
ll
OPEN ACCESS
iScience
Review
Location Bias as Emerging
Paradigm in GPCR Biology
and Drug Discovery
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SUMMARY

GPCRs are the largest receptor family that are involved in virtually all biological
processes. Pharmacologically, they are highly druggable targets, as they cover
more than 40% of all drugs in the market. Our knowledge of biased signaling pro-
vided insight into pharmacology vastly improving drug design to avoid unwanted
effects and achieve higher efficacy and selectivity. However, yet another feature
of GPCR biology is left largely unexplored, location bias. Recent developments in
this field show promising avenues for evolution of new class of pharmaceuticals
with greater potential for higher level of precision medicine. Further consider-
ation and understanding of this phenomenon with deep biochemical and molecu-
lar insights would pave the road to success. In this review, we critically analyze
this perspective and discuss new avenues of investigation.

INTRODUCTION

G-protein-coupled receptors (GPCRs) are the largest family of receptors in eukaryotes to signal for cellular

adaptation in response to environmental cues and are involved in virtually all biological processes. They are

expressed from approximately 800 genes covering almost 4% of human coding genome and are the target

of more than 40% of pharmaceutical agents, validating their significance in pathophysiology (Dupré et al.,

2009). They possess a diverse array of ligands spanning from odor molecules, lipid, nucleotide, and carbo-

hydrate metabolites to peptide neurotransmitters and photons. Activation in adhesion GPCRs (adGPCR) is

even more complicated; in some cases their basic conformation as active form is inhibited by their own N

terminus, whereas in other adGPCRs, a segment of N terminus serves as ligand for their respective receptor

(Purcell and Hall, 2018). GPCR regulation and signaling are subject of intensive research. Their subcellular

(mostly nuclear) localization and ensuing intra-organelle signaling as well as non-signaling actions, such as

co-transcriptional activation, adds a plethora of complexity to GPCR biology.

GPCRs are integral membrane proteins in the plasma membrane (PM) consisting of seven transmem-

brane receptors with an extracellular N terminus and cytoplasmic C terminus. Unstimulated GPCRs are

associated with heterotrimeric G-proteins: Ga and Gg subunits are membrane anchored and a Gb sub-

unit that tightly interacts and remains bound to Gg (Figure 1A). Ga is a guanin nucleotide-binding pro-

tein with GTPase activity. There are four sub-families of Ga (Gas, Gai/o, Gaq/11, Ga12/13) bound to GPCRs

in cell and context-dependent manner, and they dictate primary GPCR signaling depending on their sub-

family and sub-type. Unstimulated GPCR is in complex with G-proteins, whereas Ga is loaded with GDP.

Upon ligand binding to GPCR, inactivated Ga (GDP bound) exchanges GDP with GTP leading to confor-

mational change resulting in release of G-proteins from GPCR. GTP-bound Ga is also separated from

Gbg and diffuses along the PM to signal for downstream effectors (Figure 1B) (Katritch et al.,

2013)-(Sato et al., 2006).

Gas stimulates activation of Adenylyl Cyclase (AC), a membrane-bound enzyme converting ATP to cAMP.

Increased cAMP level leads to activation of protein kinase A (PKA) and subsequent phosphorylation of

many targets and cellular response. cAMP can also modulate activity of some of Guanine Exchange Factors

(GEFs) and ion channels. On the contrary, Gai/o sub-family inhibits the activity of AC when it is bound to

GTP and lowers cellular cAMP level. Gaq/11 sub-family can activate Phospholipase C-b (PLCb) in the mem-

brane, which in turn catalyzes the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol

triphosphate (IP3) and diacylglycerol (DAG). IP3 acts on endoplasmic reticulum (ER) triggering efflux of
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Figure 1. PM and Subcellular Organelle Localization and Signaling of GPCRs

A schematic representation of GPCR cycle and different GPCRs in various cellular organelles.

(A) A GPCR in its inactive confirmation coupled with heterotrimeric G proteins.

(B) Ligand binding to GPCR induces conformational changes releasing heterotrimeric G proteins. Various downstream signaling cascades are activated

depending on the specific subfamily of each G protein.

(C) Ligand-bound GPCR attracts GRKs, which phosphorylate the receptor initiating their signal termination process through interaction with b-arrestins and

endosomal entry.

(D) The proposed model for conformation of GPCR in the outer and inner nuclear membranes.

(E) F2rl1 is an example of a nuclear GPCR that translocates to the nucleus upon activation and induces Vegfa transcription through interaction with Sp1

transcriptional factor.

(F) mGlu5, another example of a nuclear GPCR initiates downstream signaling inside the nucleus.

(G) Activation of PM AT1R leads to phosphorylation of nuclear pore, which in turn facilitates its nuclear translocation.

(H) GPR30 is an example of ER resident GPCR, which initiates downstream signaling within the ER network.

(I) b1AR is an example of Golgi apparatus GPCR initiates downstream signaling inside the Golgi lumen.

(J) NK1R is an example of endosome-located active GPCR which displays physiological output location bias from endosomal signaling. The receptor could

also go through lysosomal degradation or recycle to PM as part of GPCR life cycle.

(K) MT1 is an example of mitochondrial resident GPCR, which initiates downstream signaling inside the mitochondria.
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Ca2+ to cytoplasm and its subsequent cellular effects such as activation of Ca2+-dependent proteins (e.g.,

calmodulin, transcription factors). DAG, in parallel with increased Ca2+ level, activates protein kinase C

(PKC) in the membrane followed by phosphorylation of its target proteins. Lastly, Ga12/13 interacts with

various proteins and exerts its effects mainly by modulation of Rho and Ras-GEFs, cadherins, and ion chan-

nels. Released Gb and Gg subunits function together in a complex and can signal for various downstream

effectors concomitant with Ga activity. Gbg targets partially depend on the isoforms of their sub-units and

span from ion channels to PI3K, AC, and PLC. Ga has inherent GTPase activity, although with different rates

depending on its sub-family and isoforms. Regulators of G-protein signaling (RGS) and some downstream

effectors of GPCR have GTPase-activating capacity and are able to increase the GTP hydrolysis rate of Ga

subunit. OnceGTP is hydrolyzed, GDP-boundGa is able to assemble heterotrimeric Gabg and re-associate

with GPCR, ready for new stimuli and activation (Ritter and Hall, 2009)-(Hilger et al., 2018).
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Conformational changes in GPCR after ligand binding increases its affinity to G protein-coupled receptor

kinases (GRKs) and their mediated phosphorylation of GPCRs. Ligand-bound and phosphorylated GPCRs

are targeted by arrestins leading to signal attenuation (Figure 1C). GRK-mediated phosphorylation of

GPCRs initiates homologous desensitization, whereas heterologous desensitization is the result of longer

exposure of ligand to receptor and phosphorylation of wider range of GPCRs via signaling activated PKA

and PKC. Arrestin bound to the GPCR recruits clathrin and AP2 to initiate receptor internalization. The

forming vesicle is pinched off from PM with aid of accessory proteins such as dynamin. The endosomal

GPCR has two fates depending on receptor type and accessory proteins available in cell-type specific

manner: (1) recycling of receptor and (2) lysosomal degradation. Once the GPCR is destined for recycling,

ligand is released and degraded in endosome and the GPCR is dephosphorylated and the vesicle fuses to

the PM leading to receptor resensitization and recycling. When the GPCR is targeted for degradation, en-

dosome is sorted to lysosome and the GPCR is subjected to degradation (Marchese et al., 2008)-(Peterson

and Luttrell, 2017).

One of the emerging concepts in GPCR biology is their signaling from subcellular organelles, demonstrating

another level of specificity and regulation in signal transduction. GPCRs are found in all membranous

organelles within cells, acting as a functional receptor modulating signal transduction. Interestingly, some

GPCRs are primarily resident to these compartments rather than to the PM. Some signaling cascades are

sent to downstream effectors during endosomal entry of activated GPCRs. Mitochondria, Golgi apparatus,

and ER have been shown to harbor GPCRs exerting classical signaling cascades, either potentially into the

cytoplasm or into the organelle. Unfortunately, conformation of GPCRs in organelles remains largely unre-

solved resulting in uncertainty as to signaling directionality (intra-organelle versus into cytoplasm). Nuclear

GPCRs, on the other hand, are shown to have more dynamic functions. Some are translocated from PM to

the nucleus upon ligand binding, whereas others have a ligand-independent nuclear pool. Other than their

participation in classical GPCR intra-nuclear signaling, nuclear GPCRs have been shown to interact with tran-

scription factors and regulate gene expression directly (Jong et al., 2018a) (Joyal et al., 2015). In this review, we

outline advances in intracellular GPCRs as a means of localizing signaling bias and address some of the

challenges that remain unsolved in the field, and their potential therapeutic consequences.
NUCLEAR GPCRS

Nuclear GPCRs are the most studied permanent intracellular GPCRs in cellular organelles (compared with

endosomes). The first report of nuclear GPCR localization was published in 1998 (Lu et al., 1998) showing

translocation of AT1 receptor to the nucleus upon ligand stimulation potentially mediated through a clas-

sical nuclear localization signal (NLS). Later that year, the second report confirmed using immunogold la-

beling the presence of EP1 receptor in the cell nucleus independent of ligand binding, with functional con-

sequences resulting in increased intranuclear calcium concentration and gene transcription (Bhattacharya

et al., 1998). These studies paved the road for identification of intracellular GPCRs, re-shaping the classical

exclusive model of PM receptor for GPCRs.

So far more than 40 GPCRs are shown to be either translocated to or localized in the nucleus (Table 1).

These GPCRS have a variety of functional outputs in the nucleus. Most experimental efforts reveal classical

GPCR signaling throughmodulation of downstream effectors such as phosphorylation of different intermit-

tent signaling modules (Cattaneo et al., 2016), or calcium (O’Malley et al., 2003) and cAMP (Valdehita et al.,

2010) level fluctuations. Since these signaling activities are known to take place inside the nucleus, it has

been assumed that nuclear GPCR conveys signals via inner nuclear membrane (Tadevosyan et al., 2012).

This would warrant an inward signaling cascade inside the nucleus upon activation of nuclear GPCRs similar

to the cytoplasmic events (Figure 1F). Based on this model, the N terminus of GPCR in inner and outer

nuclear membranes would be presumed to locate inside the lumen of nuclear membrane, whereas the

C terminus would either be inside the nucleus or in the cytoplasm (Figure 1D); this GPCR orientation

remains, however, speculative. Although this model would explain intra-nuclear signaling, it also provides

a mode of signal transduction into the cytoplasm from activation of GPCRs on the outer nuclear membrane,

but this has not been studied.

Our expanded knowledge of nuclear GPCRs compared with other intracellular GPCRs is based on feasible

methods of intact nuclear isolation. Isolated nuclei have the ability to behave as functional units, providing

reliable examination of GPCR effects in the nucleus. However, we are unable to scrutinize the signal trans-

duction cascade of outer nuclear membrane-localized GPCRs into the cytoplasm. Cells receive external
iScience 23, 101643, October 23, 2020 3



GPCR Signaling/Function Reference

AT1R PKC-NOX4-mediated ROS stimulation,

NO production

(Lu et al., 1998), (Gwathmey et al., 2009),

(Pendergrass et al., 2009), (Morinelli

et al., 2007)

AT2R RNA synthesis via IP3R- and NO-dependent

pathways

(Tadevosyan et al., 2017)

a1A & B-AR ERK and PKC phosphorylation (Wright et al., 2008), (Wu et al., 2014)

b1&3AR Gi-mediated RNA synthesis, AC stimulation (Vaniotis et al., 2011)

Apelin R – (Lee et al., 2004)

Bradykinin

B2 R

Interaction with Lamin C (Lee et al., 2004), (Takano et al., 2014)

CCR2 – (Favre et al., 2008)

CXCR4 Gi-mediated intra-nuclear Calcium release (Wang et al., 2005), (Don-Salu-Hewage

et al., 2013)

ETA&BR NO production, IP3-dependent increase of calcium (Boivin et al., 2003), (Vaniotis et al., 2013),

(Merlen et al., 2013)

FPR2 ERK2, c-Jun, c-Myc phosphorylation (Cattaneo et al., 2016)

GRLN-R – (Leung et al., 2007)

GnRH-R Acetylation and phosphorylation of histone H3 (Re et al., 2010)

CysLT1&2 ERK1/2 phosphorylation, nuclear calcium signaling (Nielsen et al., 2005), (Eaton et al., 2012),

(Dvash et al., 2015)

LPA1R Gi, PI3K, and AKT-mediated calcium transit and

iNOS expression

(Gobeil et al., 2003)

S1P1 ERK and c-Jun dephosphorylation, transcriptional

initiation

(Liao et al., 2007), (Estrada et al., 2009)

MC2R – (Doufexis et al., 2007)

MT2 – (Lanoix et al., 2006)

mAChR – (Lind and Cavanagh, 1993)

Y1R – (Jacques et al., 2003)

NTS1 – (Toy-Miou-Leong et al., 2004)

MOR1 – (Khorram-Manesh et al., 2009)

Oxtr Induction of gene transcription (Kinsey et al., 2007), (Di Benedetto et al., 2014)

Ptafr cAMP reduction, Gi-mediated calcium increase,

ERK 1/2 phosphorylation, NF-kB DNA binding,

induction of gene transcription

(Marrache et al., 2002), (Bhosle et al., 2016)

EP2,3&4 Gi-mediated calcium increase, ERK1/2 &AKT

phosphorylation, induction of gene transcription

(Bhattacharya et al., 1999), (Gobeil et al., 2002)

TPR Coupling to Gs, CREB phosphorylation, induction

of gene transcription

(Ramamurthy et al., 2006), (Mir and

Le Breton, 2008)

Table 1. List of GPCRs detected on nuclear membrane and/or inside the nucleus

(Continued on next page)
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GPCR Signaling/Function Reference

F2rl1 Sp1-mediated gene transcription (Joyal et al., 2014)

NK1&3 – (Aline Boer and Gontijo, 2006), (Lessard

et al., 2009)

UTR Transcriptional initiation (Nguyen et al., 2012), (Doan et al., 2012)

PTH1R – (Watson et al., 2000)

VPAC1R cAMP production (Valdehita et al., 2010),

mGlu5 Calcium transit, ERK1/2, Arc/Arg3.1, c-fos & CREB

phosphorylation

(O’Malley et al., 2003), (Jong et al., 2005),

(Kumar et al., 2012), (Vincent et al., 2016)

GPR158 Cyclin D1-mediated cell proliferation (Patel et al., 2013)

Table 1. Continued
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cues from cellular niche and respond to environmental changes in the classical GPCR signaling model. On

the contrary, outer nuclear membrane-localized GPCRs would enable cells to respond to the internal nu-

clear cues and adopt to nuclear changes. Evidence for intra-nuclear mRNA translation (Iborra et al., 2001),

as well as presence of various metabolites (Campbell and Wellen, 2018) and lipids (Cascianelli et al., 2008)

that can stimulate GPCRs at the nucleus, suggest that GPCR ligands are readily available inside the nucleus

to act on their corresponding receptors. Alternatively, GPCR activation and signaling can be delayed until

ligands reach the targeted intracellular organelle; in this case, these ligands are either transported or

diffuse into the cytoplasm, to activate first PM GPCRs and subsequently nuclear GPCRs.

Alongside GPCRs, growing evidence shows presence of almost every GPCR signaling effectors in the cell

nucleus. The classical partners of GPCRs, Ga and Gbg and their different isoforms, have readily been

detected in the nucleus (Zhang et al., 2001) (Boivin et al., 2005) (Dahl et al., 2018) (Sato et al., 2011). This

enables formation of a fully functional coupled receptor on the nuclear membrane. In addition to the

G-proteins, their immediate effectors such as AC (Yamamoto et al., 1998), PLC isoforms (Schievella

et al., 1995) (Freyberg et al., 2001), Ca2+ and K channels (Bootman et al., 2009) (Quesada et al., 2002), as

well as their corresponding second messengers including cAMP (Haj Slimane et al., 2014), DAG, and IP3

(Kumar et al., 2008) are observed in the cell nucleus and their activities are reliant on ligand-dependent

stimulation of their respective GPCRs. Major components of GPCR signaling downstream cascades are

also present and functional at the nuclear level. Various isoforms of ERK, JNK, p38 (Turjanski et al., 2007)

(Plotnikov et al., 2011), AKT (Sang et al., 2008), and PKC (Martelli et al., 2003) are resident in the nuclear

compartment and/or trafficked as part of their signaling translocation system. On the other hand, GPCR

regulating proteins are found in the nucleus as well, including b-Arrestin (Wang et al., 2003), GRK (Johnson

et al., 2004) (Jiang et al., 2007), and RGS (Burchett, 2003) (Panicker et al., 2010). The nucleus even harbors

proteins such as clathrin (Ybe et al., 2013) required for endosomal entry and recycling of GPCRs. The exis-

tence of all major components of GPCR signaling cascades indicate the potential for a fully functional

signaling system that could operate independently at the nuclear level.

Initiation of transcription upon stimulation of isolated nuclei provides another feature of nuclear GPCR

signaling output (Vaniotis et al., 2011). However, it is not clear these transcriptional activities are the result

of anything other than signaling cascades initiated inside the nucleus. A study of F2rl1, also referred to as

PAR2, provided for the first time another potential mechanism of action for nuclear GPCRs, direct transcrip-

tional regulation (Joyal et al., 2014). F2rl1 is translocated to the nucleus (from PM) upon ligand stimulation

and then binds to various transcription factors and genes inside the nucleus; specifically, F2rl1 interacts with

Sp1 transcription factor leading to expression of Vegfa (Figure 1E). Besides being present on the nuclear

membrane, GPCRs have been detected inside the nucleus; in this case, nuclear F2rl1 is an example for po-

tential distinct mechanisms and functions.

Given that GPCRs contain seven hydrophobic (transmembrane) domains, it is unlikely they are freely

‘‘floating’’ inside the nucleus. There are a number of potential mechanisms to accommodate such hydro-

phobic proteins inside the nucleus. Lipids are abundantly present inside the nucleus, and more specifically,
iScience 23, 101643, October 23, 2020 5
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they can form lipid microdomains inside the interphase nucleus reported to be co-localized with ribonu-

cleoproteins and involved in transcription and transport of transcripts in and out of the nucleus (Maraldi

et al., 1992) (Cascianelli et al., 2008). These lipid microdomains could harbor GPCRs, probably through in-

vaginations taking place inward from nuclear envelope (Fricker et al., 1997). Besides lipid microdomains,

nuclear vacuoles and some other nuclear bodies have hydrophobic constituents suitable for interactions

with lipophilic proteins such as GPCRs (Zimber et al., 2004) (Gobeil et al., 2006).

Other potential explanation for intranuclear GPCR organization is their possible involvement in phase sep-

aration. Emergence of colloidal biochemistry enabled identifyingmanymembrane-less organelles capable

of having hydrophobic and hydrophilic regions (Rabouille and Alberti, 2017) (Li et al., 2012). Nucleus also

has been shown to organize phase separation in order to facilitate function and formation of ribonucleo-

proteins and RNP bodies for RNA processing (Feric et al., 2016). Interestingly, many of the phase-sepa-

rating proteins are largely hydrophobic, with multi-domains and linkers (Alberti, 2017). By these criteria,

GPCRs are among top candidates for phase separating proteins based on their seven hydrophobic do-

mains, intra and extracellular loop domains, and C- and N-terminal domains as linkers. These multidomain

proteins (GPCRs) could be buried with different multivalent proteins covering their lipophilic domains,

meanwhile concentrating different protein complex machineries for various cellular functions such as tran-

scription. GPCRs inside the nucleus could operate in different nuclear functions via these mechanisms. The

caveat here would be avoiding restriction of functions of GPCRs based on their classical cylindrical 3D

structures, as they might adopt different shapes depending on the interacting protein complexes. In this

case, their sequential linker-hydrophobic domains would provide them with huge flexibility in modulating

a phase-separating function.

Although the number of nuclear GPCRs is increasing rapidly, and we are starting to differentiate their

cellular and physiological functions compared with their cell surface counterparts, the field lacks deep

non-signaling biochemical and biomolecular analysis of their features and functions specially as it applies

to the ones inside the nucleus.
MITOCHONDRIAL GPCRS

Mitochondria also harbors GPCRs (Figure 1K). A large and increasing number of these receptors

can be found on this organelle (Table 2) and opens new insights into the GPCR localization and signaling

bias.

Interestingly, at least two GPCRs have been shown to be present both in the nucleus and on the mitochon-

dria, specifically AT1R and AT2R (Jong et al., 2018b). Their multi-compartmental presence vastly increases

the role of a single GPCR in regulation of cell physiologic functions as it adapts to environmental signals at

large. Although the role of mitochondrial AT1R remains elusive, in the case of mitochondrial AT2R, its acti-

vation leads to increased mitochondrial nitric oxide (NO) production as reported for nuclear AT2R stimu-

lation resulting in formation of nuclear NO (Abadir et al., 2011) (Gwathmey et al., 2009). This is an example

of similar downstream output of subcellular GPCR activation regardless of its location. However, increased

AT2R-dependent NO in both nucleus and mitochondria is likely to elicit distinct physiological functions.

Interestingly, AT1R and AT2R do not have a unique nuclear or mitochondrial localization signal (Abadir

et al., 2012). Yet their subcellular localization varies in different tissues and cell types (Jong et al., 2018b).

The most plausible mechanism to explain differential localization pattern of GPCRs applies to post-trans-

lation modifications (PTMs). Most PTMs information on GPCRs focuses on their conformational and

signaling modalities rather than other potential functions, including localization. The fact that there is a dif-

ference in localization pattern among various tissues indicates other PTM are tightly regulated to enable

tissue-specific function of these GPCRs by their concentrated localization in different subcellular

compartments.

The increasing number of mitochondrial GPCRs comes from our technical ability to isolate mitochondria

and use them as separate functional units to induce mitochondrial functions, similar to the nucleus. But

the same hurdles regarding nuclear GPCRs apply here as well. Specifically, the exact location of GPCRs

in outer and inner mitochondrial membranes is not known, as is the case for their topographical orientation.

As is the case with nuclear GPCRs, somemitochondrial GPCRs are detected inside themitochondria as well

(Suofu et al., 2017) (Belous et al., 2004), but the relative roles of intra-mitochondrial and mitochondrial

membrane-localized GPCRs are not known.
6 iScience 23, 101643, October 23, 2020



GPCR Signaling/Function Reference

P2Y1 Stimulation of mitochondrial Ca2+ uptake (Belous et al., 2004)

P2Y2 Inhibition of mitochondrial Ca2+ uptake (Belous et al., 2004)

AT1R Regulation of superoxide production and

increase in mitochondrial respiration

(Valenzuela et al., 2016), (Abadir et al., 2011)

AT2R Nitric oxide formation and decrease in

mitochondrial respiration

(Valenzuela et al., 2016), (Abadir et al., 2011)

5-HTR3 Increase in Ca2+ uptake (in hypoxia) (Wang et al., 2016)

5-HTR4 decreases Ca2+ uptake (Wang et al., 2016)

MT1 Inhibition of adenylyl cyclase through Gai (Suofu et al., 2017)

CB1 Inhibition of adenylyl cyclase through Gai (Bénard et al., 2012), (Hebert-Chatelain

et al., 2016)

Table 2. List of GPCRs detected on and/or inside the mitochondria
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Similar to the nucleus, many receptor-interacting proteins and their downstream effectors are observed to

havemitochondrial localization as well. Ga (Suofu et al., 2017) andGbg (Fishburn et al., 2000), their effectors

such as AC (Yamamoto et al., 1998), PLD1 (Freyberg et al., 2001), ERK (Rasola et al., 2010), AKT (Bijur and

Jope, 2003), PKD, DAG (Cowell et al., 2009), C2+ channels (Belous et al., 2004), and even b-arrestins (Suofu

et al., 2017) are detected in themitochondria. Accumulation of major components of GPCR signaling in this

organelle ascertains a complete functional system withing the mitochondria.
ER AND GOLGI GPCRS

ER and Golgi apparatus participate in endogenous route of GPCR trafficking, where they get translated,

matured, and post translationally modified and sorted to their destination. It is therefore complicated to

ascertain functionally active resident GPCRs in ER and Golgi, since they are readily detectable in both or-

ganelles by way of translation and PTM.

One of the best methods to differentiate transient receptor trafficking from these compartments versus

functionally active residents is utilizing nanobodies. Nanobodies, also called single-domain antibodies,

are able to selectively bind to only active conformation (or ligand occupied) of the receptor and stabilize

them in such a conformation providing a versatile tool for structural studies and crystallography of active

states of receptor (Steyaert and Kobilka, 2011). Nanobodies have successfully been utilized to detect active

receptor pool of b2-adrenoceptor as prototypical GPCR in both endosomes and Golgi apparatus demon-

strating that activation of this receptor in these compartments contribute significantly to the overall cellular

cAMP response besides the PM localized receptor activation (Irannejad et al., 2017) (Irannejad et al., 2013).

Using engineered cells to express nanobodies as active opioid receptor sensors (MOR and DOR), it is as

well shown that they localized to both endosomes and Golgi apparatus in neurons (Stoeber et al., 2018).

Interestingly, active ORs localize to Golgi outposts throughout the dendrite too, and they contribute to

cellular response tomembrane permeable agonists such as morphine. This might explain longer and stron-

ger activation of ORs and pain suppression to some agents through cell penetration and receptor activa-

tion on both endosomes and Golgi apparatus. Thus, taking advantage of these nanobodies as biosensors

they provide an easy and rapid tool to simultaneously interrogate activation of intracellular GPCR in various

organelles without requirement for subcellular fractionation.

An abundance of a particular GPCR in these compartments compared with other organelles and PM is an

indication to distinguish between resident GPCRs and trafficking ones. This was the case of the first func-

tional ER GPCR: GPR30. GPR30 is predominantly resident of ER with very low levels in other compartments.

This made it possible to determine its functionality and signaling in the cells (Figure 1H); GPR30 binds to

estrogen and initiates intracellular calcium mobilization (Revankar et al., 2005). If GPR30 would have been

present on other intracellular compartments, it would be very difficult to measure its functionality and acti-

vation in ER solely. This is the case for mGlu5, which has been detected abundantly in the nucleus and ER, in
iScience 23, 101643, October 23, 2020 7
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addition to its PM localization. Caged ligand and nanobodies provide a means to differentiate between

activation of intracellular mGlu5 versus PM mGlu5. Uncaging the mGlu5 ligand (Glutamate) near the ER

with laser results in sustained intracellular increase of calcium (Purgert et al., 2014). However, these results

are not fully conclusive in differentiating between the effect of nuclear and ER mGlu5; one can only infer the

overall effects of intracellular mGlu5.

ER and Golgi cannot be readily isolated and treated as functional organelles; this obscures the ability to

study GPCR signaling in them. Caged ligands provide an efficient method for this hurdle only if the

GPCR is largely localized in one intracellular organelle (Audet et al., 2018). Alternatively, one can use

FRET-BRET biosensors coupled with various techniques such as caged ligands and cAMP biosensors (Sal-

ahpour et al., 2012) conjugated to specific organelle localization signals to feasibly dissect intra-organelle

signaling initiated by their respective GPCRs. However, the most reliable method would be to discover the

mechanisms of GPCR subcellular localization. For instance, identifying compartmentalization-specific

PTMs in GPCRs would allow us to abrogate their ER or Golgi localization (by substitutional mutations),

which would be similar to GPCR knockdown in organelle-specific manner. This would enable us to precisely

observe the organelle-specific function of GPCRs.

However, receptor localization to these organelles might not necessarily mean a location bias and trans-

location of a GPCR to these compartments might have different consequences rather than intra-organelle

signaling. Unlike classical pathway of b-arrestins-mediated signal termination by endo-lysosomal pathway,

it has been shown that cAMP production in response to PTHR activation is further prolonged with b-arrestin

interaction. The signal termination of PTHR is initiated with retromer binding and translocation of the endo-

somal PTHR to theGolgi apparatus (Feinstein et al., 2011). So, in case of PTHR, Golgi translocation serves as

a mode of signal termination rather than location biased signaling. Thus, different processes in signal trans-

duction and GPCR biology should be considered for organelle localized/translocated receptors.

Receptor-coupled proteins and their effector modulators are observed in both ER and Golgi. However,

detection of these proteins suffers from the same dilemma as GPCRs regarding their residence verse traf-

ficking as part of their translation and PTM routes. Notwithstanding consideration of this obstacle, func-

tional Ga (Godbole et al., 2017), Gbg(Jamora et al., 1999) (Klayman and Wedegaertner, 2017), and their

effector proteins including AC (Yamamoto et al., 1998), PKA (Godbole et al., 2017), PKC (Jamora et al.,

1999), PLD1 (Freyberg et al., 2001), PLA2 (Schievella et al., 1995) and ERK (Wainstein and Seger, 2016)

are present in the ER and/or Golgi apparatus. This enables a closed system capable of classical GPCR

signaling in these two organelles.

In the case of Golgi localizedGPCRs, b1AR has been shown to be present in this compartment and does not

translocate from PM upon ligand binding. Activation of Golgi b1AR triggers Golgi internal Gs-mediated

cAMP response contributing to overall cellular b1AR-mediated cAMP level changes (Figure 1I) (Irannejad

et al., 2017). This effect seems to be physiologically relevant since it is recently shown that blocking of Golgi

b1AR inhibits norepinephrine-induced cardiac myocyte hypertrophy (Nash et al., 2019).
ENDOSOMAL GPCRS

GPCR internalization and endosomal integration is a typical consequence of GPCR activation. After ligand bind-

ing and initiation of signal, usually the GPCR starts to internalize through endosomes, where it can either go

through re-sensitization process and recycle back to the PM, or combine with lysosomes to degrade. Thismech-

anism provides a mode of signal attenuation and re-sensitization (Bahouth and Nooh, 2017).

Increasing evidence showsmost GPCRs continue to signal while they are in endosomes (Table 3) (Irannejad

and Von Zastrow, 2014). One of the consequences of GRK-mediated GPCR phosphorylation (leading to

internalization) is recruitment of b-arrestins. b-Arrestin-mediated GPCR signaling is a widely known G-pro-

tein-independent signaling mode for GPCRs (Shenoy and Lefkowitz, 2005). It has been shown that endo-

somal signaling of GPCRs can occur via the classical G-protein-mediated pathways in line with their initial

signal (Irannejad et al., 2013); this has a location bias in the control of downstream moieties leading to

different transcriptional programs induced by the endosomal GPCR (Tsvetanova and von Zastrow, 2014).

The physiological consequence of endosomal GPCR signaling seems to be in line with their initial signal.

For example, NK1R signaling in endosomes results in sustained nociception and chronic pain contrary to

the initial acute pain sensation (Figure 1J) (Jensen et al., 2017).
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GPCR Signaling/Function Reference

b2-AR Differential transcriptional program from PM

receptor via Gas

(Tsvetanova and von Zastrow, 2014)

PTHR Sustained activation of adenylyl cyclase

through Gas

(Ferrandon et al., 2009)

CaSR Sustained Gaq-mediated signaling (Gorvin et al., 2018)

D1R Sustained activation of adenylyl cyclase

through Gas

(Kotowski et al., 2011)

LHR Sustained activation of adenylyl cyclase

through Gas

(Godbole et al., 2017)

NK1R Sustained Gaq-mediated signaling (Jensen et al., 2017)

IGF1R b-Arrestin1-mediated ERK phosphorylation (Lin et al., 1998)

AT1R b-Arrestin2-mediated JNK3 activation (McDonald, 2000)

CXCR4 b-Arrestin2-mediated p38 activation for

chemotaxis

(Sun et al., 2002)

F2rl1 Gaq-mediated ERK signaling for

hyperexcitability of nociceptors in IBS

(Jimenez-Vargas et al., 2018)

Table 3. Examples of GPCRs with endosomal signaling

ll
OPEN ACCESS

iScience
Review
Although the location bias of endosomal signaling yields to a different extent GPCR activation compared

with that at the PM, this could still be considered a continuation of the same initial signal. Given the

different functional output of these two location biases, after ligand binding and receptor activation, there

is no separate receptor stimulation or conformational dependent activity. The process takes places linearly,

and signaling is sustained through the GPCR life cycle.

However, endosomal GPCR signaling could elicit distinct consequences from its PM signaling (Tsvetanova

et al., 2015), a true example of location bias signaling output. A great and elegantly verified example is the

case of b2-AR signaling, in which its activation results in different transcriptional signature when cAMP is

generated from PM versus endosomal-generated cAMP (Tsvetanova and von Zastrow, 2014). Authors

used optogenetics to induce cAMP generation specifically either from PM or endosomes (and cytoplasm)

and proved that location difference in the cAMP generation leads to a biased signaling output and in dif-

ferential transcriptional signature. Although endosomal-generated cAMP results mainly in CREB phos-

phorylation and CREB-target gene induction, PM-generated cAMP has little effect on CREB phosphoryla-

tion and its related gene expressions (Tsvetanova and von Zastrow, 2014). As such, different agonists of b2-

AR (epinephrine and dopamine) produce signaling bias based on their ability to induce higher endocytosis

(epinephrine is strong stimulant of b2-AR endocytosis).
MECHANISMS OF CELLULAR LOCALIZATION/TRANSLOCATION OF GPCRS

Some GPCRs are primarily localized in intracellular organelles without substantial PM expression, others

are simultaneous residents in numerous organelles, whereas others are translocated from PM to these or-

ganelles upon ligand binding. Different mechanisms of GPCR subcellular localization/translocation are

studied for nuclear GPCRs.

Endogenous nucleus-localized GPCRs such as a1A & B-AR (Wright et al., 2008), MT2 (Lanoix et al., 2006) and

MOR1 (Khorram-Manesh et al., 2009) are directly targeted to this compartment without appearing at the

PM. These GPCRs could originate via two main sources. First one is canonical protein synthesis pathway

via translation and maturation in ER and further processing in Golgi apparatus. Terminally mature proteins

in ER are able to diffuse laterally to the nuclear membrane and inside the nucleus since the ONM is contig-

uous with the ER membrane. These proteins are diffused to the ONM where they can get translocated to

the INM or inside the nucleus via a diffusion-retention mechanismmostly involving nuclear pore complexes
iScience 23, 101643, October 23, 2020 9
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(Ungricht et al., 2015). Nucleus-targeted proteins which traffic to the Golgi apparatus can proceed via retro-

grade transport to the ER or be directly transported to the nucleus via nuclear-targeted vesicles (Liu et al.,

2018). Since glycosylation is a common PTM occurring in GPCR, which mainly takes place in the Golgi appa-

ratus (Goth et al., 2020), this route is highly probable. Processed proteins in the Golgi can directly travel to

the nucleus via nuclear destined vesicles or they are retrograded to the ER network and, as explained

above, diffuse to the ONM and subsequently to the INM and inside the nucleus. Either of these routes

are the most likely localization mechanism of endogenous nuclear GPCRs. The second possibility for

endogenous nuclear GPCR localization mechanism is their nuclear translation directly in the nucleus,

similar to reported transcription-coupled translation inside the nucleus (Iborra et al., 2001).

Many GPCRs that are translocated from the PM have nuclear localization signals. Both classical monopar-

tite NLS consisting of several consecutive basic amino acids and bipartite NLS, which contains two separate

clusters of basic amino acids, are shown as functional mechanisms for nuclear translocation of GPCRs (Bho-

sle et al., 2019). These NLS sequences are located in cytosolic portion of GPCRs, either in the intracellular

loop (ICL) domains or C terminus of the receptor. In case of F2rl1, a single monopartite NLS in the ICL3 as

well as C terminus of the receptor was coordinately involved in nuclear translocation as deletion of either of

them resulted in aberrant nuclear transport from PM upon ligand stimulation (Joyal et al., 2014). However,

in other cases such as PTAFR, the C terminus of the receptor is strictly required for the nuclear translocation

despite presence of monopartite NLS sequence elsewhere, the deletion of which did not result in any nu-

clear translocation defects (Bhosle et al., 2016), suggestingmore complex means of translocations is neces-

sary for the nuclear GPCRs rather than simple regulation via a single NLS (mono or bipartite) (Figure 1G).

NLS sequences in GPCRs follow the common path to the nucleus through their interaction with nuclear

transport machinery, mainly importins. Different members of the importin family, including Impa1,

Impa3, Impa5, Impb1, and Imp5, have been shown to mediate nuclear translocation of different GPCRs,

and occasionally more than one is required for this process (Bhosle et al., 2019). Other members of the Kar-

yopherin family are also involved in nuclear translocation of GPCRs such as transportin 1 (Favre et al., 2008)

(Don-Salu-Hewage et al., 2013) (Di Benedetto et al., 2014).

Other modulators of nuclear transport machinery such as Rab GTPases are also shown to regulate GPCR

nuclear localization/translocation. For instance, Rab11 in conjugation with Imp5 is required for nuclear

localization of PTAFR (Bhosle et al., 2016). On the other hand, endosomal translocation machinery such

as SNX family (sortin nexins) that is essential for endosomal trafficking are major players of nuclear trans-

location of GPCRs from PM, thus providing the first step in the nuclear translocation from PMby their endo-

somal sorting. Snx11 is such an example for translocation of F2rl1 (Joyal et al., 2014). Additionally, proteins

regulating cytoskeletal rearrangement and their associated signaling such as integrins and Rho kinases are

reported to play some roles in GPCR nuclear trafficking (Waters et al., 2006).

Other modulators of GPCR endosomal targeting and mediators of ligand-induced GPCR PTM such as

b-arrestins are also involved in this process. Arrb1 knockdown or substitutional mutations that abrogate

Arrb1 binding to oxytocin receptor inhibits its nuclear translocation (Di Benedetto et al., 2014). It is likely

that arrestins are involved in the regulation of GPCRs PTM (post ligand-binding) leading to recruitment

of factors initiating their nuclear translocation, rather than their direct involvement as a trafficking

modulator.

Althoughmodulators and NLSmotifs mediate translocation of nuclear GPCRs from PM, they do not explain

how they participate in initiating such an action. Most studies focus on deletions in the NLS regions but lack

the mechanisms showing how these NLSs are activated; this is probably through ligand-induced PTMs on

other regions. These PTMs could either directly or indirectly recruit importins for nuclear translocation or

unfold different regions of the receptor exposing the NLS sequences for recognition by importins.

Unfortunately, there is a dearth of data on themechanisms of localization/translocation to other subcellular

organelles; however, bioinformatics can provide clues. ER GPCRs translated in this compartment remain in

the ER by lacking necessary domains for PM localization. This could also be the case for Golgi resident

GPCRs, which are trafficked there as part of their maturation, however, do not receive further localization

signal and reside in the Golgi. On the other hand, mitochondrial GPCRs need a localization signal to target

this organelle. Identifying the underlying mechanism of GPCR subcellular localization/translocation would
10 iScience 23, 101643, October 23, 2020
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not only reveal different aspects of their regulation and biology but also would provide a tool tomanipulate

the system for better understanding of differential effects of these location biases by targeted depletion or

accumulation of the receptor in specific compartments.

IMPLICATIONS AND CONCLUSION

Although GPCRs are among the best studied receptors, cell compartment localization can extend biased

signaling and adds another layer of complexity in their biology and ensuing cellular and physiological ef-

fects. Current efforts in the field try to elucidate potential functions of intracellular GPCRs, without address-

ing the concept of bias that is enforced by these differential localizations. Investigations into differentially

induced signaling cascades in various subcellular organelles by a unique GPCR or the endpoint differential

physiological output is required to disseminate the location bias concept. Expanding our understanding of

this bias and differentiating it from PM receptors would greatly advance the ability to recognize and design

new therapeutics with greater precision. From a translational point of view, it is logical to envisage that tar-

geting a drug to an undesired compartmentalized GPCR can lead to unwanted effects; precise targeting of

a specifically localized GPCR would prevent such undesired effects.

Directing a drug to a specific cell location can also enhance efficacy. For example, b-blockers that avoid the

b1AR localized to intracellular compartments elicits attenuated efficacy (Nash et al., 2019); rational design

of cell-penetrant blockers would alter the treatment potential. The same scenario applies to NK1R (Jensen

et al., 2017), by which its endosomal targeting can prolong the antinociceptive effect of pain medications.

Targeting intracellular Kinin B1 receptor also shows significant anticancer activity, whereas cell impermeant

antagonist do not possess the same effect (Dubuc et al., 2019). The case of Kinin B1 receptor proves that

only cell surface study of GPCRs might result in escaping valid therapeutic targets whose intracellular func-

tions can be pathophysiologically relevant.

Besides the implications of such location bias, we have almost no information regarding general GPCR

biology in subcellular organelles including processes such as desensitization and resensitization, potential

signaling biases integrated withing different organelles, and GPCRs post-translationmodifications in these

compartments. This calls for extensive research in these areas to elucidate the differences in the biology of

differentially localized GPCRs.

All in all, the increasing evidence in the importance of intracellular GPCRs and their location bias calls for

serious consideration of this concept. A combination of deeper biochemical and biomolecular studies at

basic and clinical levels could improve rational design and precision of pharmacologic agents.
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Cowell, C.F., Döppler, H., Yan, I.K., Hausser, A.,
Umezawa, Y., and Storz, P. (2009). Mitochondrial
12 iScience 23, 101643, October 23, 2020
diacylglycerol initiates protein-kinase D1-
mediated ROS signaling. J. Cell Sci. 122, 919.

Dahl, E.F., Wu, S.C., Healy, C.L., Harsch, B.A.,
Shearer, G.C., and O’Connell, T.D. (2018).
Subcellular compartmentalization of proximal
Gq-receptor signaling produces unique
hypertrophic phenotypes in adult cardiac
myocytes. J. Biol. Chem. 293, 8734.

Doan, N.D., Nguyen, T.T., Létourneau, M.,
Turcotte, K., Fournier, A., andChatenet, D. (2012).
Biochemical and pharmacological
characterization of nuclear urotensin-II binding
sites in rat heart. Br. J. Pharmacol. 166, 243.

Don-Salu-Hewage, A.S., Chan, S.Y., McAndrews,
K.M., Chetram,M.A., Dawson,M.R., Bethea, D.A.,
andHinton, C.V. (2013). Cysteine (C)-X-C receptor
4 undergoes transportin 1-dependent nuclear
localization and remains functional at the nucleus
of metastatic prostate cancer cells. PLoS One 8,
e57194.

Doufexis, M., Storr, H.L., King, P.J., and Clark, A.J.
(2007). ‘Interaction of themelanocortin 2 receptor
with nucleoporin 50: evidence for a novel
pathway between a G-protein-coupled receptor
and the nucleus’. FASEB J. 21, 4095.

Dubuc, C., Savard, M., Bovenzi, V., Lessard, A.,
Côté, J., Neugebauer, W., Geha, S., Chemtob, S.,
and Gobeil, F. (2019). Antitumor activity of cell-
penetrant kinin B1 receptor antagonists in human
triple-negative breast cancer cells. J. Cell Physiol.
234, 2851.
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