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ABSTRACT: G protein-coupled receptors (GPCRs) are cell surface receptors that for many
years have been considered to function exclusively at the plasma membrane, where they bind to
extracellular ligands and activate G protein signaling cascades. According to the conventional
model, these signaling events are rapidly terminated by β-arrestin (β-arr) recruitment to the
activated GPCR resulting in signal desensitization and receptor internalization. However, during
the past decade, emerging evidence suggest that many GPCRs can continue to activate G proteins
from intracellular compartments after they have been internalized. G protein signaling from
intracellular compartments is in general more sustained compared to G protein signaling at the
plasma membrane. Notably, the particular location closer to the nucleus is beneficial for selective
cellular functions such as regulation of gene transcription. Here, we review key GPCRs that
undergo compartmentalized G protein signaling and discuss molecular considerations and
requirements for this signaling to occur. Our main focus will be on receptors involved in the
regulation of important physiological and pathological cardiovascular functions. We also discuss
how sustained G protein activation from intracellular compartments may be involved in cellular
functions that are distinct from functions regulated by plasma membrane G protein signaling, and the corresponding significance in
cardiovascular physiology.

KEYWORDS: compartmentalized G protein signaling, sustained signaling, early endosomes, Golgi membranes, nuclear membranes,
heart failure (HF), atherosclerosis, myocardial ischemia, cardioprotection, β-adrenergic receptors (βARs), vasopressin type 2 receptor (V2R),
calcitonin gene-related peptide (CGRP) receptor, US28, sphingosine-1-phosphate 1 receptor (S1P1R)

■ INTRODUCTION

G protein-coupled receptors (GPCRs) represent the largest
family of transmembrane receptors, encoded by about 800 genes
in the human genome.1 These receptors play fundamental roles
in nervous, cardiovascular, sensory, endocrine and immune
systems, and they are popular drug targets with 30−50% of all
prescribed drugs directly affecting GPCRs.2,3 Located at the cell
surface, GPCRs detect extracellular stimuli such as light,
neurotransmitters, peptides and hormones, and translate them
into intracellular signals that lead to physiological responses.1,4

Agonist binding stabilizes active receptor conformations that
interact with heterotrimeric G proteins, which are composed of
Gα, Gβ, and Gγ subunits (Figure 1). This coupling results in
guanosine diphosphate (GDP) for guanosine triphosphate
(GTP) exchange in the Gα subunit and subsequent activation
of the heterotrimeric G protein. G protein stimulation leads to
dissociation of the Gα subunit and Gβγ dimer, which both
modulate activity of membrane-localized effectors including
adenylyl cyclase (AC), phospholipase Cβ (PLCβ), and ion
channels. Upon activation, these effectors initiate signaling
cascades that ultimately control cellular processes.
G protein signaling at the plasma membrane is often transient

as it is rapidly followed by desensitization and receptor

internalization. Upon agonist challenge, GPCR kinases
(GRKs), protein kinases A (PKA) and/or C (PKC)
phosphorylate serine and threonine residues located at the
carboxy-terminal (CT) tail and/or in the third intracellular loop
(ICL3) of the agonist-occupied receptor.5−7 This event triggers
β-arrestin (β-arr) recruitment to the phosphorylated receptor
(Figure 1). β-arr does not only bind the phosphorylated residues
on the receptor but also to a region of the intracellular core that
overlaps with heterotrimeric G protein binding site where it
sterically blocks G protein binding to the receptor. Thus, β-arr
recruitment to the receptor leads to G protein uncoupling and
signaling desensitization.8−10 β-arr also recruits key proteins
involved in the assembly of clathrin-coated pits (CCPs) such as
clathrin heavy chain and the clathrin adapter protein-2 (AP2),
which brings the desensitized receptor into CCPs followed by
receptor internalization.1,11−16 Upon receptor internalization,

Special Issue: Advances in GPCR Signal Transduction

Received: January 12, 2020
Published: February 24, 2020

Reviewpubs.acs.org/ptsci

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acsptsci.0c00006
ACS Pharmacol. Transl. Sci. XXXX, XXX, XXX−XXX

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

85
.2

55
.2

32
.2

52
 o

n 
M

ar
ch

 2
3,

 2
02

0 
at

 1
0:

56
:1

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bianca+Plouffe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+R.+B.+Thomsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roshanak+Irannejad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsptsci.0c00006&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00006?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00006?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00006?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00006?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aptsfn/current?ref=pdf
https://pubs.acs.org/toc/aptsfn/current?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsptsci.0c00006?ref=pdf
https://pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org/ptsci?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


Figure 1. Updated model of G protein signaling. Agonist binding to GPCRs is detected by the Gα subunit of heterotrimeric G proteins. This induces
exchange of GDP for GTP causing dissociation of the GTP-bound Gα from Gβγ which both activate membrane-localized effectors. This signaling is
followed by the phosphorylation of the receptor by GRKs leading to recruitment of β-arr to the phosphorylated receptor. This event causes G protein
uncoupling from the receptor and signaling desensitization. Recruitment of β-arr also promotes GPCR internalization into CCPs and receptor
trafficking to early endosomes where desensitized receptors dissociate from β-arr and recycle back to the plasma membrane, are directed to lysosomes
for degradation, or can undergo another round of G protein activation from early endosomes or Golgi membranes. In contrast to G protein signaling at
the plasma membrane which is rapidly dampened by β-arr, this second activation upon GPCR internalization is generally more sustained. The
particular duration and location of G protein signaling is critical for many cellular processes.

Table 1. List of GPCRs Activating G Proteins in Intracellular Compartments

receptor compartment G protein ref

α1A-adrenergic receptor (α1A-AR) nucleus Gαs 30
α1B-adrenergic receptor (α1B-AR) nucleus Gαs 30
β1-adrenergic receptor (β1AR) Golgi Gαs 59
β2-adrenergic receptor (β2AR) early endosomes Gαs 25
calcitonin-gene-related-peptide (CGRP) receptor early endosomes Gαs, Gαq 84
calcium-sensing receptor (CaSR) early endosomes Gαq 31
cannabinoid type 1 receptor 1 (CB1R) mitochondria Gαi 32
dopamine receptor type 1 (D1R) early endosomes Gαs 24
luteinizing hormone receptor (LHR) early endosomes Gαs 33
melatonin type 1 receptor (MT1R) mitochondria Gαi 34
neurokinin type 1 receptor (NK1R) early endosomes Gαq 75
parathyroid hormone receptor (PTHR) early endosomes Gαs 22
protease-activated receptor-2 (PAR2) early endosomes Gαq 193
sphingosine-1-phosphate 1 receptor (S1P1R) Golgi Gαi 76
thyroid stimulating hormone receptor (TSHR) Golgi Gαs 23
vasopressin type 2 receptor (V2R) early endosomes Gαs 69
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dynamin, a GTPase, pinches off the membrane detaching and
isolating CCPs from the plasma membrane.17 Following this
step, GPCRs are then rapidly trafficked to early endosomes
where they either dissociate from β-arr and recycle back to the
membrane, or are directed to lysosomes for degradation (Figure
1).5,7,14,18 Furthermore, upon activation by GPCRs, β-arrs
themselves serve as an alternative signaling system by acting as
adaptors and scaffolds to interact with numerous signaling
molecules.1

G protein signaling was originally believed to be restricted
strictly to the plasma membrane. However, over the past decade
many studies have demonstrated that some GPCRs continue to
signal via G proteins after having been internalized into
intracellular compartments (Table 1). This internalized G
protein signaling has been difficult to incorporate within the
aforementioned traditional understanding of GPCR signaling
since β-arr plays a fundamental role in termination of G protein
signaling. Despite the initial difficulties in understanding these
observations, it has now become clear that internalized GPCRs

can use several mechanisms to promote G protein signaling from

internalized compartments. For example, some GPCRs bind β-

arr in a specific conformation that allows simultaneous coupling

to β-arr and G protein to form a “megaplex”. Therefore, the

receptor in these megaplexes maintains its ability to activate G

protein while being internalized by β-arr. In addition, receptors

synthesized de novomay also stimulate G protein signaling from

the Golgi network (Figure 1).8,10,18−29 The particular duration

and location of G protein signaling is critical for many important

cellular processes such as gene transcription and ion channel

activity, and as explained in this review, fine-tuning of

spatiotemporal feature of G protein signaling at intracellular

sites is crucial for many aspects of normal and pathologic

cardiovascular physiology.

Figure 2. Compartmentalized Gαs signaling by β-adrenerigic receptors (βAR) in cardiomyocytes. β1AR and β2AR are coupled to Gαs and stimulate
cAMP production but elicit different effects on cardiac functions. In the case of heart failure (HF), β1AR promotes cardiomyocyte hypertrophy and
apoptosis, whereas β2AR prevents these events. One hypothesis explaining this difference is the distinct subcellular localization of β1AR and β2AR. Both
subtypes bind noradrenaline and activate Gαs at the plasmamembrane. However, upon receptor internalization β2AR preferentially activates Gαs from
early endosomes, while the biosynthetic pool of β1AR activates Gαs from the Golgi membranes. Proximity of active Golgi-localized β1AR with the
nucleus allows transcription of genes mediating hypertrophy. Activation of Golgi-localized β1AR depends on the uptake 2 monoamine transporter,
facilitating the transport of noradrenaline to the pool of receptors at the Golgi. β1AR antagonists are among the most widely used drugs to treat HF.
Metoprolol, a hydrophobic and membrane-permeable β1AR selective antagonist, blocks both the plasma membrane and the Golgi pool of β1AR,
whereas atenolol, a hydrophilic and membrane-impermeable antagonist, only inhibits β1AR signaling at the plasma membrane. Correlated with the
differential abilities of these drugs to access internal sites of signaling, metoprolol is more efficient than atenolol at reducing cAMP response and heart
rate as well as contraction/relaxation responses.
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■ ROLE OF COMPARTMENTALIZED β-ADRENERGIC
RECEPTOR SIGNALING IN CARDIOVASCULAR
PATHOPHYSIOLOGY

It is well-known that inappropriately increased sympathetic
activity leads to the development of cardiovascular diseases such
as heart failure (HF). This is mainly due to the prolonged
activation of β-adrenergic receptors (βARs) by catecholamines.
This prolonged activity results in changes in the size and shape of
the heart leading to cardiac dysfunction.35 Of the three subtypes
of βARs, β1ARs and β2ARs represent 70−80% and 20−30%
(depending on the species) of total cardiomyocyte βARs,
respectively. It has been widely accepted that β1AR and β2AR
subtypes are both coupled to Gαs and stimulate cAMP
production in cardiomyocytes; however, the β1AR subtype has
greater functional effects in cardiomyocytes.36,37 A long-
standing puzzle has been to decipher how β1AR and β2AR elicit
significantly different effects on cardiac functions, despite having
broadly overlapping tissue expression patterns and similar
effectors. β1AR plays a dominant role in chronotropy, inotropy,
and lusitropy responses in healthy cardiomyocytes through
protein kinase A (PKA)-mediated phosphorylation of several
key intracellular Ca2+ regulatory proteins such as L-type Ca2+

channels, ryanodine receptors, phospholamban, and troponin I,
whereas β2AR produces modest chronotropic effect and no
lusitropic responses.38,39 Similarly, during the development of
HF these two receptor subtypes play significantly different roles:
β1AR signaling promotes cardiomyocyte hypertrophy and
apoptosis, whereas β2AR signaling prevents cardiomyocytes
apoptosis and hypertrophy (Figure 2).40,41 While numerous
attractive hypotheses have been offered to explain the molecular
bases of these different outcomes, definitive answers have largely
been elusive.
One explanation for this conundrum that has been extensively

discussed in previous reviews is the existence of additional
signaling pathways that modify the Gαs-mediated signal-
ing.42−44 It has been shown that β2ARs in addition to Gαs can
also couple to Gαi or activate β-arr-mediated pathways, both of
which promote cardiomyocytes survival.45−47 An alternative
model, first described by Buxton and Brunton in 1983, is that the
βARs signaling complex is localized in particular cellular
compartments.48 One of the first studies that reported the
presence of compartmentalized βAR signaling came from cell
fractionation studies in the heart tissues. Hayes et al. showed that
activation of βAR by isopropanol leads to activation of cAMP/
PKA in the particulate fraction, whereas activation of E-type
prostaglandin receptors by PGE1 can only activate cAMP/PKA
from the soluble fraction but not the particular fraction.49

Multiple lines of evidence indicate that key downstream
effectors of PKA pathway such as ion channels, phospholamban,
and phosphodiesterases are clustered into microdomains by A-
kinase anchoring proteins (AKAP). This compartmentalization
would allow signaling complexes to localize in the vicinity of
specific effectors and control the local generation of cAMP at
distinct subcellular compartments.50,51 In many of these studies,
however, βARs have been assumed to only activate Gαs on the
plasma membrane. Distinct signaling outcomes of βARs from
the plasma membrane are thought to be due to localization of
β2ARs, but not β1ARs, in distinct subdomains on the plasma
membrane such as the caveolae and T-tubule localization in
cardiomyocytes.52−57 Yet another model based on studies in the
past decade posits that the site of GPCR signaling is not limited
to the plasma membrane and that some receptors also activate

downstream signaling pathways at various subcellular mem-
brane compartments.8,18,22−27,58 Evidence for the presence of
functional βARs at subcellular locations initially came from cell
fractionation experiments in cardiomyocytes.59 Boivin et al.
showed that β1AR but not β2AR is present on the nuclear
fraction of adult cardiomyocytes and that this internal fraction
stimulates Gαs-mediated cAMP response and ultimately
regulates nuclear functions such as gene expression (Figure
2).59,60 More direct evidence for the model emerged from
conformation-sensitive nanobody-based biosensors for βARs
and Gαs. Application of these biosensors allowed for visual-
ization of activated βARs as well as Gαs in living cells at
previously unappreciated locations such as the endosomes and
the Golgi membranes.25,26 These recent data also demonstrated
that signaling from the endosomal and Golgi compartments
constitute critical aspect of β2AR and β1ARs cellular responses,
respectively, to external cues (Figure 2). While these studies
provide a solution as how seemingly similar receptors lead to
vastly different signaling outcomes, they also raise the question
of how ligands access internal pools of these receptors. It has
been previously demonstrated that for some receptors such as
thyroid stimulating hormone receptor (TSHR), the internalized
receptor and its ligand can traffic in a retrograde manner to the
trans Golgi network and activate a second phase of cAMP/PKA
signaling at the trans Golgi network.61 However, in the case of
β1ARs, activation of Golgi-localized receptors depends on a
transport mechanism mediated by the uptake 2 monoamine
transporter, which allows membrane impermeable endogenous
ligands of βARs such as epinephrine and norepinephrine to
access compartments within the cell.26

Given the noted roles of βARs in the context of cardiac
disease, small molecules that block β1ARs and small molecules
that activate β2AR have been the goals of numerous drug
development efforts. Indeed, β1AR antagonists are among the
most widely used clinical drugs.62 Extensive clinical use has
revealed obvious differences among the efficacies of various
β1AR antagonists that cannot easily be explained by their
receptor binding affinities, selectivity, or considerations of
pharmacokinetics. There is an intriguing correlation between
clinical efficacies of various of these antagonists and their
abilities to access internal pools. For example, metoprolol, a
β1AR-selective antagonist, has been shown to be more beneficial
in reducing heart rate and contraction/relaxation responses
when compared to other βAR antagonists such as atenolol
(β1AR-selective antagonist) and sotalol (βAR-nonselective
antagonist).63−65 The compartmentalized signaling of βARs
might provide a potential solution to the conundrum of how
these antagonists can elicit different physiological outcomes by
showing that these differences correlate with differential abilities
of these drugs to access internal sites of signaling. In support of
this model is the observation that metoprolol (a hydrophobic
and membrane-permeable β1AR antagonist) blocks both the
plasma membrane and the Golgi pool of β1AR, whereas sotalol
and atenolol (hydrophilic and membrane-impermeable β1AR
antagonist) only inhibit the plasma membrane β1AR signaling
and are less efficient in reducing cAMP response.26 Further-
more, it has been recently reported that Golgi-localized β1AR
regulates cardiac hypertrophy through activation of mAKAP/
PLCε/exchange protein directly activated by cAMP (EPAC)
signaling complex in the vicinity of the receptor pool at the Golgi
(Figure 2).More importantly, they demonstrated that inhibition
of monoamine transporter or specific blockade of Golgi resident
β1ARs by membrane permeable antagonist, such as metoprolol,
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prevents norepinephrine-dependent cardiomyocyte hypertro-
phy.66 This clearly demonstrates the functional importance of
Golgi-localized β1ARs and presents a potential new paradigm for
developing new HF drugs that deliberately targets internal pool
of βARs.
In summary, the recognition that βARs also function and

signal at internal membranes (endosomes, Golgi, and nuclear
membranes) raises the need for understanding compartmental-
ized signaling in pathological conditions such as HF and how
signaling from these internal compartments is regulated in
healthy and diseased heart.

■ ENDOSOMAL G PROTEIN SIGNALING BY THE
VASOPRESSIN TYPE 2 RECEPTOR (V2R) AS A
TARGET FOR HEART FAILURE

Three types of vasopressin receptors exist (V1AR, V1BR, and
V2R) that all are activated by the neurohypophysial hormone,
arginine vasopressin (AVP). Vasopressin receptors regulate
several physiological functions including renal water reabsorp-
tion, vasoconstriction, and myocyte biology. In HF, AVP levels
are elevated, which leads to inappropriate changes in
cardiovascular function as well as impaired renal solute-free
water excretion that is associated with hyponatremia.67,68 Thus,
vasopressin receptors, in particular V2R, have been popular

targets to develop antagonists against as therapeutics for HF
and/or hyponatremia.
V2R is predominantly expressed on the basolateral side of

renal collecting duct principal cells where it regulates water
reabsorption from the urine (Figure 3). Upon stimulation of
V2R and subsequent Gαs−cAMP−PKA signaling, the aqua-
porin 2 (AQP2) proteins located in intracellular vesicles are
phosphorylated at their CT tail.69,70 This phosphorylation
triggers trafficking and long-lasting insertion of the AQP2-
containing vesicles into the apical membrane allowing water
from the urine to be reabsorbed into circulation.70 Thus,
overstimulation of V2R as seen in HF and subsequent renal
water reabsorption can lead to a pathological decrease in sodium
serum levels.67

V2R belong to a group of GPCRs that when activated and
phosphorylated interact with β-arr in an exceptional stable
manner.71,72 This stable interaction is maintained by clusters of
phosphorylated serine/threonine sites at the receptor CT that
make electrostatic interactions with positively charged arginine/
lysine residues at the amino-terminal lobe of β-arrs.29,71−73

Thus, once these GPCRs have engaged with β-arr and been
internalized, they stay associated and present in endosomes for
prolonged periods of time. Counterintuitively, the strong
GPCR-β-arr association does not seem to uncouple G protein

Figure 3. Regulation of water transport in epithelial cells of the kidney by V2R. Vasopressin binding to V2R inactivates Gαs at the plasma membrane.
This promotes phosphorylation of aquaporin-2 (AQP2) favoring its insertion into the apical membrane and entry of water. This is followed by a rapid
recruitment of β-arr binding to V2R in core conformation leading to uncoupling fromGproteins and internalization of the V2R-β-arr complex into early
endosomes promoting the removal of AQP2 from the apical membrane. However, the change of β-arr from core to tail conformation in the endosome
allows the core region of V2R to be available to interact with Gαs and activate this G protein in early endosomes. As β-arr in tail conformation does not
uncouple V2R from G proteins, Gαs activation can occur causing a sustained AQP2 phosphorylation and insertion into apical membrane for a long-
lasting entry of water. Aquaporin-3 (AQP3) allows water transport from epithelial cells to plasma to increase arterial volume and pressure and to
decrease plasma sodium concentration.
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from the receptor as would be expected from classical GPCR
signaling paradigms. In fact, several of these GPCRs, including
V2R, continue to stimulate G protein signaling for prolonged
periods of time after having been internalized into endosomes by
β-arr.8,69,74−76

The tight interaction between the phosphorylated CT and β-
arr enables these GPCRs to form tail conformation GPCR−β-
arr complexes where no association between β-arr and the
receptor core takes place.9,10,28,77 This was recently demon-
strated in a study using a mutant of β-arr1 that lacks the finger-

loop region (FLR), which normally inserts itself into the
receptor core to form a core conformation.10 Since this mutant
β-arr (ΔFLR-β-arr1) does not interact with the receptor core
region, it may only interact with GPCRs via the phosphorylated
CT tail. Upon agonist stimulation, V2R recruits ΔFLR-β-arr1
robustly, whereas the β2AR, which lacks clusters of phosphor-
ylation site on its CT tail, does not.10 Interestingly, exchanging
the CT tail of β2AR with the CT tail of the V2R results in a β2V2R
chimera receptor that now recruits equally well wild type β-arr1
and ΔFLR-βarr1 when activated by β2AR agonist.10 Further-

Figure 4. (A) CGRP signaling at the plasma membrane and endosomes in sensory neurons. At the plasma membrane, CGRP receptor activates Gαs
and Gαq. Gαs activation stimulates adenylyl cyclase (AC) to generate cAMP leading to phosphorylation of cytosolic ERK. Gαq activation stimulates
phospholipase Cβ (PLC), production of second messengers, and activation of cytosolic protein kinase C (PKC). Recruitment of β-arr to the CGRP
receptor induces receptor uncoupling from G proteins and internalization in early endosomes where the receptor can activate again G proteins.
Endosomal Gαs activation induces sustained ERK phosphorylation and its translocation to the nucleus, while endosomal Gαq activation activate PKC
in the cytosol. (B) Action of CGRP on peripheral vasculature. In the vascular smooth muscle cells (VSMC), activation of CGRP receptor induces Gαs
activation, AC-mediated production of cAMP leading to activation of protein kinase A (PKA) opening the potassium channels to induce relaxation. In
the endothelial cells, Gαs activation by CGRP receptor also lead to PKA activation. Although in these cells PKA activates the endothelial nitric oxide
synthase (eNOS) responsible of nitric oxide (NO) production, NO diffuses into VSMC to mediate vasorelaxation by activating the soluble guanylate
cyclase (sGC) producing cGMP-activating protein kinase G (PKG) also opening the potassium channels.
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more, in the case of both V2R and β2V2R,ΔFLR-βarr1 maintains
its ability to promote receptor internalization and β-arr-
mediated signaling.10 Similar results were obtained in studies
where the ICL3, which is essential for the receptor core
interaction with β-arr, was removed from both V2R and
β2V2R.

28,77 Both of these receptor mutants only interact with
β-arrs in the tail conformation. The selective recruitment of β-
arrs in the tail conformation to both receptors was sufficient to
stimulate β-arr-mediated receptor endocytosis and signal-
ing.28,77

Since the entire V2R intracellular core is exposed in the tail
conformation, heterotrimeric Gs can bind to the V2R−β-arr
complex to form a V2R−Gs−β-arr “megaplex” (Figure 3).8 This
megaplex configuration allows the receptor to activate G protein
while being bound to β-arrs. Therefore, the existence of these
megaplexes provides a mechanistic explanation of how certain
GPCRs that bind to β-arrs strongly such as the V2R continue to
stimulate G protein signaling while being internalized into
endosomes by β-arrs. For these receptors, disrupting this
interaction between the receptor CT tail and β-arr has been
shown to strongly reduce endosomal G protein signaling.8,75

However, the exact molecular mechanism explaining this
observation needs to be further investigated as the GPCRs
having a lower affinity for β-arr such as β2AR do not require the
presence of β-arr in endosomes to activate G protein in these
intracellular compartments.23−25

The formation of megaplexes in cells is supported by a variety
of fluorescence resonance energy transfer (FRET), bio-
luminescence resonance energy transfer (BRET), and fluo-
rescence microscopy approaches that showed proximity of all
three components within endosomes after receptor activation as
well as activation of G protein by internalized GPCR-β-arr
complexes.8,29,69,74,78 Using purified and reconstituted compo-
nents, functional megaplexes form in an agonist-dependent
manner in vitro, where the agonist-occupied receptor directly
activates the G protein.8 Most recently, a high-resolution cryo-
EM structure of a β2V2R−Gαs−β-arr1 megaplex was solved.
The structure highlighted in atomic details how a single active
GPCR can interact with and stabilize active conformation of G
protein and β-arr simultaneously through its core and CT tail,
respectively.29

In renal collecting duct principal cells, stimulation of the V2R
with AVP at the basolateral side results in receptor internal-
ization, megaplex formation, and prolonged endosomal cAMP
signaling, which in turn leads to phosphorylation of AQP2 and
long-lasting insertion into the apical membrane (Figure 3).8,69

The effect of AVP on AQP2 phosphorylation and trafficking is
significantly more robust and prolonged compared to
stimulation with oxytocin, an agonist that does not provoke
endosomal V2R signaling. Since the majority of signaling
promoted by endogenous AVP of the V2R in the renal collecting
duct originates from internalized compartments, it might thus be
favorable to target the receptor specifically at these sites to
achieve more substantial antagonistic effect. Such drug delivery
strategies have proven highly effective for other GPCR systems,
and therefore, may prove to be a highly efficient way of treating
HF and/or hyponatremia.79

■ ENDOSOMAL G PROTEIN SIGNALING BY CGRP
RECEPTOR: A POSSIBLE ROLE IN THE
CARDIOPROTECTIVE PROPERTIES OF CGRP?

The calcitonin gene-related peptide (CGRP) is a 37 amino acid
peptide produced by alternative splicing of the calcitonin

gene.80,81 The CGRP receptor is composed of calcitonin-like
receptor (CLR) and a receptor activity modifying protein 1
(RAMP1), a single transmembrane protein required for ligand
specificity and CLR expression at the plasma membrane (Figure
4A).82 CGRP is widely distributed in the central and peripheral
nervous systems.80 It is released from the terminals of primary
sensory neurons, especially the unmyelinated C fibers and thinly
myelinated Aδ fibers, and in peripheral tissues in response to
noxious stimuli to mediate nociception.83 Recently, Yarwood et
al. showed that at the plasma membrane, CGRP receptor
activates Gαs and Gαq mediating activation of cytosolic
extracellular signal-regulated kinase (ERK) and protein kinase
C (PKC), respectively (Figure 4A). Moreover, upon receptor
internalization, both Gαs and Gαq are activated in endosomes
leading to activation of nuclear ERK and PKC, respectively
(Figure 4A).84 This Gαs-dependent activation of ERK was
previously identified to be mediated by cAMP production as it
was blocked by the PKA inhibitor H-89.85 Inhibition of
endocytosis was shown to suppress CGRP-induced endosomal
signaling, excitation of spinal neurons, and nociception, which
suggests that endosomal G protein signaling is important for
CGRP receptor-mediated nociception. This observation was
also supported by the fact that a cholestanol-conjugated CGRP
antagonist (CGRP8−37-Chol) that specifically targets the
antagonist to endosomes prevented CGRP-induced activation
of nuclear but not cytosolic ERK and inhibited CGRP-evoked
excitation of spinal neurons and nociception.84

CGRP receptors are located not only in the central and
peripheral nervous system but also in the cardiovascular system
including the smooth muscle cells of coronary arteries, around
peripheral arteries of the heart as well as in the atrium.86−88

These tissues are densely surrounded by CGRP-secreting nerves
at the coronary arteries, ventricular muscle, and the conduction
system that play an important role in the maintenance of cardiac
homeostasis.83 CGRP is an extremely potent vasodilatator.89 It
has been shown to prevent the onset of hypertension by
regulating vascular resistance.90 Indeed, basal blood pressure is
increased in many CGRP-knockout mouse models.91,92 CGRP
exerts its action mainly on smooth muscle cells in the vascular
wall of the microvasculature, which promote peripheral vascular
resistance and affect the blood pressure. CGRP induces
relaxation of smooth muscle cells due to Gαs activation
mediating an increase in cAMP and activation of PKA, which
phosphorylates and opens potassium channels (Figure 4B).93,94

CGRP also has the capacity to stimulate the endothelial NO
synthase (eNOS) and production of nitric oxide (NO) via the
Gαs−cAMP−PKA pathway that is stimulated by a receptor
located in the endothelium. Eventually, NO diffuses into
adjacent smooth muscle cells and activate guanylate cyclase
(GC) leading to production of cGMP, activation of protein
kinase G (PKG) that opens potassium channels leading to
vasorelaxation (Figure 4B).95,96

CGRP also acts as a protective safeguard against myocardial
ischemia.97−101 In humans, plasma CGRP expression is
upregulated upon acute myocardial infarction.102 It is
endogenously released in response to ischemia and potentially
plays a role in preconditioning and protection against
reperfusion injury in heart, the phenomenon in which a tissue
is rendered resistant to the deleterious effects of prolonged
ischemia.98,103−105 CGRP has been shown to decrease infarct
size in a rat mesenteric artery occlusion model through
myocardial PKC and to have antiapoptotic properties in
cardiomyoblasts through inhibition of caspase 3 and increase
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of Bcl-2 mRNA expression.106,107 CGRP also protects against
HF via positive chronotropic and ionotropic effects.108,109 It is
naturally released in a compensatory manner in response to HF
and acts in a protective manner. It is involved in the response to
nitroglycerine in chronic HF and improves myocardial
contractility by inducing vasodilatation, relieving cardiac
hypertrophy and apoptosis.110−115

As opposed to the role of CGRP in nociception, the possible
role of endosomal G protein signaling in CGRP-mediated
vasodilatation and cardioprotection has not been addressed so
far. It is tempting to hypothesize that the CGRP receptor has the
same ability to signal via Gαs and Gαq from endosomes in
cardiovascular cells and that this compartmentalized signaling
mechanism is responsible for the CGRP-mediated cardiopro-
tective effects. Additional work needs to be done to answer this
question. The recent success of targeting endosomal compart-
ments to block CGRP-mediated endosomal signaling and pain
transmission highlights the importance of exploring a similar
approach to potentially develop highly potent cardioprotective
agents.

■ INTRACELLULAR TARGETING OF THE VIRAL US28
RECEPTOR AS A POTENTIAL TREATMENT FOR
ATHEROSCLEROSIS

The human cytomegalovirus (HCMV) is a member of the β-
herpesvirus family. This virus establishes life-long latent
infections and is generally asymptomatic in healthy individuals
as HCMV is controlled by a robust immune response. In
immuno-compromised patients, HCMV infection can cause
devastating diseases that are often lethal. However, despite the
apparent lack of symptoms in the infected but immuno-
competent population, there is strong evidence in the literature
linking cardiovascular diseases to HCMV infection. Latent
HCMV infection, which depends on US28 expression, is
associated with increased risk of transplant-related vasculopathy,
restenosis following angioplasty, atherosclerosis, and conse-
quences thereof (thrombosis, stroke, and myocardial infec-
tion).116−118 Consequently, targeting US28 at the endosomes
may represent a novel and efficacious strategy to treat these
cardiovascular conditions. Both higher severity and mortality
rate from atherosclerosis have been observed in situations of
HCMV seropositivity.119,120 Atherosclerosis is characterized by
an important endothelial dysfunction, monocyte recruitment,
infiltration of macrophages to the arterial wall, and increased
smooth muscle cell proliferation andmigration. Inflammation of
the vasculature leads to an increased expression of chemokines,
adhesion molecules, and cytokines that promote adhesion and
aggregation of inflammatory cells to the vascular walls.121−124

These events promote plaque formation and can result in
thrombosis, stroke, or myocardial infection.125 HCMV
seropositivity contributes to these events. In accordance with
these studies, a recent work suggests that the link between
HCMV and atherosclerosis could be explained by a
dysregulation of cellular cholesterol metabolism by US28.126

HCMV, through US28 and cell division cycle 42 (CDC42)
protein, has been shown to rearrange actin microfilaments and
to modify lipid rafts creating new binding sites for
apolipoprotein A-1 on the host plasma membrane, which results
in enhanced cellular cholesterol efflux.
HCMV encodes four chemokine receptor homologues:

UL33, UL78, US27, and US28.127,128 Among these receptors,
only US28 has been reported to be required for latency.129,130

Interestingly, US28 has a high constitutive activity.131,132 The

agonist-independent signaling of US28 is mainly mediated by
Gαq, while its ligand-dependent signaling is predominantly
occurring through Gαi and Gα12/13. The constitutive
activation of Gαq by US28 has been reported in various cellular
models such as monocytes, fibroblasts, hematopoietic, glio-
blastoma, endothelial, and smooth muscle cells.133−136 It has
been estimated that a maximum of 20% of the total receptor
population is expressed at the plasma membrane, while the vast
majority (80%) is localized within endosomes.137 This prevalent
endosomal localization of US28 has been explained by an
abundance of GRK2, GRK5, PKC, and casein kinase-2
phosphorylation sites on the CT tail of US28 that promote
constitutive clathrin-dependent US28 internalization.138−141

Interestingly, constitutive and agonist-induced internalization
of US28 has been shown to be β-arr-independent as internal-
ization of US28 is unaffected by the knockout of β-arrs in mouse
embryonic fibroblasts (MEFs), while US28 internalization is
inhibited in HeLa cells expressing siRNA against an AP-2
subunit, confirming the clathrin-dependent internalization of
US28.140 Interestingly, truncation of the last 54 residues of the
US28 CT tail (US28Δ317) has been shown to increase receptor
surface expression by 500% compared to wild-type US28 but
without any change of the constitutive inositol phosphate
turnover in COS-7 cells.141 The fact that an increase of US28
expression at the plasma membrane did not correlate with a
concomitant increase of constitutive signaling downstream of
Gαq suggests that US28 may have the ability to activate Gαq
independent of its cellular location.
The hypothesis that US28 constitutively activates Gαq

signaling from endosomes is also supported by the recent
work of Heukers et al.142 Previously, it has been shown that
constitutive activation of US28 accelerates glioblastoma (GBM)
tumor growth by inducing cell inflammation, migration,
proliferation, and angiogenesis.135,143−145 With the objective
to block US28-mediated GBM malignancy, Heukers et al.
designed a high-affinity bivalent nanobody that targets the
extracellular region of US28 thereby inhibiting agonist-induced
and constitutive signaling of US28.142 Although this strategy
reduced US28-mediated GBM cell growth and signaling, it only
did so by only 50% in GBM cell lines and mice bearing GBM
tumors. Given that the majority of US28 is localized intra-
cellularly, the partial effect of the nanobody is not surprising as
the nanobody cannot cross the plasma membrane and reach the
main US28 pool. The partial inhibition of US28-mediated
signaling and GBM malignancy in fact supports the idea that
US28 is signaling from endosomes to promote GBM growth.
HCMV-associated diseases are treated with antivirals such as

letermovir, ganciclovir, or foscarnet.146 These treatments are
effective against lytically replicating virus but unfortunately are
associated with viral resistance and drug toxicity.147−151

Furthermore, during the latent phase of infection, infected
cells are masked from attack by a healthy immune response and
are not targets of any current antiviral treatments. Consequently,
targeting US28 signaling by designing cell-membrane-perme-
able inverse agonists or by directly targeting the drug to
endosomes could offer more robust therapeutic results than
those of the current antiviral drugs on the market. As latent
HCMV infection that depends on US28 expression is associated
with increased risk of transplant-related vasculopathy, restenosis
following angioplasty, atherosclerosis, and consequences thereof
(thrombosis, stroke and myocardial infection), specifically
targeting US28 at endosomes may represent a novel and
efficacious strategy to treat these cardiovascular conditions.
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■ IS SUSTAINED Gαi ACTIVATION BY THE
SPHINGOSINE-1-PHOSPHATE (S1P)1 RECEPTOR IN
THE GOLGI RESPONSIBLE FOR THE
CARDIOPROTECTIVE ROLE OF FTY720?

Sphingosine-1-phosphate (S1P) is an important bioactive lipid
signaling molecule predominantly stored and released by red
blood cells, platelets, fibroblasts, and vascular endothelial cells.
In addition, S1P is widely present in the plasma and is a critical
component of high-density lipoproteins (HDL).152−156 S1P
interacts with five S1P receptors that all belong to the GPCR
family (S1P1R−S1P5R). S1P1R, S1P2R, and S1P3R are found in
a larger amount in the heart and blood vessels but are also
present in the central nervous system and immune system.157

S1P1R is highly expressed in cardiomyocytes and endothelial
cells, while S1P2R and S1P3R are the main S1P receptors in
vascular smooth muscles, with S1P3R predominantly being
distributed in fibroblasts.157−161 S1P4R is almost exclusive to
lymphoid tissue, while S1P5R is mainly expressed in the central
nervous system, natural killer cells, and spleen.162,163 The effects
associated with activation of S1P receptors on different cell types
are dictated by the specific G protein coupling of the S1P
receptors expressed. S1P1R couples exclusively to Gαi, whereas
S1P2R and S1P3R activate Gαi, Gαq, and Gα13. S1P4R and
S1P5R couple to both Gαi and Gα13.164

S1P receptors regulate many cell biological processes, such as
cell migration, survival, adhesion, and proliferation involved in
modulation of important physiological functions.165−170 These
functions are immune and inflammatory responses, heart rate,
cardiac contractibility, and vascular tone. Furthermore, S1P
receptors exert multiple cardioprotective effects including
vasodilatation and inhibition of atherosclerosis. Alteration in
S1P levels or activity has been associated with aberrant vascular
maturation and development.160,171 Knockout mice for S1P1R
have been recently characterized and show important ventricular
septal defects and decreased myofibril organization leading to
perinatal lethality.172 Cardiomyocyte-restricted deletion of
S1P1R in mice results in progressive cardiomyopathy and
compromised response to βAR stimulation.173 Changes in
serum S1P is a predictive marker for the presence and severity of
cardiovascular disease, as it is the case of obstructive coronary
artery disease, atherosclerosis, myocardial infarction, and HF.
S1P has been shown to decrease infarct size, protect against de
novo acute HF, and improve functional recovery through the
activation of signal transducer and activator of transcription 3
(STAT3) and protein kinase B (PKB).174,175 Unfortunately,
after myocardial infarction, or in a situation of postischemic HF,
the level of S1P1R has been shown to decrease.176,177 These
observations suggest the high potential of S1P agonists as
cardioprotective agents for patients suffering from HF or
myocardial infarction.
Among S1P agonists, FTY720 (fingolimod) is the most

common and is a structural analogue of S1P that is approved for
the treatment of multiple sclerosis.178−180 FTY720 is
phosphorylated by sphingosine kinases in vivo leading to the
active metabolite FTY720P, a potent agonist of all S1P receptors
except S1P2R.

181−184 The action of FTY720P on multiple
sclerosis results from its immunosuppressant action induced by
sequestration of circulating mature lymphocytes.185−187 Inter-
estingly, this molecule seems to interfere with the pathological
processes of several other diseases, such as sepsis, inflammatory
bowel disease, atherosclerosis, and myocardial infarction.
FTY720P has been shown to reduce the formation ofmyocardial

fibrosis by inhibiting oxygen free radicals to produce strong
antioxidant anti-inflammatory properties, thus reducing the
death of cardiomyocytes.188 FTY720P has also been reported to
be an effective ischemic preconditioning agent which can reduce
oxidative stress, inflammation, apoptosis, and myocardial
fibrosis.189−192

Interestingly, FTY720P exhibits profound differences in the
duration of signal transduction compared with that of the natural
ligand S1P.76 Following transient exposure to FTY720P, S1P1R
internalizes for long periods of time and localizes within the
trans Golgi network. From this site, FTY720P but not the
endogenous S1P continues to stimulate Gαi and ERK signaling
in a sustained manner. Curiously, FTY720P-mediated activation
of S1P3R only induced transient G protein activation suggesting
that FTY720P-mediated sustained activation of S1P1R may be
not be applicable for the other S1P receptor isoforms and thus
may be unique to S1P1R. This sustained S1P1R-mediated G
protein signaling in the trans Golgi network was also translated
into an enhanced chemokinetic migration of endothelial cells.
Given the cardioprotective effects associated with FTY720P and
the ability of this molecule to promote a long-lasting Gαi protein
signaling at the trans Golgi network, compartmentalized G
protein signaling by S1P1R seems to provide a potentially
interesting target for cardiovascular diseases. However, addi-
tional investigations need to be done to verify whether the
cardioprotective effects of FTY720P are mediated by S1P1R-
mediated sustained Gαi signaling or simply by transient
activation of other S1P receptors at the plasma membrane.

■ CONCLUSION
In the present review, we have provided an overview of the
current literature supporting the idea that G protein signaling in
intracellular compartments such as early endosomes and the
Golgi apparatus represents an emerging concept in the
cardiovascular field. While solid evidence already supports a
functional role of compartmentalized G protein signaling by
βARs and V2R for cardiovascular pathophysiology, the
pertinence of compartmentalized G protein signaling for
cardiovascular functions by other GPCRs such as CGRP
receptor, US28, and S1P1R needs to be further explored.
A considerable amount of work in the past decade has been

done to identify GPCRs that activate G proteins from
intracellular compartments, and efforts have been made to
understand the physiological impact of this signaling far from the
plasma membrane. Although many questions regarding the
molecular mechanisms underlying compartmentalized G
protein signaling remain to be answered, recent studies in the
field of chronic pain have demonstrated the strong therapeutic
potential of targeting endosomes to obtain highly specific and
potent treatments associated with low toxicity and side effects.
As discussed earlier, the conjugation of the transmembrane lipid
cholestanol to a CGRP antagonist has been a particularly
successful strategy to drive the antagonist toward early
endosomes where CGRP is activating G proteins in a sustained
manner mediating chronic nociception.84 A similar approach
has been used to inhibit the substance P-mediated activation of
the neurokinin 1 receptor (NK1R) G protein endosomal
signaling using a cholestanol-conjugated NK1R antagonist
spantide.75 Both conjugated antagonists selectively inhibit the
sustained NK1R- and CGRP-receptor-induced excitation of
spinal neurons, whereas their unconjugated counterparts were
less effective. They were shown also to induce a remarkably long-
lasting inhibition of nociceptive responses mediated by painful
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stimuli. Similarly, a cholestanol-conjugated antagonist of the
protease-activated type 2 receptor (PAR2) has been shown to
prevent the capacity of proteases to induce sustained hyper-
excitability of nociceptors and therefore represents a promising
treatment for patients suffering from irritable bowel syn-
drome.193 A pH-responsive nanoparticle approach has also
been used recently to directly deliver NK1R antagonist,
aprepitant, into endosomes.79 Aprepitant was incorporated
into these nanoparticles and has been shown to successfully
penetrate the plasma and endosomal membranes. In endo-
somes, the low pH triggers nanoparticle disassembly and
delivery of its cargo of NK1R antagonist directly inside
endosomes, as well as inhibiting NK1R-mediated excitation of
spinal neurons leading to enhanced and persistent antinoci-
ceptive effects.
Although toxicity studies have not yet been completed,

following the exciting success obtained by targeting endosomal
G protein signaling mediated by GPCR involved in nociception,
it seems that expanding these therapeutic approaches to other
physiological systems such as the cardiovascular systemmay be a
promising avenue to fight cardiovascular diseases. Blocking the
G protein signaling of V2R, β1AR, or US28 from endosomes or
Golgi would be an interesting approach to tackle hyponatremia-
induced by HF, cardiac hypertrophy, as well as potentially
atherosclerosis. Alternatively, targeting agonists in the endo-
somal compartment to enhance and maintain the cardiopro-
tective effects of GPCRs such as the β2AR, as well as potentially
the CGRP receptor or S1P1R, could also be a promising
approach to exploit compartmentalized G protein signaling in a
cardiovascular therapeutic context.
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