that the receptor is more or less exclusively localized
intracellularly in the ER (Revankar et al., 2005; Otto et al.,
2008). Another 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 local-
ized in the ER (Funakoshi et al., 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 al., 2006; Brailoiu et al.,
2007; Sakamoto et al., 2007; Matsuda et al., 2008; Otto et al.,
2008; Lin et al., 2009). Even though not emphasized, many of
these reports, however, also show significant intracellular
immunoreactivity not associated with either of these struc-
tures. Only in one study was PM localization of endogenous
GPERI 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 cells
with a GPER1 siRNA (Thomas et al., 2005).

In this study, using an antibody that we confirmed to be
specific for GPER1, immunostaining of fixed cells showed
that endogenous GPERI1 is localized both at the cell pe-
riphery and intracellularly in MDCK cells and T47-D cells.
Furthermore, human GPER1, mouse FGPER1, and human
HGPERI colocalized on the same cytoskeleton-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-FGPERI1 cells with
FLAG antibody. Live staining of MDCK cells and HEK-
FGPER1 cells also showed that the PM receptors can reach
intracellular structures via constitutive endocytosis. In
MDCK cells, live and fixed staining had the same cytoskel-
eton-like patterns, suggesting, at least in part, that the
constitutively internalized receptors give rise to such
staining.

Three experimental observations led us to conclude that
at least a portion of the cytoskeleton-like receptor staining
represents receptors associated with CK intermediate fil-
aments, including 1) colocalization of GPER1 and CK
staining as determined by confocal immunofluorescence
microscopy, 2) identification GPER1 staining on filamen-
tous structures projecting between the nuclear membrane
and the PM, and 3) reciprocal coimmunoprecipitation of
GPER1 and CK, including CK7 and CK8. To our knowl-
edge, this is the first observation that a GPCR is capable of
reaching and interacting with intermediate filaments.
CK7 and CK8 are simple-epithelial ductal-type CKs that
are widely distributed and often coexpressed. Little is
known about CK7, which usually pairs with CK19, but the
related CK8, which pairs with CK18, has been shown to
associate with the external leaflet of the PM in cancer cells
(Gires et al., 2005). In addition, CKs are necessary for
membrane incorporation of glucose transporters 1 and 3
(Vijayaraj et al., 2009). One suggestion is that endocytic
vesicles use CK filaments to redistribute GPER1 to unique
functional locations in the cell such as cell-cell or cell-
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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).

GPERI1 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 com-
plexes, glycosylation, and degradation. The receptor mono-
mer appears to be a 40- to 45-kDa protein as observed in both
native and recombinant cells. The relationship of this protein
to the 50- to 55-kDa receptor protein is not clear, but the
latter may in part be a glycosylated form of the former be-
cause it decreased in mass upon PNGase F treatment. The
100-kDa receptor band identified primarily in receptor immu-
noprecipitates may be a detergent-resistant receptor dimer or a
monomer interacting with another protein. It is noteworthy
that the 100-kDa band was the primary receptor band enriched
in CK immunoprecipitates, suggesting that it is this receptor
form that interacts with CK. On the other hand, CK may serve
as a scaffold for receptor interactions with other proteins. Some

A

evidence was obtained that N-glycosylation plays a role in re-
ceptor interactions, at least for FGPER1, because PNGase
treatment increased the amount of the 100-kDa FGPER1 band
apparently at the expense of the lower mass bands. One expla-
nation is that N-deglycosylation makes the proteins in the im-
munoprecipitate more hydrophobic, thus promoting complex
formation. On the other hand, 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 is interesting to note
that CK intermediate filaments associate with proteasomes
(Olink-Coux et al., 1994), and ER« is degraded via a ubiquitin-
proteasome pathway involving receptor association with CK8
and CK18 (Long and Nephew, 2006).

The localization of GPER1 signaling is also a matter of
debate. Using recombinant cell systems and membrane-
permeable and -impermeable E2 analogs, GPER1 was pro-
posed 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 mem-
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Fig. 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
immunoblotted 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 immunoblotted 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 (in
kilodaltons) (left side arrows) are indicated. The results are representative of experiments performed at least three times.
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brane-impermeable E2 analogs, E2-stimulated PM GTPyS
binding, and GPER1-dependent PM E2 binding (Filardo et
al., 2002, 2007; Thomas et al., 2005). On the other hand,
ER-associated signaling was based on the identification of
GPERL1 in this compartment in some cells and stimulation
of intracellular Ca®* signaling and PI3-kinase transloca-
tion 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-me-
diated extracellular signal-regulated kinase signaling as
shown previously for other receptors (Galandrin and Bou-
vier, 2006). Thus, we conclude that it is in the PM that
GPERL1 couples to G/adenylate cyclase and B-arrestin2 in
native cells. Whether GPERL1 is able to couple to other sig-
nals in other subcellular compartments such as intermediate
filaments remains an open question. It is noteworthy that 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 partial agonist or G-1 as a superagonist on
this response. Although our assay of p-arrestin2 recruitment
is only semiquantitative, the efficacies of G-1 and E2 on this
response seemed to be approximately equal. Thus, E2 may
exhibit biased signaling at GPER1 (i.e., full agonist on B-ar-
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Fig. 8. Recombinant GPERI1-CK association. MDCK cells without
(MDCK-Ctr.) and with transient transfection of FGPER1 ¢DNA (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 (in kilodaltons) (left side arrows)
are indicated. The results are representative of experiments performed at
least three times.
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restin2 recruitment and partial agonist on cAMP produc-
tion), a behavior described for agonists at several other
GPCR (Kenakin, 2007), including receptors coupled to both
cAMP and pB-arrestin signaling (Galandrin and Bouvier,
2006).

In summary, we show that GPER1 is localized and signals
via cAMP production and pB-arrestin2 recruitment in the PM.
Receptors also 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). Consid-
ering that GPER1 influences growth factor signaling path-
ways (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 al., 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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Abstract

Purpose: G protein-coupled estrogen receptor 1 (GPER1), previously named GPR30, is a membrane
receptor reported to mediate nongenomic estrogen responses. We investigated if GPER1 expression
correlates with any clinicopathologic variables and distant disease-free survival (DDES) in patients with
breast cancer, if any prognostic impact of the receptor is dependent on estrogen receptor-o. (ER-o) status, and
if the receptor impacts apoptotic signaling in ER-positive breast cancer cells.

Experimental Design: GPER1 expression was analyzed by immunohistochemistry in breast tumors from
273 pre- and postmenopausal stage II patients, all treated with adjuvant tamoxifen for 2 years (cohort I)
and from 208 premenopausal lymph node-negative patients, of which 87% were not subjected to any
adjuvant systemic treatment (cohort IT). GPER1-dependent proapoptotic signaling was analyzed in MCF7
cells with and without GPER1 knockdown, T47D cells, HEK293 cells (HEK), and HEK stably expressing

GPER1 (HEK-R).

Results: GPER1 positively correlates with ER and progesterone receptor expression. Multivariate analysis
showed that GPER1 is an independent prognostic marker of increased 10-year DDFS in the ER-positive
subgroup. HEK-R has higher basal proapoptotic signaling compared with HEK including increased

cytochrome C release, caspase-3 cleavage, PARP cleavage, and decreased cell viability. Treating HEK-R
with the proteasome inhibitor epoxomicin, to decrease GPER1 degradation, further increases receptor-
dependent proapoptotic signaling. Also, GPER1 knockdown decreases basal and agonist-stimulated

proapoptotic receptor signaling in MCF7 cells.

Conclusions: GPER1 is a prognostic indicator for increased DDFS in ER-positive breast cancer, which
may be associated with constitutive GPER1-dependent proapoptotic signaling in ER-positive breast cancer

cells. Clin Cancer Res; 19(7); 1681-92. ©2013 AACR.

Introduction

Breast cancer is the most common female cancer consti-
tuting about 30% of all cancers in women (1). This cancer is
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aheterogeneous disease with several subtypes with different
biologic characteristics and clinical behaviors, which are
traditionally divided on the basis of the presence of 3
receptors, estrogen receptor-o. (ER-ot), progesterone recep-
tor (PgR), and HER2 (2). The presence of ER and HER2
allows targeted therapeutic intervention by blocking pro-
liferative ER and HER2 signaling. Endocrine therapy with
antiestrogens, for example, tamoxifen, has long been a
therapeutic choice for all stages of ER-positive breast cancer.
Tamoxifen acts by interfering with proliferative genomic
estrogen signaling at ER, which functions as a nuclear
transcription factor to regulate gene expression (3). How-
ever, a significant number of ER-positive breast cancers fail
to respond to tamoxifen treatment (4) emphasizing the
necessity for other therapeutic targets in this cancer.

G protein-coupled estrogen receptor 1 (GPER1), former-
ly known as GPR30 as an orphan, is a G protein-coupled
receptor (GPCR) structurally distinct from ER that was
reported to bind 17B-estradiol (E2) with relatively high
affinity and to mediate nongenomic responses to estrogen
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Translational Relevance

G protein-coupled estrogen receptor 1 (GPER1) is a
novel putative membrane estrogen receptor (ER). Here,
we investigated whether GPER1 correlates with any
clinicopathologic variables and distant disease-free sur-
vival (DDFS) in patients with breast cancer. Two cohorts
of patients with breast cancer were studied, one with
stage II carcinoma subsequently treated with tamoxifen
and another with lymph node-negative carcinoma sub-
sequently mainly not treated with tamoxifen. GPER1
positively correlated with ER-o. and progesterone recep-
tor expression and with increased DDFS in ER-positive
cancer. GPER1 was constitutively proapoptotic in ER-
positive breast cancer cells. Therefore, GPER1 may be a
novel prognostic marker in breast cancer, and enhancing
GPER1-dependent proapoptotic signaling may be a ther-
apeutic avenue in this disease.

invivo (5-7) and in vitro (8, 9) and to tamoxifen in vitro (10,
11). However, the designation of E2 as the cognate GPER1
ligand is debated (12, 13). Nevertheless, GPER1 correlates
with ER and PgR expression in breast tumors (14-17) and
coimmunoprecipitates with ER in ER- and PgR-positive
MCF?7 cells (18), suggesting that GPER1 and ER are func-
tionally related. GPER1 knockdown enhances E2-stimulat-
ed cell proliferation in MCF7 cells (17), and progestin-
promoted GPER1 upregulation is required for the antipro-
liferative progestin response in these cells (19, 20). Because
this occurs apparently independently of E2 (19, 20), GPER1
may be constitutively antiproliferative in ER-positive breast
cancer cells. Indeed, GPER1 is constitutively apoptotic in rat
cardiac cells (21), and E2-regulated GPER1 activity is either
proapoptotic (22, 23) or antiapoptotic (24, 25) depending
on the system studied.

Here, we investigated if GPER1 correlates with any clin-
icopathologic variables and distant disease-free survival
(DDFS) in patients with breast cancer, if any prognostic
impact of the receptor is dependent on ER status, and if the
receptor impacts apoptotic signaling. Our results show that
GPERI1 correlates positively with ER and PgR expression, but
not with HER2 expression, associates with increased DDFS
in ER-positive breast cancer and is constitutively apoptotic
in ER-positive breast cancer cells. Thus, GPER1 may be an
interesting new prognostic marker and therapeutic target in
ER-positive breast cancer.

Materials and Methods

Patients

Cohort I consisted of 273 patients, including 56 (21%)
premenopausal and 217 (79%) postmenopausal (median
age 62 years; range, 26-81), with stage II (pT2pNOpMO,
pT1-2pN1pMO) breast carcinoma diagnosed in the South
Sweden Health Care Region (1985-1994). The patients had
previously been selected from 2 randomized clinical trials
(26, 27) to compare methods for evaluation of hormone

receptor status (28). All patients were operated with mod-
ified radical mastectomy or breast-conserving surgery with
axillary lymph node dissection (level I and II). After breast-
conserving surgery, radiotherapy (50 Gy) was given to the
breast. In patients with axillary lymph node metastases,
locoregional radiotherapy was also administered. All patients
were treated with tamoxifen for 2 years, irrespective of ER
status. The median follow-up was 6.1 years for the endpoint
DDEFS for patients alive and free from distant metastases at
the last review of the patients’ records. No patients received
any systemic adjuvant therapy besides tamoxifen.

Cohort II consisted of 237 premenopausal women with
node-negative breast carcinoma diagnosed in the South
Sweden Health Care Region (1991-1994). In 14 cases, no
paraffin blocks were retrieved, 6 cases were excluded because
of problems in preparation or staining, and 9 cases were
excluded as the material only contained normal breast tissue
or carcinoma in situ. Of the analyzed 208 patients (median
age 47; range, 30-57), all patients received breast surgery
and in most cases postoperative radiotherapy. Of these, 180
patients received no adjuvant systemic therapy after surgery,
7 patients received tamoxifen (20 mg daily for 5 years), 1
patient was oophorectomized, and 20 patients received
chemotherapy (cyclophosphamide, methotrexate, and 5-
fluoruracil i.v. 9 cycles). The median follow-up was 10.8
years for the endpoint DDFS for patients alive and free from
distant metastases at the last review of the patients’ records.
Information on clinical outcome and patient- and tumor-
related factors were reported previously (29).

Preparation of tissue microarrays

Tissue microarrays (TMA) were prepared from paraffin-
embedded blocks using a manual arrayer (Beecher Instru-
ments). Two 0.6-mm cores were taken from representative
areas of each primary tumor block and transferred into a
recipient paraffin block, constituting the TMA block. Sec-
tions (4 pm) were cut from each TMA block and placed on
glass slides (Menzel Superfrost Plus) and dried at 60°C for
2 hours.

Immunohistochemical staining

Deparaffinization and pretreatment was conducted in PT-
Link (Dako) with Target Retrieval Solution pH 6. After
blocking with peroxidase block $2023 (Dako) for 5 min-
utes, the slides were incubated with GPER1 antibody (R&D
System, 1:50) for 60 minutes and then with K0690 (Dako)
with a biotinylated secondary antibody followed by strep-
tavidin-horseradish peroxidase (HRP). Peroxidase/DAB
was used for visualization. Nuclear staining with Mayer’s
hematoxylin was done for contrast. These steps were carried
out in an Autostainer plus staining machine (Dako). The
slides were then washed in tap water for 10 minutes and
dehydrated with ethanol and xylene. Glass coverslips were
mounted with Pertex mounting medium.

Evaluation of immunohistochemical staining
Immunohistochemical staining was examined by light
microscopy without knowledge of clinical and tumor
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characteristic data. GPER1 antibody staining was estimated
semi-quantitatively as the fraction of stained tumor cells
(0%-1%, 2%-10%, 11%-50%, and 51%-100%) and the
intensity of stained tumor cells was scored (0, no; 1, very
weak; 2, weak; 3, moderate; and 4, strong). Two individuals
examined all stained samples and final consensus was
reached in any discrepant cases. In cohort I, 24 (8.8%)
showed 0%-1% stained cells, 1 (0.4%) 2%-10%, 5 (1.8%)
11%-50%, and 243 (89%) more than 50%. In terms of
staining intensity, 24 (8.8%) were judged negative (level 0),
38 (13%) very weak (level 1), 125 (46%) weak (level 2), 75
(28%) moderate (level 3), and 11 (4%) strong (level 4). In
cohort II, 20 (9.6%) showed 0%-1% stained cells, 2 (1%)
2%-10%, 0 (0%) 11%-50%, and 186 (89%) more than
50%. In terms of staining intensity, 20 (10%) were level 0,
69 (33%) level 1, 87 (42%) level 2, 23 (11%) level 3, and 9
(4%) level 4.

Cell culture and DNA constructs

HeLa cells [American Type Culture Collection (ATCC)]
and cells stably expressing GPER1 were made and grown as
previously described (30). HEK293 cells (ATCC; HEK) and
HEK stably expressing GPER1 tagged in the N terminus with
the FLAG epitope (HEK-R) were made and grown as pre-
viously described (31). HEK were transiently transfected
with cDNA for GPER1 tagged in the N terminus with the
FLAG epitope (FGPER1) using TransIT-293 (Mirus). MCF7
cells (ATCC) were grown in Dulbecco’s modified essential
medium supplemented with 10% FBS in 5% CO, at 37°C.
Two days before experimentation, cells were grown in 5%
charcoal-treated FBS. MCF7 cells were infected with GPER1
short hairpin RNA (shRNA) lentiviral particles and stable
clones were enriched using puromycin as described by the
supplier (Santa Cruz).

Immunoblotting

Immunoblotting was done as previously described (32).
Membranes were probed with antibodies from R&D Sys-
tems (GPER1), Sigma-Aldrich (M2 FLAG, B-actin), Biovi-
sion (cytochrome C), Cell Signaling (cleaved caspase-3,
PARP, and ubiquitin), and Santa Cruz [p-ERK1/2, extracel-
lular signal-regulated kinase (ERK)1/2, and p53]. Immu-
noreactive bands were visualized with a chemilumines-
cence immunodetection kit as described by the supplier
(GE Healthcare).

Flow cytometry analysis

For cell surface receptor analysis, cells were collected and
washed twice with ice-cold buffer (PBS with Ca®*/Mg”" -
containing 10% FBS). Cells were resuspended in cold buff-
er, counted, and aliquoted at 5 x 10° cells/mL. The cells
were then incubated with mouse M1 FLAG antibody (Sig-
ma-Aldrich) at 4°C for 20 minutes, followed by further
incubation with goat anti-mouse allophycocyanin (APC)-
conjugated antibody (Life Technologies) at 4°C for 30
minutes in the dark. The cells were then fixed in PBS
containing 2% formaldehyde before analysis by flow cyto-
metry. The geometric mean fluorescence in the APC channel

for stained cells was measured by fluorescence-activated cell
sorting (FACS) analysis on an LSRFortessa (BD Biosciences)
using FACSDiva software version 6.1.2 (BD Biosciences) for
data collection. FlowJo software version 7.6.4 (Tree Star)
was used for analysis. For each sample, 3 x 10 events were
collected and forward scatter (FSC) and side scatter (SSC)
gates were set on the cell population. For all samples, greater
than 85% of the events fell within the FSC/SSC gate.
Statistical analysis was done using Excel software (Microsoft
Office 2007).

For cell-cycle analysis, collected cells were briefly fixed for
30 minutes with 4% formaldehyde on ice. Cells were
permeabilized by adding 5 mL of cold 70% ethanol drop-
wise while vortexing. Samples were stored at —20°C until
staining with propidium iodide (PI)/RNase staining buffer
(BD Biosciences) for 15 minutes at room temperature. Cell-
cycle profiles were collected on 3 x 10 events per sample
using the LSRFortessa (BD Biosciences). For data collection,
FACSDiva software ver. 6.1.2 (BD Biosciences) was used.
Statistical analysis was done using Excel software (Microsoft
Office 2007).

Immunofluorescence microscopy

Fixed HEK transiently transfected with FGPER1 ¢cDNA
were stained and visualized using M1 FLAG antibody (Sig-
ma-Aldrich) as primary antibody and Alexa488-labeled
mouse immunoglobulin G (IgG)2b (Invitrogen) as second-
ary antibody, and images were collected using a Nikon
Eclipse confocal fluorescence microscope as previously
described (31). An antibody against endogenously
expressed cytokeratin 8 (Sigma-Aldrich) and a secondary
Alexa568-labeled mouse IgG1 antibody (Invitrogen) were
used to distinguish transfected from untransfected cells.

Cell viability

Morphologic changes and nuclear staining of cells with
Hoechst 33342 were determined by phase-contrast and
fluorescence microscopy using a Leica 6000 B microscope.
Cell viability was monitored by the conversion of MTT to
formazan.

Statistical analysis

DDFS was visualized using the Kaplan-Meier method
and the influence of GPER1 intensity (on 5 levels) on DDFS
was tested using a log-rank test for trend. The Cox propor-
tional hazards model was used for estimation of univariate
and multivariate HRs and to investigate interactions
between GPER1 and ER. GPER1 intensity on 5 levels (coded
as 0-4) and age were used as linear covariates (i.e., test for
trend), whereas all other factors were used as dichotomized
covariates in the statistical analyses, except for histologic
grade (3 groups). The HR for GPER1 as a linear covariate is
then a mean change for 1 step on the linear GPER1 intensity
scale. Proportional hazards assumptions were checked both
graphically and using Schoenfeld test (33). To check the
assumptions of linear trend for GPER1, we compared the
linear Cox-model with a Cox-model with GPER1 as a factor
on 5 levels. For the established prognostic factors, standard
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cutoff values were used and were the same as for earlier
published patient series (29, 34). Association between
GPER1 and the other factors were analyzed using Pearson
x? test for trend. All Pvalues correspond to 2-sided tests. The
statistical calculations were conducted using Stata version
11.0 (StataCorp 2009).

Ethical considerations

This project was approved by the ethical committee at
Lund University (Lund, Sweden; LU 240-01). All informa-
tion and data were handled confidentially. Full consent was
obtained from patients involved in the study for patient
participation and for publication of study results.

Results

GPER1 expression correlates with ER-positive breast
tumors

GPERI1 was evaluated by immunohistochemical staining
of breast tumors from 2 patient cohorts using a GPER1-
specific antibody. The specificity of the receptor antibody
was validated in HeLa cells, with naive cells (HeLa), which
do not express GPER1, lacking immunoreactivity, and
HeLa cells stably expressing the receptor (HeLa-GPER1)
showing an immunoreactive band of a molecular mass
(40 kDa) corresponding to the predicted mass of the recep-
tor (Fig. 1A).

Because approximately 90% of the tumor samples had
more than 50% stained cells, staining intensity at 5 levels
(Fig. 1B, a-e) rather than staining fraction was used for
further analysis. In cohort I, consisting of 273 pre- and
postmenopausal stage II cases subsequently treated with
tamoxifen, tumors with higher GPER1 were more likely to
be ER-positive (P = 0.01) and PgR-positive (P = 0.01) but
did not correlate with any other clinicopathologic variable
including age, lymph node status, tumor size, histologic
grade, HER2 expression, and Ki67 staining (Table 1). In
cohort II, consisting of 208 premenopausal node-negative
breast cancer cases subsequently mainly not subjected to
adjuvant systemic treatment, tumors with higher GPER1
intensity were also more likely to be positive for ER (P =
0.0005) and PgR (P = 0.0004) and again did not correlate
with HER2 (Table 1). However, GPER1 correlated positively
with increasing age (P = 0.003) and negatively with large
tumor size (P = 0.05), high histologic grade (P = 0.0003),
and high Ki67 staining (P = 0.0007; Table 1).

GPER1 expression correlates with increased DDFS in
patients with ER-positive breast tumors

With 10 years of follow-up for survival and distant
metastases, 81 patients were diagnosed with distant recur-
rences in cohort I. In this cohort, GPER1 significantly
correlated with increased DDFS (P = 0.014; log-rank test
for trend; Fig. 1C). A Cox-model for univariate analysis with
GPER1 asalinear covariate gave HR = 0.75 [95% confidence
interval (CI), 0.60-0.94], which should be interpreted as the
mean HR for an arbitrary step on the scale (0-4). Testing this
model against the more flexible model treating GPER1 as a

factor on 5 levels, did not contradict this interpretation (P =
0.3). Schoenfeld test did not indicate departure from the
assumption of proportional hazards. When stratifying for
ER status, GPER1 was a significant prognostic factor in the
ER-positive subgroup (HR, 0.66; 95% CI, 0.49-0.88; P =
0.007; Fig. 1C; Table 2) but not in the ER-negative subgroup
(HR, 1.06; 95% CI, 0.76-1.48; P = 0.7; Fig. 1C). In a Cox-
model allowing for interaction between GPER1 as a linear
covariate and ER-status, we achieved moderate evidence of
interaction (P = 0.06). Consistent with the whole cohort,
GPER1 did not correlate with any other clinicopathologic
variable in the ER-positive subgroup (Supplementary Table
S1). Further multivariate analysis revealed that GPER1 was a
significant independent prognostic factor in the ER-positive
subgroup (HR, 0.67; 95% CI, 0.50-0.92; P = 0.01; Table 2).
The HR for GPER1 remained relatively constant and signif-
icant in the multivariate analysis regardless of which addi-
tional variables indicated in Table 2 that were included in
the model (data not shown).

In cohort II, 46 patients were diagnosed with distant
recurrences within 10 years. Analysis of this cohort revealed
a trend toward increased 10-year DDFS in patients with
higher GPER1-expressing tumors (P = 0.08; log-rank test for
trend; Fig. 1D). A Cox-model for univariate analysis with
GPER1 as a linear covariate gave HR = 0.75 (95% CI, 0.55-
1.04), and treating GPER1 as a factor on 5 levels did not
significantly improve the fit (P = 0.8). With GPER1 as a
linear covariate, Schoenfeld test gave modest evidence (P =
0.06) for departure from the assumption of proportional
hazards, in which case the HR should be interpreted as a
mean HR over the time-period studied rather than constant
at all times. When stratifying for ER status, the trend was
again observed in the ER-positive subgroup (HR, 0.62; 95%
CI, 0.39-0.99; P=0.047; Fig. 1D; Table 3) but not in the ER-
negative subgroup (HR, 0.97; 95% CI, 0.63-1.49; P =
0.89; Fig. 1D) but the interaction was not statistically
significant (P = 0.16). In the ER-positive subgroup, GPER1
remained negatively associated with high histologic grade
(P = 0.02) and high Ki67 staining (P = 0.05) but not with
any other clinicopathologic variables (Supplementary
Table S1). The prognostic value of GPER1 did not remain
significant in multivariate analysis of this subgroup (HR,
0.60; 95% CI, 0.34-1.1; P = 0.09; Table 3). Indeed, due to
the large number of factors included, and the colinearity
between them, no established risk factor was significant in
this multivariate model. However, the HR for GPER1 in this
subgroup was comparable with that in cohort I and again
remained relatively constant regardless of which additional
variables indicated in Table 3 that were included in the
model (data not shown). This suggests that GPER1 has
added prognostic value, and that the lack of significance is
due in part to the smaller number of cases and recurrences
available for analysis in this subgroup (34 in cohortTand 18
in cohort II). Similar results were obtained when only the
180 systemically untreated patients were analyzed in cohort
IT (data not shown). However, due to fewer events, the P
values were higher for this subgroup than for the entire
cohort.
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Figure 1. GPERT1 expression correlates with increased DDFS in ER-positive breast cancer. A, GPER1 antibody specificity as determined by immunoblotting
Hela cells without (HeLa) and with stable expression of human GPER1 (HeLa-GPER1). Molecular mass (M) standards (kDa; left side arrows) are indicated. B,
levels of GPER1 immunostaining intensity in invasive breast cancer in cohort Il. Representative images show intensity levels as negative (level 0; a),

very weak (level 1; b), weak (level 2; c), moderate (level 3; d), and strong (level 4; e). C, Kaplan-Meier estimates of DDFS for GPER1 status in the whole cohort |
and the ER-positive and -negative subgroups of cohort I. D, Kaplan-Meier estimates of DDFS for GPER1 status in the whole cohort Il and the ER-positive
and ER-negative subgroups of cohort II. P values were calculated using the log-rank test for trend. Below each graph is the number of patients remaining

at risk in each group at each time.

GPER1 is constitutively proapoptotic in a HEK293 cell
model system

Because GPER1 was found to be of clinical benefit both
with and without tamoxifen treatment, we first investigated

if the receptor constitutively impacts proapoptotic signal-
ing, that is, without added stimulus. To do this requires
comparing cells completely lacking GPER1 expression with
the same cells stably expressing the receptor. To this end, we
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Table 1. Association between GPER1 intensity score and various clinicopathologic variables in cohorts |
and Il
Cohort | Cohort I
GPER1 intensity GPER1 intensity
Factor Patient 0 1 2 3 4 P?  Patient 0 1 2 3 4 P?
N N (%) N N(%)
All 273 24 (9) 38(14) 125(46) 75(27) 11 (4) 208 20 (10) 69 (33) 87 (42) 23 (11) 9 (4)
Age, years 0.18 0.003
Node status
Negative 89 8(9 16(18) 30(34) 26 (29) 9(10) 0.26
Positive 183 16(9) 22(12) 94(51) 49(227) 2(1
Missing 1
Tumor size
<20 mm 80 5(6) 12(15) 42(53) 21(26) 0(0) 0.56 155 10(6) 51(33) 69 (45) 18(12) 7 (5) 0.05
>20 mm 193 19 (10) 26 (13) 83 (43) 54 (28) 11 (6) 53 10(19) 18(34) 18(34) 509 24
Histologic grade
1 15 00 1@ 6(40) 8(53) 0(0) 0.88 62 0(0) 16(26) 34 (55) 10 (16) 2 (3) 0.0003
2 176 19 (11) 18 (10) 89 (51) 45 (26) ()] 77 56) 25(32) 39(51) 6(8) 2(3)
3 73 3(@) 17(@3) 27(37) 2027) 6(8) 67 15(22) 28 (42) 13(19) 6(9) 5(7)
Missing 9 2
ER
Positive 206 15(7) 20(10) 99 (48 67(33) 5(2) 0.01 138 7(5) 36(26) 73(53) 17 (12) 5 (4) 0.0005
Negative 66 8(12) 18(27) 26(39) 8(12) 6(9) 70 13(19) 33(47) 14200 6(9 4(6)
Missing 1
PgR
Positive 164 11(7) 16(10) 76 (46) 57 (35) 4 (2) 0.01 151 10(7) 39(26) 79 (52) 19 (13) 4 (3) 0.0004
Negative 108 12 (11) 22 (20) 49 (45) 18 (17) 7 (6) 57 10(18) 30(53) 8(14) 4(7) 5(9)
Missing 1
HER2
Negative 206 16 (8) 30(15) 92(45) 57(28) 11(5) 0.76 173 17 (10) 52 (30) 77 (45) 19 (11) 8(5) 0.45
Positive 34 20) 4(12) 19(56) 9(26) 0) 22 1(6) 11(60 732 3(14) 0(0
Missing 43 13
Ki67
Low (<20%) 170 13(8) 20(12) 80(47) 51(30) 6(4) 0.24 127 7(6) 31(24) 69 (54) 16 (13) 4 (3) 0.0007
High (>20%) 97 9(9) 17(18) 44 (45) 23 (24) 4 (4) 60 9(15) 32(53) 11 (18) 5(8) 3(5)
Missing 6 21
aTest for zero slope in a linear regression, which equals a 2 test for trend for binary variables.

compared naive HEK293 cells (HEK) with HEK stably
expressing GPER1 (HEK-R; Fig. 2A), a well-studied GPCR
model system. HEK-R had a35% + 2% (P<0.001) decrease
in cell viability compared with HEK as determined by the
MTT assay (Fig. 2A). Consistent with constitutive proapop-
totic receptor signaling, HEK-R also had increased basal
mitochondrial cytochrome C release, an early marker of
apoptosis (Fig. 2B, EPX: 0 nmol/L). Caspase-3 cleavage was
not detected under basal conditions in either HEK or HEK-
R, but HEK-R had increased basal PARP cleavage, a product
of caspase-3 activity, and increased ERK1/2 phosphoryla-
tion (p-ERK1/2; Fig. 2B, EPX: 0 nmol/L).

Epoxomicin (EPX) is a specific proteasomal inhibitor and
apoptotic stimulant as shown by increased protein ubiqui-
tination, cytochrome C release, and PARP cleavage in HEK

following treatment with 50 and 100 nmol/L epoxomicin
for 24 hours (Fig. 2B, epoxomicin: 50,100 nmol/L). Epox-
omicin is also expected to increase the level of GPER1 by
blocking proteasomal receptor degradation (35). Indeed,
epoxomicin treatment of HEK-R increased the level of
GPER1 at the cell surface as shown by both flow cytometry
(Fig. 2C) and confocal immunofluorescence microscopy
(Supplementary Fig. S1). Consistent with constitutive proa-
poptotic GPER1 signaling, epoxomicin treatment of HEK-R
also yielded levels of cytochrome C release, caspase-3 cleav-
age, and PARP cleavage that were significantly higher than
in epoxomicin-treated HEK (Fig. 2B, epoxomicin: 50,100
nmol/L). The higher level of proapoptotic signaling in HEK-
R was also evident by the increased morphologic changes
and chromatin condensation/nuclear fragmentation in
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Table 2. DDFS by Cox univariate and multivariate analysis in the ER-positive subgroup of cohort |

Univariate DDFS

Multivariate DDFS

Variable N HR (95% CI) P N HR (95% CI) P
Age (linear, y) 206 0.99 (0.97-1.02) 0.62 199 1.00 (0.97-1.03) 0.93
GPERT (trend) 206 0.66 (0.49-0.88) 0.007 199 0.67 (0.50-0.92) 0.01
Node status (N+ vs. NO) 206 1.23 (0.66-2.28) 0.52 199 1.60 (0.83-3.07) 0.16
Tumor size (>20 mm vs. <20 mm) 206 1.95 (0.95-4.02) 0.05 199 2.22 (1.04-4.72) 0.04
Histologic grade 202 0.18% 199 0.46%
1vs.3 0.22 (0.03-1.76) 0.16 0.45 (0.05-3.80) 0.46
2vs. 3 0.93 (0.45-1.93) 0.85 1.24 (0.55-2.81) 0.60
HER2 (pos vs. neg) 181 0.96 (0.38-2.46) 0.93 P — —
PgR (pos vs. neg) 206 0.84 (0.45-1.59) 0.60 199 0.99 (0.51-1.94) 0.98
Ki67 (>20% vs. <20%) 203 2.02 (1.15-3.56) 0.02 199 2.01 (1.05-3.88) 0.04

2P value for histologic grade as a factor on 3 levels.

PHER2 excluded because of a higher frequency of missing data than the other variables.

these cells (Fig. 2D). Thus, GPER1 is constitutively proa-
poptotic and sensitizes cells to additional apoptotic stim-
ulation in a model system.

GPER1 is proapoptotic in ER-positive breast cancer
cells

Next, we evaluated if GPER1 is constitutively proapop-
totic in ER-positive breast cancer cells. This was done by
comparing naive MCF7 cells with cells in which GPER1 had
been knocked down with shRNA (MCF7-shRNA; Fig. 3A).
Consistent with constitutive GPER1 signaling, receptor
knockdown decreased basal p53 expression (Fig. 3B, G;:0
umol/L), a tumor suppressor protein associated with both
increased apoptosis and decreased cell-cycle progression
(36). No difference was observed in basal PARP cleavage
and ERK1/2 phosphorylation (Fig. 3B). On the other hand,
MCF7-shRNA had decreased cytochrome C release (Fig. 3B,

40HT: 0 umol/L). We conclude from these results that
GPERI1 is constitutively proapoptotic in MCF7 cells.
Proapoptotic GPER1 signaling in MCF7 cells was also
investigated using G;, a commercially available synthetic
GPERI1 agonist, keeping in mind that while this substance
has been reported to be a receptor agonist (37), receptor-
independent effects on, for example, cell-cycle progression
has also been reported (38, 39). Stimulation with 1 umol/L
G, for 24 hours increased cytochrome C release, p53, PARP
cleavage, and ERK1/2 phosphorylation (Fig. 3B) and
decreased cell viability (Fig. 3C), the latter 4 responses
clearly attenuated in MCF7-shRNA cells (Fig. 3B and C).
We also determined the effect of G, in ER-positive T47D
cells, which express significantly less GPER1 than MCF7
cells (40). Consistent with GPER1-dependent signaling,
T47D cells were also much less sensitive than MCF7 cells to
G;-stimulated cytochrome C release and PARP cleavage

Table 3. DDFS by Cox univariate and multivariate analysis in the ER-positive subgroup of cohort Il

Univariate DDFS

Multivariate DDFS

Variable N HR (95% CI) P N HR (95% ClI) P°
Age (linear, y) 138 0.90 (0.84-0.96) 0.002 120 0.88 (0.82-0.95) 0.001
GPERT (trend) 138 0.62 (0.39-0.99) 0.05 120 0.60 (0.34-1.1) 0.09
Tumor size (>20 mm vs. <20 mm) 138 1.1 (0.44-2.7) 0.85 120 0.78 (0.30-2.0) 0.60
Histologic grade 136 0.02% 120 0.59%
1vs.3 0.28 (0.11-0.73) 0.01 0.65 (0.17-2.6) 0.54
2vs. 3 0.34 (0.14-0.82) 0.02 0.53 (0.16-1.8) 0.31
HER2 (pos vs. neg) 132 2.4 (0.85-7.1) 0.14 120 0.77 (0.23-2.5) 0.66
PgR (pos vs. neg) 138 0.88 (0.21-3.7) 0.87 120 4.5 (0.81-25.1) 0.09
Ki67 (>20% vs. <20%) 124 3.9 (1.8-8.6) 0.002 120 3.3(1.0-10.6) 0.05

P value for histologic grade as a factor on 3 levels.
For some factors, the much higher P values in multivariate analysis, compared with univariate analysis, can be explained by a high
degree of colinearity between the variables in the model.
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Figure 2. Constitutive proapoptotic GPER1 signaling in a HEK293 cell model system. A, immunoblotting of heterologously expressed GPER1 in HEK-R but not
in HEK, and decreased cell viability of HEK-R compared with HEK as determined by the MTT assay (B), immunoblotting of cytochrome C release, cleaved
caspase-3, cleaved PARP, phosphorylated ERK1/2 (p-ERK1/2), and ubiquitinated protein in HEK and HEK-R treated without and with different concentrations
of epoxomicin for 24 hours as indicated. Duplicate samples were immunoblotted and total ERK1/2 and B-actin serve as loading controls. C, mean fluorescence
intensity determined by flow cytometry of HEK and HEK-R labeled with primary mouse M1 FLAG antibody and secondary goat anti-mouse APC-labeled
antibody. Before analysis, HEK were treated with 10 nmol/L epoxomicin (HEK/10 EPX), and HEK-R were treated without (HEK-R) and with 10 nmol/L
epoxomicin for 24 hours (HEK-R/10 EPX). In this representative experiment, M1 FLAG-positive gate is shown (bar), and the percentage positive cells and mean
fluorescence intensity was 1.1% and 5,679, respectively, for HEK/10 epoxomicin, 67.3% and 14,500, respectively, for HEK-R, and 78.4 % and 24,500 for HEK-
R/10 epoxomicin. Quantification of mean fluorescence intensity is also shown. D, morphologic changes as determined by phase-contrast and chromatin
condensation/nuclear fragmentation as determined by Hoechst 33342 staining fluorescence following treatment of HEK and HEK-R without (—EPX) and with

50 nmol/L epoxomicin (+EPX) for 24 hours. Yellow arrows indicate fragmented nuclei. **, P < 0.01; ***, P < 0.001.

(Supplemental Fig. S2). Thus, agonist-stimulated GPER1
activity is proapoptotic in MCF7 cells.

G, treatment for 24 hours also inhibited MCF7 cell-cycle
progression at the G,-M interphase in a GPER1-dependent
manner (Fig. 3D and Supplemental Fig. S3), consistent with
GPER1 mediating an increase in the p53 level and p53
blocking the cell cycle at this point (41). G, also changed
cell morphology and increased the number of cells with
fragmented nuclei (Fig. 3D).

We also investigated if GPER1 mediates any proapoptotic
tamoxifen effects in MCF7 cells, noting again that this is
complicated in an ER-positive environment because tamox-
ifen is also an ER antagonist, which in turn could impact
apoptotic ~ signaling. Nevertheless, 4-hydroxytamoxifen
(4OHT), the active metabolite of tamoxifen, dose-dependent-
ly increased cytochrome C release and PARP cleavage in naive
MCF?7 cells (Fig. 3B). These responses were lower in MCF7-

shRNA cells suggesting that they are at least in part GPER1-
dependent. In analogy with G, and consistent with GPER1-
dependence, the 4OHT effects were significantly lower in
T47D cells (Supplemental Fig. S2). These results suggest that
tamoxifen is proapoptotic in MCF7 cells in part via GPER1.

Discussion

Here, we show that GPER1 positively correlates with ER
and PgR expression and with increased DDFS in ER-positive
lymph node-negative and stage II breast cancer. GPER1
constitutively promotes proapoptotic signaling as deter-
mined in ER- and PgR-positive MCF7 cells and in a HEK
model system stably expressing the receptor, which may
explain in part the beneficial value of GPER1 on DDEFS in
ER-positive breast cancer.

More than 80% of breast cancers are positive for ER,
emphasizing the importance of this receptor in cancer
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Figure 3. Constitutive and agonist-stimulated proapoptotic GPER1 signaling in MCF7 cells. A, immunoblotting of GPER1 in MCF7 cells without (MCF7) and
with GPER1 shRNA knockdown (MCF7-shGPERT). B, immunobloting of p53, cleaved PARP, phosphorylated ERK1/2 (p-ERK1/2), and cytochrome C release
in MCF7 cells without (MCF7) and with GPER1 shRNA knockdown (VICF7-shGPER1) and treated with different concentrations of Gy (G1), 40HT, and EPX for
24 hours as indicated. B-Actin serves as aloading control. C, viability of MCF7 cells without (MCF7) and with GPER1 shRNA knockdown (MCF7-shGPER1) and
treated without and with increasing concentrations of G, for 24 hours as determined with the MTT assay. D, cell-cycle phases in MCF7 cells without (VCF7)
and with GPER1 shRNA knockdown (MCF7-shGPER1) and treated without and with 1 umol/L G4 for 24 hours as determined by flow cytometry, and
morphologic changes and chromatin condensation/nuclear fragmentation as determined by Hoechst 33342 staining in MCF7 cells following treatment
without (—G;) and with 1 pmol/L G4 (+Gy) for 24 hours. Yellow arrows indicate fragmented nuclei. *, P < 0.05; ***, P < 0.001.

progression. We found a positive correlation of GPER1 with
ER and PgR in 2 Swedish breast cancer cohorts, a stage II
cohort (cohortI) and alymph node-negative cohort (cohort
IT), which is consistent with data obtained on other cohorts
by Filardo and colleagues (14) and Liu and colleagues (15)
analyzing receptor protein by immunohistochemistry and
by Kuo and colleagues (16) and Ariazi and colleagues (17)
analyzing receptor transcript. In neither cohort analyzed in

our study did GPER1 correlate with HER2 expression.
However, in cohort II GPER1 expression correlated nega-
tively with several clinicopathologic markers for advanced
disease and metastasis, whereas in cohort I it did not
correlate with any of these markers. The reason for this
cohort difference is not known but may be related to the
menopausal stage because most (79%) patients in cohort I
were postmenopausal, whereas all patients in cohort Il were
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premenopausal. Another difference is that patients in
cohort I were diagnosed before the introduction of mam-
mographic screening, mostly with tumors greater than 20
mm, whereas patients in cohort II were diagnosed during
the screening period, mostly with tumors smaller than 20
mm. Kuo and colleagues (16) and Tu and colleagues (42)
also found no correlation with HER2 and with markers of
poor prognosis. On the other hand, Filardo and colleagues
(14), Liu and colleagues (15), and Ignatov and colleagues
(43) found a positive correlation with HER2 as well as with
various indicators of poor prognosis. The reason for this
difference is also unknown but may be related to the
composition of the various cohorts with patients of differ-
ent ethnical and lifestyle backgrounds. Nevertheless, an
association between GPER1 expression and ER-positive
breast cancer is a consistent observation in clinical studies.

Reports that GPER1 associates with indicators of poor
prognosis have led some investigators to propose that this
receptor is linked to cancer progression (14, 43). However,
the GPER1 gene has not appeared in any gene expression
profiles for aggressive breast cancer (44). Indeed, in our
study with 2 cohorts, GPER1 correlated with increased
DDEFS. This correlation was specifically associated with the
ER-positive groups. Furthermore, multivariate analysis
showed that GPER1 has independent prognostic value in
this subgroup. Consistent with our results, Ignatov and
colleagues (43) also found that GPER1 significantly corre-
lated with increased relapse-free survival in patients with
breast cancer on no adjuvant treatment. Furthermore, Krak-
stad and colleagues (45) found the loss of GPERI in a
subgroup of ER-positive endometrial cancer to be associat-
ed with decreased survival. These results argue that GPER1
expression is a marker for good prognosis in ER-positive
cancer.

Therapeutic activation of apoptosis in cancer cells is an
attractive anticancer strategy. In HEK, a well-defined model
system for studying GPCR function, GPER1 expression
yielded increased proapoptotic signaling, whereas GPER1
knockdown in MCF7 cells yielded decreased signaling.
These results show not only that GPER1 is proapoptotic in
ER-positive breast cancer cells, but also that such receptor
signaling occurs constitutively in the absence of any added
stimulus, which may explain the beneficial clinical effect of
GPER1 both in the absence and presence of adjuvant
treatment. GPER1 expression also made HEK cells signifi-
cantly more sensitive to apoptotic effects by the proteaso-
mal inhibitor epoxomicin. This increased sensitivity was
associated with an increased number of functional GPER1
in the plasma membrane rather than with accumulation of
overexpressed receptors in the endoplasmic reticulum, a
potential artificial cause of cellular stress and apoptosis.
Thus, promoting cellular receptor expression and/or stabi-
lizing GPER1 in the plasma membrane for example by
decreasing constitutive receptor endocytosis and degrada-
tion may be a novel therapeutic avenue in ER-positive breast
cancer. Hypoxia upregulates GPER1 expression, which in
turn may increase constitutive apoptotic GPER1 signaling as
previously described in cardiac cells (21). The GPER1 ago-

nist G, stimulated receptor-dependently proapoptotic sig-
naling in MCF?7 cells suggesting that direct receptor activa-
tion may be an alternative therapeutic approach in this
disease.

Some investigators have suggested that GPER1 contri-
butes to tamoxifen resistance based on observations that
tamoxifen stimulates GPER1 in vitro (10, 11) and that
GPER1 is upregulated in tamoxifen-resistant MCF7 cells
(46). However, GPER1 has not appeared in functional
screens for genes contributing to tamoxifen-resistance in
breast cancer cells (47, 48). In our study, the prognostic
value of GPER1 for increased DDFS was significant in both
the tamoxifen-treated cohort I and the mainly untreated
cohort II. Thus, no clear predictive value for the outcome of
tamoxifen treatment can be assigned to GPER1 based on our
study. Nevertheless, we found that tamoxifen stimulates
proapoptotic signaling in MCF7 cells in part through
GPER1, suggesting that it could potentially contribute to
the beneficial clinical effects in our study. However, Ignatov
and colleagues (43) found a negative correlation of GPER1
with relapse-free survival in patients treated with tamoxifen
that was significantly different from their control group on
no adjuvant treatment. Thus, assignment of GPER1 as a
predictive factor for the outcome of tamoxifen treatment
needs to be further investigated.

In summary, we show that GPER1 positively correlates
with ER and PgR expression and with increased DDFS in ER-
positive lymph node-negative and stage II breast cancer.
Furthermore, GPERI1 is proapoptotic in several cell types
including ER-positive breast cancer cells. Therefore, expres-
sion of GPER1 may be a novel prognostic factor in this
breast cancer, and enhancing GPER1 signaling in ER-pos-
itive breast tumors may present a novel therapeutic avenue
to increase survival of patients with this disease.
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Abstract

Receptor activity-modifying protein 3 (RAMP3) is a single-pass transmembrane protein known
to interact with and affect the trafficking of several G-protein-coupled receptors (GPCRs). We
sought to determine whether RAMP3 interacts with GPR30, also known as G-protein-coupled
estrogen receptor 1. GPR30 is a GPCR that binds estradiol and has important roles in
cardiovascular and endocrine physiology. Using bioluminescence resonance energy transfer
titration studies, co-immunoprecipitation, and confocal microscopy, we show that GPR30 and
RAMP3 interact. Furthermore, the presence of GPR30 leads to increased expression of RAMP3 at
the plasma membrane in HEK293 cells. In vivo, there are marked sex differences in the
subcellular localization of GPR30 in cardiac cells, and the hearts of Ramp3~'~ mice also show
signs of GPR30 mislocalization. To determine whether this interaction might play a role in
cardiovascular disease, we treated Ramp3*/* and Ramp3~'~ mice on a heart disease-prone
genetic background with G-1, a specific agonist for GPR30. Importantly, this in vivo activation of
GPR30 resulted in a significant reduction in cardiac hypertrophy and perivascular fibrosis that is
both RAMP3 and sex dependent. Our results demonstrate that GPR30-RAMP3 interaction has
functional consequences on the localization of these proteins both in vitro and in vivo and that
RAMP3 is required for GPR30-mediated cardioprotection.
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Introduction

Receptor activity-modifying proteins (RAMPs) are single-
pass transmembrane-accessory proteins that interact with
G-protein-coupled receptors (GPCRs) to modulate their
trafficking, ligand-binding specificity, and downstream
signaling. The RAMPs were first identified in association
with calcitonin receptor-like receptor (CLR; McLatchie
et al. 1998, Bomberger et al. 2012) - a discovery that
clarified considerable controversy over CLR function and

has since been exploited by the pharmaceutical industry
for the development of small-molecule drugs that speci-
fically target the RAMP-CLR interface (Sexton et al. 2009).
Several additional GPCRs have been shown to interact
with RAMPs (Christopoulos et al. 2003, Harikumar ef al.
2009). Therefore, there remains great interest in under-
standing the pharmacological and biochemical properties
of the RAMPs and in continuing to identify novel GPCR
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targets for these proteins, with the ultimate goal of
manipulating the RAMP-GPCR interface for treatment of
human disease.

RAMP3 is unique among the RAMP family members in
that it is transcriptionally induced by estradiol (E,; Hewitt
et al. 2005, Watanabe et al. 2006) and has been shown to
play a sex-dependent role in the development of cardiac
hypertrophy and transition to heart failure (Barrick et al.
2012). For these reasons, we considered that GPR30, or
G-protein-coupled estrogen receptor 1, might be a
candidate RAMP3-binding GPCR. GPR30 binds E, with high
affinity, eliciting rapid intracellular signaling (Carmeci
et al. 1997, Filardo et al. 2007), and mediates pleiotropic
functions in the cardiovascular, endocrine, immune, and
central nervous systems (Olde & Leeb-Lundberg 2009,
Nilsson et al. 2011, Prossnitz & Barton 2011).

There is substantial evidence for GPR30-mediated
cardioprotection. GPR30 is expressed in the rodent and
human hearts (Deschamps & Murphy 2009, Patel et al.
2010), and using male rats, Filice et al. (2009) showed that
GPR30 is involved in mediating the effects of E, in the
heart. Numerous studies have explored the effects of
pharmacological activation of GPR30 with G-1, a
synthetic agonist for GPR30 that specifically activates
GPR30 but does not activate the steroid E, receptors
(Bologa et al. 2006). Administration of G-1 is directly
cardioprotective, reducing infarct size in rat and mouse
hearts exposed to ischemia-reperfusion (Deschamps &
Murphy 2009, Bopassa et al. 2010). Furthermore, chronic
G-1 treatment reduces left ventricular wall thickness and
myocyte hypertrophy without significant effects on blood
pressure or fibrosis in a rat model of salt-induced
hypertension (Jessup et al. 2010) and attenuates heart
failure (Kang et al. 2012) and diastolic dysfunction
independent of blood pressure in ovariectomized female
rats (Wang et al. 2012). Based on these preclinical
studies, pharmacological activation of GPR30 as a
potential therapeutic intervention could have utility in
the treatment of cardiovascular disease.

Despite what is known about GPR30, there remains
intense controversy regarding the trafficking and sub-
cellular localization of GPR30, in addition to many
conflicting reports regarding its downstream signaling
and even ligand-binding specificity. As RAMPs serve
to modulate these aspects of GPCR behavior, we
hypothesized that an interaction with RAMPs could
potentially clarify some of the controversies surrounding
GPR30. Specifically, we sought to determine whether
RAMP3, an E,-induced accessory protein known to be
important in cardiovascular disease, could interact with
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and modulate the function of GPR30, as an E, receptor
with protective roles in cardiac and vascular biology.

Materials and methods
Animals

Ramp3~/~ animals were generated as described previously
(Dackor et al. 2007) and Ramp3*/* and Ramp3~/~ mice
were crossed to heterozygous RenTgMK mice (Barrick et al.
2012). Experimental animals were 8 weeks of age and
maintained on an isogenic 129S6/SVEv genetic back-
ground. All experiments were approved by the Insti-
tutional Animal Care and Use Committee of the
University of North Carolina at Chapel Hill.

Bioluminescence resonance energy transfer

Bioluminescence resonance energy transfer (BRET)
titration studies to test the molecular association between
GPR30 and RAMP3 were carried out as described pre-
viously (Heroux et al. 2007). Briefly, the calcium phos-
phate precipitation method was used to transfect HEK293
cells with a constant amount of hGPR30-RLuc, hCLR-RLuc
(positive control), hB2AR-RLuc, or hD1R-RLuc (negative
controls) and increasing doses of hRAMP3-YFP. Cells were
treated with the luciferase substrate coelenterazine H for
10 min and read using a Berthold Technologies Mithras
(Bad Wildbad, Germany) LB940 plate reader. BRET signal
was calculated as the ratio of light emitted from YFP
(530 nm) to light emitted from RLuc (485 nm). Total
fluorescence emission was measured at 530 nm from wells
not treated with coelenterazine H that were excited at
485 nm to control for the expression level of hARAMP3-YFP,
and total luminescence was determined to control for the
expression level of the receptors. Results were analyzed
using GraphPad Prism. Results shown are representative
of at least three replicate BRET experiments that were
performed with similar results.

Co-immunoprecipitation

HEK293 cells were transfected with HA-RAMP3 and FLAG-
GPR30 using TransIT-293 (Mirus, Madison, WI, USA), and
GPR30 was immunoprecipitated by incubating the cleared
cell lysates overnight at 4 °C with M2 FLAG antibody beads
(Sigma-Aldrich). The precipitate was washed extensively
and sequentially in lysis buffer and in 10 mM Tris-HClI,
pH 7.4. For immunoblotting, proteins were denatured in
SDS-PAGE sample buffer including 6% B-mercaptoethanol
for 30 min at 37 °C, fractionated by SDS-PAGE, transferred
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to a nitrocellulose membrane, and the membrane was
blocked for at least 45 min in Tris-buffered saline and
10% nonfat milk. The proteins were stained by incubating
with rabbit anti-HA antibody (Invitrogen; 1:1000) for 1 h
at room temperature. Immunoreactive bands were
visualized with a chemiluminescence kit using anti-rabbit
peroxidase-labeled secondary antibody according to the
procedure described by the supplier (PerkinElmer Life
(Waltham, MA, USA) and Analytical Sciences (Petaluma,
CA, USA)).

Confocal imaging

HEK293 cells were transfected with HA-RAMP3 and FLAG-
GPR30 using TransIT-293 (Mirus). Transfected cells were
grown on glass coverslips coated with poly(p-lysine) and
then incubated in serum- and phenol-free media for at
least 1 h at 37 °C. For live cell staining, cells were then
incubated in serum- and phenol-free media containing
IgG1 monoclonal anti-HA (1:100; Covance, Raleigh, NC,
USA) and IgG2b monoclonal anti-M1 FLAG (1:500; Sigma—
Aldrich) primary antibodies for 30 min at 37 °C. Cells were
fixed with 3.7% formaldehyde in PBS and permeabilized,
then washed with PBS, and incubated with anti-IgG1-488
and anti-IgG2b-568 secondary antibodies (Invitrogen).
Alternatively, for dead cell staining, cells were incubated
with both primary and secondary antibodies after fixation.
Cells were also stained with 4’,6-diamidino-2-phenylin-
dole (DAPI). Images were collected using a Nikon Eclipse
confocal fluorescence microscope (Nikon, Tokyo, Japan)
and analyzed with Nikon EC-Z1 3.90 Software.

Gene expression analysis

mGpr30 and mRamp3 gene expression was analyzed by
quantitative RT-PCR with the Applied Biosystems StepOne
Plus machine. The primer/probe set for Ramp3 has been
described previously (Dackor et al. 2007). For Gpr30, we
used a pre-designed Assay on Demand primer/probe set
(#Mm02620446_s1, Applied Biosystems). Mouse eukary-
otic translation elongation factor 1 alpha 1 was used as the
internal control for all samples; the primer/probe set has
been described previously (Barrick et al. 2012). RNA was
isolated from adult tissues with TRIzol reagent (Life
Technologies) and subsequently DNase treated. Two
micrograms of total RNA was used to generate cDNA
with the MMLV Reverse Transcriptase Kit (Life Tech-
nologies). The AACt method was used to determine the
relative levels of gene expression and was shown as a fold
increase over wild-type male controls. Estrus cycle phase
was determined by microscopic examination of mouse
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vaginal smears stained with the Kwik Diff Stain Kit
(Thermo Scientific). For the ovariectomized samples,
mice were 21-28 days old at the time of ovariectomy.
Mice were anesthetized with avertin (0.2-0.4 ml/10 g body
weight (BW) of 1.25% solution) and placed on a warm
heating pad to maintain body temperature throughout
the surgical procedure. Hair was removed from the
abdomen and a small (<1 cm) incision was made through
the abdominal wall about 1 cm to the left of the spinal
cord. The ovary was exteriorized and placed on a sterile
drape. Silk sutures were used to ligate the oviduct and
anterior connective tissue before excising the ovary. The
body wall was then sutured with dissolvable sutures and
wound clips were used to close the skin. The procedure
was repeated on the animal’s right side. Wound clips
were removed 4-5 days after surgery; 4 weeks later, the
ovariectomized mice were dissected and the heart tissue
was used for RT-PCR.

Subcellular fractionation and western blotting

Homogenized lysates were prepared from heart tissue of
Ramp3™/", Ramp3~/~, RenTgMK;Ramp3 ™'+, and RenTgMK;
Ramp3~/~ male and female mice. The nuclear pellet was
removed by centrifuging at 1300 g for 1 h. Membrane-
enriched fractions of cardiac lysates were isolated by
subsequent ultracentrifugation at 20000g for 1h, and
the remaining supernatant was designated as the cytosolic
fraction. Lysates were denatured in SDS-PAGE sample
buffer including 6% pB-mercaptoethanol for 5 min at
100 °C, fractionated by SDS-PAGE, transferred to a
nitrocellulose membrane, and the membrane was blocked
for 1 h in casein (Thermo Scientific). The membrane was
stained using rabbit anti-GPR30 primary antibody (MBL
International, Woburn, MA, USA) or mouse anti-actin
(Sigma-Aldrich) as a loading control, followed by goat
anti-rabbit 680 or goat anti-mouse 800 secondary
antibody (Thermo Scientific). Membranes were imaged
via LI-COR, and quantitation of integrated density
normalized to actin was performed using the free Image]
software. The Student’s t-test was used to compare the
ratio of plasma membrane to cytosolic GPR30 protein
relative to actin, and a value of P<0.05 was considered
statistically significant. Results shown are representative
of at least three replicate fractionation experiments that
were performed with similar results.

G-1 treatment and histology

Male and female RenTgMK;Ramp3*/* and RenTgMK;
Ramp3~/~ mice at 8 weeks of age were anesthetized with
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avertin (0.2-0.4 ml/10g BW of 1.25% solution) and
injected with a s.c., continuous release pellet (Innovative
Research of America, Sarasota, FL, USA) containing 6 mg
G-1 (Tocris, Bristol, UK) or placebo similar to a previously
described method (Wang et al. 2009). After 40 days of
treatment, the mice were killed. To determine the left
ventricle to BW (LV:BW) ratio, the heart chambers were
dissected and the LV was weighed. The Mann-Whitney
U test was used to compare LV:BW data; a value of P<0.05
was considered statistically significant. Subsequently, the
LV was fixed in 4% paraformaldehyde and 5 pm sections
were prepared for staining. Masson’s trichrome-stained
slides imaged at 10X were used to analyze interstitial and
perivascular cardiac fibrosis. Interstitial fibrosis was
quantified by blinded scoring of the extent of interstitial
fibrosis in one representative field per mouse. Perivascular
fibrosis was quantified by measuring the area of fibrosis
surrounding a vessel normalized to the vessel lumen area,
using Image] Software. Three vessels were measured per
mouse. Cardiomyocyte area was determined by measuring
the cross-sectional area of five cardiomyocytes in each of
two fields per mouse from hematoxylin and eosin-stained
slides at 25X, using Image] Software. For analysis of
fibrosis and cardiomyocyte area, the Student’s t-test was
used to compare data and a value of P<0.05 was
considered statistically significant.

Blood pressure measurements

Male and female RenTgMK;Ramp3*/* and RenTgMK;
Ramp3~/~ mice at 2-5 months of age were injected with
a s.c., continuous release pellet containing 6 mg of G-1 or
placebo as described earlier. Blood pressures were
measured on unanesthetized mice using a Coda compu-
terized volume pressure recording tail cuff system (Kent
Scientific, Torrington, CA, USA). After a 5-day period of
acclimation to the tail cuff system, blood pressures were
measured daily for 5 days on each mouse during the third
week following pellet injection. The Student’s t-test was
used to compare data; a value of P<0.05 was considered
statistically significant.

Results

To directly test whether GPR30 and RAMP3 interact in
living cells, we utilized BRET (Heroux et al. 2007) titration
studies. HEK293 cells were transfected with a constant
dose of hGPR30-RLuc and increasing doses of hRAMP3-
YFP. We observed a robust increase in the BRET signal
with increasing amounts of hRAMP3 (ABRET=0.664),
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indicating a specific interaction between the two proteins
(Fig. 1A). Almost no change in BRET signal was seen
with the negative controls, p2-adrenergic receptor
(ABRET=0.061), and dopamine-1 receptor (ABRET=0.079).
The positive increase in BRET signal observed for hGPR30
and hRAMP3 was an order of magnitude greater than the
negative controls and comparable to that seen with the
positive control, hCLR (ABRET=0.728).

To further confirm that hGPR30 and hRAMP3
interact, we performed co-immunoprecipitation. In cells
transfected with either FLAG-hGPR30 alone or with
HA-hRAMP3, we immunoprecipitated with M2-FLAG
beads and immunoblotted for HA (Fig. 1B). The M2-FLAG
beads pull down HA material only when FLAG-hGPR30
and HA-hRAMP3 are co-expressed, indicating by a second
technique that GPR30 and RAMP3 interact.

The ability of GPCRs to enhance the localization of
RAMPs in the plasma membrane is the standard method in
the field by which the association of receptors with RAMPs
has been tested (Harikumar et al. 2009). Therefore, we
imaged the interaction of GPR30 and RAMP3 by confocal
microscopy of HEK293 cells transiently transfected with
HA-hRAMP3 and FLAG-hGPR30 and stained with epitope-
specific antibodies. The top row of Fig. 2A shows cells
stained following fixation to identify total cellular
proteins. In this representative field, cells are present
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Figure 1

In vitro analysis of GPR30-RAMP3 protein-protein interaction. (A) BRET
analysis of the hGPR30-hRAMP3 interaction. hGPR30+hRAMP3 (blue)
shows a robust increase in BRET signal with increasing doses of hRRAMP3-
YFP, as does the positive control, hCLR+hRAMP3 (green). The negative
controls, p2-adrenergic receptor (hB2AR, red) and dopamine-1 receptor
(D1R, black), which are not expected to interact with RAMPs, show
negligible change in the BRET signal. Results shown are representative of at
least three replicate experiments that were performed with similar results.
(B) Immunoprecipitation with M2 FLAG beads and immunoblotting with
anti-HA primary antibody. M2 FLAG pulls down HA immunoreactivity
specifically when FLAG-hGPR30 and HA-hRAMP3 are co-expressed.
Nonspecific bands at 25 and 50 kDa are 1gG bands. The experiment was
repeated three times with similar results.
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Research

expressing HA-hRAMP3 alone and together with
FLAG-hGPR30. When expressed alone, diffuse RAMP3
staining occurs throughout the cell. On the other hand,
co-expression with GPR30 organizes RAMP3 staining and
extensive co-localization occurs in the plasma membrane
and intracellularly on filamentous structures and in
puncta. Figure 2B shows cells stained live and imaged
after fixation to identify cell surface proteins. In this

LW FLAG-GPR30 HA-RAMP3

28 FLAG-GPR30
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representative field, cells are present expressing
HA-hRAMP3 and FLAG-hGPR30 individually and together.
When expressed alone, RAMP3 is primarily in intracellular
puncta. On the other hand, co-expression with GPR30
increases the relative amount of RAMP3 staining at the cell
surface and extensive co-localization occurs. Thus, the
formation of a GPR30-RAMP3 complex within the cell
increases RAMP3 localization to the plasma membrane.

Figure 2

Localization of GPR30 and RAMP3 in vitro. (A) Fixed cell staining, confocal
microscopy of HEK293 cells transfected with HA-hRAMP3 (green in merged
panel) and FLAG-hGPR30 (red in merged panel) stained fixed with M1 FLAG
antibody and anti-HA antibody and then with secondary antibody. Left
panel shows the FLAG-hGPR30 channel alone, the middle panel shows the
HA-hRAMP3 channel alone (arrow indicates a cell expressing only
HA-hRAMP3), and the right panel shows the two channels merged with
DAPI nuclear stain in blue (arrow indicates a cell expressing both FLAG-
hGPR30 and HA-hRAMP3). (B) Live cell staining, HEK293 cells were similarly
transfected and stained live with M1 FLAG antibody and anti-HA antibody

followed by fixing and staining with secondary antibody. The left panel
shows the FLAG-hGPR30 channel alone (arrow indicates a cell expressing
only FLAG-hGPR30), the middle panel shows the HA-hRAMP3 channel
alone (arrow indicates a cell expressing only HA-hRAMP3), and the right
panel shows the two channels merged with DAPI nuclear stain in blue
(arrow indicates a cell expressing both FLAG-hGPR30 and HA-hRAMP3).
The regions indicated by the white boxes are enlarged in the correspond-
ing panels below and arrows indicate co-localization at the plasma
membrane. The experiment was repeated three times with similar results.
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We next sought to determine whether the interaction
of GPR30 and RAMP3 has functional consequences
in vivo. First, we determined the gene expression levels
of Gpr30 and Ramp3 in the hearts of wild-type mice.
Expression of both Ramp3 (Fig. 3A) and Gpr30 (Fig. 3B)
was detected in the hearts of male mice, female mice in
diestrus and estrus, and female mice that have been
ovariectomized to deplete endogenous E,. For both genes,
we observed modest increases in females in estrus
compared with diestrus. Ovariectomized females had a
statistically significant reduction in both Gpr30 and
Ramp3 expression compared with intact females in
diestrus. Though the differences in expression between
males and females in the phases of the estrus cycle are
modest, these findings, particularly the reduced gene
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Figure 3

Cardiac expression of Gpr30 and Ramp3. Quantitative PCR was used to
compare the expression of (A) Ramp3 and (B) Gpr30 in the hearts of male
mice, female mice in estrus or diestrus, and ovariectomized (Ovx) females;
n=3-4 animals per group. Depletion of endogenous estradiol by
ovariectomy in female mice resulted in a statistically significant reduction
in expression of both Ramp3 and Gpr30 in the heart.
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expression in the ovariectomized females, indicate that
cardiac Gpr30 and Ramp3 gene expression levels correlate
with endogenous E,.

Using heart tissue from Ramp3*/* and Ramp3 /'~
mice, we investigated GPR30 protein levels and local-
ization by performing subcellular fractionation and
western blots for GPR30. In pooled heart lysates (n=3)
from Ramp3*/* mice, we detected robust expression of
GPR30 protein at the expected molecular size (50 kD) in
the membrane fraction and very little in the cytosolic
fraction (Fig. 4A). By contrast, pooled Ramp3~/~ heart
lysates (n=3) showed reduced membrane GPR30 levels
(GPR30-integrated density at membrane relative to actin,
Ramp3~/~=0.27 compared to Ramp3*/*=1.0). The
Ramp3~/~ hearts also show a concomitant increase in
cytosolic GPR30 protein relative to wild-type (Fig. 4A). To
determine whether cardiac expression and localization
of GPR30 protein differ by sex, we performed the same
experiment using male and female hearts side-by-side.
Figure 4B shows the membrane fraction from these
samples. These data show that Ramp3*/* hearts have
more membrane-localized GPR30 than Ramp3~/~ hearts
in both sexes. Furthermore, female hearts have more
overall GPR30 at the membrane compared with males, a
difference that was statistically significant for wild-type
animals (relative GPR30-integrated density at membrane:
females, Ramp3™/*=1.0 and Ramp3~/~=0.43; males,
Ramp3™/*=0.41 and Ramp3~/~ =0.10).

To explore the effect of RAMP3 on GPR30 localization
in the setting of cardiovascular disease, we utilized
RenTgMK mice. The RenTgMK mouse is a well-described
model of angiotensin II-mediated chronic hypertension
and cardiac hypertrophy (Caron et al. 2002, 2004, 2005).
We have previously shown that Ramp3 gene expression is
increased in the hearts of RenTgMK mice of both sexes
compared with wild-type, and this heart disease-related
upregulation of Ramp3 is greatest in females (Barrick et al.
2012). For the current study, we generated RenTgMK mice
lacking Ramp3 (RenTgMK;Ramp3~/~) and RenTgMK mice
with intact RAMP3 (RenTgMK;Ramp3™/"), isolated heart
tissue, and performed subcellular fractionation and
western blotting to determine GPR30 localization in this
model of heart disease. Consistent with our findings in
wild-type animals, we detected more GPR30 protein
at the membrane in RenTgMK females than in
males (relative GPR30-integrated density at membrane:
females=1.0, males=0.58; Fig. 4C). Using replicate
samples, we also observed that RenTgMK;Ramp3 ™/~ mice
had reduced GPR30 at the plasma membrane compared
with RenTgMK;Ramp3*/* mice (relative GPR30-integrated
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Figure 4

Localization of GPR30 and RAMP3 in vivo. (A, B, C and D) GPR30
immunoblots of fractionated cardiac lysates. Membrane-enriched and
cytosolic fractions were prepared by ultracentrifugation, and western
blotting for GPR30 protein was performed. The integrated density of
GPR30 normalized to actin for each lane is listed below each blot, with the
first lane set equal to 1.0. (A) GPR30 western blot of cardiac lysates of
Ramp3*'* and Ramp3~'~ mice (n=3 animals per genotype). GPR30 is
reduced in the membrane fraction and increased in the cytosolic fraction in
Ramp3~'~ vs Ramp3™'* hearts. (B) GPR30 western blot of the plasma
membrane fraction of cardiac lysates from male and female Ramp3*/* and
Ramp3~'~ mice (n=3 animals per group). Females have more membrane-
localized GPR30 than males, and loss of Ramp3 reduces membrane GPR30
levels in both sexes. (C) Western blot of the plasma membrane (P) and
cytosolic (C) fractions of pooled RenTgMK male and female hearts

density at membrane: RenTgMK;Ramp3 /" =1.0, RenTgMK;
Ramp3~/~=0.29; Fig. 4D). Figure 4E summarizes the
quantitative findings and statistical analysis from each of
these experiments. For both sexes, there is a robust trend of
reduced membrane to cytosolic (P:C) ratio of GPR30 protein
in disease-free and RenTgMK hearts in the absence of Ramp3.
Female mice have a higher P:C ratio of GPR30 protein
compared with males across all conditions, and this sex
difference is statistically significant in Ramp3™" and
RenTgMK;Ramp3*/* hearts. Thus, female mice have
significantly increased membrane-localized GPR30 protein
compared with males, and there is a trend of GPR30
protein mislocalization in male and female Ramp3~/~ and
RenTgMK;Ramp3 ™/~ heart tissues.

Finally, we investigated whether pharmacological acti-
vation of GPR30 is cardioprotective in the RenTgMK model of

(n=3 animals per group). In this heart disease model, females have
increased membrane-localized GPR30 compared with males. (D) Western
blot of the plasma membrane (P) and cytoplasmic (C) fractions of cardiac
lysates from replicate samples of RenTgMK;Ramp3™*'* (n=3) and
RenTgMK;Ramp3~/~ (n=3) mice. Each replicate number represents a
separate animal. The average densities for the P and C fraction for each
genotype are listed below the blot. Loss of Ramp3 on the RenTgMK
background reduces plasma membrane GPR30. (E) Quantitation of
immunoblot data showing the normalized ratio of GPR30 protein in the
plasma membrane and cytosolic fractions (P:C) in male and female hearts
across genotypes. Ramp3*/* and RenTgMK;Ramp3*/* females have
significantly higher GPR30 P:C ratios compared with males of the same
genotype. Numbers inside bars represent n for each group, numbers above
bars represent the average P:C ratio for each group; *P<0.05.

heart disease and whether these effects are dependent on
RAMP3. We treated male and female RenTgMK;Ramp3 ™+ and
RenTgMK;Ramp3~/~ mice with G-1, the specific agonist for
GPR30, or a placebo for a period of 40 days and then performed
cardiovascular phenotyping. First, we measured blood
pressure to determine whether G-1 treatment affected the
hypertensive phenotype of the RenTgMK mice. We found no
significant change in blood pressure with G-1 treatment
in male mice (RenTgMK;Ramp3™/* placebo=145.6+
22.4 mmHg, RenTgMK;Ramp3™" G-1=148.7+25.9 mmHg
and RenTgMK;Ramp3~/~ placebo=150.3+38.6 mmHg,
RenTgMK;Ramp3 ™/~ G-1=159.5+25.1 mmHg) or female
mice (RenTgMK;Ramp3*/* placebo=128.5+25.6 mmHg,
RenTgMK;Ramp3™/* G-1=118.0+25.0 mmHg and Ren
TgMK;Ramp3 ™'~ placebo=135.8+27.4 mmHg, RenTgMK;
Ramp3~'~ G-1=140.1+38.8 mmHg).
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Next, we examined cardiac fibrosis. Consistent with
other studies (Jessup et al. 2010), we found that there
were no overt differences in interstitial fibrosis between
the genotypes or with G-1 treatment in male mice (Fig. SA
and B). However, G-1 treatment did result in a statistically
significant reduction in perivascular fibrosis (Fig. 5C
and D) in the hearts of RenTgMK;Ramp3*/*, but not
RenTgMK;Ramp3’/’, male mice. We also examined
female hearts and found no significant differences in
either perivascular or interstitial fibrosis.

We also found interesting changes in the LV:BW ratio
of these mice. The LV:BW ratio of RenTgMK;Ramp3+/*
male mice was significantly reduced with G-1 treatment
compared with placebo (Fig. 6A). RenTgMK;Ramp3 '~
males, on the other hand, had no reduction in their
LV:BW ratio with G-1 treatment. Female mice of both
genotypes had no significant response to G-1 treatment.
BWs did not differ by genotype or treatment condition
for males (RenTgMK;Ramp3*/* placebo=24.36+4.19 g,
RenTgMK;Ramp3™/* G-1=23.79+2.98 g and RenTgMK;
Ramp3~/~ placebo=23.19+2.73 g, RenTgMK;Ramp3~/~
G-1=23.96+3.39 g) or females (RenTgMK;Ramp3™/* pla-
cebo=18.44+1.60 g, RenTgMK;Ramp3*/* G-1=19.23+
2.21 g and RenTgMK;Ramp3 ™/~ placebo=20.05+1.77 g,
RenTgMK;Ramp3 ™/~ G-1=20.15+1.75 g). In addition to
determining LV:BW ratios, we measured cardiomyocyte
cross-sectional area, which revealed results consistent
with the heart weight findings. Only male RenTgMK mice
with intact Ramp3 showed a significant reduction in
cardiomyocyte area with G-1 treatment, while females or
males lacking Ramp3 did not respond to G-1 treatment
(Fig. 6B and C).

Discussion

The identification of novel GPCR-RAMP interactions is of
great interest because this complex forms a pharmaco-
logically tractable interface, which could potentially be
manipulated for the treatment of human disease (Sexton
et al. 2009). In the current study, we identified GPR30, an
E, receptor with important functions in the cardiovascular
system (Olde & Leeb-Lundberg 2009, Nilsson et al. 2011,
Prossnitz & Barton 2011), as a novel target for RAMP3, a
modifying protein also known for its sex-dependent
cardioprotective effects (Barrick et al. 2012). The associ-
ation of GPR30 with a RAMP is of particular interest
because this has the potential to clarify much of the
controversy that still surrounds GPR30’s cellular local-
ization, ligand-binding  specificity, and function.

GPR30 and RAMP3 interact and 51:1 198
are cardioprotective

Furthermore, GPR30 is the first family A GPCR to be
shown to interact with an RAMP.

In this study, we have made use of both standard and
newly available techniques in the field to provide
compelling evidence for the GPR30-RAMP3 interaction.
BRET, already well described for its utility in testing
protein—protein interactions in general, has recently been
used as an elegant and quantitative method to interrogate
GPCR-RAMP interactions (Heroux et al. 2007, Harikumar
et al. 2009). Here, we use this method to reveal a robust
interaction between GPR30 and RAMP3 that is equivalent
to that observed with CLR, the canonical RAMP-associated
receptor. Co-immunoprecipitation of the epitope-tagged
GPR30 and RAMP3 proteins further supports this con-
clusion. In the past, the use of confocal microscopy to test
the ability of GPCRs to enhance the localization of RAMPs
in the plasma membrane was the standard method by
which the association of receptors with RAMPs had been
tested (Harikumar et al. 2009). Similarly, with this
technique, we found that GPR30 and RAMP3 co-localize,
and expression of GPR30 enhances RAMP3 localization to
the cell surface. This provides further evidence for an
interaction between the two proteins and shows that the
association of GPR30 and RAMP3 alters the localization of
this complex.

In addition to the localization effects observed in vitro,
RAMP3 may also affect localization of GPR30 in vivo, as
absence of RAMP3 results in a trend of mislocalized GPR30
in both normal mouse heart tissue and in heart tissue on
a background of cardiovascular disease. Sex differences in
GPR30 localization were also observed, as the hearts of
female mice have a significantly increased proportion of
GPR30 protein at the plasma membrane compared with
males when Ramp3, an estrogen regulated gene, is present.
Most importantly, these in vivo differences have functional
consequences, as pharmacological activation of GPR30
reduces cardiac hypertrophy and perivascular fibrosis in
male mice with intact Ramp3, while genetic loss of Ramp3
eliminates this cardioprotective effect. These effects were
independent of blood pressure, which is consistent with
previous studies showing that chronic G-1 treatment does
not affect blood pressure under hypertensive conditions in
intact male or female rats (Lindsey et al. 2009, 2011, Jessup
et al. 2010, Wang et al. 2012). Thus, it is likely that this
cardioprotection is due to direct effects of GPR30-RAMP3
function in the heart, which is influenced by the
localization of the protein complex.

Interestingly, we found that the reduction of cardiac
hypertrophy and perivascular fibrosis is only observed in
male mice, indicating that the protective effect of GPR30
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Interstitial fibrosis
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Figure 5

The effect of in vivo activation of GPR30 on cardiac fibrosis. (A) Masson’s
trichrome staining of interstitial fibrosis in the left ventricle of male
RenTgMK;Ramp3*/* and RenTgMK;Ramp3~/~ mice treated with

6 mg continuous release pellets of G-1 or placebo for 40 days, (B) with
quantitation. No overt differences in interstitial fibrosis were observed
between the genotypes or with G-1 treatment. (C) Masson's trichrome
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staining of perivascular fibrosis in the left ventricle of male RenTgMK;
Ramp3*'* and RenTgMK;Ramp3~'~ mice treated with G-1 or placebo,
(D) with quantitation. G-1 treatment resulted in a statistically significant
reduction in perivascular fibrosis in RenTgMK;Ramp3*/* males but not in
RenTgMK;Ramp3~/~ males or female mice of either genotype. n=5-9
animals per group.

© 2013 Society for Endocrinology
Printed in Great Britain

http:/jme.endocrinology-journals.org
DOI: 10.1530/JME-13-0021

Published by Bioscientifica Ltd.


http://jme.endocrinology-journals.org/
http://dx.doi.org/10.1530/JME-13-0021

Journal of Molecular Endocrinology

P M LENHART and others

Research

A Males
6.0 P<0.05 NS
__ 5.5+
39 o’ % * o
o
m 504 % °
£, e E
g 4.5+ ° R (1Y
a ° % .
L]
4.0 4
3.5 T T T T
RenTgMK;Ramp3**  RenTgMK;Ramp3~~
Placebo G-1 Placebo G-1
B Males

RenTgMK;Ramp3+'*

7

o
Qo
[0
o
K
o
0]
C Males
P<0.001 NS EP
20000 4 k 1 b i1 OG
2
«
o
@
L
)
o
>
£
o
B
4
(6]
RenTgMK; RenTgMK;
Ramp3*'* Ramp3~

Figure 6

The effect of in vivo activation of GPR30 on left ventricular hypertrophy.
(A) Left ventricle to body weight (LV:BW) ratios of male and female
RenTgMK;Ramp3*/* and RenTgMK;Ramp3~/~ mice treated with the

G-1 or placebo. Male RenTgMK;Ramp3*/* mice show a statistically
significant reduction in LV:BW ratio with G-1 treatment (P<0.05).

(B) Hematoxylin and eosin staining of the left ventricles of male and female
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RenTgMK;Ramp3*/* and RenTgMK;Ramp3~'~ mice. (C) Cardiomyocyte
cross-sectional area measurements of male and female RenTgMK;
Ramp3*/* and RenTgMK;Ramp3~/~ mice. Male RenTgMK;Ramp3*/* mice
show a statistically significant reduction in cardiomyocyte area with G-1
treatment (P<0.001). n=5-9 animals per group.
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Figure 7

A model of GPR30- and RAMP3-mediated cardioprotection. Female mice
have increased GPR30 at the cell membrane compared with males and high
levels of the estradiol (E;). Therefore, regardless of G-1 treatment, females
may remain cardioprotected even when Ramp3 is absent. Males have
reduced membrane GPR30 and low E, levels and thus lack the natural
cardioprotection seen in females. G-1 treatment can improve the
cardiovascular phenotype only if the male expresses Ramp3, which may
maintain GPR30 localization at the cell membrane, allowing for efficient
response to ligand treatment.

in the heart is both RAMP3 and sex dependent.
Our previously published work has demonstrated that
RenTgMK;Ramp3 ™/~ males at 5-6 months of age have
exacerbated cardiac hypertrophy. We intentionally per-
formed our cardiovascular phenotyping experiments in
mice beginning at 2 months of age, and as expected at this
early time point, the LV:BW ratios and cardiomyocyte
areas did not differ in mice lacking Ramp3. Thus, Ramp3
genotype-dependent effects do not confound the interpre-
tation of our results from the G-1 treatment experiments.
Figure 7 models our proposed explanation for why the
effectiveness of G-1 treatment was dependent on sex and
Ramp3 genotype. We hypothesize that because female
mice have increased GPR30 at the cell membrane
compared with males and high levels of the endogenous
GPR30 ligand, E, they remain cardioprotected even when
Ramp3 is absent, regardless of G-1 treatment. However,
males have reduced membrane GPR30 and low E, levels.
This leads to a worsened cardiovascular phenotype that
can be ameliorated with G-1 treatment only if the males
express Ramp3, which may maintain GPR30 localization at
the cell membrane, allowing for efficient response to
ligand treatment. The requirement of intact Ramp3
for GPR30 cardioprotection may also depend on

GPR30 and RAMP3 interact and 51:1 201
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RAMP-mediated effects in addition to localization, such
as downstream signaling. Future studies will be directed
at determining whether and how RAMP3 alters
GPR30-mediated cell signaling.

Our results are consistent with our previous studies
showing a sex-dependent cardioprotective role for RAMP3
(Barrick et al. 2012), and our findings also complement
studies by others including Jessup et al. (2010) showing
that G-1 treatment significantly reduces cardiomyocyte
hypertrophy in intact female rats with salt-sensitive
hypertension. Although G-1 treatment reduces interstitial
fibrosis in ovariectomized female rats (Kang et al. 2012,
Wang et al. 2012), the reduction in perivascular fibrosis
with G-1 treatment in male mice shown here is unique. To
our knowledge, this is the first report of GPR30 agonist-
induced cardioprotection in a genetic mouse model of
cardiovascular disease, with the additional discovery of
sex differences. The requirement for RAMP3 to mediate
these effects is entirely novel.

Our results demonstrate for the first time that GPR30
and RAMP3 interact. This interaction has functional
consequences on the localization of these proteins, and
we show that RAMP3 plays a critical and sex-dependent
role in GPR30-mediated cardioprotection. GPR30-RAMP3
is a novel pathway that may contribute to sex differences
in cardiovascular disease susceptibility and progression,
and ultimately, this pathway could potentially be targeted
for sex-tailored treatment for cardiovascular disease.
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G protein-coupled Receptor 30 (GPR30) Forms a Plasma
Membrane Complex with Membrane-associated Guanylate
Kinases (MAGUKSs) and Protein Kinase A-anchoring Protein 5
(AKAP5) That Constitutively Inhibits cAMP Production™
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Background: GPR30 plays important roles in cardiometabolic regulation and cancer.
Results: GPR30 forms a complex with a MAGUK and AKAP5 that constitutively inhibits cAMP production independently of

G/, and retains receptors in the plasma membrane.

i/o

Conclusion: The GPR30-MAGUK-AKAP5 complex mediates receptor signaling.
Significance: These results present a new mechanism by which a receptor inhibits cAMP production.

GPR30, or G protein-coupled estrogen receptor, is a G protein-
coupled receptor reported to bind 17 3-estradiol (E,), couple to the
G proteins G, and G, and mediate non-genomic estrogenic
responses. However, controversies exist regarding the receptor
pharmacological profile, effector coupling, and subcellular local-
ization. We addressed the role of the type I PDZ motif at the recep-
tor C terminus in receptor trafficking and coupling to cAMP pro-
duction in HEK293 cells and CHO cells ectopically expressing the
receptor and in Madin-Darby canine kidney cells expressing the
native receptor. GPR30 was localized both intracellularly and in
the plasma membrane and subject to limited basal endocytosis. E,
and G-1, reported GPR30 agonists, neither stimulated nor inhib-
ited cCAMP production through GPR30, nor did they influence
receptor localization. Instead, GPR30 constitutively inhibited
cAMP production stimulated by a heterologous agonist indepen-
dently of G;,. Moreover, siRNA knockdown of native GPR30
increased cAMP production. Deletion of the receptor PDZ motif
interfered with inhibition of cAMP production and increased basal
receptor endocytosis. GPR30 interacted with membrane-associ-
ated guanylate kinases, including SAP97 and PSD-95, and protein
kinase A-anchoring protein (AKAP) 5 in the plasma membrane in
a PDZ-dependent manner. Knockdown of AKAP5 or St-Ht31
treatment, to disrupt AKAP interaction with the PKA RIIf regula-
tory subunit, decreased inhibition of cAMP production, and
St-Ht31 increased basal receptor endocytosis. Therefore, GPR30
forms a plasma membrane complex with a membrane-associated
guanylate kinase and AKAPS5, which constitutively attenuates
cAMP production in response to heterologous agonists indepen-
dently of G;/, and retains receptors in the plasma membrane.
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GPR30 is a G protein-coupled receptor (GPCR)? that is cur-
rently attracting considerable attention for important roles in
cardiometabolic regulation and cancer. The receptor was
named G protein-coupled estrogen receptor following reports
that it binds 17B-estradiol (E,) with high affinity (1, 2) and
mediates non-genomic estrogenic responses via the G proteins
G, (3) and G, , in vitro (1-5). However, the receptor pharma-
cological profile, effector coupling, and subcellular localization
are controversial (6—10), indicating that a number of receptor
details are missing.

PDZ domains are protein-protein recognition modules pres-
ent in some proteins that bind C-terminal short, linear
sequences that may be divided into three types, including type I
(X-(S/T)-X-Q), type II (X-@-X-@), and type III (X(D/E)-X-O)
(11). Some GPCRs contain PDZ motifs at their C termini that
regulate receptor signaling and trafficking (12). GPR30 con-
tains a conserved C-terminal canonical type I PDZ motif,
-SSAV, and this motif has been shown recently to interact with
postsynaptic density 95 (PSD-95) and to be important for
receptor plasma membrane localization (13). PSD-95 is a neu-
ronal protein and the most studied member of the membrane-
associated guanylate kinase (MAGUK) family of PDZ domain
proteins. These proteins serve as scaffolds to organize events in
signal transduction, cell adhesion, and membrane trafficking at
specialized cell-cell junctions (14). Several MAGUKs also inter-
act via a unique domain with protein kinase A-anchoring pro-
tein (AKAP) 79/150 or AKAP5 (15, 16), which is known to
interact with the RII regulatory subunit of PKA (17). Further-
more, AKAP5-RII interacts with, phosphorylates, and inhibits
adenylate cyclase (AC) (17, 18). Therefore, AKAP5 exists in
complexes that compartmentalize the regulation of cAMP pro-
duction and signaling.

2 The abbreviations used are: GPCR, G protein-coupled receptor; MAGUK,
membrane-associated guanylate kinase; AKAP, A kinase-anchoring pro-
tein; AC, adenylate cyclase; MDCK, Madin-Darby canine kidney; B1AR, B1
adrenergic receptor; RIA, radioimmunoassay; FSK, forskolin; PGE,, prosta-
glandin E,; ISO, isoproterenol; Ab, antibody.
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FIGURE 1. GPR30 constitutively inhibits cAMP production. A and B, HEK cells transfected without (Mock) and with GPR30 were treated with 0.1 um E,, 1 um
G-1,and/or 1 um FSK. C, HEK cells transfected without and with GPR30 were treated with increasing concentrations of FSK. D, CHO cells transfected without and
with GPR30 were treated with 1 um PGE2 or 1 um FSK for 30 min. £, MDCK-Cre cells transfected with scrambled (Scr siRNA) and GPR30-specific siRNA (GPR30
siRNA) were treated with 1 um FSKand immunoblotted for GPR30 and B-actin. F, CHO cells transfected without and with GPR30 were treated without and with
100 ng/ml pertussis toxin (PTX) for 24 h and then with 1 um PGE2 without or with 100 nm 5-carboxamidotryptamine (5-CT) for 30 min. A-C, cAMP was measured
in real time with the GloSensor assay, and the results, shown as relative light units (RLU), are representative of at least six experiments, with each data point
being the mean = S.E. of 8-16 measurements. In D and F, cAMP was measured with RIA, and in E, CAMP was measured with the Cre reporter assay, and the
values are means * S.E. of at least three independent experiments, with each data point representing 3-16 measurements. *, p < 0.05; ***, p < 0.001; ns, not

significant.

Here we investigated the role of the GPR30 PDZ motif in
receptor plasma membrane localization and regulation of
cAMP production and addressed the involvement of MAGUKs
and AKAP5 in these events. Our results show that GPR30 forms
a PDZ motif-dependent plasma membrane complex with a
MAGUK and AKAP5 that constitutively inhibits cAMP pro-
duction independently of G;,, and retains the receptor in the
plasma membrane.

/o

EXPERIMENTAL PROCEDURES

Cell Culture and DNA Constructs—HEK293 cells, MDCK
cells, and CHO-K1 cells (ATCC) were grown in phenol red-free
DMEM supplemented with 10% FBS in 5% or 10% CO, at 37 °C.
In some experiments, FBS was replaced with charcoal-stripped
FBS. N-terminally FLAG- and HA-tagged human GPR30
¢DNA in pcDNA3.1 were made as described previously (19). A
GPR30 cDNA construct, in which the four C-terminal residues
in GPR30 (-SSAV) were deleted (GPR30ASSAV), was produced
by PCR. Human FLAG-tagged PSD-95, human FLAG-tagged
Bl-adrenergic receptor (B1AR), and PKA RIIB-GFP cDNAs
were obtained from Addgene (Cambridge, MA). Canine
GPR30-specific and scrambled siRNAs were obtained from
Eurofins MWG Operon (Edelsberg, Germany), and human
AKAP5-specific and scrambled shRNAs in pcDNA6.1 vectors
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were obtained from Dr. S. Bahouth (University of Tennessee
Health Science Center, Memphis, TN).

TransIT-LT1 (Mirus Bio LLC, Madison, WI) was used to
transiently transfect HEK293 cells and MDCK-Cre cells, and a
nucleofection protocol (Amaxa Inc., Gaithersburg, MD) was
used to transiently transfect HEK293 cells and CHO-K1 cells.
Cells transiently transfected with a plasmid-containing recep-
tor construct were always compared with cells transfected with
empty plasmid alone (mock). HEK293 cells stably expressing
FLAG-tagged mouse GPR30 were generated and maintained as
described previously (19). MDCK cells were transfected with
the p6CRE/luc vector using Lipofectamine reagent (Invitro-
gen). Single colonies were chosen and propagated in the pres-
ence of selection-containing medium (medium plus hygromy-
cin B) to generate a clonal stable cell line (MDCK-Cre).

Immunoprecipitation and Immunoblotting—Immunopre-
cipitation and immunoblotting were done as described previ-
ously (19). Proteins were immunoprecipitated with mouse M2
FLAG antibody-agarose (Sigma-Aldrich, St. Louis, MO) and
goat GPR30 antibody (R&D Systems, Minneapolis, MN), pan-
MAGUK antibody (Merck Millipore, Billerica, MA), AKAP5
antibody (BD Biosciences), and SAP97 antibody (Santa Cruz
Biotechnology) coupled to protein G-Sepharose (GE Health-
care). Proteins were immunoblotted with mouse M2 FLAG
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FIGURE 2. Constitutive GPR30 inhibition of cAMP production requires the receptor C-terminal PDZ motif. A, schematic of the GPR30 structure indicating
the C-terminal PDZ motif and N-terminal N-glycosylation sites. B, HEK cells transfected with GPR30 or GPR30ASSAV were immunoprecipitated (/P) with M2
FLAG antibody (Ab) beads, treated without (—) and with (+) PNGase, and immunoblotted (/8) with M2 FLAG Ab. Molecular weight (M,) standards (arrows on the
left) and major receptor species, as described by Sanden et al. (19), are indicated (arrows on the right), and the results are representative of experiments
performed at least three times. C, HEK cells transfected without (Mock) and with GPR30 or GPR30ASSAV were treated with 1 um FSK, and cAMP production was
measured in real time with the GloSensor assay. D, CHO cells transfected without and with GPR30 or GPR30ASSAV were treated with 1 um PGE2 or 1 um FSK,
and cAMP production was measured with RIA. £, MDCK-Cre cells transfected without and with GPR30 or GPR30ASSAV were treated with T um FSK, and cAMP
production was measured with the Cre promoter reporter assay. F, HEK cells transfected without and with GPR30 or B1AR were treated with 1 um FSK or 10 um
1SO, and cAMP production was measured in real time with the GloSensor assay. G, HEK cells transfected with B1AR without and with GPR30 or GPR30ASSAV
were treated with 0.1 um dobutamine, and cAMP production was measured in real time with the GloSensor assay. C-E, the values are mean = S.E. of at least
three independent experiments, with each data point performed in at least triplicates. F and G, the results are representative of at least three independent
experiments, with each data point being the mean = S.E. of 16 measurements. E-G, the results are shown as relative light units (RLU). **, p < 0.01;***,p < 0.001;

ns, not significant.

antibody (Sigma-Aldrich, 1:1000), goat GPR30 antibody
(1:200), pan-MAGUK antibody (1:2000), SAP97 antibody
(1:200), and AKAPS5 antibody (1:1000).

Enzymatic Deglycosylation—Deglycosylation was done by
treating immunoprecipitates with 500 units PNGase F (New
England Biolabs, Ipswich, MA) in 10 mwm Tris-HCI (pH 7.4) for
2hat37°C.

Immunofluorescence Microscopy—Immunofluorescence
microscopy of HEK293 cells was done as described previously
(19, 20). In live antibody staining, we took advantage of the fact
that mouse M1 FLAG antibody (Sigma-Aldrich, 1:500) and goat
GPR30 antibody (1:100) specifically label the receptor extracel-
lular N-terminal FLAG epitope and N-terminal domain,
respectively. Therefore, “feeding” live cells with these antibod-
ies for 30 min at 37 °C monitored exclusively cell surface recep-
tor-antibody complexes and complexes that had undergone
endocytosis. Cells were then fixed and permeabilized. In fixed
staining, to monitor total cellular receptors, cells were fixed and
permeabilized and then incubated with mouse M1 FLAG anti-
body (1:500) or goat GPR30 antibody (1:100) for 1 hat 22 °C. In
all experiments, receptors were then visualized by incubating
fixed cells with secondary Alexa Fluor 488-labeled goat anti-
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bodies or mouse IgG2b antibodies (Invitrogen). For colocaliza-
tion, fixed and permeabilized cells were also incubated with
rabbit early endosomal antigen 1 (EEA1) antibody (Sigma-
Aldrich, 1:200), pan-MAGUK antibody (1:2000), and AKAP5
antibody (1:1000) and then with secondary Alexa Fluor 568-
labeled anti-mouse IgG1 or anti-rabbit antibodies (Invitrogen).
DAPI was used for nuclear staining. Images were collected
using a Nikon Eclipse confocal fluorescence microscope.

Flow Cytometry—Resuspended HEK293 cells were incubated
with mouse anti-M1 FLAG antibody (1:200) or mouse IgG
(DAKO, Glostrup, Denmark) for 20 min with or without 0.1%
saponin/PBS (Sigma-Aldrich) at room temperature to detect
the intracellular and cell surface expression of receptors,
respectively. Cells were then washed with PBS with Ca®" /Mg*"
and resuspended in PBS with phycoerythrin-labeled goat anti-
mouse antibody (DAKO, 1:2000) as a secondary antibody, with
or without 0.1% saponin/PBS for 20 min at room temperature
in the dark. The cells were then washed with PBS, centrifuged
at 2000 X g for 5 min, and then the pellet was resuspended in
PBS and analyzed directly by flow cytometry. The specificity
of the secondary antibody was tested by omitting the primary
antibody. The cells were analyzed using a BD FACSCanto
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FIGURE 3. GPR30 requires the C-terminal PDZ motif for plasma membrane retention. A, HEK cells transfected with GPR30 or GPR30ASSAV were subjected
to fixed staining (Fixed) and live staining (Live) with M1 FLAG antibodies. B, HEK cells transfected with GPR30 or GPR30ASSAV were stained live (Surface
Receptors) and following permeabilization (Total Receptors) with M1 FLAG antibodies and then subjected to flow cytometry. The values are means =+ S.E. of at
least three independent experiments with each data point performed in at least triplicates. C, HEK cells transfected with GPR30 or GPR30ASSAV were subjected
to live staining with M1 FLAG antibodies. Following fixation and permeabilization, cells were stained with EEA1 antibodies. A and C, the results are represent-
ative of experiments performed at least three times. The individual and merged images (Merge) were collected using a Nikon Eclipse confocal microscope, X60
objective, and 50-pm zoom. Yellow indicates colocalization in merged images. *, p < 0.05.

cytometer and FACSDiva software (BD Biosciences). For-
ward and side scatter measurements were attained with gain
settings in linear mode. In all experiments, binding was cal-
culated after subtracting the background fluorescence of the
control antibody.

¢AMP Production—Accumulation of cAMP in CHO-K1 cells
and HEK293 cells was measured by radioimmunoassay (RIA) as
described previously by us (21). Briefly, cells in 24-well plates
were washed twice with Hanks’ balanced salt solution contain-
ing 20 mm HEPES (pH 7.4). Cells were then incubated with the
phosphodiesterase inhibitor rolipram (25 um) with or without
stimulus for 15 min. Incubations were terminated by aspiration
and addition of 500 ul of ice-cold absolute ethanol. The ethanol
extracts from individual wells were then dried under a gentle air
stream and reconstituted in 100 ul of 50 mm sodium acetate

22120 JOURNAL OF BIOLOGICAL CHEMISTRY

(pH 6.2). The cAMP content of each 100-ul sample was deter-
mined by RIA.

Production of cAMP in HEK293 cells was also measured
using the GloSensor cAMP assay according to the instructions
of the manufacturer (Promega, Madison, WI). Briefly, cells in
96-well plates (20,000 cells/well) were incubated with the
GloSensor cAMP reagent. Following addition of the stimulus,
cAMP production was measured as luminescence.

Cre Promoter Activity—Cre activity was measured in MDCK-
Cre cells. Cells in 96-well plates (20,000 cells/well) were grown
in medium overnight and then in serum-free medium for ~20
h. After washing in the same medium, cells were incubated with
25 uM rolipram for 5 min, after which various stimuli were
added for 22 h. Incubations were terminated by aspiration and
addition of 10 ul/well reporter lysis buffer (Promega). Follow-
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expressing mouse GPR30 (FLAG-GPR30, lane 2) were immunoblotted (/B) with pan-MAGUK antibody or firstimmunoprecipitated (/P) with M2 FLAG Ab beads
and then IB with pan-MAGUK Ab (lanes 3 and 4). Lysates of HEK cells transfected without (Mock, lanes 5, 8, and 10) and with human GPR30 (/anes 6 and 11),
GPR30ASSAV (lane 7), or B1-AR (lanes 9 and 12) were immunoprecipitated with M2 FLAG Ab beads and then immunoblotted with pan MAGUK Ab (lanes 5-9)
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GPR30 Ab (lanes 2-5) or pan-MAGUK Ab (lanes 6 and 7). Molecular weight (M,) standards (in kilodaltons) are indicated (arrows on the left). MAGUKs (A and D,
lanes 6 and 7), GPR30 (B and D, lanes 1-5), and AKAP5 (C) are indicated (arrows on the right). The results are representative of experiments performed at least

three times.

ing addition of 35 ul/well luciferin reagent (Biothema, Handen,
Sweden) and ATP, Cre promoter activity was measured as
luminescence.

Data Analysis—Data are presented as mean * S.E. Where
appropriate, paired analysis with Student’s ¢ test or one-way
analysis of variance with Bonferroni’s post hoc test was used for
statistical comparisons. p < 0.05 was regarded as statistically
significant. Data analysis was performed using the Prizm pro-
gram (GraphPad, La Jolla, CA).

RESULTS

GPR30 Constitutively Inhibits cAMP Production—To inves-
tigate whether GPR30 regulates cAMP production, we tran-
siently expressed N-terminally FLAG-tagged human GPR30
(GPR30) in HEK293 cells and CHO cells, two well described
model systems. First, we assessed GPR30-dependent effects by
treating HEK293 cells with the proposed GPR30 agonists E,
(0.1 um) and G-1 (1 um) (22). Neither agonist increased cAMP
production (Fig. 14) nor decreased cAMP production stimu-
lated by forskolin (FSK) (1 um) (Fig. 1B) in either GPR30- or
mock-transfected cells. The same results were obtained with
CHO cells transiently expressing the receptor (data not shown).

Next, we took an unbiased approach and assessed whether
GPR30 regulated cAMP production constitutively, i.e. in the
absence of agonist. To do so, cAMP production in cells express-
ing the receptor was compared with that in mock-transfected
cells. GPR30 expression had no effect on basal cAMP produc-
tion in either HEK293 cells or CHO cells (data not shown). On
the other hand, GPR30 drastically decreased FSK-stimulated
cAMP production, as determined in HEK293 cells (Fig. 1C).
The inhibition was not caused by a serum-derived factor
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because the same effect was observed after growing cells in
phenol red-free and charcoal-stripped serum or keeping them
in serum-free medium for 24 h (data not shown). GPR30 also
decreased both prostaglandin E, (PGE,)- and FSK-stimulated
cAMP production in CHO cells (Fig. 1D). Consistent with these
observations, siRNA knockdown of native GPR30 in MDCK
cells stably expressing a p6CRE/luc construct (MDCK-Cre) sig-
nificantly increased FSK-stimulated Cre promoter activity (Fig.
1E). Pretreatment of CHO cells expressing GPR30 with 100
ng/ml pertussis toxin for 24 h had no effect on GPR30 inhibi-
tion of cAMP production, whereas pertussis toxin reversed the
inhibitory effect of 100 nm 5-carboxyamidotryptamine through
endogenous Gj-coupled 5-HT1B receptors (Fig. 1F), as re-
ported previously (21). Therefore, GPR30 constitutively inhib-
its cAMP production independently of G;,,..

Constitutive GPR30 Inhibition of cAMP Production Requires
the Receptor C-terminal PDZ Motif—To address the functional
role of the type I PDZ binding motif (-SSAV) at the receptor C
terminus (Fig. 24), an N-terminally FLAG-tagged receptor
construct lacking this motif (GPR30ASSAV) was expressed and
compared with GPR30. Both constructs expressed equally well
with the same peptide profile in HEK293 cells (Fig. 2B, lanes 1
and 3). Furthermore, the constructs exhibited the same unique
peptide profile as that observed previously with the mouse
receptor following receptor N-deglycosylation with PNGase
(Fig. 2B, lanes 2 and 4) (19).

Interestingly, deletion of the PDZ motif in GPR30 blunted
the ability of this receptor to inhibit cAMP production, regard-
less of whether cAMP production had been increased with FSK
in HEK293 cells (Fig. 2C), FSK or PGE, in CHO cells (Fig. 2D),
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or FSK in MDCK-Cre cells (Fig. 2E). Furthermore, deletion of
the PDZ motif did not introduce either E,- or G-1 stimulation
or inhibition of cAMP production (data not shown). In contrast
to GPR30, FLAG-tagged B1AR, a G,-coupled GPCR that also
contains a C-terminal type I PDZ motif (-ESKV), did not
constitutively inhibit FSK-stimulated cAMP production in
HEK293 cells (Fig. 2F). Furthermore, although GPR30 inhibited
cAMP production in response to isoproterenol (ISO) stimula-
tion of endogenous B2AR in these cells, B1AR enhanced the
ISO response, as expected (Fig. 2F). Also, when GPR30 and
B1AR were coexpressed, GPR30 inhibited cAMP production in
response to the Bl-selective agonist dobutamine, whereas
GPR30ASSAV was less efficacious (Fig. 2G). Therefore, GPR30
constitutively inhibits cAMP production in a PDZ-dependent
manner.

GPR30 Requires the C-terminal PDZ Motif for Plasma Mem-
brane Retention—To determine the role of the GPR30 PDZ
motif in receptor subcellular localization, HEK293 cells ex-
pressing GPR30 or GPR30ASSAV were stained with M1 FLAG
antibodies or GPR30 antibodies, both directed toward extracel-
lular N-terminal receptor epitopes, and then imaged by confo-
cal immunofluorescence microscopy. Fixed staining, in which
receptors were stained following cell fixation to monitor all
cellular receptors, showed that GPR30 and GPR30ASSAYV dis-
tributed similarly both intracellularly and in the plasma mem-
brane (Fig. 34, Fixed), and neither distribution was influenced
by E, or G-1 (data not shown). Live staining, in which live cells
were fed primary antibody for 30 min at 37 °C prior to cell
fixation to selectively monitor cell surface receptor-antibody
complexes and complexes that had internalized during this
time period, showed that GPR30 was present primarily in the
plasma membrane with limited basal endocytosis (Fig. 34,
Live). On the other hand, live staining of GPR30ASSAV was
primarily intracellular, indicating that, although this con-
struct also reached the cell surface, it was subject to consid-
erably higher basal endocytosis compared with GPR30 (Fig.
3A, Live). Flow cytometry analysis confirmed that the
steady-state cell surface level of GPR30ASSAV was signifi-
cantly lower than that of GPR30 (Fig. 3B). Therefore, the
GPR30 PDZ motif is also important for retaining receptors
in the plasma membrane.

Fig. 3C shows that the limited amount of internalized GPR30
observed following live staining partially colocalized with the
early endosomal marker EEA1, indicating that it proceeds via
typical receptor-mediated endocytosis. Interestingly, deletion
of the PDZ motif increased colocalization with this marker,
suggesting that this motif may also participate in postendocytic
receptor sorting.

The GPR30 C-terminal PDZ Motif Forms a Complex with
MAGUKs and AKAPS—Immunoblotting of HEK293 cell
lysates shows that these cells express MAGUKSs with which the
GPR30 PDZ motif could potentially interact (Fig. 44, lanes 1
and 2). Immunoprecipitation of mouse GPR30 from HEK293
cells stably expressing this receptor specifically coprecipitated a
native MAGUK of about 110 kDa (Fig. 44, lane 4). Transiently
expressed human GPR30 coprecipitated a MAGUK of a slightly
larger size (Fig. 4A, lane 6) that was not observed when express-
ing GPR30ASSAYV (Fig. 44, lane 7). The size of this MAGUK
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FIGURE 5. The GPR30-MAGUK-AKAP5 complex is localized in the plasma
membrane. A, HEK cells transfected with GPR30 were subjected to live stain-
ing (Live) with GPR30 antibodies. Following fixation and permeabilization,
cells were stained with pan-MAGUK antibodies, AKAP5 antibodies, or DAPI. B,
HEK cells transfected with GPR30 and PSD-95 were subjected to fixed staining
(Fixed) and live staining (Live) with GPR30 antibodies. Following fixation and
permeabilization, cells were stained with pan-MAGUK antibodies (MAGUK) or
DAPI. C, HEK cells transfected with GPR30ASSAV and PSD-95 were subjected
to fixed staining and live staining with GPR30 antibodies. Following fixation
and permeabilization, cells were stained with pan-MAGUK antibodies or
DAPI. The results are representative of experiments performed at least three
times, and the individual and merged images (Merge) were collected using a
Nikon Eclipse confocal microscope, X60 objective, and 50-um zoom. The
arrows indicate protein colocalization (yellow).

was very similar to that coprecipitated by human S1AR in these
cells, which was reported to interact through its PDZ motif with
SAP97 (Fig. 44, lane 9) (23). Indeed, both human GPR30 and
B1AR coprecipitated SAP97 from these cells (Fig. 44, lanes 11
and 12). Although the prototypic neuronal MAGUK PSD-95 is
not expressed in HEK293 cells (23), this protein also coprecipi-
tated with GPR30 in a PDZ motif-dependent manner when
coexpressed with the receptor (Fig. 44, lanes 14 and 15). Con-
sistent with the above results, immunoprecipitation of native
MAGUKSs and, specifically, SAP97 coprecipitated GPR30 (Fig.
4B, lanes 2 and 5) but not GPR30ASSAYV (Fig. 4B, lanes 3 and 6).
HEK293 cells also express AKAP5 (Fig. 4C, lanes 1 and 2), and
GPR30 also co-precipitated this protein (Fig. 4C, lane 4),
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PKA RIIB-GFP (RIIB-GFP) together with GPR30 or GPR30ASSAV were subjected to live staining with M1 FLAG antibodies. The results are representative of
experiments performed at least three times. The individual and merged images (Merge) were collected using a Nikon Eclipse confocal microscope, X60
objective, and 50-pm zoom. The arrows indicate cells coexpressing PKA RIIB-GFP either with GPR30 or GPR30ASSAV.

whereas GPR30ASSAV did not (Fig. 4C, lane 5). Therefore,
GPR30 forms a PDZ-dependent complex with both a MAGUK
and AKAP5.

We also assessed whether native GPR30 in MDCK cells (Fig.
4D, lanes 1 and 3) forms a complex with a native MAGUK and
AKAP5. Indeed, immunoprecipitation of native MAGUKs and
AKAPS5 from these cells coprecipitated a small but significant
amount of native GPR30 (Fig. 4D, lanes 4 and 5). Consistent
with these results, immunoprecipitation of native GPR30
coprecipitated native MAGUKSs (Fig. 4D, lanes 6 and 7). There-
fore, both recombinant and native GPR30 form complexes with
a MAGUK and AKAPS5.

The GPR30-MAGUK-AKAPS Complex Is Localized in the
Plasma Membrane—To address the subcellular localization of
the GPR30-MAGUK-AKAP5 complex, the proteins were
imaged by confocal microscopy in HEK293 cells. Ectopically
expressed GPR30 colocalized with native MAGUKs and
AKAPS5 specifically in the plasma membrane (Fig. 54, arrows).
To improve imaging of MAGUKs, GPR30 was coexpressed
with PSD-95. Both fixed and live staining showed that GPR30
colocalized with MAGUK/PSD-95 exclusively in plasma mem-
brane (Fig. 5B, arrows). In contrast, only limited, if any, colocal-
ization was observed between GPR30ASSAV and MAGUK/
PSD-95 following either fixed or live staining (Fig. 5C).
Therefore, the GPR30-MAGUK-AKAP5 complex is localized
in the plasma membrane. Consistent with these results, a PKA
regulatory subunit II (RIIB)-GFP fusion protein (24) colocal-
ized with GPR30 in the plasma membrane, whereas it did not
colocalize with GPR30ASSAYV (Fig. 6, arrows).
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The GPR30-MAGUK-AKAPS Complex Inhibits cAMP
Production—We then investigated whether AKAP5 mediates
GPR30 inhibition of cAMP production. To this end, HEK293
cells were nucleofected with an AKAP5-specific ShRNA vector
to knock down the protein, as described previously (25), or with
scrambled shRNA. AKAP5 shRNA completely prevented
GPR30 inhibition of FSK- and PGE2-stimulated cAMP produc-
tion 48 and 96 h post-nucleofection, respectively, whereas
GPR30 inhibition still occurred with scrambled shRNA (Fig.
7A). AKAP5 shRNA had no effect on the response to either FSK
or PGE2 in the absence of GPR30 (Fig. 7A). Therefore, AKAP5
mediates GPR30 inhibition of cAMP production. We then
determined the effect of pretreating cells with St-Ht31 (Pro-
mega), a stearated peptide that permeates the membrane and
disrupts the interaction between AKAPs and PKA RII (26, 27).
Consistent with the above results, 50 um St-Ht31 attenuated
GPR30 inhibition of FSK-stimulated cAMP production over
that observed with 50 um control peptide St-Ht31P (Fig. 7, B
and C). By contrast, St-Ht31 had no effect over that of St-Ht31P
on basal or FSK-stimulated cAMP production in the absence of
GPR30 (Fig. 7C, Mock).

The GPR30-MAGUK-AKAPS5 Complex Retains GPR30 in the
Plasma Membrane—To address whether AKAP also regulates
GPR30 cell surface localization, live staining of GPR30 was
done on HEK293 cells pretreated with St-Ht31 or the control
peptide St-Ht31P. Treatment with 50 um St-Ht31 increased
basal receptor endocytosis, whereas treatment with St-Ht31P
(50 um) had no effect (Fig. 8A4). These results show that AKAP-
RII mediates the retention of GPR30 in the plasma membrane.
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FIGURE 7. AKAP-RII mediates GPR30 inhibition of cAMP production. A, HEK
cells were transfected by nucleofection without or with GPR30, scrambled (Scr)
shRNA, or AKAP5 shRNA. After 48 h, cells were stimulated with 1 um FSK for 30
min and, after 96 h, with 1 um PGE, for 30 min. cAMP was measured with RIA, and
the values are mean = S.E. of at least three independent experiments, with each
data point representing 3-16 measurements. *, p < 0.05; ***, p < 0.001. B, HEK
cells were transfected with GPR30 and treated with 50 um St-Ht31 or St-Ht31P
and 1 um FSK. The result, shown as relative light units (RLU), is representative of
three experiments, with each data point being the mean = S.E. of 24 measure-
ments. C, HEK cells were transfected without (Mock) and with GPR30 and treated
with 50 um St-Ht31 or St-Ht31P and 10 um FSK. Band C, cAMP was measured in
real time with the GloSensor assay. The effect of St-Ht31 was determined. Le. each
measurement was normalized to basal (time = 0 min), and each data point was
the mean = S.E. of 24 measurements, with measurements including St-Ht31 nor-
malized to those including St-Ht31P.
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FIGURE 8. AKAP-RII retains GPR30 in the plasma membrane. A and B, HEK
cells transfected with GPR30 (A) or B1AR (B) were preincubated with 50 um
St-Ht31 or St-Ht31P for 30 min and then subjected to live staining with M1
FLAG antibodies. In each panel, the bottom rows show enlarged cell images.
The results are representative of experiments performed at least three times.
The images were collected using a Nikon Eclipse confocal microscope, X60
objective, and 50-um zoom.

St-Ht31 had no effect on basal B1AR endocytosis (Fig. 84),
consistent with this receptor requiring AKAP5 for recycling
following agonist stimulation (28).

DISCUSSION

Cyclic AMP is a central second messenger in cell signaling
and physiology that is regulated by GPCRs through their cou-
pling to G, and G;,,, mediating stimulation and inhibition of
AC, respectively. This study outlines a new receptor mecha-
nism for inhibiting cAMP production (Fig. 9) where the GPR30
C-terminal type I PDZ motif enables the receptor to form a
plasma membrane complex with a MAGUK and AKAP5.
Through AKAPS5, this complex constitutively inhibits cAMP
production in response to a heterologous agonist (e.g. PGE2,
ISO, and FSK) independently of G, and retains the receptor in
the plasma membrane. This is the first observation of a GPCR
constitutively inhibiting cAMP production through such a pro-
tein complex, and, therefore, this presents a new mechanism of
receptor coupling. Considering that this protein complex is
capable of recruiting numerous signaling proteins, including
protein kinases and phosphatases, this discovery opens up new
opportunities to study receptor-regulated cAMP signaling in
general as well as to resolve controversies currently surround-
ing GPR3O0 specifically.
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FIGURE 9. Model of GPR30-MAGUK-AKAP5-mediated inhibition of cAMP production. GPR30 (green) constitutively interacts via its C-terminal PDZ motif
(SSAV) with one of the PDZ domains of a MAGUK (brown), and the MAGUK interacts with AKAP5 (blue). AKAP5, in turn, binds the PKA RIl regulatory subunit (red).
Agonist stimulation of a heterologous G,-coupled GPCR (orange) stimulates (+) cAMP production, which leads to activation of AKAP5-RIl in the GPR30
complex. This, in turn, leads to PKA phosphorylation and inhibition (—) of AC (yellow) and attenuation of cAMP production. AKAP5-RII also causes PKA
phosphorylation of GPR30, which leads to inhibition (—) of basal receptor endocytosis and retention of the receptor in the plasma membrane.

We identified SAP97 as one endogenous MAGUK with
which GPR30 interacts in a PDZ-dependent manner in
HEK293 cells. Although PSD-95 is not expressed endogenously
in HEK293 cells (23), we found that GPR30 also interacts with
this MAGUK when coexpressed ectopically with GPR30 in
these cells, as reported previously (13). Therefore, GPR30 is
able to interact with more than one type of MAGUK. GPR30
adds to a growing list of GPCRs that form PDZ-dependent
plasma membrane complexes with MAGUKSs, including B1AR
(23, 29, 30), B2AR (31), the 5HT2A receptor (32), the 5SHT2C
receptor (33), corticotropin-releasing factor receptor 1 (34),
and the somatostatin subtype 1 receptor (35).

The GPR30-MAGUK complex also contains AKAPS5.
AKAPs constitute a family of proteins that share the ability to
bind the PKA RII regulatory subunit (36). AKAP5 is also known
to interact with SAP97 via an alternatively spliced polybasic
sequence, termed i3 (37). Therefore, SAP97 potentially bridges
the interaction of receptors containing type I PDZ motifs with
AKAPS5. Through such coupling, AKAP5 could bring PKA into
close proximity with GPCRs and their effectors to regulate local
cAMP signaling (17, 18). B1AR and B2AR are the only GPCR
that have, so far, been shown to form such a complex, which
interacts with AKAP5 via SAP97 and PSD-95 (23, 31). The
ionotropic AMPA-type glutamate receptor subunit GluR1 also
forms a PDZ motif-dependent complex with MAGUKs and
AKAPS5 (15, 16). Here we show that GPR30 is an additional
GPCR with such coupling.

Deletion of the GPR30 PDZ motif reduced the ability of the
receptor to inhibit CAMP production. The same effect was
observed by knocking down AKAP5 and by dissociating AKAP
and RII with St-HT31. Therefore, we believe that it is AKAP5-
RII in the receptor complex that is responsible for this inhibi-
tory effect. The timeframe in which St-Ht31 interrupted the
inhibitory coupling suggests that this effect involves protein-
protein interaction and/or covalent modification. AKAP5 is
known to directly interact with AC5 and AC6 and scaffold them
to AMPA receptors (39), and AKAP5-bound RII causes phos-
phorylation and inhibition of these enzymes (40). Furthermore,
AKAP9/Yotiao directly inhibits AC2 and AC3 (41). Therefore,
AKAP5 may bring AC into close proximity with GPR30 for the
receptor complex to inhibit cAMP production.
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Deletion of the PDZ motif in GPR30 and treatment with
St-Ht31 also increased basal receptor endocytosis. Again, the
timeframe in which St-Ht31 caused the loss of membrane
receptors suggests that this effect also involves protein-protein
interaction and/or covalent modification. In B1AR, AKAP5-RII
mediates agonist-promoted phosphorylation of the receptor at
Ser-312 in the third intracellular loop, which is necessary for
the receptor to enter a recycling pathway and resensitize the
receptor following agonist-promoted internalization (28). A
similar mechanism occurs with AMPA receptors where
AKAP5-RII mediates phosphorylation of Ser-845 in GluR1, and
this phosphorylation also favors recycling of the receptor fol-
lowing endocytosis (42, 43). GPR30 contains a PKA phosphor-
ylation consensus motif at Ser-166 in the second intracellular
loop. However, if GPR30 is a substrate for AKAP-RII, the con-
sequence of such phosphorylation may be different from B1AR
because St-Ht31 increased basal internalization of GPR30,
whereas it had no effect on the basal localization of B1AR.

The GPR30 PDZ motif may also participate in postendocytic
receptor sorting because deleting the motif apparently in-
creased the amount of receptors colocalized with the endo-
somal marker EEA1. Cheng et al. (44) showed that constitu-
tively internalized GPR30 reached recycling compartments.
However, these receptors did not recycle but, instead, targeted
the trans-Golgi network and proteasomal degradation.

Our results have direct implications on several of the contro-
versies surrounding GPR30. First, the interaction of GPR30
with AKAP5 opens up new ways to try to understand receptor
coupling to cAMP signaling. Second, our results address the
specificity and efficacy of receptor agonists reported currently
and present new avenues by which this receptor system may be
targeted therapeutically. Third, we show that deleting the PDZ
motif influences GPR30 subcellular localization, a clear issue of
contention with some investigators claiming that GPR30 is
localized exclusively in the endoplasmic reticulum (2), whereas
others have shown that receptors can clearly be identified in the
plasma membrane (13, 19, 45—47). Interestingly, endoplasmic
reticulum localization was concluded using a GPR30 construct
fused at the C terminus with GFP (2), a modification that has
been shown previously to alter trafficking of both GPR30 (46)
and GluR1 from this compartment (38) and that we show here
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would likely interfere specifically with PDZ-dependent GPR30
trafficking. Whether this has any implications for G-1, a sub-
stance selected using a GPR30-GFP construct (22) and used
frequently used to define GPR30 specificity, remains to be
determined.

In summary, we show that GPR30 exists in a complex with a
MAGUK and AKAPS5 and that this complex allows AKAP5-RII
to constitutively inhibit cAMP production in response to het-
erologous agonists and independently of G;,, and retain recep-
tors in the plasma membrane (Fig. 9). These results present a
new mechanism by which a receptor can inhibit cAMP produc-
tion and, therefore, could possibly impact several cAMP-elevat-
ing agonists. Considering that GPR30 has been implicated in
cancer, cardiometabolic disease, and the central nervous sys-
tem, this discovery is likely to present new therapeutic oppor-
tunities in these systems.
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