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Abstract

Cell signalling and endocytic membrane trafficking have traditionally been viewed as distinct
processes. Although our present understanding is incomplete and there are still great controversies,
it is now recognized that these processes are intimately and bidirectionally linked in animal cells.
Indeed, many recent examples illustrate how endocytosis regulates receptor signalling (including
signalling from receptor tyrosine kinases and G protein-coupled receptors) and, conversely, how
signalling regulates the endocytic pathway. The mechanistic and functional principles that underlie
the relationship between signalling and endocytosis in cell biology are becoming increasingly evident
across many systems.

Cells sense the environment and communicate with each other through the ligand-induced
activation of signalling receptors at the cell surface. Signalling receptors, similar to other
integral plasma membrane proteins, enter the endocytic pathway and are sorted into various
endosomal compartments. Endocytosis regulates cell signalling most simply by controlling the
number of receptors available for activation in the plasma membrane, and the activation of
receptors or downstream effectors often stimulates receptor endocytosis. Studies of receptor
tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs) have established many
examples of this relationship, which functions as a homeostatic regulatory loop to prevent
excessive ligand-induced activation of downstream effectors. This paradigm has also been
expanded to other receptors, including those for transforming growth factor-p (TGF),
cytokines, Wnt and Notch. Furthermore, a functionally important relationship between
signalling and endocytosis has been convincingly established in worm, fly, zebrafish, frog and
mouse models.

Itisincreasingly clear that endocytosis has many effects on signal transduction and, conversely,
that receptor signalling regulates the endocytic machinery. This has blurred traditional lines
that separate signalling and endocytosis at both the mechanistic and functional levels. Several
cellular proteins that function in signalling and endocytosis have also been identified. This
limits the degree to which signalling and endocytic machineries can be independently
manipulated experimentally, which makes it challenging to precisely elucidate specific
relationships between these machineries. There is now a vast collection of published primary
literature on this topic, and numerous recent reviews have focused on its various aspects?:2.
Instead, in this Review we discuss a limited subset of studies that illustrate the major features
of the signalling—endocytosis nexus and represent the field more generally. We also attempt
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to organize individual examples in a way that emphasizes common mechanistic or functional
themes. Although this approach may understate the full diversity and complexity of the
signalling—endocytosis nexus, it allows us to describe the fundamental principles that apply
across individual studies and systems. We suggest that the traditional duality of signalling and
endocytosis, which is based on their classification as two independent processes, is beginning
to give way to a view that these cellular processes are based on intertwining molecular
networks.

Mechanisms of receptor endocytosis

The endocytosis of many signalling receptors is stimulated by ligand-induced activation.
Activated signalling receptors use the same basic endocytic machinery as other endocytic
cargo, as previously reviewed3— (BOX 1). Both the RTK epidermal growth factor receptor
(EGFR) and various GPCRs, such as the f2-adrenergic receptor (B2AR), undergo rapid
endocytosis through clathrin-coated pits. Indeed, there is now evidence that virtually every
family of signalling receptor undergoes clathrin-dependent endocytosis (CDE), and such
evidence has been predominantly obtained under physiological conditions. At the same time,
there is also evidence showing that some receptors, including GPCRs, RTKs, TGFf, Wnt and
Notch receptors, undergo clathrin-independent endocytosis (CIE). However, the precise
mechanisms of CIE and the extent of its contribution to receptor endocytosis in vivo remain
unclear and are thus not discussed in detail in this Review.

Adaptor proteins in receptor endocytosis

Some RTKsand GPCRs, interferon (IFN), TGFp and other receptors are thought to be recruited
into clathrin-coated pits by the direct interaction of tyrosine- and di-leucine-based motifs in
their cytoplasmic domains with the clathrin adaptor protein complex AP2 (REFS 4:6:7).
Several other adaptor proteins, such as Epsin, epidermal growth factor receptor substrate 15
(EPS15) and Dishevelled are thought to link signalling receptors to a clathrin coat4:8:9.
However, the molecular mechanisms regulating the CDE of many signalling receptors are not
fully elucidated. The CDE of various GPCRs by B-arrestins (or non-visual arrestins) is among
the most clearly established examples. p-arrestins bind to both activated GPCRs and to the
clathrin coat components clathrin heavy chain and AP2, thus functioning as endocytic adaptors.
This adaptor function is promoted by the ligand-induced activation of receptors and by GPCR
kinase-induced phosphorylation of cytoplasmic serine and threonine residues in the
receptor10:11. Activated phosphorylated GPCRs are thought to induce a conformational
change in p-arrestins, which exposes their coat-binding helical domain and allows them to bind
to receptors with high affinity12. p-arrestins also bind to phosphatidylinositol-4,5-
bisphosphate (Ptdins(4,5)P2)13, which promotes the plasma membrane recruitment of -
arrestins and increases their endocytic activity. p-arrestins are regulated by phosphorylation
and dephosphorlyation and they can undergo ubiquitylation that is catalysed by MDM2 (REF.
14), which also increases their membrane recruitment by an unknown mechanism.

Ubiquitylation in receptor endocytosis

Many signalling receptors are themselves modified by ubiquity lation (BOX 2).
Monoubiquitylation of the GPCR Ste2 is known to promote endocytosis and vacuolar delivery
in budding yeast!®. Subsequent studies of various GPCRs and RTKs in animal cells suggested
that ubiquitylation is not essential for their CDE. However, ubiquitin could serve as one of the
clathrin-coated pit targeting signals for EGFR, high affinity nerve growth factor receptor
(NTRK1; also known as TRKA) and Notch16~18, Typically, E3 ubiquitin ligases containing
RING domains or HECT domains are recruited to activated receptors directly or through an
intermediate adaptor. For example, growth factor receptor-bound protein 2 (GRB2) acts as an
adaptor to recruit the E3 ubiquitin ligase Casitas B lineage lymphoma (CBI) to EGFRs and
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MET receptors19-20. ubiquitylated receptors are presumably recruited to clathrin-coated pits
by interacting with ubiquitin-binding domains (UBDs) that are present in Epsin and EPS15
(REF. 21). ubiquitylation can also regulate the accessibility of receptor internalization motifs
to AP2 (REFS 7:22).

Post-endocytic receptor trafficking

After internalization, signalling receptors are sorted to recycling and endosomal degradation
pathways in the same way as other endocytic cargo (BOX 1). Although recycling has been
considered a default cargo route from endosomes, it is now established that specific sequence
motifs and specific interactions control the recycling of some signalling receptors23. An
important feature of the endosomal sorting of many signalling receptors is the efficient
targeting of these receptors to late endosomes and lysosomes for degradation. Ligand-induced
ubiquitylation has a key role in the lysosomal targeting and downregulation of many signalling
receptors. Ubiquitin-directed sorting into multivesicular bodies (MVB) is mediated by a set of
multiprotein complexes that are associated with the endosomal membrane, which are
collectively referred to as ESCRT 0 (endosomal sorting complex required for transport 0),
ESCRT I, ESCRT Il and ESCRT Il (reviewed in REFS 24:25). One of the main components
of ESCRT 0 is the HRS-STAM (hepatocyte growth factor-regulated tyrosine kinase substrate—
signal transducing adapter molecule) complex, which is thought to interact directly with
ubiquitylated receptors through the UBD of HRS and to facilitate the recruitment of ESCRT I
to the MVB membrane. The ESCRT I-ESCRTIII complexes are required for the formation of
intraluminal vesicles (ILVS) of MVBs (achieved by involution of the limiting membrane) and
to recruit enzymes that deubiquitylate receptors before they are packaged into ILVs.
ubiquitylation has thus emerged as a major post-translational modification that controls the
trafficking of diverse signalling receptors after endocytosis.

Box 2
The ubiquitylation pathway

Ubiquitylation is a post-translational modification that mediates the covalent conjugation
of ubiquitin, a highly conserved protein of 76 amino acids, to substrate proteins26. The
process of ubiquitylation involves the sequential action of E1 ubiquitin-activating enzymes,
E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases that transfer ubiquitin to a lysine
residue of the substrate.

Attachment of a single ubiquitin moiety to a single or multiple lysine residues on a substrate
protein results in monoubiquitylation or multi-monoubiquitylation, respectively. Additional
ubiquitin molecules can be attached to the lysine residues in ubiquitin itself, which leads to
the formation of diubiquitin and polyubiquitin chains that are conjugated to a single lysine
of the substrate. Although ubiquitin contains seven lysine residues, all capable of
conjugating ubiquitin, lysine 48- and lysine 63-linked chains are the most abundant. Lysine
48-linked chains serve as a recognition signal for the proteasome and therefore target
proteins for proteasomal degradation2’. by contrast, lysine 63-linked ubiquitin chains
typically do not target proteins to the proteasome but instead mediate interactions with the
protein machinery that is involved in endocytic trafficking, the inflammatory response,
protein translation and DNA repair. Similarly, monoubiquitylation does not target proteins
to the proteasome but serves as a molecular recognition signal in membrane trafficking and
possibly other cellular processes'28, Several studies in mammalian cells and yeast indicate
that the major internalization and endosomal sorting determinant is lysine 63-linked
polyubiquitin rather than monoubiquitin, but there is evidence that both types of
ubiquitylation can function in endocytosis.
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The functions of ubiquitin are carried out by specific interactions with ubiquitin-binding
domains (UBDs) that are found in many proteins. All of the helical UBDs interact with
hydrophobic isoleucine 44 in ubiquitin, although there are several types of UBD that have
different modes of recognition for monoubiquitin and polyubiquitinl29. The isopeptidases
responsible for the removal of ubiquitin from substrate proteins are called deubiquitylation
enzymes130.

Endocytosis attenuates cell signalling

Sustained

Ligand-induced endocytosis of signalling receptors is thought to be an important mechanism
for negatively regulating signalling from the cell surface. Receptor endocytosis can attenuate
the strength or duration of many plasma membrane-regulated signalling processes by
physically reducing the concentration of cell surface receptors accessible to the ligand (FIG.
1a). In some cases, a reduction in the number of surface receptors does not attenuate the
maximal signalling response that can be elicited by a ligand but instead shifts the dose response
relationship so that a higher concentration of ligand is required to trigger a response of the
same magnitude. This is of physiological importance in settings of limited ligand concentration.
It is also of translational interest because it may contribute to time-dependent changes in the
required doses of various drugs that are used in clinical practice.

The endocytosis of signalling receptors can occur non-uniformly, such as in the regulation of
the directional invasive migration of border cells during Drosophila melanogaster
oogenesis?8. RTK signalling is localized at the leading edge of border cells to convey guidance
cues. Signalling by RTKSs is delocalized in the absence of CBL, which is necessary for RTK
endocytosis, and this results in severe cell migration defects. This suggests that RTK
endocytosis is inefficient in the absence of CBL and therefore signalling is not attenuated at
the leading edge. Thus, endocytosis ensures a localized response to guidance cues by spatially
restricting signalling.

Receptor endocytosis can also attenuate cell signalling by separating the receptors from plasma
membrane-delimited substrates or mediators (FIG. 1a). GPCR signalling through plasma
membrane potassium channels, which is mediated by membrane-bound - and y-subunits of
trimeric G proteins, requires that receptors and G proteins are present in the same membrane.
GPCR-mediated signalling through phospholipase Cy (PLCy) requires its substrate PtdIns(4,5)
P,, which is localized primarily in the plasma membrane?’. Similarly, PLCy1 and
phosphoinositide 3-kinase (PI3K) signalling by EGFR is inhibited by receptor internalization
owing to the lack of their lipid substrate, PtdIns(4,5)P5, in endosomes?8. In the specialized case
of Notch signalling (see BOX 3), in which the ligand is a transmembrane protein, the
accessibility of the ligand to the receptor is also regulated by ligand endocytosis.

signalling in endosomes

Endosomes have numerous unique properties that together allow endosomal membranes to
serve as important signalling platforms during signal transduction from various receptors.
These properties include: a small volume that favours ligand—receptor association and the
maintenance of receptor activity; a long residence time of active receptors with slow endosomal
sorting; the ability to use microtubular transport to move for long distances and towards the
nucleus; an enrichment in phosphatidylinositol 3-phosphate (Ptdins3P), which allows the
assembly of complexes involving FYVE domain and PX domain-containing proteins??; the
presence of specific resident proteins that can be used to assemble specific scaffold complexes;
and an acidic pH, especially in late endosomes, which favours the activity of pro teolytic
enzymes that participate in signalling. Numerous studies support the hypothesis that endosomal
signalling can occur, and the types of endosomal signalling proposed can be divided into two
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groups: signalling that can take place in endosomes but can also occur at the plasma membrane
(discussed in this section) and signalling that requires receptor endocytosis and/or occurs
exclusively on endosomal membranes (discussed in the next section). It should be emphasized,
however, that this division of endosomal signalling is not always straightforward. Endosomal
signalling with an outcome that is qualitatively similar to that of plasma membrane signalling
can be mediated by endosome-specific signalling complexes. By contrast, several examples of
endosome-specific signalling are challenged by evidence indicating that similar events also
occur in the plasma membrane.

Continuous RTK signalling in endosomes

In systems in which active receptors are rapidly internalized, the ability of a receptor to signal
after endocytosis is important to ensure the sufficient duration and intensity of signalling —
especially in vivo, where ligand is often limited. However, this capacity requires receptors to
remain active in endosomes. Several RTKSs, for example EGFR, remain ligand bound,
phosphorylated and active in endosomes until late stages of endosomal trafficking3C. The
detection of all the components of the extracellular signal-regulated kinase (ERK)-mitogen-
activated protein kinase (MAPK) activation cascade, including GRB2, SH2 domain-containing
transforming protein (SHC), son of sevenless (SOS), Ras proteins, RAF, MAPK/ERK kinase
1 (MEK1) and MEK2, in endosomes, provides compelling evidence that EGFR can continue
to signal following endocytosis (FIG. 2a). However, it has been challenging to unequivocally
show that the endocytosis of EGFR and other RTKSs is necessary for the full activation of ERK.
Some experiments using dominant-negative mutants and small interfering RNAs (SiRNAS) to
target proteins involved in endocytosis suggest that this process is required for ERK activation
by several RTKs31=34, but many similar experiments reach the opposite conclusion3537.
Although it is difficult to reconcile these data, it can be suggested that the contribution of
signalling from RTKSs to MAPKSs in endosomes may depend on how fast internalized RTKSs
are sorted to degradative compartments in a particular cell type and on the specific experimental
conditions.

The requirement of endocytosis for full ERK1 and ERK?2 activation can be explained by the
existence of a MAPK scaffold complex in late endosomes (FIG. 2a). This complex consists of
MEKZ1 partner 1 (MP1) and p14 protein38. The MP1-p14 complex is anchored to the
endosomal membrane by the adaptor p18 and binds MEK1, ERK1 and ERK2, thus facilitating
the phosphorylation of ERK1 and ERK2 (preferentially ERK1) by MEK1 (REF. 39).
Knockdown of p14 in cultured cells, or genetic knockout of p14 or p18 in mice, decreases the
basal activity of MEK1, MEK2, ERK1 and ERK2 (REFS 38740). The phenotype of mice in
which p14 or p18 have been knocked out is somewhat different in that p14 seems to be
necessary for prolonged ERK activity, whereas p18 is not necessary for EGF-mediated ERK1
and ERK?2 activation, but instead is required for the maximal phosphorylation of MEK1 and
MEK?2 at early time points after EGF stimulation. In addition, it has been shown that MP1-
pl4 regulates p21-activated kinase 1 (PAK1)-dependent ERK activation during adhesion and
cell spreading, but that this complex is not required for ERK activation by platelet-derived
growth factor41. Thus, the role of the MP1-p14 complex in ERK regulation varies depending
on the type of signalling system.

Continuous GPCR signalling in endosomes

It has also been proposed that the activation of MAPK cascades by GPCRs occurs from
endosomes. Early evidence came from experiments using mutant dynamin to inhibit CDE,
which showed that the endocytosis of the GPCR B2AR is required for full activation of ERK1
and ERK2 by the B2AR agonist isoproterenol*2. Subsequently it was found that certain GPCRs
remain associated with -arrestins in endosomes*3 and that p-arrestins can bind to various
kinases in MAPK signalling cascades®4. This led to the development of a “signalling endosome’
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hypothesis for the GPCR-mediated activation of ERK1, ERK2 and Jun N-terminal kinase. This
concept is similar to that of RTK signalling described above, as B-arrestins function as
membrane-associated scaffolds of MAPK modules and other protein kinase-dependent
signalling processes on endosomes (FIG. 2a). Itis also proposed that, by stably anchoring ERK
to endosomes, B-arrestins can bias signalling towards predominantly cytoplasmic, rather than
nuclear, ERK substrates45. In many cases it remains unclear whether signalling in which -
arrestin acts as a scaffold occurs from the endosomal membrane or the plasma membrane.
Evidence that p-arrestin recruitment to the plasma membrane can also activate ERK1 and
ERK2 (REF. 46) indicates that both situations probably occur. It should also be noted that, as
for RTKs, different experiments show conflicting results regarding the requirement of
endocytosis for GPCR signalling to MAPKSs. It is likely that GPCRs can activate ERK both
from the plasma membrane and endosomes, and that the contribution of endosomal signalling
is proportional to the residence time of a GPCR—-f-arrestin complex in an endosome.

Activation of the PI3K—-AKkt signalling axis is generally considered to occur at the cell surface,
where stimulation of the GPCR by lysophosphatidic acid results in the activation of PI3K and
Akt; this is mediated by the G protein GB1y2 (REF. 47) (FIG. 2a). It is proposed that GB1y2
can also translocate to endosomes, where it binds the small GTPase RAB11A and activates an
endosomal pool of the PI3K y-isoform and Akt, thus increasing the proliferative and anti-
apoptotic effects of stimulation of the GPCR by lysophosphatidic acid*’.

Retrograde endosome signalling in neurons

The distance between the site of receptor activation and effector function can be remarkably
long in neuronal cells. Neurotrophins, such as nerve growth factor (NGF) and brain-derived
nerve factor, are produced by post-synaptic cells. They activate pre-synaptic NTRKSs in distal
axonal termini to sustain survival signalling in various types of neuron. The signal must be
transported from distal axons to the soma to promote the transcription of anti-apoptotic genes.
Passive diffusion of signalling effectors is far too slow to account for such retrograde signalling.
A prevailing model of retrograde signalling proposes a dynein-mediated microtubular transport
of signalling endosomes containing activated NRTK signalling complexes to the soma (FIG.
2b). This model is based on several lines of experimental evidence. First, the retrograde
transport of NGF-containing endosomes has been directly observed in living neurons#8:49,
Second, endocytic vesicles and endosomes isolated from rat pheochromocytoma PC12 cells
and sciatic neurons contain phosphorylated NTRK1, PICy1, PI3K and proteins that are
involved in the activation of Ras—ERK or RAP1- ERK signalling cascades50~53. Third,
retrograde survival signalling that is induced by NGF and is applied to distal axons in
compartmentalized neuronal cultures can be blocked by the expression of a dynamin mutant
or dynamitin, which inhibit CDE and dynein-dependent transport, respectively54:°°.
Interestingly, endocytosis and retrograde transport of NGF were necessary for NGF-induced
activation of ERKS5 and phosphorylation of the cAmP responsive element-binding protein
(CREB) in the neuronal soma. By contrast, activation of NTRK1 by NGF binding in the soma
resulted in the activation of ERK1 and ERK2, which was not sufficient for the phosphorylation
of CREB and the induction of survival signalling®®.

In PC12 cells and sciatic and sympathetic neurons NTRK1 and NTRK2 are internalized by
CDE, and signalling endosomes containing internalized NTRK have the early endosomal
markers RABS5 and early endosome antigen 1 (EEA.1). This suggests that retrograde endocytic
carriers are early endosomes®1:55757. An alternative model was proposed on the basis of the
detection of the late endosomal marker RABY in retrograde carriers isolated from mouse motor
neurons58. This study suggested that retrograde transport requires the replacement of RAB5
by RAB7 on the endosomal membrane and that retrograde carriers are a pool of late endosomes.
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Another possible scenario of retrograde endosomal transport involves the internalization of
activated NTRK1 by a clathrin-independent mechanism that requires plasma membrane
ruffling and the expression of EH-domain containing 4 (EHD4; also known as pincher in rats)
59,60. EHD4 mediates the formation of large macropinosomes of a heterogeneous shape that
contain Ilvs, which is characteristic of mvBs, and are transported to the soma.

Although the existence of receptor-carrying retrograde endosomes is widely accepted, it is
proposed that retrograde signalling, at least in some cases, can be mediated by the transport of
downstream signalling effectors without transporting NGF and NTRK1 (REF. 61). Whether
such transport involves endosomes is not established. Interestingly, it has been recently
reported that CREB can be translated in distal axons and transported to the soma on signalling
endosomes62.

Endosome-specific signalling

By providing a platform for the assembly of specific signalling complexes, endosomal
membranes support signalling processes that cannot occur, or occur with low efficiency, at the
plasma membrane. Several examples of endosome-specific signalling are described in this
section.

TGFB signalling in endosomes

The ability of endosomes to recruit proteins containing PtdIns3P-binding domains is used
during TGFp receptor signalling. Internalization of TGFf3 receptors — heterotetramers
consisting of a type | receptor dimer and a type Il receptor dimer — allows the type | receptor
to interact with the FYVE domain-containing adaptor SARA (SMAD anchor for receptor
activation) in early endosomes®3:64 (FIG. 3a). SARA is also associated with the receptor target
SMAD?2, and this allows the efficient phosphorylation of SMAD2 by the TGFp receptor in
endosomes. SMAD?2 then dissociates from the complex and interacts with SMAD4, which
results in the translocation of this SMAD2-SMAD4 complex to the nucleus, where it regulates
gene transcription. Another FYVE-domain containing protein, endofin, interacts with TGFp
type | receptors and SMADA4, and therefore potentiates TGFp signalling by facilitating the
formation of a SMAD2-SMAD4 complex in endosomes®®. However, it has been reported that
SMAD signalling can be initiated from the plasma membrane and in some cases does not
require endocytosis®6:67,

GPCR signalling in endosomes

Specific targeting of the FY'VE domain to early endosomes is also exploited by the yeast GPCR
Ste2 to generate endosome-specific signalling®®. Activation of Ste2 results in the activation of
the trimeric G protein complex at the plasma membrane through the release of the Gp-Gy
subcomplex from the GTP-binding al subunit (Gpal); this mediates MAPK signalling from
the plasma membrane. At the same time Gpal translocates to endosomes and, following GTP
hydrolysis, can bind to the endosome-associated protein Vps15, which is structurally
homologous to G protein B-subunits and is associated with the PI3K Vps34 (FIG. 3b). Gpal
can subsequently be activated at the endosome by the cytoplasmic guanine nucleotide exchange
factor Arr4, and GTP-bound Gpal is thought to activate VVps34 kinase activity, which converts
PtdIns to PtdIns3P. This increases the concentration of PtdIns3P in endosomes, thereby
promoting the recruitment of the FYVE domain-containing adaptor bud emergence protein 1
(Bem1) and other PtdIns3P-binding proteins that subsequently potentiate the activation of
MAPKSs and Cdc42 signalling cascades.

Two recent studies suggest that mammalian GPCRs may also signal from endosomes through
trimeric G proteins, in a similar way to how GPCR signalling occurs from the plasma
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membrane. An immunosuppressive drug produces persistent endocytosis and Gj-mediated
signalling of the sphingosine 1-phosphate GPCR®°. Gs-mediated signalling of the thyroid-
stimulating hormone GPCR is enhanced by receptor endocytosis, and a putative receptor-
containing signalling endosome can be resolved by subcellular fractionation?©.

RTK signalling in endosomes

Specific signalling complexes can be assembled through their recruitment to the early
endosomal resident protein RABS. It has been proposed that endosomes containing EGFR,
RABS5 and the two homologous RABS effectors APPL1 (adaptor protein, phosphotyrosine
interaction, PH domain and leucine zipper-containing 1) and APPL2 can serve as specialized
signalling endosomes’?. APPLs are anchored to the endosomal membrane by interacting with
GTP-bound RABS, as well as through their PH and BAR (Binl/amphiphysin/Rvs167)
domains, and they can also directly or indirectly interact with RTKs and other receptors’2 (FIG.
3c). APPL-containing endosomes are a population of early endosomes that contain RAB5 but
lack EEA.1; it was therefore proposed that APPLs and EEA.1 compete for binding to GTP-
bound RABS (REF. 73). Acquisition of PtdIns3P through the recruitment and activity of human
VPS34 (also known as PIK3C3), a homologue of the yeast VVps34 kinase that converts PtdIns
into PtdIns3P, results in the accumulation of EEA.1 and the concomitant dissociation of APPLS
in maturing early endosomes. Strikingly, downregulation of APPL1 by morpholinos in
zebrafish leads to widespread apoptosis during development74. This effect is mediated by the
inactivation of the Akt-GSK3 (glycogen synthase kinase 3p) signalling axis and can be
rescued by the expression of functional APPL1. A small pool of Akt and GSK3p is found to
transiently associate with endosomes. By contrast, the Akt-mTOR (mammalian target or
rapamycin) signalling axis does not seem to be affected by APPL1 knockdown and does not
involve endosomal signalling. In cultured mammalian Hela cells, however, APPL-containing
endosomes seem to be necessary for ERK1 and ERK2 activation and Akt signalling to both
GSK3p and mTORT73. In sympathetic neurons and PC12 cells, recruitment of APPL proteins,
which interact with NTRK1 directly or indirectly through the adaptor protein GIPC (GAIP-
interacting protein, C-terminus)72:75, to endosomal NTRK1 was also necessary for the
activation of both ERK and Akt, and for NGF-induced neurite outgrowth75. Studies in
zebrafish provide a strong case for a specific role for APPL in Akt anti-apoptotic signalling,
but the mechanisms by which APPLs control ERK1 and ERK?2 activation are not clear. It is
possible that an increase in APPL concentration in endosomes could delay RTK trafficking
and therefore result in increased ERK activity.

Notch signalling in endosomes

Several signalling systems take advantage of the presence and increased activity of
transmembrane proteolytic enzymes in endosomes to carry out their function. For instance, it
is proposed that the co-compartmentalization of Notch and y-secretase in endosomes is
necessary for the efficient S3 cleavage of the Notch intracellular domain and for physiological
levels of Notch signalling6:76 (BOX 3).

Notch can also be activated in a ligand-independent fashion by the overexpression of the E3
ubiquitin ligase Deltex. Deltex promotes Notch ubiquitylation and endocytosis, leading to the
accumulation of full-length Notch in MVBs that contain markers of late endosomes, which is
required for Notch signalling during D. melanogaster embryonic development’” (FIG. 3d). It
has been proposed that Notch ectodomain shedding is carried out in late endosomes by
proteolytic enzymes in the lumen of these compartments. This is followed by the release of the
Notch intracellular domain fragment by y-secretase, which is thought to accumulate in the
limiting membrane of late endosomes and lysosomes’8. Interestingly, Deltex prevents the
incorporation of Notch into the ILVs of MVBs by an unknown mechanism, thus making Notch
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accessible to y-secretase and allowing the Notch intracellular domain fragment to be released
into the cytoplasm.

Tumour necrosis factor signalling in endosomes

A combination of co-compartmentalization with a proteolytic enzyme in endosomes and
endosomal FYVE-PtdIns3P interactions is used by the tumour necrosis factor receptor (TNFR)
to promote apoptotic signalling (FIG. 3e). The components of the death-inducing signalling
complex (DISC), FAS-associated death domain (FADD), TNFR-associated death-domain
(TRADD) and receptor interacting protein 1 (RIP1), are recruited to the ligand-bound TNFR
at the plasma membrane79. However, the cysteine protease caspase 8 is recruited to the DISC
and activated by its autoproteolytic cleavage in endosomes, leading to apoptosis. The
mechanisms that prevent caspase 8 activation at the plasma membrane are not known. Binding
of caspase 8 to the DISC in endosomes seems to be accompanied by the removal of RIP1 from
the complex. RIP1 is polyubiquitylated by the FYVE domain-containing E3 ligase CARP2
(caspases 8 and 10-associated RING finger protein; also known as RFLL) in endosomes and
degraded by the proteosome80. It is further proposed that incorporation of the receptor-DISC—
caspase 8 complex into ILVs of MVBs leads to the cleavage of pro-cathepsin D and the
activation of neutral sphingomyelinase, which promotes additional apoptotic signalling
involving caspase 9 (REF. 79). However, it is unclear how the DISC—caspase 8 complex, which
would be located inside ILVs as a result of MVB involution, can gain access to pro-cathepsin
D that is located in the lumen of MVBs.

Toll-like receptor signalling in endosomes

Several signalling systems use interactions that are based on the enrichment of PtdIns3P in
endosomes for their function, whereas Toll-like receptor 4 (TLR4) takes advantage of the fact
that another phospholipid, PtdIns(4,5)Po, is depleted in endosomes to switch from surface to
endosome-specific signalling. The assembly of a ligand-binding complex of TLR4 is induced
by the presence of lipopolysaccharide at the cell surface8l. Subsequently, activated TLR4
interacts with an adaptor complex involving TIR-domain-containing adaptor protein (TIRAP)
and myeloid differentiation primary response protein 88 (MY D88), resulting in the rapid
induction of the activity of the MAPK p38 and of inhibitor of NF-«kB kinase-f. The interaction
of TIRAP with PtdIns(4,5)P, facilitates the formation of the TIRAP-MY D88 complex at the
plasma membrane. After its internalization, the TIRAP-MYD88 complex dissociates from
TLR4, probably owing to a low concentration of PtdIns(4,5)P, in endosomes. This allows the
adaptor complex involving TRIF-related adaptor molecule (TRAM) and TIR-domain-
containing adaptor protein inducing IFNB (TRIF) to bind to the same motif in the internalized
TLR4, resulting in the endosome-specific activation of IFN-regulatory factors (IRFs) and the
induction of IFNb (FIG. 3f). Myristoylation of TRAM facilitates the interaction of the TRAM—
TRIF adaptor complex with endosomal membranes. Interestingly, several other members of
the TLR family, TLR3, TLR7 and TLR9, are found mostly in endosomal compartments, where
they detect viral nucleic acids that have been released after viral degradation. Indeed, in
plasmacytoid dendritic cells ligand-activated TLR9 directly interacts with MY D88 and the
transcription factor IRF7, and these complexes are retained for a long time in endosomes and
escape lysosomal degradation82. Such a sustained localization of TLR9 in endosomes is shown
to be necessary for a potent type | IFN response.

Endosomal sorting regulates signalling

Receptor-mediated signalling can be terminated by the sorting of internalized ligand-activated
receptors to ILVs of MVBs, effectively insulating receptors from cytoplasmic effectors (BOX
1; FIG. 1a) and promoting receptor proteolysis®3:84. Receptor degradation can also occur in
the absence of the ligand. D. melanogaster mutants with enhanced ligand-independent
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endocytosis and lysosomal targeting of Notch (BOX 3), for example, display loss-of-function
phenotypes in their wings®.

Receptor sorting to ILVs, and the subsequent trafficking to lysosomes, generally correlates
with the level of receptor ubiquitylation in endosomes. Inhibiting EGFR ubiquitylation by
mutating the receptor ubiquitin-conjugation sites enhances EGFR signalling86. By contrast,
increasing receptor ubiquitylation by inhibiting deubiquitylation accelerates the degradation
of RTKSs and down-regulates signalling. Mice in which the deubiquitylation enzyme UBPY
(also known as USP8) has been conditionally knocked out have reduced expression levels of
several RTKSs, which results in decreased rates of cell proliferation and causes liver failure in
adult mice8’. However, RNA interference-mediated knockdown of UBPY causes the opposite
effect (reduced EGFR degradation) in cultured mammalian cells, and knockdown of the distinct
endosome-associated deubiquitylating enzyme AMSH (also known as STAMBP) enhanced
degradation88. It was proposed that individual deubiquitylating enzymes have different effects
on lysosomal targeting depending on their specificity for hydrolysing lysine 63 and lysine 48
linkages and their role in the regulation of ESCRT ubiquitylation88. RNA interference
knockdown of the ESCRT 0 ubiquitin adaptor HRS in cultured mammalian cells, or HRS loss-
of-function mutations in D. melanogaster, also result in enhanced signalling by RTKs89791.
Inhibition of HRS translation by microRNAs (specifically miR296) enhances the activity of
vascular endothelial growth factor receptor and increases angiogenesis®2. Inhibiting the
function of ESCRT | by genetic knockout or by siRNA depletion of its component tumor
suppressor protein 101 increases EGFR recycling and sustains signalling to ERK1 and ERK2,
similarly to inhibiting ESCRT 0 by depleting HRS. By contrast, sSiRNA knockdown of VPS22
(an ESCRT Il component) or VPS24 (an ESCRT 11l component) did not affect ERK activation.
This suggests that EGFR signal termination occurs after endocytosis but upstream of ESCRT
1189:93.

The trafficking of internalized receptors back to the plasma membrane, rather than to
lysosomes, can sustain signalling. This is observed for various GPCRs such as the B2AR, the
signalling of which through trimeric G proteins is inhibited by receptor phosphorylation in the
plasma membrane before endocytosis (FIG. 1b). The subsequent endocytosis and RAB4-
dependent recycling of these GPCRs “re-sensitizes' receptors, apparently by promoting their
dephosphorylation by the endosome-associated phosphatase 2A94:95. Although much of this
work was done in cultured cell models, it has been shown that RAB4-dependent recycling is
required for sustaining normal physiological responsiveness of both f1ARs and 2ARs in
intact cardiac muscle96:%7. This principle has been reported for two other GPCRs, the
calcitonin receptor-like receptor (CLR; also known as CALCRL) and neurokinin 1 receptor
(NK1R; also known as TACRL1), the activating ligands of which are degraded by the
metalloendopeptidase endothelin-converting enzyme (ECEL) that is present in early
endosomes. RNA interference-mediated depletion of cellular ECE1 inhibited ligand
proteolysis in endosomes and reduced receptor recycling. This resulted in a prolonged
reduction in subsequent receptor responsiveness, which suggests that ligand proteolysis
promotes efficient receptor recycling and functional resensitization®8:99. Furthermore, the
notion that trafficking of internalized receptors back to the plasma membrane, rather than to
lysosomes, can instead sustain signalling has been reported in studies of B2AR signalling in
isolated cardiac myocytes. In this case ligand-induced activation elicits a transient increase in
cellular contraction rate that is mediated by receptor coupling to Gs-type trimeric G proteins,
followed by a decrease mediated by receptor coupling to distinct Gj-type trimeric G proteins.
This switch of G protein—receptor coupling specificity requires B2AR endocytosis and
recycling, which suggests that the recycling pathway inserts receptors into specific Gj-enriched
surface domains90,
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Signalling

A process similar to GPCR re-sensitization has been observed for RTKs when they are
activated by ligands that dissociate from them in endosomes. The EGFR agonist TGFa, for
example, is released from the receptor in the acidic environment of endosomes. In this case,
EGFR is not significantly downregulated, and each recycled receptor can be activated by
TGFa many times02,

The fate of internalized signalling receptors may also be determined by the route of their
internalization. EGFRs internalized through CDE are recycled back to the plasma membrane
more efficiently, and degraded less efficiently, than receptors internalized by CIE. This
difference in post-endocytic sorting explains the important role of the CDE of EGFR in ERK
and Akt signalling3*. Similar findings for a crucial role for the CDE of TGFp receptors in
SMAD signalling have also been reported92. Specifically, it was proposed that CDE increases
the intensity of signalling because it redirects TGFp receptors from constitutive lipid raft-
dependent endocytosis, which usually targets receptors for ubiquitylation and degradation.

influences endocytosis

Although there is extensive published literature reporting that endocytosis affects receptor-
mediated signalling, less is known about how signalling affects endocytosis. Nevertheless, it
is clear that such regulation occurs, and several examples of signal-induced alterations in
endocytic processes are described below.

Regulation of CDE by signalling

Early evidence for the regulation of CDE by signalling came from morphological studies of
EGFR endocytosis in sympathetic neurons. ligand-induced activation of EGFR in these cells
produced a rapid increase in the total number and surface density of clathrin-coated pits103,
Subsequent studies show that EGFR or NTRK1 activation increases the pool of cellular clathrin
that is associated with the plasma membrane of HelLa or PC12 cells, respectively, and this
depends on Src kinase activity194:105_ 1t was proposed that Src kinases function as downstream
mediators of RTKSs to increase the rate of de novo clathrin-coated pit formation, by
phosphorylating the clathrin heavy chain in a region of its hub domain that controls the
assembly of the triskelion194 (BOX 1). Depletion of AP2 reduces the number of clathrin-coated
pits in HeLa cells, and activation of EGFR in these cells leads to de novo formation of ¢ lathrin-
coated pits that contain EGFR and the adaptor GRB2 (REF. 106). These clathrin-coated pits
do not contain transferrin receptors, nutrient uptake receptors that undergo constitutive
endocytosis through coated pits, which suggests that EGFR activation causes the formation of
cargo-specific coated pits under these conditions. However, EGF has been shown to colocalize
with other ligands in clathrin-coated pits, including transferrin, and different clathrin adaptors
have been shown to be uniformly distributed in clathrin-coated pits107~109. Furthermore, live-
cell imaging of EGFR endocytosis showed that, in HeLa cells expressing AP2 at physio logical
levels, activated EGFRs are recruited into pre-existing clathrin-coated pits110. The degree to
which EGFRs can normally mediate de novo coated pit formation or can associate with a subset
of clathrin-coated pits that have a specialized composition remains unresolved.

GPCRs such as the B2ARs also undergo regulated endocytosis that is mediated by agonist
concentration in pre-existing clathrin-coated pitst11. p2ARs were found to concentrate
uniformly in clathrin-coated pits in HEK293 cells that overexpress the specific adaptor B-
arrestin but, in cells expressing B-arrestin at physiological levels, ligand-activated B2ARs
selectively concentrated in a fraction of clathrin-coated pits. The presence of B2ARs regulated
the period for which individual coated pits remained at the cell surface, as measured by the
interval between clathrin coat deposition and membrane scission, by a mechanism involving
receptor scaffolding to cortical actin12,
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There is also evidence that signalling can alter the clathrin machinery more generally. Early
evidence for this came from the study of CDE in the pre-synaptic nerve terminal.
Depolarization of the pre-synaptic terminal produces rapid dephosphorylation of numerous
endocytic proteins, including dynamin and amphiphysin, which is mediated by the activation
of calcineurin and enhances the CDE of pre-synaptic vesicle membrane components13:114,
Activation of the Ephrin B receptor by Ephrin B results in tyrosine phosphorylation of
synaptojanin 1, a phosphoinositol 5-phosphatase that is involved in the uncoating of clathrin-
coated vesicles after internalization11®. Tyrosine phosphorylation decreases the activity of
synaptojanin 1 and, therefore, affects the clathrin-mediated endocytosis of transferrin and o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors.

Regulation of endosomal sorting by signalling

Signalling can also regulate later stages in the endocytic pathway. Indeed, EGFR activation
was found to slow the process of endosome maturation!16 and to increase the number of ILVs
in MVBs117. The biochemistry of phospho inositides is proposed to have a role in endosome
maturation at many stages, including during the initial formation of early endosomes through
the recruitment of EEA1 and the release of APPL on the basis of their distinct lipid-interacting
specificities’3.

Signalling by downstream kinases affects endocytosis and endosomal trafficking at many
points. Stress-induced p38 stimulates the formation of RAB5 and GDI (GDP dissociation
inhibitor) complexes, which leads to the acceleration of endocytosis, presumably by delivering
RABS to endocytic sites at the plasma membrane or to the sites of assembly of RAB5 micro-
domains in early endosomes118. Activation of p38 also promotes the internalization of EGFR
that is not bound to ligand119. ERK1 and ERK2 signalling seems to regulate endosomal
maturation and cargo degradation, as knocking out MEKZ1 in fibroblasts abolishes endosome
movement to the perinuclear area of the cell and delays receptor degradation40. It has been
shown recently that the A-RAF isoform of the Raf kinase family is located in recycling
endosomes and is required for the activity of the small GTPase ADP ribosylation factor 6
(ARF6)120. Knockdown of A-RAF, or overexpression of dominant-negative A-RAF mutants,
reduces the recycling of the transferrin receptor, although this effect was not quantified.
Because MEK inhibitors also affect transferrin recycling and ARF6 activity, A-RAF seems to
mediate its effects through the activation of ERK1 and ERK2. Activation of protein kinase A
(PKA) by B2AR regulates a rapid pathway of RAB4-dependent recycling, without affecting a
slower recycling pathway, and this regulation is mediated by the phosphorylation of the
receptor itself. Surprisingly, PKA-dependent signalling also regulates recycling of the
transferrin receptor that is packaged in the same vesicles, which suggests that overall membrane
flux is affected through a specific recycling pathway121.

Conclusions and future directions

Thousands of proteins are involved in intracellular signalling processes, and several hundreds
comprise the machinery that controls endocytosis. Some of the key players in these two groups
are discussed in this Review, and some examples of proteins with a role in both signalling and
endocytosis are presented in TABLE 1. An adaptor protein can have dual functions by
interacting with two alternative effectors. For instance, p-arrestins mediate GPCR endocytosis
by binding to clathrin and AP2 while participating in signal transduction by scaffolding the
components of the MAPK pathway. Similarly, GRB2 functions in endocytosis by interacting
with the E3 ubiquitin ligase CBL, whereas its function in signalling to Ras proteins is mediated
by its interaction with SOS. Enzymes carry out two seemingly independent functions by
modifying two alternative substrates. Kinases with a large range of substrates, such as protein
kinase C and Src kinases, are involved in various signalling cascades but they can also modulate
the endocytosis of receptors. Although the precise mechanisms of function of many such
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proteins remain to be elucidated, it is becoming increasingly clear that these proteins represent
nodes at which endocytic and signalling networks substantially overlap. Such integration of
molecules and processes suggests that signalling and endocytosis may behave as, and should
be analysed as, a single molecular network.

Studies during the past decade have revealed that the functional interactions of cell signalling
processes and endocytosis are important at all stages of morpho-genesis during animal
development, as well as in the regulation of cell proliferation, metabolism, motility, survival,
differentiation and the immune response in adult organisms. In the central nervous system, for
example, regulation of signalling by endocytosis has been implicated in neurodegenerative
diseases, drug abuse, nerve regeneration and neuronal plasticity (for example, long-term
depression and potentiation)122-124. The endocytic machinery is often affected in cancer cells,
and these aberrations may underlie the specific properties of tumours and the sensitivity of
these tumours to therapeutics targeting signalling receptors125. many relationships between
signalling and endocytosis have begun to be elucidated at the cellular level, but we have a
limited understanding of the mechanisms of endocytosis and signalling crosstalk under in
vivo conditions. In vivo analysis of the role of this crosstalk in human pathologies will certainly
benefit from expanding the repertoire of mouse models with genetically altered endocytosis
and signalling pathways. of particular importance are tissue-specific and inducible models that
may help to avoid the embryonic lethality that is often associated with altering the components
of the basic endocytic and signalling machineries. Needless to say, further elucidation of the
specific mechanisms linking signalling and endocytosis is crucial for developing such
strategies of in vivo analysis and manipulation.

Endosomal compartment

An intracellular acidic membrane compartment to which receptors are delivered after
endocytosis, and from which receptors are sorted to different intracellular destinations.

Receptor tyrosine Kinase

Transmembrane receptor that consists of extracellular ligand-binding domains, one helix
membrane-spanning domain and a tyrosine kinase domain in the cytoplasmic part of the
molecule.

G protein-coupled receptor

A transmembrane receptor containing seven membrane-spanning helical domains, which
functions as a ligand-dependent guanine nucleotide exchange factor to activate trimeric G
proteins to interact with other signalling proteins.

Clathrin-coated pit

The initial site of the recruitment of receptors destined for endocytosis and of the formation
of a clathrin-coated vesicle.

Clathrin-dependent endocytosis

Endocytosis mediated by clathrin-coated pits and vesicles.
Clathrin-independent endocytosis

Endocytosis that does not require clathrin.

Clathrin heavy chain

The main structural protein of the clathrin coat (~170 kD) consisting of the hub, distal and
proximal legs and the terminal domains.
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E3 ubiquitin ligase

The final enzyme complex in the ubiquitin-conjugation pathway that transfers ubiquitin
from previous components of the pathway to the substrate protein to form a covalently
linked ubiquitin—substrate conjugate.

RING domain

A cysteine-rich tandem zinc-finger domain of 40-60 amino acids that is often found in E3
ubiquitin ligases.

HECT domain

A domain that contains ~350 amino acids and is highly conserved among a family of E3
enzymes. The name HECT for stands for homologous to E6-AP carboxyl terminus.

Multivesicular body

An endosomal intermediate containing small membrane vesicles that are formed by inward
invagination and budding from the limiting membrane.

HRS-STAM

A ubiquitin-binding protein complex that functions as an adaptor for cargo sorting to the
multivesicular body and lysosome pathway.

Intraluminal vesicle

A small vesicle located inside multivesicular bodies that are formed by ESCRT (endosomal
sorting complex required for transport)-mediated invagination of the limiting membrane of
these endosomes.

Trimeric G protein

A family of cytoplasmic signal mediators composed of an a-subunit containing a GTP-
binding site and intrinsic GTPase activity, together with a hydrophobic and often acylated
- and y-protein subcomplex. The B- and y-protein subcomplex is activated by dissociation
of a-GTP, which is initiated by GTP exchange on the a-subunit.

FYVE domain

Phosphatidylinositol 3-phosphate binding domain of ~60-65 amino acids that is named
after four cysteine-rich proteins — Fabl, YOTB/ZK632.12, Vacl, and early endosome
antigen 1 — that it has been found in.

PX domain

A lipid- and protein-interaction domain that consists of 100-130 amino acids and is defined
by sequences that are found in two components of the phagocyte NADPH oxidase (PHOX)
complex.

Lysophosphatidic acid

A phospholipid derivative that acts as a potent signalling molecule owing to the fact that it
activates several G protein-coupled receptors. It is often formed by phospholipase D, which
removes the choline group from lysophosphatidylcholine.

Soma
Cell body portion of a neuron that contains the nucleus.

Retrograde signalling
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The process by which ligands released from a post-synaptic cell regulate events in a neuron
synapsing onto that cell.

Pheochromocytoma

A rare catecholamine-secreting tumour derived from chromaffin cells, which are
neuroendocrine cells found in the medulla of the adrenal gland.

Macropinosome
A large vesicle filled with extracellular fluid and formed through macropinocytosis.
PH domain

A phosphoinositol-binding protein domain that is characteristic of the RNase PH family of
bacterial phosphate-dependent ribonucleases.

Leucine zipper

A leucine-rich domain in a protein that binds to other proteins with a similar domain.
Metalloendopeptidase

An enzyme which functions as an metalloproteinase endopeptidase.

Depolarization

A change in a cell's membrane potential, making it less negative, which in neurons and other
excitatory cells may result in an action potential.
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Figure 1. Endocytosis regulates signalling from the plasma membrane

a | Schematic depicting signal attenuation. Ligand-induced activation of receptor tyrosine
kinases (RTKs) or G protein-coupled receptors (GPCRS) promotes signalling from the plasma
membrane by the receptor-mediated recruitment of signalling effectors to phosphorylated
RTKSs, or the activation of G proteins associated with GPCRs when the Ga subunit is bound
to GTP (step 1). GPCR signalling can be mediated both by the GTP-bound Ga subunit (as
depicted) and by the GB-Gy subcomplex. Receptor recruitment into coated pits (step 2) and
clathrin-dependent endocytosis (step 3) attenuate signalling by separating the receptors from
plasma membrane-delimited substrates and/or mediators. Some receptors traffic to lysosomes
after endocytosis, which results in their downregulation by proteolysis and further attenuates
signalling (step 4). b | Schematic depicting signal desensitization, re-sensitization and pathway
switching. The ability of some GPCRs to activate trimeric G proteins (signal 1; step 1) is
attenuated before endocytosis by receptor phosphorylation and B-arrestin binding (step 2). Such
desensitized receptor—f-arrestin complexes concentrate into clathrin-coated pits (step 3) and
are endocytosed into acidic (H™) endosomes (step 4), which promotes various events that may
include (depending on the receptor and cell type) ligand dissociation or destruction,
dissociation of B-arrestin and phosphatase-catalysed dephosphorylation (step 5). Recycling
(step 6) restores the receptors to the cell surface, re-sensitizing the cell for another round of
signalling. In some cases GPCR recycling inserts receptors into a different G protein-
containing environment (step 7), which produces a “switch' in signalling specificity following
subsequent receptor activation (signal 2; step 8).
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Figure 2. Signalling processes that begin at the cell surface and continue in endosomes

a | Activation of mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase
(PI3K)-Akt signalling cascades by receptor tyrosine kinases (RTKSs) and G protein-coupled
receptors (GPCRs) occurs at the plasma membrane and in early, recycling and late endosomes.
In all of these locations activated, phosphorylated MAPK dissociates from the MAPK kinase
(MK), unless stably associated with a scaffold protein such as p-arrestin, and phosphorylates
substrates in the cytoplasm and nucleus. When GPCRs are stimulated by lysophosphatidic acid,
the activated G protein subcomplex GB-Gy can activate PI3K and Akt at the plasma membrane
and also translocate to the early and recycling endosomes to activate endosomal PI3K -
isoform, which leads to the phosphorylation and activation of Akt in endosomes. b | Model of
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retrograde endosome signalling in neurons. Ligand-bound nerve growth factor receptors
(NTRKS) are internalized by clathrin-dependent and clathrin-independent endocytosis, with
associated components of the MAPK signalling cascade, into early endosomes or
macropinosomes that have a multivesicular body-like morphology. NTRK signalling
complexes are delivered to the soma in retrograde endosomal carriers, which are a population
of early or late endosomes and macropinosomes, by dynein motor-mediated microtubular
transport. The MAPK extracellular signal-regulated kinase 5 (ERKD5) is then phosphorylated
and activated in the soma. It phosphorylates the cAMP responsive element-binding protein
(CREB), which regulates the transcription of anti-apoptotic genes. Grey arrows show
trafficking pathways. Black arrows show protein translocations or complex assembly. GRB2,
growth factor receptor-bound protein 2; MP1, MEK1 partner 1; PtdIns(3,4,5)P3,
phosphatidylinositol-3,4,5-trisphosphate; PtdIns(4,5)P,, phosphatidylinositol-4,5-
bisphosphate; SH2, Src homology 2.
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Figure 3. Signalling complexes specifically assembled in endosomes

a | Endosomal recruitment of SMAD2 and SMAD4 by the FYVE domain adaptors SARA
(SMAD anchor for receptor activation) and endofin, respectively, allows efficient
phosphorylation of SMAD?2 by internalized transforming growth factor- receptor (TGFBR)
and the formation of active SMAD2-SMAD4 complexes. b | Following the activation of the
yeast protein Ste2, the GTP-binding a1 subunit (Gpal) of the trimeric G protein complex binds
to the endosomal protein Vps15. This activates the yeast phosphoinositide 3-kinase Vps34,
which converts phosphatidylinositol (Ptdins) to phosphatidylinositol-3-phosphate (PtdIns3P).
The FYVE domain-containing protein bud emergence protein 1 (Bem1) is subsequently
recruited to PtdIns3P, where it potentiates the activation of Cdc42 and mitogen-activated
protein kinase (MAPK). ¢ | APPL1 (adaptor protein, phosphotyrosine interaction, PH domain
and leucine zipper-containing 1) and APPL2 are targeted by GTP-bound RAB5 to early
endosomes. They can also directly, or indirectly through GIPC (GAIP-interacting protein, C-
terminus), interact with receptor tyrosine kinases (RTKSs). Activated Akt and GSK3p (glycogen
synthase kinase 3p) transiently associate with APPL, which leads to the phosphorylation of
GSK3p in endosomes. d | Deltex promotes the ubiquitylation, endocytosis and accumulation
of full-length Notch in late endosomes. The S1 and S2 Notch cleavages may be mediated by
proteolytic enzymes in the late endosomes, and the Notch intracellular domain fragment
(Notch-ICD) is released by y-secretase present in late endosomes. e | Death-inducing signalling
complex (DISC) is recruited to ligand-bound tumour necrosis factor receptor (TNFR).
Receptor interacting protein 1 (RIP1), acomponent of DISC, is polyubiquitylated by the FYVE
domain-containing E3 ligase CARP2 (caspases 8 and 10-associated RING finger protein) in
endosomes and degraded by the proteasome, which allows the recruitment and activation of
caspase 8. f | Activated Toll-like receptor 4 (TLR4) binds to the adaptor complex formed by
myristoylated TRIF-related adaptor molecule (TRAM) and TIR-domain-containing adaptor
protein inducing IFNB (TRIF) only in endosomes, which allows the transcription of type |
interferon (IFN) genes. Sustained interaction of ligand-TLR9 complexes with the adaptor
protein myeloid differentiation primary response protein 88 (MYD88) and IFN regulatory
factor 7 (IRF7) in endosomes is necessary for a potent type | IFN response.
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Box 1. Pathways of receptor endocytosis

Endocytosis involves the capture of transmembrane proteins and their extracellular ligands
into cytoplasmic vesicles that are pinched off from the plasma membrane (see the figure). The
best-studied pathway of receptor internalization is mediated by clathrin-coated pits. These are
small areas of the plasma membrane that are covered from the cytoplasmic surface with clathrin
triskelions, which consist of three clathrin heavy chains and three clathrin light chains
assembled into the polyhedral clathrin lattice. Receptors are recruited to clathrin-coated pits
by directly interacting with the clathrin coat adaptor complex AP2 or by binding to other
adaptor proteins, which in turn interacts with the clathrin heavy chain and/or AP2. Clathrin-
coated pits invaginate inwards with the help of several accessory proteins and pinch off to form
a clathrin-coated vesicle in a process that requires the GTPase dynamin. Several clathrin-
independent pathways of endocytosis also exist, although the precise mechanisms and
structural components involved in these pathways are not well understood.

Endocytic vesicles derived from both clathrin-dependent and clathrin-independent endocytosis
fuse with early endosomes. Endosomal trafficking is controlled by several Rab proteins —
small GTP-binding proteins of the Ras superfamily. Each GTP-bound Rab protein resides in
a particular type of endosome and functions by recruiting specific effector proteins. Following
their internalization into early RAB5-containing endosomes, receptors can rapidly recycle back
to the plasma membrane by a RAB4-dependent mechanism, traffic to the recycling
compartment that contains RAB11A or remain in endosomes, which mature into multivesicular
bodies (MVBs) and late endosomes. MV Bs are defined by the presence of intraluminal vesicles
(ILVs) that are formed in a process of inward membrane invagination involving ESCRT
(endosomal sorting complex required for transport) complexes. Early-to-late endosome
maturation involves the acquisition of RAB7 and the removal of endosomal components that
are capable of, and necessary for, recycling. In the MVBSs, cargo destined for degradation is
incorporated into ILVs. Fusion of late endosomes and MVBs with lysosomes carrying
proteolytic enzymes results in cargo degradation.
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Box 3. Regulation of Notch signalling by endocytosis

Dsl (Delta/Serrate/lag2 domain) proteins, which are Notch ligands, are transmembrane proteins
that are present in the plasma membrane of a signal-sending cell. Dsl proteins interact with
Notch located at the surface of a signal-receiving cell, which results in proteolytic S1 and S2
cleavages of the extracellular domain of Notch mediated by a disintegrin and metalloprotease
(ADAM) enzyme and generates a Notch extracellular truncation fragment (Notch-S2) (see the
figure, part a). Notch-S2 is further subject to intramembrane S3 cleavage by the y-secretase
complex, either in the plasma membrane or after endocytosis, to generate a membrane fragment
and the cytoplasmic intracellular domain fragment (Notch-1CD), which translocates to the
nucleus to activate the transcription of target genes. Evidence in Drosophila melanogaster and
mammalian cells suggests that endocytosis is necessary for the S3 cleavage of recombinant
and endogenous Notch16:76_ Although y-secretase is present in both the plasma membrane and
endosomes?31:132 it has optimal activity at the low pH levels of endosomes and lysosomes’:
8,133

The surface concentration of functional Dsl proteins is crucial for physiological levels of Notch
signalling, and this is regulated by endocytosis (reviewed in REF. 134). The endocytosis and
recycling of the Notch ligand Delta in signal-sending cells is also required for Delta activation,
although the mechanism is not understood. Four E3 RING ubiquitin ligases, MIB1 and MIB2
and Neurolized 1 and Neurolized 2, as well as Epsin and RAB11A, are implicated in Dsl
internalization and recycling (see the figure, part b)135-137,

The endocytic adaptors NUMB and AP2 promote the endocytosis of non-ligand bound Notch
and its degradation in the lysosome of the signal-sending cell (see the figure, part c). In the D.
melanogaster pupal retina, Notch is endocytosed and directed to late endosomes and lysosomes
in the signal-receiving cell (see the figure, part d)138~140, In mammalian cells targeting of
non-ligand bound Notch to lysosomes is promoted by the lysine 29-linked polyubiquitylation
of Notch, which is mediated by the HECT domain-containing E3 ligase ITCH (also known as
AlP4)14L,
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Examples of proteins with a dual function in signalling and endocytosis

Protein Role in endocytosis Role in signalling

fB-arrestins Mediate internalization of GPCRs by linking receptorsto  Desensitize GPCRs at the plasma membrane; scaffold
clathrin and AP2 (REF. 11) MAPK signalling modules?4:142

GRB2 Mediates internalization and ubiquitindependent

degradation of RTKs20,143,19

Mediates activation of Ras proteins by RTKs144

MP1-p4-p'8 complex

Involved in late endosome biogenesis and/or the transport
of endosomes to the perinuclear area of the cell40,39

Involved in ERK1 and ERK2 activation by scaffolding
MEK1 and ERK1 and ERK2 (REFS 38-40)

APPL1 and APPL2 Implicated in the endocytosis of NTRK1 (REFS 72,75) Involved in the activation of Akt and ERK1 and ERK2
signalling pathways by RTKs/2: 74,75
p3& MAPK Stimulates ligand-independent endocytosis of EGFR and  Involved in the regulation of inflammatory and stress
regulates RAB5 function (REFS 118,119) response in response to various stimuli by phosphorylating
downstream targetsl45
Epsin Located in clathrin-coated pits and recruits ubiquitylated  Involved in the activation of Cdc42 (REF. 147)
Cargo17,146
Intersectin Involved in the regulation of clathrin-mediated Functions as a guanine nucleotide exchange factor for
endocytosis, and EGFR ubiquitylation and CDC42 to regulate actin cytoskeleton dynamics90
internalization148,149
Dishevelled Mediates internalization of Frizzled receptors by linking Mediates canonical and noncanonical Wnt signalling by

receptors to AP2 (REF. 9)

interacting with various adaptors, kinases, small GTPase
and other proteins151

APPL, adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper-containing 1; EGFR, epidermal growth factor receptor; GPCR,
G protein-coupled receptor; ERK, extracellular signal-regulated kinase; GRB2, growth factor receptor-bound protein 2; MAPK, mitogen-activated
protein kinase; MEK1, MAPK/ERK kinase 1; MP1, MEK1 partner 1; NTRK1, nerve growth factor receptor 1; RTK, receptor tyrosine kinase.
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