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Abstract

Intricate relationships between endocytosis and cellular signaling, first rec-
ognized nearly 40 years ago through the study of tyrosine kinase growth
factor receptors, are now known to exist for multiple receptor classes and to
affect myriad physiological and developmental processes. This review sum-
marizes our present understanding of how endocytosis orchestrates cellu-
lar signaling networks, with an emphasis on mechanistic underpinnings and
focusing on two receptor classes—tyrosine kinase and G protein–coupled
receptors—that have been investigated in particular detail. Together, we be-
lieve that these examples provide a useful survey of the current consensus,
uncertainties, and controversies in this rapidly advancing area of cell biology.
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INTRODUCTION

Signaling receptors transit secretory and endocytic pathways similarly to many other integral
membrane proteins. Accordingly, they depend on generic membrane trafficking mechanisms. Evi-
dence for a more elaborate and specific relationship emerged from studies of two receptor tyrosine
kinases (RTKs), the EGF receptor (EGFR) and insulin receptor (IR), whose endocytic rates were
found to be strongly increased in response to ligand-induced activation (1). These receptors in-
ternalize in complex with their activating ligand and then are packaged into vesicles within the
endosome lumen and delivered to lysosomes for degradation. In the interim, ligand-bound re-
ceptors with their activating tyrosine residues phosphorylated reside in the endosome-limiting
membrane and remain capable of binding cytoplasmic signaling adaptors. Together, these semi-
nal observations established the concept that endocytosis can affect cellular signaling by receptors
not only by attenuating cellular ligand responsiveness through receptor downregulation but also
by mediating temporally and spatially distinct responses from the surface of endosomes.

Intricate relationships between endocytosis and cellular signaling have now been observed
for many receptor classes, as reviewed previously elsewhere (2–4). Among these are G protein–
coupled receptors (GPCRs), the largest receptor family overall and an important group of drug tar-
gets. Ligand-induced internalization and downregulation of GPCRs were discovered only slightly
later than the corresponding processes for RTKs, with both classes of receptors sharing key traf-
ficking machineries and pathways (5). However, GPCRs use additional mechanisms for control of
receptor signaling and transit through the endocytic network, and their elucidation evolved from
different starting assumptions about whether signaling does (RTKs) or does not (GPCRs) occur
from endosomes.

This review considers how endocytic membrane trafficking affects cellular signaling by RTKs
and GPCRs in mammalian cells. We start by summarizing the present mechanistic framework
of receptor endocytic trafficking and then discuss what is currently known about the effects of
RTK and GPCR endocytosis on signaling to downstream effectors, considering both negative
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and positive effects and highlighting knowledge gaps and areas of controversy.We believe that this
scope, while admittedly limited, captures key aspects of the evolving view of trafficking–signaling
relationships more broadly.

ENDOCYTOSIS OF RECEPTOR TYROSINE KINASES

Analysis of the ligand-induced endocytosis of growth factor receptors began in the early 1980s,
immediately after receptors for EGF and, subsequently, for other growth factors and insulin were
discovered and their intrinsic tyrosine kinase activity was demonstrated. This research was built
on, and benefited from, pioneering methods for analysis of labeled EGF and insulin uptake in cells
(6, 7).These studies have shown that the constitutive endocytosis ofmost ligand-free RTKs is slow,
and therefore, they accumulate at the cell surface and are accessible to extracellular ligands.Ligand
binding robustly accelerates the endocytosis of many RTKs. First EGFR and then other RTKs
were shown to use the clathrin-mediated endocytosis (CME) pathway for their ligand-induced in-
ternalization (8; reviewed in 1). Ligand-induced, clathrin-independent endocytosis (CIE) of sev-
eral RTK subfamilies has also been demonstrated (see below).

Despite thousands of studies, the molecular mechanisms of RTK endocytosis are not well un-
derstood.The literature reports such large differences in rates andmechanisms of endocytosis that
a unified mechanistic model has yet to emerge. For example, although ligand binding dramatically
accelerates EGFR endocytosis, the closest relative of EGFR, ErbB2, is not efficiently internalized
after its activation by overexpression or heteromerization in many types of cancer cells (9, 10). At
the same time, efficient ErbB2 endocytosis has been reported in other cell types (11, 12).

EGFR has been the most studied RTK for historical reasons and because of the commercial
availability of labeled EGF and other experimental tools. Nonetheless, a unified model for EGFR
endocytosis has yet to emerge. Ligand-induced EGFR endocytosis combines high-affinity uptake
that is easily saturated with lower-affinity uptake that has higher capacity (13).Mechanistically, the
high-affinity pathway is mediated by CME, and this pathway is predominantly used under condi-
tions when a relatively small number of EGFRs, typically 10,000–20,000 per cell, are ligand occu-
pied at the cell surface. Low-affinity uptake is mediated by slower (but still ligand-induced) CIE
pathways, and these significantly contribute to the overall uptake of EGFR when large amounts
of ligand-bound EGFR are present (14). The nature of the limited capacity of EGFR CME is
unknown. Recruitment of active EGFR into clathrin-coated pits (CCPs) is considered to be a
rate-limiting step of CME. Whether receptors are recruited into preexisting CCPs or promote
assembly of new CCPs is under debate. Two mechanisms, (a) direct interaction with the clathrin
adaptor complex AP-2 via receptor tyrosine-based (Yxx�) and/or dileucine motifs and (b) ubiq-
uitination, have been proposed to mediate EGFR recruitment into CCPs in a redundant fashion
(15) (Figure 1). EGFR is ubiquitinated by two highly homologous E3 ubiquitin ligases, c-Cbl
and Cbl-b, which bind to phosphorylated tyrosines of the activated receptor directly or indirectly
through the adaptor protein Grb2 (16–18). Ubiquitin moieties on EGFR are thought to interact
with ubiquitin-binding domains of accessory proteins, such as epsins and Eps15R, that bind to
AP-2 or directly to clathrin. However, mutations in multiple ubiquitin conjugation sites and AP-2
binding motifs did not fully inhibit the CME of EGFR, suggesting the existence of yet another re-
dundant mechanism for EGFR recruitment into CCPs (15). The contribution of these redundant
mechanisms varies in different cell types.

Ubiquitination and AP-2 interactions have been implicated in the endocytosis of several other
RTKs, such as platelet-derived growth factor (PDGF), c-Met, fibroblast growth factor, vascu-
lar endothelial growth factor, Trk, Axl, IR, and the Eph receptor (EphR) subfamily, although
the molecular mechanisms by which the ubiquitination and internalization motifs of these other
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Figure 1 (Figure appears on preceding page)

Pathways of endocytosis and postendocytic sorting of RTKs and GPCRs. (a) Simplified scheme for regulated
endocytosis and postendocytic sorting of RTKs. Ligand binding results in activation of the receptor kinase;
tyrosine phosphorylation of the C-terminal tail (red P); binding of Cbl, either directly to the receptor pTyr
or through Grb2; and RTK ubiquitination. RTK is recruited into CCPs either via an interaction between
ubiquitin moieties and adaptors in CCPs (which bind to AP-2 or clathrin), direct binding of internalization
motifs (LL motif is shown) to AP-2, or an indirect interaction between AP-2 and additional adaptor proteins.
RTKs internalized through CIE and CME accumulate in the same early/sorting endosomes containing
EEA1 and Rab5. Ubiquitinated RTK is sorted to ILVs in MVEs via interactions with ESCRTs, whereas
nonubiquitinated RTK is capable of recycling back to the plasma membrane via a fast route involving Rab4
or a slower route involving additional recycling compartments containing Rab11 or Rab25. (b) Trans-
endocytosis of the Ephrin-B:EphB complex. Binding of Ephrin-B expressed in a donor cell to EphB
expressed in the acceptor cell results in CME of the ligand together with the surrounding plasma membrane
of the donor cell into the acceptor cell. Postendocytic sorting pathways of EphRs are similar to those shown
in panel a. (c) Simplified scheme for regulated endocytosis and postendocytic sorting of GPCRs. Endocytosis
is regulated through agonist-dependent Ser/Thr phosphorylation of the GPCR tail (red P), which promotes
recruitment of β-arrestin from the cytoplasm and a conformational change in β-arrestin that exposes latent
endocytic motifs. Agonists can selectively regulate endocytosis through an allosteric selection process
mediated by distinct GRK recruitment modes that encode different phosphorylation patterns into a modular
Ser/Thr substrate sequence (or barcode) in the receptor tail. Internalized receptors traffic to lysosomes by
engaging ESCRTs, either through receptor ubiquitination or alternative protein connectivity not requiring
receptor ubiquitination, as described in the text. A number of GPCRs are sorted by sequence-directed
recycling; a PDZ motif–directed mechanism that is engaged by β2AR is depicted. There is considerable
diversity among GPCRs in their overall postendocytic itinerary and kinetics of transit. Abbreviations: β2AR,
β-2 adrenergic receptor; ASRT, actin–SNX27–retromer tubule; CCP, clathrin-coated pit; CIE, clathrin-
independent endocytosis; CME, clathrin-mediated endocytosis; ESCRT, endosomal sorting complex
required for transport; FEME, fast endophilin-mediated endocytosis; GPCR, G protein–coupled receptor;
GRK, GPCR kinase; ILV, intraluminal vesicle; MVE, multivesicular endosome; P, phosphate; PIP2,
phosphatidylinositol 4,5-phosphate; RTK, receptor tyrosine kinase; TGN, trans-Golgi network; Ub,
ubiquitin. Figure adapted from images created with BioRender.com.

RTKs facilitate CME have not been, to our knowledge, well established (reviewed in 1). An in-
teresting alternative mechanism of IR endocytosis has been recently proposed (19, 20). These
studies showed that a novel MIM motif in IR binds to a complex of mitotic checkpoint regula-
tors (MAD2–CDC20–BUBR1) that interacts with AP-2. In addition, the NPxYmotif in IR, when
phosphorylated on tyrosine, binds to IRS1/2 adaptors, which in turn recruit AP-2 through their
Yxx� motifs. Both of these adaptor-based mechanisms can lead to CME of IR. Thus, a general
mechanism of RTK recruitment into CCPs is either direct binding to AP-2 or, more commonly,
an indirect interaction with AP-2 through RTK ubiquitination and/or additional adaptor proteins
(Figure 1a).

Accumulating evidence supports the existence of multiple CIE mechanisms of RTK internal-
ization. Massive endocytosis (pinocytosis) of labeled EGF without any apparent involvement of
CCPs was first noticed in early studies using A-431 cells that express extraordinarily high levels of
EGFR (21). Several mechanisms of EGFR CIE have been proposed that involve membrane ruf-
fling (22), fast endophilin-mediated endocytosis (FEME) (23), reticulon-3 (24), and other proteins
and processes. Likewise, CIE has been demonstrated for PDGF (25), TrkA (26), and EphR RTKs
(27). However, the molecular mechanisms by which RTKs are specifically recruited into form-
ing endocytic intermediates are unknown. Moreover, the relative contribution of CIE to RTK
endocytosis in physiologically relevant experimental models has not been rigorously determined.

The endocytic mechanisms of the EphR subfamily of RTKs are unique. This family consists
of EphA and EphB, which are activated by the membrane-associated ligands glycophosphatidyli-
nositol (GPI)-anchored ephrins (A type) or transmembrane type B ephrins, respectively (reviewed
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in 28, 29). Binding of ephrin-A, which is expressed on the surface of the donor cell, to EphA in
the acceptor cell leads to the proteolysis of the GPI-anchored ligand by metalloproteases, such
as ADAM10, and subsequent endocytosis of the cleaved portion of the extracellular domain of
ephrin-A bound to the receptor in the acceptor cell. Endocytosis of EphB receptors involves so-
called trans-endocytosis, during which the ligand, together with the surrounding plasma mem-
brane of the donor cell, is internalized into the EphB-expressing acceptor cell (Figure 1b). Sim-
ilar trans-endocytosis of the Ephrin-A1:EphA2 complex has also been demonstrated (30). CME
mechanisms have been predominantly implicated in EphR internalization and trans-endocytosis
(30–32). An important property of EphR CME is its strong dependence on actin polymerization
and the activity of the small GTPase Rac1 (30, 31). A fascinating feature of the ephrin-EphR sys-
tem is that signaling processes and endocytosis are bidirectional, i.e., they can be triggered in the
donor cell by the ligand and in the acceptor cell by the receptor (reviewed in 28, 29).

Summarizing what is known about RTK internalization reveals striking redundancy among
the putative mechanisms, which is indicative of the robustness of the process. This redundancy is
one of the major reasons why the molecular mechanisms governing internalization of RTKs, even
the extensively studied EGFR, have been difficult to define and experimentally manipulate.

ENDOCYTOSIS OF G PROTEIN–COUPLED RECEPTORS

ManyGPCRs undergo agonist-stimulated endocytosis. CME is widely used and is the best under-
stood mechanism, with the β-2 adrenergic receptor (β2AR) considered a representative example.
Within several minutes after activation, this GPCR is internalized via CCPs, with the rate con-
trolled primarily by the degree of receptor clustering into existing CCPs (33, 34), and this, in
turn, is regulated by β-arrestin, which is recruited from the cytosol after agonist-induced activa-
tion of the receptor (35, 36). β-arrestin acts as an endocytic adaptor by binding also to clathrin
heavy chain, β2-adaptin, and phosphatidylinositol 4,5-phosphate (PIP2) (35, 37, 38) (Figure 1c).
Binding of β-arrestin is promoted by both an activating conformational change of the GPCR and
regulated phosphorylation of the receptor’s cytoplasmic tail, typically by GPCR kinases (GRKs).
GRKs are Ser/Thr kinases related to rhodopsin kinase (GRK1) that recognize GPCR substrates
according to their conformation (reviewed in 39).

β-arrestins are paralogs of visual arrestin, a protein expressed in photoreceptor cells of the eye
that is named for its ability to arrest G protein signaling by binding to the light-activated GPCR
rhodopsin (40). Arrestins share a bilobed structure with a flexible interdomain loop that occupies
a cavity opened in the receptor’s transmembrane bundle after activation (41, 42). This core in-
teraction is mutually exclusive with the G protein interaction required for signaling, explaining
rapid signal termination. The phosphorylated cytoplasmic tail of the GPCR binds to a charged
groove in the arrestin N-terminal lobe. This tail interaction displaces the arrestin C terminus,
which is bound intramolecularly in the inactive state (43). In β-arrestins, but not visual arrestin,
the C-terminal sequence that is displaced harbors clathrin- and AP-2-binding motifs, and it is
flanked by the PIP2-binding patch. Accordingly, β-arrestins function as regulated endocytic adap-
tors through a concerted conformational change that is allosterically coupled to GPCR activation
and phosphorylation, resulting in the exposure of latent endocytic motifs in β-arrestin.

Many GPCRs undergo regulated CME similarly to β2AR, but not all GPCRs comport with
this model. For example, mammals express three paralogous β-adrenergic receptor subtypes, each
activated by the same physiological agonist and sharing the ability to signal via the G protein Gs.
β2AR typically internalizes rapidly via CME after activation, but the β-3 subtype (β3AR) remains
at the plasma membrane (44). The β-1 subtype (β1AR) exhibits different and variable behavior
depending on the system—the β1AR is relatively resistant to agonist-induced endocytosis in some
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cells (45), is rapidly internalized byCME in others (46), and is rapidly internalized byCIE (FEME)
in still others (23).

Multiple mechanisms contribute to such receptor-specific differences. One mechanism in-
volves differential phosphorylation that affects β-arrestin binding. β3AR is poorly phosphorylated
after activation compared to β2AR and engages β-arrestin weakly. Mutations in the β3AR cyto-
plasmic tail that increase receptor phosphorylation also increase β-arrestin binding and internal-
ization (44). Another mechanism involves differential binding to proteins that inhibit endocytosis.
The β1AR C-terminal tail has a PDZmotif that binds actin-associated scaffold proteins including
PSD-95. This is thought to stabilize receptors at the plasma membrane because mutations that
disrupt the PDZmotif increase receptor internalization (47). A third mechanism involves receptor
binding to alternate adaptors. The β1AR can bind endophilin via a proline-rich motif present in
the receptor’s third cytoplasmic loop. This interaction is thought to promote CIE of the β1AR
using endophilin as a specific endocytic adaptor protein for FEME (23).

Another level of specificity in the regulated endocytosis of GPCRs involves differential control
by agonists. For example, opioid receptors (ORs) are activated both by endogenous peptide ago-
nists and various chemically distinct, nonpeptide agonists used as drugs. Drugs can differ widely
in their ability to stimulate OR internalization (48). This is determined fundamentally by agonist-
specific receptor states (49) that produce differential phosphorylation in the cytoplasmic tail by
GRKs (50, 51). GRK2 was shown recently to act as an allosteric detector of agonist-selective OR
states via discrete regulated binding modes (52). A first mode involves GRK2 recruitment to the
plasma membrane by G protein βγ subunits; in this indirect mode, binding is induced by all ago-
nists and depends only on the strength of G protein activation by the OR. A second mode involves
an association between GRK2 and the OR; binding in this direct mode does not require G protein
activation and is induced only by strongly internalizing agonists. Both binding modes appear to be
needed to produce the multisite phosphorylation code in the OR tail that drives strong β-arrestin
engagement and CME.

POSTENDOCYTIC TRAFFICKING OF RECEPTOR TYROSINE KINASES
AND G PROTEIN–COUPLED RECEPTORS

After ligand-dependent internalization, RTKs and GPCRs are routed through the endosomal
compartment system. Sorting to the lysosomal degradation pathway is a well-known fate of in-
ternalized RTKs, although RTKs are also capable of recycling back to the plasma membrane af-
ter their passage through early endosomes (reviewed in 1). The mechanisms underlying efficient
sorting of RTKs to the degradative pathway involve the accumulation of activated RTKs in in-
traluminal vesicles (ILVs) within multivesicular endosomes or bodies (MVEs), which terminates
their ability to recycle back to the cell surface. MVEs eventually target receptor-bearing ILVs for
lysosomal degradation (Figure 1).Members of virtually all RTK subfamilies studied thus far have
been found to be ubiquitinated (53–59). Ubiquitin moieties are recognized by ubiquitin-binding
domains of the endosomal sorting complex required for transport 0 (ESCRT-0) on the cytoplasmic
side of the endosomal membrane. ESCRT-I, -II, and -III then facilitate inward endosomal mem-
brane invagination, capturing RTKs in the forming ILV (reviewed in 1). The internal content of
the MVE is eventually degraded by lysosomal enzymes delivered to anMVE/late endosome. This
classical model of the ubiquitination-dependent sorting of RTKs in MVEs was first proposed and
then established in great detail at morphological, biochemical, and molecular mechanistic levels
for the EGFR (17, 21, 60–62). In addition, degradation of active c-Met through a mechanism
whereby ATG8 family member LC3C promotes trafficking of the c-Met to an autophagic com-
partment has been recently demonstrated (63).
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Recycling of RTKs can occur through two pathways: (a) from early endosomes with relatively
fast kinetics (involving Rab4) and (b) via perinuclear-located endosomes and/or the recycling com-
partment with slower kinetics (involving Rab11 and other related Rabs, such as Rab25) (64, 65)
(Figure 1a). Recycling is thought to be simply a default RTK sorting pathway, i.e., receptors that
are not ubiquitinated, and thus remain in the limiting membrane of MVEs, are capable of recy-
cling back to the cell surface. However, the participation of specific adaptors, such as GGA3 in
c-Met recycling (66) and sortilin-related receptor 1 (SORLA) in ErbB2 recycling (12), has also
been reported.

The RTK sorting model just described has, however, a major limitation. Even for the most
studied system, sorting of EGFR, it is not clear whether lysosome degradation has a major role in
postendocytic trafficking of this receptor in the presence of low, physiological concentrations of
EGFR ligands, which are present in most mammalian tissues and body fluids accessible to EGFR.
Several studies reported weak ubiquitination of EGFR and ineffective ligand-induced degradation
of EGF:EGFR complexes under such conditions in cultured cells and tumors in vivo (67–69), even
when c-Cbl is overexpressed (68).

Some GPCRs, much like RTKs, are delivered to lysosomes via the ESCRT-dependent MVE
pathway, while others selectively recycle and can do so repeatedly during prolonged activation.
Pronounced differences in their postendocytic itinerary are evident even between closely related
GPCR paralogs, such as the δ-OR, which selectively traffics to lysosomes, and μ-OR, which se-
lectively recycles. Even alternatively spliced μ-OR variants, which are otherwise indistinguishable
in functional properties, differ significantly in their sorting between the lysosomal and recycling
pathways after agonist-induced CME (reviewed in 70).

For a number of GPCRs, lysyl-ubiquitination of receptors and ubiquitin-directed transfer into
ILVs is the dominant mechanism determining their postendocytic fate. For example, the CXCR4
chemokine receptor requires ubiquitination of its cytoplasmic tail for accumulation in ILVs and ef-
ficient delivery to lysosomes (71). Other GPCRs, such as the δ-OR and PAR1 protease-activated
receptors, accumulate in ILVs and are delivered to lysosomes at a similar rate to wild-type re-
ceptors, even after blocking receptor ubiquitination by mutating lysines. Such ubiquitination-
independent trafficking is believed to occur through additional cellular proteins that mediate al-
ternative connectivity to ESCRT, for example, GRASP1 (also called GASP1) in the case of δ-OR
(72, 73) and ALIX in the case of PAR1 (74, 75).

GPCRs can also recycle via multiple pathways (Figure 1c) including Rab4- and Rab11-
dependent routes, as well as a third route that is available after retrograde traffic to the trans-Golgi
network (TGN). In addition, someGPCRs are sorted for rapid recycling from discrete endosomes
that are marked by APPL1 but not EEA1 (76).

Mechanistic aspects of GPCR recycling are also diverse. For someGPCRs, such as the CXCR4
chemokine receptor, ubiquitin-directed sorting to ILVs primarily determines the postendocytic
itinerary of the receptors, similarly to RTKs, with receptor recycling as a bypass route when ubiq-
uitination is blocked (71). Other GPCRs, e.g., β2AR and μ-OR, are specifically sorted into the
recycling pathway (77, 78).

Presently, the best understood mechanism for sequence-directed recycling is that engaged by a
PDZ binding motif in the β2AR tail (72), which directs actin-dependent recycling within tubular
transport carriers. The PDZ domain in sorting nexin 27 (SNX27) recognizes this motif in the
β2AR tail (79) and assembles along with aWASH–Arp2/3 actin nucleation complex and retromer
to form the actin–SNX27–retromer tubule (ASRT) machinery, a protein coat that mediates the
selective accumulation of cargo into tubular domains of the endosome-limiting membrane asso-
ciated with a dynamic, branched actin network (80, 81). Receptor-containing transport carriers
are generated through membrane scission events that occur along the tubule at sites of dynamic
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actin polymerization (80, 81). ASRT-generated carriers can support direct (endosome to plasma
membrane) and retrograde (endosome to TGN) recycling pathways depending on the receptor
cargo, with the latter requiring an additional downstream sorting step (82). The existence of a di-
rect route is particularly clear in neurons, where it underlies a system for rapid and local insertion
of selected receptors into and adjacent to synapses (83, 84).

The specificity of sequence-directed GPCR recycling is further emphasized in its precise reg-
ulation. Phosphorylation of a serine in the distal β2AR tail by GRK5 blocks SNX27 binding and
receptor recycling, effectively rerouting internalized receptors to lysosomes (77). Phosphorylation
of a distinct PKA site in the proximal β2AR tail, while not needed for SNX27 binding or to deter-
mine the overall β2AR itinerary, specifically modulates the kinetics of Rab4-dependent recycling
(85). A third site, in a midportion of the β2AR tail, increases SNX27 binding and enhances the
efficiency of receptor recycling (86).

ATTENUATION OF SIGNALING BY ENDOCYTOSIS: RECEPTOR
DOWNREGULATION BY LYSOSOMAL DEGRADATION

The concept of a negative effect of endocytosis on RTK signaling developed as a consequence of
the demonstration that activation of EGFR by EGF in cultured cells rapidly reduces cell-surface
and total cellular levels of the EGFR protein (6, 87). A role for endocytosis as part of the neg-
ative feedback regulation of signaling was further supported by studies of a noninternalizable
EGFR mutant that exhibited elevated signaling (88). This EGFR mutant, however, lacked the
entire C-terminal domain, and its signaling mechanisms were aberrant, e.g., signaling was most
likely mediated through heterodimerization of the mutant EGFR with ErbB2. Early studies in
genetically tractable organisms provided evidence for the downregulating function of endocytosis
in RTK signaling in vivo. For example, screening for gain-of-function mutants regulating vulvar
development in Caenorhabditis elegans, which requires signaling by EGFR (let-23), revealed genes
encoding proteins involved in the endocytic downregulation of let-23 (89, 90). Removal or muta-
tion of HRS (ESCRT-0 protein) in Drosophila embryos inhibited RTK degradation and increased
RTK signaling (91, 92).

At present, the prevailing view among RTK researchers is that endocytosis plays a role in RTK
signaling as a negative feedback regulatory mechanism. Mechanistically, acceleration of receptor
degradation upon ligand binding decreases receptor concentration in the cell, thereby reducing
the number of active receptors and attenuating signaling.While this general principle is well estab-
lished, numerous mechanisms exist that can modulate the extent and rate of ligand-induced RTK
downregulation. In the EGFR system, the receptor degradation rate is regulated physiologically,
depending on which of seven EGFR ligands activates the receptor.Whereas EGF remains bound
to the receptor in endosomes, EGFR ligands with low affinity and/or pH sensitivity of binding
dissociate from the receptor in endosomes at acidic pH, which results in dephosphorylation, deu-
biquitination, and, thus, rerouting of internalized EGFR to the recycling pathway at the expense of
degradation (93).Moreover, similar to the internalization step, the process of EGFRdegradation is
saturable: The apparent degradation rate decreases as the concentration of internalized EGFR in
sorting endosomes increases (94, 95). The extent of EGFR ubiquitination appears to be a limiting
factor, because overexpression of c-Cbl elevates EGFR degradation (17). The limited capacity of
the degradation pathway translates into an inability of ligand-induced endocytosis to significantly
downregulate EGFR and attenuate its signaling in cancer cells that highly overexpress this recep-
tor. EGFR downregulation is attenuated by overexpression of its heterodimerization partners that
are internalization impaired, such as ErbB2 (96, 97).
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Figure 2

Downregulation of RTK and GPCR signaling by endocytic trafficking to lysosomes and examples of
regulatory mechanisms controlling signal attenuation. Receptor ligands, proteins, and posttranslational
modifications are shown that augment or impair the endocytosis and postendocytic targeting for lysosomal
degradation of GPCRs (left) and RTKs (right) by retaining receptors at the cell surface and modulating
receptors or the core trafficking machinery. Downregulation of signaling by an RTK can also be minimized
by its overexpression and through heterodimerization with an internalization- or degradation-impaired
RTK. Abbreviations: DUB, deubiquitination enzyme; FCHSD2, FCH and double SH3 domain-containing
protein; GPCR, G protein–coupled receptor; GRK, GPCR kinase; pTyr, phosphorylated tyrosine; RCP,
Rab-coupling protein; RTK, receptor tyrosine kinase; SORLA, sortilin-related receptor 1; Ub, ubiquitin.
Figure adapted from images created with BioRender.com.

The internalization and sorting decision in endosomes, and therefore, the overall efficiency of
RTK downregulation and signal transduction intensity, are also regulated by various modulatory
proteins and signaling processes, which exhibit physiological and pathophysiological variabilities
and alterations, rather than by the core trafficking machinery, which is rarely mutated or am-
plified (98). At the cell surface, numerous mechanisms of RTK retention from endocytosis have
been described, including physical association with plasma membrane resident proteins and the
direct inhibition of internalization (99–102). Regulators of E3 ubiquitin ligases, such as Sprouty
proteins (103), and deubiquitination enzymes (DUBs) that may act directly on RTKs (104, 105)
or on components of the endocytic machinery (106) control RTK ubiquitination and their rate
of degradation, and therefore, the intensity of signaling (Figure 2). In the endosomal compart-
ment, in addition to ubiquitination, regulation of core sorting proteins, such as Rabs and ESCRTs,
by phosphorylation alters the degradation and signaling output of RTKs. For example, tyrosine
phosphorylation of Rab7 in EGF-stimulated cells has been proposed to be necessary for efficient
degradation of EGFR (107). FCHSD2 (FCH and double SH3 domain-containing protein) also
promotes recycling of RTKs by inhibiting Rab7 activity, which results in increased ERK1/2 ac-
tivity in lung cancer cells (108). The Rab11 effector Rab-coupling protein (RCP or Rab11-FIP1)
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binds to EGFR and increases its recycling, leading to elevated Akt activity, which contributes to
increased invasion and metastasis (109). Overexpression of other recycling Rabs, such as Rab25,
has also been associated with upregulation of EGFR oncogenic signaling (110). In Drosophila, the
sorting nexin SH3PX1, in cooperation with several components of the endocytic and autophagic
machinery, promotes lysosomal targeting of EGFR, which restrains intestinal stem cell division
and maintains gut epithelial homeostasis. Inhibition of the SH3PX1 pathway reroutes EGFR to
the Rab11 recycling pathway, leading to hyperactivated ERK and calcium signaling, overstimula-
tion of intestinal stem cell proliferation, and dysregulation of gut epithelia (111).

It is important to recognize that the prevailing view of ligand-induced receptor degradation as
the negative regulator of signal transduction, while widely accepted, is not without a caveat. The
contribution of RTK degradation to signaling attenuation mechanisms in mammals in vivo, and
specifically in the context of tumors, is largely unknown. As discussed in the section titled Posten-
docytic Trafficking of Receptor Tyrosine Kinases and G Protein–Coupled Receptors, activation
of EGFR with physiological ligand concentrations has little, if any, effect on the total EGFR
expression level. Therefore, continuous receptor activation and endocytic degradation may not
negatively affect signaling intensity in normal tissues and tumors. Nevertheless, the importance
of ubiquitin-mediated degradation of RTKs inmammals in vivo is supported by the observation of
the dramatic downregulation of several RTKs and severe cell growth defects in the mouse knock-
out of the deubiquitination enzyme USP8 (112). However, these effects could be the consequence
of downregulation of the ESCRT-0 proteins HRS and STAM2, which are USP8 substrates and
necessary for MVE sorting. Clearly, more mechanistic studies of the endocytosis and signaling
of RTKs using experimental models that recapitulate the tissue microenvironment in vivo are
needed.

While many GPCRs recycle efficiently after endocytosis, there is also clear evidence for prote-
olytic downregulation through endocytic delivery to lysosomes. GPCR downregulation typically
occurs more slowly than EGFR downregulation. Downregulation of the δ-OR, for example, re-
quires more than an hour in the continuous presence of agonist (113). Yet, δ-OR transit to lyso-
somes occurs via typical MVEs requiring ESCRT, with receptors accumulating in ILVs over tens
of minutes before arriving in lysosomes (114). Also, as discussed in the section titled Postendo-
cytic Trafficking of Receptor Tyrosine Kinases and G Protein–Coupled Receptors, GPCRs are
increasingly recognized to engage various sorting interactions in endosomes that stabilize recep-
tors in the limiting membrane during endocytic transit (Figure 2). Accordingly, GPCRs use the
conserved MVE/ESCRT network to downregulate, similarly to RTKs. However, GPCRs transit
with variable and generally slower kinetics, with some having a considerably prolonged residence
time in the limiting membrane.

INTERNALIZATION DISRUPTS COLOCALIZATION AND SPATIAL
PROXIMITY OF RECEPTORS WITH PLASMA MEMBRANE
SIGNALING COMPONENTS

The second principal mechanism of RTK signal attenuation by internalization is the spatial sep-
aration of signaling and enzymatic complexes from their downstream effectors and substrates
(Figure 3a). In the case of RTKs, a classical example of such separation is translocation of the
phosphatidylinositol 3-kinases (PI3Ks) and phospholipase Cγ1 (PLCγ1) bound to RTKs through
their Src homology 2 (SH2) domains to endosomes (115, 116).RTKs activate class I PI3K through
direct binding or through tyrosine phosphorylation of scaffolding adaptors, such as GAB1 and
IRS1, which then bind and activate PI3K. PI3K phosphorylates PIP2 to generate phosphatidyli-
nositol 3,4,5-trisphosphate (PIP3). PLCγ1 also binds to RTKs and cleaves PIP2 to produce the
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Figure 3

Endocytosis disrupts or facilitates the proximity of RTKs and their downstream signaling effectors. (a) Examples of the spatial
separation of RTKs from their effectors during endocytosis are shown, such as separation of the plasma membrane Ca2+ channel and
RTK–enzymatic complexes (with PI3K and PLCγ1 or Grb2–SOS) from their substrates (PIP2 or Ras) and disruption of cooperative
RTK–integrin signaling (b) Example of endosomal signaling 1. Akt is activated in endosomes through binding to APPL1/2 and/or
PI3,4P2. Liver-specific PI3K–C2γ binds to activated (GTP-loaded) Rab5 and converts PI4P to PI3,4P2. Therefore, activation of Akt
results in the inhibitory phosphorylation of GSK3β in APPL- and Rab5-containing endosomes. (c) Example of endosomal signaling 2.
Rac1 is located in endosomes and activated by its GEF, VAV2, translocated to endosomes in a complex with an activated RTK or
TIAM1, and recruited to GTP–Rab5, whose activity is increased by RTK signaling. Abbreviations: ECM, extracellular matrix; GEF,
guanine exchange factor; GTP, guanosine triphosphate; PI3K, phosphatidylinositol 3-kinases; PI3,4P2, phosphatidylinositol
3,4-bisphosphate; PIP2, phosphatidylinositol 4,5-phosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; PLC, phospholipase C;
RTK, receptor tyrosine kinase. Figure adapted from images created with BioRender.com.

second messengers diacylglycerol and IP3. PIP2 is present predominantly in the plasma mem-
brane but not in early or late endosomes. Therefore, these two enzymes transduce their signals
to activate downstream pathways at the plasma membrane, and this signaling is terminated as a
consequence of internalization of RTK:PI3K and RTK:PLCγ1 complexes. This physical sepa-
ration of the enzyme and the substrate may play a key role in the kinetics of signaling through
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Ras, another major signaling pathway triggered by RTKs (117) (see discussion in the section titled
Receptor Tyrosine Kinase Signaling from Endosomes). It is likely that some other signaling pro-
cesses initiated from the plasma membrane are attenuated due to RTK endocytosis. For example,
signaling by integrins is triggered by their binding to the extracellular matrix, and this signaling
is augmented by RTKs, which may physically interact with integrins or cooperate in activation of
downstream signaling (reviewed in 118). Rapid ligand-induced endocytosis of RTKs terminates
this concomitant and collective signaling involving integrins at the cell surface. Another signaling
event that occurs at the plasmamembrane within the first few seconds of cell stimulationwith EGF
is the activation of plasma membrane Ca2+ channels (119). The time course of EGF-stimulated
Ca2+ influx tightly correlates with the time course of EGFR passing through the plasma mem-
brane during ligand-induced endocytosis, suggesting that EGFR endocytosis leads to termination
of this signaling process as well.

GPCR signaling from the plasma membrane is similarly attenuated by internalization because
these reactions classically require the receptor, G protein, and effector to be associated with the
same membrane and in close proximity (reviewed in 120). Thus, G protein–dependent signaling
reactions that involve effectors restricted to the plasma membrane—such as signaling via some
ion channels, adenylyl cyclases, and PLC isoforms that use PIP2 as substrate—are thought to be
terminated by endocytosis.GPCR endocytosis is also tightly linked to desensitization of G protein
activation by its shared dependence on receptor phosphorylation and binding to β-arrestin (35,
36, 40), although desensitization does not require (and can precede) internalization (121).

RECEPTOR TYROSINE KINASE SIGNALING FROM ENDOSOMES

The first evidence for the signaling endosome hypothesis—sustained activity of RTKs in
endosomes—was reported in studies of IR and EGFR in liver cells in vitro and ex vivo at ap-
proximately the same time as the concept of the downregulating function of endocytosis in RTK
signaling was developing (122, 123). That many RTKs remain fully active and capable of signal-
ing in endosomes has been undisputedly demonstrated (reviewed in 124). Moreover, RTKs are
found associated with adaptors containing SH2 or phosphotyrosine binding (PTB) domains and
their interacting proteins, such as Grb2, Shc, Crk, GAB1, IRS, FRS, and others, in endosomes
(reviewed in 124) (Figure 3). These endosomal complexes have been implicated in mediating sig-
naling through Ras/ERK1/2, PI3K/Akt, STATs, the Rho small GTPase family that controls the
actin cytoskeleton, and other signaling pathways.The idea of an endosome as a signaling compart-
ment makes sense, considering the typical RTK trafficking itinerary and ligand–receptor binding
pharmacology. First, even though some RTK ligands dissociate from their receptors in the acidic
environment of endosomes,many ligand–RTK complexes remain intact. Second, given that ligand
concentration is severalmagnitudes higher in endosomes than in extracellular fluids, equilibrium is
shifted toward ligand binding to receptors in endosomes.Third, the residence time of an activated
RTK is significantly longer in endosomes than in the plasma membrane because internalization
rates are much higher than rates of receptor sorting for lysosomal degradation.Therefore, contin-
uous signaling from endosomes could be a means to extend a signaling process in time and space.
A classic example of such an extension is the survival of signaling in large neurons that requires
endocytosis of activated TrkA in the axonal terminus and retrograde transport of TrkA-containing
endosomes to the neuronal soma, where TrkA activates ERK5, leading to phosphorylation of the
transcription factor CREB (125, 126). The concept of neuronal retrograde transport, which de-
veloped in the late 1990s, emphasizes another useful property of endosomes—the ability to move
their cargo in a regulated and directed fashion with high speed by using microtubule motor–
mediated transport.
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Studies of TrkB regulation by the Rap GTPase-activating protein (RapGAP) SIPA1L2, which
interacts with dynein and the autophagosomal protein LC3, illustrate the fine-tuning of the local
versus spatially distant (retrograde) activities of TrkB signaling endosomes (127). Ligand-activated
TrkB is internalized at the synapse of hippocampal neurons and routed to the autophagic pathway,
accumulating in autophagosomes fused with late endosomes (also called amphisomes). SIPA1L2
appears to bind TrkB and connect TrkB amphisomes to a dynein motor, allowing their retrograde
transport and signaling. LC3 regulates the RapGAP activity of SIPA1L2, which in turn regulates
SIPA1L2’s interaction with dynein. Induction of presynaptic plasticity causes the dissociation of
amphisomes from dynein in the synaptic areas, enabling local signaling and promoting neuro-
transmitter release.Thus,TrkB-signaling endosomes (amphisomes) are capable of both retrograde
transport and local signaling in the context of presynaptic plasticity (127). Notably, involvement
of the autophagic machinery in the trafficking of internalized Trk receptors and a signaling role
for amphisomes is a novel mechanism of RTK regulation (128).

It is important to recognize that the presence of active RTK signaling complexes in endo-
somes does not automatically indicate that these complexes trigger downstream signaling. In fact,
MVEs are the compartments where signaling is terminated as soon as an RTK is sequestered in
the ILV and becomes inaccessible to cytosolic effectors. Because EGFRs remain ligand bound
and, therefore, tyrosine phosphorylated in ILVs (60, 61), they are identified as active receptors
by biochemical methods and confocal microscopy, even though these receptors are incapable of
signaling. The rates of RTK incorporation in ILVs have not been defined. Recent live-cell mi-
croscopy studies of the dynamics of endogenously labeled ESCRT proteins suggested that the
formation of ILVs starts early after the appearance of a cargo like EGFR in endosomes, and the
kinetics of ILV formation are relatively fast (129). Whether a significant number of active RTKs
remain on the limiting membrane for an extended time in cells expressing physiological levels of
receptors and under conditions of stimulation with low ligand concentrations is unknown. It is
generally assumed that the entrapment of RTKs in ILVs is irreversible, although the possibility of
back-fusion of ILVs to the limiting membrane of MVEs was proposed in studies of p38/MAPK-
dependent endocytic trafficking of EGFR (130).

The activity of RTKs at the limiting membrane of MVEs also gradually decreases because of
increased dissociation of the ligand during continuing acidification of maturing endosomes and
partial proteolysis of ligands and also due to the activity of protein tyrosine phosphatases (PTPs).
Interestingly, it has been shown that EGFR is dephosphorylated in MVEs at their contact sites
with the endoplasmic reticulum (ER) by the ER-associated phosphatase PTP1B (131). However,
the importance of PTP1B for the dephosphorylation of endosomal EGFR has not been demon-
strated in other studies (132, 133).More recently, screening for EGFR-specific PTPs revealed that
EGFR activity in endosomes is mainly controlled by another ER-localized PTP, PTPN2 (134).

While the localization of active RTKs and their associated adaptors in endosomes is well doc-
umented, it is less clear whether the downstream effectors of those receptor complexes are also
present in the same endosome. In the extensively studied RTK/Ras/Raf/MEK/ERK1/2 signal-
ing axis, Ras is the most downstreammembrane-associated component. Therefore, localization of
GTP-loaded Ras determines where in the cell signaling to ERK1/2 is propagated. Ras was found
in endosomal fractions that also contained EGFR in the liver (135) and was also cofractionated
with activatedTrkA receptor in clathrin-containing vesicles in PC12 cells (136).OverexpressedH-
Ras and K-Ras were detected in EGFR-containing endosomes by fluorescence microscopy (137).
These and other similar findings provide strong support for the endosomal signaling hypothesis.
However, more recent live-cell microscopy studies of endogenous H-Ras tagged with fluorescent
protein by gene editing showed that H-Ras is predominantly located in the plasma membrane.H-
Ras was also present in small quantities in tubular recycling endosomes but was not found in any
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significant amounts in early/sorting endosomes containing EGFR associated with the complex
of Grb2 and SOS [the guanine exchange factor (GEF) for Ras] (117). Moreover, endogenously
labeled c-Raf1, an effector of GTP-Ras, translocated upon EGF stimulation to the plasma mem-
brane but not to endosomes (138). Such spatial separation of endosomal RTK signaling complexes
from Ras suggested that signaling through the Ras/ERK pathway is predominantly initiated from
the plasma membrane, and the contribution from endosomal signaling is minimal, if any, at least
in the HeLa cells used in studies with gene-edited proteins. Countless studies propose the exis-
tence of signaling to ERK1/2 in endosomes. However, we are not aware of a demonstration to
date of a significant colocalization of RTK:SOS complexes and endogenous Ras in the same en-
dosome.Whether endosomal RTKs can sustain the activity of the plasma-membrane Ras through
soluble intermediates or bypass Ras to sustain ERK1/2 activity remains to be investigated. B-Raf
activation by the small GTPase Rap1 is one possible mechanism for Ras-independent signaling
to ERK1/2 (139).

By contrast with the Ras/ERK pathway, the PI3K/Akt signaling pathway has traditionally been
viewed as being associated exclusively with the plasma membrane. RTKs activate class I PI3K,
which phosphorylates PIP2 to PIP3 in the plasma membrane. Akt and PDK1 bind to PIP3 at
the plasma membrane, and PDK1 phosphorylates the activation loop of Akt (reviewed in 140).
However, accumulating evidence suggests that Akt can be activated in endosomes. Akt binds the
endosomal scaffold proteins APPL1 and APPL2, which are Rab5 effectors (141). APPLs pre-
sumably through their PTB domains, are capable of binding to RTKs, such as EGFR and TrkA.
Transient recruitment of Akt to APPL1/2- and RTK-containing endosomes has been proposed
to promote Akt activity. APPLs have been shown to mediate antiapoptotic and cell-survival sig-
naling in zebrafish development, and this signaling is facilitated by the proximity of activated Akt
to its substrate GSK3β, and possibly other substrates, in APPL-containing endosomes (142, 143)
(Figure 3b).

In another example of Akt activation in endosomes, insulin signaling triggers the association
of the liver-specific class II PI3K isoform γ (PI3K-C2γ) with Rab5-GTP and its recruitment
to Rab5- and APPL-positive early endosomes (144). In these endosomes, PI3K-C2γ produces
phosphatidylinositol 3,4-bisphosphate, and it has been suggested that binding to this lipid in en-
dosomes mediates delayed and sustained Akt2 activation. Loss of PI3K-C2γ selectively reduces
Akt2 activation and its inhibitory phosphorylation of GSK3β but not that of other substrates
(Figure 3b). As a consequence, PI3K-C2γ-deficient mice display severely reduced liver accumu-
lation of glycogen and develop hyperlipidemia, adiposity, and insulin resistance. Therefore, PI3K-
C2γ supports a specific branch of IR signaling to an endosomal pool of Akt2 that is required for
glucose homeostasis (144).

Recent studies revealed that CME and recycling processes can be dysregulated in cancer cells
via expression of dynamin-1 and in cells with an excess of clathrin light chain (CLC) b over
CLCa (145). In such cells, the rate of rapid recycling of EGFR, but not that of transferrin recep-
tors, was found to be accelerated (146). There was also an increase in the abundance of APPL1-
positive endosomes and enhanced Akt signaling, specifically, the phosphorylation of GSK3β (147).
Thus, APPL1/2-containing endosomes are emerging as the key site of intracellular Akt activity
(Figure 3b). However, given the highly transient (within the first 1–2 min of cell stimulation with
growth factors) recruitment of small pools of Akt and GSK3β to APPL-positive endosomes, the
contribution of endosomal activation to total Akt activity is likely to be relatively small (143). It
has been proposed that Akt can be activated in CCPs, which would involve the EGF- and hep-
atocyte growth factor (HGF, a c-Met ligand)-stimulated phosphorylation of the GAB1 adaptor
(148, 149). It would be revealing to directly monitor the dynamics of the translocation to CCP
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and endosomes of endogenous Akt, GSK3β, and other Akt substrates to determine the extent of
the regulation of these dynamics by dynamin-1 and CLCb.

RTK signaling to control actin cytoskeleton remodeling is another branch of signal transduc-
tion that can be initiated from endosomes. Several studies implicate endosomes as the site of Rac1
activation by EGFR and c-MET (Figure 3c). CME of EGFR is proposed to be required for Rac1
activation in early endosomes, where Tiam1, a Rac1 GEF, is recruited through binding to Rab5
(150). Subsequent translocation of GTP-loaded Rac1 to the plasma membrane ensures localized
formation of actin-based membrane protrusions in cultured cells and in primordial germinal cells
during zebrafish development. In cells stimulated with HGF, recruitment to perinuclear endo-
somes of another Rac1 GEF,VAV2, was proposed to be necessary to mediate optimal Rac1 signal-
ing to the actin cytoskeleton and promote cell migration (151).Trans-endocytosis of Ephrin-EphR
complexes also results in signaling to Rac1 in endosomes involving Tiam1 and VAV2 (reviewed
in 28, 29). Conversely, Rac1 activity appears to be necessary for efficient endocytosis of Ephrin-
EphR complexes (30–32). Nerve growth factor (NGF)-induced internalization of TrkA is known
to be required for local TrkA signaling to promote neurite elongation and branching events and
distant TrkA survival signaling in neurons (reviewed in 152). NGF–TrkA-containing endosomes
carry activated Rac1 GTPase and cofilin, an actin filament–severing protein; both are necessary
for promoting retrograde trafficking as well as trophic signaling of TrkA receptors in distal ax-
ons of sympathetic neurons (153). Thus, Rac1 appears to be the nexus of endosome-specific RTK
signaling to the actin cytoskeleton (Figure 3c).

G PROTEIN–COUPLED RECEPTOR SIGNALING FROM ENDOSOMES

Thinking in the field about potential GPCR signaling from endosomes essentially followed the
opposite historical path relative to RTKs. Since 1980, the light-activated GPCR rhodopsin had
been known to mediate G protein (transducin) activation on internal membranes (154), and these
membranes are formed by a specialized type of CIE (155). Moreover, endosomes were long rec-
ognized to be sites at which ligand-activated GPCRs such as β2AR are functionally resensitized
by dephosphorylation (156, 157). Nevertheless, for many years there was virtually no evidence for
internal membrane signaling by ligand-activated GPCRs and a number of arguments against it
(reviewed in 158). This began to change approximately 20 years ago, with evidence emerging for
endosomal signaling by some GPCRs via β-arrestin. However, at that time, endosomal signaling
was thought to apply only to β-arrestin pathways independent of G proteins. Ligand-dependent
GPCR signaling via heterotrimeric G proteins—arguably the major signaling mechanism—was
thought to be entirely restricted to the plasma membrane (159, 160).

Early evidence for ligand-dependent G protein signaling from endosomes emerged from a
study in yeast of the mating response initiated by activation of the Ste2p polypeptide pheromone
receptor (161). A screen of yeast knockout strains identified genes encoding endocytosis-related
proteins as necessary for a late component of the Ste2p response. It was concluded that Ste2p can
activate the G protein α subunit Gpa1 from endosomes through a distinct heterotrimeric complex
in which the βγ subcomplex that acts at the plasma membrane is replaced by PI3K (Vps34p) in
complex with its activating protein kinase (Vps15p).

Support for G protein signaling after endocytosis in mammalian cells emerged from investiga-
tion of the prolonged time course of anti-inflammatory signaling mediated by the sphingosine-1
phosphate lipid receptor (S1PR). Here, a sustained component of the Gi-dependent S1PR re-
sponse was correlated with internalized receptor localization in a Golgi-associated compartment
(162). A similar correlation was noted between Gs-dependent cAMP signaling and internal lo-
calization of two polypeptide hormone receptors, the parathyroid hormone receptor (PTHR) 1
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in endosomes (163) and the thyroid-stimulating hormone receptor (TSHR) in Golgi-associated
membranes (164). In addition, endocytic inhibitors were shown to change the normally persistent
cAMP elicited by receptor activation to a transient response, with cell fractionation experiments
providing support for an internal source of TSH-induced cAMP generation.

Evidence for the broader relevance of endosomal G protein activation by GPCRs emerged
from a study of cAMP signaling initiated by the D1 dopamine receptor (DRD1). In contrast to
sustained polypeptide hormone signaling, this Gs-dependent response is transient and reversible.
Endocytic inhibitors were found to only slightly reduce global cytoplasmic cAMP accumulation,
but a downstream cAMP-dependent response controlling the electrical excitability of neurons was
blocked (165). Gs-dependent cAMP accumulation initiated by β2AR, another GPCR that signals
transiently, is also only slightly reduced by endocytic inhibition. However, with the development
of conformational biosensors of localized G protein activation, both β2AR and DRD1 were found
to mediate agonist-dependent activation of Gs in endosomes as well as the plasma membrane
(166).

It is now clear that GPCR–G protein activation is not restricted to the plasma membrane for
many GPCRs (Figure 4). It is also evident that activation can occur at additional internal sites,
with current data supporting considerable diversity and specificity in the subcellular organization
of GPCR–G protein activation. For example, β2AR mediates internal activation of Gs primarily
from the limiting membrane of EEA1-marked endosomes (82, 166, 167), but the TSHR does so
primarily from a distinct membrane compartment that is associated with, or en route to, the Golgi
apparatus (168). Further, the β1AR mediates internal activation of Gs primarily from the Golgi
apparatus rather than endosomes, and the source of these receptors is the biosynthetic rather
than endocytic pathway (169). Moreover, activation of the Golgi-associated β1AR pool requires
a facilitated transmembrane transport process to enable ligand access to this compartment (169).
Gi-coupled ORs have also been shown to undergo activation in endosomes and Golgi membranes
with different spatiotemporal profiles depending on the agonist (170), and subcellular control of
GPCR activation is gaining interest as a means to improve the selectivity of therapeutic drugs
(169–173).

FUNCTIONAL IMPACT OF G PROTEIN–COUPLED RECEPTOR–G
PROTEIN SIGNALING AFTER ENDOCYTOSIS

As in RTK signaling, a key question raised by the recognition of GPCR–G protein activation
in endomembranes is its functional significance relative to signaling from the plasma membrane.
The study of pheromone signaling in yeast again provided early insight. Activation of the Gpa1
G protein on the plasma membrane stimulates protein kinase activity, but activation on endo-
somes stimulates a PI3K (Vps34p) that is localized to this compartment (161). Moreover, because
phosphatidylinositol 3-phosphate (PI3P) is an inherentlymembrane-delimitedmediator, the PI3P
produced by Vps34p stimulation is also restricted to the endosomal membrane. Biochemical seg-
regation of signaling mediators thus suggests one basic difference between G protein signaling
from endosomes relative to the plasma membrane. In this system, the endosome-restricted PI3P
response then produces a selectively delayed and prolonged activation of downstreamMAP kinase
signaling relative to protein kinase activation at the plasma membrane.

A persistent or sustained cellular response after endocytosis is also characteristic of cAMP sig-
naling stimulated by Gs through mammalian polypeptide hormone receptors (163, 164, 174). A
similar effect is observed for inhibitory cAMP signaling via OR activation of Gi in endosomes
(170). However, unlike PI3P, which is compartmentalized, cAMP is diffusible. Sustained cytoplas-
mic cAMP changes generated by signaling from endosomes have been shown to drive long-range
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Figure 4

Current models for how endocytosis affects GPCR–G protein signaling via cAMP. (a) Example of temporal
control using endocytosis to produce a sustained cAMP response. GPCRs remain phosphorylated and bound
to β-arrestin after endocytosis. The GPCR–β-arrestin complex assembles with Gs in an alternate signaling
complex (megaplex) on the endosome-limiting membrane. This prolongs GPCR residence in endosomes
and increases the efficiency of Gs activation, producing a sustained cAMP response that persists even after
agonist removal from the extracellular milieu. In contrast, cAMP production from the plasma membrane is
transient due to desensitization mediated by receptor phosphorylation, binding to β-arrestin, and endocytic
removal from the plasma membrane. (b) Example of spatial control using endocytosis to change proximity to
adenylyl cyclase isoforms and phosphodiesterases. GPCRs are dephosphorylated and dissociated from
β-arrestin during or shortly after arrival in the endosome-limiting membrane. This enables a second phase of
Gs activation and cAMP production in endosomes that is transient due to receptor recycling. Iterative
cycling that occurs with prolonged agonist exposure drives repeated bursts of cAMP production from the
plasma membrane and endosomes. cAMP produced from endosomes can signal over a longer range due to
reduced local proximity to PDEs, and cAMP production from endosomes differs in its control by other
pathways due to isoform-specific localization and trafficking of adenylyl cyclase. Abbreviations: cAMP, cyclic
adenosine monophosphate; GPCR, G protein–coupled receptor; P, phosphate; PDE, phosphodiesterase.
Figure adapted from images created with BioRender.com.
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cell-cycle control in tissues by cAMP diffusion through gap junctions that enables the response to
spread between cells (175) and to promote sustained transcriptional responses within individual
cells through sustained global cAMP elevation (176).

The mechanistic basis by which some GPCRs produce a persistent response from endosomes,
while others signal transiently, is incompletely understood. It has been noted that some GPCRs
that produce sustained cAMP elevation, such as the vasopressin-2 receptor (V2R) and PTHR,
stably associate with β-arrestin in the limiting membrane. This contrasts with DRD1 and β2AR,
which signal transiently and associate with β-arrestin primarily at the plasma membrane. There
is now evidence that β-arrestin, despite its undisputed role in rapid signal termination at the cell
surface, has an opposite function in endosomes by increasing G protein activation. This signal-
sustaining function of β-arrestin is proposed to be mediated through the formation of a multipro-
tein complex on the endosome-limiting membrane that includes the GPCR and Gs and enables
Gs to be activated more rapidly or repeatedly from endosomes (177). This hypothesis is presently
under intensive investigation, with a structural basis for a β-arrestin-scaffolded endosomal signal-
ing megaplex (Figure 4a) having been proposed recently (178).

Functional differences between sustained and transient global activation are widely observed
in cellular signaling pathways, and a mechanism linking sustained cytoplasmic cAMP elevation to
signaling via PKA in the nucleus has been described (179). Given the diffusible nature of cAMP,
an interesting question concerns how GPCRs that elevate cAMP transiently achieve selective
responses from endosomes. For example, cAMP-dependent transcriptional control initiated by
β2AR activation is endocytosis dependent, despite this GPCR producing only transient global
cAMP elevations. Studies using optogenetic control of local cAMP production indicate that this
selectivity is achieved by changing the location of cAMP production rather than its overall amount
(Figure 4b) and is due, in part, to more rapid cAMP hydrolysis at the plasmamembrane (180, 181).
Spatial separation of effectors may also contribute to signaling selectivity. For example, adenylyl
cyclase type 9 (ADCY9) localizes to the limiting membrane of endosomes that contain activated
β2ARs and Gs (182); ADCY9 is activated by Gs but is insensitive to inhibitory control by Gi/
o-subclass G proteins, PKC, or calcium (183).

CONCLUSIONS, EXPERIMENTAL HURDLES, AND FUTURE
DIRECTIONS

While endosomes have been recognized as potential sites of RTK signaling for many years,
evidence for ligand-dependent GPCR signaling via heterotrimeric G proteins after endocytosis
is relatively recent. Nevertheless, the available data already suggest several themes regarding how
signaling initiated by internalized receptors may confer functional advantages that cross receptor
classes.

One such common theme is the potential for signaling from endosomes to be extended in both
time and space. For RTKs, endocytosis can sustain some signals initiated at the plasma membrane
or move activated receptor complexes through the cell, such as from distal axons to the cell body,
which enables long-range transcriptional control. For GPCRs, examples include selectively sus-
taining cAMP signaling produced by internalized polypeptide hormone receptors.

A second emerging theme is that endocytosis can reorganize signaling cascades through en-
forced proximity. For RTK signaling, endocytosis can terminate some signaling reactions and
initiate others, depending on differences in receptor proximity to other essential signal mediators
and substrates. For GPCR signaling via cAMP, the rate of cAMP hydrolysis appears to differ at in-
ternal membrane locations relative to the plasmamembrane, and emerging evidence indicates that
GPCR–G protein activation in endosomes is coordinated with endocytic membrane trafficking
of specific ADCY isoforms that differ in regulation.
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A third emerging theme is that endocytosis canmediate or support higher-order signal process-
ing and integration functions. For RTKs, these include using activation in endosomes to control
the signal dynamics differently, depending on the ligand, and possibly also contributing to the
generation of switch-like responses to graded inputs of some ligands (133). For GPCRs, these
include using endocytosis not only to control signaling dynamics and discriminate among distinct
agonists, but also as a selectivity filter to confer uniformity on downstream responses (184).

A main barrier for further understanding the cross talk between endocytosis and signaling
is that experimental evidence for the negative or positive impact of endocytosis on signaling is
difficult to obtain, resulting in vast inconsistencies among different model cell systems. Contro-
versies in the interpretation of experiments where the effects of RTK and GPCR endocytosis on
Ras/ERK1/2 signaling are examined by inhibiting major components of the endocytic machinery,
such as clathrin and dynamin, are discussed in previous reviews (e.g., 2, 124). In the RTK world,
a myriad of proteins have been implicated in the regulation of their endocytosis. However, none
has been shown to specifically and uniquely regulate the endocytosis of a single RTK or an RTK
subfamily, whereas all of them can regulate other receptors or have functions unrelated to traf-
ficking.Hence, experimental manipulations with such proteins often lead to pleiotropic effects on
membrane trafficking and signaling networks. For example, although Cbls are often considered
to be specific regulators of EGFR endocytosis, they ubiquitinate multiple RTKs and a variety of
other receptor types and integral membrane proteins, as well as nonreceptor Src family kinases.
In another example, important evidence for the role of late endosomes in ERK1/2 activation by
EGFR was obtained in experiments with the p14/MP1 scaffold complex in which knockdown of
these proteins was shown to inhibit sustained activation of ERK1/2 (185).However, further inves-
tigations revealed that p14/LAMTOR2 and MP1/LAMTOR3 are components of the Ragulator
complex, which mediates binding of mTORC1 to the late endosome and lysosome membranes
(186). Therefore, the effects of the knockdown and knockout of these proteins on ERK activity
could be indirect, resulting from the perturbation of late endosome and lysosome function. The
lack of mutant versions of EGFR and other RTKs that are not internalized but maintain all of the
signaling properties of a native receptor is the major obstacle for defining the role of endocyto-
sis in RTK signaling. Similar limitations apply to GPCRs. Dissecting the signaling consequences
of GPCR endocytosis by manipulating β-arrestin, for example, is complex because β-arrestin has
functions in addition to its role as a regulated endocytic adaptor for CME.These include the orig-
inally identified role of β-arrestin in attenuating G protein activation from the plasma membrane
(desensitization) and its more recently proposed functions in mediating G protein-independent
signaling pathways and positively regulating G protein activation in endosomes.These limitations
warrant further efforts to advance our mechanistic understanding of the endocytic trafficking of
this class of receptors as well as RTKs.

Many discrepancies, inconsistencies, and controversies with regard to the mechanisms and
functional role of endocytosis that have been emphasized in this review can be overcome by
expanding the use of new or emerging methodological approaches. Microscopic analysis of the
subcellular localization of signaling receptors and their effectors needs to be performed with en-
dogenous proteins, preferably in living cells to avoid artifacts of overexpression and to track the
dynamics of localization. The number of studies of endogenous components fused to fluores-
cent proteins or other tags in gene-edited cells is increasing, although these efforts so far cover
only a few signaling and endocytosis proteins and a few signaling pathways. Detection of endoge-
nous proteins by labeled nanobodies is an alternative approach that has the additional advantage
of sensing protein conformations. This approach has been extensively used in GPCR research,
and its expansion to studies of RTK signaling and endocytosis will be instrumental. Furthermore,
knowing and accounting for the cellular abundances of receptors and their effectors may help to
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identify rate-limiting steps of signaling pathways and elucidate mechanisms by which endocytosis
controls these pathway bottlenecks. Copy numbers of the entire HeLa cell proteome have been
quantitated using mass spectrometry (187), and a targeted analysis was performed to quantitate
copy numbers of major signaling proteins in multiple human mammary cell lines (188). Study-
ing the signaling and endocytosis of GPCRs and RTKs in mammalian organisms in vivo is the
next inevitable, yet feasible, step in this research area. The first attempts to examine the behav-
ior of labeled endogenous EGFR in mice demonstrated the feasibility of the mechanistic analysis
and unveiled conceptually different properties of the EGFR system in vivo (67, 189). We an-
ticipate that a combination of all of these approaches with high-end systems biology, including
genomics, proteomics, and mathematical modeling analyses, will enable mechanisms by which
endocytosis controls physiological signaling by receptors to be defined precisely and the inte-
grated consequences for cellular physiology to be delineated. This will enable the identification
of disease-related aberrations in endocytosis signaling networks that can then be therapeutically
targeted. Such aberrations may define a rational basis for improving the therapeutic specificity and
efficacy of drugs through the specific targeting of select signaling reactions based on subcellular
organization.
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