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Abstract 

Within any cellular signaling system membrane trafficking is a critical mechanism for 

cells to translate complex networks into specific downstream responses, including 

the signal pathways activated by the superfamily of G protein-coupled receptors 

(GPCRs). Classically, membrane trafficking is viewed as a mechanism to regulate 

ligand sensitivity of a target tissue by controlling the level of surface receptors. 

Recent studies, however, have not only highlighted that GPCR trafficking is a tightly 

regulated process critical for spatio-temporal control of signaling, but that 

heterotrimeric G protein signaling can also be reactivated or continue to signal from 

distinct endocytic compartments, and even endosomal microdomains. The 

significance of spatio-temporal control will be discussed, not only with respect to how 

these novel molecular pathways impact our basic understanding of cellular 

regulation, but also our view of how aberrant signaling can result in disease. 

Furthermore, these mechanisms offer the potential application for novel therapeutic 

strategies to identify GPCR compounds with high specificity in their actions. 
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1. Introduction 

The superfamily of G protein-coupled receptors (GPCRs) represent the largest family 

of signaling receptors, encoded by more than 2% of the human genome [1]. Their 

number (>800 GPCRs in humans) and widespread expression mean they play 

central roles in almost all physiological systems, and are a highly successful 

therapeutic target with >30% currently available drugs targeting GPCRs [2, 3]. The 

classic linear view of GPCR-mediated activation of heterotrimeric G protein signaling 

pathways has limited our understanding of how this superfamily mediates such 

diverse functions in vivo. It is now accepted that GPCR signaling is highly complex, 

and a current key question in the field is how cells decode this complex signaling in 

to downstream specific responses [4-6]. A key recent contributor not only to this 

signal pleiotropy, but also as a ‘decoding’ mechanism, is endocytic membrane 

trafficking. As for many other types of signaling receptors, membrane trafficking is 

highly integrated with the GPCR signal network. However, an increasing number of 

reports have identified GPCR signaling directly from endosomes, with key cellular 

and physiological functions. In this review, we will describe our recently acquired 

understanding of GPCR signaling from endosomes in terms of the molecular 

mechanisms and downstream impact. Furthermore, we will discuss the impact of 

endosomal signaling to overall cell models of GPCR signaling and potential to exploit 

such pathways for these highly desirable class of pharmacological targets. 

 

 

2. The evolution of pleiotropic GPCR signaling  

The primary mechanism for GPCRs to transduce communication from extracellular 

signals is via coupling to distinct heterotrimeric G proteins. However, given the large 
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number of receptors and that an individual cell type can express more than 100 

GPCRs [7, 8], an outstanding question for many years was to understand how such 

a limited number of G protein signal pathways can mediate diverse responses in 

distinct tissues. Studies over the past two decades have now altered our view of 

GPCR signaling models, to one that is highly complex, exhibiting extensive signal 

crosstalk and diversity via a number of mechanisms. One of the most well studied 

mechanisms underlying how GPCRs can diversify their signal responses is via the 

ability of GPCRs to associate not only with themselves to form homo-dimers or -

oligomers, but with also distinct GPCRs to form heteromeric complexes that form 

new functional receptor units. These heteromers can have altered; biosynthetic 

trafficking to the cell surface, pharmacology, G protein-coupling and endocytic 

trafficking. Crosstalk of GPCR activity at the receptor level has been attributed to 

underlie off target/side effects of therapeutic drugs, distinct diseases, or represent a 

new therapeutic target and hence is an area of great interest in drug discovery [9-

11]. GPCR signaling can be diversified by coupling to more than one type of G 

protein, association with distinct GPCRs, formation of receptor splice variants with 

altered G protein-coupling, or responsiveness to multiple endogenous ligands that 

induce distinct signaling pathways. However, an additional key mechanism to 

diversify GPCR signaling is to signal independently of their G proteins via a family of 

key GPCR adaptor proteins, the arrestins. Arrestin-dependent signaling is one area 

of strategic focus in drug discovery [6] and will be discussed further in relation to 

endosomal signaling below (see section 4.1).  

 

Despite this advancement of GPCR signaling modalities, our understanding in how 

an individual cell translates such complexity in to specific downstream responses, 
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remains poorly understood. In fact, mechanisms that underlie both GPCR signal 

diversity and mediate specificity, suggest a significant role for endocytic trafficking 

and endosomal signaling in these processes. 

 

 

3. Endocytic and post-endocytic itineraries for GPCRs 

GPCR endocytic trafficking is tightly regulated via a multi-step mechanism, and we 

have previously proposed such complexity enables system plasticity, or 

reprogramming of receptor fate/s with altering extracellular stimuli [12]. However, the 

impact of these altered endocytic fates on GPCR signaling has been primarily 

focused on more ‘classical’ signaling models of plasma membrane derived 

heterotrimeric G protein signaling rather than internalized receptors generating signal 

responses from the endomembrane. In order to discuss mechanisms mediating 

GPCR endosomal signaling, we will first give a brief overview of GPCR endocytic 

trafficking pathways, referring the reader to relevant reviews for further details.  

 

Following receptor activation at the cell surface, GPCR signaling is well-known to be 

regulated at a temporal level via endocytosis. Classically, rapid ligand-induced 

internalization, contributes to acute signal termination or desensitization of G-protein 

signaling (Figure 1). Internalization of many GPCRs via clathrin-coated pits (CCPs) 

involves a mechanism whereby the adaptor protein arrestins play a central, and well-

studied role [13, 14]. Arrestins are a family of 4 distinct proteins with arrestins 1 and 

4 specifically restricted to the retina. Arrestin 1 is also referred to as visual arrestin or 

rod arrestin, due to its specificity to rhodopsin, while arrestin 4 is referred to as cone 

arrestin. Arrestins 2 and 3 (also referred to as E-arrestin1 and E-arrestin 2) are 

http://topics.sciencedirect.com/topics/page/Heterotrimeric_G_protein
http://www.sciencedirect.com/science/article/pii/S0303720710003710#fig0005
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ubiquitously found outside of the retina and interact with a number of different 

GPCRs, recognizing both activated and phosphorylated receptor [15, 16]. Arrestins 

are recruited from the cytoplasm to the activated and phosphorylated GPCR, by 

members of the GPCR kinase (GRK) family, resulting in uncoupling the receptor 

from its cognate G protein leading to signal desensitization at the G protein level. 

Arrestin also drives receptor clustering in to CCPs, via its ability to bind both GPCR 

and CCP proteins, namely the β-subunit of the adaptor protein 2 (AP2) and heavy 

chain of clathrin. Once GPCRs are concentrated in CCPs, the scission of clathrin-

coated vesicles from the plasma membrane involves the large GTPase dynamin, 

which is recruited to the CCP, resulting in GPCR internalization to the endosomal 

compartment (Figure 1). GPCRs greatly differ in how they utilize this 

GRK/arrestin/CCP model for its desensitization and internalization. Receptor-specific 

engagement with this system helps to understand how diversity in GPCR function 

can be generated with limited G protein pathways, and the impact for specific 

receptor systems in vivo [17].  

 

Following GPCR endocytosis, receptors are trafficked to the early endosome (EE) 

where a number of mechanisms dictate the cellular fate of GPCRs between 

opposing plasma membrane recycling or lysosomal-mediated degradation. The 

significance of these divergent post-endocytic routes to both physiology and disease 

highlights their importance to shaping GPCR activity [12, 18]. Moreover, there is 

significant evidence that the biological role of these pathways extends beyond 

regulation of classical G protein signaling profiles, i.e. resensitization, or continuous 

signaling, versus a more transient signal response (degradation) [12]. Studies that 

have sought to identify the cellular machinery directing the fate of these receptors, 

http://topics.sciencedirect.com/topics/page/G_protein
http://topics.sciencedirect.com/topics/page/Vesicles
http://www.sciencedirect.com/science/article/pii/S0303720710003710#fig0005
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also demonstrate that these pathways are tightly regulated at multiple levels during 

sorting. GPCRs targeted to a recycling pathway back to the plasma membrane, 

resulting in resensitization or recovery of signaling, require a sequence-directed 

mechanism involving specific cis-acting sorting sequences in their intracellular 

carboxy-terminal tails (C-tail) [12, 19]. This regulated form of recycling was first 

identified for the archetypal GPCR the β2-adrenergic receptor (β2AR), and is distinct 

from cargo that recycle in a “default” manner via bulk membrane flow [20]. For the 

β2AR, the recycling sequence encoded in the distal part of its C-tail conferred to a 

type 1 PDZ (postsynaptic density 95/disc large/zonula occludens-1) ligand. Removal 

or mutation of this site inhibits recycling and reroutes receptor to the degradative 

pathway [20, 21]. These initial studies suggested the interacting PDZ partner 

responsible was Ezrin–Radixin–Moesin (ERM)-binding phosphoprotein-50 (EBP50) 

also called Na+/H+ exchange regulatory factor 1 (NHERF-1). However, subsequent 

studies identified that a PDZ protein, sorting nexin-27 (SNX27), which localizes to 

the EE due to its ability to bind PI3 phosphate (PI3P), a lipid enriched in the EE 

membrane, was essential for post-endocytic trafficking of β2AR to the recycling 

pathway [22]. There are numerous GPCRs, in addition to the β2AR that require 

receptor recycling sequences in their C-tails. Interestingly, these recycling 

sequences do not all conform to PDZ type 1 ligands and exhibit high diversity in 

sequence suggesting they bind specific cytoplasmic proteins and possibly function 

via distinct recycling mechanisms [12, 23]. Indeed, both common core machinery 

and receptor specific mechanisms are involved in sequence-directed recycling 

(please see [12, 24] for further details), but also highlight that regulated GPCR 

recycling was a complex, multi-step system, where the receptors own signaling plays 

an integral part. Examples of core endocytic machinery that process receptors to the 
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regulated recycling pathway include the EE-localized adaptor protein HGF regulated 

tyrosine kinase substrate (Hrs) [25, 26], also termed Vps27. This adaptor protein is 

part of the endosomal sorting complex required for transport (ESCRT) 0 and first 

characterized for its role in the initial steps of lysosomal sorting [27].  

 

A core endosomal complex that has gained recent attention also for its role in 

endosomal GPCR signaling, is the retromer complex. This macromolecular complex 

was known to regulate endosome-TGN transport, but identification of its association 

with the actin polymerization driver WASH (Wiskott-Aldrich Syndrome Protein and 

SCAR Homolog) complex has identified additional roles in receptor sorting to the 

plasma membrane recycling pathway. Specifically, GPCRs are organized into 

specific endosomal tubules that mediate regulated, or PDZ-dependent, recycling and 

positive for the WASH and retromer complex, [28, 29]. Furthermore, there are 

mechanisms for a cell to regulate receptors between the two modes of recycling, 

regulated and default [30], via physical organization in to biochemically and 

kinetically defined endosomal tubules determined by PKA phosphorylation on the 

GPCR C-tail [31, 32].  Such complexity in a recycling system, when there is a more 

simpler, default, recycling pathway, indicates a requirement for these recycling 

GPCRs to enable flexible reprogramming of the receptor to multiple distinct fates 

[12], and that these can be altered as cells are exposed to dynamic extracellular 

milieu [33].  

 

In contrast to the more continuous profile of GPCR signaling achieved by receptor 

recycling, sorting of internalized GPCRs to a degradative fate results in permanent 

signal termination or transient signal profile. For GPCRs who are rapidly targeted to 

this pathway, disruption of receptor sorting would result in overactivation, or 
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persistent signaling, which for certain GPCRs such as the chemokine receptor 

CXCR4 is associated with invasive breast cancer [23]. Furthermore, lysosomal 

sorting is a key part of receptor downregulation for recycling receptors that are 

chronically activated and is thought to play a role in drug tachyphylaxis or tolerance 

[12, 34]. The pharmacological and clinical significance has thus driven studies to 

identify the molecular mechanisms targeting GPCRs to this pathway. The canonical 

pathway for sorting of many types of membrane cargo, not just GPCRs, is via cargo 

ubiquitination at lysine residues and ESCRT-dependent degradation. This pathway 

has been well-described for certain GPCRs [23, 35], while other GPCRs either do 

not require this ubiquitination, or certain components of the ESCRT machinery, for its 

lysosomal degradation [36-38]. While the molecular mechanisms mediating sorting 

of GPCRs to the degradative pathways is out of scope for this commentary, it is 

important to note that as for recycling GPCRs, GPCR trafficking to the lysosome can 

be regulated by GPCR signaling. For example, degradation of the dopamine D2 and 

D3 receptors are mediated via receptor phosphorylation by the second messenger 

kinase PKC [39, 40]. Furthermore, G proteins may have additional and direct roles in 

post-endocytic trafficking of GPCRs, independent of its GTPase activity [41], 

highlighting the integrated nature of GPCR endocytic trafficking and signaling.  

 

 

4. The endomembrane system provides multiple signaling platforms for 

GPCRs 

As described in section 3, endocytic trafficking pathways provide a mechanism to 

define cell surface responses by shaping the plasma membrane signaling profile. 

However, endocytic trafficking mechanisms are also a contributor to signal 
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complexity by acting as distinct signaling platforms. The endomembrane provides a 

highly-specialized platform to directly generate distinct signaling patterns across both 

different endosomal populations and even via microdomains within a single 

endosome, which will be discussed further in sections 4.1 and 4.2, giving active 

receptors access to new substrates that can provide specialized compartments for 

unique signaling responses.  

 

GPCR signaling from endosomes was first described for those receptors that exhibit 

a sustained association, and co-internalization, with the adaptor protein arrestin. 

These adaptor proteins mediate G-protein-independent GPCR signaling by acting as 

scaffolds for a variety of signaling proteins. The primary pathway studied for arrestin-

dependent signaling is the MAPK cascade, specifically activation of ERK1/2 [42]. 

However, a vast array of proteins can interact and/or be activated by these multi-

functional scaffolding proteins, such as AKT, p38, JNKs, STATs, and this arrestin 

signalosome can mediate downstream functions such as cell growth, cell survival, 

apoptosis, contractility, cell migration and cytoskeletal reorganization [43, 44]. 

Interestingly, distinct ligands can induce receptor activation of this G protein-

independent form of signaling without detectable G protein signaling and this form of 

biased signaling is currently of high interest in drug discovery [6]. 

 

 

4.1 The early endosome (EE) as a heterotrimeric G protein signaling hub for GPCRs 

Pivotal studies on Gαs-coupled receptors, the thyrotropin-stimulating hormone 

receptor (TSHR) and the parathyroid hormone receptor (PTHR), demonstrated that 

cAMP signaling persisted after internalization, demonstrated by the use of cAMP 
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biosensors [45, 46]. These studies have led to the categorization of GPCR/G protein 

signaling in to 2 phases: a transient plasma membrane signaling phase and a 

sustained endomembrane signaling phase. For PTHR, endosomal cAMP signaling is 

enhanced by E-arrestin and attenuated by the retromer complex, essential for its 

recycling, whereby endosomal acidification plays a key role in this deactivating 

switch [46-49] (Figure 2). Given the well characterized role of E-arrestins in 

desensitization of plasma membrane G protein signaling, it was unclear how it could 

also function in an opposing manner to facilitate endosomal G protein signaling. In 

recent studies the molecular and structural mechanisms have been elucidated. It has 

been identified that GPCRs can either associate with E-arrestins via its C-tail or via 

the receptor transmembrane core [50]. For GPCRs that exhibit persistent E-arrestin 

associations (such as PTHR and V2 vasopressin receptor), via C-tail 

serine/threonine phosphorylation sites, conformations of E-arrestins with the 

phosphorylated C-tail predominate and thus enable simultaneous association with 

GDs/EJ heterotrimer to the receptor transmembrane as a ‘megaplex’, facilitating 

endosomal G protein signaling [51]. Interestingly, the distinct roles of E-arrestins in 

desensitization, internalization and endosomal/E-arrestin-dependent signaling of 

GPCRs that exhibit sustained association during endocytosis, can also be explained 

by these two states of engagement with the receptor. Disrupting the ability of E-

arrestin to interact with the core of the receptor yet maintain its receptor C-tail 

interactions, inhibits rapid desensitization but maintains internalization and E-

arrestin-dependent signaling functions [52]. However, it must be noted that E-arrestin 

is not required for all endosomal GPCR/G protein signaling, since the β2AR primarily 

engages with arrestin via the receptor core [50]. 
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Although the machinery to generate persistent cAMP signals i.e., Gαs and 

transmembrane adenylate cyclases have been localized in EEs, the first direct 

evidence for active heterotrimeric G proteins within the endomembrane was via 

development of nanobody biosensors that detect the active, nucleotide-free form of 

Gαs (nanobody37) or the ligand-activated β2AR (nanobody80), originally generated 

as tools to aid β2AR crystallization in distinct conformations [53, 54]. Endosomal 

Gαs/cAMP signaling activated by β2AR may be highly organized at the level of the 

individual endosome. The alpha-arrestin member ARRDC3 associates with β2AR on 

EEs to negatively regulate receptor entry into SNX27 and retromer positive recycling 

tubules [55] (Figure 2). The authors suggest that ARRDC3 regulates endosomal 

residency time [55]. However, it could also suggest a more direct role of ARRDC3 in 

driving endosomal signaling, as shown for the E-arrestins. Whether ARRDC3 can 

associate with G proteins and form similar megaplexes is unknown, although the 

authors demonstrated in the same study that ARRDC3 associates with ESCRT0 

[55], a complex known to form microdomains within flat clathrin patches on the 

endomembrane [56]. Further direct evidence for endosomal microdomain 

organization of GPCR/G protein signaling has been obtained using nanobody80 and 

nanobody37. While active β2AR was detected throughout the endosome membrane, 

microdomains of β2AR with active Gαs (via nanobody37) were observed specifically 

in SNX27/WASH recycling tubules, which represent regulated/sequence-directed 

recycling tubules [57]. This finding may seem at variance with that of a role of 

ARRDC3 in promoting endosomal signaling of the β2AR. However, perhaps the 

functional site of ARRDC3 in terms of regulating GPCR/GDs signaling is not at 

distinct ESCRT0 microdomains, but at microdomains within the regulated recycling 

tubule, considering ARRDC3 was found to alter associations of β2AR with SNX27 
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([55] and Figure 2). Whether there are other pathways in addition to Gαs/cAMP that 

β2AR may activate at the endomembrane, as revealed by the diffuse endosomal 

distribution of nanobody80, is as yet unknown. However, a recent study has 

demonstrated that nanobody80 can act as positive allosteric modulator of β2AR, 

increasing the affinity of the β2AR agonist isoprenaline by 15, 000 fold [58]. Such 

stabilization of the active state may underlie the broad endosomal distribution of 

β2AR/nanobody80 complex. Spatial regulation of endosomal Gαs/cAMP from the EE 

may also occur via the endosomal transport of receptors, or endosomal maturation, 

to other compartments such as Rab7 positive late endosomes, as recently shown for 

the glucose-dependent insulinotropic receptor [59].  Overall these studies highlight 

that activation of GPCR signaling is not only spatially directed at the endosome, but 

that also the regulation, or termination, of GPCR/G protein endosomal signaling is in 

turn location controlled, either via retaining receptors away from G protein active 

microdomains (via ARRDC3), movement of receptors to regulated retromer positive 

recycling tubules, or by traffic to distinct endosomes. 

 

The majority of studies to date have primarily identified endosomal G protein 

signaling as a mechanism for sustained signal responses (tens of minutes to hours) 

after the primary plasma membrane signal phase. However, endocytosis can also be 

critical for very rapid second messenger responses (within 1 minute of agonist 

exposure), as first demonstrated with the D1 dopamine receptor [60]. In the central 

nervous system, this GPCR is exposed to highly transient bursts of dopamine, and in 

turn Kotowski and colleagues demonstrated that endocytosis of D1R in heterologous 

cells and striatal neurons is more rapid than previously thought, occurring within 1 

minute of agonist stimulation. Further, that this rapid endocytosis significantly 
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contributes to the acute increases in intracellular cAMP. Interestingly, this endosomal 

cAMP signaling in striatal neurons may be via coupling to GDolf (a heterotrimeric G 

protein related to GDs) to stimulate adenylate cyclase V activity at the 

endomembrane. The role for receptor endocytosis in rapid dopaminergic 

neurotransmission was demonstrated via the measurement of action potentials in 

intact brain slices containing the lateral dorsal striatum. Chemical inhibition of 

dynamin-dependent internalization in these slices potently inhibited agonist-

dependent increases in action potential firing. This study clearly demonstrates a role 

for endomembrane signaling in acute GPCR signaling that is potentially consistent 

with the mode and concentration of dopamine exposure to the D1 receptor in vivo. 

However, as receptor endocytosis was only significant at higher doses, the authors 

suggest that rapid endosomal signaling may be only a feature under such 

concentrations where endocytosis is induced, and thus may be more pertinent under 

drug-induced or pathological conditions [60]. 

 

Endosomal G protein signaling is also relevant for other heterotrimeric G protein 

pathways e.g. the kisspeptin receptor, a Gαq/11-coupled GPCR that exhibits a 

persistent calcium signaling profile entirely dependent on receptor internalization, a 

property that may in part underlie the enhanced activity of an activating mutation 

which causes central precocious puberty [61, 62]. Furthermore, GDi-coupled 

receptors such as the sphingosine 1-phosphate receptor also exhibit persistent GDi 

signaling in endosomes, possibly via arrestin megaplexes [63-65]. More recently, 

GEJ was shown to have a key role in regulating endosomal signaling from the PTHR. 

GEJ is well established to activate distinct effectors at the plasma membrane, in this 

study, however, GEJ released from GDi, can stimulate endosomal adenylate cyclase 
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2 activity to prolong nuclear cAMP and PKA activity via an interesting mechanism 

involving crosstalk with the β2AR-mediated cAMP signaling pathway [66]. The 

source of GEJ is proposed to be from GDi at the plasma membrane that is coupled to 

β2AR, demonstrating communication between plasma membrane and 

endomembrane signaling. This study is the first example of how receptor crosstalk 

can impact GPCR/G protein endosomal signaling. Both β2AR and PTHR are 

expressed in osteoblasts, and this work provides mechanistic information underlying 

prior studies suggesting the promotion of bone mineralization of PTH by β2AR 

activation [66, 67]. Thus, different receptors at different locations in the cell can 

impact endosomal signaling, highlighting that endosomes are not independent 

signaling stations. GPCRs may even exhibit endosomal signaling to other pathways 

in addition to G proteins and arrestins. The PAR1 and purinergic P2Y1 receptors can 

activate p38-D within endosomes via a non-canonical pathway involving the 

transforming growth factor-β–activated protein kinase-1 binding protein 1 (TAB1) 

pathway that bypasses the requirement for upstream MAP2Ks and instead promotes 

p38 autophosphorylation. Interestingly, activation of p38-D occurred in a receptor 

ubiquitin-dependent manner, whereby TAB1 was recruited to the ubiquitinated 

receptor via its ubiquitin binding domain [68]. 

 

 

4.2 Diverse endosomal compartments as GPCR signalosomes 

Although EEs have been considered the primary site for initial post-endocytic sorting 

of cargo, and the primary endosomal compartment for GPCR signaling in the studies 

described in section 3, given the known complexity of the endosomal system, it is 

likely that distinct endosomal populations are capable of mediating endomembrane 
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signaling of GPCRs. Currently there are few studies to date that address this for 

GPCRs, however, we have recently reported the existence of very early endosomes 

(VEEs), an endosomal compartment distinct from the EE where certain GPCRs 

(human luteinizing hormone receptor, LHR, follicle stimulating hormone receptor and 

β1AR) traffic to for its post-endocytic sorting, also plays a key role in direct spatial 

control of receptor signaling [69]. The divergent sorting of receptors between these 

physically and biochemically distinct endosomal compartments are mediated by 

associations with the PDZ protein Gαi-interacting protein C terminus (GIPC) [70]. 

The VEE is physically smaller than the EE and devoid of EE markers, EE 

autoantigen 1, phosphatidyl-3 phosphate and the GTPase Ras-related protein Rab5. 

However, the adaptor protein containing PH domain, PTB domain, and Leucine 

zipper motif (APPL1) was present on a subpopulation of these VEEs [69]. For VEE-

targeted receptors, agonist activation induced a sustained temporal profile of ERK 

signaling that requires both internalization and targeting to the correct endosomal 

compartment, the VEE, via a GIPC-dependent mechanism [69]. Thus, in addition to 

the compartmental bias in heterotrimeric G protein signaling between the plasma 

membrane and EEs described in the studies above (section 4.1), there is also 

compartmental bias in GPCR signaling across distinct endosomes. The downstream 

role of VEE targeted GPCRs remains to be determined. However, transgenic 

expression of the same cAMP biosensors used to study TSHR, indicated that the 

mouse LHR exhibits also a sustained cAMP profile in ovarian follicles. Use of 

chemical inhibitors to block internalization demonstrated a loss of LH-mediated 

resumption in meiosis [71]. Whether the VEE is involved is unclear as rodent and 

human LHRs differ in their ability to internalize, associate with GIPC and undergo 

regulated recycling [72-75]. 
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Late endosomes, or MVBs, may also represent GPCR signaling platforms as has 

been demonstrated for Wnts that activate members of the GPCR superfamily, 

Frizzled. Rather than attenuate receptor signaling, the involution of the enzyme 

glycogen synthase kinase 3 (GSK3) with the Wnt/Frizzled receptor in to MVBs was 

essential for sustained WNT signaling, illustrating a signaling role of MVBs 

independent of receptor degradation (Figure 2). This results in a decrease of active 

GSK3 causing the accumulation of newly synthesized β-catenin and its subsequent 

transportation to the nucleus to activate gene transcription [76, 77]. 

 

 

4.3 Decoding the physiological and pharmacological impact of GPCR endosomal 

signaling 

The downstream significance of GPCR endosomal signaling and how cells decode 

similar signals (e.g. Gαs-cAMP, ERK) from plasma membrane and endomembrane 

to manifest in discrete downstream responses, for the most part remains an 

outstanding question. Studies to date have begun to identify the physiological 

relevance, but future studies need to resolve mechanistically how endosomal signals 

are decoded by the cell in order to fully exploit this knowledge therapeutically. The in 

vivo relevance for persistent endosomal cAMP signaling of TSHR in the thyroid 

gland may have quite defined physiological functions. Secretion of the thyroid 

hormone thyroxine, which is converted to triiodothyronine and key in regulating 

metabolism is mediated by TSH/TSHR activity. TSH-mediated cAMP signaling in the 

thyroid is known to reorganize the actin cytoskeleton via the PKA effector 

vasodilator-stimulated phosphoprotein (VASP) that regulates actin polymerization. 
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Cytoskeletal modulations by TSH in the thyroid cell are implicated in the reuptake of 

thyroglobulin and in the induction of thyroid-specific genes. Accordingly, chemical 

inhibition of TSHR internalization, impaired the ability of TSH to activate VASP and 

modulate actin depolymerization [45]. For the PTHR, which has critical roles in 

regulating Ca2+ homeostasis, sustained signaling induced by distinct PTH ligands 

impacts on trabecular bone volume, yet induces greater increases in cortical bone 

turnover by its actions on the bone and kidney. These findings have clinical 

implications for using PTH analogs in osteoporosis due to their sustained signaling 

properties [46, 78]. The spatial organization of second messenger signaling is likely 

to be important in a wider physiological context with sustained endosomal cAMP 

signaling reported for the glucagon-like peptide 1 receptor with a requirement in 

glucose-stimulated insulin secretion [79]; the V2 vasopressin receptor with roles in 

regulating renal water and sodium transport [80] and the pituitary adenylate cyclase 

activating polypeptide type 1 receptor with roles in pituitary adenylate cyclase 

activating polypeptide-induced neuronal excitability [81]. For the β2AR, specific 

activation of endosomal cAMP leads to an increase in a distinct transcriptional profile 

from the cAMP that is activated at the cell surface, demonstrating that the same 

second messenger produced from different subcellular locations is differentially 

interpreted by the cell [82]. The precision of this spatially directed signaling of β2AR 

is demonstrated by the requirement of this GPCR to reside in regulated, and not 

default, recycling tubules to activate this downstream transcriptional response, 

consistent with the active Gαs signaling localization ([57] and Figure 2). However, as 

these studies were performed in heterologous cells it remains to be determined to 

how these translate to many in vivo functions of β2AR. 
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There have been numerous studies linking defects in trafficking machinery and 

human disease [83]. One interesting example is the identification that the PDZ 

protein SNX27, key in directing receptors such as β2AR to the regulated recycling 

pathway, is downregulated in hippocampal synapses in Down’s syndrome leading to 

altered receptor sorting, and given the above studies, presumably altered 

temporal/spatial signaling [84]. While in breast cancer, CXCR4 has altered post-

endocytic trafficking fates from degradative/lysosomal to recycling, resulting in 

enhanced activity from this receptor and correlated with a more aggressive tumor 

[23]. Again, given the recent developments in GPCR endosomal signaling it is 

conceivable that enhanced endosomal, in addition to plasma membrane, signaling 

could contribute to this increased activity of such receptors. Interestingly, they even 

may be sex-dependent differences in the trafficking and endosomal signaling of 

corticotrophin-releasing factor receptor in response to stress, with potential 

implications in the higher incidence of stress-related psychopathology in females 

[85]. Given the widespread expression, diversity and function of GPCRs in humans, 

it is likely that identifying specific defects in GPCR endosomal signaling in human 

disease will soon be uncovered. 

  

What are the possibilities of therapeutically exploiting GPCR signaling at such a 

defined spatial level? Development of biased ligands favoring conformations 

between G protein and arrestin-dependent signaling have gained significant traction 

particularly for receptors where it has been shown physiologically that ligand-directed 

signaling to the arrestin-dependent pathway is beneficial or, underlie unwanted side 

effects of full agonists/antagonists [6]. The ability of arrestin to mediate both G 

protein desensitization and endosomal G protein signaling for certain GPCRs raises 
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questions and opens up potential interesting drug targeting approaches. Firstly, are 

current biased ligands to arrestin that also exhibit cAMP signaling (albeit reduced) 

due to arrestin-dependent endosomal signaling? Secondly, given the ability to 

uncouple arrestin-dependent desensitization from its role in internalization and 

signaling [52] could it be possible to pharmacologically distinguish between ‘tail’ and 

‘core’ receptor/arrestin conformations and functions? For GPCRs like β2AR that do 

not exhibit sustained arrestin associations, yet exhibit endosomal G protein 

signaling, it appears that the pharmacological parameters/properties of plasma 

membrane versus endomembrane GPCR signaling will be highly distinct, and a 

critical consideration for strategies to target endosomal signaling of such GPCRs. 

Indeed, it has been recently shown that β2AR endosomal signals exhibit acute 

sensitivity to control of certain genes, whereby the endosomal signal saturates at a 

level well below the cell’s transcriptional capacity [86]. Furthermore, it is the number 

of receptor-containing endosomes that modulates the endosomal signaling profile. 

Thus, ligands with distinct efficacies, internalization kinetics and upstream signal 

profiles to the same receptor exert very similar endosomal signals and subsequent 

downstream responses, proposing a role for GPCR endosomal signaling as a 

biological ‘noise’ filter [86]. It remains to be determined if this applies to GPCRs with 

a higher dependency on endosomal signaling, such as PTHR, and where there are 

known opposing ligand-dependent differences in sustained endosomal signaling, 

and/or other cellular functions in addition to gene expression.  

 

An additional factor to consider in the pharmacology of endosomal signaling, and the 

ability to induce sustained signals, is the dynamics of ligand association and 
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dissociation, which for the latter can hugely vary from less than 1 minute to several 

hours. However, prior measurements of ligand dissociation rates have been carried 

out under varying experimental conditions that may not incorporate these evolved 

models of GPCR endocytosis and endosomal signaling where receptor density, 

space, pH, protein environment can all differ from the plasma membrane [87]. For 

GPCRs such as PTHR and TSHR, the ligand co-internalizes and remains bound 

during signaling from the endosome, and at least for PTHR, ligand dissociation and 

signal termination is driven by endosomal cAMP/PKA signaling to activate vacuolar 

H+ -ATPase in the endomembrane, leading to decrease in endosomal luminal pH 

[48]. For the dopaminergic and adrenergic receptors, whose ligands (both 

endogenous and synthetic) vary in dissociation times [88-90], it is unclear how 

distinct dissociation rates may impact endosomal signaling. Likewise, agonists to the 

serotonin receptor 2B exhibit persistent signaling that is longer than their residence 

times [91] and thus the relationship between endosomal signaling and ligand 

residency may be very receptor- and ligand-dependent. While for PTHR there is 

evidence that long and short-acting PTHR agonists have distinct clinical applications 

due to differences in sustained endosomal signaling [92], there is no correlation to 

the sustained action of clinical drugs to β-adrenergic receptors and ligand 

dissociation rates [89], which is also consistent with recent findings described above 

that pharmacologically distinct ligands to β2AR have similar abilities to activate 

endosomal signaling [86]. Interestingly, it has been proposed that sustained 

endosomal signaling may be achieved by the ability of a ligand to rebind as an 

alternative to slow dissociation kinetics, possibly facilitated by lipophilic properties of 

a ligand. By capturing a percentage of ligand within the endosomal lumen, 

depending on receptor internalization rate, endocytosis enriches the local 



 22 

concentration of ligand at a spatial level [87]. However, given endocytosis can occur 

rapidly (<1 minute) and contribute to acute GPCR signaling, as seen for the D1 

dopamine receptor [60], rebinding may also not be necessary. Selective targeting of 

GPCR endosomal signaling may offer a novel strategy to design more effective and 

specific therapeutics, however, there is a requirement to develop a more detailed 

understanding of the mechanisms underlying distinct ligand binding profiles and 

kinetics that incorporate these new models of GPCR endosomal signaling.  

 

5. Future directions 

Our view of endocytic trafficking in regulating GPCR signaling has evolved from a 

system that regulates cellular and tissue sensitivity of a ligand via plasma membrane 

signaling, to a model where trafficking and signaling are highly integrated at multiple 

levels, across distinct endomembrane compartments and microdomains. This 

evolution in GPCR signaling models have been rapidly advanced by development of 

novel tools and imaging technologies. The physiological role of GPCR endosomal 

signaling has been demonstrated for certain GPCRs, and it is likely we will see 

further examples where these mechanisms are perturbed in disease. While mouse 

models represent a key tool to study physiological significance of GPCR endosomal 

signaling and potential manipulation pharmacologically, for some GPCRs the 

endocytic trafficking, and consequently endosomal signal profile, and/or 

pharmacological properties are very distinct between rodent and human receptors. 

Thus, one approach would be to study the impact of endosomal signaling to human 

physiology/pathophysiology via the application of organ on chip systems that enable 

study of multicellular microculture systems, maintained in controllable 
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microenvironments, and function with organ level complexity [93].  Given GPCRs 

represent an established and successful therapeutic target, GPCR endosomal 

signaling has the potential to impact on not only how compounds are assessed but 

also provide novel therapeutic avenues. The challenge will be in targeting the same 

GPCR signaling pathway, e.g. GDs-cAMP, not only between plasma membrane and 

endomembrane, but even distinct endosomal compartments or microdomains. 

Therefore, there is a necessity to profile the proteomic microenvironment of these 

highly regulated signaling hubs in order to design strategies to specifically target 

these compartments. With growing appreciation of not only the pleiotropy in GPCR 

signaling, but also in creating compounds with pathway selectivity, provides a 

precedence for value in such approaches, and in the future pharmacological 

targeting of novel GPCR endosomal signal systems. 
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Figure Legends 

Figure 1. Archetypal model of GPCR activation, internalization and post-

endocytic sorting. The ligand activated receptor (1) is phosphorylated on multiple 

intracellular sites by GPCR kinases (GRKs) (2i) resulting in recruitment and binding 

of β-arrestin (2ii). β-arrestin uncouples receptor from their G proteins, leading to 

desensitization and enables receptor clustering to clathrin coated pits (CCPs) (3). 

Dynamin-mediated CCP scission from the plasma membrane and subsequent 

clathrin uncoating results in internalized receptor sorted to endosomes (4). From 

here GPCRs can be divergently sorted back to the plasma membrane (5a) or to 

lysosomes (5b). 

 

Figure 2. Different GPCRs elicit intracellular signaling at distinct endosomal 

compartments. GPCRs that transiently associate with arrestins (e.g. β2AR) are 

internalized to early endosomes (EEs) where Gαs mediated-cAMP production is 

achieved by receptors localized in recycling tubules marked by sorting nexin 27 

(SNX27), retromer and wash complexes and increased by retention of receptors 

outside these tubules by interaction with α-arrestin and the endosomal sorting 

complex required for transport 0 (ESCRT0). GPCRs that exhibit a sustained 

association with arrestin during internalization (e.g. V2R, PTHR) are also targeted to 

the EE, where they continue to activate cAMP and ERK responses via the interaction 

with both the G protein heterotrimer and β-arrestin. Interaction of GPCRs with 

retromer and SNX27 dictates its localization into recycling tubules and terminates 

endosomal signaling. There is evidence that signal crosstalk (red dotted line) takes 

place between these two types of receptors, with β2AR-coupled βγ subunits 

recruited to the EE to contribute to the cAMP production from PTHR from the 
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endosome. Certain GPCRs (e.g. LHR) are internalized into very early endosomes 

(VEEs) marked in part by APPL1 through the interaction with GAIP-interacting 

protein, C terminus (GIPC) where they sustain ERK signaling and recycle back to the 

plasma membrane. GPCRs such as Frizzled, are sorted to the lysosomal pathway 

and can induce a sustained Wnt-mediated response via ESCRT-dependent 

involution into multi vesicular endosomes (MVE) with glycogen synthase kinase 3 

(GSK3). LY, lysosome. 
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