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Atypical regulation of G protein-coupled receptor intracellular
trafficking by ubiquitination
Michael R Dores and JoAnn Trejo

G protein-coupled receptor (GPCR) signaling is precisely

regulated. After activation, GPCRs are desensitized,

internalized and either recycled to the cell surface or sorted to

lysosomes for degradation. The main route for GPCR

lysosomal sorting requires ubiquitination and the endosomal-

sorting complex required for transport (ESCRT). Four distinct

ESCRT adaptor protein complexes act sequentially to bind and

sort ubiquitinated cargo to lysosomes. Several studies now

indicate that alternate pathways exist for GPCR lysosomal

sorting that require only some components of the ESCRT and

autophagy machinery. While direct GPCR ubiquitination is not

required for alternate lysosomal sorting, new evidence

suggests that ubiquitin may function indirectly to modulate

adaptor protein activity. Here, we discuss the atypical

regulation of GPCR lysosomal sorting by ubiquitination.
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Introduction
G protein-coupled receptors (GPCRs) are a large and

diverse family of signaling receptors that control vast

physiological responses. The temporal and spatial regula-

tion of GPCR signaling is critical for proper cellular and

organ function. Indeed, dysregulation of GPCR signaling

has been implicated in neurological dysfunctions, cardio-

vascular disorders, cancer progression and numerous other

diseases [1–3]. Signaling by GPCRs is rapidly desensitized

by phosphorylation and b-arrestin binding, which uncou-

ples the receptor from heterotrimeric G proteins and

promotes receptor internalization from the plasma mem-

brane (PM). Once internalized, agonist activated GPCRs

are sorted at endosomal membranes by adaptor proteins

and either recycled back to the cell surface or targeted to

lysosomes for degradation. In addition to desensitization,

intracellular trafficking of GPCRs has important roles in

signal termination, propagation and resensitization. Many

GPCRs require posttranslational modification with ubiqui-

tin and interaction with ubiquitin-binding domains

(UBDs) of the endosomal-sorting complex required for

transport (ESCRT) machinery for lysosomal sorting. How-

ever, not all GPCRs require direct ubiquitination or all

components of the ESCRT machinery for degradation in

the lysosome, suggesting that alternate sorting pathways

exist. Here, we highlight recent work on two alternative

pathways for GPCR lysosomal sorting that are regulated by

the GPCR associated sorting protein-1 (GASP-1) and

ALG-interacting protein X (ALIX).

Ubiquitin-dependent and ESCRT-dependent
sorting of GPCRs
Many but not all mammalian GPCRs require direct

ubiquitination for lysosomal sorting via the highly con-

served ESCRT pathway [4]. Ubiquitin is a 76-amino acid

protein that is covalently attached to lysine residues of

substrate proteins by ubiquitin ligases. Ubiquitin-conju-

gated proteins bind non-covalently to UBDs, a large,

structurally diverse class of protein modules [5]. The

ESCRTs comprise four distinct complexes, three of

which contain components with UBDs. These ESCRT

complexes bind, capture and sort ubiquitinated proteins

from early endosomes (EE) to late endosomes (LE)/

multivesicular bodies (MVBs), where cargo proteins are

incorporated into intraluminal vesicles (ILVs) of MVBs

and degraded (Figure 1) [6]. The ESCRT-mediated

GPCR lysosomal sorting pathway is best characterized

for the chemokine CXCR4 receptor and protease-acti-

vated receptor-2 (PAR2) (Figure 1) [7,8,9,10��]. However,

several new studies provide evidence that question the

absolute requirement for receptor ubiquitination and the

canonical ESCRTs in lysosomal sorting of GPCRs and

suggest that other pathways exist.

GASP-1-mediated GPCR lysosomal sorting
GASP-1 regulates lysosomal sorting of a subset of GPCRs

through a non-conventional pathway that requires some

but not all components of the canonical ESCRT and

autophagy machinery. In addition, GASP-1-mediated

lysosomal sorting occurs independent of GPCR ubiqui-

tination. GASP-1 was discovered in a yeast two-hybrid

screen using the cytoplasmic tail of the d-opioid receptor

(DOR) [11]. GASP-1 binds directly to the C-tail domain

of DOR as well as to many other GPCRs [12], but only

regulates degradation of GPCRs that are efficiently tar-

geted to the lysosome including DOR [11], cannabinoid 1

receptor (CB1R) [13], the cannabinoid related GPR55

[14], the D2 and D3 dopamine receptors [15,16] and the

virally encoded chemokine receptor US28 [17].

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in Cell Biology 2014, 27:44–50 www.sciencedirect.com



Author's personal copy

The GASP-1 protein lacks obvious functional domains and

is expressed predominantly in the central nervous system

[18]. The GASP-1 C-terminal and middle region appear to

mediate interaction with the C-tail domain of GPCRs

[11,12,19]; however little is known about how this inter-

action is regulated. A function for GASP-1 in agonist-

induced lysosomal sorting of GPCRs was initially assessed

by ectopic expression of a dominant-inhibitory GASP-1 C-

terminus and RNAi-mediated depletion of the endogen-

ous GASP-1 protein in cultured cells [11,16]. In more

recent work, genetic deletion of GASP-1 in mice suggests

a function in dopamine responsiveness that appears to be

linked to dysregulated trafficking of the D2 class of dopa-

mine receptors [15] and analgesic tolerance associated with

altered CB1R trafficking [13,20]. Thus, the regulation of

GPCR intracellular trafficking by GASP-1 appears to have

important in vivo functional relevance.

A role for GASP-1 in lysosomal sorting of DOR is most

clear. DOR is extensively ubiquitinated and efficiently

sorted to MVBs/lysosomes for degradation via a GASP-

1 dependent pathway (Figure 2) [11,21,22]. However,

lysosomal degradation of DOR does not require direct

ubiquitination or Tsg101 (ESCRT-I), despite its

dependence on HRS (ESCRT-0) and the AAA-ATPase

Vps4, a critical regulator of ESCRT function [22,23].

The non-ubiquitinated calcitonin receptor-like recep-

tor, also sorts to lysosomes for degradation through an

HRS-dependent pathway [24]. Thus, direct ubiquitina-

tion of GPCRs is not the only signal essential for ESCRT-

mediated sorting into lysosomes. It is possible that DOR-

associated proteins are ubiquitinated and provide the

signal necessary for engagement of ubiquitin-binding

ESCRT components. New studies showed that GASP-1

interacts with dysbindin, a component of the BLOC-1

complex [25], and that dysbindin regulates lysosomal

degradation of DOR and D2 dopamine receptors possibly

through interaction with HRS, an ESCRT-0 component

(Figure 2) [26�]. Dysbindin is also ubiquitinated by the

RING-domain containing E3 ubiquitin ligase TRIM32

[27], raising the possibility that ubiquitination of dysbindin

is important for GASP-1-mediated interaction with

ESCRTs and GPCR lysosomal sorting.

A more recent study reported a surprising function for

a new autophagy-associated protein Beclin-2 in the

Non-conventional GPCR lysosomal sorting pathways Dores and Trejo 45
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Ubiquitin-dependent and ESCRT-dependent sorting of CXCR4. In the absence of agonist, CXCR4 resides at the plasma membrane (PM). After agonist

stimulation, CXCR4 is ubiquitinated by the NEDD4-family member AIP4 E3 ubiquitin ligase and sorted from early endosomes (EE) to late endosomes

(LE)/multivesicular bodies (MVBs) by the ESCRT machinery, which binds to CXCR4 via ubiquitin-binding domains (UBDs) and function sequentially to

sort ubiquitinated CXCR4 to intralumenal vesicles (ILVs) of MVBs for degradation. The AAA-ATPase Vps4 disassembles and recycles ESCRT-III and is

essential for ESCRT function and CXCR4 degradation.
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regulation of GPCR lysosomal sorting via interaction with

GASP-1. An interaction between Beclin-2 and GASP-1

was discovered in a yeast two-hybrid screen designed to

assess potential autophagy independent functions of

Beclin-2 [28��]. A function for Beclin-2 in lysosomal

degradation of DOR and CB1R, but not CXCR4 was

demonstrated by siRNA-mediated depletion. The inter-

action between Beclin-2 and GASP-1 is also required for

GPCR degradation (Figure 2). In mouse embryonic fibro-

blasts derived from Beclin-2 knockouts, endogenous

CB1R and D2 dopamine receptor expression was elev-

ated [28��]. Moreover, Beclin-2 heterozygous deficient

mice exhibited increased expression of CB1R and altered

food intake, obesity and insulin resistance, suggesting a

potential causal relationship. These works reveal a critical

role for Beclin-2 in GASP-1-mediated sorting of GPCRs

from EE to lysosomes. However, many questions remain

as to how Beclin-2, dysbindin and GASP-1 engage com-

ponents of the ESCRT machinery to ultimately sort

GPCRs into ILVs of MVBs for degradation.

ALIX and GPCR lysosomal sorting
ALIX is a ubiquitously expressed, multivalent adaptor

protein that couples membrane-bound proteins to

ESCRTs. ALIX has three functional domains, an N-

terminal Bro1 domain, a central V-domain and a C-term-

inal proline-rich region, that bind to other adaptor

proteins and ubiquitin ligases [29–32]. In addition to

serving as an adaptor for ESCRTs during cytokinesis

[33], ALIX facilitates budding of enveloped viruses via

interaction with charged MVB protein 4 (CHMP4), an

ESCRT-III complex subunit that lacks UBDs [34,35].

However, unlike its yeast counterpart Bro1 [36], a role for

ALIX in lysosomal sorting of mammalian host cell

proteins remained obscure.

New discoveries now indicate that ALIX mediates lyso-

somal sorting of protease-activated receptor-1 (PAR1), a

GPCR for thrombin, via a non-canonical pathway that

requires ESCRT-III (Figure 3) [10��]. PAR1 is ubiquiti-

nated following activation, but ubiquitination is not

46 Cell regulation
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GASP-1 mediated lysosomal sorting of DOR. Upon ligand stimulation, DOR is internalized from the plasma membrane (PM) to early endosomes (EE),

where GASP-1 binds directly to the C-tail domain of DOR and facilitates lysosomal degradation via ESCRT-III and Vps4. Dysbindin also binds to

GASP-1 and HRS, a component of ESCRT-0, and mediates lysosomal degradation of DOR. A recent study now indicates that Beclin-2, a component

of the autophagy machinery, has a distinct function in lysosomal degradation of GPCRs including DOR that requires interaction with GASP-1. Although

ubiquitination of DOR is not required for lysosomal degradation, it is possible that ubiquitination of dysbindin mediated by the RING-domain E3 ligase

TRIM32 or some other component of this complex mediates interaction with HRS via its ubiquitin-interacting motif (UIM), but this has not been tested.

In addition, the order and timing of GASP-1, Beclin-2 and HRS recruitment to DOR remains unclear.

Current Opinion in Cell Biology 2014, 27:44–50 www.sciencedirect.com
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necessary or sufficient for lysosomal degradation of the

receptor [37]. In addition, neither HRS nor Tsg101 are

essential for PAR1 degradation [38], suggesting that this

receptor can bypass the requirement for both ubiquitina-

tion and ubiquitin-binding ESCRT components. This

pathway is mechanistically distinct from GASP-1-de-

pendent GPCR lysosomal sorting, which requires HRS

and Vps4, but not Tsg101 [22]. However, ESCRT-III and

Vps4 are essential for PAR1 degradation [10��], indicating

that some components are conserved in the GASP-1 and

ALIX regulated lysosomal sorting pathways.

The ALIX Bro1 domain has a curved structure that

cradles CHMP4 within its concave surface [31]. Intrigu-

ingly, an ALIX mutant lacking the Bro1 domain was

insufficient to restore PAR1 degradation in siRNA knock-

down/rescue experiments [10��], indicating that ALIX

interaction with CHMP4 is critical for lysosomal sorting

of PAR1 (Figure 3). In addition, depletion of ALIX by

siRNA prevented CHMP4 interaction with activated

PAR1. The central V-domain of ALIX is known to bind

to highly conserved YPXnL motifs [31,39] and interacts

with an YPX3L motif within the second intracellular loop

(ICL2) of PAR1 [10��]. Mutation of the critical tyrosine

residue within the YPX3L motif disrupts PAR1-ALIX

interaction and perturbs receptor degradation. While the

related PAR2 lacks the YPXnL sorting sequence and is

not regulated by ALIX, a subset of other class A GPCRs

with conserved YPXnL motifs within ICL2 were ident-

ified [10��]. These findings suggest that ALIX directs an

alternative GPCR lysosomal sorting pathway that is not

dependent on direct GPCR ubiquitination or ubiquitin-

binding ESCRT components but requires ESCRT-III

function.

Unlike the canonical ESCRT-dependent lysosomal sort-

ing pathway, the mechanisms that regulate ALIX-

mediated GPCR degradation are not known. Recent

findings now suggest that ubiquitin may directly modu-

late ALIX activity. The HECT-domain containing E3

ligase NEDD4-1 and the RING-E3 ligase Ozz-E3 were

shown to bind to and ubiquitinate ALIX (Figure 4)

[30,40]. Depletion of NEDD4-1 caused a decrease in

ALIX ubiquitination and attenuated ALIX-dependent

HIV-1 viral particle release [30], demonstrating that ubi-

quitin can regulate ALIX function. ALIX can also form a

complex with E3 ubiquitin ligases indirectly via inter-

action with the arrestin-domain containing proteins

(ARRDCs) (Figure 4). ARRDCs have arrestin-like N-

domains and C-domains, followed by a C-terminus that

contains consensus PY binding sites for HECT-domain

E3 ubiquitin ligases [41]. Of the five human ARRDCs,

ARRDC1 and ARRDC3 were shown to directly interact

with ALIX and WWP1, WWP2, NEDD4-1 and Itch/AIP4

Non-conventional GPCR lysosomal sorting pathways Dores and Trejo 47
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ALIX-mediated lysosomal degradation of PAR1. PAR1 is rapidly internalized from the plasma membrane (PM) following agonist stimulation and sorted

from early endosomes (EE) to late endosomes (LE)/multivesicular bodies (MVBs) independent of ubiquitination and ubiquitin-binding components of

the ESCRT machinery. PAR1 is targeted to lysosomes via interaction with ALIX, which binds directly to a YPX3L motif localized within the second

intracellular loop of PAR1, and recruits CHMP4/ESCRT-III to facilitate receptor sorting into intraluminal vesicles (ILVs) of MVBs for degradation.
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E3 ubiquitin ligases in a yeast two-hybrid screen [42�].
ARRDC3 was previously shown to mediate ubiquitina-

tion of b2-adrenergic receptor (b2-AR) and vasopressin

receptor-2 by recruitment of NEDD4-family E3 ubiqui-

tin ligases [43,44�]. However, a recent study suggests that

ARRDC3-mediated ubiquitination of b2-AR may play a

secondary role to b-arrestin-2 in ubiquitin-dependent

lysosomal degradation [45]; instead ARRDC3 sorts the

b2-AR/NEDD4 complex to a subpopulation of EE. It is

possible that ALIX or ARRDC binding partners recruit

E3 ubiquitin ligases to facilitate lysosomal sorting of

YPXnL-motif containing GPCRs; however the role of

ARRDCs in the ubiquitination  of ALIX, and the lyso-

somal sorting of YPXnL-motif GPCRs has yet to be

determined.

Three recent studies demonstrate that ALIX harbors a

highly conserved ubiquitin-binding region within the V-

domain that is distinct from the YPXnL binding site and

regulates its activity [46��,47��,48��]. Indeed, mutation of

critical residues within the UBD of ALIX abrogates

lentiviral budding [48��]. Interestingly, while ubiquitina-

tion of HIV-1 gag is required for viral budding, it is not

essential for interaction with ALIX [49], suggesting that

the UBD of ALIX is unlikely to function solely as a

binding site for ubiquitinated cargo, like its yeast hom-

ologue Bro1 [46��]. Rather, the UBD may bind ubiqui-

tinated residues within ALIX itself resulting in a

conformational change that enhances ALIX binding to

YPXnL motifs, interaction with cofactors or endosomal

membranes (Figure 4). ALIX binds to lysobisphosphati-

dic acid (LBPA), a unique lipid enriched at late endoso-

mal membranes [50], and is important for its function, but

how LBPA affects ALIX activity is not known. Recent

studies demonstrate that the Bro1 domain undergoes a

calcium-dependent conformational change that facilitates

recruitment of ALIX to LBPA-enriched membranes and

promotes viral budding [51��]. Ubiquitination of ALIX

may also enhance or stabilize this conformation, anchor-

ing ALIX to endosomal membranes during cargo sorting.

Another possibility is that the ALIX UBD enhances

interaction with adaptor proteins such as ARRDCs that

become ubiquitinated during receptor sorting. ARRDC1

is ubiquitinated by the E3 ligase WWP1 [42�], but the

ubiquitination status of ARRDC3 has not been reported.

The ALIX UBD may also facilitate ALIX dimerization.

48 Cell regulation
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Ubiquitin-mediated regulation of ALIX function. Several new studies indicate that ALIX function may be regulated by ubiquitination. E3 ubiquitin ligases

can bind to and directly ubiquitinated ALIX. It is also possible that the ARRDC adaptor proteins, which harbor PY motifs recruit HECT-domain

containing E3 ligases to ALIX to facilitate ubiquitination but this has not been examined. Intriguingly, ALIX was recently shown to contain a bona fide

ubiquitin-binding domain within the central V domain that is important for its function. This raises the possibility that ALIX ubiquitination and the UBD

may coordinate its function by facilitating interaction with YPXnL motifs, interaction with cofactors or endosomal membranes enriched in LBPA. ALIX

dimerization may also influence its function.

Current Opinion in Cell Biology 2014, 27:44–50 www.sciencedirect.com
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Dimerization of ALIX is mediated by the V-domain [29],

and ALIX dimers are present at endosomal membranes

(Figure 4) [51��]. Taken together this new evidence

suggest that ubiquitin is important for ALIX function,

and may serve to indirectly regulate the ‘ubiquitin-inde-

pendent’ lysosomal sorting of YPXnL containing GPCRs

by modulating the activity of ALIX.

Conclusions
Ultimately, most if not all GPCRs are degraded in the

lysosome and require some components of the ESCRT

machinery. The challenge now is to determine how

GASP-1 and ALIX engage with ubiquitin and ESCRTs

to mediate GPCR lysosomal degradation. GASP-1 and

ALIX selectively regulate individual members of GPCR

subfamilies, particularly those that are efficiently sorted

to lysosomes and not recycled, but the underlying basis

for this is not known. Since signaling is tightly linked to

GPCR intracellular trafficking, we hypothesize that such

alternative pathways are likely critical for appropriate

regulation of the temporal and spatial aspects of signaling

and cellular responses. Thus, selectively modulating the

lysosomal sorting pathway of certain GPCRs could have

important implications for drug development.
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