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The architecture of eukaryotic cells is defined by extensive membrane-delimited compartments, which entails

separate metabolic processes that would otherwise interfere with each other, leading to functional differences

between cells. G protein-coupled receptors (GPCRs) are the largest class of cell surface receptors, and their signal

transduction is traditionally viewed as a chain of events initiated from the plasma membrane. Furthermore, their

intracellular trafficking, internalization, and recycling were considered only to regulate receptor desensitization and

cell surface expression. On the contrary, accumulating data strongly suggest that GPCRs also signal from

intracellular compartments. GPCRs localize in the membranes of endosomes, nucleus, Golgi and endoplasmic

reticulum apparatuses, mitochondria, and cell division compartments. Importantly, from these sites they have

shown to orchestrate multiple signals that regulate different cell pathways. 

G protein-coupled receptors  nuclear membrane  mitochondria

1. Introduction

The best current estimate claims that cells appeared on Earth ~3.0–3.3 billion years ago . The process of

cellularization is still highly debated, with specialists suggesting that cells were originated by the evolution of the

cytoplasm inside a primordial lipid vesicle, while others argue the possibility that the cytoplasm was instead

developed outside the surface of early vesicles, and thus, cells were simply the result of an invagination process of

this proto-cytosol into those vesicles that had an early functional cytoskeleton . The acquisition of the cell

membrane was the first crucial step in biological evolution that defined the boundaries of a cell and allowed

controlled communications between intracellular and extracellular environments to produce those relative stable

equilibriums crucial for life to evolve. In fact, besides its function as structural support and defense, the cell

membrane regulates exchanges of molecules from and to the external environment, responding to environmental

physical and chemical changes, and thus plays a crucial role in the interactions with other cells and/or the

extracellular environments; moreover, the cell membranes are involved in energy formation and other chemical

reactions. Notably, even though some prokaryotes also contain intracellular structures that can be seen as primitive

organelles, prokaryotes and archaea have maintained the mono-compartmental structure of their ancestor cells .

2. G protein-Coupled Receptors (GPCRs) and Their Role in
Modulating Different Types of Stimuli
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GPCRs are the largest family of membrane receptors, with nearly 800 genes coding for these proteins. They are

involved in many physiological processes such as sensing light, taste and smell, neurotransmission, metabolism,

endocrine and exocrine secretion, cell growth, and migration. In a simplistic way, GPCRs are composed of seven

transmembrane domains, three extracellular and three intracellular loops, an extracellular N-terminus, and an

intracellular C-terminus . The extracellular loop and the extracellular portion of the seven transmembrane

domains are deputed to agonist recognition, while the rest of the transmembrane core and the intracellular loops

convey the receptor activation to intracellular transducers.

The evolutionary success of GPCRs is thought to depend upon the interplay between the distinctive properties of

their extracellular domains to be readily adaptable for new sensory functions, as shown by the ability to be

activated by such different types of stimuli as photons, odorants, neurotransmitters, and hormones, and the

conservation of a transmembrane core and intracellular signal transduction mechanisms . In fact, most of the

vertebrate physiology is based on the signal transduction of GPCRs. G proteins are the first and more

characterized partners of GPCRs. They are trimeric proteins composed of α, β, and γ subunits and are activated by

the nucleotide GTP. The α and β/γ subunits dissociate upon GPCR activation and are regarded as two independent

functional units that regulate different downstream effectors . To date, eighteen α, five β, and twelve γ G protein

subunits have been discovered. Based on their similarity and functional activities, the α subunits are further

subdivided into four different families: (i) Gαs, that stimulates adenylyl cyclase; (ii) Gαi that inhibits the activity of

adenylyl cyclase; (iii) Gαq, whose activation stimulates the phospholipase enzyme; and (iv) Gα12 that activates the

small GTPase Rho. Instead, Gβ/γ subunits form a tightly bound dimeric complex that plays a critical role in

regulating the catalytic activity of the G protein α subunits, and in modulating the activity of several enzymes and

ion channels . In contrast to G protein α subunits, the βγ do not have a catalytic activity on their own but

modulate signaling through protein–protein interactions. The first effector found to be activated by Gβγ was the

inwardly rectifying K  channel (GIRK) in atrial myocytes after muscarinic M2 receptor activation . At the

beginning, the idea that βγ dimers alone could be the primary mediators of signal activation was controversial, but

today, the list of Gβγ interacting proteins comprises a substantial number of targets, such as enzymes and

channels . It is worth mentioning that G proteins can also be activated in a GPCR-independent way .

Receptor-independent activators of G protein signaling (AGS) play surprising roles in signal processing and have

opened new areas of research related to the role of G proteins in signal transduction .

The functional complexity of GPCRs could not be attributed to only the exclusive activation of G proteins. Evidence

has gradually emerged that GPCRs can signal through many other proteins such as β-arrestins and small G

proteins, among others . Notably, by means of a membrane yeast two-hybrid system, it has been recently shown

that GPCRs can form interactomes connecting more than 686 proteins that regulate diverse cellular functions .

3. GPCRs Are Present in Different Cellular Compartments

GPCRs were originally thought to exclusively localize to the plasma membrane and to mediate cellular signaling of

stimuli coming from outside the cell. Even though early evidence suggested a subcellular localization and function

of some GPCRs, the interest in these “unusual” locations was scarce as it was assumed that activation by ligands
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was restricted to the plasma membrane. Progress in this area finally demonstrated that GPCR-mediated signaling

occurs not only from the plasma membrane but also from intracellular compartments such as endosomes, Golgi

membranes , mitochondria , cell division compartments (centrosomes, spindle midzone, and midbodies) ,

and nuclear membrane .

The functional importance of GPCR subcellular localization was originally shown for the rhodopsin receptor 

that primarily activates the G proteins from the intracellular disk membranes of the rod cell outer segment. In

particular, the disk membranes originated from basal evaginations of the plasma membrane of the rod cell outer

segment that were retained intracellularly. The subcellular segregation is crucial for the optimal response of

rhodopsin to light, as the disk membrane contains six times less cholesterol than the plasma membrane.

Rhodopsin is also the major protein of the plasma membrane of rod cells, but the high membrane cholesterol

content inhibits rhodopsin participation in the visual transduction cascade at this site .

Further evidence suggesting that GPCR signaling also occurred within an internal membrane compartment

emerged in studies of β2 adrenergic receptor-mediated activation of the mitogen-activated protein kinases

(MAPKs) Erk1/2, which was inhibited by dominant-negative versions of dynamin and β-arrestin-1 that by

preventing receptor internalization showed that β2 adrenergic compartmentalized signaling was responsible for

ERK activation . Furthermore, overexpression of a mutant β-arrestin-1 that binds c-SRC (a non-receptor tyrosine

kinase that regulates the RAS-MAPK/Erk signaling) without promoting β2 adrenergic receptor internalization also

shows a reduced phosphorylation of ERK mediated by β2 adrenergic receptor activation, supporting the concept

that this receptor signaling occurred within an internal compartment of the cell . Several GPCRs have been

known to co-localize on endocytic vesicles together with β-arrestins and Erk1/2, strongly suggesting that

endosomes are specific compartments for GPCR–β-arrestin-mediated signaling . Recent evidence suggest that

signaling from endosomes may participate in the pathogenesis of cardiac diseases. After prolonged isoproterenol

stimulation, β  adrenergic receptors decrease on the cell surface by endocytosis, but they are still active and as

shown by Morisco et. al., they mediate cardiac hypertrophy . In fact, the inhibition of the β  adrenergic receptor

internalization process by concanavalin A blocks isoproterenol-induced cardiac hypertrophy, strongly suggesting

that the cardiac hypertrophy was caused by the ability of these receptors to signal from endosome compartments.

The Golgi apparatus is another compartment where ligand-dependent GPCR activation has been detected. For

instance, the β1 adrenergic receptor is known to activate the Gαs protein canonically in the plasma membrane, but

also in the Golgi apparatus where it is sorted to form a pre-existing receptor pool . Physiologically,

catecholamines are charged and need transporters to cross the plasma membrane such as organic cation

transporter 3 (OCT3) to reach for example the Golgi β1 adrenergic receptor . This internal membrane pool of

receptors contributes significantly to the overall production of cellular cAMP elicited by β  adrenergic agonists.

Among other receptors activated in the Golgi apparatus, there is the TSH receptor. In this case, the receptor is

internalized together with its agonist and when it reaches the Golgi network it activates a local pool of Gαs protein.

This critical receptor localization near the nucleus seems required for efficient CREB phosphorylation and gene

transcription .
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Another internal compartment where GPCRs are localized and function is the mitochondrion. Early evidence of this

localization came from the cannabinoid CB1 receptor that was shown to be sorted in the outer mitochondrial

membrane of skeletal and myocardial cells. The activation of mitochondrial CB1 receptor by its lipophilic agonists

in these tissues was associated with mitochondrial regulation of the oxidative activity through relevant enzymes

implicated in pyruvate metabolism . Thereafter, melatonin receptors (MT1Rs) were recognized to localize in the

outer mitochondrial membrane of neurons to regulate cell respiration. Strikingly, it was shown that the lipophilic

melatonin ligand was produced in the mitochondrion to auto-regulate its MT1 receptors and in turn stimulate the

Gαi proteins localized in the intermembrane space to inhibit stress-mediated cytochrome c release . These

remarkable findings challenge the  classical perception of GPCRs’ biological function by showing that an

intracellular organelle can both synthesize a ligand and directly respond to it through an auto-receptor mechanism.

To name this amazing new mechanism, the term “automitocrine” was proposed, in analogy to “autocrine” when a

similar phenomenon occurs among cells .

Notably, GPCRs are also present in cell division compartments where they regulate cytokinesis . For instance,

the odorant OR2A4 receptor localizes to the spindle poles during mitosis and to the cleavage furrow and midbody

ring during cytokinesis in HeLa cells . The crucial role played by these receptors in cell division was also

established in OR2A4 knockdown experiments where the lack of the receptor caused cytokinesis failure.

Furthermore, over thirty GPCRs have been described to localize at the nuclear membrane and convincing

evidence show they play important physiological roles such as gene regulation . In isolated nuclei from

rat hearts, isoproterenol through the activation of β3 adrenergic receptors and Ang II through the activation of AT1

and AT2 receptors increase nuclear gene transcription. Importantly, these effects were blocked by the pertussis

toxin (PTX), suggesting that the activation of Gi proteins was essential for β3 adrenergic and AT1 and AT2 receptor

regulation of gene expression .

Unexpectedly, GPCRs have also been found in extracellular vesicles produced by eukaryotic cells, such as

exosomes . These tiny structures of 50–100 nm in diameter are formed in multivesicular intracellular bodies that

are late endosomal compartments situated in the endocytic route between early endosomes and lysosomes.

Internal vesicles of multivesicular bodies are generated by inward budding of the membrane and are released in

the extracellular milieu following fusion of the multivesicular body with the plasma membranes. Exosomes can

carry various types of proteins, lipids, and nucleic acids (mRNA and non-coding RNA) and have been recognized

as important tools for cell-to-cell communication . Specifically, Kwon et al.  found that GPRC5B, an

orphan GPCR, is present in exosomes released by hepatocyte growth factor (HGF)-treated Madin–Darby canine

kidney (MDCK) cell cysts. Exosomal GPRC5B is taken up by nearby MDCK cells and together with HGF promotes

Erk phosphorylation and tubulogenesis. Furthermore, the same researchers found that GPRC5B is elevated in

urinary exosomes from patients with acute kidney injury, suggesting that the transport of this receptor through

exosomes could recapitulate a repairing mechanism. After this initial finding, other GPCRs have been found to be

secreted from cells via exosomes in various physiological and pathological contexts .
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4. GPCR Sorting to the Plasma Membrane and to Intracellular
Compartments

Distribution of proteins to different cellular compartments requires protein-sorting codes that are recognized and

segregated by cytoplasmic adaptor complexes that regulate protein trafficking. Many proteins are sorted by short

signal peptides attached to the N-terminus (or occasionally at the C-terminus or along the internal sequence) of the

protein . Integral membrane proteins including GPCRs are first synthesized in the perinuclear endoplasmic

reticulum and then transported along the secretory pathway through the Golgi apparatus and the trans-Golgi

network to be delivered to the plasma membrane. Once the nascent protein is inserted into the membrane, the

signal peptide is normally cleaved off from the mature protein . Most GPCRs lack a cleavable signal peptide and

the molecular mechanisms that lead to their targeting to the plasma membrane, or their sorting to intracellular

compartments, are poorly understood. Only a small group of GPCRs contains cleavable signal peptides and their

removal results in the retention of the receptor in the endoplasmic reticulum . The variety of the cellular

destinations of GPCRs raises the question of how GPCRs are delivered to these targets.

Most of the work on GPCR trafficking has focused primarily on their plasma membrane localization and

internalization. Several chaperone proteins bind to nascent GPCRs in the endoplasmic reticulum and carry them to

the Golgi complex and finally to the plasma membrane . Receptor activity-modifying proteins (RAMPs) are a

family of three single pass membrane proteins that were initially discovered as regulators of the calcitonin receptor-

like receptor (CLR) function and plasma membrane expression . It is recognized that RAMPs also interact with

several other GPCRs to switch ligand selectivity, and to modulate signal transduction and receptor trafficking 

. Among others, the chaperone effects, first noted for CLR, have been shown for the calcium sensing receptor

, the secretin receptor , the GPR30 receptor , and the type 1 corticotrophin releasing factor receptor

(CRF1) .

Other proteins that have been shown to deliver GPCRs to the membrane are the receptor expression enhancing

proteins (REEPs) and the receptor transporting proteins (RTPs), identified for their ability to enhance odorant and

taste receptors’ cell surface expression . Furthermore, the integral protein calnexin regulates the membrane

expression of dopamine D1 and D3 receptors , CD4 enhances the plasma membrane expression of the

chemokine CCR5 receptor , the transmembrane protein 147 (tmem147) reduces the M3 receptors at the

membrane levels , and Rab43 regulates the expression of adrenergic α2B and muscarinic M3 receptors .

This brief overview indicates the heterogeneity in the molecular chaperones involved in GPCR trafficking and the

lack of a common thread associated with this phenomenon. Furthermore, GPCR trafficking to the plasma

membrane varies depending on the expression of the molecular chaperone and the context in which the two

proteins (GPCR and chaperone) are expressed. In addition, the same GPCR can use different sorting mechanisms

depending on the cell context in which it is expressed. For example, in primary neurons and in neuronal SH-SY5Y

cells, Rab43 selectively regulates the total surface expression of the endogenous adrenergic α2 receptors, but not

of the muscarinic M3 receptors. In contrast, the surface transport of both receptors requires Rab43 in non-neuronal

NRK49F cells, suggesting that the sorting function of Rab43 is neuronal cell specific .
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The nuclear membrane is another important target of GPCR sorting. In this compartment, GPCRs regulate nuclear

events such as DNA synthesis and gene expression , transcription initiation , and histone

modification . The nuclear membrane is an extension of the endoplasmic reticulum and is formed by three

connected membrane domains: the outer nuclear membrane that is a continuation of the ribosome-studded rough

endoplasmic reticulum that also contains specific protein complexes; the pore membrane, where large

macromolecular assemblies called nuclear pore complexes control the passage of molecules to and from the

nucleus; and the inner nuclear membrane that faces the nucleoplasm and hosts a number of specific proteins that

directly regulate the genome . Like the plasma membrane, GPCR translocation in the inner nuclear membrane

appears to be controlled by several processes including lateral diffusion through the membrane of the nuclear pore

and those regulated by proteins of the canonical soluble protein transport machinery .

Some GPCRs localize to the nuclear membrane by using canonical nuclear localization signal (NLS) peptides,

short basic sequences that confer specificity for one or more karyopherin nuclear transport proteins .

Karyopherin proteins were initially described as carriers of soluble proteins, but they are also recognized to play a

major role in the transport of transmembrane proteins. The GPCRs that have been recognized to date to use this

mechanism to localize to the nuclear membrane are the adenosine A1 and A2B, the angiotensin AT1, apelin, the

bradykinin B2, CXCR2 and CXCR4, the coagulation factor II receptor-like 1 (F2rl1, previously known as Par2), and

the oxytocin receptors . Moreover, some GPCRs contain multiple NLS import sequences in

different receptor parts. For example, F2rl1 has two NLS domains, in the first and third intracellular loops;

mutations in either loop prevent nuclear translocation, suggesting that both are essential for karyopherin β1 binding

. Remarkably, this receptor has an additional C-terminal domain, that does not contain an NLS, but has a

prominent role in nuclear transport. It probably interacts with proteins different from karyopherins that still concur

with F2rl1 nuclear translocation. Other GPCRs instead translocate to the nucleus though a phosphorylation-

mediated mechanism as shown for the glutamate mGlu5 receptor .

Interestingly, the Ras superfamily proteins of small GTPases, such as Rab and Arf GTPases, have also emerged

as crucial regulators of GPCR localizations . In particular, they control vesicular trafficking, vesicular budding

from donor membranes, interactions with cellular motors, and vesicle docking. They are networked to one another

through a variety of mechanisms to coordinate the individual events of one stage of transport and to link together

the different stages of an entire transport pathway . Among others, Rab11a plays a pivotal role in agonist-

independent nuclear translocation of the platelet-activating factor receptor . Interestingly, emerging evidence

suggests that several family members of the Ras and Rho small GTPases have putative NLSs. The most prudent

assumption is that these proteins complex to GPCRs on one side and to canonical nuclear transport proteins on

the other to translocate GPCRs to the nucleus .

In general, GPCRs that localize on endosomes, endoplasmic reticulum, and Golgi and outer nuclear membranes

have their N-terminus embedded in the lumen of these structures with the carboxyl terminal facing the cytoplasm.

On the contrary, activated GPCRs in the inner nuclear membrane signal into the nucleoplasm and directly influence

nuclear functions . In mitochondria, GPCRs have been localized in the outer  and inner membranes
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 and they seem to be oriented with their signaling part toward the intermembrane space and the matrix,

respectively.

GPCR trafficking to internal compartments can be independent from endocytosis, as it is for the platelet-activating

factor receptor (F2RL) that can directly reach the nuclear localization through the trans-Golgi network  or

receptor internalization in endosomes. While the former is normally agonist independent, the latter is an agonist-

dependent process .

5. β-Arrestin-Mediated GPCR Compartmentalization

The binding of agonists to GPCRs is characterized by key conformational changes necessary for G protein-

dependent signaling transduction and for the exposure of phosphorylation sites to kinases such as GRKs. GPCR

phosphorylation is a crucial step for G protein-dependent signal desensitization, leading to the uncoupling of G

proteins from the receptor and the recruitment of the β-arrestin proteins. β-Arrestins are crucial for receptor

removal from the plasma membrane and thus for the regulation of GPCR endocytic trafficking.

The “barcode” model of β-arrestin/GPCR interaction suggests that the degree and patterns of GPCR

phosphorylation match different β-arrestin structural changes, and this matching favors different intracellular

signaling . The pattern of phosphorylation directly affects the interaction with the β-arrestin family as described

for the β2 adrenergic receptor phosphorylated by GRKs . Moreover, besides the canonical GRKs, GPCR

phosphorylation could also be mediated by more versatile kinases such as casein kinase 2 (CK2), a kinase that

plays per se a crucial role in the cell cycle. In particular, CK2 regulates the M3 muscarinic receptor activity by direct

phosphorylation and in β-cells it affects the M3 receptor’s ability to favor insulin secretion . Protein kinase

C (PKC) is another GPCR-phosphorylating enzyme that regulates β-arrestin recruitment as shown for the

chemokine receptor CXCR4, at Ser-346 and 347 after agonist stimulation . Therefore, GPCR phosphorylation

and the ability to recruit β-arrestin to signal are highly intertwined, especially for their ability to evoke specific

intracellular signaling such as Erk phosphorylation, desensitization, and antiapoptosis effects .

In cancer and healthy cells, these GPCR–β-arrestin-dependent multiprotein complexes interact with signaling

proteins involved in gene transcription, protein ubiquitination, and cytoskeletal remodeling, forming signalosomes.

These large supramolecular complexes promote cancer progression and metastasis production by activation of

mitogen-activated protein kinase/extracellular signal-regulated kinase, Wnt/β-catenin, nuclear factor κB, and

phosphoinositide 3 kinase/Akt . Several in vitro systems have recently been developed to investigate radio- and

chemotherapy-resistant cancer cells. In particular, cancer cell lines were exposed to drugs or radiation with the aim

of selecting treatment-resistant clones and thus analyze the processes of cancer therapy resistance .

Notably, based on the major roles played by GPCR–β-arrestin signalosomes in regulating cell growth and survival,

the mentioned in-vitro approaches could lead to the identification of the GPCR–β-arrestin complex-based

mechanisms that promote cancer chemo- or radiotherapy resistance. Intriguingly, it has been observed that the

overexpression of GPR35 receptor strongly correlates to drug resistance in epithelial lung cancer cells .
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While in cancer the GPCR–β-arrestin signalosomes play a crucial role in promoting disease progression, in

neurodegeneration they are beneficial by slowing down the development of misfolded proteins involved in

neurodegenerative disorders. This is the case of the M1 muscarinic receptor and its ability to efficiently signal

through β-arrestin . Mutant mice with phosphorylation-deficient M1 receptors have more rapid and

pronounced misfolded prion-mediated neurodegeneration progression than controls. This strongly suggests that

the M1–β-arrestin complex signal has important neuroprotective effects. Therefore, the next generation of GPCR

ligands designed to directly modulate GPCR–β-arrestin-dependent intracellular signaling could pave the way

towards, for example, the development of novel neuroprotective and anticancer strategies.
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