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Abstract

The integration of GPCR signalling with membrane trafficking, as a single orchestrated
system, is a theme increasingly evident with the growing reports of GPCR endosomal
signalling. Once viewed as a mechanism to regulate cell surface heterotrimeric G protein
signalling, the endocytic trafficking system is complex, highly compartmentalized, yet deeply
interconnected with cell signalling. The organization of receptors in to distinct plasma
membrane signalosomes, biochemically distinct endosomal populations, endosomal
microdomains and its communication with distinct subcellular organelles such as the Golgi,
provides multiple unique signalling platforms that are critical for specifying receptor function
physiologically and pathophysiologically. In this chapter | discuss our emerging
understanding in the endocytic trafficking systems employed by GPCRs and their novel roles
in spatial control of signalling. Given the extensive roles that GPCRs play in vivo, these
evolving models are starting to provide mechanistic understanding of distinct diseases and

provide novel therapeutic avenues that are proving to be viable targets.



1. Introduction

The primary mechanism for GPCRs to transduce communication from extracellular signals is
via coupling to distinct heterotrimeric G proteins. Classically this signal activation stems from
individual cell surface receptors activating a single cognate G protein pathway that
converges on to core downstream signal pathways. However, given the central physiological
importance of this superfamily of signalling receptors and the large number of distinct
receptors (<800), an outstanding question for many years was to understand how such a
limited number of pathways can mediate diverse responses in distinct tissues. From studies
over the past three decades it is now accepted that the GPCR superfamily mediates diverse
functions in vivo by activation of pleiotropic signalling mechanisms. These altered models of
GPCR signalling exhibit systems that are intricately regulated and exhibit extensive signal
crosstalk and diversity. Such mechanisms for pleiotropic signalling include; the ability of a
GPCR to activate multiple heterotrimeric G protein pathways that may differ across distinct
tissues; that GPCRs can associate as homomeric and heteromeric complexes that can alter
its pharmacology and signal activation, to the ability of receptors to potentially activate
signalling independently of their G proteins. Despite this increased insight into GPCR
function, how cells decode this complex signalling into downstream specific responses is
poorly understood (Stallaert et al. 2011; Ferre et al. 2014; Rankovic et al. 2016). A key
recent contributor not only to this signal pleiotropy, but also as a ‘decoding’ mechanism, is
endocytic membrane trafficking. In fact, the mechanisms that underlie GPCR signal
complexity and specificity, point to a significant role for endocytic trafficking in these
processes. Viewed classically as a means to facilitate signal termination from the cell
surface, we now appreciate endocytic trafficking is highly integrated with the GPCR signal
network, providing an intricate system to organize and direct receptor signalling. In this
chapter, | will describe how early events in endocytosis not only contributes to creating
organized functional signal microdomains at both the plasma membrane and endosomal

membrane, but as a system to provide spatial bias in signal activation and regulation. | will



also provide an updated overview of how endocytic trafficking has progressed our

understanding of the fundamental mechanisms driving GPCR signal activity in vivo.

2. Updates in our understanding of early endocytic events on GPCR signal regulation

2.1. Archetypal mechanisms of GPCR signal desensitization and internalization

Following receptor activation at the cell surface and initiation of distinct signalling cascades,
cell surface GPCR signalling is well-known to be regulated at a temporal level via
endocytosis. Rapid ligand-induced internalization, contributes to acute signal termination or
desensitization of G-protein signalling (Figure 1). The archetypal model for internalization of
many GPCRs occurs primarily via clathrin-coated pits (CCPs) and involves a mechanism
whereby arrestins 2 and 3, play a central role (Moore et al. 2007; Barki-Harrington and
Rockman 2008). In this model, a family of adaptor proteins, the 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 B-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) (Luttrell and Lefkowitz 2002; Pierce and Lefkowitz
2001). 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. Early studies examining the
role of arrestins in GPCR internalization described a classification of ‘class A’ and ‘class B’
GPCRs that differed in their temporal engagement and arrestin preference, with the former

group preferring to recruit arrestin-2 and only exhibiting a transient association at the plasma
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membrane and CCPs (e.g. B2-adrenergic receptor (B2AR)), whereas the latter recruited
both equally and co-internalized with their receptors, e.g V2 vasopressin receptor.
Mechanistically, it was identified that C-terminal Ser/Thr phosphorylation clusters were
essential for providing a sustained arrestin association. Such phosphorylation barcodes of
GPCR tails may underlie why a receptor may differ in internalization properties and arrestin-
utilization across cell types, even with the same ligand, e.g. morphine-activated mu-opioid
receptor, but also that distinct ligands can induce distinct patterns of receptor
phosphorylation. Whilst not all arrestin-dependent GPCRs may fit into these two groups,
these features of GPCR/arrestin associations in these two classes have facilitated recent
fundamental molecular understanding of arrestin-dependent G protein coupling at the
receptor and contrasting roles in G protein signal activation, which will be discussed further

in section xx.

Arrestins have been in the spotlight in this field for some time due to the increasing number
of fundamental roles they play in GPCR activity that go beyond receptor desensitization and
clathrin-mediated internalization, including a scaffold for non-G protein signalling pathways
and endosomal G protein signalling. These proteins represent a key mechanism for GPCR
signal diversification and their function as signalling scaffolds, distinct from G protein
signalling, and is one area of strategic focus in drug discovery. These adaptor proteins
mediate G-protein-independent GPCR signalling by acting as scaffolds for a variety of
signalling proteins. The primary pathway studied for arrestin-dependent signalling is the
MAPK cascade, specifically activation of ERK1/2 (Reiter et al. 2012). However, proteomic
analysis of the arrestin signalosome has identified a vast array of proteins that can interact
and/or be activated by these multi-functional scaffolding proteins, such as AKT, p38, JNKs,
STATs, mediating downstream functions such as cell growth, cell survival, apoptosis,
contractility, cell migration and cytoskeletal reorganization (Xiao et al. 2007; Xiao et al.
2010). While it was thought that arrestin 2 and 3 played redundant functions, there is

extensive evidence that each arrestin is regulated by a distinct manner, interacts with distinct



protein partners and thus has specialized cellular functions (Srivastava et al. 2015). The
current model is that GPCRs can couple to this G protein-independent form of signalling
without detectable G protein signalling, however, a recent study has challenged this.
Employing cell lines where each G protein or arrestin was deleted via gene editing
approaches, except for the Gai family whereby the Gai/o inhibitor pertussis toxin was used
to generate a ‘G protein zero’ state (Grundmann et al. 2018). Interestingly, arrestin
recruitment and receptor internalization to distinct GPCRs was still evident in the absence of
functional G protein. However, for the GPCRs tested in this study ERK signalling was
entirely dependent on G protein in contrast genetic ablation of arrestins 2/3 had either no
effect or partially impacted ligand-induced ERK signalling. The authors aptly express caution
in future application of arrestin-dependent signalling, yet acknowledge limitation of the HEK
293 cell type employed in the interpretation of these findings in distinct tissues. Many of the
receptors employed exhibited, for the most part, a transient ERK signalling profile
exclusively G protein-dependent, such as the beta2-adrenergic receptor (class A arrestin
profile), and also confirmed recently by a distinct study (O'Hayre et al. 2017). Whereby the
AT1 angiotenisn receptor (class B arrestin profile), the loss of arrestin did impact the
signalling profile, although loss of G protein completely abolished ERK signalling from this
receptor (Grundmann et al. 2018). These important findings may also suggest that arrestin
can act as a scaffold (confirmed in this study) for signalling molecules, but that the ability of
arrestin-mediated signalling still requires an activated G protein for some receptors as an
upstream step in this pathway. Further, it also emphasizes that different upstream pathways
can feed in to MAPK signalling, and thus highlights caution for using ERK as a readout for
biased signalling. Biased signalling between G protein and arrestin-dependent activity is
currently of high interest in drug discovery (Rankovic et al. 2016). Although this recent study
(Grundmann et al. 2018) may shed caution for certain GPCRs on use of ERK as a biased
signal readout, and perhaps if this a valid target for screening; for certain GPCRs it has been
shown physiologically, using arrestin knockout animal models, that ligand-directed signalling

to the arrestin-dependent pathway is beneficial or, underlie unwanted side effects of full



agonists/antagonists. For example, biased ligands to the p-opioid receptor (MOR) that
activate G protein, but not arrestin-dependent signalling, are thought to have potent
analgesic properties without the anti-respiratory, and dysfunctional gastrointestinal tract side
effects (DeWire et al. 2013). This is also good example of a receptor where morphine-
dependent activation of arrestin exhibits distinct properties between HEK 293 cells and

neurons.

Although clathrin-dependent internalization of GPCRs via the GRK and arrestin-model
contributes to rapid desensitization, there are several studies indicating that these common
internalization and desensitization mechanisms have expanding roles in spatio-temporal
control of GPCR signalling. For example, there is known heterogeneity in CCP function,
where different GPCRs can be organized within distinct subsets of CCPs to dictate
subsequent post-endocytic fate between recycling or lysosomal pathways (Mundell et al.
2006; Lakadamyali et al. 2006). Such divergent sorting of GPCRs at the plasma membrane
was mechanistically dependent on GRK/arrestin (for CCPs directing receptors to the plasma
membrane recycling pathway) and receptor phosphorylation by second messenger kinases
(for lysosomal/degradative sorting). Specialization of CCPs have the potential to function as
platforms for signalling microdomains, that could recruit molecules distinct from ligand-bound
activated cell surface localized receptor outside of the CCPs, and/or the tight temporal
control of G protein activation. This is supported by the ability of GPCRs to regulate their
own residency time in CCPs. For the B2AR), interaction with scaffold proteins, namely
postsynaptic density 95 (PSD95)/discs large (Dlg)/zonula occludens-1 (Zo-1) (PDZ) proteins,
tether receptors to cortical actin and extend the occupancy time of a receptor in a CCP by
delaying the recruitment of dynamin (Puthenveedu and von Zastrow 2006). However, MOR,
which does not have a PDZ ligand within its intracellular domain, modulates its residency
time by delaying the scission activity rather than recruitment of dynamin and involves a
mechanism whereby receptor ubiquitination dictates CCP residency time (Henry et al. 2012;

Roman-Vendrell et al. 2012) . The downstream function of altering CCP residency time of a



GPCR in CCPs has been demonstrated for the cannabinoid receptor type 1 (CB1). For CB1,
CCP residency time provides a mechanism to regulate mitogenic signals in a highly defined
spatial-temporal manner, via formation of arrestin signalling scaffolds, with downstream
actions in regulating expression of genes involved in contrasting pro-survival and pro-
apoptotic functions (Delgado-Peraza et al. 2016; Flores-Otero et al. 2014). Interestingly, a
recent study has demonstrated that arrestin signalosomes at the CCP may not require the
GPCR. Ligand-dependent activation of B1-adrenergic receptor (B1AR) can robustly recruit
arrestin to CCPs without detectable receptor localized to CCPs. This CCP-bound arrestin
was shown to activate a prolonged MAPK signal profile from CCPs. How this receptor
recruits arrestin to CCPs without receptor is unknown, although it is proposed that arrestin is
initially recruited to the activated receptor, and akin to the G protein cycle, rapidly dissociates
in its active form to CCPs (Eichel et al. 2016). However, it is tempting to speculate that
involvement of PDZ proteins known to bind to this receptor’'s C-terminal tail (e.g. PSD95,
MAGI-2, GIPC (He et al. 2006)) that could regulate B1AR clustering and/or facilitate a
plasma membrane scaffold between receptor external to the CCP and activated arrestin in

CCPs.

Specialization of clathrin at the plasma membrane within the confines of coated pits may
also extend to larger, distinct clathrin structures called clathrin lattices or plaques (Figure 1).
Although these structures have been observed by cells biologists for many years there is
little information on the role of these structures, in particular to GPCR (Lampe et al. 2014;
Grove et al. 2014). But may function as signalling microdomains. Plaques and lattices have
been observed in multiple cell types and are distinct from CCPs morphologically, the latter
being smaller (100-200nm diameter) and spherical, their stability, including the persistent
association of dynamin. GPCRs that have been observed to be organized in such structures
include the B2AR, B1AR, MOR and the chemokine receptor CCR5 with evidence suggesting
they contribute to a sustained signal profile, consistent with the proposed microdomain

function (Lampe et al. 2014; Grove et al. 2014). Indeed, the ligand-dependent recruitment of



arrestin in CCPs without 0O1AR, was also observed in larger clathrin structures

corresponding to lattices or plaques (eichel, 2016).

Although clathrin-associated adaptors such as arrestin and AP2 represent core CCP
machinery utilized by many kinds of receptors, it is unclear whether there are additional
players that can direct receptors into distinct pits. Although organization of receptors across
CCPs may be initiated via the differential phosphorylation of GPCR intracellular domains
(Mundell et al. 2006), it remains to be determined whether this dictates any adaptor protein
specificity in addition to the arrestins. Certainly, GPCR internalization can be regulated, both
positively and negatively, by additional post-translational modifications such as ubiquitination
and palmitoylation, suggesting additional adaptor proteins are likely involved; indeed,
arrestins are known to recruit E3 ligases to GPCRs (Girnita et al. 2005; Shenoy et al. 2009;
Shenoy 2014). How arrestin can mediate such numerous functions, even when considering
the early events of endocytic trafficking alone, may be rationalized by an elegant study
employing biosensors detecting multiple and specific conformational changes upon receptor
activation. While the study demonstrated multiple conformational signatures of arrestin with
pharmacologically distinct ligands to the same receptor (Lee et al. 2016), one can certainly
conceive that there could be multiple extracellular and intracellular factors in vivo that would

induce multiple arrestin conformations, and hence specific biological functions.

While internalization of receptors via CCPs is a dominant endocytic pathway in mammalian
cells and certainly has been the primary endocytic mechanism studied for many different
kinds of receptors, there are additional dynamin-mediated, but clathrin-independent
pathways that GPCRs internalize via, either in addition to, or in preference to CCP-mediated
endocytosis. One recent pathway identified, termed FEME (fast endophilin-mediated
endocytosis) is mediated by the protein endophilin-A, which binds to activated receptors and
key endocytic molecules dynamin and syntaptojamin, yet co-traffics with its cargo into FEME

vesicles (Figure 1). Although initially characterized as a CCP adaptor protein, it was found to



be found only on a minimal number of CCPs, and genetic ablation of all three endophilin
isoforms had no impact on CCP-mediated endocytosis. Different receptor types have been
shown to employ FEME. Interestingly, endophilins were known interacting partners for
certain GPCRs, namely the B1AR. Given the observation that this receptor does not occupy
arrestin-occupied CCPs may be in part due to the rapid clathrin-independent endocytosis of
some receptors via FEME; indeed, arrestin is not observed in endophilin-positive structures
following B1AR activation (Boucrot et al. 2015). Boucrot et. al., (Boucrot et al. 2015) also
identified a subset of distinct GPCRs that could bind endophilin including D3 and D4
dopamine receptors, M4 muscarinic receptor. The profile of FEME compared to CME, is that
it is rapid (seconds), forms tubulo-vesicular structures containing endophilinA and
preferentially occurs at the leading edge of cells, due to involvement of Class | PI3 kinases,
production of PI(3,4, 5)P3, and its subsequent dephosphorylation into Ptdins(3,4)P. by
PTEN to recruit endophilin and bind lamellipodin. This form of endocytosis highlights the
interlinked nature of membrane trafficking and signalling as FEME can only be triggered
by receptor-dependent activation of signalling pathways. The role for such targeted and
rapid receptor-mediated internalization at present is unknown, but likely to be unveiled in

the near future.

The plasma membrane of cells is highly organized and specialized environment for
receptors, and exemplified by the presence of lipid rafts and caveolae in many cell types.
These are defined as planar microdomains of the plasma membrane enriched in specific
lipids and proteins such as cholesterol, sphingolipids and glycosylphosphatidylinositol (GPI)-
anchored proteins or for caveolae, caveolin proteins, forming flask, or ‘cup-shaped’ pits ~60-
80nm in diameter (Bastiani and Parton, 2010) (Figure 1). Lipid rafts are known to be
enriched in signalling proteins and receptors and thus proposed as a platform for organizing
certain receptors with its signalling machinery including heterotrimeric G-proteins, effector
enzymes such as adenylate cyclase, and regulators of G-protein signalling (Hiol et al. 2003)

and even a platform for enabling receptor crosstalk and/or heteromerization. Localization of
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GPCRs to lipid rafts can occur in a constitutive or ligand-dependent manner. And disruption
of lipid raft formation can abolish signalling from certain GPCRs including the NK1 receptor
(Monastyrskaya et al. 2005) and the serotonin 1A receptor (Pucadyil and Chattopadhyay

2004).

Despite the technical challenges involved in the biochemical study of lipid rafts (for review
please see (Pike 2009), the identification that caveolae contain caveolin proteins Cavl, -2,
and/or -3 (the latter being skeletal and cardiac muscle-specific) (Song et al. 1996), greatly
advanced understanding of these microdomains. However, like lipid rafts, they can also act
as GPCR signalosomes, both as a means to spatially desensitize and also locally amplify
signal responses. GPCRs, G-protein subunits, effector enzyme systems and even arrestins
have been shown to be sequestered by caveolae (Oh and Schnitzer 2001; Chini and Parenti
2004) (kubale-V Vrecl. However, the primary G protein signalling pathway thought to be
regulated within caveolae through interaction with Cavl is Gaq and Ca?* signalling whereby
Cavl prolongs Gaqg activation, and even may direct certain Gag-coupled receptors to
caveolae (Sengupta et al. 2008; Oh and Schnitzer 2001; Calizo and Scarlata 2012).
However, other studies have demonstrated that in cardiac myocytes is important for the
compartmentalization of cAMP signalling from the B2AR and its ability to couple to both Gas
and Gai in myocytes (MacDougall et al., 2012; Wright et al., 2014)(Xiang and Kobilka 2003;
Macdougall et al. 2012; Wright et al. 2014), a physiologically and pathophysiologically
important mechanism as in heart failure there is a loss of caveolae and Cav3 and
subsequent loss of compartmentation of B2AR/cAMP signalling (Nikolaev et al. 2010; Feiner
et al. 2011). In addition to its role as a signalosome, certain GPCRs have reported to
internalize via caveolae, although the molecular detail in how this process occurs is not well
understood (Shvets et al. 2014). However, one interesting role of caveolae is as a
mechanosensor and a recent study employing super-resolution imaging of caveloae under

osmotic pressure to visualize caveloae deformation indicated that distinct G protein
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pathways are differentially sensitive to osmotic stress eliminates the ability of caveolae to
stabilize calcium signals mediated through Gaq, it does not affect cAMP signals mediated

through Gai (Yang and Scarlata 2017).

3. Post-endocytic sorting pathways for GPCRs

In this section | will give a brief overview of the trafficking pathways employed by GPCRs
following endocytosis, and their subsequent trafficking to opposing cellular fates; plasma
membrane recycling and lysosomal degradation. Work over the past two decades to
uncover the mechanisms that drive receptors to these distinct fates demonstrates that
GPCR endocytic trafficking is tightly regulated, via a multi-step mechanism. We have
previously proposed such complexity enables system plasticity, or reprogramming of
receptor fate/s with altering extracellular stimuli (Hanyaloglu and von Zastrow 2008),
however, the impact of these altered endocytic fates on GPCR signalling has been primarily
focused on more ‘classical’ signalling models, i.e. impact on cell surface signal responses.
Thus, the subsequent primary focus will be on more recent studies on the role of internalized
receptors in generating signal responses from different endomembranes, and even
endosomal microdomains, and the latest insights in to the physiological, pathophysiological

and pharmacological impact will be discussed.

3.2 Post-endocytic sorting of GPCRs to the regulated recycling pathway

Following GPCR endocytosis, receptor trafficking to the early endosome (EE) is the
compartment that all cargo is first thought to be sorted to different subcellular destinations.
For GPCRs a number of mechanisms dictate their cellular fate between opposing plasma
membrane recycling or lysosomal-mediated degradation, resulting in resensitization, or
continuous signalling, versus a more transient signal response (degradation). The
significance of these divergent post-endocytic routes to both physiology and disease
highlights their importance in shaping GPCR activity (Dunn and Ferguson 2015; Hanyaloglu

and von Zastrow 2008). Moreover, there is significant evidence that the biological role of
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these pathways extends beyond regulation of classical G protein signalling profiles
(Hanyaloglu and von Zastrow 2008). The body of research that has deciphered the cellular
machinery directing the fate of these receptors, clearly demonstrates that these pathways
are tightly regulated at multiple levels during sorting. GPCRs targeted to a recycling pathway
back to the plasma membrane generally require a sequence-directed mechanism involving
specific cis-acting sorting sequences in their intracellular C-terminal tails (C-tail) (Hanyaloglu
and von Zastrow 2008; Trejo 2005). This was first identified for the archetypal GPCR the
B2AR, where it was shown that this form of recycling differs to cargo that recycle in the
absence of sorting sequences, which occur in a “default” manner via bulk membrane flow
(Hirakawa et al. 2003a; Cao et al. 1999). For the B2AR, the recycling sequence encoded in
the distal part of its C-terminal tail conferred to a type 1 PDZ binding sequence or ‘PDZ
ligand’. Removal or mutation of this site inhibits recycling and reroutes the receptor to the
degradative pathway. Furthermore, addition of the 2AR PDZ ligand to the &-opioid receptor
(DOR) that is sorted primarily to a degradative pathway, altered its post-endocytic trafficking
fate from degradative to the recycling pathway. Thus, these recycling sequences are, in
general, found to be both necessary and sufficient in directing receptors back to the plasma
membrane (Cao et al. 1999; Gage et al. 2001) and intriguingly was the first indication that
post-endocytic trafficking fate of a GPCR, and consequently activity, could be reprogrammed
with changes in the cellular environment. These initial studies with the B2AR suggested the
interacting PDZ-domain containing protein partner responsible was Ezrin—Radixin—Moesin
(ERM)-binding phosphoprotein-50 (EPB50) also called Na*/H* exchange regulatory factor 1
(NHERF-1). However, subsequent studies identified that this receptor, and other GPCRs
with PDZ ligands, e.g., the B1AR, can interact with its own subset of PDZ proteins (He et al.
2006), and that such unique GPCR/PDZ interactions may define distinct functions for the
receptor. However, EPB50 was primarily a plasma membrane, or juxta-membrane localized
protein, and so focus was directed to a unique PDZ protein, sorting nexin-27 (SNX27), that
could bind PI3P, a lipid enriched in the EE membrane. SNX27 was demonstrated to be

essential for post-endocytic trafficking of B2AR to the recycling pathway (Lauffer et al. 2010).
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Since the identification of a recycling sequence in the B2AR, there have been numerous
GPCRs identified that require receptor recycling sequences in their C-tails. Interestingly,
these recycling sequences are not all PDZ type 1 ligands, with some corresponding to
unknown interacting protein partners, thus this high diversity in recycling sequences across
GPCRs suggests that they bind specific cytoplasmic proteins (Marchese et al. 2008;

Hanyaloglu and von Zastrow 2008).

If GPCRs are sorted to a regulated recycling pathway, exhibit different recycling sequences
and potentially different interacting protein partners to achieve this, then are there distinct
post-endocytic trafficking pathways and/or common machinery that mediate this? A
collection of studies indicates that both common and receptor specific mechanisms are
involved. Importantly, these have also highlighted that regulated GPCR recycling was not a
one-step mechanism occurring via a protein/PDZ-interaction with the GPCR recycling
sequence, but a complex, multi-step system, involving multiple sequences in the receptor C-
tail, post-translational modifications in the receptor and the receptors own signalling all
playing an integral part (Irannejad et al. 2013; Hanyaloglu and von Zastrow 2008). Examples
of core endocytic machinery that process receptors to the regulated recycling pathway
include the early endosome-localized adaptor protein hepatocyte growth factor regulated
tyrosine kinase substrate (Hrs), also termed Vps27 (part of ESCRT 0-see section 3.3). Hrs
was first characterized for its role in the first steps of lysosomal sorting but is also essential
for regulated recycling of the B2AR, MOR and calcitonin-receptor-like receptor (Hanyaloglu
et al. 2005; Hasdemir et al. 2007). Given its well established role in regulating lysosomal
sorting of cargo for distinct cargo, loss of Hrs results in retention of receptors within the EE
compartment, suggesting this adaptor protein acts as a sorting point between these
divergent endocytic fates. Hrs-dependent recycling is mediated via the N-terminal VHS
domain of Hrs, a domain only characterized by its conserved presence in yeast Hrs, Vps27,
Hrs, and the Hrs-interacting partner STAM (Hanyaloglu et al. 2005; Hasdemir et al. 2007;

Huang et al. 2009). The VHS domain was a poorly understood domain in terms of its role in
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regulating membrane trafficking, and due to the role of Hrs as a scaffolding protein that does
not associate directly with receptors, it was proposed that this domain may associate with as
yet unknown additional proteins (Hanyaloglu et al. 2005). For some GPCRs arrestins may
also act as core sorting proteins. For the N-formyl peptide receptor, receptor recycling, but
not internalization is highly dependent on B-arrestin (Vines et al. 2003), although for other
GPCRs it may negatively regulate rapid recycling and promote slow sorting via the trans-
Golgi network (TGN), leading to receptor downregulation (Abdullah et al. 2016). A core
endosomal complex that has gained recent attention in regulating GPCR sorting to the
recycling pathway is the retromer complex. This macromolecular complex was known for its
role in endosome-TGN transport, but identification of its association with the WASH
(Wiskott-Aldrich Syndrome Protein and SCAR Homolog) complex has identified additional
roles in receptor sorting to the plasma membrane recycling pathway, and specifically
organization of receptors in to endosomal tubules that mediate regulated, or PDZ-
dependent, recycling (Puthenveedu et al. 2010). Interestingly, the PDZ protein SNX27 acts
as a ‘bridge’ between the receptor and the retromer complex, via the WASH protein complex
(Temkin et al. 2011; McGarvey et al. 2016). This not only highlights the complex nature of
regulated recycling, but there are mechanisms for a cell to regulate receptors between the
two modes of recycling, regulated and default, via physical organization into biochemically
defined tubules emanating from the same single endosome. Tubules mediating regulated-
recycling cargo require endosomal actin, WASH and retromer and were also kinetically
distinct from those tubules mediating recycling of cargo in a default manner, which were
more transient for fast-diffusing bulk recycling receptors compared to regulated-recycling
(Irannejad et al. 2013). That a GPCR could potentially ‘switch’ between these two modes of
recycling was first demonstrated via a study that identified specific receptor C-tail sequences
mediating Hrs/Vps27 dependent recycling. An acidic dileucine-like sequence located
upstream of the B2AR PDZ ligand was essential to confer Hrs sensitivity. Mutation of this
sequence did not affect ability of the receptor to recycle but switched the recycling to a PDZ-

independent, default pathway (Hanyaloglu and von Zastrow 2007). Subsequent studies have
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also identified additional molecular requirements critical for switching between bulk/default
and sequence-dependent recycling modes for the same receptor. PKA phosphorylation on
the proximal region of the B2AR C-terminal tail, induced by agonist-dependent activation of
the Gas-cAMP pathway, inhibits entry into the sequence-dependent recycling tubule (Vistein
and Puthenveedu 2013). Interestingly, recycling of the B1AR is also regulated by PKA
phosphorylation of its intracellular C-tail but in an opposing manner to f2AR, whereby PKA
is required for receptor recycling (Nooh and Bahouth 2017). Such complexity in a recycling
system, when there is a more simpler default alternate recycling pathway, indicates a
requirement for these recycling GPCRs to enable flexible reprogramming of the receptor to
multiple distinct fates (Hanyaloglu and von Zastrow 2008), and that these can be altered as
cells are exposed to dynamic extracellular environment (West and Hanyaloglu 2015). The
downstream biological significance of this sequence-directed recycling pathway is
underscored by demonstration of its direct involvement in regulating cardiac myocyte
contractility, where regulated recycling was essential for G protein switching of the B2AR
from Gas to Gai (Xiang and Kobilka 2003), while for the p-opioid receptor (MOR) there may
be a role for this trafficking pathway in opiate tolerance (Roman-Vendrell et al. 2012). Many
GPCRs require sequence-directed recycling for signal regulation, and therefore the inherent
flexibility in reprogramming trafficking fates that this pathway affords has driven strategies to
potentially screen for novel compounds that could favor between default and regulated

recycling (Nooh et al. 2016).

While the above studies have identified the complexity of sequence-directed recycling to
enable flexible programming of receptor post-endocytic fate, these receptors primarily
internalize to common early endocytic compartments and in part, utilize common core early
endosomal machinery. Despite the mechanisms diversifying GPCR signalling, outlined in
section 2, these also converge on common downstream pathways. Thus, an outstanding

question is what is the role of these different GPCR recycling sequences, and potentially
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distinct interacting partners? One function identified is that these sequences can direct
receptors to physically and biochemically distinct endosomal compartments. The EE is
classically viewed as both the primary platform for receiving, organizing, and sorting diverse
sets of cargo. However, certain GPCRs (human luteinizing hormone receptor, LHR, follicle
stimulating hormone receptor and B1AR) that undergo sequence-directed recycling are
internalized to a distinct endosomal compartment we have termed the very early endosome
(VEE) (Jean-Alphonse et al. 2014). Unlike GPCRs such as the B2AR that are well known to
rapidly internalize and sort from EEs, these distinct GPCRs internalized to a physically
smaller endosome compartment devoid of EE markers EE antigen 1, PI3P, and independent
of 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 (Jean-Alphonse et al. 2014; Sposini et al. 2017). Mechanistically the targeting of
VEE-localized GPCRs was dependent on receptor interactions with the PDZ protein Gai-
interacting protein C terminus (GIPC) (Hirakawa et al. 2003a), early during endocytosis. A
loss of interaction between LHR with GIPC inhibited receptor recycling due to the rerouting
of receptor to EEs (Jean-Alphonse et al. 2014). This not only demonstrates that sequence-
directed sorting of GPCRs can occur from compartments other than the EE, but may also
suggest that ‘recycling sequences’ are too limited description for its role/s, and these
receptor C-tail sites may encode multiple functions at distinct points throughout the
endocytic life cycle of the receptor. We have recently demonstrated the underlying
mechanim mediating regulated GPCR recycling from the VEE. Recycling of LHR, FSHR and
B1AR, from VEEs all required APPL1, which is the first reported role ascribed to this multi-
functional adaptor protein. Again, receptor signalling was an essential upstream step in
directing rapid receptor recycling as LHR-mediated activation of cCAMP/PKA signalling was
necessary for recycling, but in contrast to the above studies where the target of
phosphorylation has been the receptor, for recycling from the VEE PKA phosphorylation of

APPL1 on serine (Ser410) was essential (Sposini et al. 2017).
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3.3 Sorting of GPCRs to the degradative pathway

Sorting of internalized GPCRs to a degradative fate results in permanent signal termination
or transient signal profile. For GPCRs that are rapidly targeted to this pathway, disruption of
receptor sorting would result in overactive, or persistent signalling, which for certain GPCRs
such as the chemokine receptor CXCR4 is associated with invasive breast cancer
(Marchese et al. 2008). 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 (acute loss of pharmacological response) or tolerance (Tappe-
Theodor et al. 2007; Hanyaloglu and von Zastrow 2008). The pharmacological and clinical
significance has thus driven studies to identify the molecular mechanisms targeting GPCRs
to this pathway. Following internalization to EEs, GPCRs sorted from this compartment for
degradation are trafficked to Rab7 late endosomes leading to involution of receptors to form
multivesicular bodies (MVBs), where subsequent fusion with lysosomes results in receptor
degradation. The canonical pathway for sorting of many types of membrane cargo, not just
GPCRs, is via cargo ubiquitination at lysine residues and engagement with the endosomal
sorting complex required for transport (ESCRT) pathway for its degradation. ESCRT are a
series of 4 distinct protein complexes (ESCRT-O0, I, Il, 1) with the first 3 containing proteins
with ubiquitin binding domains (UBDs), which sequentially capture and retain ubiquitinated
cargo from the EE-localized ESCRTO, to involution of cargo in MVBs. Disassembly of
ESCRT complexes from the maturing MVB occurs via the AAA-ATPase Vps4 in order to
facilitate additional rounds of MVB sorting (Rusten et al. 2011; Henne et al. 2013).
Ubiquitination and ESCRT-dependent degradation has been well-described for certain
GPCRs such as the CXCR4, protease-activated receptor 2 (PAR2) and B2AR. Distinct
ubiquitin E3 ligases mediate receptor ubiquitination during early endocytosis, either
associating directly with E3 ligases or via arrestin, and depending on the GPCR, may or may
not be required for internalization (Kennedy and Marchese 2015). Although several (>30
GPCRs) have been reported to be ubiquitinated, GPCRs either do not require this

ubiquitination, or certain components of the ESCRT machinery, for its lysosomal
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degradation, such as DOR (Henry et al. 2011; Hislop et al. 2011; Dores and Trejo 2015). As
ubiquitin is not the sorting signal for such receptors, they require association with additional
machinery for lysosomal targeting that directly interact with GPCR C-tails, such as GPCR
associated sorting protein-1 (GASP-1) and the autophagy protein Beclin-2, prior to ESCRT
targeting (He et al. 2013). However, subsequent studies have indicated that DOR
ubiquitination, via the E3 ligase AlP4, may play a role in later steps of lysosomal sorting,
specifically for efficient receptor involution or transfer to intraluminal vesicles of MVBs to
enable proteolysis of the receptor endodomain (Henry et al. 2011; Hislop et al. 2009). This
has also been demonstrated for the MOR, which reprograms its sorting from a sequence-
dependent recycling to degradative fate, whereby receptor ubiquitination, specifically in the
first intracellular loop (which interestingly also defines CCP residency time (Henry et al.
2012)) promotes receptor involution into MVBs, but is not necessary for lysosomal sorting
per se (Hislop et al. 2011). Targeting GPCRs to degradation does not always require
ubiquitination of the receptor, but instead ubiquitination of associated adaptor proteins,
namely arrestin (Mosser et al. 2008). Diversity in GPCR lysosomal sorting mechanisms is
further demonstrated by GPCRs such as the protease activated receptor 1 (PAR1) that
require neither receptor ubiquitination, ESCRT 0, | or GASP-1 for its degradation, but does
require the ESCRT Ill complex and Vps4. This receptor is directed to lysosomes via the
ubiquitous adaptor protein ALG-interacting protein X (ALIX). ALIX is ubiquitinated by E3
ubiquitin ligases that form a complex at the endomembrane with the arrestin-domain
containing proteins (ARRDCs) ARRDC1 and ARRDC3 (Dores et al. 2012a; Dores et al.
2015; Dores et al. 2012b). More recently, the defective lysosomal sorting of PAR1 and
sustained signalling in invasive breast cancer is directly linked with loss of ARRDC3 levels,
as re-expression of this protein alone in human breast cancer cells lines was sufficient to
restore normal ALIX-dependent lysosomal sorting of PAR1, thus attenuating thrombin-
mediated JNK signalling and a reduction of these cancer cells to exhibit an invasive capacity

(Arakaki et al. 2018).
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As discussed for sorting of GPCRs to the regulated recycling pathway (section 3.2), there is
evidence that lysosomal sorting can be driven by GPCR signalling. For example,
degradation of the dopamine D2 and D3 receptors are mediated via phosphorylation of the
receptor at specific residues by the second messenger kinase PKC (Zhang et al. 2016; Cho
et al. 2013). Interestingly, the Gas subunit of heterotrimeric G proteins has been
demonstrated to have a direct role in post-endocytic trafficking of GPCRs, independent of its
GTPase activity (Rosciglione et al. 2014). Heterotrimeric G proteins have been shown to
localize to multiple cellular compartments in addition to the plasma membrane, including the
endomembranes. Depletion of Gas was found to inhibit the degradation of distinct GPCRs
(CXCR4, DOR, and the angiotensin 1A receptor) known to sort to this pathway via both
ubiquitin-dependent and -independent pathways, by inhibiting receptor involution in to
MVBs. Despite its identified role at a late stage in lysosomal sorting, Gas associated with
early stage lysosomal sorting proteins GASP-1, dysbindin and Hrs (ESCRT) at the EE.
Given that CXCR4 does not employ a GASP-1/ dysbindin pathway for its degradation, this
may suggest Gas interacts with additional proteins (Beas et al. 2012), but also highlights an
adaptor role for this signalling protein in the lysosomal sorting of receptors via multiple
mechanisms (Rosciglione et al. 2014). Whether other G protein family members could have
similar roles in direct sorting of receptors remains to be determined, however, this role of
heterotrimeric G proteins in membrane trafficking may not be restricted to GPCRs, as Gas
was recently found to contain a UIM in its N-terminus, and through this ability to bind
ubiquinated cargo could mediate the sorting of tyrosine kinase receptors, specifically the
EGF receptor to involute in MVBs (Li et al. 2017). What these studies also highlight is that
this evident multi-functionality of core GPCR machinery, such as heterotrimeric G proteins,
must be considered when interpreting studies employing genome editing or knockdown
approaches with these proteins. Overall the complex nature, and diverse mechanisms of
lysosomal sorting could also suggest that, as for receptors targeted to regulated recycling

pathways, it provides a platform for flexible reprogramming of GPCR fate. Indeed, disruption
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of the latter stages of lysosomal sorting results in MVB/endosomal retention, while inhibition
at earlier steps, upstream of ESCRTO, can reroute receptors to a recycling pathway, as
shown for PAR1 and CXCR4 where inhibition of its ubiquitination via the tyrosine kinase
Her-2/ErB2 results in increased surface expression of these receptors in breast cancer and
promotion of tumor progression (Marchese et al. 2008). In non-cancer cells, reprogramming
GPCR post-endocytic fate could be advantageous in tightly regulating cellular sensitivity

such as in development (Mukai et al. 2010; Cadigan 2010).

4. The endomembrane system provides multiple signalling platforms for GPCRs

As described above, endocytic trafficking pathways provide a mechanism to define complex
cell surface responses by shaping the signalling profile generated from the plasma
membrane. However, studies over the past decade have built a model whereby these
endocytic mechanisms and compartments also contribute to this complexity by acting as
distinct signalling platforms (Figure 2). This next section will describe our current
understanding of how the endomembrane can directly activate signalling across distinct

endosomal compartments and even via microdomains within a single endosome.

4.1 The early endosome (EE) as a platform for heterotrimeric G protein signalling for GPCRs
The endocytic network provides a system that not only regulates temporal activity of cell
surface signalling receptors, but can also extend the signalling activity, giving access to new
substrates with specific subcellular localization and provide specialized compartments for
unique signalling responses. Such unique signalling functions in turn have distinct
downstream physiological responses. The first examples of GPCR endosomal signalling
was from receptors that exhibit a sustained association with arrestin and co-internalize as a
complex, or Class B arrestin phenotype described above, whereby arrestin-mediated
signalling was shown to sequester MAPK signalling molecules in the cytoplasm (McDonald
et al. 2000; DeFea et al. 2000; Terrillon and Bouvier 2004). However, pivotal studies on the

Gas-coupled receptors the thyrotropin-stimulating hormone receptor (TSHR) and the
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parathyroid hormone receptor (PTHR) have led to the categorization of GPCR/G protein
signalling in to 2 phases: a transient plasma membrane signalling phase and a sustained
endomembrane signalling phase. These receptors continue to activate, or exhibit persistent
cAMP signalling after internalization, demonstrated by the use of cCAMP biosensors (Calebiro
et al. 2009; Ferrandon et al. 2009). For PTHR, endosomal cAMP signalling is enhanced by
arrestin and attenuated by the retromer complex, essential for its recycling, whereby
endosomal acidification plays a key role in this deactivating switch (Ferrandon et al. 2009;
Feinstein et al. 2011; Gidon et al. 2014; McGarvey et al. 2016) (Figure 2). Subsequently,
elegant structural studies have demonstrated that the B-arrestins, known to uncouple
receptors from G proteins at the plasma membrane, simultaneously associate with the
Gas/By heterotrimer, and GPCRs that exhibit persistent arrestin associations, via C-tall
serine/threonine phosphorylation sites, as a ‘megaplex’ (Thomsen et al. 2016), that
represent a distinct receptor/arrestin conformation from those that mediate G protein

desensitization at the plasma membrane (Cahill et al. 2017; Kumari et al. 2017).

These prior studies were able to demonstrate that the signalling machinery to generate such
persistent CAMP signals, i.e., Gas and transmembrane adenylate cyclases, are present in
EEs. However, the first direct evidence that a GPCR can activate heterotrimeric G proteins
from endosomes came from development of nanobody biosensors that detect the active,
nucleotide-free form of Gas (nanobody37) or the ligand-activated conformation of the f2AR
(nanobody80), and were originally generated as tools to aid B2AR crystallization in distinct
conformations (Irannejad et al. 2013; Pardon et al. 2014). Follow on studies employing these
tools have demonstrated that endosomal signalling of the B2AR is highly organized at the
level of the individual endosome. The alpha-arrestin member ARRDC3 associates with
B2AR on EEs whereby it negatively regulates receptor entry in to sequence-directed
recycling tubules, characterized by SNX27 and retromer, and thus results in increased

endosomal signalling (Figure 2). The authors suggest that ARRDC3 regulates endosomal
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residency time (Tian et al. 2016). However, it could also suggest a more direct role of
ARRDC3 in driving endosomal signalling, as shown for the B-arrestins. Whether ARRDC3
can associate with G proteins and form similar megaplexes is unknown, although it does
associate with members of ESCRT-0 (Tian et al. 2016), which are known to form
microdomains at flat clathrin patches on the endomembrane (Raiborg et al. 2002).
Interestingly, a subsequent study on B2AR endosomal signalling revealed a further layer of
complexity in the control of endosomal B2AR signalling. While the localization of the
nanbody that recognizes the active B2AR (nanobody80) was detected throughout the
endosome membrane, active Gas via nanobody37 was observed specifically in
SNX27/WASH recycling tubules, suggesting the presence of active G protein endosomal
microdomains (Bowman et al. 2016) (Figure 2A). Given the role of ARRDC3 in promoting
endosomal signalling, this suggests that the functional site of ARRDC3 in terms of regulating
GPCR/Gas signalling is at microdomains within the regulated recycling tubule, considering
ARRDC3 was found to alter associations of B2AR with SNX27 (Tian et al. 2016). Whether
there are other pathways in addition to Gas/cAMP that B2AR may activate at the
endomembrane, as revealed by the diffuse endosomal distribution of nanobody80, including
default recycling tubules, is as yet unknown. However, the phosphatidylinositol 3-kinase
(Vps34) that is responsible for production of PI3P, regulates B2AR recycling and signalling
(Varandas et al. 2016). Of note, in hepatocellular carcinoma, B2AR activation of Akt disrupts
the Vps34/Beclin-1 autophagic complex, altering glucose metabolism and leading to drug

resistance (Wu et al. 2016).

Endosomal G protein signalling is also relevant for heterotrimeric G protein pathways in
addition to Gas, as has been demonstrated for the kisspeptin receptor, a Gag/11-coupled
GPCR that exhibits a persistent calcium signalling profile entirely dependent on receptor
internalization, and may in part underlie the enhanced activity of an activating mutation,

R386P, which causes central precocious puberty (Min et al. 2014; Bianco et al. 2011).
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Furthermore, the PAR1 and purinergic P2Y1 receptors can activate p38 within endosomes
via the transforming growth factor-B—activated protein kinase-1 binding protein 1 (TAB1)
pathway in a receptor ubiquitin-dependent manner, whereby TAB1 is recruited to the
ubiquitinated receptor via its UBD (Grimsey et al. 2015). However, many receptors couple to
more than one G protein pathway, thus if a receptor exhibits endosomal signalling are all its
pathways mediated at the endosome? This question has been recently addressed with the
Class C GPCR the calcium-sensing receptor that exhibits pleiotropic G protein signalling. In
addition to being the first report of a Class C GPCR to exhibit endosomal signalling, this
receptor’s ability to signal through Gai and Gaqg/11 exhibited differential requirements for
endosomal signalling with the latter pathway requiring receptor internalization (Gorvin et al.

2018).

Recently, GBy was shown to have a key role in regulating endosomal signalling from the
PTHR. Gy is well established to activate distinct effectors at the plasma membrane (Figure
1B), in this study however, Gpy released from Gai, can stimulate endosomal adenylate
cyclase 2 activity to prolong nuclear cAMP and PKA activity via an interesting mechanism
involving crosstalk with the B2AR cAMP signalling pathway (Jean-Alphonse et al. 2016). The
source of Gy is proposed to be from plasma membrane B2AR/Gai, demonstrating an
interesting communication between plasma membrane and endomembrane signalling.
Section 2.2 describes how GPCR crosstalk may be a common feature of GPCR signalling,
yet this study is the first example of how such receptor crosstalk can impact GPCR/G protein
endosomal signalling. Both B2AR and PTHR are expressed in osteoblasts, and this work
provides mechanistic information of prior studies suggesting the promotion of bone
mineralization of PTH by B2AR activation (Hanyu et al. 2012; Jean-Alphonse et al. 2016).
Thus, different receptors at different locations in the cell can impact endosomal signalling
and this also highlights that endosomes are not independent signalling stations. Further, the

endosomal signalling machinery is not confined to the endomembrane only, but can be
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recruited from the cytoplasm. A recent study on corticotropin-releasing hormone receptor 1
suggested that soluble, and not transmembrane, adenylate cyclases were the essential
counterparts for the production of endosomal cAMP signalling (Inda et al. 2016). Although
the mechanism of recruitment for these soluble enzymes is still unknown, the use of different
sources of CAMP could explain how cells elicit specific cellular responses via the same

signalling pathway.

4.2 Additional endosomal compartments as GPCR signalosomes

EEs are only one compartment that GPCRs can traffic to during their post-endocytic sorting,
and as described in Section 3, the endomembrane systems are complex yet highly
interconnected. While the majority of studies have demonstrated endosomal signalling from
EEs, more recent studies have demonstrated intracellular signalling of GPCRs from multiple
subcellular organelles. For the purpose of this chapter | will next focus on primarily on those
compartments requiring receptor endocytosis to access signalling, and will only briefly
mention for completeness recent studies reporting intracellular signalling from other

organelles.

4.2.1-Compartmentalized endomembrane signalling-the Very Early Endosomes
The recently reported VEE (described in section 3.2)(Jean-Alphonse et al. 2014) also plays
a key role in direct spatial control of receptor signalling and a mechanism to generate
compartmental bias in heterotrimeric G protein signalling not only between the plasma
membrane and EEs described in the studies above, but also compartmental bias in GPCR
signalling across distinct ‘flavors’ of endosomes. We first reported that GPCRs which traffic
to the VEE exhibit a sustained temporal profile of ERK signalling that requires both
internalization and targeting to the VEE (Jean-Alphonse et al. 2014). Loss of association
with the PDZ protein GIPC, reroutes the receptor to EEs resulting in a transient ERK profile,
while inhibition of internalization completely inhibits ERK activation. Furthermore, addition of

the LHR distal C-tail to an EE localized GPCR, a C-tail truncated form of the V2 vasopressin
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receptor (V2R), reroutes the receptor to the VEE and in turn alters the ERK signalling from a
transient to a sustained ERK signalling profile (Jean-Alphonse et al. 2014). More recently,
we have demonstrated that acute Gas/CAMP signalling activated by LHR primarily occurs
from the VEE compartment and not the plasma membrane (Sposini et al. 2017), as has
been demonstrated for the D1 dopamine receptor, where internalization is necessary to
mediate acute dopaminergic signalling in striatal neurons (Kotowski et al. 2011). This, in
contrast to the EE localized GPCRs discussed above where the G protein endosomal
signalling contributes to the prolonged or sustained, but not acute, cAMP signalling.
Surprisingly, APPL1, which was essential for driving GPCR recycling from the VEEs, also
negatively regulates this endosomal G protein signalling, without impacting ERK signalling.
By visualizing active G protein on LHR occupied VEEs indicated that this signalling occurs
from distinct VEE populations both positive and negative for APPL1 and even across
microdomains within these small endosomes. In contrast to its role in recycling, APPL1 must
be in its unphosphorylated form to negatively regulate endosomal signalling, further
indicating that the VEE compartment is a heterogenous one functionally both across

individual VEEs and perhaps even within a single VEE (Sposini et al. 2017) (Figure 2C).

For LHR, the downstream role of VEE targeting and the G protein and ERK signalling from
this compartment remains to be determined, although these membrane trafficking pathways
are conserved, and the VEE/APPLL1 recycling of LHR was also evident in primary human
endometrial stromal cells that endogenously express this receptor (Sposini et al. 2017).
Further, LH does induce a sustained ERK signalling profile in human ovarian granulosa cells
that negatively regulates expression of aromatase (an enzyme key in converting androgens
to estrogens) (Casarini et al. 2012), a signalling profile that may result from localization to
and trafficking from VEEs. Furthermore, 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 (Lyga et al. 2016), although
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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 (Galet et al. 2004; Galet et

al. 2003; Hirakawa et al. 2003b; Nakamura et al. 2000).

4.2.2-Signalling of GPCRs from further intracellular membrane compartments
The endomembrane compartment includes not on the early stages of the pathway, i.e VEE
and EEs but is interconnected with late endosomes/MVBs and also with the biosynthetic
compartment and the Golgi. Therefore, it is conceivable that these have the potential to
provide additional signal platforms. The strongest evidence to date that late endosomes, or
MVBs, could represent GPCR signalling platforms is their requirement for Wnt-mediated
signalling. Wnts activate the Frizzled members of the GPCR superfamily. Rather than
attenuate receptor signalling, the sequestration or involution of the enzyme glycogen
synthase kinase 3 (GSK3) with the Wnt/Frizzled receptor was essential for sustained WNT
signalling, illustrating a signalling role of MVBs independent of receptor degradation (Figure
2D). This results in a decrease of active GSK3 causing the accumulation of newly
synthesized [-catenin and its subsequent transportation to the nucleus to activate gene

transcription (Dobrowolski et al. 2012; Taelman et al. 2010).

A recent study has extended the endosomal signalling properties of the TSHR in thyroid
cells to the TGN. Employing tools such as, fluorescently labelled TSH to track the trafficking
of the endogenous TSH receptor, FRET based sensors of cAMP/PKA activity and
nanobody37 to direct visualize the compartment that Gas activation, the authors identified
that while the ligand/receptor complex passed through the EE, it accumulated in perinuclear
tubulovesicular structures positive for markers of the TGN and retromer, where active Gas
was also recruited to following stimulation with TSH (Figure 2B). The effector of this
compartmentalized cAMP signalling activated by TSHR from the TGN was identified to be

specifically PKA 1l isoform, and interestingly this organization of internalized TSHR to TGN
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was necessary for TSH mediated phosphorylation of CREB and activation of early response
genes. Intriguingly, the B1AR has also been shown to generate Gas/CAMP signals from the
Golgi, however, unlike TSHR this active receptor is not internalized receptor from the plasma
membrane but is a pre-existing receptor pool. Given we have also shown that B1AR
employs the VEE/APPL1 endosomes for its regulation (Sposini et al. 2017), highlights that
compartmentalized G protein signalling of internalized GPCRs can occur from multiple sites;
EEs, VEEs and the TGN, and that the same receptor may activate signalling from more than
source with perhaps distinct functional consequences. The impact to cell function,
physiology and whether we can harness these properties of GPCRs therapeutically, will be

discussed next.

4.3 The physiological and therapeutic significance of GPCR endosomal signalling

The studies to date have clearly demonstrated that the endocytic system can temporally
control plasma membrane signalling and as platforms for spatial control signalling directly
from intracellular compartments; enabling a cell to control signalling with exquisite precision
and diversify GPCR activity even from a single heterotrimeric G protein pathway. However,
key questions remain unanswered. What is the physiological significance of GPCR plasma
membrane versus endosomal signalling, and how do cells mechanistically decode similar
signals (e.g. Gas-cAMP, ERK) from plasma membrane versus endomembrane, or as
described above, even between different types of endosomes, to manifest in discrete
downstream responses? The physiological relevance for the persistent endosomal cAMP
signalling, first observed for the TSHR and PTHR, was also demonstrated in these seminal
studies. For TSHR, pituitary TSH acts on the thyroid gland resulting in secretion of the
hormones thyroxine, which is converted to triiodothyronine, that is key in regulating
metabolism. Sustained endosomal cAMP signalling was demonstrated for TSHR in 3D
cultures of thyroid follicles (Calebiro et al. 2009). TSH-mediated cAMP signalling in the

thyroid is known to reorganize the actin cytoskeleton via the PKA effector vasodilator-
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stimulated phosphoprotein (VASP), which regulates actin polymerization. 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 (Calebiro et al. 2009). For the PTHR, which has critical roles in regulating
Ca?" homeostasis, sustained signalling 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, with clinical implications for using PTH analogs in osteoporosis due
to their sustained signalling properties (Ferrandon et al. 2009; Okazaki et al. 2008). The
spatial organization of second messenger signalling is likely to be important in a wider
physiological context. Indeed, the downstream roles of sustained endosomal cAMP
signalling has been also been reported for other GPCRs including; the glucagon-like peptide
1 receptor with a requirement in glucose-stimulated insulin secretion (Kuna et al. 2013), the
V2R with roles in regulating renal water and sodium transport (Feinstein et al. 2013) and the
pituitary adenylate cyclase activating polypeptide type 1 receptor to regulate neuronal
excitability (Merriam et al. 2013). However, two recent elegant studies have not only
demonstrated the physiological importance of endosomal GPCR signalling, but that this
population of receptors is a viable and efficacious therapeutic target. Both the neurokininl
receptor, whose endogenous ligand is substance P, and the Class B GPCR the calcitonin-
receptor-like receptor (CLR) activated by calcitonin gene related peptide (CGRP). Both
these GPCRs were shown to exhibit endosomal G protein/second messenger and MAPK
signalling, and that if this endosomal signalling was disrupted in vivo prevented nociception
in spinal neurons. Moreover, these groups were then able to demonstrate that blocking the
intracellular endosomal population of receptors, via lipid conjugation of receptor specific
antagonists with cholestenol, and injection intrathecally to animals, blocked responses to
nociceptive stimuli (Jensen et al. 2017; Yarwood et al. 2017). It is clear from these studies
that it is technically possible to target different populations of receptors at a spatial level, and

perhaps will steer future drug targeting opportunities for ligands that do not just bias between
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two signal pathways, but directs the receptor to distinct subcellular locations to achieve the

desired signal profile.

Clues on how cells decode signals at a spatial level have been provided from studies of
B2AR endosomal signalling. Through the use of optogenetic adenylate cyclase probes
targeted to either plasma membrane, endosome or cytoplasm, the functional role of this
endosomal Gas-cAMP signalling is to activate distinct downstream transcriptional responses
(Tsvetanova and von Zastrow 2014), demonstrating that endosomally generated cAMP is
differentially translated by the cell. Furthermore, the exquisite precision that the spatial
control of B2AR signalling affords has been further demonstrated by Bowman and
colleagues. Assessing the same downstream endosomally-driven transcriptional responses
identified in (Tsvetanova and von Zastrow 2014), the authors identified that B2AR must
reside in regulated, and not default, recycling tubules to activate this downstream
transcriptional response, consistent with their findings that active Gas signalling occurs
exclusively in these microdomains ((Bowman et al. 2016) and Figure 2). Given that GPCRs
such as the B2AR where only a fraction of the sustained cAMP produced by this receptor is
endosomally driven, it is proposed that a key function of regulated recycling over default
recycling is to modulate the degree of signalling between surface and endosomal signals,
and subsequently downstream responses (Bowman et al. 2016). Indeed, a distinct study
exposes the sensitivity of B2AR endosomal signals to specific control of certain genes,
whereby the endosomal signal saturates at a level well below the cell’'s transcriptional
capacity, and that it is the number of receptor-containing endosomes that modulates the
endosomal signalling 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 signalling as a
biological ‘noise’ filter (Tsvetanova et al. 2017). It remains to be determined if this applies to

GPCRs with a higher dependency on endosomal signalling, such as PTHR or LHR, and
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where there are known opposing ligand-dependent differences in sustained endosomal

signalling.

5. Future Perspectives

Our view of endocytic trafficking in regulating GPCR signalling has evolved from a system
that regulates cellular and tissue sensitivity of a ligand to a model where trafficking and
signalling is highly integrated at multiple levels. Our more recent understanding has been
rapidly advanced by development of novel tools and imaging technologies that applied to
this area has challenged the archetypal view of signal regulation for this superfamily of

signalling receptors.

The physiological role of GPCR endosomal signalling has been demonstrated for several
GPCRs, and it is likely we will see further examples where these mechanisms are perturbed
in disease. Certainly, with some GPCRs such as the calcium-sensing receptor, the
involvement of endosomal signalling has emerged from the clinic, as it was disease causing
mutations in the endocytic machinery that mediate clathrin-mediated endocytosis of this
receptor, the sigma subunit of AP2, that led to discovery for spatially directed G protein
signalling from this GPCR (Gorvin et al. 2018). It also illustrates that even minor
perturbations in trafficking systems, such as altering endosomal compartment, or loss/gain
of an adaptor protein that regulates endosomal signalling, could have profound effects on
cellular signalling. Given these receptors represent an established and successful
therapeutic target, GPCR endosomal signalling has the potential to impact on not only how
compounds are assessed but also provide novel therapeutic avenues to ‘fine-tune’ receptor
activity. The translational road from cell biology to drug development is often slow but with
the growing appreciation of not only pleiotropy in GPCR signalling, but also in creating
compounds with pathway selectivity, and critically that there is evidence now that in doing so

as a valid and physiological significant strategy, provides a precedence for value in such
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approaches. Thus, it is very possible that future pharmacological targeting of GPCR

endocytic signalling systems is likely be expedited.
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associated sorting protein-1; GDP, guanosine diphosphate; GEF, GDP exchange factor;
GIPC, Gai-interacting protein C terminus; GPCR, G protein coupled receptors; GRK, GPCR
kinase; GSK3, glycogen synthase kinase 3; GTP, guanosine triphosphate; HGF, hepatocyte
growth factor; Hrs, HGF regulated tyrosine kinase substrate; LHR, luteinizing hormone
receptor; MOR, p-opioid receptor; MVB, multi vesicular body; PAR, protease activated
receptor; PDZ, postsynaptic density 95/disc large/zonula occludens-1; PI3P,
phosphatidylinositol-3 phosphate; PKA, protein kinase A; PKC, protein kinase C; PSD,
postsynaptic density protein 95; PTHR, parathyroid hormone receptor; RGS, regulator of G
protein signalling; SNX27, sorting nexin 27; STAM, signal transducing adaptor protein

STAT, signal transducer and activator of transcription; TAB1, TGF-beta activated kinase 1

binding protein; TGN, trans-Golgi network; TM, transmembrane; TSHR, thyroid stimulating
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hormone receptor; UBD, ubiquitin binding domain; UBPY, ubiquitin-specific processing
protease Y; V2R, V2 vasopressin receptor ; VASP, vasodilator stimulated phosphoprotein;
VEE, very early endosome; Vps, vacuolar protein sorting; WASH, Wiskott-Aldrich Syndrome

Protein and SCAR Homolog; Wnt, Wingless-related integration site
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Figure Legends

Figure 1. Archetypal model of GPCR activation, internalization and post-endocytic sorting
with additional modes of GPCR internalization highlighted in pink box. The ligand activated
receptor (1) is phosphorylated on multiple intracellular sites by GPCR kinases (GRKSs) (2i)
resulting in recruitment and binding of B-arrestin (2ii). B-arrestin uncouples receptors 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 endosome (4). From
here GPCRs sorted to divergent pathways either back to the plasma membrane leading to
receptor resensitization (5a) or sorted to lysosomes for its degradation, leading to permanent
signal termination (5b). GPCRs can also internalize via additional dynamin-depdenent
pathways including; caveloae or FEME (fast endophilin-mediated endocytosis), and even

organized in to flat clathrin plaques or lattices (see text).

Figure 2. GPCR intracellular signaling at distinct endosomal compartments. (A) GPCRs that
transiently associate with arrestins (e.g. B2AR) are internalized to early endosomes (EES)
where active receptors are present throughout the endomembrane, although the pathways
in addition to Gas/cAMP are not known. Gas mediated-cCAMP production is elicited by
receptors organized in signal microdomains including recycling tubules marked by sorting
nexin 27 (SNX27), retromer and WASH complexes. a-arrestin, which associates with
endosomal sorting complex required for transport 0 (ESCRTO0), regulates the endosomal
signaling by retention of receptors outside these tubules. (B) GPCRs that exhibit a sustained
association with B-arrestin during internalization (e.g. V2R, PTHR) are also targeted to the
EE, where they continue to activate cAMP via the interaction with both the G protein
heterotrimer and B-arrestin. Interaction of GPCR with retromer and SNX27 dictates its
localization into recycling tubules and terminates endosomal signaling. GPCRs such as
TSHR are also able to activate Gas/cAMP via retrograde transport to the TGN. (C) Certain

GPCRs (e.g. LHR) are internalized into very early endosomes (VEES), whereby a
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subpopulation is marked by APPL1. The primary cAMP signaling is acutely generated from
the VEEs and negatively regulated by APPL1. The receptor-mediated activation of
Gas/cAMP/PKA pathway phosphorylates APPL1 and this phosphorylated form drives
receptor recycling back to the plasma membrane. (D) GPCRs such as Frizzled, are sorted to
the lysosomal pathway and can induce a sustained Wnt-mediated (-catenin response via
ESCRT-dependent involution into multi vesicular endosomes (MVE) with glycogen synthase

kinase 3 (GSK3). (see text).
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