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Abstract
The trafficking of G protein–coupled receptors (GPCRs) to
different membrane compartments has recently emerged as
being a critical determinant of the signaling profiles of activa-
tion. GPCRs, which share many structural and functional
similarities, also share many mechanisms that traffic them
between compartments. This sharing raises the question of
how the trafficking of individual GPCRs is selectively regulated.
Here, we will discuss recent studies addressing the mecha-
nisms that contribute to selectivity in endocytic and biosyn-
thetic trafficking of GPCRs.

Addresses
1 Program in Cellular and Molecular Biology, University of Michigan
Medical School, Ann Arbor, MI, USA
2 Department of Pharmacology, University of Michigan Medical School,
Ann Arbor, MI, USA

Corresponding author: Puthenveedu, M.A. (puthenve@umich.edu)
a These authors contributed equally to the article.
Current Opinion in Cell Biology 2021, 71:158–165

This review comes from a themed issue on Membrane Trafficking

Edited by Judith Klumperman and Thomas Pucadyil

For a complete overview see the Issue and the Editorial

Available online 7 May 2021

https://doi.org/10.1016/j.ceb.2021.03.002

0955-0674/© 2021 Elsevier Ltd. All rights reserved.
Introduction
The regulation of signaling by membrane trafficking has
traditionally been attributed to trafficking’s role in
controlling the number of signaling receptors on the cell
surface [1]. For G proteinecoupled receptors (GPCRs),
the largest single family of signaling receptors [2], the
removal of activated receptors from the cell surface by
endocytosis and recovery of receptors on the surface by
either recycling of internalized receptors or delivery of
new receptors control the strength of response to
extracellular ligands [3,4]. Recent studies, however,
have highlighted more complex aspects of how traf-

ficking regulates signaling. One is that GPCRs can signal
from a variety of intracellular compartments [5,6].
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Another is that mechanisms that regulate GPCR traf-
ficking are heterogeneous, allowing selective control
over the location and trafficking of individual GPCRs
[3]. These aspects have highlighted a new idea that the
primary role of trafficking might be to move specific

GPCRs between specific signaling complexes on
different membrane domains, as opposed to simply
regulating cell surface receptors [7,8]. In this review, we
will discuss recent studies on endocytic and biosyn-
thetic trafficking of GPCRs, focusing on example
mechanisms that provide specificity in the midst of
shared mechanisms.

Endocytic trafficking
The mechanisms of GPCR endocytosis and post-
endocytic trafficking after receptor activation, which are
common features of many GPCRs, have been exhaus-
tively addressed in several reviews [3,9e11]. We will

discuss recent findings on receptor interactions and
signaling pathways that provide selectivity within these
mechanisms.

Selectivity in endocytosis of GPCRs
How the endocytosis of GPCRs is individually
controlled has been a long-standing question, consid-
ering that the general mechanism is shared broadly
across most GPCRs [11]. Activated GPCRs undergo
specific conformational changes that, in addition to
catalyzing guanosine triphosphate (GTP) exchange on
G proteins, allow GPCR kinases to phosphorylate the
receptor C-termini. These phosphorylated C-termini
are recognized by arrestins, which act as adapters that

link receptors to the clathrin endocytic machinery [12e
14].

One aspect of this process that could be selective is
receptor phosphorylation. Many GPCRs have multiple
phosphorylation sites on its C-terminal tail, which are
required for receptor internalization [15,16]. For
example, in the mu-opioid receptor (MOR), a phos-
phorylation cluster within residues 375e379 is the pri-
mary mediator of endocytosis [17,18], which might be
driven mainly by GRK2 in HEK293 cells [19]. C-ter-

minal sites may be phosphorylated hierarchically by
multiple kinases [20,21], suggesting that each GPCR
could have a set of kinases that phosphorylate it and
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drives endocytosis. For example, the receptor tyrosine
kinase anaplastic lymphoma kinase (ALK) associates
with the dopamine D2 receptor (D2R) but not the
closely related dopamine D1 receptor. An inhibitor of
ALK blocks internalization of D2R but not of D1R.
ALK-mediated activation of protein kinase C g (PKCg)
downstream of dopamine is required and sufficient for
D2R internalization in HEK293 cells [22]. The exact

ALK-dependent internalization mechanism is not clear,
but PKCg may influence the phosphorylation patterns
of D2R and target interactions between D2R and
arrestin.

For the vasopressin 2 receptor (V2R), differences in
phosphorylation at specific residues tuned the strength
of arrestin interactions and regulate endocytosis. Mu-
tation of Ser 357 or Thr 360 to alanines reduced arrestin
binding as measured by co-immunoprecipitation but
still retained enough binding to be visualized as mem-

brane recruitment by microscopy. This reduced binding
in the case of Ser 357 mutation was still sufficient for
qualitatively similar levels of V2R and arrestin localiza-
tion to endosomes. In contrast, reduced binding in the
case of Thr 360 mutation abolished arrestin localization
to endosomes, although its effect on V2R endocytosis
was not directly measured [23]. Similarly, a naturally
occurring variant at Thr 282 for the angiotensin II re-
ceptor 1 induced a distinct conformation of arrestin
upon binding, which was less stable but still supported
endocytosis [24].

The second aspect of endocytosis that could be selec-
tive are “checkpoints” that exist after GPCR localization
Figure 1

GPCR endocytosis is regulated by selective mechanisms. GPCR endocyt
HT1AR can switch between clathrin-dependent or caveolin-dependent endoc
suggests that GPCR endocytosis can be regulated by the local membrane e
could be regulated by the slate of kinases that determine the phosphorylation
loops contain additional sequences that regulate later steps in endocytosis by i
Although these mechanisms are still not fully understood, newer methods inclu
help us decipher the interpay between these factors, GPCRs, and the endoc
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to endocytic domains (Figure 1). GPCR C-terminal tails
contain specific sequences that interact with several
components of the endocytic machinery. For example, a
type I PDZ ligand on the C-terminus of the beta 2
adrenergic receptor indirectly links receptors to the
actin cytoskeleton in clathrin-coated pits. This link
delays the recruitment of dynamin, a GTPase that is
required for membrane scission during endocytosis [25].

In contrast, PDZ-mediated interaction of mGluR1 and
mGluR5, two metabotropic glutamate receptors, with
the scaffold protein tamalin is essential for receptor
endocytosis [26]. In this case, tamalin might link the
receptors to motors via a scaffold protein S-SCAM,
suggesting that it acts at a late step. An unrelated
“bileucine” sequence on the C-terminal tail of MOR
delays scission even after dynamin is recruited [27]. The
same receptor might contain multiple discrete se-
quences that regulate endocytosis. The first intracel-
lular loop of MOR contains specific lysines that are

ubiquitinated by the ubiquitin ligase Smurf2. This
ubiquitination, recognized by the endocytic accessory
protein Epsin1, is required for endocytic scission [28].
For the protease-activated receptor 1, ubiquitination-
dependent recruitment of Epsin1 and the endocytic
adapter AP-2 can induce receptor endocytosis in the
absence of arrestins [29]. The third intracellular loop of
the beta 1 adrenergic receptor (B1AR) recruits endo-
philin, a BAR domainecontaining protein that generates
membrane curvature as part of the endocytic machinery,
when linked to Giant Unilamellar Vesicles. Endophilin,

once recruited via interactions of the third loop with the
endophilin SH3 domain, can generate membrane cur-
vature on these vesicles [30]. Specific local protein
osis from the plasma membrane can be regulated at multiple steps. The 5-
ytosis depending on cholesterol levels in the plasma membrane, which
nvironment. GPCR interactions with arrestin, a shared endocytic adapter,
patterns on the GPCR C-termini. The GPCR C-termini and cytoplasmic

nteracting with structural scaffold proteins such as PDZ proteins or tamalin.
ding high resolution live cell microscopy and single molecule tracking may
ytic machinery.
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interactions of individual GPCRs might therefore delay
or facilitate their own endocytosis by modulating
endocytic components.

A third aspect is the selective interaction of GPCRs with
membrane lipids. The third intracellular loop of the
B1AR, described previously, electrostatically interacts
with anionic phospholipids, which interfere with SH3

recruitment [30]. GPCRs might localize to micro-
domains, such as lipid rafts or caveolae on the surface,
often in a regulated manner [31,32]. Activation of the
glucagon-like peptide-1 receptor (GLP-1R) in pancre-
atic beta cells redistributes the receptors to membrane
nanodomains that contain the lipid raft marker flotillin
[33]. When cholesterol was depleted by methyl-b-
cyclodextrin, GLP-1R failed to redistribute to nano-
domains and to internalize. Receptor palmitoylation and
different agonists regulated this redistribution, raising
the possibility that the process could be regulated by

signaling. The role that cholesterol interactions play
could be specific for each GPCR. When cholesterol was
depleted by statin drugs, 5-HT1A receptors (5-HT1AR)
internalized, but the pathway switched from clathrin-
mediated to caveolin-mediated endocytosis [34].
Interestingly, when cholesterol was depleted to similar
levels using methyl-b-cyclodextrin, 5-HT1AR still
internalized via a clathrin-mediated pathway, although
postendocytic sorting was altered [35].

Several cholesterol-binding motifs, termed cholesterol

consensus motifs, cholesterol recognition amino acid
consensus (CRAC) motifs, or CARC motifs when they
exist in reverse, have been identified in GPCRs [36,37].
In many cases, the motifs have been functionally
confirmed as being required for normal GPCR traf-
ficking. A recent analysis of structural data across avail-
able GPCR structures, however, concluded that CRAC
motifs are not predictive of cholesterol binding [38].
One potential way to reconcile these observations is that
the motifs reflect potential hot spots of interactions
[39]. Another way is to consider that lipid binding might
be hierarchical, where allosteric changes caused by lipid

binding on one site increases or decreases the affinity of
other lipid-binding sites. In this context, it is important
to note that the structural informatics [38] was based
largely on structures generated under conditions using
synthesized lipids or detergents, which are different
from in vivo environments where a full complement of
lipids and proteins are present. Overall, much less is
known about how lipids interact with GPCRs, compared
with how proteins interact with GPCRs.

Selectivity in postendocytic trafficking of GPCRs
Internalized GPCRs typically have two fates once they
are internalized and trafficked to the endosomal system.
They may recycle back to the cell surface or may be
degraded in the lysosome [9,10]. Nutrient receptors

such as the transferrin receptor are recycled largely by
Current Opinion in Cell Biology 2021, 71:158–165
bulk membrane flow [40], but GPCR recycling requires
specific sequences on receptors. These sequences both
restrict GPCRs from recycling by bulk flow and direct
GPCRs to sequence-dependent recycling or degrada-
tion [3,10]. Mutating two protein kinase A (PKA)
phosphorylation sites on B2AR converts the receptor
into a bulk recycling protein, suggesting that bulk
sorting is hierarchically above sorting between

sequence-dependent recycling and degradation [41]. At
present, the factors that restrict GPCRs from accessing
the bulk recycling pathway are not known.

Spatial segregation of GPCRs in the endocytic
pathway.
The endolysosomal system is now recognized as a
complex mix of partially overlapping membrane systems
that constantly mature along the endocytic pathway
(Figure 2). The current model is that endocytosed
GPCRs pass through the very early endosome (VEE) to
the early endosome (EE). The VEE is marked by APPL1
but devoid of Rab5 and EEA1, which mark the EE. The
luteinizing hormone receptor (LHR) and the follicle-
stimulating hormone receptor (FSHR) are localized to

the VEE after activation [42]. Many other GPCRs such
as the prototypical B2AR are localized mainly to EE after
activation [43].

The steady-state segregation of GPCRs in distinct
compartments likely represents receptor recycling from
that compartment. LHR and FSHR are rapidly recycled
from the VEE via interactions of receptor C-termini
with the PDZ-containing protein GIPC. Disrupting
PDZ-GIPC interactions decreases recycling and shifts
the steady state distribution of LHR to the EE and later

compartments [42]. Similarly, B2AR is recycled from the
EE by interactions of a PDZ ligand on its C-terminal tail
with proteins in the actin-sorting nexin-retromer
tubular domains of endosomes. Disrupting PDZ in-
teractions decreases recycling and drives B2AR into the
late endosomal pathway to be degraded [44]. For the
atypical chemokine receptor 3, overexpression of
RAMP3, a PDZ-containing member of a family of single-
transmembrane proteins that associate with GPCRs,
and NSF qualitatively changes receptor localization
from Rab7 late endosomes to Rab4 early endosomes,
after an hour of agonist treatment and 4 h of washout

[45]. GPCRs in the EE may also be trafficked to a
dedicated recycling endosome marked by Rab11, from
which they can recycle. Receptor interactions with
these specific components and localization depend on a
slate of posttranslational modifications on the receptor,
such as phosphorylation or ubiquitination [15].

Regulation of GPCR sorting by signaling
Signaling pathways downstream of the same receptor
(homologous) or other receptors (heterologous) could
selectively regulate the rates of sorting and recycling of
GPCRs by inducing posttranslational modifications on
www.sciencedirect.com
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Figure 2

A sequential model for GPCR sorting throughout the endolysosomal network. After internalization from the plasma membrane, GPCRs are
sequentially transported through the VEE and EE, at which point they are sorted into the RE or the late endocytic/degradative pathway. These com-
partments are marked by specific biochemical components. GPCRs can interact with specific recycling trafficking proteins in these compartments that
direct them to the recycling pathway. Selected examples of markers for compartments and GPCRs that recycle from them are shown. It is important to
note that these compartments are depicted separately to denote where the majority of components are at steady state. In vivo, these compartments are
likely to overlap significantly because of dynamic membrane exchange and maturation.
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select GPCRs. B2AR activity reduces the rate of B2AR
recycling via receptor phosphorylation by PKA [41].
MOR activity, however, increases MOR recycling inde-

pendent of PKA via phosphorylation at Ser 363 and Thr
370 by PKC downstream of receptor activation [46].
The same sites on MOR can also be phosphorylated by
PKC downstream of neurokinin-1 signaling to increase
MOR recycling and resensitization, allowing for cross-
talk between these signaling pathways [47]. For the
chemokine receptor CXCR4, however, PKC activation
drives receptor degradation, suggesting that the same
signaling pathway can affect different receptors differ-
ently [48]. PKC phosphorylation of CXCR4 at Ser 324/
325 recruits the ubiquitin ligase AIP4. PKC was suffi-

cient but not necessary for CXCR4 degradation,
suggesting that another kinase might phosphorylate one
of these residues and recruit AIP4 [48]. Importantly,
postendocytic sorting mechanisms might be leveraged
by physiological systems to fine tune the effects of re-
ceptor activation. Two endogenous ligands regulated the
postendocytic fate of the kappa opioid receptor (KOR)
differently [49]. Dynorphin B caused KOR to rapidly
recycle via Rab11, whereas Dynorphin A caused KOR to
be degraded in the lysosomes. Interestingly, KOR
localized to the lysosomes was able to signal from there,

causing a sustained signaling compared with when KOR
was recycled.

Biosynthetic trafficking
The folding and export of GPCRs from the endoplasmic
reticulum is regulated by a variety of interacting proteins
www.sciencedirect.com
andby exogenous drugs that act as chaperones [50,51]. In
contrast, whether and how GPCR trafficking after ER
export is regulated is lesswell understood. In this section,

we will discuss recent data describing the heterogeneous
mechanisms that regulate GPCRs transport from com-
partments after ER export (Figure 3).

Many “general” trafficking proteins, such as small
monomeric GTPases and their interactors, have been
implicated in GPCR export from the Golgi apparatus
[50]. For example, the trafficking of a2B-adrenergic
receptors depends on the Golgi-localizing, gamma-
adaptin ear homology domain, ARF-binding (GGA)
family of proteins and Rab26 [52e54]. GGA1, 2, and 3

all interact with the third intracellular loop of a2B-
adrenergic receptor, although by different mechanisms.
Depleting any one of the GGAs causes a partial reduc-
tion in surface delivery of a2B-adrenergic receptor,
suggesting that each of them is partially required. GGA3
binds an RRR motif in the loop, whereas GGA1 and 2 do
not. GGA3 depletion reduces export also of a2C-
adrenergic receptors, but not of a2A-adrenergic re-
ceptors. Rab26 also binds the same intracellular loop in a
GTP-dependent manner, regulated by the putative GAP
TBC1D6 [54]. Unlike for GGA3, linear motifs on the

receptor required for GGA1, GGA2, or Rab26 could not
be identified by deletion studies, suggesting that they
may bind a multipartite motif based on a specific
conformation of the loop. Interestingly, an alternatively
spliced variant of GGA1 lacks the hinge region of GGA1
that interacts with the a2B-adrenergic receptor,
Current Opinion in Cell Biology 2021, 71:158–165
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Figure 3

Post-Golgi trafficking of GPCRs can be regulated by diverse mechanisms. Example pathways by which GPCR export can be regulated. GPCRs
such as the ⍺-2B adrenergic receptor and angiotensin II receptor type I are exported by interactions with GGA proteins. SSTR5 and B1AR are retained in
the Golgi via interactions with PIST, a PDZ-binding protein. DOR, on the other hand, is kept in the Golgi by constant retrieval via COPI interactions. CB1 is
routinely trafficked to lysosomal compartments via AP-3 interactions, and disrupting these interactions redirects receptors to the plasma membrane. It is
possible that additional pathways exist and that these pathways and interactions are relevant to different receptors in different cell types based on
expression of components.
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suggesting that isoform expression could provide selec-
tivity [55]. As another example, the export of PAR2 from
the Golgi requires the activation of protein kinase D
(PKD). In this case, PKD is activated by Gbg trans-
location to the Golgi after PAR activation, causing a

feedback loop for repopulating the surface after receptor
downregulation [56]. Gbg and PKD are required for
general TGN export [57], and whether other cargo
molecules are also regulated downstream of PAR2 acti-
vation is not clear. Nevertheless, it is clear that some
GPCRs use the predominant TGN export pathways to
traffic to the cell surface.

Selective mechanisms that localize specific GPCRs
without affecting trafficking in general have also been
recently identified. The Leukotriene B4 Receptor Type

2 (BLT2) contains an unidentified sequence on its C-
terminal tail, which enables it to interact with the
scaffold protein LIN7C [58]. A truncated BLT2 without
this tail accumulates in the Golgi. But when LIN7C is
depleted, BLT2 accumulates in intracellular compart-
ments not restricted to the Golgi. In contrast, over-
expression of the PDZ protein PIST localizes
somatostatin receptor 5 and B1AR to the Golgi [59,60],
presumably by interacting with the C-terminal PDZ
ligand on the receptor.

The delta opioid receptor (DOR) provides a unique and
interesting example of a GPCR whose Golgi localization
Current Opinion in Cell Biology 2021, 71:158–165
is cell type specific and highly regulated. In neurons,
newly synthesized DOR is retained in intracellular
compartments that overlap with the Golgi, but in
nonneuronal cells, DOR is efficiently expressed on the
surface [61,62]. This Golgi localization is highly regu-

lated by signaling. In the neuroendocrine PC12 cells,
DOR is normally expressed at the cell surface, but a
short exposure to Nerve Growth Factor, which inhibits
phosphoinositide 3 kinase class 2 and reduces PI(3,4)P
levels, induces Golgi localization of DOR [63]. The
current model for this retention is that in neurons or in
NGF-treated PC12 cells, DOR is constantly retrieved to
earlier compartments in the Golgi by regulated in-
teractions with the coatomer protein 1 (COPI) complex.
DOR contains two atypical COPI-binding RXR motifs
in its C-terminal tail [64], which are required and suf-

ficient for regulated Golgi localization. DOR contains
additional canonical COPI-binding motifs in the second
and third intracellular loops [65], which could
contribute to a basal level of intracellular DOR. At
present, whether these interactions are regulated is not
known.

In contrast to DOR, endogenous cannabinoid receptor 1
(CB1R) is localized to the late endosomal compart-
ments and axonal surface in hippocampal neurons
[66,67]. The late endosomal localization could be

because of the shunting of CB1R in the TGN to an
adaptor protein 3demediated export pathway [66]. The
www.sciencedirect.com
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deletion of helix 9 (H9) in the C-terminus caused CB1R
to lose axonal polarization, but it was still delivered to
the surface [67]. This suggests that the receptor might
be able to access multiple export pathways out of the
TGN. The mechanism by which H9 regulates export is
not known. The amphipathic nature of the helix might
play a role, as amphipathicity of H8 was required for the
export of apelin receptor from intracellular compart-

ments and for efficient surface expression [68].

Outside of specific adapters and interacting proteins,
receptor oligomerization is an exciting possibility that
could provide specificity to trafficking. For example, the
transport protein RTP4 interacts with MOR and DOR
and selectively increases expression of heteromers on
the surface [69], without affecting individually
expressed MOR and DOR or CB1R or dopamine 2 re-
ceptors [70]. Overall, the diversity of mechanisms that
regulate Golgi retention and export suggest that GPCR

delivery via the secretory pathway could be selectively
regulated for individual GPCRs.
Conclusions
The subcellular location of GPCRs could be a master

regulator of GPCR function, as the list of GPCRs
capable of signaling from intracellular compartments is
rapidly growing [5e7]. Modulating signals from specific
compartments, by either relocating receptors to the
plasma membrane [47,61] or specifically targeting
signaling from endosomes [71], has clear effects on
signaling and behavior. As we develop sophisticated
tools to study both the mechanisms of selective traf-
ficking and localized signaling of GPCRs [72e74], we
will be able to generate a more precise understanding of
spatial patterns of signaling for each member of this
important family of signaling receptors.
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