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Preface

It is now widely appreciated that cell signalling is highly context dependent. The
location and concentration of signalling nodes regulate their activation cycles and
engagement with distinct effector pathways. Whilst many cell signalling pathways
are initiated from the cell surface, endocytosis provides an opportunity for modu-
lation of the output of signalling networks. In this book, we will highlight how the
endosomal system helps to organise and regulate signalling pathways. In a series of
reviews, we will firstly focus on the endocytic and endosomal system and describe
how these subcellular platforms sort and regulate a wide range of signalling
pathway components and phenotypic outputs. We will then review the latest sci-
entific insights into how endocytic trafficking and subcellular location modulate a
set of major pathways essential for normal cellular function and organism
development.

Paris, France Christophe Lamaze
Liverpool, UK Ian Prior
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Chapter 1
The Endosomal Network: Mediators
and Regulators of Endosome Maturation

Maria Podinovskaia and Anne Spang
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Abstract Endocytosis is a means for the cell to sample its environment for nutrients
and regulate plasma membrane (PM) composition and area. Whereas the majority
of internalized cargo is recycled back to the cell surface, select material is sent to the
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2 M. Podinovskaia and A. Spang

lysosome for degradation. Endosomes further play major roles in central cell activ-
ities as diverse as establishment of cell polarity and signaling, lysosomal storage
and immunity. The complexity of endosomal functions is reflected by the extensive
changes to endosome properties as theymature. The identity of individual endosomes
is influenced by the presence of specific Rab GTPases and phosphoinositides (PIPs),
which coordinate membrane traffic and facilitate endosomal functions. Motors and
tethers direct the endosomes to the required locations andmoderate fusion with other
organelles. The maintenance of the elaborate endosomal network is supported by the
ER and the trans-Golgi network (TGN), which promote the exchange of membrane
components, provide enzymes, and assist with signaling. Additionally, V-ATPase
is emerging as an underappreciated coordinator of endosome maturation and cell
signaling. The inputs of the various mediators of endosome maturation are tightly
regulated and coordinated to ensure appropriate maintenance and functioning of
endosomes at each stage of the maturation process. Perturbations in endosome mat-
uration are implicated in devastating diseases, such as neurodegeneration and cancer,
and the endosome maturation processes are manipulated and exploited by intracellu-
lar pathogens to meet their own needs. A greater understanding of coordination and
fine-tuning of endosome maturation will help us address various pathologies more
effectively.

Abbreviations

EE Early endosome
CI-M6PR Cation-independent mannose-6-phosphate receptor
ILV Intra luminal vesicle
LE Late endosome
MVB Multivesicular body
PIP Phosphoinositide phosphate
PM Plasma membrane
TfR Transferrin receptor
TGN Trans-Golgi network

1.1 Endosome Maturation Overview

Plasma membrane (PM) turnover and ingestion of extracellular material relies on
a variety of endocytic pathways. The best studied pathway is clathrin-dependent
endocytosis, which entails recognition of cargo via specific receptors, development
of clathrin-coated pit, and formation of subsequent clathrin-coated vesicle (Doherty
and McMahon 2009). Indiscriminate fluid sampling is concerted by macropinocy-
tosis (Buckley and King 2017). A number of alternative endocytic pathways have
been described and may be categorized by their PM-associated mediators, such as
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caveolin, IL2R, Arf6, flotillin, or CLIC/GEEC (Mayor and Pagano 2007; Doherty
and McMahon 2009). These distinct pathways may be selective for specific car-
goes and play unique roles in endocytosis directing the fate of cargoes (Doherty
and McMahon 2009). Larger particles, such as debris and bacteria, are taken up via
receptor-mediated phagocytosis, a process mainly reserved for professional phago-
cytes, such as amoebae and macrophages (McDermott and Kim 2015; Doherty and
McMahon 2009). It is conceivable that the spatial organization required at the PM
for the different endocytic pathways to proceed also initiates the early sorting steps,
further dealt with in the early endosomes (EE).

The newly formed endocytic vesicles of all origins move away from the cell
surface and fuse with EEs (Fig. 1.1). The heterogeneous endocytic vesicles do not
fuse with each other and show different maturation kinetics; however, all converge
at the EE (Danson et al. 2013; Mayor and Pagano 2007). At some point, the EE
stops accepting endocytic vesicles and becomes a sorting endosome. The trigger for
this transition is poorly characterized (Spang 2016). The sorting endosome consists
of tubular and vacuolar regions. The large surface area of the tubules allows the
majority of membrane to be recycled back to the cell surface. Recycling proceeds
directly to the PM or indirectly via recycling endosomes or trans-Golgi network
(TGN) retrograde pathways (Lakadamyali et al. 2006; Clague and Hammond 2006).
Luminal cargo is concentrated in the vacuolar regions and is targeted for degradation.
Any membrane cargo destined for degradation is ubiquitinated and internalized into
intraluminal vesicles (ILVs), giving the endosomes their characteristicmultivesicular
body (MVB) morphology.

To enable cargo degradation, the EE first has to acquire late endosome (LE) prop-
erties to prepare itself for fusion with the highly acidic lysosomes. These maturation
events include the Rab5–Rab7 conversion, which in turn governs specificity of fusion
with other compartments, and are accompanied by acidification, PIP conversion, and
gain of lysosomal hydrolases and the protective highly glycosylated proteins, such
as LAMP1. LEs are trafficked toward the perinuclear space, where the lysosomes
are situated. Coordination of these events is poorly understood.

The TGN is not considered as a part of the endosomal network, but participates
in sorting, recycling, and delivery of lysosomal hydrolases. The TGN sorts not only
the cargoes coming from endosomes, but also cargoes destined to endosomes and to
the PM. Retrograde transport is important for retrieval of receptors for future reuse,
whereas anterograde pathway is important for delivery of lysosomal hydrolases, e.g.,
via cation-independent mannose-6-phosphate receptors (CI-M6PR) (McDermott
and Kim 2015), and also for cargo destined to the PM (Spang 2015). Interestingly,
in plants, the TGN functions as an EE able to receive incoming cargo directly
from the PM, highlighting the partially overlapping functions of the two organelles
(Scheuring et al. 2011).

Once all sorting receptors are recycled and all ubiquitinated cargoes are internal-
ized into ILVs, LE content is transferred to lysosomes. The LE may directly be able
to fuse with the lysosome to form an endolysosome, or deliver the luminal content
via a “kiss-and-run”mechanism. The hydrolytic environment of the lysosome breaks
down the cargo, which is then transferred out of the lysosome via specific transporters
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Fig. 1.1 Endosome maturation scheme. Endocytic vesicles containing endocytosed material fuse
with early endosomes, which sort cargo for recycling and degradation. The cargo destined for
recycling is sorted into tubular domains and sent directly to the plasma membrane or to recycling
endosomes via fast and slow recycling pathways, respectively. Ubiquitinated membrane cargo des-
tined for degradation is packaged into intraluminal vesicles (ILVs), which gives the late endosomes
their characteristic multivesicular body appearance. The lipids are transferred to the ER via the
ER–endosome contact sites. The continuous exchange of material with the TGN ensures supply of
the required enzymes andmembrane components to thematuring endosomes. Once the sorting steps
are complete, the endosome fuses with the lysosome to form an endolysosome, where the cargo is
digested and transported to the cytosol, to allow the lysosome to be regenerated and reused. Larger
particles, such as bacteria, can be taken up by phagocytosis. As phagosomes mature, they interact
with the endosomal pathway and the Golgi and, like endosomes, eventually fuse with lysosomes
to facilitate cargo degradation. Undigested material is exocytosed. Lysosomes also receive material
for degradation from the autophagy pathway. Endosome maturation is regulated by various Rabs
and phosphoinositol phosphate (PIP) species, such as Rab5 and PI(3)P in early endosomes, Rab7
and PI(3,5)P2 in late endosomes, and Rab4 and Rab11 in the recycling pathways. These regula-
tors help recruit further essential mediators of endosome maturation, which include specific tethers
(e.g., CORVET, HOPS), structural proteins (e.g., ESCRTs, SNX–BAR–retromer complexes), and
cytoskeletal components (e.g., actin, dynein, kinesin), necessary for fusion, fission, and endosomal
positioning, respectively. Gradual acidification accompanies endosome maturation, mediated by
the proton pump V-ATPase, which is critical for endosomal function and maturation
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and channels, allowing the lysosome to be regenerated and reused (Guerra and Bucci
2016). The lysosome also acts as a hub for integration of endocytic and autophagic
pathways, thus being able to receive and digest cargo from both pathways. In yeast,
lysosomes form one or more vacuoles.

Phagosomes display a lot of similarities with the endocytic pathway, their matu-
ration consisting of early, late, and lysosome-interacting stages (Guerra and Bucci
2016). Unlike endosomes, the sorting stage is usually very short-lived and the
majority of the phagosomal content gets targeted for degradation. The kinetics of
phagosome maturation are strongly dependent on the phagocytic receptor, with the
Fcγ receptor the one most extensively studied (Dill et al. 2015). Like endosomes,
the phagosomes need PIP conversion to drive maturation and acquire LAMP1 and
hydrolytic enzymes to form a phagolysosome (Kim et al. 2014). Indigestiblematerial
in phagosomes is exocytosed.

1.2 Endosome Functions

One of the primary functions of the endosomal network is nutrient acquisition and
protein and lipid degradation. Sorting is an essential part of this process, allowing
for extensive exchange of internalized cargo between compartments and ensuring
only appropriate cargo reaches the lysosome (Villasenor et al. 2016; Stasyk and
Huber 2016). Integrity of the endosomal system is required for lysosome biogenesis
and its hydrolytic capacity to fulfill its functions to digest both extracellular material
from the endocytic pathways and intracellular material from the autophagy pathways
(Jacomin et al. 2016). Lysosomal degradation is also a central feature in immunity,
allowing for inactivation of phagocytosed pathogens and partial digestion for antigen
presentation via the MHC class II pathway (Boes et al. 2004).

Acidification is an important aspect of endosome maturation and function. Each
stage of endosome maturation is characterized by a specific luminal pH, with EEs
having pH of around 6.0–6.5, which drops to pH 5.0–5.5 in LEs and down to pH of
below 4.5 in lysosomes, although the final pH in lysosomes may be highly hetero-
geneous (Wang et al. 2015; Johnson et al. 2016). Acidic pH is required for proper
localization of many vacuolar proteins in yeast, including vacuolar hydrolases,
proton pump subunits, enzymes for membrane biogenesis, and various transporters
(Matsumoto et al. 2013). Acidification plays a role in uncoupling of internalized
ligand–receptor complexes following receptor-mediated endocytosis, efficient
sorting, inactivation of internalized pathogens, MVB formation, and activation of
degradative enzymes (Matsuo et al. 2004; Fairn and Grinstein 2012; Kane 2006;
De Luca and Bucci 2014; Kharitidi et al. 2015). Interestingly, pharmacological
disruption of pH did not affect phagosome–lysosome fusion in mouse macrophages
(Kissing et al. 2015). Low pH promotes acid sphingomyelinase (ASM)-mediated
sphingomyelin conversion to ceramide, which regulates NPC2 participation in
cholesterol transport and MVB maturation (Sandhoff 2016).

Additionally, endocytosis itself is a means to regulate PM composition, conse-
quently contributing to fundamental cell properties such as cell polarity (Gao and
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Kaestner 2010), cell adhesion (e.g., via integrin endocytosis) (Sandri et al. 2012),
and cell motility (e.g., via endocytosis, recycling, and degradation of N-cadherin)
(Tang 2016). Intercellular communication is mediated through exocytosis of MVBs
containing DNA and RNA materials, which can function as messengers or partic-
ipate in miRNA-mediated gene silencing (Soria et al. 2017; Gibbings et al. 2009).
Endocrine and paracrine signaling, as well as cytotoxic immune functions, may also
be mediated by exosomes generated in MVBs (Soria et al. 2017).

The endosomal system is a major regulator of cell signaling. Endocytosis mod-
ulates numbers of transmembrane proteins involved in signaling at PM, including
growth factor receptors, such as EGFR. Internalization of activated signaling recep-
tors is a mechanism to silence signaling. Once endocytosed, the signaling receptors
may remain active, until inactivated through ubiquitination or ILV packaging. In neu-
rons, the silencing of the Hedgehog receptor Patched by its targeting into ILVs was
implicated in axon pruning (Issman-Zecharya and Schuldiner 2014). Surprisingly,
accumulation of Notch and receptor tyrosine kinase (RTK) receptors at the enlarged
EEs in Dmon1 mutant Drosophila melanogaster cells did not result in the expected
overactive signaling, suggesting additional silencing mechanisms (Yousefian et al.
2013). Activity of signaling receptors at endosomes may also be spatiotemporally
controlled, depending on access to their effectors. For example, hepatocyte growth
factor receptor Met mediates cytoskeleton remodeling to control cell migration via
two distinct pathways, which depends on endosome positioning (Stasyk and Huber
2016; Menard et al. 2014). Endosomal sensing and sorting are an important part
of signaling regulation. Thus, the EGFR is recycled at low EGF concentration, but
sent for lysosomal degradation when EGF levels are high (Sigismund et al. 2008).
Additional Akt-dependent signaling functions have been demonstrated for a non-
canonical subset of sorting endosomes marked with adaptor proteins APPL1 and
APPL2 in zebrafish and mammalian cells (Urbanska et al. 2011; Kalaidzidis et al.
2015).

The lysosome acts as a major signaling hub to convey the nutrient status to the
cell, which in turn influences the dynamics of endosome maturation, induction of
autophagy, and cell growth and division, via the mTORC1 complex positioned at the
lysosome. Lysosomes are able to store Ca2+ and participate inCa2+-dependent signal-
ing. The transcription factor TFEB regulation is controlled through phosphorylation
by mTORC1, which is sensitive to lysosomal amino acid levels, and dephosphory-
lation by the Ca2+-dependent phosphatase calcineurin (Medina et al. 2015).

The endosome network also contributes to storage of nutrients, such as the
reservoir of amino acids and carbohydrates in the yeast vacuole, or yolk granules
in Caenorhabditis elegans and D. melanogaster oocytes (Teixeira et al. 2016;
Armstrong 2010; Poteryaev et al. 2010). The integrity of the endosomal system also
affects the dynamics of lipid droplets, an organelle used for lipid storage but also
for signaling and hydrophobic protein metabolism (Bouchez et al. 2015). In case of
PM damage, lysosomes are involved in injury-induced exocytosis and contribute to
wound repair (Andrews et al. 2015). Harmful content, such as misfolded proteins,
may be channeled through the endosomal system to be secreted in exosomes
generated in MVBs (Soria et al. 2017). Secretory lysosomes are used by cells with
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antimicrobial, clotting, and other specialized functions to secrete proteins such as
histamine, perforin, and vonWillebrand factor (Griffiths 2016). Secretory lysosomes
are also used during intercellular cell fusion to establish continuous tubular networks
such as the D. melanogaster tracheal system (Caviglia et al. 2016).

1.3 Mediators of Endosome Maturation

1.3.1 Phosphoinositides

The endosomal network is maintained through continuous fusion and fission events,
membrane exchange, and recruitment of various regulators to coordinate endosome
maturation. PIPs play a central role in compartmental identity, including that of
endosomes, serving as binding platforms for proteins, assisting with the properties
and functions of each endosome stage and sustaining directionality of the maturation
process (Santiago-Tirado and Bretscher 2011; Fili et al. 2006). The seven species of
PIPs (PI(3)P, PI(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, PI(3,4,5)P3) are tightly
controlled spatially and temporally by specific phosphatases (myotubularins) and
kinases. Disruption of these enzymes leads to aberrant endosome trafficking.

The role of PIPs in endosome formation andmaturation starts at the PM. PI(4,5)P2
is present at the PM and is required for maturation of late-stage clathrin-coated pits
prior to fission (Antonescu et al. 2011). PIP4K, which contributes to the generation of
PI(4,5)P2, regulates EE dynamics during clathrin-mediated endocytosis (Kamalesh
et al. 2017). PI(3,4)P2 has also recently emerged as a major mediator in clathrin-
mediated endocytosis (Posor et al. 2013). Subsequently, the early endocytic pathway
is dominated by PI(3)P. It is unclear how this conversion to PI(3)P ismediated, but the
steps are likely to involve the Sac2 PI(4)P phosphatase and class III PI3K (PI3KC3 or
Vps34 in yeast) (Hsu et al. 2015). PI(3)P is recognized by proteins with FYVE or PX
domains, such as the EE tether EEA1 and the mediator of ILV formation Hrs (Schink
et al. 2013; Candiello et al. 2016;Katzmann et al. 2003). During recycling, hydrolysis
of PI(3)P and generation of PI(4)P on secretory/recycling endosomes are required for
exocyst recruitment to enable fusion with PM, as visualized by transferrin receptor
(TfR) recycling inHeLa andCOS-1 cells (Ketel et al. 2016). A further regulatory step
is accomplished by PI(5)P, the enrichment of which can delay endosome maturation
to ensure completion of EE events prior to LE transition (Boal et al. 2015).

During EE to LE transition, PIKfyve catalyzes phosphorylation of PI(3)P to
PI(3,5)P2 and leads to conversion of PI(3)P at EEs to PI(3,5)P2 at LEs and lyso-
somes. PI(3,5)P2 was found to be enriched in the vesicular domain of endosomes in
HeLa cells and was required for delivery of endocytic cargo into MVB, potentially
via its interaction with the ESCRT-III component Vps24 (Shaw et al. 2003; Takatori
et al. 2016; Jin et al. 2016). One of the principal functions of PI(3,5)P2 is to regulate
the fission in LEs and lysosomes (Dove et al. 2009). PI(3,5)P2 was proposed to be
important for membrane retrieval frommatured lysosomes inC. elegans (Nicot et al.
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2006). Its role in retrograde trafficking is essential in yeast, plants, and mammalian
cells (Jin et al. 2016). In plants, PI(3,5)P2 has been shown to mediate maturation of
LEs by promoting their organization along the cortical microtubules (Hirano et al.
2015). PIKfyve activity is likewise important for regulation of the reformation of ter-
minal storage lysosomes from endolysosomes (Bissig et al. 2017). An additional PIP
species PI(3,4)P2 assists in fission events by localizing at tubular domains and aiding
scission (Posor et al. 2013; Tan et al. 2015). In phagosomes, PIPs act as markers of
phagosome maturity and are required for fusion of phagosomes with endosomes and
lysosomes (Jeschke et al. 2015). Phagocytic receptors determine PIP dynamics and
dictate phagosome fate (Sarantis and Grinstein 2012; Bohdanowicz and Grinstein
2013; Levin et al. 2015; Posor et al. 2015).

1.3.2 Rab GTPases

In parallel with PIPs, Rab GTPases have central roles in membrane organization
and trafficking and likewise serve as platforms at membranes for effector protein
recruitment (Jean and Kiger 2012). Inactive Rabs are recruited to membranes and
are activated by specific Rab GEFs (GDP/GTP exchange factors). Active Rabs con-
trol specificity of endosome fusion by interacting with PIPs and tethering complexes,
thereby determining functional identity of the endosome at which they are positioned
(Balderhaar and Ungermann 2013). Rabs can be inactivated by inherent GTP hydrol-
ysis, which is further enhanced by specific Rab GAPs (GTPase-activating proteins).
Over 70 different Rabs have been identified in humans. Besides Rabs, other types of
GTPases have been reported to mediate lysosomal interactions with LEs and phago-
somes. Arf and Arf-like GTPases are recruited to endosomes and lysosomes and play
a role in directing traffic to lysosomes and recycling endosomes (Garg et al. 2011;
Marwaha et al. 2017). Septins, filamentous heteromeric GTPases, are also impli-
cated in endocytic membrane traffic without affecting Rab5 and Rab7, by promoting
LE–lysosome fusion (Dolat and Spiliotis 2016).

The main Rab in EEs, Rab5, is recruited to EEs and facilitates fusion with endo-
cytic and Golgi-derived vesicles. Rab5 plays an essential role in the biogenesis of the
endolysosomal system (Zeigerer et al. 2012). Rab5 has three isoforms in mammalian
cells, with Rab5a being the major Rab5 species to facilitate EE progression to LEs
(Chen et al. 2009). As endosomes mature, Rab5 is replaced by Rab7, which medi-
ates fusion with LEs and lysosomes (Rink et al. 2005). Rab7 is directly or indirectly
involved in every step between EEs and lysosomes, including EE transition to LEs,
LE transport to lysosomes, lysosome biogenesis, and LE–lysosome fusion. Addi-
tional Rabs, such as Rab11, Rab4, and Rab22, are involved in recycling pathways
at EEs and are displaced following, or concomitant with, Rab5–Rab7 conversion,
reflecting restriction of sorting and recycling pathways to early stages of endosome
maturation (Grant and Donaldson 2009; McDermott and Kim 2015; D’Souza et al.
2014; Szatmari et al. 2014). Other Rabs, such as Rab7b, Rab6, and Rab9, contribute
to the transport between endosomes and Golgi (Progida and Bakke 2016; Gutierrez
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2013; Progida et al. 2010). Phagosomes contain at least 20 different Rab species,
but their contribution to phagosome maturation remains to be investigated (Fairn
and Grinstein 2012). Rab dynamics in phagosomes differ from those in endosomes.
For example, in phagosomes Rab10 might be acting upstream of Rab5 to facilitate
recycling of GPI anchor (Cardoso et al. 2010), and phagosome–lysosome fusion
might be enhanced by Rab34 independently of Rab7 (Kasmapour et al. 2012). In
macropinosomes in Cos-7 cells, Rab7 started to accumulate around the timing of cup
closure and continued to increase even after fusion with lysosomes (characterized
by the decrease of CI-M6PR), with its activity highest in lysosomes (Yasuda et al.
2016).

1.3.3 Tethers

Rabs execute their functions in part through interaction with tethering complexes,
such asCORVETandHOPS,which activate and proofread SNAREassembly to drive
membrane fusion. CORVET, a Rab5 effector, is involved in homotypic fusion of EEs
and is required for MVB formation, possibly by facilitating fusion to supply mem-
brane for ILVgeneration (Balderhaar andUngermann2013).HOPS is aRab7 effector
and is involved in the trafficking and docking of LEs to lysosomes. CORVET–HOPS
conversionmay facilitate Rab conversion, as the Rab conversionmediatorMon1 also
interacts with HOPS (Solinger and Spang 2013; Poteryaev et al. 2010). Replacement
of CORVET with HOPS ensures fusion with LEs, autophagosomes, and lysosomes,
but no longer with EEs. Accordingly, disruptions of CORVET and HOPS lead to pre-
mature and delayed endosome maturation, respectively (Solinger and Spang 2014).
An additional role has been proposed for the Vps39 subunit of HOPS in assisting
with the formation of contact sites between vacuoles and mitochondria to promote
exchange of nutrients, lipids, and ions between the two organelles, although it is not
clear whether this additional function is independent of its function in the tethering
complex (Honscher et al. 2014; Elbaz-Alon et al. 2014). In yeast, CORVET and
HOPS share four core subunits (Vps11, Vps16, Vps18, and Vps33) and differ in a
further two subunits (Vps8/3 for CORVET and Vps41/39 for HOPS), which bind
the corresponding Rabs and bring the vesicles together for fusion. The SNARE-
interacting core subunit Vps33 facilitates the SNARE-mediated fusion between the
two vesicles and provides an additional layer of specificity, with different SNAREs
present on EEs and LEs (Spang 2016). Lower abundance hybrid tethering complexes
also exist, but their role in tethering and endosomematuration remains to be explored.
In metazoans, there are at least two isoforms of the core subunits Vps33 and Vps16,
which provide additional diversity and roles to tethering complexes. For example,
Vps33b and Vps16b (Spe39 or VIPAR) form a complex, either a dimer or part of
a larger complex, CHEVI, which has been proposed to accept cargo from the TGN
(Spang 2016). Vps16b also forms a complex with a Vps33 homolog, Vps45, and a
Rab5 effector Rabenosyn-5, and may form part of a larger complex, FERARI, which
is believed to be involved in recycling and retrograde traffic (Spang 2016; Tornieri
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et al. 2013; van der Kant et al. 2015). A further unrelated multi-subunit tethering
complex called endosome-associated recycling protein (EARP) has been shown to
play a role in recycling of endocytic receptors to the cell surface (Schindler et al.
2015). Additional prominent tethers, such as the EEA1 homodimeric protein at EEs,
contribute to membrane exchange and endosome maturation in concert with spe-
cific Rabs and PIPs (Balderhaar and Ungermann 2013; McDermott and Kim 2015;
Kummel and Ungermann 2014). EEA1 ubiquitination status governs its functional-
ity, with perturbations leading to severe disruptions to endosome morphology and
trafficking (Ramanathan et al. 2013).

1.3.4 ESCRTs

Membrane cargo destined for degradation is ubiquitinated and sorted into ILVs.
Ubiquitinated cargo is recognized by the ESCRT-0 component Hrs (Vps27 in yeast),
resulting in the recruitment of further ESCRT I–III complexes to assist with budding
and fission during ILV formation. Cargo deubiquitination takes place prior to the
ILV fission and internalization into the MVB (Huotari and Helenius 2011; Hubner
and Peter 2012; Gschweitl et al. 2016; McDermott and Kim 2015; Katzmann et al.
2003; Santiago-Tirado andBretscher 2011). TheAAA-ATPaseVps4 cooperateswith
ESCRT-III to induce membrane scission and disassembles the ESCRT components
from ILVs to recycle them back into the cytoplasm (Schmidt and Teis 2012; Adell
et al. 2014).

1.3.5 V-ATPase

Critical to endosome maturation is the acidic pH of endosomal network. The pH
drop and the maintenance of acidified compartments are achieved by the vacuolar
proton pump V-ATPase. V-ATPases are multi-subunit complexes that consist of
the cytosolic ATPase sector V1 and a transmembrane proton-translocating sector
V0. The two sectors are assembled separately, V1 in the cytosol and V0 in the ER,
and are brought together into a functional proton pump at the required organelles
(Cotter et al. 2015). Nascent phagosomes may acquire V-ATPase directly from
lysosomes (Sun-Wada et al. 2009). Blocking V-ATPase function with specific
pharmacological inhibitors or by siRNA leads to accumulation of cargo in EEs
and subsequent inhibition of endocytosis (Pena-Llopis et al. 2011; Smith et al.
2016). In AtT20-secreting cells, V-ATPase deficiency led to the formation of
large hybrid organelles containing markers of immature granules, lysosomes, and
autophagy, affecting both degradation and secretory pathways (Sobota et al. 2009)
and reflecting broader functions of the V-ATPase besides the endosomal pathway.
Although secretory functions and correct targeting of PM proteins in yeast depend
on V-ATPase-mediated acidification (Huang and Chang 2011), the functionally
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overlapping recycling pathways appear not to require V-ATPase (Baravalle et al.
2005). Initially shown to be important for the delivery of ILVs to lysosomes (van
Deurs et al. 1996), V-ATPase activity does not appear to be essential for lysosome
ability to fuse with endosomes and phagosomes (Kissing et al. 2015; Mauvezin et al.
2015) or indeed may even negatively regulate vacuole fusion (Desfougeres et al.
2016). During exocytosis of indigestible material in the phagolysosome, V-ATPase
is retrieved just prior to exocytosis allowing the phagosome lumen to neutralize.
Any V-ATPase that ends up at PM gets rapidly endocytosed (Clarke et al. 2010).

Besides vacuolar acidification, V-ATPase is involved in extracellular acidification
in specialized cells, such as renal intercalated cells and osteoclasts, to assist with
pH homeostasis and bone resorption, respectively (Cotter et al. 2015). Apart from
proton-pumping function, the V-ATPase appears to act as a sensor for the luminal pH
and also helps to regulate cytosolic pH and proteasome behavior in the cytosol (Peters
et al. 2013; Hurtado-Lorenzo et al. 2006). V-ATPase has been shown to modulate
vesicular trafficking through recruitment of small GTPases such as Arf6 (Hurtado-
Lorenzo et al. 2006). The V-ATPase can also sense lysosomal amino acid levels and
control mTORC1 activity at lysosomes, although the mechanisms underlying this
sensory function remain unclear (Maxson and Grinstein 2014; Zoncu et al. 2011).
Additionally, the V0 sector by itself is able to facilitate membrane fusion and plays
a role in sorting and secretion independently of its acidification functions (Jefferies
et al. 2008; Merz 2015; Sobota et al. 2009; Liegeois et al. 2006; Sreelatha et al.
2015). V-ATPase membrane fusion function appears to be important for the retrieval
and recycling of the Rab7 effector HOPS from the lysosome, indirectly modulat-
ing downstream Rab7 functions. The V1 sector subunit H might be involved in the
phosphorylation of the HOPS subunit Vps33b to promote endosome maturation and
endosome–lysosome fusion (Wong et al. 2011). It is feasible that other subunits may
have further roles in endosomematuration and elsewhere in the cell. For example, the
V1 sector subunit B interaction with actin nucleation-promoting factor WASH was
important in recycling functions and lysosome neutralization prior to exocytosis of
undigested material in D. melanogaster cells, implicating V-ATPase in coordination
with multiple aspects of endosome maturation (Nagel et al. 2017). Such an array of
functions makes it challenging to dissect the contributions of V-ATPase-mediated
acidification and alternative V-ATPase functions during endosome maturation.

1.3.6 Additional Mediators of Vacuolar pH

Proton pump activity is complemented and potentially regulated by proton channels,
such as the Na+/H+ and Cl−/H+ exchangers (Xinhan et al. 2011; Satoh et al. 2016;
Prasad and Rao 2015). These channels act as a proton leak, important for counter-
balancing V-ATPase activity and fine-tuning pH at specific organelles. The chloride
channel CLC-5 has been implicated in creating a proton flux necessary for V-ATPase
activation, whereas the sodium channel NHE6 locates to EEs and affects TfR uptake
and recycling. In yeast, Nhx1p sodium channel plays a role in luminal pH regulation,
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critical for recycling, retromer, and endocytic pathways (Kojima et al. 2012). Nhx1
activity was found to promote MVB fusogenicity, consistent with observations that
MVB fusion with lysosomes is highly sensitive to manipulations of both luminal
and cytosolic pH (Cao et al. 2015; Karim and Brett 2017). Besides V-ATPase, acid-
ification in plants is mediated by an additional pump, the vacuolar pyrophosphatase
(V-PPase), with a unique and essential role in endocytic and secretory trafficking.
V-PPase is a homodimer of a single polypeptide, which uses energy from the biosyn-
thetic by-product pyrophosphate (PPi) to drive proton transport. Combined activity
of V-ATPase and V-PPase is required for vacuolar acidification (Kriegel et al. 2015;
Zhou et al. 2016). Their functional coordination remains to be established.

1.3.7 Cytoskeleton

Actin organization plays an essential role in endocytosis and endosome maturation.
Actin polymerization through WASH, a nucleation-promoting factor and an activa-
tor of Arp2/3 complex, powers assembly of endocytic vesicles and their movement
towardEEs (Nannapaneni et al. 2010).MyosinVI interactswith the endocyticmarker
and Rab5 effector APPL1 through its adaptor GIPC and helps transport the nascent
vesicles away from the actin-rich periphery of the cell toward the EEs (Granger et al.
2014; Nielsen et al. 1999). Moesin supports F-actin network formation on endo-
somes through its interaction with Rab7 and is required for recycling and endosome
maturation, possibly through membrane remodeling and segregation of tubular and
multivesicular structures (Duleh andWelch 2010; Muriel et al. 2016; Chirivino et al.
2011). Actin also interacts with HOPS, suggesting that actin cytoskeleton plays an
important role in later maturation stages too, perhaps by helping lysosomes main-
tain their position within the cell (Solinger and Spang 2013), or for the delivery of
protease- and lipase-containing vesicles to endosomes (King et al. 2013; Kirkbride
et al. 2012). Actin cytoskeleton remodeling is likewise essential for phagocytosis and
for phagosome maturation (Freeman and Grinstein 2014). While actin polymeriza-
tion drives membrane expansion around the particle during its internalization, larger
particles also require F-actin disassembly prior to phagosome cup closure, potentially
to avoid substrate exhaustion for further polymerization to complete internalization
(Schlam et al. 2015). Actin assembly at phagosomes promotes their fusion with LEs
and lysosomes, thereby affecting phagosome pH, membrane recycling and delivery
of hydrolytic enzymes, essential events during phagosome maturation (Marion et al.
2011; Dieckmann et al. 2012; Gopaldass et al. 2012).

Endosome spatial organization and exchange of internalized material between
compartments are facilitated by endosome movement along the microtubule
cytoskeleton. The molecular mechanisms underlying the transition from actin
cytoskeleton at the cell periphery to the microtubule cytoskeleton during endo-
some maturation remain to be elucidated (McDermott and Kim 2015). Kinesins
and dyneins move cargo, including endosomes, toward the peripherally anchored
plus ends and centrally located minus ends of the microtubule cytoskeleton, respec-



1 The Endosomal Network: Mediators and Regulators of Endosome … 13

tively. Dyneins use adaptor molecules such as dynactin and the Rab7 effectors RILP
or Hook1 to transport endosomes toward lysosomes, whereas kinesins may interact
with Rab4 and Rab11 to recycle cargo back toward the cell periphery (Granger et al.
2014; Solinger and Spang 2013;McDermott andKim 2015). Rab5might regulate EE
motility on microtubules (Nielsen et al. 1999), since Rab5 co-immunoprecipitates
with dynein (Zajac et al. 2013); however, it is unclear how dynein binds EEs. Dynein
activity was shown to be necessary for efficient endocytic uptake and endosomemat-
uration inD.melanogaster oocytes (Liu et al. 2015) and likewise has been implicated
in sorting TfR away from EGF-containing EEs in HeLa cells (Driskell et al. 2007). It
is possible that dynein mediates sorting by facilitating elongation and scission at the
sorting endosome and by maintaining its position while kinesins transport recycling
endosomes to PM. Near the PM, actin takes over to assist with the final stages of
exocytosis. In LEs, Rab7 can direct movement both ways, via RILP and dynein—
dynactin interactions toward perinuclear location, or via the FYVE and coiled-coil
(CC) domain-containing protein FYCO1 and kinesin toward the periphery (Guerra
and Bucci 2016; Pankiv et al. 2010). In phagosomes, Rab7 interaction with RILP
and dynein–dynactin promotes the formation of tubular extensions toward LEs and
subsequent fusion (Harrison et al. 2003). Furthermore, in HeLa cells, Rab7 directly
interacts with and phosphorylates vimentin, a type III protein of the intermediate
filament cytoskeletal network, further reinforcing the role of Rab7 in endosome
positioning within the cell (Cogli et al. 2013).

1.4 Coordination of Endosome Maturation

As endosomes mature, from early to sorting to late endosomes and ultimately to
endolysosomes, their identities change to reflect their functions. For example, the
peripheral location and the slightly acidic milieu of the EEs allow them to accept
cargo from PM and sort it to the recycling pathways. In contrast, LEs translocate
toward the perinuclear space, assemble a different set of tethers, and acquire com-
ponents necessary for the lysosomal environment where the cargo is to be degraded.
Rab5 and PI(3)P at early stages and Rab7 and PI(3,5)P2 at later stages of endosome
maturation seem to be major determinants of endosomal functions and are therefore
tightly regulated. While Rab conversion and PIP conversion are recognized as major
contributors to endosome maturation, V-ATPase activity is also participating in this
transition. No single master coordinator of this transition has yet been identified.
Rather, the coordination of these regulatory changes seems to exist at the level of
significant cross talk between the key players in endosome maturation.
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1.4.1 Sorting Compartments

During sorting, membrane domains destined for recycling organize into tubular
domains, which then undergo fission to form recycling vesicles. Meanwhile, mem-
brane domains destined for degradation bud in the opposite direction to form ILVs.
During tubular-based membrane sorting, the tubular network formation requires
various cargo adaptor sorting nexin (SNX) proteins, which step in at specific mat-
uration stages to aid recycling to the PM and retrieval to Golgi (van Weering et al.
2012). Retrieval to the Golgi is mediated by the retromer complex, which interacts
with PI(3)P, Rab5, and Rab7 for its recruitment to endosomes in mammalian cells
(Seaman et al. 2009; Takatori et al. 2016; Bean et al. 2017). In yeast, retromer plays
a dual role in retrograde cargo export and in control of LE–vacuole fusion dynamics
(Liu et al. 2012). SNX–BAR recruitment to Rab7-positive membranes displaces
Rab7 from the cargo-bound cargo selection complex (CSC), thus separating the
retromer-positive tubule from the Rab7-positive vesicular domain (Purushothaman
et al. 2017). In mammalian cells, the retromer has recently been shown to play
a role in controlling Rab7 localization and activity via Rab7 GAP TBC1D15,
with further research underway to dissect this unanticipated retromer function
(Jimenez-Orgaz et al. 2017). As well as functioning as a structural component of the
retromer-mediated tubule formation, SNX–BAR heterodimers independently can
sense proteins for recycling or retrieving, for example, through association with the
hydrophobic tripeptide WLM motif, as in the case of CI-M6PR (Kvainickas et al.
2017; Simonetti et al. 2017). In many instances, cargo retrieval proceeds indepen-
dently of retromer and instead relies on the newly identified and functionally distinct
retriever complex, such as in the case of α5β1 integrin (McNally et al. 2017). Sorting
of membrane cargo is facilitated by ubiquitination and deubiquitination steps. Ubiq-
uitination at PM triggers internalization of the cargo and tags it for packaging into
ILVs, whereas deubiquitinated cargo is targeted back to the cell surface via recycling
pathways (MacDonald and Piper 2016). Catabolism of lipids and membrane-bound
cargo in ILVs requires the help of lipid binding and transfer proteins that can distort
membrane structures and bind membrane proteins and present them to the water-
soluble lysosomal hydrolases. ILV maturation involves cholesterol removal by the
glycoprotein NPC2, which transfers it to other vesicles or to NPC1 for efflux. This
makes membrane cargo, such as sphingolipids, more accessible to lysosomal degra-
dation (Sandhoff 2016). Rab7 effector and microtubule adaptor RILP interacts with
ESCRT-II, thereby coordinating ILV formation with endosome motility (Solinger
and Spang 2013). Interestingly, endosomes inAspergillus nidulanswere able to form
MVBs in absence of Rab7 and were degradation competent but had a compromised
vacuole in the form of multiple minivacuoles with EE features (Abenza et al. 2012).
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1.4.2 Rab Conversion

Regulation of Rab5 and Rab7 on EEs and LEs, respectively, helps the two compart-
ments maintain their identity and functions. The Rab5–Rab7 conversion is the hall-
mark of EE–LE transition, and its perturbations delay endosome–lysosome fusion,
prolong homotypic fusion, and result in enlarged endosomes, such as Dmon1 muta-
tion in D. melanogaster (Yousefian et al. 2013) or SAND-1 mutation in C. elegans
(both homologs of themammalianMon1) (Poteryaev et al. 2010).DuringRab5–Rab7
conversion, Rab5 is displaced by Rab7, a process that is driven by a combination of
repression of Rab5 activation, withdrawal of Rab5 recruitment factors, Rab7 recruit-
ment and activation, and physical displacement of Rab5 by Rab7. The Mon1–Ccz-1
complexmediates all of these processes. InC. elegans coelomocytes,Mon1 homolog
SAND-1has been shown to be required forRab5 repression and forRab7 recruitment.
SAND-1 interacts with the Rab5 GEF RABX-5, displacing it from the endosomes
into the cytosol, hence leading to the repression of Rab5 recruitment and activation
(Poteryaev et al. 2010). In absence of SAND-1, RABX-5was trapped onEEs, leading
to enlarged endosomes. Similarly, Mon1 siRNA in HeLa cells also led to enlarged
EEs, suggesting a defect in endosome maturation progression. In parallel with Rab5
repression, the Mon1–Ccz1 complex acts as a Rab7 GEF and activates Rab7, which
arrives to the endosomes concomitantly with the Mon1, leading to the displacement
of Rab5 by the Rab7 (Nordmann et al. 2010). Mon1–Ccz1 also interacts with the
HOPS complex, also thought to act as a Rab7 GEF alongside its tethering functions
(Balderhaar and Ungermann 2013; Poteryaev et al. 2010). Additionally, Rab5 inac-
tivation is coordinated with Rab7 activation in a cross talk involving Rab5 effector
BLOC-1, which ensures that Rab5 is inactivated only when Rab7 and HOPS are
present (John Peter et al. 2013; Rana et al. 2015). Such displacement of Rab5 by
Rab7 has been described as a cutout switch, which ensures the mutually exclusive
domains of the two Rabs and a unidirectional progression of endosome maturation.
This model accommodates for the observations that Rab5 levels gradually increase
and then drop suddenly concomitant with the Rab7 increase (Del Conte-Zerial et al.
2008). The onset and coordination of Rab5–Rab7 conversion are still poorly under-
stood, but are likely influenced by endosome size and PI(3)P levels (Poteryaev et al.
2010). Indeed, PI(3)P levels, alongside Rabex-5, are important for Mon1 recruit-
ment to EEs to initiate Rab5–Rab7 conversion (Vieira et al. 2003; Poteryaev et al.
2010; Lawrence et al. 2014). Interestingly, Mon1–Ccz1 is recruited to autophago-
somes by PI(3)P independently of Rab5, where it functions to recruit Rab7 to enable
autophagosome fusion with lysosomes. Rab5 is still required by those organelles for
the acquisition of hydrolases (Hegedus et al. 2016).
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1.4.3 Rab5 Regulation

Rab5 is recruited to EEs via endocytic vesicles from PM or via direct activation by
the Rabaptin5–Rabex5 complex. The Rab5 GEFRabex5might already be present on
endocytic vesicles prior to fusion with EEs (Balderhaar and Ungermann 2013) or be
recruited to EEs byRab22, Rab4, and ubiquitinated cargo (Kalin et al. 2015; Zhu et al.
2009). Stabilization and amplification of endosomal Rab5-GTP levels are achieved
via the two positive feedback loops generated by the Rab5 interactions with its GEF
Rabex5 aswell aswith the PI(3)P kinaseVps34,which is present at the EE (Zerial and
McBride 2001). The PI(3)P allows for recruitment of the FYVE-domain-containing
Rabenosyn-5,which recruits further Rabex5. The PM-located PI(4,5)P2 was required
for endocytosis and Rab5 recruitment in Drosophila oocytes and was subsequently
released from endosomes in a Rab5-dependent manner, a step necessary for further
endosomematuration (Compagnon et al. 2009). In interferon-γ-activated RAW264.7
macrophages, Rab20 prolonged Rab5 association with phagosomes, explaining the
delay in phagosome maturation associated with macrophage activation (Pei et al.
2014). The Rab5–Rab7 conversion involves Rab5 inactivation, which is mediated
by the displacement of Rabex5 by the Mon1–Ccz1 complex (Poteryaev et al. 2010).
Inactivation of Rab5 can also be mediated by RabGAP5, which is in part coordinated
by the GTP-binding protein DRG2 (Mani et al. 2016). Additionally, the decrease of
ubiquitinated cargo following its internalization into ILVs, and inactivation of Rab4,
may contribute to the loss of Rab5 activation (Kalin et al. 2015). Monoubiquitination
of Rab5 itself has been proposed to prevent its interaction with downstream effec-
tors such as EEA1 (Shin et al. 2017). The rising levels of Vps34 and its product
PI(3)P in the maturing endosome lead to the recruitment of the Rab5 GAP TBC-2,
facilitating the rapid drop of Rab5 levels at the endosome, as demonstrated in C.
elegans and mammalian cells (Shin et al. 2005; Law et al. 2017). V-ATPase activity
also contributes to Rab5 displacement, as clamping endosomal pH at 6.2, i.e., the
typical pH of EEs, delayed Rab5 release, prolonged the EE state, and inhibited the
EE–LE transition in HeLa cells (Wang et al. 2015). Thus, multiple parallel processes
contribute to Rab5 regulation and turnover.

1.4.4 Rab7 Regulation

Rab7 recruitment is regulated by the Rab7 GEF, Mon1–Ccz1, and modulated by
phosphorylation by the tumor suppressor PTEN, which promotes ILV formation and
growth receptor inactivation (Shinde and Maddika 2016; Nordmann et al. 2010).
Interestingly, the Mon1–Ccz1 complex promotes Rab7 activity on late endosomes
only. In Cos-7 and HeLa cells, Mon1–Ccz1 has been shown to dissociate from lyso-
somes and not be required for Rab7 activity on those organelles. This may ensure
unidirectionality in LE–lysosome transition (Yasuda et al. 2016). The protective
lysosomal glycoprotein LAMP-2, which is recruited to LEs independently of Rab
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conversion or acidification, is required for the recruitment of Rab7 and fusion of LEs
with lysosomes (Huynh et al. 2007; Endo et al. 2015). PI3KC3 was shown not to be
necessary for Rab7 recruitment; however, it participates in subsequent Rab7 regula-
tion through recruitment of Rab7 GAP, Armus (Vieira et al. 2003; Jaber et al. 2016).
Furthermore, the PI3KC3 complex component and activator of PI(3)P production,
UVRAG, interacts with HOPS and acts as a Rab7 GEF. Rab24 has been proposed
to be in a complex with Rab7 and promote endosome maturation and degradation
(Amaya et al. 2016). Various posttranslational modifications of Rab7, such as palmi-
toylation, phosphorylation, and ubiquitination, have been proposed to play a role
in modifying and fine-tuning specific interactions with Rab7 effectors, facilitating
coordination of different pathways at the LE (Modica and Lefrancois 2017; Modica
et al. 2017; Lin et al. 2017).

1.4.5 PIP Conversion

Phosphorylation of PI(3)P to PI(3,5)P2 during endosome maturation is catalyzed by
the PIKfyve kinase (Fab1p in yeast), thought to be important for regulation of vacuole
size (Dove et al. 2009). PI(3,5)P2 promotesmembranefission during endosomematu-
ration, whereas HOPS and the V-ATPase promote fusion. HOPS binding to PI(3,5)P2
promotes coordination between the two opposing events (Solinger and Spang 2013).
As expected, PIKfyve deficiency in mammalian cells depleted PI(3,5)P2 levels and
led to the formation of multiple enlarged endosomes, unable to fuse with lysosomes,
which was rescued by addition of PI(3,5)P2 (Compton et al. 2016). The PI(3,5)P2
deficiency phenotype could also be countered by inhibition of Rab5, via suppression
of homotypic fusion and hence prevention of vacuole enlargement (Compton et al.
2016).

1.4.6 PIP Regulation

PI(3)P, whose presence is necessary for the EE identity, is generated by Vps34
(PI3KC3), which is recruited to the membranes by Rab5-GTP (Shin et al. 2005;
Law et al. 2017; Christoforidis et al. 1999). PI3KC3 localization, stability, and
activity can be regulated through phosphorylation, ubiquitination, and SUMOyla-
tion (Schink et al. 2013). PI3KC3 activity is stimulated by Rabex-5, when it forms a
complex with ArfGAP1, mediated by AP-1 clathrin-coated vesicle adaptor protein
complexes (Candiello et al. 2016). The PI3KC3 activity levels are positively regu-
lated by UVRAG, which also interacts with the C-VPS/HOPS complex, a Rab7 GEF.
UVRAG in turn is regulated positively by Rab7, which competes with UVRAG for
the binding partner Rubicon, another component of the endosomal PI3KC3 complex.
The Rab7-sequestered Rubicon liberates UVRAG to bind HOPS in a feed-forward
loop (Sun et al. 2010). mTORC1 provides an additional layer of regulation to endo-
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some maturation by phosphorylating UVRAG and preventing its interaction with
HOPS, leading to an inhibition of endosome maturation (Kim et al. 2015). In line
with these observations, PI3KC3 deficiency did not compromise TfR recycling, but
resulted in elevated levels of Rab5-GTP and Rab7-GTP at endosomes, enlarged LEs,
and reduced EGFRdegradation. ElevatedRab7-GTP led to a failure of ILV formation
and lysosome maturation in mammalian cells (Jaber et al. 2016). PI(3)P serves as
the main source for PI(3,5)P2 production by phosphorylation by PIKfyve. PI(3,5)P2
levels can be reversed by dephosphorylation by Fig4 (Sac3) phosphatase to yield
PI(3)P or by myotubularin 3 to yield PI(5)P. Interestingly, Fig4 also acts as a PIK-
fyve activator (Currinn and Wassmer 2016). Coordination of PI(3,5)P2 production
in relation to endosome maturation remains to be explored. A recent study identified
a WD40-repeat protein WDR91 as a Rab7 effector that inhibits PI3KC3 activity,
potentially coupling Rab conversion to PIP conversion in EE to LE transition (Liu
et al. 2017). In phagosomes, association of PI3KC3 with the phagosomal membrane
and the production of PI(3)P by PI3KC3 are pH-sensitive and stop when the phago-
some is acidified, highlighting the role of acidification in coordinating phagosome
maturation (Naufer et al. 2017).

1.4.7 V-ATPase Regulation

The V-ATPase complex consists of over a dozen different subunits, many of which
have multiple isoforms and splice variants at least in higher eukaryotes, and is asso-
ciated with several accessory proteins, which may regulate V-ATPase assembly and
activity (Cotter et al. 2015; Maxson and Grinstein 2014). This degree of complexity
allows control of V-ATPase activity and pH at multiple levels. The association–dis-
sociation kinetics of the V0 and V1 sectors are determined by various stimuli, such
as glucose availability and cytosolic pH, and provide immediate and direct control
over V-ATPase activity. An intact microtubular network is required for dissociation,
whereas the V-ATPase regulator protein RAVE is required for reassociation through
interaction with the V1C subunit (Jefferies et al. 2008; Xu and Forgac 2001). The
expression of genes encoding V-ATPase subunits is at least partly regulated by the
transcription factor TFEB. In response to nutrient deprivation or lysosomal dysfunc-
tion, inhibition of mTORC1 activity at lysosomes induces TFEB-mediated transcrip-
tion of V-ATPase components (Ben-Sahra andManning 2017). This regulation high-
lights the role of acidification in nutrient acquisition and ensures matching demand
and supply. Phosphatidic acid phosphatase, whose main role is in lipid biosynthesis,
is another recently discovered negative regulator of V-ATPase gene expression as
shown for Pah1p in yeast (Sherr et al. 2017), reinforcing the connection between
nutrient homeostasis and endosome acidification.

The different isoforms may be responsible for varying coupling efficiencies of
the proton pump and are targeted to different compartments in the cell (Kane 2006;
Sun-Wada et al. 2009). The spatial and functional separation of the different isoforms
is evident with the V0a subunit isoforms, such as in PC-3 cells, in which the V0a1
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subunit is responsible for TfR recycling, whereas V0a3 is associated with the LEs
and lysosomes (Smith et al. 2016). Isoform-specific assembly factors are involved
in regulating V-ATPase in specific organelles. For example, RAVE assembly factor
interacts only with the endosome-specific Vph1p but not with the Golgi-specific
Stv1p isoformof the yeastV0a subunit of theV-ATPase, hence allowing for regulation
of V-ATPase activity specifically in endosomes (Smardon et al. 2014). Additionally,
CORVET and HOPS are required for V-ATPase assembly at the lysosome, and Rab7
effectorRILP controls theV1G subunit stability and localization, potentially assisting
with regulation of V-ATPase activity and lysosomal acidification (De Luca and Bucci
2014; De Luca et al. 2014; Bucci et al. 2000). When not bound to Rab7, free RILP is
responsible forV1Gubiquitination and proteasomal degradation. Thereby, functional
Rab7 is required to sequester RILP and promote acidification (Yasuda et al. 2016).

PI3KC3 regulates V-ATPase assembly and trafficking in coordination with other
V-ATPase regulators, such as mTORC1 and glucose (Stransky and Forgac 2015;
Sautin et al. 2005). PI3KC3 has been shown to interact with the V1B subunit in
plants (Liu et al. 2016) and to regulate interaction between V-ATPase and F-actin;
however, no known PIP binding sites exist in any of the V-ATPase subunits, so the
mechanisms of V-ATPase regulation by PI3KC3 remain to be established (Chen et al.
2004). The downstream product of PI3KC3 and PIKfyve, PI(3,5)P2, is required for
the acidification activity of V-ATPase, at least in yeast, D. melanogaster and C. ele-
gans (Dove et al. 2009). The mechanisms of this function are unclear, as PI(3,5)P2
status of the cell does not appear to affect V-ATPase localization. However, it is likely
to be involved in direct or indirect activation of the V-ATPase. Interestingly, phago-
somes in mouse macrophages with defects in PIKfyve appeared to acidify normally
but recruitment of lysosomal proteins LAMP1 and Cathepsin D was reduced and
phagosome–lysosome fusion was compromised (Kim et al. 2014). This is supported
by previous observations that fully functional PIKfyve does not appear to be essen-
tial for acidification in mice, probably because only small amount of PI(3,5)P2 is
required to support lysosomal acidification (Dove et al. 2009).

The downstream product of PI3KC3 and PIKfyve, PI(3,5)P2, which is involved
in endosome fission, does so in part by counteracting the membrane fusion function
of the V-ATPase in LEs (Compton et al. 2016). Enlarged endosomes due to deficient
PI(3,5)P2 activity could be rescued by depletion of V-ATPase by RNAi, implicating
V-ATPase in the cross talk with PIPs to regulate endosome size. Pharmacological
alteration of endosomal pH did not rescue the PI(3,5)P2 deficiency phenotype of
aberrant vacuolation, suggesting that V-ATPase activity that is independent of its
acidification function is responsible for PIP-mediated coordination of endosome
maturation.
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1.5 Contributions of Other Organelles to Endosome
Maturation

1.5.1 ER

Besides the cytoskeleton, endosome positioning may also be affected by endosome
interaction with the ER. The capture of endosomes by the ER might be mediated by
various endosomal adaptors and scaffold proteins, which contain ubiquitin-binding
domains and are ubiquitinated by the ER-located E3 ubiquitin ligase RNF26. This
ensures that the endosomes are retained in the perinuclear region, where their func-
tions can be efficiently supported by the proximal ER, TGN, and lysosomes (Jongsma
et al. 2016). Such ubiquitination and the opposing deubiquitination regulate endo-
somemotility and their position in the cell. Thesemechanisms allow for orchestration
of endosomal maturation and cargo trafficking. Additionally, endosomes form con-
tact sites with the ER, which increase in number as endosomes mature, with 50%
EEs and 99% LEs associated with the ER, highlighting the importance of their inter-
action at later maturation stages (Friedman et al. 2013). The ER contact sites might
mediate endosome association with the microtubule motors dynein and kinesin, thus
influencing endosome traffic and maturation (Raiborg et al. 2015). Both endosome-
localized PI(3)P and Rab7 are recognized by the ER protein protrudin at the ER–LE
contact sites, which leads to the transfer of kinesin-1 from protrudin to FYCO1 on
LEs, to regulate endosome traffic in mammalian cells (Raiborg et al. 2015). As endo-
somes traffic, their interaction with the ER causes a dramatic deformation in the ER
tubules and formation of new ER tubules, which follow the endosome movement
(Zajac et al. 2013). Such observations suggest that the ER–endosome interactions
are long-lived and strong enough for mobile endosomes to restructure the ER. Both
the endosomes and the ER connect to microtubules at or near ER–endosome contact
sites, implying that at least some endosomes traffic while coupled to the ER rather
than in isolation (Friedman et al. 2013).

The ER plays a major supportive and regulatory role in endosome maturation,
with the endosome–ER contact sites permitting cholesterol transfer, inter-organellar
communication throughCa2+ signaling, ILVbiogenesis, and inactivation of receptors
by ER-resident phosphatases, such as EGFR inactivation by PTP1B (van der Kant
and Neefjes 2014). The ER also forms contact sites with other compartments, such as
mitochondria, Golgi, lipid droplets, and PM, and allows lateral transfer of lipids from
endosomes to other organelles. The ER contact sites have been proposed to play a
role in endosome fission, with almost every fission event preceded by an ER contact
site formation at the budding endosome (Friedman et al. 2013; Rowland et al. 2014;
Zajac et al. 2013). ER contact sites might allow recruitment of necessary fission
factors, such as the SNX–BAR complexes, or supply lipids to modify membrane
curvature to promote fission, or increase local Ca2+ concentration to promote Ca2+-
dependent endosome fission. Whether all fission events are orchestrated by the ER
or only a certain subset, such as recycling, remains to be investigated.
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Ca2+ signaling provides an important layer of regulation to endosome maturation
and is required for SNARE-mediated membrane docking and fusion (Hay 2007).
Endosomal compartments are able to maintain Ca2+ at levels much higher than those
in the cytosol, and its release activates secondary messengers such as calmodulin and
mediators of endosome maturation such as the tethering factor Munc13-4 (He et al.
2016;Luzio et al. 2010). Pharmacological buffering ofCa2+ induces phenotypes asso-
ciated with lysosomal storage disorders, highlighting the significance of endosomal
Ca2+ in endosome function (Lloyd-Evans and Platt 2011). Endosomal and lysosomal
Ca2+ channels include the two-pore channels TPCs and the mucolipins TRPML1,
TRPML2, and TRPML3. Importantly, ER–LE contact sites might contribute to the
maintenance of endosomal Ca2+ levels by providing Ca2+ from the ER storage. This
is supported by observations of a secondary spike in Ca2+ from the ER following
initial Ca2+ release from lysosomes (Garrity et al. 2016; van der Kant and Neefjes
2014; Kilpatrick et al. 2013). Given their role in membrane fission, it is tempting
to speculate that PIKfyve and its product PI(3,5)P2 might be involved in regulation
of Ca2+ signaling. Indeed, Ca2+ channels including TPCs, TRPML1, and TRPML2
appear to be gated by PI(3,5)P2, and their silencing prevents phagosome–lysosome
fusion, which can be rescued by pharmacological Ca2+ release (Dong et al. 2010; van
der Kant and Neefjes 2014; Dayam et al. 2015). PIKfyve might also directly regulate
Ca2+ channels (Luzio et al. 2007). Thus, it seems that integration of Ca2+ signaling
and PIPs is one of the key aspects of membrane traffic control (Marchant and Patel
2015). Ca2+ signaling seems to respond not only to inputs from PIKfyve activity but
also to V-ATPase activity, as the endosomal calcium channel TRPML3 is inhibited
by acidic pH (Kim et al. 2008). In contrast, Ca2+ refilling into Ca2+-depleted lyso-
somes seems to proceed independently of V-ATPase activity (Garrity et al. 2016). In
turn, luminal Ca2+ homeostasis is important for proper acidification and membrane
fusion, with elevated Ca2+ levels inhibiting acidification and increasing membrane
fusion (Lelouvier and Puertollano 2011).

1.5.2 Lipid Droplets

Lipid droplets may also form transient contact sites with endosomes, believed to
supply membrane components required for endosome function and maturation (Liu
et al. 2007). Lipid droplets recruit Rab5 and are able to interact with the Rab5
effector EEA1, and therefore with EEs, implicating this organelle in endosomal
membrane traffic (Liu et al. 2007). Lipid droplets have also been reported to form
close associations with endosomes in macrophages taking up high levels of high-
density lipoprotein (Schmitz et al. 1985), supporting their role in lipid storage and
metabolism. Lipid droplets are emerging as major regulatory and signaling hubs and
may yet have unidentified roles in endosome maturation.
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1.5.3 Cross talk with the Autophagy Pathway

While extracellular substrates are delivered to lysosomes by the endosomal network,
intracellular substrates reach the lysosomes via the autophagic pathways. Although
viewed as a separate degradation pathway, autophagy by no means acts indepen-
dently, and there is a significant overlap and cross talk between the two pathways.
As such, Rab5, Rab7, and Rab11 have been shown to act in both pathways (Ao et al.
2014). For example, Rab11was observed to translocate from recycling endosomes to
autophagosomes following autophagy induction in D. melanogaster cells (Szatmari
et al. 2014). Likewise, PI(3)P endosomal distribution and levels may be maintained
by the autophagy protein Beclin-1, as observed in mouse fibroblasts (McKnight et al.
2014). Furthermore, endosomes can take on autophagy functions, as damaged mito-
chondria, ubiquitinated by Parkin, can be taken up by Rab5-positive endosomes to
formMVBs in ESCRT-dependent manner to be subsequently delivered to lysosomes
(Hammerling et al. 2017).

1.6 Perturbations of Endosome Maturation in Disease

The endosomal system is emerging as a central player in a wide range of neurode-
generative diseases, such as Alzheimer’s disease (AD), Parkinson’s Disease (PD),
Lewy body dementia, amyotrophic lateral sclerosis (ALS), and hereditary spastic
paraplegia (HSP) (Luzio et al. 2010; Schreij et al. 2016). Neurodegeneration may
be a result of impaired lysosomal degradation, such as the case of alpha-synuclein
in PD (Miura et al. 2014), or a defect in broader endosomal functions, which may
lead to protein mislocalization or aberrant secretion. Frequently, PIPs, Rabs and their
effectors, proteins involved in V-ATPase assembly and function, and retromer com-
ponents are involved in endosomal dysfunction-mediated neurodegeneration. There
are many excellent reviews summarizing the effects of various aspects of the endo-
somal system on the vast number of neurodegenerative disorders (Schreij et al. 2016;
Hu et al. 2015; Williamson and Hiesinger 2010; Borland and Vilhardt 2017; Progida
and Bakke 2016; Colacurcio and Nixon 2016; Waugh 2015). Inherited neuropathies
and myopathies also tend to be associated with mutations specific to the endosomal
pathways, such as Rab7 in Charcot–Marie–Tooth disease, the PI(3)P and PI(3,5)P2
3-phosphatase myotubularin in X-linked centronuclear myopathy, and PIKfyve in
Francois–Neetens fleck corneal dystrophy (Nicot and Laporte 2008). The progres-
sive neurological disorder Niemann–Pick type C (NPC) is caused by mutations to
lysosomal cholesterol transporters NPC1 and NPC2 and indeed, like many other
lysosomal storage disorders, is exacerbated by the resulting impairment to ER–en-
dosome contact sites and lysosomal Ca2+ homeostasis (van der Kant and Neefjes
2014; Garrity et al. 2016; Jiang and Mizushima 2014; McDermott and Kim 2015).

Intracellular pathogens have long been known to subvert host defense pathways
using a wide variety of mechanisms, the majority of which target the endosomal
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network that is designed to kill the pathogen. These include the Mycobacterium
virulence factor PtpA, which targets the tethering factor subunit Vps33b for dephos-
phorylation, Legionella SidK, which inhibits the V-ATPase-mediated acidification,
and Salmonella SopD, which interacts with Rab7, blocking its binding to RILP and
FYCO1, hence blocking fusion with lysosomes (Wong et al. 2011; Bach et al. 2008;
Akbar et al. 2016; Xu et al. 2010; D’Costa et al. 2015). Many intracellular pathogens
also target PIPs to slow down phagosome maturation, either by directly phosphory-
lating or dephosphorylating specific PIP species, or by deregulating the host enzymes
involved in PIP conversions (Pizarro-Cerda et al. 2015). Mycobacterium ManLAM
and MptpB, Legionella SidP, and Salmonella SopB are the notable examples of
pathogen virulence factors required for pathogen survival that act by disrupting PIP
pathways. Another aspect of endosome maturation, actin cytoskeleton remodeling,
is essential for phagocytosis and for phagosome maturation and may be used by
pathogens, such as the protozoan parasite Leishmania, to stall maturation (Freeman
and Grinstein 2014; Lodge and Descoteaux 2005). Viruses also exploit the endo-
some system at various stages of viral lifecycle, from gaining entry into cells and
capsid uncoating to envelopment and transmission (Vale-Costa and Amorim 2016).
For example, inhibition of endosome-related processes, such as actin polymerization
or TRPML2 activity, led to a decrease in viral infectivity for rabies and Ebola viruses,
respectively (Piccinotti et al. 2013; de Armas-Rillo et al. 2016; Grimm et al. 2017).
ESCRT–Vps4 complexes are necessary for capsid uncoating during early infection
by human papillomavirus (HPV) and are likewise hijacked by herpes simplex virus-
1 (HSV-1) at later stages to orchestrate its envelopment and hence assembly of the
infectious virion (Kharkwal et al. 2016; Broniarczyk et al. 2017).

Many immune functions, such as antigen presentation, are strongly dependent on
a fully functional endosomal system. Silencing of Arl8b, which regulates LE–lyso-
some interaction via HOPS, results in impaired formation of CD1 antigen-presenting
complex in lysosomes, its delivery to PM, and phagosome–lysosome fusion (Garg
et al. 2011). The normal functioning of platelets, i.e., the activation-dependent release
of effectors from storage granules, relies on normal PIKfyve function in endosome
maturation (Min et al. 2014). The CHEVI tethering complex subunits Vps33b and
VIPAS39 are implicated in the arthrogryposis–renal dysfunction–cholestasis (ARC)
syndrome, which is a fatal recessive disorder characterized by trafficking defects
in multiple organs, persistent infections, and sepsis. Specifically, the clearance of
endosomes with internalized pathogen recognition receptors (PRRs) is affected, and
hence, PRR inactivation andmodulation of inflammatory responses are compromised
(Akbar et al. 2016).

Cancer development is frequently assisted by endosomal upregulation of onco-
genic signaling, through defective trafficking of growth factor receptors, increased
recycling, or decreased degradation (Stasyk and Huber 2016). The components and
regulators of the endosomal–lysosomal network, such as dynamin, Beclin-1, and
mTORC1, which act as oncogenes and tumor suppressors, feature extensively in
many cancers, whether stalling EE maturation to enhance growth factor receptor
signaling or promoting further endosome maturation to boost recycling functions,
efficient nutrient degradation, and subsequent cell growth and migration.
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1.7 Conclusions

The endosomal system is a complex network ofmembrane-bound compartments that
communicate and exchange components with each other. Its diverse functions span
not only nutrient acquisition, but also regulation of membrane composition and sig-
naling at many different levels, affecting fundamental cell functions such as growth
and polarity. Endosome maturation is essential for its integrity and function and is
regulated by awide array of inputs, ranging from small GTPases and regulatory lipids
to pH and Ca2+ signaling, from scaffolding proteins and tethers to the cytoskeletal
and ER networks. Coordination of endosome maturation is mediated by the cross
talk between Rab GTPases, PIPs, and V-ATPase, which ensure the identity of endo-
somes as well as unidirectionality and appropriate timing at each step of endosome
maturation. A properly functioning endosomal network is essential to life, and even
the slightest perturbations in the endocytic pathways lead to severe consequences
in cellular functions, many of them associated with neurological diseases, infec-
tions, immune regulation, and cancers. Continuing discoveries in basic cell biology
are acutely needed for the development of therapies to treat the neglected genetic
disorders as well as the highly prevalent neurodegenerative diseases and cancer.
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Abstract Maintenance of physiologic cellular functions and homeostasis requires
highly coordinated interactions between different cellular compartments. In this
regard, the endocytic system, which plays a key role in cargo internalization and
trafficking within the cell, participates in upkeep of intracellular dynamics, while
communicating with multiple organelles. This chapter will discuss the function of
endosomes from a standpoint of cellular integration. We will present examples of
different types of interactions between endosomes and other cellular compartments,
such as the endoplasmic reticulum (ER), mitochondria, the plasma membrane (PM),
and the nuclear envelope. In addition, wewill describe the incorporation of endocytic
components, such as endosomal sorting complexes required for transport (ESCRT)
proteins and Rab small GTPases, into cellular processes that operate outside of the
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Fig. 2.1 Functional implications (bulleted lists) and the mechanisms involved (gray-filled boxes)
of endosomal interactions with other cellular compartments. Selected examples for communication
between organelles of the endocytic pathway (a) and the ER (b), mitochondria (c), PM (d), or the
nuclear envelope (e)

endolysosomal pathway. The significance of endosomal interactions for processes
such as signaling regulation, intracellular trafficking, organelle dynamics, metabolic
control, and homeostatic responseswill be reviewed. Accumulating data indicate that
beyond its involvement in cargo transport, the endocytic pathway is comprehensively
integrated into other systems of the cell and plays multiple roles in the complex net
of cellular functions.

2.1 Introduction

The endolysosomal system is the cellular machinery specialized in uptake of (macro)
molecules and sorting of the engulfed cargo either for degradation or for recycling
back to the plasmamembrane (PM).Hence, the two destinations of cargo internalized
by membrane-bound vesicles within the endocytic compartments are well defined.
Cargo designated for degradation travels within early endosomes (EE) during their
maturation into late endosomes (LE) that fuse with lysosomes. Recycling back to
the plasma membrane occurs by transport of cargo either directly from EE or via
recycling endosomes (RE) (Fig. 2.1a).

However, when looking globally at cellular functions, accumulated data indicate
that the endocytic system plays a broader role than simply serving as a trafficking
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and sorting platform. Endosomes are dynamic organelles, as they continuously move
from budding sites at the PM toward the cell center, and constantly change their lipid
andprotein composition due to sorting, fusion, andfission events.Along this pathway,
in the compact intracellularmilieu, endosomes interactwith different cellular systems
and organelles at multiple levels and mediate various processes (Fig. 2.1b–e). In
general,membrane contact sites (MCS)between the endomembrane systemandother
compartments serve as hubs for inter-organellar communication. Fission and fusion
of endosomes occur in contact with other organelles. Moreover, endosomal proteins
can also act in different cellular compartments and participate in processes that take
place outside of the endocytic system, a phenomenon known as “moonlighting”
(Huberts and van der Klei 2010; Jeffery 1999).

The cooperation between endosomes and other cellular compartments governs
balanced membrane flow and endosome dynamics, metabolic control, cell signaling,
transcription regulation, and other homeostasis-related functions. In this chapter, we
will discuss primarily two topics demonstrating the function of endosomes as an
integral part of the organellar system of a cell: (1) cross talk between the endoso-
mal system and other organelles, and (2) the role of endosomes in regulation of
metabolic pathways. While we are unable to comprehensively cover these topics
within the scope of this chapter, we will provide a selection of examples highlighting
the involvement of endosomes in homeostatic and adaptive functions of a cell.

2.2 Cross Talk Between the Endosomal System and Other
Organelles

Various cellular processes are compartmentalized in different subcellular organelles,
which ensure their efficient proceeding but at the same time poses the need for their
proper coordination with each other. One mechanism of such inter-organellar com-
munication involvesMCS, which are microdomains of close apposition between two
organelles. In these sites, close proximity of membranes facilitates communication
by signaling and exchange ofmolecules between the two compartments (Prinz 2014).

By interactions with various cellular compartments, endosomes contribute to
maintenance of inter-organellar cross talk, coordinated signaling and metabolic
reactions, membrane dynamics and organelle identity [discussed in (Henne 2016)].
Indeed, the sites of interaction between endosomal membranes and other cellular
membranes serve as “hot spots” for signal transduction and membrane remodeling
events that affect structure and function of the involved organelles. To demonstrate
how endosomes are integratedwithin the organellar system of a cell tomediate home-
ostatic and adaptive responses, we will discuss interactions of the endocytic system
with the endoplasmic reticulum (ER) and with mitochondria and describe the role of
endosomal sorting complexes required for transport (ESCRT) proteins in preserving
membrane integrity.
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2.2.1 Endosomal-ER Contact Sites Regulate Multiple
Cellular Processes

The ER is a network of branched cisternae and tubules that extensively interact
with other membranous organelles in the cell by various mechanisms. Communi-
cation of the endolysosomal system with the ER is facilitated by several types of
MCS that differ in their molecular composition and functionality [reviewed in (Eden
2016; Raiborg et al. 2015b)]. Although the roles of endosome-ERMCS are not fully
understood, they clearly influence a number of cellular processes to be mentioned
below (Fig. 2.1b).

Regulation of receptor signaling. Interactions of endosomes with the ER are
suggested to negatively regulate signaling from receptors internalized by the endo-
somal system. This was shown to be mediated by an ER-associated protein tyrosine
phosphatase 1B (PTP1B) (Prinz 2014) that dephosphorylates two receptors located
on endosomes: the cytokine receptor granulocyte colony-stimulating factor receptor
(G-CSFR) on EE (Palande et al. 2011) and epidermal growth factor receptor (EGFR)
on LE (Eden et al. 2010), a member of the receptor tyrosine kinases (RTK) family.
The interaction of PTP1B with the RTK on the ER was found to be endocytosis-
dependent (Haj et al. 2002) and seems to occur at the endosome-ER MCS, where
the close apposition of two organelles allows such interaction. Since various RTK
and cytokine receptors can still signal from endosomes after their internalization
(Cendrowski et al. 2016; Platta and Stenmark 2011), this direct deactivation of recep-
tors on endosomes may be important for controlling the magnitude and length of
signaling transduced after the pathway stimulation. Furthermore, PTP1B decreased
phosphorylation of G-CSFR even in the absence of its ligand (Palande et al. 2011),
implying that interaction with the ER plays a role also in balancing basal signaling
from non-activated receptors on endosomes.

In contrast, ER-associated PTP1B may also augment signaling of endosomal
receptors in a non-receptor specific manner, by inhibiting activity of the ESCRT
machinery. ESCRT components are recruited to the endosomal membrane for tar-
geting internalized receptors toward lysosomal degradation. Two ESCRT compo-
nents, hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) and signal-
transducing adaptor molecule 2 (STAM2), were identified as substrates of PTP1B
(Eden et al. 2010; Stuible et al. 2010). Hence, decreased activity of the ESCRT
machinery after dephosphorylation of its components can attenuate degradation and
increase the signaling propagated from internalized receptors on endosomes.

Cholesterol transport. Another role of the endosome-ER communication is to
coordinate transfer of metabolites, ions, and proteins between these compartments,
which is of major importance for regulation of signaling and metabolic status at the
whole-cell level. In this regard, the regulation of endosome-ER transfer of cholesterol
will be discussed under the topic of “metabolic pathways regulation” below.

Ca2+ homeostasis. Cooperation between the endolysosomal system and the ER
is important also for inter-organellar mobilization of Ca2+ ions and regulation of
Ca2+ release to the cytoplasm. Ca2+ is a universal second messenger in many fun-
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damental signaling cascades, and hence, its levels have to be tightly controlled in a
spatiotemporal manner. Both the ER and lysosomes serve as cellular storage com-
partments of Ca2+, and data from different reports imply that Ca2+ release from both
these organelles is coordinated [discussed in (Eden 2016; Lam and Galione 2013)].
Experimental data support the “trigger hypothesis,” arguing that a relatively small
wave of Ca2+ that is released from lysosomes is required for activation of prominent
Ca2+ efflux from the ER (Kilpatrick et al. 2013).

Interestingly, during Ca2+ signaling, Ca2+ is transferred also from the ER to lyso-
somes and this Ca2+ shuttling is assumed to be mediated via endosome-ER MCS
(Morgan et al. 2013). Recently, it has even been proposed that the ER, rather than
the pH gradient, is actually the primary source of Ca2+ for the lysosome (Garrity
et al. 2016). This idea is supported by the fact that inhibition of Ca2+ uptake by
the lysosome induced Ca2+ release from the ER (Lopez-Sanjurjo et al. 2013). The
Ca2+ ions accumulated in lysosomes are rapidly returned to the ER (Lopez-Sanjurjo
et al. 2014), indicating efficient bidirectional coordination between the compart-
ments. Hence, cross talk between the ER and lysosomes seems to participate in
maintenance of Ca2+ homeostasis of the cell.

Regulation of endosomal dynamics. In addition, the spatial relationship between
endosomes and the ERmodulates the dynamics of the endocytic system itself.Motile
EE and LE keep close contacts with the ER during their movement (Friedman et al.
2013), and lysosomes move along ER tubules (Lopez-Sanjurjo et al. 2013). The
contact of endosomes with the ER increases with their transition from EE into LE
(Friedman et al. 2013), implying that maturation process of endosomes is regulated
by the ER. Direct interaction of lysosomes and the ER in both juxtanuclear and
peripheral cell regions was also recently demonstrated by systematic interactome
analysis using multispectral fluorescence imaging (Valm et al. 2017).

Interestingly, several studies indicate that the ER is involved in defining the intra-
cellular distribution of endosomes by modulating their motility. A key player in this
modulation is the ER protein VAP [VAMP (vesicle-associated membrane protein)-
associated ER protein] that interacts with several endosomal proteins. The bind-
ing of VAP to two LE-proteins, STARD3 [StAR (steroidogenic acute regulatory
protein)-related lipid transfer (START) domain-3] and STARD3 N-terminal like
(STARD3NL), was shown to alter endosomal dynamics (Alpy et al. 2013). In addi-
tion, a direct interaction of VAPwith the endocytic proteinORPlL induced peripheral
positioning of the endosomes (Rocha et al. 2009). This effect was a consequence of
decreased association between endosomes and the minus-end-directed microtubule
motor dynein. Conversely, interaction with the plus-end-directed microtubule motor
kinesin 1 was increased by another type ofMCS formed by binding of the ER protein
protrudin to the smallGTPaseRab7 and phosphatidylinositol 3-phosphate (PI3P) that
reside in the endosomal membrane (Raiborg et al. 2015a). These two mechanisms
of endosome-ER tethering are suggested to regulate the motility of endosomes from
the perinuclear region toward the plasma membrane in a coordinated “gear shift”
mechanism (Raiborg et al. 2016).

Finally, interaction with the ER also regulates constriction and fission of both EE
and LE, which occur at the endosome-ER MCS (Rowland et al. 2014). Endosomal
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fission is an important mean for sorting of cargo and resident membrane proteins,
and therefore, the involvement of the ER in this process represents another level of
ER-mediated regulation over functionality of the endocytic pathway. Together, the
changes in endosome motility, distribution, and fission indicate that interaction with
the ER dramatically affects the intracellular architecture of the endosomal network.
However, it is yet to be elucidated whether and how these effects influence the
function of endosomes and other organelles.

2.2.2 Endolysosomal–Mitochondrial Interactions Are
Mediated by Various Mechanisms

Mitochondria play an important homeostatic role by their crucial participation in
various cellular processes, including energy metabolism, oxidative stress-related
pathways, and Ca2+ signaling. Being integrative signaling hubs, mitochondria com-
municate with other organelles at physical and functional levels. The interaction of
the endocytic system with mitochondria was shown to participate in different cellu-
lar processes. Most recent data indicate that the endosomal system is also directly
involved in degradation of damaged mitochondria, after sequestrating them in EE
by a Rab5 and ESCRT-dependent mechanism (Hammerling et al. 2017). Interest-
ingly, communication of the endocytic system with mitochondria was found to be
facilitated by both vesicular and non-vesicular mechanisms (Fig. 2.1c).

Endosomal–mitochondrial MCS. Although much less studied than the
endosome-ERMCS, membranes of LE and lysosomes also form contacts with mito-
chondria. Multispectral imaging analysis indicates that lysosome-mitochondria con-
tacts are stable over time and less abundant in the peripheral areas of the cell (Valm
et al. 2017). In yeast, an MCS complex connecting mitochondria and vacuole (the
yeast lysosomal compartment) was identified and named vacuole and mitochon-
dria patch (vCLAMP) (Elbaz-Alon et al. 2014; Honscher et al. 2014). The exact role
of these physical contacts remains to be clarified, but they are suggested to partici-
pate in lipid exchange and metabolic regulation in the cell (Daniele and Schiaffino
2016). Interestingly, vCLAMPwas found to be reciprocally co-regulated and (at least
partially) functionally redundant with the mitochondrial-ERMCS complex ERMES
(Elbaz-Alon et al. 2014; Honscher et al. 2014).

In mammalian cells, until now no equivalent endosomal–mitochondrial MCS
have been described to exist under physiological conditions, although similar MCS
may occur between mitochondria and melanosomes, which are endosome-related
organelles found in specific cell types [discussed in (Daniele and Schiaffino 2016)].
Nevertheless, in a hypoxic environment, local contacts and microfusion between
mitochondria and LE/lysosome membranes have been reported (Brahimi-Horn et al.
2015). This fusional contact is suggested to mediate cleavage of the mitochondrial
outer membrane protein voltage-dependent anion channel 1 (VDAC1) by endosomal
asparaginyl endopeptidase (AEP). Another example of a close association between
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mitochondria and endosomes was detected in the course of apoptotic response to
Helicobacter pylori infection (Calore et al. 2010). This MCS is induced in infected
cells by vacuolating cytotoxin (VacA), a bacterial virulence factor, and is required
for recruitment of the apoptotic mediator BAX to mitochondria.

Endosomal-derived vesicles. Recent studies indicate that inter-organellar com-
munication between endosomes and mitochondria can also occur via direct vesi-
cle trafficking between these compartments. Endosomal-derived vesicles targeted to
mitochondriawere described in both erythrocytes and non-erythroid cells as involved
in intracellular delivery of transferrin-bound iron (Das et al. 2016;Hamdi et al. 2016).
These studies revealed a direct transient interaction between transferrin-loaded endo-
somes and mitochondria, supporting the existence of a “kiss and run” mechanism
for efficient delivery of iron to mitochondria, rather than uptake of iron by mito-
chondria from the cytosol after its release from endosomes. This is consistent with
previous findings indicating that endocytosed iron can bypass the cytosol on its way
to mitochondria and that this delivery requires vesicular motility (Sheftel et al. 2007;
Zhang et al. 2005). Interestingly, the dissociation of endosomes from mitochondria
was found to depend on release of iron from the endosomes, implying that intra-
endosomal iron levels regulate this vesicular contact (Das et al. 2016; Hamdi et al.
2016).

Mitochondrial-derived vesicles (MDV). Intriguingly, vesicular transport in the
opposite direction (from the mitochondrial reticulum to the endosomal system) was
described recently, indicating that the endosomal–mitochondrial trafficking route is
actually bidirectional. Reports available so far suggest the existence of a few different
types of MDV. One kind of MDV can be stress-induced by parkin/PINK1-dependent
machinery (McLelland et al. 2014) to selectively deliver oxidized or damaged compo-
nents of the mitochondrial matrix and inner membrane to LE/lysosomes (Soubannier
et al. 2012). In this route, fusion of MDV with endo-lysosomes is mediated by the
homotypic fusion and vacuole protein sorting (HOPS) tethering complex and by the
soluble NSF attachment protein receptor (SNARE) pairing machinery (McLelland
et al. 2016). Another type of MDV targeted to the endolysosomal system delivers
the large GTPase DLP1 (that controls mitochondrial fission) to lysosomal degra-
dation, a process regulated by the retromer component, vacuolar protein sorting 35
(VPS35) (Wang et al. 2016). Together, these data indicate a role of the endolyso-
somal–mitochondrial interaction in mitochondrial quality control and regulation of
mitochondrial division. In turn, biogenesis of another type of endolysosomal-directed
MDV, that is induced by heat stress or bacterial lipopolysaccharide (LPS) and inhib-
ited by parkin/PINK1, was reported to mediate mitochondrial antigen presentation,
implying an important role for endolysosomal–mitochondrial interaction in immune
response (Matheoud et al. 2016).



46 N. Budick-Harmelin and M. Miaczynska

2.2.3 Endosomal ESCRT Machinery Maintains Integrity
of the PM and Nuclear Envelope

Accumulating evidence documents that some endocytic proteins play additional
roles, not related to the endolysosomal pathway. A prominent example for this type
of “moonlighting” is various functions of the ESCRT protein machinery. Apart from
their role in sorting of endocytosed cargo into intraluminal vesicles (ILV) in endo-
somes, ESCRT proteins act at the mitotic spindle during cellular abscission, at the
PM during viral budding, and in the cell nucleus where they regulate transcription
(Alonso et al. 2016; Christ et al. 2016; Pyrzynska et al. 2009).

Moreover, as it might be expected, the abilities of ESCRT proteins to remodel
membranes are used for repair of membranes at additional cellular sites, apart from
the endocytic system (Fig. 2.1d, e). Hence, ESCRT is unambiguously established
as a general machinery for maintaining intactness of diverse membranes within the
cell.

Repair of PM breaks. Breaks in the PM appear during various export and import
functions, but also due to mechanical stress or exposure to toxins. Because of its
dynamic nature and ability to exchange and modify membranes, the endocytic sys-
tem is of major importance in PM damage repair. The PM breaks can be filled by
fusionwith endo-membranes or removed via internalization or extracellular budding.
In addition, it was found that components of the endocytic ESCRT machinery are
directly active in resealing PM breaks (Jimenez et al. 2014). ESCRT proteins are
recruited to the site of PM wound to participate in its efficient repair by pinching out
the broken membrane piece. Preserving intactness of the PM is essential for mainte-
nance of cell integrity and survival, indicating an important homeostatic role played
by the ESCRT machinery.

Nuclear envelope repair and quality control. Moreover, ESCRT proteins were
demonstrated to participate in sealing of the nuclear membrane. The nuclear enve-
lope has to be broken during cell division to allow the formation of two nuclei in
daughter cells. ESCRT components were found to act at the post-mitotic stage, seal-
ing the nuclear membranes (Olmos et al. 2015; Vietri et al. 2015). This indicates the
essential involvement of endocytic proteins in ensuring proper re-establishment of
nucleocytoplasmic compartmentalization during mitosis.

In the same fashion, ESCRT proteins act in resealing discontinuities that are
formed in the nuclear envelope during cell migration (Denais et al. 2016; Raab
et al. 2016). Interestingly, an inhibition of DNA-repair machinery in migrating cells
had no effect on cell viability, whereas it led to cell death when combined with
depletion of ESCRT components (Raab et al. 2016). This observation implies a
possible cooperation between these two machineries and brings up a speculation
that sensing DNA damage is the trigger for recruitment of ESCRT to the site of
rupture (Ventimiglia and Martin-Serrano 2016).

In addition to closing membrane breaks, ESCRT components were found to par-
ticipate in quality control during the assembly of nuclear pores in yeast (Webster et al.
2014). This study revealed another level of ESCRT-mediated regulation of nuclear
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membrane function. In this respect, ESCRT components take part in the cellular
surveillance over formation of nuclear pores: When a defective pore is assembled,
ESCRTproteins are recruited and exert its removal. In general, by preserving integrity
and functionality of the nuclear envelope, the ESCRTmachinery contributes tomain-
taining genomic stability and cell viability.

2.3 The Role of Endosomes in Regulation of Metabolic
Pathways

The endocytic system regulates cellular metabolism by controlling uptake and traf-
ficking of nutrient carriers, transporters, and signaling receptors (Antonescu et al.
2014). Since the metabolic regulation is highly dynamic, a well-coordinated inter-
pretation of external cues is critical for inducing the proper cellular response, and
endosomes serve as efficient mediators in this process. The best recognized endoso-
mal organelles in metabolic regulation are the lysosomes, with much data emerging
in recent years acknowledging their role as hubs for integration of metabolic sensing
and signaling activation. The topic of lysosomes is covered by another chapter of
this book; hence, it will not be discussed herein. We will describe the involvement of
several other endocytic organelles and components in spatial and temporal regulation
of metabolic pathways.

Endosomal machineries in metabolic signaling. The endosomal system regu-
lates appropriate distribution of metabolite transporters between the PM and intra-
cellular compartments. Intriguingly, the same extracellular cue can mobilize partly
different endocytic machineries acting on individual transporters that lead to diverse
metabolic consequences. This type of regulation was demonstrated for two differ-
ent transporters, facilitating uptake of glucose and long-chain fatty acid (LCFA), in
isolated cardiomyocytes (Steinbusch et al. 2010). Both transporters are recruited to
the PM in response to insulin/oligomycin stimulation, yet distinct vesicular traffick-
ing machineries are involved in their translocation. Specifically, actin filaments and
endosomal acidification are required for the stimulated uptake of glucose, but not of
LCFA. By this mechanism, the endocytic system is involved in selective regulation
of nutrient uptake to directly control the metabolite status.

Cross talk between endosomal trafficking and metabolic signaling is also demon-
strated by the widespread involvement of Rab proteins in both processes. Rab
GTPases play a crucial role as molecular switches that direct intracellular vesicular
transport, also through the endocytic system. Moreover, different Rab proteins were
found to participate in signal transduction of multiple metabolic-related pathways
[reviewed in (Chua and Tang 2015)]. A recent study identified a role for endosomal
Rab5 in regulation of hepatic gluconeogenesis (Zeigerer et al. 2015). In this study,
depletion of Rab5 resulted in loss of endosomes in liver cells and induction of severe
metabolic abnormalities in vivo in mice. The findings indicated the existence of an
endosomally controlled regulation of transcription factors responsible for expression
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Fig. 2.2 Overview of a bidirectional interplay between endocytosis and cellular metabolism

of gluconeogenic genes. This implies that functional coordination between endocy-
tosis and metabolism goes beyond a traditional concept of simple regulation exerted
by the endocytic system controlling the abundance of receptors and transporters at
the PM.

Trafficking regulation by the metabolic status. In a reciprocal manner, the
metabolic state of a cell directly affects endolysosomal trafficking [discussed in
(Antonescu et al. 2014)]. This was demonstrated by systematic quantitative assess-
ment of changes observed in endocytic trafficking in a genome-wide siRNA screen
(Collinet et al. 2010). Depletion of metabolism-related proteins induced endocytic
phenotypes, most prominently upregulated endocytosis, as measured by internaliza-
tion of transferrin receptor (a prototypemarker for the endosomal recycling pathway).
The authors suggested that this may reflect a cellular adaptive response, aiming to
increase uptake of nutrients under conditions of metabolic deficiency. This view is
supported by another study, demonstrating a metabolic adaptive response mediated
by the endocytic system that is observed during glucose starvation in yeast (Lang
et al. 2014). In this setting, modulation of the endocytic pathway is essential for
cellular survival, facilitated by inhibition of endosomal recycling to the PM to allow
vacuolar hydrolysis of cell components for energy production. Together, the data
imply that the endolysosomal system and metabolic pathways are interdependent
on one another. In the following subchapters, we will present how they intersect at
various compartments and multiple functional levels and can bidirectionally affect
cellular signaling and vesicular transport (summarized in Fig. 2.2). Specifically, we
will discuss the cross talk between the endocytic system and three pathways of
cellular metabolism: (i) trafficking of glucose transporter type 4 (GLUT4), (ii) intra-
cellular cholesterol transfer, and (iii) autophagy, all of paramount importance for
maintenance of metabolic homeostasis.
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2.3.1 Involvement of the Endocytic System in Vesicular
Trafficking of GLUT4

Glucose is taken up from an extracellular environment by a family of transmem-
brane transporters, named GLUT, which are expressed in different cell types. By
controlling the trafficking of these transporters, the endocytic system determines
their distribution on endo-membranes versus the PM and hence regulates the cellular
dynamics of glucose uptake. A well-studied member of this family is GLUT4, which
is primarily expressed in adipose and striated muscle tissues and plays a key role in
the development of type 2 diabetes. Translocation of GLUT4 to the PM is induced
by insulin to facilitate glucose uptake and control postprandial blood glucose levels.
Trafficking of GLUT4 is a very dynamic process, and when blood insulin levels
decrease it is directed back from the PM to unique endo-vesicles, named GLUT4
storage vesicles (GSV) (Bogan 2012).

Several different internalization routes of GLUT4 and mechanisms regulating
its translocation have been described in various cell types under basal and insulin-
stimulated conditions (Antonescu et al. 2014). Two mechanisms, termed “dynamic
exchange” and “static retention,” control the intracellular trafficking of GLUT4
and both require endosome-mediated transport (Muretta et al. 2008). Regulation of
GLUT4 trafficking is of main importance for upkeep of normal glucose metabolism
in the cell; therefore, this process remains a subject of intense research.

Intracellular routes of GLUT4. It is believed that after internalization into EE,
GLUT4 is directed to an intermediate compartment, which could be RE and/or the
trans-Golgi network (TGN), from where it is transported into GSV (Kandror and
Pilch 2011). Some findings indicate that the TGN is the main site of GSV biogenesis
[discussed in (Kandror and Pilch 2011)]. This view is in agreement with a unique
role suggested for clathrin heavy chain 22 (CHC22) and syntaxin 10 (STX10) in
retrograde sorting of internalized GLUT4 from EE to the TGN, a delivery step found
to be crucial for intracellular GLUT4 storage (Esk et al. 2010). However, a partial role
of RE in GSV assembly cannot be excluded and is even supported by the dual-mode
working model of insulin action (Xu et al. 2011). According to this model, GLUT4
is delivered to the PM by two circuits: The first is activated after short exposure to
insulin and represents TGN-originated GSV, and the second appears after prolonged
insulin stimulation, involving exocytosis of larger vesicles which probably bud from
RE. Hence, the endosomal recycling compartment plays a specialized role in insulin-
regulated GLUT4 trafficking, coordinating GLUT4 translocation to the PM.

Involvement of Rab proteins. Several Rab proteins were found to regulate var-
ious steps of the GLUT4 trafficking itinerary. Translocation of GSV to the PM is
facilitated byRab10,which can be used as amarker to distinguishGSV fromGLUT4-
containing endosomes in adipocytes (Chen et al. 2012). This specificity of Rab10
is additionally confirmed by the fact that Rab10 is not essential for exocytosis of
GLUT4 in fibroblasts which have no GSV and therefore deliver GLUT4 to the PM
only via the constitutive endosomal recycling pathway (Brewer et al. 2016b). Using
Rab10 as a GSV marker allowed demonstrating that GSV which fuse with the PM
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upon insulin stimulation do not merge with endosomes, but rather constitute the
main source that directly conveys GLUT4 to the cell surface (Chen et al. 2012). Yet,
fusion of GLUT4-containing endosomes with the PM was found to independently
contribute another portion of GLUT4 redistributed to the PM in response to insulin,
in a Rab14-dependent manner (Chen et al. 2012). More recent studies indicated that
Rab14 actually functions in preceding GLUT4 trafficking steps, from EE to later
compartments (RE and/or Golgi), rather than in fusion of GLUT4-endosomal vesi-
cles with the PM (Brewer et al. 2016a; Reed et al. 2013). A similar role, in sorting of
GLUT4 fromRE toGSV,was suggested also for Rab11 (Zhang et al. 2005), a general
regulator of endocytic recycling. In agreement with the involvement of Rab proteins
in GLUT4 trafficking, the insulin-sensitive Rab GTPase-activating protein AS160
(Akt substrate of 160 kDa) was introduced as the main switch of GLUT4 redistri-
bution, regulating both sorting of GLUT4 from EE into GSV (through Rab14) and
GLUT4 exocytosis from GSV (through Rab10) (Brewer et al. 2016a).

In muscle cells, Rab10 appears to be less critical for GLUT4 exocytosis after
insulin stimulation, while Rab8A, Rab13, and Rab14 are required for the transloca-
tion of GLUT4 to the PM (Ishikura and Klip 2008; Sun et al. 2010). Here, Rab8A
functions to mobilize GLUT4 vesicles through association with myosin motors
(Ishikura and Klip 2008; Sun et al. 2014), and Rab13 assembles the molecular
complex necessary for GLUT4 exocytosis (Sun et al. 2016). AS160 is suggested
to act upstream of Rab proteins to mediate GLUT4 translocation also in muscle
cells, since over-expression or silencing of Rab8A reverses the effects observed after
AS160 activation or depletion, respectively (Ishikura andKlip 2008; Sun et al. 2010).

The reason for some redundancy of Rab proteins and discrepancies in their action
between cell types is unknown, but it seems that GLUT4 trafficking is regulated
by different endocytic components in different tissues. The involvement of multiple
Rab proteins in various steps of the GLUT4 routing emphasizes that, in addition
to their general roles in the endosomal pathway, these GTPases have specific func-
tions in trafficking of GLUT4. However, while aberrant function of Rab proteins
was suggested to contribute to diabetes (Bogan 2012), the global alterations of the
endolysosomal system under pathological conditions still remain to be studied.

2.3.2 The Endolysosomal Pathway Mediates Intracellular
Cholesterol Transfer

Exogenous cholesterol is internalized into the cell via endocytosis of circulating low-
density lipoproteins (LDL) which bind to the LDL receptor (LDLR). Subsequently,
LDLR is recycled back to the PM and LDL-bound cholesterol is delivered to late
endosomal compartments for hydrolysis of lipoprotein particles, after which free
cholesterol is redistributed from LE to several other cellular locations [reviewed in
(Ikonen 2008)]. Indeed, LE contains many different cholesterol-binding proteins,
such as NPC1 and NPC2 (Niemann–Pick type C1 and C2), indicating the existence
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of various pathways for cholesterol handling in this organelle. Although it is of
main importance for metabolic homeostasis, the regulatory mechanisms of intra-
endosomal cholesterol sensing are poorly understood. Interestingly, apoptosis-linked
gene 2-interacting protein X (Alix), a regulator of endocytic trafficking, was found
to control endosomal cholesterol levels by an interaction with an unconventional
phospholipid lysobisphosphatidic acid (LBPA) (Chevallier et al. 2008). According
to the suggested model, the amount of cholesterol stored in LE is determined by
the buffering capacity of the LBPA-rich internal membranes of the multi-vesicular
endosomes (MVE).

In addition, only partly known are the mechanisms of cholesterol redistribution
from endosomes to other cellular destinations which includes the ER, the PM, and
mitochondria (Luo et al. 2017; Pfisterer et al. 2016). The ER is the main site for
cholesterol sensing and de novo synthesis, and for regulation of cellular sterol home-
ostasis. Cholesterol from the ER can be delivered to the PM to fulfill several essential
functions, including determination of membrane rigidity, assembly of subdomains,
and regulation of signal transduction. The PM can also function as an intermedi-
ate location for cholesterol redistribution to other organelles. In the mitochondria,
cholesterol ensures maintenance of mitochondrial membranes and is in some cases
needed for production of steroids and oxysterols.

Cholesterol transfer between endosomes and the ER. Cholesterol transfer
between the endocytic system and the ER is an emerging subject of research, since
some of the MCS between these compartments are mediated by cholesterol-binding
proteins. These include the endocytic proteins STARD3 and ORPlL, which both
bind to the ER protein VAP (Alpy et al. 2013; Rocha et al. 2009). Moreover, the
ORPlL–VAP interaction was shown to be induced by low levels of cholesterol in
endosomes. This effect is mediated by a conformational change of ORPlL which
induces enhancement of the LE-ER tethering (Rocha et al. 2009). Since STARD3-
VAP associations were found to be assembled and to function independently of the
lipid transfer ability of STARD3 (Alpy et al. 2013), it was proposed that their pri-
mary role is sensing cholesterol levels. A more recent study, however, indicates that
STARD3-VAP complexes actually transport cholesterol from the ER to endosomes
(Wilhelm et al. 2017). Cholesterol transfer from the ER to endosomes was also
shown to be mediated by another subpopulation of MCS formed between ER and
EGFR-positive endosomes (Eden et al. 2016). These MCS are tethered by annexin
A1 and its ligand S100A11, while sterol trafficking via these sites depends upon
ORP1L–VAP interaction. The findings indicate that ER-to-endosome cholesterol
delivery occurs when endosomal cholesterol levels are low, to support the formation
of EGF-stimulated MVE. Yet, it is unknown whether any of these interactions are
bidirectional and also mediate cholesterol transfer in the opposite direction, from LE
to the ER.

Interestingly, formation of endosomal-ERMCSalso affects the spatial distribution
of LE, directing them toward the cell periphery (Rocha et al. 2009). Since theseMCS
are induced when cholesterol levels in LE are low, possible roles of this positioning
are to facilitate uptake of exogenous cholesterol and/or egress of cholesterol from
endosomes to the PM.
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Endosome-to-PMcholesterol delivery. Regardless of the role played by STARD3
in the formation of endosomal-ER MCS (Alpy et al. 2013), this endosomal pro-
tein was proposed to mediate cholesterol transfer between LE and the PM (van der
Kant et al. 2013). It was suggested that STARD3-containing endosomes differ from
ORP1L-containing endosomes, representing a distinct “earlier” subpopulation of
LE (van der Kant et al. 2013). Accordingly, internalized cholesterol is transferred
from EE to the STARD3 “early” LE, from where it can be delivered to the PM or
transported to the ORP1L “late” LE for further distribution to the ER. This possible
existence of specialized LE subpopulations, used for differential sorting of choles-
terol into various destinations, highlights the importance of endosomes in ensuring
cellular homeostasis of cholesterol trafficking.

Furthermore, the results of siRNA-based screening imply that appropriate sup-
ply of cholesterol from endosomes to the PM is essential also for maintenance of
functional clathrin-mediated endocytosis (Kozik et al. 2013). In addition, inhibi-
tion of the endosomal V-ATPase in HeLa cells was found to increase biogenesis
of cholesterol-rich extracellular vesicles (exosomes) which are intraluminal vesicles
generated inside endosomes and released from cells by fusion of MVE with the
PM (Edgar et al. 2016). This finding indicates that by influencing endosome-PM
fusion, the endocytic system also regulates cholesterol export from the cells. It was
further discovered that exosomes induced by manipulating the endolysosomal func-
tion are attached to the PM by a protein named tetherin (Edgar et al. 2016). The
authors suggested that the tetherin content in the exosome membrane is increased
in cholesterol-enriched vesicles, representing a mechanism for selective release of
certain vesicles while tethering others to the PM. This implies that the endosomal
system controls exosome release via a mechanism regulated by cholesterol.

Cholesterol transfer via peroxisomes and via TGN. Interestingly, indirect routes,
passing via other organelles, are also suggested to facilitate cholesterol delivery
from the endolysosomal system to the ER and the PM. A recent study revealed
direct transfer of cholesterol from lysosomes to peroxisomes via transient MCS
formed by binding of a lysosomal protein synaptotagmin VII to PI(4,5)P2 on the
peroxisomal membrane (Chu et al. 2015). The role of this trafficking route is still ill-
defined, but it is suggested to participate in distribution of cholesterol to the ER and
the PM. Additionally, cholesterol can be transported fromNPC1-positive endosomes
to the TGN through SNARE-mediated vesicular trafficking (Urano et al. 2008).

Endosomal–mitochondrial cholesterol transfer. Finally, the endocytic system
participates also in cholesterol transport to mitochondria. Interestingly, delivery of
cholesterol from LE/lysosomes to mitochondria can be mediated by the cholesterol-
binding protein STARD3, which, as described above, was suggested to be involved
in cholesterol transfer between endosomes, the ER and the PM (Charman et al. 2010;
Zhang et al. 2002).

To summarize, the endocytic system facilitates different aspects of the complex
network of cellular cholesterol transport, storage, and distribution. Hence, endocy-
tosis has multiple direct and indirect effects on cellular cholesterol homeostasis.
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2.3.3 Interplay Between the Endocytic System and Autophagy

Macroautophagy (henceforth referred to as autophagy) is the main cellular path-
way mediating lysosomal degradation of cell components, to eliminate damaged
organelles and invading pathogens. In addition, as an important pathway for cel-
lular housekeeping of nutrient supply, autophagy is activated by metabolic stress
and starvation. During autophagy, the contents designated to be degraded are sur-
rounded by a small portion of cup-shaped isolation membrane, termed phagophore,
which later elongates to form a double-membrane vacuole known as autophago-
some. Autophagosomes then fuse with lysosomes, creating autolysosomes, where
lysosomal enzymes catalyze degradation [described in (Glick et al. 2010)]. Hence,
autophagy directly depends on a stable cohort of lysosomes.

The endocytic and autophagic systems serve as cellular degradative pathways and
share the same endpoint. As it may be expected, both routes are interconnected by
several overlapping molecular mechanisms and functional interactions. Discussing
all aspects of thismultifaceted interplay is beyond the scope of the current chapter [for
review, see (Barth and Kohler 2014; Tooze et al. 2014)]. Herein we will present some
key findings indicating the complex communication between the endolysosomal and
autophagy systems.

Diverging routes of autophagy. The autophagy pathway in yeast was described as
a sequential maturation process of a phagophore, converging with the endolysosomal
pathway at the point of autophagosome fusion with lysosome. However, the exis-
tence of another bypass route was discovered in mammalian cells, where autophago-
somes do not fuse directly with lysosomes, but rather with LE, generating interme-
diate organelles named amphisomes (Fader and Colombo 2009). Amphisomes were
detected also in flies and nematode (Djeddi et al. 2012; Rusten et al. 2007) and identi-
fied as prelysosomal compartments, containing both endocytic and autophagic cargo,
which continue to fuse with lysosomes to form autolysosomes. Interestingly, amphi-
somes were found to contain not only LEmarkers, but also proteins typically located
on EE (Berg et al. 1998), raising the possibility that fusion of autophagosomewith EE
may also occur. Hence, several intertwined routes may connect different endosomal
organelles with the autophagy pathway. Understanding the regulation and impor-
tance of these endocytic-related routes in the multistep process of autophagy is still
a challenge.

Autophagosome formation. The cellular sources of membrane material for for-
mation of autophagosome as well as their assembly mechanisms are being intensely
studied. Among contributors, such as the ER, mitochondria, the Golgi apparatus, and
the PM, endosomes are also suggested to take part in incorporation of membrane
fragments during formation and elongation of the isolation membrane [discussed in
(Chan and Tang 2013)]. A recent report, using ultrastructural investigation, identi-
fiedMCS formed between the phagophoremembrane and other organelles, including
endosomes, implying that these contacts may participate in cross talk or lipid trans-
port, contributing to autophagosome formation (Biazik et al. 2015).
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Indeed, fusion of vesicular and multi-vesicular endocytic organelles with nascent
autophagosomes has already been shown earlier (Liou et al. 1997). In agreement,
RE marked with Rab11 were found to participate in formation of autophagosomes
by delivery of membrane to the expanding phagophore (Longatti et al. 2012). It was
suggested that vesicular transfer from RE is activated by amino acid deficiency and
repressed by the Rab11 effector TBC1D14, which shuttles between RE and the Golgi
apparatus depending on the nutrient availability (RE under fed conditions, the Golgi
during starvation) (Longatti et al. 2012).

Interestingly, a recent study revealed a role for vesicular transport from the endo-
somal system in facilitating the delivery of autophagy-related 9A (Atg9A), an integral
membrane protein which is required for the formation of autophagosome (Imai et al.
2016). The sorting of Atg9A from RE and the Golgi is regulated via interaction with
the adaptor protein AP-2. Interrupting this interaction resulted in accumulation of
Atg9A in RE and dysregulated autophagy. These findings indicate that proper traf-
ficking of Atg9A in the endolysosomal pathway is essential for functional activation
of autophagy. This assumption is in agreement with an earlier study implying that
Atg9A transport mediated by the endosomal retromer–WASH complex is required
for autophagy (Zavodszky et al. 2014).

Endolysosomal regulation of autophagy. The central regulator of autophagy is
mammalian target of rapamycin (mTOR), a component of the mTOR complex 1
(mTORC1) activated according to nutrient availability at the LE/lysosomal surface
(Lim and Zoncu 2016). Hence, the endolysosomal system is directly interconnected
to the autophagy pathway not only via endocytic organelles facilitating degradation,
but also at a regulatory level controlling autophagy induction.

Actually, dynamics of the endolysosomal pathwaywas shown to directly influence
mTOR signaling and therefore activation of autophagy (Korolchuk et al. 2011). In
this study, the intracellular positioning of endosomes was found to modulate mTOR
activation and hence the autophagic flux. Moreover, it was suggested by the authors
that nutrient levels dictate lysosomal distribution and that peripheral localization of
lysosomes favors mTOR activation due to a closer proximity to upstream activa-
tors near the PM. This demonstrates a spatial mechanism of metabolic regulation
coordinated by the endocytic system.

Another level of autophagy regulation by the endocytic system was revealed by
a recent work using proteomics analysis to study how endolysosomal proteolysis is
coordinatedwith activation of autophagy-mediated degradation in response to starva-
tion in yeast (Muller et al. 2015). The findings confirmed that autophagy was induced
immediately upon introduction of starvation. However, during the first hours of nutri-
ent depletion the destruction of membrane proteins by the endocytic system was the
main source for amino acid supply to maintain cellular functions and activate an
adaptive response. This adaptation included the de novo synthesis of vacuolar hydro-
lases that allowed potentiation of autophagy, which was suggested to be essential for
restoration of amino acid levels during extended periods of starvation. Interestingly,
this also demonstrates that selective (ubiquitin-dependent) degradation of membrane
proteins via the endocytic system activates a catabolic cascade during starvation, by
induction of the non-selective autophagic pathway. This timely regulated response
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was found to be required for cell survival. These findings uncover another homeo-
static role played by the endocytic system, which requires intimate cooperation with
the autophagic pathway and evokes a survival response at the whole-cell level.

Shared molecular machineries. Similarly to the endosomal pathway, autophagy
requires membrane remodeling events such as elongation, closure of gaps, and
fusion. Indeed, many molecular mechanisms are shared between the endocytic and
autophagic pathways, adding another complexity level to the interactions between
these two systems [discussed in (Fader and Colombo 2009)]. As one may expect,
an example of effector molecules common for endocytosis and autophagy are the
components of ESCRT.

Several alternative scenarios have been proposed to explain the involvement of
ESCRT proteins in autophagy [presented in (Rusten and Stenmark 2009)]. The possi-
blemechanisms include the involvement of ESCRT in phagophore closure, lysosome
biogenesis, lysosomal fusion or in preventing proautophagic signaling by maintain-
ing proper endosomal flux. None of these options can be ruled out, and it is possible
that the mechanisms differ between distinct biological systems and/or that several
mechanisms coexist.

Indeed, depletion of ESCRT components was found to inhibit autolysosome for-
mation and impair autophagy (Filimonenko et al. 2007). The authors of this study
proposed that autophagy was diminished due to dysfunction of endosomal transport
caused by loss of ESCRT, indicating the dependence of autophagic degradation on
a functional endocytic pathway. These findings are in agreement with accumulation
of autophagosomes observed upon ESCRT-III disruption in cultured cells and in
flies in vivo (Lee et al. 2007; Oshima et al. 2016; Rusten et al. 2007), all supportive
of a role for ESCRT in fusion of lysosomes with both endosomal and autophagic
organelles. The ESCRT-I subunit TSG101 was also implicated in vesicular fusion of
lysosomes with LE and with amphisomes (Majumder and Chakrabarti 2015).

Similarly, autophagosome accumulation was observed also in ESCRT-depleted
nematode (Djeddi et al. 2012). However, in thismodel autophagosomeswere claimed
to accumulate due to increased autophagic flux, rather than inhibition of lysosome
fusion. In this setting, increased levels of aberrant ESCRT-depleted endosomes
induced autophagy that played a protective, pro-survival role. These findings sup-
port the existence of cross talk between the endosomal and autophagy pathways,
responsible for preserving cellular and organismal homeostasis.

Of note is that although the ESCRT machinery is highly conserved from yeast to
humans, it was not found to be involved in the autophagic function in yeast, with no
accumulation of autophagosomes observed in ESCRT mutants (Muller et al. 2015).

In addition to ESCRT, many other molecular players were suggested to be shared
between the endosomal and autophagy systems and possibly to mediate the interplay
between these pathways, which include ESCRT-associated protein Alix (Murrow
et al. 2015), Rab machinery (Chen et al. 2014; Ganley et al. 2011; Longatti et al.
2012; Popovic et al. 2012; Szatmari et al. 2014), HOPS tethering complex (Jiang
et al. 2014; Liang et al. 2008; Lindmo et al. 2006; Wartosch et al. 2015), and others
[also discussed in (Fader and Colombo 2009)].
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2.4 Conclusions

The cumulative evidence discussed above indicates that the endolysosomal pathway
acts in coordination with other cellular systems, to support essential life processes
and cell homeostasis. Hence, the endocytic system should not be referred to as a
stand-alone machinery for uptake and degradation of vesicle-engulfed cargo, but
rather as an integrated part of the cellular network of organelles and processes that
are interconnected.

As demonstrated by several examples throughout this chapter, while playing their
established roles in vesicle trafficking, endosomes keep close relations with other
organelles and are dynamically involved in functions that have global cellular impli-
cations such as membrane flow, signaling control, and metabolic regulation. Yet,
in many of these processes, the molecular mechanisms underlying the functional
involvement of the endocytic system are not fully understood and remain an impor-
tant challenge for future research.

Moreover, some functions of endosomes are universal, while others are spe-
cialized and vary between different cell types. Thus, it is highly possible that the
interaction mechanisms of endosomes with other organelles and pathways are in
part tissue-specific, which adds another level of complexity to their mutual co-
regulation. Finally, the roles played by endosomal trafficking in various cellular
processes are affected in pathological conditions involving dysregulated nutrient
metabolism, improper immunological responses, developmental disorders or tumori-
genesis. Therefore, understanding the participation of the endocytic system in the
cellular network of organelles and pathways has important implications for human
health and disease.
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Abstract The endocytic compartment is not only the functional continuity of the
plasma membrane but consists of a diverse collection of intracellular heterogeneous
complex structures that transport, amplify, sustain, and/or sort signaling molecules.
Over the years, it has become evident that early, late, and recycling endosomes rep-
resent an interconnected vesicular-tubular network able to form signaling platforms
that dynamically and efficiently translate extracellular signals into biological out-
come. Cell activation, differentiation, migration, death, and survival are some of the
endpoints of endosomal signaling. Hence, to understand the role of the endosomal
system in signal transduction in space and time, it is therefore necessary to dissect
and identify the plethora of decoders that are operational in the different steps along
the endocytic pathway. In this chapter, we focus on the regulation of spatiotempo-
ral signaling in cells, considering endosomes as central platforms, in which several
small GTPases proteins of the Ras superfamily, in particular Ras and Rac1, actively
participate to control cellular processes like proliferation and cell mobility.
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3.1 Introduction

3.1.1 An Overview of the Endosomal System

Endocytosis describes the internalization of nutrients, receptor–ligand complexes,
fluids, lipids, extracellular proteins and viruses, and many other biomolecules. Once
inside cells, endosomes are responsible for the fine-tuning of multiple pathways
that enable the degradation, recycling, storage, activation, or signaling of incoming
molecules. Since their discovery in the late 70s, using biochemical analysis and cel-
lular fractionation techniques on extracts from rat liver (Bergeron et al. 1978; Posner
et al. 1980;Marsh et al. 1983; Debanne et al. 1982), the knowledge on the complexity
of the endosomal compartment has vastly increased. Over the years, a huge number
of publications revealed an astonishing complex system of vacuolar-tubular endo-
somal structures with distinct characteristics that are dynamically interconnected,
communicating with the plasma membrane and other cellular compartments like the
trans-Golgi network (TGN). The proper functioning of this endocytic system guaran-
tees balanced cellular homeostasis and essential cellular processes like proliferation,
migration, invasion, division, polarity among many others (Scita and Di Fiore 2010;
Huotari and Helenius 2011; Gould and Lippincott-Schwartz 2009).

The endosomal membrane system consists of several different compartments.
Early endosomes (EEs) are the first andmain sorting station in the endocytic pathway
where endocytosed molecules that enter the cell via clathrin-dependent (CDE) or
clathrin-independent (CIE) pathways are routed to different cellular destinations.
From EEs, most internalized molecules are recycled back to the plasma membrane
directly by transport vesicles or indirectly through passage via recycling endosomes
(REs). Molecules in EE that are neither segregated for recycling nor directed to the
TGN, where it can be delivered to the cell surface via the secretory pathway, are
destined for degradation along the lysosomal pathway. For this to occur, EEs mature
to late endosomes (LEs)/multivesicular bodies (MVBs) and thereafter fusion with
lysosomes (Scita and Di Fiore 2010; Huotari and Helenius 2011; Mayor and Pagano
2007). There is also a continuous exchange between the TGN and the EEs in order to
direct acid hydrolases from the Golgi apparatus to lysosomes. The structure, identity,
and functionality of each endosomal compartment is characterized by a specific
luminal pH regulated by the vacuolar proton pumpV-ATPase andmost relevant to this
review, a specific combination of proteins, lipids, and signaling complexes attached
to its cytosolic membrane surface. In particular, the family of Rab GTPases is critical
for the organization of microenvironments that determine endosomal functions. Rab
proteins define the identity of endosomal subdomains by recruiting effectors and
facilitate membrane flux along the endocytic pathway (Jovic et al. 2010; Zerial and
McBride 2001). In the following, we will briefly outline the characteristics of the
various endosomal compartments, their respective Rab proteins and the Rab effectors
that define their identity. Intruigingly, some of these proteins and lipids listed below
and required to determine uniqueness and guiding of vesicle transport within the
endosomal compartment are intimately linked to the trafficking and signaling of rat



3 GTPases Rac1 and Ras Signaling from Endosomes 67

sarcoma (Ras) and Ras-related C3 botulinum toxin substrate 1 (Rac1) proteins from
EEs, REs, and LEs (see Sect. 3.1.2 onwards).

EEs represent a weakly acidic (pH 6.8–6.1) compartment that is mainly located
in the periphery of the cell. This compartment is principally characterized by a
tubulo-vesicular morphology and the presence of Rab5 and its effector Vps34,
a phosphatidylinositol 3-kinase type III that generates the phosphoinositide (PI)
PtdIns(3)P. The presence of activeRab5 (Rab5-GTP),which is generated in a guanine
exchange factor (GEF) [rabaptin 5-associated exchange factor for RAB5 (Rabex5)]
and PtdIns(3)P-dependent manner, allows the recruitment of the effector early endo-
some antigen 1 (EEA1), which together with SNAREs (syntaxin 6 and 13) enables
endosome fusion. Rab5-GTP and PtdIns(3)P also recruit rabenosin-5, which inter-
acts with EH domain-containing protein 1 (EHD1) and regulates recycling from
EEs. In addition, EEs contain distinctive membrane microdomains enriched in spe-
cific proteins [including Rab4, Rab11, ADP ribosylation factor 1 (Arf1), complex
protein I (COPI), retromer, Rab9, or Rab7] that together with the cytoskeleton, actin,
and microtubules, regulate the subcellular trafficking of certain cargoes through slow
and fast recycling routes to the plasma membrane, the degradative pathway to lyso-
somes or retrograde transport to the TGN (Huotari and Helenius 2011; Vonderheit
and Helenius 2005; Rojas et al. 2008; Bonifacino and Rojas 2006; Hayer et al. 2010;
Bonifacino andHurley2008; Pfeffer 2009;Zerial andMcBride 2001; Sigismundet al.
2012; Johannes and Popoff 2008). There is also a subpopulation of EEs that instead
of EEA1 contain the Rab5 effector Adaptor protein containing PH domain, PTB
domain, and Leucine zipper motif 1/2 (APPL1/2). As outlined below, the presence
of APPL1/2 on EEmight be responsible to create specific endosomal subpopulations
that can trigger signaling events related to cell growth (see Sect. 3.1.2) (Miaczynska
et al. 2004; Schenck et al. 2008; Zoncu et al. 2009).

Rab5 also promotes the transformation of EEs to LEs by ensuing conversion
from a Rab5-positive to a Rab7-positive (LE) compartment. This Rab conversion is
achievedwhen theMon1-complex binds to PtdIns(3)P and facilitates the exchange of
theRab5-GEFRabex5 for theRab7-GEF that is associatedwith the homotypic fusion
and protein sorting (HOPS) complex (Poteryaev et al. 2010; Rink et al. 2005). In this
LEmaturation, intraluminal vesicles (ILVs) are acquired through the participation of
the endosomal sorting complex required for Transport (ESCRT) complexes by a reg-
ulated posttranslational ubiquitination and de-ubiquitination modification. Although
a simplematuration that confers the conversion of EE to LE compartment is possible,
it seems that a fission of domains within EE that acquired LE features participates
in the formation of the LE compartment. The resulting endosomal carrier vesicles
(ECVs) from this fission process move to the center of the cell via microtubules and
fuse with the LE compartment. The vacuolar LEs, arranged in a perinuclear location,
are more acidic (pH: 6.0–5.0), contain Rab7 and the PtdIns(3,5)P2, which is synthe-
sized by the PtdIns(3)P 5-kinase FAB1/PIKfyve. Finally, LEs will mature or fuse
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with lysosomes containing acidic hydrolases (proteases and lipases among others).
This compartment has a pH around 5.0–4.5, and its membrane is protected by the
presence of lysosome-associated membrane proteins (LAMP) proteins (Huotari and
Helenius 2011; Poteryaev et al. 2010; Jovic et al. 2010; Scott et al. 2014; Platta and
Stenmark 2011).

3.1.2 Endocytosis and Signaling from Endosomal
Compartments

Over the last decades, it has become apparent that signaling within the endosomal
system contributes to an enormous variety of events that participate in a range of
cellular processes. This has led to the widely accepted concept of the “signaling
endosome.”

This concept recognizes endocytosis to play a key role attenuating signals gen-
erated by activated receptors at the plasma membrane, directing them into the
degradative-lysosomal pathway. On the other hand, on route to lysosomes, these
active receptors can continue to signal in EEs and LEs/MVBs. Therefore, endo-
somes act as signaling platforms to maintain or prolong signals generated at the
plasma membrane. Sustained stimulation can be also enhanced by increased recy-
cling of receptors to the plasma membrane, which is often observed in tumor cells in
order to intensify proliferative signals. In addition, endosomes also seem to promote
localized and selective recruitment of scaffold and effectors proteins, thereby assem-
bling specific modules. These signaling building blocks can also be transported and
directed, through endocytosis-mediated recycling, to specific places in the cell or to
specific domains at the plasma membrane to achieve functionality (Sigismund et al.
2012; Lobert and Stenmark 2011; Jones et al. 2006; Frittoli et al. 2011; Taub et al.
2007; Teis and Huber 2003; Palamidessi et al. 2008; White et al. 2006; Sorkin and
von Zastrow 2009; Platta and Stenmark 2011; Ohashi et al. 2011; Puthenveedu et al.
2010; Dobrowolski and De Robertis 2011; Schiefermeier et al. 2014; Villasenor et al.
2016).

A substantial number of publications, using biochemical cellular fractionation
techniques aswell as new live cell imaging techniques such as fluorescence resonance
energy transfer (FRET), fluorescence-lifetime imagingmicroscopy (FLIM), photoac-
tivatable fluorescent proteins (PAFPs), or Ras and interacting protein chimeric unit
(Raichu) biosensors (Gonnord et al. 2012; Miaczynska and Bar-Sagi 2010; Murphy
et al. 2009), have highlighted the role of the endocytic system to attenuate or sustain
signaling, to participate in specific outcomes and to direct modules or complexes to
specific subcellular sites or microdomains. The potential relevance of the endocytic
system is highlighted in cancer, where altered dynamics of the endocytic pathway
are often associated with an inability to properly internalize, recycle, or degrade key
cancer drivers such as receptor tyrosine kinases, leading to aberrant proliferation
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and metastasis of tumor cells (Stasyk and Huber 2016; Lanzetti and Di Fiore 2008;
Porther and Barbieri 2015).

Before embarking on the focus of this chapter, the signaling of the small GTPases
Ras and Rac on endosomes (Sect. 3.2), it is essential to outline the overarching role
of cell surface receptors in signal transduction. Hence, in the following, we will first
illustrate in more detail the endosome signaling outputs for some receptors.

Specific endosomal signaling has been demonstrated for several families of
cell surface receptors, in particular, receptor tyrosine kinases (RTKs) such as the
epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor
(PDGFR), hepatocyte growth factor receptor (HGF-R orMet), tropomyosin receptor
kinase A (TrkA), and insulin receptor (Ins-R). In addition, serine/threonine kinases
such as transforming growth factor beta (TGFβ) receptors, G-protein coupled recep-
tors (GPCRs), or Wnt and Notch receptors have also been reported to signal from
endosomes (Stasyk and Huber 2016; Joffre et al. 2011; Wang et al. 2002; Sorkin
and von Zastrow 2009; Dobrowolski and De Robertis 2011; Kermorgant and Parker
2008; Murphy et al. 2009; Flinn et al. 2010; Gould and Lippincott-Schwartz 2009;
Lanzetti and Di Fiore 2008; Le Roy and Wrana 2005; Tomas et al. 2014; Mellman
and Yarden 2013; Barrow-McGee and Kermorgant 2014).

To reach the endosomal compartment, the above-mentioned receptors appear to
employ different internalization routes, either via CDE or CIE. Interestingly, depend-
ing on ligand concentration, some receptors can be internalized by both entry routes,
which then differentially impacts on their signaling output. For instance, while CIE
for TGFβ-R and EGFR directs ligand–receptor complexes to lysosomes for degra-
dation, the CDE routes these receptors to signaling competent endosomal vesicles
distinct from the lysosomal pathway (Sigismund et al. 2008, 2012). Moreover, sig-
naling of these TGFβ- and EGF receptors, that remain ligand-bound and active after
internalization, are principal examples for the creation of a very localized and spe-
cific signal transduction elicited from EE microdomains exclusively located within
a population of Smad anchor for receptor activation (SARA)- and APPL-positive
endosomes, respectively. SARA, which binds PtdIns(3)P on EEs, is a scaffold pro-
tein that interactswithTGFβ-R andMothers against decapentaplegic (SMAD) family
member 2 enabling the phosphorylation of the former by TGFβ and its translocation
to the nucleus to regulate gene transcription (Hayes et al. 2002; Tsukazaki et al. 1998;
Di Guglielmo et al. 2003). On the other hand, APPL, which recruits protein kinase
B (PKB or AKT) and its substrate glycogen synthase kinase 3 (GSK3), is activated
and translocated to the nucleus by the endocytosed EGFR (Miaczynska et al. 2004).

Other examples for the relevance of endosomal signaling establishing discrete
cellular functions include the sustained signaling of GPCRs on endosomes, which is
important to ensure continuous cyclicAMPproduction andmitogen-activated protein
kinase (MEK)—extracellular signal-regulated kinases (ERK) signaling beyond its
initial activation at the cell surface (Vilardaga et al. 2014; Shenoy and Lefkowitz
2011; Sorkin and von Zastrow 2002). Internalization of nerve growth factor (NGF)
bound to its TrkA receptor has also been proven necessary to prolong activation
of Rap1 GTPase and to promote neuronal survival via ERK5 activation and cAMP
response element binding protein (CREB)-dependent transcription (Wu et al. 2001;
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Watson et al. 2001). In addition, the NGF-TrkA receptor–ligand complex can also
activate the Ras/mitogen-activated protein kinase (MAPK) pathway from endosomes
in neuronal cells (Howe et al. 2001).

EGFRexemplifies a classical example of specific and sustained signaling on endo-
somes. EGF induces the accumulation of EGFRand downstream signalingmolecules
such as SH2-containing collagen related (Shc), growth factor receptor-bound protein
2 (Grb2), son of sevenless (Sos), Ras, as well as the serine/threonine kinases rapidly
growingfibrosarcomaprotein 1 (Raf-1),Mek, andErk1/2 in endosome compartments
(Balbis et al. 2007; Lu et al. 2009; Moreto et al. 2008; Pol et al. 1998; Sorkin and von
Zastrow 2009; Teis et al. 2006; Di Guglielmo et al. 1994; Nada et al. 2009; Teis et al.
2002; Wang et al. 2002). In fact, early pioneering work from Vieira et al. elegantly
demonstrated the importance of CDE for the control of the EGFR signaling cascade
(Vieira et al. 1996). In these studies, inhibition of EGFR internalization, through over-
expression of a dominant-negative mutant of the vesicular fission protein dynamin
(Dynk44A), drastically interfered with activation of Raf-1 kinase downstream Ras
and consequently MAPK signal output, indicating a crucial role of endosomes in the
EGFR/Ras/Raf-1/MAPK signaling cascade (Vieira et al. 1996; Moreto et al. 2008).
Furthermore, in elegant experiments from Wang et al., the EGFR tyrosine kinase
inhibitor AG1478 was used to inhibit EGFR signaling at the cell surface, leading to
the internalization of nonactive EGF-EGFR complexes into endosomes. Subsequent
removal of AG1478 then enabled activation of endosome-associated EGFR followed
by Ras, ERK1/2, and Akt signaling to promote cell proliferation and survival (Wang
et al. 2002).

Under certain conditions, EGFR signaling likely occurs in the LE compartment,
as the late endosomal adaptors p14 and Mek partner-1 (MP1) can recruit Mek1 to
participate in EGFR-induced MAPK activation (Teis et al. 2002, 2006). Indeed, in
primary hepatocytes late endosomal EGFR signaling has recently been demonstrated
to participate in cell cycle progression (Luo et al. 2011). The p14/MP1 complex also
serves as a scaffold to recruit Rag GTPases, which sense amino acid levels and
together with Ras homolog enriched in brain (RheB) and hVps34, activate mam-
malian target of rapamycin complex 1 (mTORC1) in the endo-lysosomal (LE/Lys)
compartment to promote cell growth via protein synthesis (Sancak et al. 2010; Zoncu
et al. 2011; Duan et al. 2015).

In addition, p14/MP1 in the LE/Lys compartment is also critical for cell migration,
as the adaptor complex is directed to the cell periphery, in a Rab7-regulated manner,
in order to promote focal adhesion (FA) turnover for cell motility and tumor invasion
(Schiefermeier et al. 2014). Furthermore, in the context of cell migration, EEs, and
LE/Lys have also been identified to facilitate receptor-mediated signaling events that
activate and transport Rac1 GTPase to the leading edge (Palamidessi et al. 2008;
Menard et al. 2014; Joffre et al. 2011). Specific guanine exchange factors (GEFs) of
the small GTPase Rac1 are known to activate Rac1 in EEs and LEs. This is followed
by vesicular transport to the plasma membrane, where active Rac1 then regulates
the actin cytoskeleton to promote the formation of lamellipodia in the leading edge,
altogether creating forward movement. In the rear of migratory cells, EE and LE
control the delivery of the pro-migratory Endo180 receptor to promote adhesion
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disassembly by the Rho kinase-derived contractile signals (Gould and Lippincott-
Schwartz 2009; Sturge et al. 2006).

Further to the trafficking routes of Rac1 and Endo180 receptor to the front and
rear of moving cells, respectively, several recent publications have highlighted the
importance of recycling for the delivery of integrins from endosomes to specific
plasma membrane domains, which in combination with the export of membrane
type-1 matrix metalloproteinase 1 (MT1-MMP) also regulates motility and inva-
siveness (De Franceschi et al. 2015; Alanko and Ivaska 2016). Along these lines,
impaired cholesterol export fromLEs inNiemann–Pick type C1 (NPC1)mutant cells
or upon overexpression of annexin A6 interfered with the task of the RE compart-
ment to deliver cargo to the cell surface. This imbalanced distribution of intracellular
cholesterol strongly reduced integrin recycling from RE to plasma membrane, and
consequently, inhibited cell migration (Garcia-Melero et al. 2016; Reverter et al.
2014). Integrins are transmembrane adhesion proteins that by forming FAs con-
nect the F-actin cytoskeleton to the extracellular matrix (ECM), thus attaching cells
to their surroundings. In migrating cells, integrin recycling via a fast and Rab4-
dependent, as well as a slow and Rab11-dependent recycling route, is the driving
force to continuously assemble and disassemble FAs in the leading edge enabling
forward movement (De Franceschi et al. 2015; Shafaq-Zadah et al. 2016). Addi-
tionally, integrin-dependent adhesion to collagen type-1 matrix protein stimulates
MT1-MMP translocation, from the intracellular biosynthetic-storage compartment
and by a Rab8-dependent exocytosis, to surface structures that promote invasion of
MDA-MB-231 tumor cells (Bravo-Cordero et al. 2007). However, additional Rab
GTPases (Rab2, Rab5, Rab7, Rab14) and the internalization process could also reg-
ulate MT1-MMP activity at the plasma membrane in other settings (Frittoli et al.
2011; Wiesner et al. 2013; Williams and Coppolino 2011; Castro-Castro et al. 2016;
Kajiho et al. 2016). Interestingly, from the point of view of endosomal signaling,
integrins bind distinct sets of proteins when located at the plasma membrane or in
endosomes. Consequently, this elicits different signal output in endosomes: activa-
tion of focal adhesion kinase (FAK), Akt, ERK, and suppression of anoikis (Alanko
et al. 2015; Alanko and Ivaska 2016).

In summary, in this section we have given an overview how the endo/lysosomal
system provides membranous platforms to regulate spatiotemporal signaling in cells
(Flinn et al. 2010; Gould and Lippincott-Schwartz 2009; Kermorgant and Parker
2008; Lobert and Stenmark 2011; Ohashi et al. 2011; Palamidessi et al. 2008; Platta
and Stenmark 2011; Sorkin and vonZastrow2009; Taub et al. 2007). In the following,
we will discuss in more detail how the endosomal localization of several small
GTPases proteins of the Ras superfamily actively participates to control cellular
processes like proliferation and cell mobility.
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3.2 Signaling of the Small GTPases Ras and Rac1
from Endosomes

The Ras superfamily of GTPases comprising a total of 150 members is also known
as small GTPases due to their small molecular weight (20–40 kDa). They are classi-
fied into six subfamilies: Ras, Rho, Rab, Arf, Ran, and Galpha subunits (Flinn et al.
2010; Rojas et al. 2012). The Rho family members control cytoskeleton dynamics
and cellular mobility, while Rab and Arf proteins modulate formation and transport
of intracellular vesicles, including exo- and endocytosis. The Ran family coordinates
nuclear transport processes, and Galpha subunits manage GPCR signaling. Finally,
Ras GTPases are located upstream signaling cascades such as the Raf-1/MAPK
pathway that is known to regulate transcription relevant for proliferation and differ-
entiation processes among others.

Rac1, which will be discussed in more detail in Sect. 3.2.2, belongs to the Rho
subfamily and within the Ras subfamily there are four isoforms (HRAS, NRAS,
KRAS4A, and KRas4B). All of them have in common a module called the G-
domain, which adopts an α/β topology and contains 60–180 residues, responsible for
nucleotide (GTP)-dependent conformational changes of two internal regions named
switch region I (residues 30–38) and switch region II (residues 59–67) (Wittinghofer
and Vetter 2011). The ability to bind GTP and the concomitant conformational
changes associated with GTP or GDP binding enables Ras proteins to act as binary
molecular switches, active when GTP is bound to the G-domain and inactive when
GDP is associated with the G-domain. In the active state (GTP-bound), GTPases
interact and activate a plethora of different effectors with different functions, includ-
ing Raf-1, phosphoinositide 3–kinase (PI3K), RAL guanine nucleotide dissociation
stimulator (RalGDS), T lymphoma invasion and metastasis-inducing 1 (TIAM1),
WASP-family verprolin-homologous protein (WAVE,) and others. The active and
inactive state cycle is controlled by guanine exchange factors (GEFs) which facil-
itate the exchange of GDP for GTP. The ability of GEFs to remove GDP enables
more efficient GTP binding which is found at approximately tenfold higher con-
centrations compared to GDP in the cytosol. On the other hand, GTPase activating
proteins (GAPs) increase the intrinsic GTP hydrolyzing capacities of GTPases to
ensure rapid inactivation (Rajalingam et al. 2007; Downward 1996; Marshall 1996).
Both, GEFs and GAPs, are spatially and temporally modulated by external stimuli
and signaling molecules (Bos et al. 2007).

Given their prominent localization at the plasma membrane and proximity to
RTKs and GPCRs, Ras GTPases are key players in the initial steps of signaling
cascades generated at the cell surface and therefore control important processes such
as proliferation, differentiation, apoptosis, cytoskeleton dynamics or cell motility
(Malumbres and Barbacid 2003). However, critical for the “signaling endosome”
concept, the presence of Ras proteins in the endosomal compartment makes them the
key transducers of the signaling events generated by active receptors along endocytic
pathways.Asoutlined in the following sections inmoredetail,Ras andRac1 signaling
from endomembranes, in particular from endosomes, have been associated with
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proliferation, apoptosis, and/or cellular migration. Nevertheless, it should be noted
that some caution should be takenwhen referring to the conclusions based onRas and
Rac1 signaling from endosomes as the majority of published data has been obtained
from model systems that often express unphysiologically high levels of receptors
and signaling components.

3.2.1 Ras Signaling from Endosomes

3.2.1.1 The Ras Family

In human cells, Ras isoforms are encoded by three genes: KRAS (Kirsten rat sar-
coma viral oncogene homolog, NRAS (Neuroblastoma RAS viral (v-ras) oncogene
homolog), and HRAS (Harvey rat sarcoma viral oncogene homolog). This gives
rise to 4 different Ras isoforms (~21 kDa): HRas, NRas, KRas4A, and KRas4B
(referred to as KRas), the latter two being derived from alternative RNA splicing.
Since Ras proteins control proliferation, survival and migration, missense mutations
at position G12, G13, and Q61 result in gain-of-function Ras mutants that confer
oncogenic activity. All these mutations impair Ras-GTP hydrolysis by inhibiting its
intrinsic GTPase activity. Consequently, this interferes with the action of GAPs and
Ras remains in a constitutively active state. Hence, oncogenic Ras mutant hyper-
activity contributes to the initiation and progression of a large variety of human
cancers (~25% of human cancers, with KRas being the most frequently mutated iso-
form) (Hobbs et al. 2016; Barbacid 1987; Bos 1989; Malumbres and Barbacid 2003;
Rajalingam et al. 2007; Newlaczyl et al. 2014).

Given their prominent contribution to the development of tumorigenic events,
much effort over the years aimed to unravel the structure, localization and differential
function of the Ras isoforms. Structural analysis first revealed that all Ras isoforms
shared a highly conserved and nearly identical globular N-terminal domain (residues
1–165), which binds nucleotides and the majority of Ras effectors (see Sects. 3.2.1.3
and 3.2.1.4). However, as described in more detail below, important differences
were found in the C-terminal domain (last 24–25 residues), named the hypervariable
region (HVR), which is posttranslational modified and responsible for differential
subcellular localization and as a result differential signaling among the Ras isoforms
(Barbacid 1987; Hancock 2003; Mor and Philips 2006; Fotiadou et al. 2007; Calvo
et al. 2010; Eisenberg and Henis 2008; Prior and Hancock 2012). For instance, in cell
culture, KRas activates the small GTPase Rac1 more efficiently than HRas because
of their differently membrane anchoring and localization, which is consequently
translated in more efficient KRas induction of membrane ruffling, pinocytosis, cell
motility, and cell survival than HRas (Walsh and Bar-Sagi 2001).
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3.2.1.2 Synthesis, Processing, and Trafficking of Ras Isoforms
to the Plasma Membrane

Ras proteins are synthesized in the cytosol as globular hydrophilic proteins (188
amino acids in the case of KRas and 189 for all other Ras isoforms) containing a
C-terminal CAAX motif (C, cysteine; A, aliphatic residue; X, any residue); being
CVLS, CVVM and CVIM for H-, N-, and KRas, respectively. This CAAX sequence
is essential for subsequent posttranslational modifications of Ras and its successive
targeting to different cellular membranes. Because Ras proteins contain a methion-
ine or a serine as last amino acid (X residue), this CAAX sequence is specifically
recognized by a farnesyl transferase in the cytosol, which irreversibly incorporates
a farnesyl group (15-carbons isoprenyl) to the cysteine C186, and C185 in KRas.
Farnesylation allows Ras proteins to insert and localize on the endoplasmic reticulum
membrane for subsequent CAAX modifications which includes AAX hydrolysis by
Ras-converting enzyme 1 (Rce1) and the methylation of the remaining farnesylcys-
teine residue by Isoprenylcysteine carboxyl methyltransferase (Icmt) (Fehrenbacher
et al. 2009) (see [1] in Fig. 3.1). Strikingly, despite all these posttranslational mod-
ifications occurring for each Ras isoform, H-, N-, and KRas then follow different
routes from the ER to the plasma membrane (Mor and Philips 2006).

Although farnesylcysteine methylation is an essential prerequisite, it is not suf-
ficient for cell surface delivery, and Ras needs a second signal to finally reach
the plasma membrane or other organelles like endosomes. In the case of KRas,
this second signal is a polybasic region (PBR) composed of six basic lysine
residues near the farnesylcysteine in the HVR. This PBR motif electrostatically
interacts with anionic phospholipids in membranes, such as phosphatidylinositol-
4,5-bisphosphate PtdIns (4,5)P2, the phosphatidylinositol-3,4,5-trisphosphate PtdIns
(3,4,5)P3 or phophatidylserine (PS) (Hancock et al. 1990; Cho et al. 2012; Apolloni
et al. 2000; Heo et al. 2006; Yeung et al. 2008; Gelabert-Baldrich et al. 2014).
Hence, through a yet still not well-defined Golgi exocytic-independent route that
likely involves the above-mentioned electrostatic interactions both signals (farnesyl
lipid group and PBR) contribute to direct KRas from the ER to the plasmamembrane
(Apolloni et al. 2000; Magee andMarshall 1999) (see [2] in Fig. 3.1). The molecular
machinery that regulates this trafficking route is also not well known and includes
the possibility of a passive electrostatic switch. Alternatively, recent results from
the Bastiaens group suggest that the delta-subunit of phosphodiesterase 6 (PDE6-δ),
or maybe other chaperone-like proteins, act as a cytosolic solubilization factor and
its binding to the farnesyl moiety of KRas could then facilitate KRas trafficking
to the plasma membrane. Once at the plasma membrane, the highest electrostatic
interaction exerted by acid phospholipids could compete and displace PDE6-δ from
KRas, favoring its incorporation or insertion into the inner leaflet of the cell surface
phospholipid bilayer (Schmick et al. 2015).

Much different to the complex regulation of KRas translocation to the cell surface,
the second signal for targeting H-, N-, and spliced KRas4A proteins to the plasma
membrane is represented by the reversible addition of one or two palmitoyl groups
at additional cysteine residues adjacent to the CAAX motif. A palmitoyl-transferase
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Fig. 3.1 Different routes to the plasma membrane and through the endocytic compartment
followed by the Ras isoforms. Once synthesized in the cytosol, Ras isoforms are cysteine farne-
sylated in their terminal CAAX motif by farnesyl transferases (FTs). This is followed by further
posttranslational modificationsmediated by Ras-converting enzyme 1 (Rce1) and Isoprenylcysteine
carboxyl methyltransferase (Icmt) in the endoplasmic reticulum (ER) [1]. This scheme recapitu-
lates the following traffic routes for the different Ras isoforms: H- or NRas trafficking is shown in
orange and KRas trafficking is depicted in green. KRas reaches the PM by still not well-defined
non-vesicular routes that likely involve chaperone proteins like PDE-δ [2]. In contrast, H- and
NRas use the vesicular exocytic pathway via Golgi and/or Golgi and recycling endosomes (RE)
to the plasma membrane (PM) [3]. H- and NRas switch between PM and the Golgi by the action
of thioesterases at the PM and palmitoyl-transferases (PATs) at the Golgi, which is known as the
acylation cycle [4]. Moreover, from the PM, H-, and NRas can be internalized via CDE or CIE
pathways to reach early endosomes (EEs) [6], where they can either be recycled back to PM trough
RE [9] or remain retainedwhen ubiquitinated [7]. On the other hand, KRas can also use the vesicular
CDE pathway but the bidirectional movement of KRas between PM and endosomal compartments
is mainly accomplished through an electrostatic switch modulated by serine phosphorylation (P-
181S) or binding proteins, like CaM or PDE-δ, to its hypervariable region [5]. KRas can also return
back from RE to the PM via a Arl2-dependent vesicle transport route [10]. In contrast to H- and
NRas, KRas moves to late endosome/multivesicular bodies (LE/MVBS) on route for degradation
in lysosomes (Lys) [8]

enzyme localized in the Golgi/ER is responsible for palmitoylation of HRas at C181
and C184, NRas at C181and KRas4A at C180 (Hancock et al. 1989; Swarthout
et al. 2005). This modification stabilizes the membrane interaction of these Ras
isoforms and favors its transport to the plasma membrane through vesicles carriers
following the exocytic pathway from the TGN (Choy et al. 1999). In some cases
this includes trafficking through REs, which act as a way-station for palmitoylated
H- and NRas proteins as they move along the post-Golgi exocytic pathway to the
plasma membrane (Misaki et al. 2010) (see [3] in Fig. 3.1). Palmitoylation being
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decisive for these Ras proteins to reach the plasma membrane was experimentantlly
evidenced in live cell imaging, where green fluorescent protein (GFP)-tagged and
palmitoyl-deficient Ras mutants were mislocalized in the ER and Golgi and lacked
delivery to the plasma membrane (Hancock et al. 1989; Choy et al. 1999). Note that
palmitoylation also contributes to certain levels of diversity in the Ras family. While
di-palmitoylated HRas is strongly associated with membranes and can efficiently
follow the slow exocytic transport to the plasma membrane, the mono-palmitoylated
N- and KRas4A isoforms need additional hydrophobic/basic amino acid sequences
(Laude and Prior 2008). The different mechanisms that contribute to Ras processing
associated with different trafficking routes are depicted in Fig. 3.1.

One can envisage that the differential contribution of the various CAAX motifs,
posttranslational modifications (farnesylation, palmitoylation), together with HVR
sequence variations, will impact on their spatiotemporal distribution, with con-
sequences for their ability to activate effector pathways. Hence, the possibility
to uncover underlying principles for the creation of signal diversity prompted
researchers to extensively examine the distribution of Ras isoforms at the plasma
membrane. Indeed, subcellular fractionation as well as advanced imaging identified
that once at the plasma membrane, Ras isoforms display distinct localizations in
specific membrane subdomains. Moreover, it is now believed that active and inac-
tive Ras proteins are organized in nanoclusters, containing 6–7 Ras proteins per
nanocluster. Over the years, it has become clear that these clusters highly depend
on the distribution of lipids within the membrane. HRas is the best-characterized
member of the Ras family in this context, with HRas-GTP nanoclusters being found
in disordered (fluid, cholesterol-poor) domains (Prior et al. 2003; Zhou and Han-
cock 2015). In contrast, HRas GDP clusters are mainly localized in cholesterol- and
sphingolipid-rich domains (lipid rafts). While NRas seems to distribute similar to
HRas, KRas is predominantly localized outside lipid rafts. In addition, a distinct
cohort of phospholipids, in particular phosphatidylserine, but also phosphatidic acid
and phosphatidylinositides contribute to the spatial segregation of Ras isoforms. The
different distribution of active and inactive Ras proteins implicates lateral movement
of Ras isoforms in the plasmamembrane. As Ras activity is determined byGTP/GDP
exchange, the localized recruitment and activity of GEFs and GAPs appears criti-
cal to ensure the transient nature of Ras nanoclusters (Grewal and Enrich 2006).
Interestingly, a specialized form of lipid raft, caveolae, seems to critically trans-
late environmental cues, such as mechanical stress, into the remodeling of lipids
at the plasma membrane that in turn extensively modulate the organization of Ras
nanoclusters (Ariotti et al. 2014). As such, caveolin-1 deficiency or downregula-
tion of cavin-1, another structural component of caveolae, alters phosphatidylserine
distribution at the plasma membrane, which correlates with enhanced KRasG12V
nanoclustering andMAPK signaling. Yet lateral segregation of HRas was abolished,
thereby compromising signal output from HRasG12V nanoclusters (Ariotti et al.
2014).

In addition to their differential distribution at the cell surface outline above, the
different posttranslational modifications of each Ras isoforms affect also the asso-
ciation dynamics of cytosolic Ras protein pools with the plasma membrane. It was
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originally postulated that all Ras isoforms display stablemembrane association,mov-
ing by lateral diffusion as described above (Niv et al. 1999, 2002). However, under
certain conditions or upon specific posttranslational modifications, Ras localization
at the plasma membrane switches from lateral diffusion to exchange dynamics with
cytoplasmic Ras protein pools (Vartak and Bastiaens 2010). As described above,
activation of H- and NRas, via GTP-induced conformational changes, leads to their
exchange between lipid rafts and non-rafts (Gorfe et al. 2007). Yet, H- and NRas can
also dissociate from the plasma membrane in a process known as the acylation cycle,
which involves the depalmitoylation of cysteine residues in their HVR domain that
is independent of the activation state of Ras (Rocks et al. 2005, 2010). This non-
vesicular pathway is mediated by acyl protein thioesterases in the plasma membrane
rapidly returning Ras to the diffusing low-membrane affinity farnesylated Ras pool in
the cytoplasm. It is yet unclear how the cell translates the intricate network of cellu-
lar and environmental signals to provide the balance between lateral diffusion at the
plasma membrane or diffusion into the cytosol, but one modulating factor could be
the interaction of the Ras-farnesyl group with PDE-δwhen Ras proteins are depalmi-
toylated (Vartak and Bastiaens 2010; Chandra et al. 2011; Goodwin et al. 2005). This
could enable protein acetyltransferase (PAT) enzymes to trap depalmitoylated Ras
specifically in Golgi/ER membranes, where another round of palmitoylation and
trafficking through the exocytic pathway may then be required to ensure the return to
the plasma membrane (Rocks et al. 2005; Schmick et al. 2015) (see [4] in Fig. 3.1).

While a general concept of diffusion dynamics for H- and NRas seems to be
emerging, the data on trafficking dynamics of KRas to and from the plasma mem-
brane is more complex and in part controversial. Initially, it was proposed that the
half-time for KRas membrane desorption was in the order of minutes or even longer,
which was in consonance with a postulated stable plasmamembrane association reg-
ulated by lateral diffusion (Silvius et al. 2006; Niv et al. 1999, 2002). Lately, Silvius
et al. (2006), using an inducible heterodimerization technique between ectopically
expressed KRas and a complementary binding partner confirmed predominant KRas
association with the plasma membrane under basal conditions. Yet, this included
a continuous cycling of KRas on and off the membrane in an interval of minutes.
Further results from Yokoe and Meyer indicate that the rate of KRas exchange
between plasma membrane and cytoplasm may be even more rapid, within seconds
(Yokoe and Meyer 1996). In line with these findings, in vitro studies demonstrated
that the PBR of KRas associates with lipid bilayers in a rapidly reversible manner
with a half-time of seconds or less (Leventis and Silvius 1998). On the other hand,
depending on the experimental settings and stimuli, desorption of KRas from the
plasma membrane is also modulated by several KRas-interacting proteins, as such as
PDE-δ, prenylated Rab protein acceptor protein 1, calmodulin (CaM), and galectin-3
(Chandra et al. 2011; Bhagatji et al. 2010; Elad-Sfadia et al. 2004; Figueroa et al.
2001; Fivaz andMeyer 2005; Lopez-Alcala et al. 2008; Nancy et al. 2002; Villalonga
et al. 2001; Philips 2012). In addition, the protein kinase C (PKC)-mediated phos-
phorylation of active KRas at serine 181 (Ballester et al. 1987) affects the PBR net
charge of KRas, thereby inducing an electrostatic switch that displaces KRas from
the plasma membrane to endomembranes, including endosomes (Bivona et al. 2006;
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Chandra et al. 2011). KRas phosphorylation at serine 181 inhibits CaM binding
and accordingly, CaM efficiently interacts with non-phosphorylated KRas-GTP
(Lopez-Alcala et al. 2008), an interaction that also favors KRas desorption from
the plasma membrane (Bhagatji et al. 2010; Fivaz and Meyer 2005). In this context,
elegant studies fromFivaz andMeyer revealed the physiological significance of these
interactions in neuronal cells, as cell activation caused the translocation of KRas
from the plasma membrane to endosomes through sequestration of the PBR-farnesyl
motif in a Ca2+/CaM-dependent manner (Fivaz andMeyer 2005) (see [5] in Fig. 3.1).

3.2.1.3 Ras Trafficking Along Endocytic Routes

Although Ras proteins are predominantly found at the plasma membrane to trans-
duce signals received from surface receptors, substantial amounts of Ras proteins
have also been identified in subcellular organelles where they can elicit several func-
tions. Over the last decades, the combination of cellular fractionation techniques
with newly developed advanced microscopy revealed the presence of Ras proteins in
endosomal fractions, visualized their trafficking to endosomal structures in live cells,
and provided extensive colocalization data with established markers of the different
endocytic compartments (Lu et al. 2009; Moreto et al. 2008, 2009; Pol et al. 1998;
Howe et al. 2001; Fivaz andMeyer 2005; Jiang and Sorkin 2002; Gomez andDaniotti
2007; Roy et al. 2002; Yeung et al. 2008; Hancock 2003; Gelabert-Baldrich et al.
2014; Choy et al. 1999; Zheng et al. 2012b; Prior and Hancock 2012). Most of the
results have been obtained with ectopic expression of fluorescently tagged wildtype,
active and inactive Ras mutant proteins in different cell types. Using advanced imag-
ing like FRET, FRAP technology or in the case of KRas, RAICHU probes, these
fusion constructs were critical tools to develop experimental approaches that were
able to monitor the location and activity of Ras proteins over time in live and fixed
cells. As the availability of sensitive antibodies specific for Ras isoforms and their
activity remains an issue in the field, these fluorescently labeled Ras proteins have
been proven very valuable. However, despite the great insights obtained with these
methodologies, it should be noted that a lot of the conclusions drawn from these
overexpression studies still lack validation for their endogenous counterparts.

In general, Ras proteins can be translocated from the plasma membrane to endo-
somes via two different routes. The pathway mainly used by H-, N-, and KRas4A is
through endocytic vesicles derived fromCDE and CIE pathways (Porat-Shliom et al.
2008; Howe et al. 2001; Gomez and Daniotti 2005; Jiang and Sorkin 2002; Roy et al.
2002) (see [6] in Fig. 3.1). The other route predominantly used by KRas involves
desorption from the plasma membrane into the cytosol, followed by non-vesicular
diffusion shuttling mechanism to endosomes (Gelabert-Baldrich et al. 2014; Fivaz
and Meyer 2005; Yeung et al. 2008; Schmick et al. 2015) (see [5] in Fig. 3.1).

Endocytosed palmitoylated Ras proteins, via CDE or Arf6-dependent CIE
encounter the EE or RE compartment in a process regulated by Rab5 or Rab11
GTPases (Gomez and Daniotti 2005; Porat-Shliom et al. 2008; Howe et al. 2001)
(see [6] in Fig. 3.1). In EEs, H- and NRas can be mono- and di-ubiquitinated via
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a lysine 63-linked chains on lysine 117, lysine 147, and lysine 170 independently
of their activation state (Jura et al. 2006). This is not a degradative posttranslational
modification but rather stabilizes these Ras isoforms in endosomes and inhibits their
recycling to plasma membrane (Jura et al. 2006) (see [7] in Fig. 3.1). The HVR of
these Ras proteins is not an obligatory acceptor for ubiquitin but participates in ubiq-
uitination by the E3 ubiquitin ligase Rabex5 (Xu et al. 2010). Interestingly, activated
Ras induces the recruitment of Rabex-5 to endosomes through a RAS and RAB inter-
actor 1 (RIN1)-containing machinery. Consequently, this leads to Rab5 activation.
Hence, through this complex interplay of Ras with ubiquitination and Rab5 activ-
ity, Ras modulates its own stability in endosomes (Zheng et al. 2012b; Ahearn et al.
2011). In addition, retention of Ras proteins in endosomes is also regulated by several
members of the sorting nexin (SNX) family such as SNX17, SNX27, and SNX31,
which bind PtdIns(3)P as well as active Ras on endosomes (Ghai et al. 2011).

In contrast to H- and NRas, KRas is mono-ubiquitinated via lysine 45-linked
chain on lysine 104 and lysine 147 and this modification does not affect its endoso-
mal trafficking but enhances interactions with several effectors (Sasaki et al. 2011).
Overall, the endosomal localization of KRas is less prominent compared to H- and
NRas isoforms, probably because KRas is less retained on endosomes and as a result
faster recycling to the plasma membrane may occur (Vigil et al. 2010; Jiang and
Sorkin 2002; Roy et al. 2002). Yet, despite the small amount of KRas in EE, KRas
can also continue its journey to LE/MVBs and eventually into lysosomes following
the degradative endocytic pathway (Lu et al. 2009) (see [8] in Fig. 3.1). This feature
is strikingly different to H- and NRas, which are essentially found in EEs and REs
following the recycling route to the plasma membrane (see [9] in Fig. 3.1). The traf-
ficking of GFP-tagged KRas through these different compartments was confirmed
by colocalization with established endocytic markers for EE, LE and LE/lysosomes
(Lu et al. 2009). Moreover, subcellular fractionation identified approximately 10%
of ectopically expressed GFP-KRas, but also endogenous KRas independent of its
activation state, in purified EE and LE fractions (Lu et al. 2009; Gelabert-Baldrich
et al. 2014). The trafficking routes that deliverKRas to LE and lysosomes are not fully
resolved. As GFP-KRas is observed in clathrin-coated pits and vesicles, KRas may
reach EE/LE/MVB/lysosomes via CDE and endosomal transport vesicles (Lu et al.
2009). However, FRAP microscopy implicated that delivery through transport vesi-
cles accounted for only a minor proportion of GFP-KRas on endosomal membranes
(Gelabert-Baldrich et al. 2014).

FRAP analysis identified a fast replenishment (half-time 1.3 s) of approximately
80% of the bleached GFP-KRas pool on endosomes. This indicates that KRas is
highly dynamic, which is in agreement with a model of rapid diffusional incorpora-
tion from the cytoplasm. Strikingly different from KRas, the fluorescence recovery
was negligible for GFP-H- and GFP-KRas4A, strongly supporting their dependence
in slow vesicular transport (Gelabert-Baldrich et al. 2014).

Based on these findings, one can assume that cellular stimuli that lead to KRas
serine 181 phosphorylation or promote association of known PBR/farnesyl-binding
proteins to the active KRas (CaM, PRA1, PDE-δ) could regulate KRas interaction
dynamics with endosomes by inducing electrostatic switch or membrane dissocia-
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tion, respectively (Alvarez-Moya et al. 2011; Bhagatji et al. 2010; Fivaz and Meyer
2005; Lopez-Alcala et al. 2008; Chandra et al. 2011; Bivona et al. 2006). Indeed,
FRAP microscopy in COS1 cells identified that the constitutively inactive KRas
mutant KRasS17N was more immobile than the active mutant KRasG12V as a con-
sequence that active KRas, but not the inactive, can bind CaM or can be posttrans-
lationally modified via serine 181 phosphorylation (Gelabert-Baldrich et al. 2014)
(see [5] Fig. 3.1).

As previously mentioned, the PDE-δ protein, through its interaction with the
farnesyl group of KRas, regulates KRas localization and dynamics on endoso-
mal membranes and plasma membrane. This interaction solubilizes KRas from
endomembranes with low negatively charged surfaces, including EE membranes,
leading to a redistribution of KRas to perinuclear RE membranes. The underlying
mechanism for this redistribution was based on an activity in RE that displaced KRas
from PDE-δ. Further studies then identified the Arf-like GTPase Arl2, which in its
active form binds to an allosteric site on PDE-δ, thereby inducing a conformational
change that unloads farnesylated cargo (Ismail et al. 2011). Finally, from RE, KRas
follows the recycling pathway to the plasma membrane through vesicular transport
(Schmick et al. 2015) (see [10] in Fig. 3.1). Trafficking of the different isoforms is
summarized in Fig. 3.1.

3.2.1.4 Ras Signaling Pathways from Endosomes

Several studies identified upstream components of the Ras activation pathway on
endosomes, including activated EGFR and adaptor proteins Shc/Grb2. This complex
is able to recruit Sos1, facilitating GDP/GTP exchange for increasing Ras activity
in the endosomal compartment (von Zastrow and Sorkin 2007; Vieira et al. 1996;
Herbst et al. 1994; Jiang and Sorkin 2002; Wang et al. 2002). Ras activation on
endosomes in live cells has been elegantly demonstrated using FRET microscopy,
which allows the spatiotemporal analysis of interaction between molecules inside
cells (Jiang and Sorkin 2002; Moreto et al. 2008; Miaczynska and Bar-Sagi 2010).
This methodology is based on the energy transfer between two spectrally overlap-
ping GFP variants in cells, for instance, Cyan/cerulean-FP acting as a donor and
Yellow/Venus-FP as an acceptor of energy. In order to determine Ras activation uti-
lizing FRET, one of the GFP variants were fused with Ras, while the other GFP
variants was fused with the Ras-binding domain of the Raf1 effector. This approach
appeared appropriate to detect Ras activation on endosomes (Lu et al. 2009; Jiang
and Sorkin 2002; Gomez and Daniotti 2005; Misaki et al. 2010), in particular, as
phosphorylated and activated Raf1 was present in purified endosomes from rat liver
(Di Guglielmo et al. 1994; Pol et al. 1998). In addition, bimolecular fluorescent com-
plementation (BiFC) microscopy has been also very useful to characterize several
other Ras effectors that interact directly or in a protein complex with active Ras
on endosomes, such as PI3K and Cdc42 (Tsutsumi et al. 2009; Chang and Philips
2006; Cheng et al. 2011). The BiFC technique relies on the fusion of the N- and
C-terminal Venus fluorescent protein with Ras and the RBD of the selected effector,
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respectively. Once both proteins interact, the Venus fluorophore rebuilds by comple-
mentation, generating a fluorescence signal that can be monitored using microscopy
(Zheng and Chang 2014).

The FRET technology described above is based on the overexpression of two
fluorescent proteins, often creating false FRET signals that did not correlate with
endogenous Ras activation. Unimolecular FRET technology using Raichu probes
provided a great advancement for the field. In this approach, YFP-KRas is fused
to the CFP-tagged RBD of Raf-1 to provide a single (‘biosensor’) construct that
upon KRas activation, allows intramolecular binding to Raf-RBD. This ultimately
brought CFP and YFP in close proximity to create a detectable FRET signal. Using
this Raichu probe, it has been demonstrated that EGF-induced activation of KRas in
live cells (Lu et al. 2009; Kiyokawa et al. 2006; Mochizuki et al. 2001; Miaczynska
and Bar-Sagi 2010).

Despite these findings, the general perception in the field still considers Ras acti-
vation at the plasma membrane rather than endosomal signaling as the driver of
oncogenic events. However, in NIH3T3 cells, inhibition of Ras internalization to
exclusively examine Ras signaling emanating from the cell surface was inefficient
to effectively induce cell transformation (Cheng et al. 2011). In addition, a focus
formation assay identified expression of endosomal GFP-Ras to produce more foci
than the GFP transfected control (Aran and Prior 2013). Hence, endosomal Ras sig-
naling seems to substantially contribute to oncogenic events. In the following, we
will dissect some of the Ras isoforms and their effector pathways and endosomal
locations that possibly contribute to cell transformation.

The identification of signal specificity within the Ras family has captivated
the field for a long time, as the highly conserved effector binding G-domain in
all active Ras (GTP-bound) isoforms is capable to interact with the same set of
effectors (Wittinghofer and Herrmann 1995) to potentially elicit the same signaling
output. Out of more than 20 known Ras effectors, Raf1 and PI3K have been the
most extensively studied, driving MEK/MAPK and Akt signaling cascades that
control proliferation and cell survival, respectively. Based on their similar binding
behavior, it was initially proposed that Ras isoforms would have no preference to
couple with either Raf1/MAPK or PI3K/Akt (Omerovic et al. 2008). However, more
recent work revealed that depending on the activated Ras isoform, Raf1/MAPK and
PI3K/Akt effector pathways appear to be differentially regulated on endosomes. This
observation seems to be a consequence of the Ras isoform-specific posttranslational
ubiquitin modifications discussed previously. The ubiquitination of H- and NRas on
endosomes, which stabilizes their association with EE and simultaneously, reduces
recycling to the plasma membrane (see Sect. 3.2.1.3), impairs interaction of H- and
NRas with Raf1. Consequently, MAPK activation is reduced, yet PI3K/Akt activa-
tion is not affected (Xu et al. 2010; Yan et al. 2010; Jura et al. 2006). Hence, inhibition
or overexpression of the ubiquitin ligase Rabex5, which is responsible for H- and
NRas ubiquitination on endosomes, resulted in increased or attenuated Raf1/MAPK
activation, respectively (Xu et al. 2010; Yan et al. 2010). In a much more complex
scenario, Rin1, the GEF for Rab5, can bind HRas on endosomes and simultaneously
stimulates Rab5-dependent endocytosis (Cheng et al. 2011; Tall et al. 2001). If the
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latter then triggers Rabex5 recruitment, this could also lead to HRas ubiquitination,
thereby generating a negative feedback mechanism for HRas/MAPK activation.

Despite the substantial amount of data generated frommultiple research groups in
recent years on Ras signaling from endosomes, including FRETmicroscopy demon-
strating interaction of ectopically expressed HRas with Raf1 on endosomes (Jiang
and Sorkin 2002), Sorkin and coworkers recently reported that endogenous HRas
signals from receptors activated at the plasma membrane and not from internal
membranes (Pinilla-Macua et al. 2016). These findings clearly challenge the now
widely accepted concept of HRas-mediated Raf1/MAPK activation on endosomes
highlighting the need for cautious interpretation of data based on ectopic Ras over-
expression, which generate highly elevated Ras levels compared to their endogenous
counterpart. Hence, future research with advanced technology that would clarify the
signaling activities of endogenous HRas on endosomes is still required.

In contrast to the inhibitory impact of ubiquitination on H- and NRas activity, the
same posttranslational modification enhances KRas activity. This increases inter-
action with Raf1 and PI3K, thus elevating signal output of MAPK and Akt path-
ways (Sasaki et al. 2011). Interestingly, HRas- and KRas-mediated activation of the
Raf1/MAPK cascade varies in its dependence on endocytosis, CaM and PI3K activ-
ity (Roy et al. 2002; Moreto et al. 2008, 2009). Actually, inhibition of CaM and/or
PI3K impairs recycling from EEs, which seems to be linked to HRas/MAPK inhi-
bition (Roy et al. 2002). In fact, CaM inhibition generates enlarged endosomes by
preventing the exit of endocytosed molecules, such as the EGFR, from EEs (Tebar
et al. 2002) by a molecular mechanism that involves PKC-δ activity (Llado et al.
2004) and actin polymerization (Llado et al. 2008).

In COS1 cells, inhibition of endocytosis via overexpression of the dominant-
negative dynamin mutant dynK44A, negatively affects HRas-dependent activation
of Raf1 (Moreto et al. 2008). Although dynK44A may also affect other cellular pro-
cesses, Omevoric et al. also demonstrated that inhibition of receptor internalization
reduced H- and N-, but not KRas-mediated Raf1 activation (Omerovic et al. 2008).
Together with reports demonstrating HRas and Raf1 interaction in Rab11-positive
recycling endosomes after serum stimulation (Gomez and Daniotti 2005), this may
suggest that Raf1 activation by HRas indeed occurs in endosomes. Taken together,
current views favor divergent roles of endosomes in H/NRas-mediated Raf1/MAPK
activation. Signal outcome, either abrogation or stimulation, could be explained by
the existence of two different pools of H/NRas on endosomes: ubiquitinated Ras
(Raf1/MAPK incompetent) and non-ubiquitinated Ras (Raf1/MAPK competent).
The final signal output from H- and NRas on endosomes would then depend on
the balance between these two Ras pools, which could be modulated differently by
environmental signals, experimental settings, and the cell type.

Besides the differential regulation of Ras isoforms in EE described above, an
additional layer of signal specificity is achieved through the localization of KRas,
but not H- and NRas in LE/MVBs/lysosomes. In COS1 cells, Raichu probes revealed
that EGF stimulation increased KRas activity in LE/MVBs, which in combination
with Raf1 and the p14/MP1 scaffold for MEK and ERK (Teis et al. 2002), activates
MAPK in this compartment (Lu et al. 2009).
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Most interestingly, although the pool of ubiquitinated H- and NRas displays
impaired MAPK activation in EEs, these isoforms are perfectly competent to acti-
vate the Rho-GTPase Cdc42, thus regulating Cdc42-dependent cytoskeletal rear-
rangements and cell transformation when they are endocytosed (Cheng et al. 2011;
Cheng andChang 2011). These findings complementRas function in the fissionYeast
pombe, which only express one Ras protein, Ras1. At the plasma membrane, Ras1
activates Byr2 (a MEKK homolog)/MAPK but on endomembranes, Ras1 activates
Sed1, a GEF for Cdc42 but not MAPK. Thus, in endosomes Ras also activates the
cytoskeleton to maintain an elongated morphology, cell polarity, and mitosis (Chang
and Philips 2006; Onken et al. 2006). Strikingly, HRas-mediated Cdc42 activation
also seems relevant in vivo, as expression of a constitutively active HRas mutant
restricted to endomembranes induced tumors in nude mice by a mechanism com-
prising HRas/Cdc42 complex formation (Cheng et al. 2011). This interaction may
be mediated by Dbl, one of several GEFs for Cdc42 (Cheng et al. 2011; Cerione
2004). Moreover, the presence of NRas-, and to a minor extent, KRas-containing
Cdc42 complexes in these studies could indicate their contribution to tumor initia-
tion (Cheng et al. 2011).

That Ras isoform signaling from endosomal compartments is intimately linked
to the endocytic machinery is further highlighted by a screen for HRas effectors in
endosomes using BiFC methodology. This study confirmed interaction of ubiqui-
tinated HRas with Cdc42 and PI3K in this compartment (Zheng and Chang 2014;
Tsutsumi et al. 2009), but also identified CHMP6/VPS20 and VPS4A as HRas inter-
action partners, all proteins of the ESCRT-III complex that controls recycling from
endosomes to the plasma membrane (Zheng et al. 2012a). One could speculate that
the latter interaction could increase recycling of HRas, but also other components of
endosomes, such as growth factor receptors, to enhance and sustain growth factor
signaling.

Finally, among the differentRas effectors, it is noteworthy tomentionT lymphoma
invasion andmetastasis-inducing 1 (Tiam1) (Lambert et al. 2002), which is a specific
GEF for the small GTPase Rac1 (Habets et al. 1994). Interestingly, endosomal Tiam1
activates Rac1 in this compartment, a prerequisite for the subsequent transport of
active Rac1 to specific plasmamembrane domains and the generation of lamellipodia
in migrating cells (Palamidessi et al. 2008). Together with Tiam1 being required for
the development of Ras-induced skin tumors (Malliri et al. 2002), this points at
Tiam1 as a critical link between Ras and Rac1 in metastasis. The role of Rac1 on
endosomes will be explained in more detail in the following section. Figure 3.2
summarizes endosome signaling outcome of different Ras isoforms.
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Fig. 3.2 Signaling pathways and outputs from endosomes generated byRasGTPases. Growth
factors induce Ras activation in early endosomes (EE) by recruiting the molecular machinery
required for Ras-GTP loading, including adaptors Grb2, Shc, and the guanine exchange factor
Sos1. In EE, activated H- or NRas (orange) and KRas (green) then signal through Raf1/Mek/Erk
and PI3K/Akt pathways to regulate cell proliferation and survival, respectively. In the case of
KRas, Erk activation is also elicited in late endosome/multivesicular bodies (LE/MVBs) through
the Raf1/p14/MP1/Mek signaling cascade, which may also support cell proliferation. Furthermore,
trafficking of KRas along the degradative route via LE/MVBs and lysosomes (Lys) finally down-
regulates KRas signaling. In addition, once in EEs, Ras isoforms then also follow the recycling
pathway back to the plasma membrane (PM). Along this route, activation of the Raf1/Mek/Erk
cascade can occur in the recycling endosomal compartment (RE), which consequently impacts on
cell proliferation. In the EE compartment, Ras regulates several cellular processes by activating
GEFs of other signaling proteins. In particular, Ras stimulates Tiam1-mediated Rac1 activation
for cell motility and Rin1-mediated Rab5 activation to increase endocytosis. In EEs, Ras isoforms
could also become substrates for the ubiquitin ligase Rabex5 for ubiquitination. This posttransla-
tional modification enables all Ras isoforms to enhance PI3K activation but differentially affects the
ability of H-, N-, or KRas to regulate Raf1 activity. On the other hand, ubiquitinated H- and NRas,
through CHMP6 and VPS4A, increase overall transport through the recycling pathway. Addition-
ally, both ubiquitinated as well as non-ubiquitinated H- and NRas activate Cdc42, through the GEF
Dbl2, which may control cell morphology and transformation
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3.2.2 Rac1 Signaling from Endosomes

Rac proteins belong to the Rho subfamily within the Ras superfamily of small
GTPases (Bishop and Hall 2000; Didsbury et al. 1989). Mammalian organisms
express three Rac isoforms: Rac1, the focus of this chapter, is ubiquitously expressed,
while Rac2 is mostly expressed in the hematopoietic lineage and Rac3 is only found
in the central nervous system (Didsbury et al. 1989; Bolis et al. 2003). Together with
Rho and Cdc42, Rac1 represents one of the three most extensively studied Rho fam-
ily members, all well known to coordinate cytoskeleton dynamics that control the
formation of stress fibers, filopodia, and lamellipodia, respectively, for cell mobility
(Bishop and Hall 2000; Hall 1998; Ridley 2001).

By controlling the dynamics of the actin cytoskeleton, Rac1 regulates many cel-
lular processes linked to cell motility, including cell spreading, adhesion, migration,
and axonal growth, but also phagocytosis, macropinocytosis, pinocytosis or vesic-
ular transport (Bosco et al. 2009; Ridley 2006; Heasman and Ridley 2008; Bustelo
et al. 2007). Moreover, a wide range of cellular functions, not strictly related with the
control of the cytoskeleton, have also been described for Rac1, such as cell survival,
the control of gene expression, cell cycle, cell differentiation as well as proliferation
(Bosco et al. 2009; Sahai and Marshall 2002; Bishop and Hall 2000). In this context,
some mitogenic Rac1 activities can be attributed to signaling events downstream of
oncogenic Ras (Samuel et al. 2011; Joneson et al. 1996; Qiu et al. 1995).

Hence, given the multiple functions of Rac1 in fundamental cellular processes,
deregulation of Rac1 has been identified to significantly contribute to pathogenic
events in several human diseases, including cardiovascular diseases, and metastatic
disseminationduring cancer progression (Marei andMalliri 2016; Sahai andMarshall
2002). Indeed,Rac1 is a potent regulator of epithelial-mesenchymal transition (EMT)
and its reverse process, mesenchymal-epithelial transition (MET), both considered
critical to guide cell migration and metastasis of epithelial tumors (Marei andMalliri
2016).

Although activating mutations of Rac1 have only been found with a very low
frequency in lung, skin or breast cancer (Schnelzer et al. 2000; Davis et al. 2013),
its significant contribution to cell motility, metastasis and cancer progression has
been thoroughly demonstrated (Parri and Chiarugi 2010; Bosco et al. 2009; Marei
and Malliri 2016). However, despite these pro-oncogenic activities, Rac1 and its
GEF Tiam1 also protect against invasion by stabilizing cadherin-mediated cell—
cell contacts (Marei and Malliri 2016), and restoring epithelial morphology in Ras-
transformedMadin Darby canine kidney cells (Hordijk et al. 1997). It is believed that
these pro- and anti-invasive Rac1 activities could be triggered by different stimuli, or
response to changes in the surrounding microenvironment, such as cell interaction
with the ECM or reflect differential effects of Rac1 activity in relation to the stage
of tumor progression (Sander et al. 1998; Sahai and Marshall 2002; De Franceschi
et al. 2015; Marei and Malliri 2016; Bosco et al. 2009).
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3.2.2.1 Synthesis, Processing and Trafficking of Rac1

In the cytosol, Rac1 is synthesized as a hydrophilic protein and like the Ras iso-
forms, contains a C-terminal CAAX motif (CLLL). The final leucine residue allows
its recognition by a geranylgeranyltransferase type I that covalently incorporates a
geranylgeranyl group (20-carbons isoprenyl) to the cysteine residue of the CLLL
recognition sequence (Reid et al. 2004). This first cytosolic posttranslational modifi-
cation enables incorporation of Rac1 into ER membranes and the subsequent AAX
hydrolysis, followed bymethylation of the geranylgeranylated cysteine residuemedi-
ated by Rce1 and Icmt enzymes, respectively, similar to the processing of Ras iso-
forms described above (Sect. 3.2.1.2). Adding additional complexity in the regulation
of Rac1 processing, localization and activity, interaction with Rho-GDP dissociation
inhibitor (RhoGDI) proteins then facilitates solubilization of ER-associated Rac1
and consequently, Rac1 release into the cytosol (Bustelo et al. 2007; Hoffman et al.
2000; Marei and Malliri 2016).

Like all other Ras GTPases, Rac1 switches between the active GTP-bound and
inactive GDP-bound form, a cycle controlled by several Rho-GEFs and Rho-GAPs
that ensure the spatiotemporal regulation of Rac1 activity (Sahai andMarshall 2002).
However, in striking contrast to the Ras isoforms, the interaction of RhoGDIs with
Rac1, as well as the other members of the Rho family, provides an additional layer to
control Rac1 activity. RhoGDIs mainly interact with the inactive Rac1 (GDP-bound)
via the G-domain and the geranylgeranyl group, which weakens the membrane
anchoring provided by the geranylgeranyl group, thereby solubilizing and seques-
tering the inactive Rac1 GTPase into the cytosol (Olofsson 1999; DerMardirossian
and Bokoch 2005; Grizot et al. 2001). Extensive research over the years identified
multiple regulatory circuits driven by growth factors and other external stimuli that
can modify this interaction. For instance, RhoGDI can be phosphorylated by PKC
or p21-activated kinase (PAK), decreasing its affinity for Rac1-GDP and allowing
the insertion of the Rac1 prenyl group into the plasma membrane, followed by GEF-
mediated activation of Rac1 (DerMardirossian et al. 2004; Price et al. 2003). Also,
integrins can displace RhoGDIs by favoring Rac1 insertion into lipid rafts, special-
ized plasmamembrane domains associatedwithRac1 activation (del Pozo et al. 2000,
2002). This complex regulatory circuit is initiated by ECM proteins, fibronectins,
first activating integrins in lipid rafts. This stimulates phospholipase D (PLD) and
leads to the localized generation of PA in this membrane domain, which competes
with RhoGDI for the binding to Rac1. Ultimately, this ensures the Rac1 prenyl group
insertion into this membrane domain, which favors Rac1 activation and consequently
cell spreading, lamellipodia and migration (Chae et al. 2008).

Within the hypervariable region and adjacent to the CAAX motif, Rac1 also
harbors a polybasic region. Several reports demonstrate that this PBR electrostat-
ically interacts with anionic membrane phospholipids, like PS, PtdIns(3,4,5)P3,
PtdIns(3,5)P2, or PA, determining its localization in specific membrane domains
under different physiological conditions (Michaelson et al. 2001; ten Klooster and
Hordijk 2007; Finkielstein et al. 2006; Yeung et al. 2006; Chae et al. 2008). In addi-
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tion, a proline-rich domain neighboring the PBR has been demonstrated to contribute
to the targeting of Rac1 to cellular focal adhesions (ten Klooster et al. 2006).

Finally, Rac1 is also palmitoylated at the cysteine 178 amino acid, which greatly
enhances Rac1 membrane stability and promotes its localization and functionality in
cholesterol-rich plasmamembrane domains (lipid rafts) (Navarro-Lerida et al. 2012).
Similar to theRas isoforms, at the plasmamembraneRac1 canbe internalized through
CIE transport vesicles reaching EEs and then LEs. The role of Rac1 endocytosis in
signaling and its implication in the regulation of different cellular processes is detailed
in the next section.

3.2.2.2 Signaling Pathways Regulated by Rac1 from Endosomes

As the genetic ablation of Rac1 in mice results in embryonic lethality (Sugihara et al.
1998) limited information of Rac1 function in vivo is available up to date, mostly
relying on studies modulating Rac1 effector gene expression. Therefore, the current
knowledge in the field is still based on the vast majority of Rac1 signaling studies
performed in cell culture experiments using different cell types.

Signaling elicited by Rac1 effectors commonly are related to actin cytoskeleton
rearrangements. One of the most extensively studied Rac1 effectors is PAK which
phosphorylates LIM kinase and cortactin, among others, to coordinate actin poly-
merization (F-actin) at the plasmamembrane in a multifactorial process that includes
the actin-related protein-2/3 (Arp2/3) complex, Neural Wiskott–Aldrich syndrome
protein (N-WASP)/WASP-family verprolin-homologous protein (WAVE), cofilin or
dynamin proteins (Frost et al. 1998; Yang et al. 1998; Vidal et al. 2002; Webb
et al. 2006; Sauvonnet et al. 2005; Schafer et al. 2002; Grassart et al. 2010). In
addition, another Rac1 effector determining actin dynamics is phosphatidylinositol-
4-phosphate 5-kinase (Tolias and Carpenter 2000; Tolias et al. 2000; Vidal-Quadras
et al. 2011; Weernink et al. 2004; Chao et al. 2010), which upon activation leads
to increased production of PtdIns(4,5)P2 at the plasma membrane (Doughman et al.
2003; Tolias et al. 2000; van den Bout and Divecha 2009; Shibasaki et al. 1997). On
the other hand, Rac1 interacts and activates phospholipase C enzymes (Illenberger
et al. 1998; Jezyk et al. 2006; Li et al. 2009), which hydrolyzes PtdIns(4,5)P2 to gen-
erate diacylglycerol and PtdIns(3)P both well established second messengers. This
rapid turnover of PtdIns(4,5)P2 has been demonstrated to promote F-actin polymer-
ization and cell migration (Li et al. 2009). The diversity and complexity of PIs modu-
lating Rac1 signaling are further underscored with PI3K generating PtdIns(3,4,5)P3
from PtdIns(4,5)P2, which affects cell migration and cell survival controlled by Rac1
(Yang et al. 2011; Murga et al. 2002). Moreover, PtdIns(3,4,5)P3 is able to recruit
several Rac1-GEFs to the plasma membrane, providing multiple opportunities for
positive feedback mechanisms between PI3K and Rac1 (Zhu et al. 2015; Ebi et al.
2013).

All of these Rac1 effectors are critical for actin organization at the plasma mem-
brane, which in addition to controlling formation of membrane protrusions such as
lamellipodia in migrating cells, also influences endocytosis (Lamaze et al. 1996;
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Soriano-Castell et al. 2017). For instance, Rac1 impacts on CIE of receptors, such as
IL-2R (Grassart et al. 2008; Lamaze et al. 2001), fluid phase ingestion, TrkA recep-
tor internalization via macropinocytosis (Valdez et al. 2007), as well as phagocytosis
of pathogens (Etienne-Manneville and Hall 2002; Criss et al. 2001). Interestingly,
the recently identified novel Rac1 effector amyotrophic lateral sclerosis 2 (ALS2)
gene, which is vital for motor neurons, is a Rab5-GEF driving Rac1 activation for
macropinocytosis and the subsequent fusion of macropinosomes with EEs (Kunita
et al. 2007).

As outlined above, membrane recruitment of Rac1 effectors is intimately linked
to cholesterol- and sphingolipid-enriched domains, but is also strongly influenced
by the distribution of phosphorylated derivatives of PI. All of these membrane lipids
localize to distinct membrane domains at the plasma membrane and in endosomal
compartments, contributing to the recruitment of distinct effectors that not only
establish signaling platforms, but also control membrane dynamics. Thus, Rac1 does
not only control endocytic transport (see above), but vice versa endocytic trafficking
is also instrumental in modulating Rac1 activity. This intermingled connection
between endocytic trafficking and signal output provides opportunity for localized
Rac1 signaling within the endocytic compartment and has been thoroughly demon-
strated for ectopically expressed and fluorescently tagged Rac1, Raichu sensors, or
photoactivatable GFP-Rac1 by means of biochemical and microscopy techniques.
For instance, endocytosis of activated growth factor receptor enabled Rac1 activa-
tion in EEs and LEs, while RE ensured the translocation of active Rac1 to specific
plasma membrane domains to control decisive events enabling forward movement,
such as cell–cell contact, focal adhesion dynamics, assembly and disassembly of
invadopodia or lamellipodia membrane protrusion at the leading edge (Menard
et al. 2014; Revach et al. 2016; Garcia-Weber and Millan 2016; Stasyk and Huber
2016; Miaczynska and Bar-Sagi 2010; De Franceschi et al. 2015; Zhou et al. 2007;
Harrington et al. 2011). Indeed, Kermorgant and coworkers demonstrated that the
signaling output from endosomes of activated HGF-R (Met) not only enables Rac1
activation in this compartment, but subsequently ensures redirection of active (GTP-
bound) Rac1 to the plasma membrane to control cell migration (Barrow-McGee and
Kermorgant 2014). This implicates Rac1 signaling events from endosomes as well
as from the plasma membrane to cooperatively determine the migratory behavior
of cells. Indeed, PI3K activity and the Rac1-GEF Vav2 in perinuclear endosomes
are required to sustain Rac1 signaling output to efficiently activate cell migration
and invasion (Menard et al. 2014; Joffre et al. 2011). Most strikingly, constitutively
active and oncogenic Met mutants (M1268T and D1246N), which accumulate in
endosomal compartments, are characterized by enhanced endosomal Rac1 activity,
reduced actin stress fibers, and increased cell migration, highlighting the significant
contribution of endocytosis, and endosomal Rac1 signaling to tumor progression
and metastatic events (Joffre et al. 2011; Barrow-McGee and Kermorgant 2014).

Further underscoring endocytic trafficking substantially contributing to Rac1 acti-
vation, after growth factor-induced activation ofmotogenic receptors such asHGF-R,
Rab5 activity, and CDE is required for Rac1 activation on EEs through the Rho-GEF
Tiam1. Moreover, the recycling of active endosomal Rac1 back to the plasma mem-
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brane, via the small GTPase Arf6, triggered the formation of actin-based migratory
protrusions. This endocytic trafficking route of active Rac1 through Rab5- and Arf6-
positive compartments seems to contribute to cell motility in a variety of tumor cells
(Palamidessi et al. 2008). In support of the latter, it has been described that active
Arf6 induces Rac1 activation through endosomal trafficking (Donaldson et al. 2009).

In other cell types and settings, the initiation of Rac1 signaling from endosomes
does not always require growth factor activation. For example, in endothelial cells
ECM-bound β1-integrins recruit another member of the Ras superfamily, R-Ras,
to nascent adhesions in lamellipodia, which promotes β1-integrin and R-Ras inter-
nalization by a Rab5-dependent pathway. Once endocytosed, R-Ras then activates
Rac1 through Tiam1, followed by active Rac1 redirection to the plasma membrane
to control cell adhesion and morphogenesis (Sandri et al. 2012). Similarly, TrkB
receptor-mediated activation of PI3K and Tiam1/Rac in endosomes is essential to
mediate the chemotactic response of the brain-derived neurotrophic factor (Zhou
et al. 2007).

While the majority of Rac1 signaling events described above seem to occur pre-
dominantly in EE and RE compartments, Rac1 activity has also been associated with
proteins and events located in LE. Along this line, the small GTPase Rab7, an estab-
lished LEmarker that controls late endocytic trafficking, directly interacts with Rac1
and both proteins colocalize in endosomes at the perinuclear region and on vesicles
near the plasma membrane. It has been recently demonstrated that Rab7 enables
Rac1 activation and promotes Rac1 delivery to the plasma membrane to stimulate
cell migration (Margiotta et al. 2017). Moreover, Rab7 and Rac1 association also
facilitates endosomal transport, throughmicrotubules and actin filaments, in the con-
text of ruffled border formation in osteoclasts, E-cadherin turnover, and stability of
cell-cell contacts (Sun et al. 2005; Frasa et al. 2010).

In the LE compartment, the small GTPase RhoB acts as a negative regulator of
Rac1 activity. Hence, inhibition of RhoB induced Rac1 activity and consequently
lamellipodia protrusion (Garcia-Weber and Millan 2016). In contrast, active RhoB
retained Rac1 in intracellular endosomal localizations and prevented Rac1 activa-
tion and its recycling to the cell border, blocking Rac1-dependent endothelial barrier
reformation and stabilization of cell-cell junctions (Marcos-Ramiro et al. 2016).
These findings are in consonance with the protective effect of HGF-induced and
Tiam1-dependent Rac1 activation on endothelial cell barrier function, also requiring
the Rac1 effector cortactin and a formation of a cortical actin ring (Birukova et al.
2007). Other negative Rac1 regulators include Rab11-family interacting protein 3
(FIP3). In T-cells, this interaction diverts Rac1 to a Rab11-positive recycling perin-
uclear endosomes, restricting access of Rac1 to the plasma membrane. In fact, FIP3
silencing induced T-cell spreading, a process that is controlled by Rac1, suggesting
endosomal trafficking of Rac1 to regulate T-cell spreading in the immunological
synapse (Bouchet et al. 2016).

Finally, it should be noted that the localization of intracellular Rac1 regulatorsmay
include players not restricted to the EE, RE, and LE compartments. This includes
Rab8, which has been implicated in exocytic/recycling membrane trafficking, but
also actin and microtubule cytoskeletal rearrangements (Hattula et al. 2006; Huber
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Fig. 3.3 Involvement of the endosomal compartment in Rac1 activation and trafficking to
plasmamembrane. This scheme illustrates the current knowledge onRac1 activation on endosomes
and Rac1 transport to the plasmamembrane (PM) to regulate actin dynamics. In the cytosol, inactive
Rac1 (GDP-bound, yellow) is sequestered and maintained soluble by RhoGDI. RhoGDI could be
released by phosphorylation through activated p21-activated kinase (PAK)/protein kinase C (PKC)
[1]. Alternatively, RhoGDI can be released by activated integrins bound to the extracellular matrix
(ECM) upon phospholipase D (PLD) activation and generation of phosphatidic acid (PA), which
competes with RhoGDI for Rac1 binding [2]. This allows the insertion of Rac1 at the PM and its
interactionwithGEFs, which are recruited to the PMby vesicular transport [3] or by interactionwith
elevated phosphoinositides at the PM. This interaction consequently leads to Rac1 activation (GTP-
bound, green).At thePM, activeRac1 regulates cytoskeletondynamicswhich controls phagocytosis,
macropinocytosis, membrane ruffling, protrusion and lamellipodia formation. Exemplifying the
multiple links between Rac1 activity and endocytosis, the Rac1-effector Als2 is a Rab5-GEF, which
together with Rac1-induced actin rearrangements, activates macropinocytosis and the subsequent
fusion of macropinosomes with early endosomes (EE) [4]. Endocytic membrane compartments and
vesicular transport are also critical for Rac1 activation and its redirection to specific PM domains
to exert the above-mentioned functions. Growth factor stimulation induces Rac1 activation in EEs
and late endosomes (LEs/MVBs) by the GEFs Tiam1 [5] and Vav2 [6], respectively. Thereafter,
recycling from these compartments by Arf6 [7], via the recycling compartment (RE), and Rab7 [8]
redirects active Rac1 to specific domains at the PM. In addition, the Rab11 effector FIP3 in EEs
[9] and the GTPase RhoB in LE/MVBs [10] have also been reported to deliver Rac1 to associated
sequestering endocytic vesicles, which inactivate Rac1 by impairing its recycling to the PM
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et al. 1993; Peranen et al. 1996; Roland et al. 2007). Rab8 localizes to vesicular
structures, including RE and LE, but also the Golgi region, and peripheral membrane
ruffles, and increases Rac1 activity and Tiam1/Rac1 mobilization from intracellular
compartments to cortical locations to maintain directionality of migrating cells by
enabling focal adhesion turnover and actin polymerization (Bravo-Cordero et al.
2016).

In summary, the aforementioned results exemplify and highlight the role of the
endocytic system to regulate spatiotemporal Rac1 functionality. Several of these
results have been illustrated in Fig. 3.3.
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Abstract The ubiquitin-dependent degradation of membrane proteins via the multi-
vesicular body (MVB)pathway requires theEndosomal SortingComplexesRequired
for Transport (ESCRT). Thismolecularmachinery is composed of five distinct multi-
subunit complexes. On the surface of endosomes, ESCRT-0, -I and -II bind to ubiq-
uitinated membrane proteins, while ESCRT-III and Vps4 bud intraluminal vesicles
(ILVs) into the lumen of the endosomes. By working together, ESCRTs package
membrane proteins into ILVs and thereby generate MVBs. The fusion of mature
MVBs with lysosomes delivers ILVs into the lysosomal lumen where the membrane
proteins are degraded. Besides generating ILVs, the ESCRT machinery mediates for
topologically related membrane budding processes at the plasma membrane and the
nuclear envelop. In this chapter, we briefly discuss membrane protein ubiquitina-
tion, endocytosis, and summarize current knowledge on the ESCRT machinery in
the MVB pathway.

S. M. Migliano · D. Teis (B)
Division of Cell Biology, Biocenter, Medical University of Innsbruck,
Innrain 80/82, CCB Building, 6020 Innsbruck, Austria
e-mail: david.teis@i-med.ac.at

© Springer International Publishing AG, part of Springer Nature 2018
C. Lamaze and I. Prior (eds.), Endocytosis and Signaling, Progress in Molecular
and Subcellular Biology 57, https://doi.org/10.1007/978-3-319-96704-2_4

107

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-96704-2_4&domain=pdf


108 S. M. Migliano and D. Teis

4.1 Ubiquitination

Ubiquitination is a modular, reversible and transferable protein modification (Piper
and Lehner 2011). Ubiquitin itself is a highly conserved, cytoplasmic, 76-amino acid
polypeptide. It can be covalently attached (conjugated) to lysine residues in target
proteins by ubiquitin ligases and removed by deubiquitinating enzymes.

Ubiquitin conjugation is a three-step process. A ubiquitin-activating enzyme (E1)
takes up the ubiquitin and transfers it to a ubiquitin-conjugating enzyme (E2).
Ubiquitin-ligating (E3) enzymes conduct the final step of ubiquitination and con-
jugate the carboxy-terminal glycine of ubiquitin to the amino group of a lysine in
the target protein (Fig. 4.1a).

E2 and E3 enzymes are directly involved in transferring ubiquitin to the target
protein and therefore contribute to the specificity of the ligation process (Hicke et al.
2005; Hofmann and Pickart 2001; Komander 2009). Eukaryotic genomes encode
only few E1 enzymes (1 in yeast, approx. 10 in human), while E2 enzymes are more
abundant (11 in yeast, approx. 40 in human). E3 enzymes are even more diverse (54
in yeast, approx. 600 in human (Hershko and Ciechanover 1998; Hicke et al. 2005;
Metzger et al. 2012). About 100 deubiquitinating, enzymes (DUBs) can cleave the
isopeptide ubiquitin and the target protein and therebymake ubiquitination reversible
and help to recycle ubiquitin (Komander 2009) (Figs. 4.1a, 4.2a, b).

E3 enzymes can be grouped in two families: HECT ligases and RING ligases. The
HECT E3 ligase (homologous to the E6AP carboxyl terminus) family members pick
up the ubiquitin from the E2 enzyme before they conjugate it to the target protein.
Therefore, a prototypical HECT domain interacts with the E2 enzyme, as well as
an active-site cysteine, that forms the thioester with ubiquitin (Metzger et al. 2012;
Huang et al. 1999) and then transfers the ubiquitin to the target protein (Fig. 4.1a).

In contrast, the really interesting new gene (RING) E3 ligases mediate a direct
transfer from the E2 carrier to the target protein. RING ligases function as a scaffold,
that brings the E2 enzyme and the target protein in close proximity for the ubiquitin
transfer process (Lorick et al. 1999; Metzger et al. 2012) (Fig. 4.1a).

Fromyeast to humanubiquitin has remained evolutionary almost invariable except
for three conservative changes. It has an overall molecular mass of 8.5 kDA and
contains a compact β-grasp fold with a flexible C-terminal tail. Ubiquitin contains
seven lysine residues and they are ubiquitinated as well (Ravid and Hochstrasser
2007; Wang and Pickart 2005). This implies that target proteins can be mono- (one
ubiquitin on one lysine), multi- (single ubiquitin molecules on several lysines within
one protein), or poly-ubiquitinated (>10 ubiquitinmoieties on one lysine) (Fig. 4.1b).
Monoubiquitin can be extended into eight different homotypic polyubiquitin chains
that always consist of the same linkage:K6,K11,K27,K29,K33,K48,K63 andMet1
(Dikic and Robertson 2012; Hofmann and Pickart 2001; Kerscher et al. 2006; Piper
and Lehner 2011). Heterotypic polyubiquitin chains have mixed linkages. Moreover,
conjugated ubiquitin molecules can be subject to posttranslational modifications,
such as acetylation on 6 of 7 Lys and phosphorylation on Ser, Thr and Tyr residues
(Swatek and Komander 2016; Mevissen and Komander 2016).
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Fig. 4.1 Ubiquitination of proteins a Ubiquitination involves ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3). Ubiquitination can be reversed
by deubiquitinating enzymes (DUBs). b Mono-, multi- and poly-ubiquitination of target proteins.
Ubiquitin is covalently attached to lysine residues of the target protein via an isopeptide bond. The
form of ubiquitination determines the destination of the protein
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Fig. 4.2 Ubiquitination and deubiquitination of proteins a Ubiquitination and deubiquitination
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induces ESCRT-dependent sorting into intraluminal vesicles (ILV) on endosomes. ESCRT subunits
interact directly via their ubiquitin-binding domains. Deubiquitination takes place prior to ILV
formation. Ubiquitin-interactingmotiv (UIM), ubiquitin E2 variant (UEV), novel zink finger (NZF),
plasma membrane (PM)

The flexible tails and the different ubiquitination modes provide a code that
can be read by different ubiquitin-binding domains (UBDs) and thus determine
the fate of the protein. UBDs recognize different forms of ubiquitination (mono-
versus polyubiquitin chains) and/or different surface regions within the ubiquitin
moiety and thus bind to ubiquitinated proteins with different affinities (Di Fiore et al.
2003; Schnell and Hicke 2003). Some examples of UBDs are: ubiquitin-interacting
motif (UIM), ubiquitin-associated domain (UBA), ubiquitin-conjugating enzyme-
like (UBC), ubiquitin E2 variant (UEV), Cue1-homologous (CUE), polyubiquitin-
associated zinc finger (PAZ) and novel zinc finger (NZF).

Ubiquitination is essential for many cellular processes. In this chapter, we focus
on the ubiquitination of plasma membrane proteins and the subsequent endocytosis
and lysosomal degradation via the MVB pathway. We also briefly discuss some of
the involved ubiquitin ligases and DUBs.

4.1.1 Ubiquitination of Membrane Proteins

The ubiquitination of membrane proteins also involves E1 and E2 enzymes and E3
ubiquitin ligases. Two major types of E3 ligation enzymes are involved: The HECT-
typeNedd4 (neural precursor cell expressed developmentally down-regulated protein
4) family and the RING-type MARCH ligases (membrane associated RING-CH
ligases).

The yeast Nedd4 homologue Rsp5 is one of the best-studied E3 ligases (Rotin
and Kumar 2009; Staub et al. 2000; Belgareh-Touzé et al. 2008; Dupré et al. 2004).
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The human genome encodes nine Nedd4 family members. Nedd4/Rsp5 have a
characteristic domain organization with anN-terminal C2 domain, a variable number
of WW domains (protein–protein interaction domains) and the HECT domain.

The C2 domain spans approximately 130 amino acids and functions as a pro-
tein–lipid interaction module (Nalefski and Falke 1996; Hurley and Misra 2000).
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Fig. 4.3 Regulation of membrane proteins Ubiquitination influences the lifecycle and destina-
tion of transmembrane proteins. Membrane proteins are synthesized at the endoplasmatic reticulum
(ER) and undergo quality control (ERQC). (1) Membrane proteins are transported to the Golgi,
for modification and quality control. (2) Misfolded proteins are recognized by the ER-associated
degradation (ERAD), ubiquitinated and a target for proteasomal degradation. (3) Ubiquitinated
plasma membrane proteins undergo endocytosis. (4) Endocytosed proteins are either recycled back
to the plasma membrane or to the Golgi. (5) Endosomes can mature via the ESCRT mediated mul-
tivesicular body (MVB) pathway, which (6) targets ubiquitinated membrane proteins for lysosomal
degradation. (7) MVBs can fuse with the plasma membrane and release their vesicles as exosomes.
(8) Ubiquitination at the Golgi contributes to the endosomal sorting or recycling. Proof read proteins
are transported from the Golgi to the plasma membrane (PM). (9) Ubiquitination can be a signal
for microvesicle formation
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The C2 of Rsp5 interacts with phosphoinositides in membranes a function that is
important for the ubiquitination of membrane proteins (Dunn et al. 2004).

The WW domains are about 40 amino acids long and bind to proline-rich
sequences, so-called PYmotifs (Kaliszewski andZoładek 2008; Bedford et al. 2000).
Group I binds to PXY, LPXY and PPXY motifs. group II binds to PPLP, group III
binds PPR motifs, and group IV binds short sequences containing phospho-serine or
phospho-threonine followed by proline. Somemembrane proteins such as the epithe-
lial sodium channel, ENaC, contain PPxY motifs and thus permit direct interaction
with the WW domain of Nedd4-2, allowing its ubiquitination and endocytosis (Lu
et al. 2007; Staub et al. 2000). The down-regulation of ENaC controls blood vol-
ume and pressure, and the defects in this process result in hereditary hypertension
in humans (Liddle syndrome) (Hamilton 2014; Rotin et al. 2000; Kaliszewski and
Zoładek 2008). Yet, most (yeast) PM proteins do not contain PY motifs. Therefore,
adaptor proteins regulate the recruitment of Nedd4/Rsp5 tomost membrane proteins.

These adaptor proteins are called α-arrestins. They contain arrestin-like domains
that probably mediate cargo interaction and multiple PPxY motifs that interact with
the WW domains of Rsp5/Nedd4 and thereby recruit Nedd4/Rsp5 to membrane
proteins (Kang et al. 2014; Nikko et al. 2008; Becuwe et al. 2012b; Lin et al. 2008).

In humans, there are six α-arrestins and they are called arrestin domain containing
proteins ARRDC1-5 and TXNIP. Little is known about their regulation and func-
tion in human cells. TXNIP (also known as VDUP1 for vitamin D3 up-regulated
protein-1) functions together with Nedd4 to mediate the clathrin-dependent endocy-
tosis of the glucose transporter GLUT1 (SLC2A1) (Wu et al. 2013). Other α-arrestins
are involved in the endocytosis of transporters, GPCRs and integrins (Nabhan et al.
2010; Draheim et al. 2010; Wu et al. 2013; Rauch and Martin-Serrano 2011) and
links to cancer have been reported (Draheim et al. 2010; Morrison et al. 2014). Their
yeast orthologues are called arrestin-related trafficking adaptors (ARTs). They are
better characterized. The core of this ubiquitin ligase adaptor network comprises a
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Fig. 4.4 Ubiquitination—deubiquitination and ESCRT complexes Overview on the most
important features of the five ESCRT complexes. The ESCRT-0, -I and -II complexes bind to
ubiquitinated cargo and PI3P. The ESCRT-III and Vps4 mediate membrane budding and scission.
Deubiquitination can take place at different steps



4 ESCRT and Membrane Protein Ubiquitination 113

family of 10 ART proteins (Art1-10), and Bul1 and Bul2. Art2/Art8 (Ecm21/Csr2),
Art3/Art6 (Aly2/Aly1), Art4/Art7 (Rod1/Rog3) and Bul1/Bul2 are considered gene
duplications.

The adaptor function for most yeast ART proteins was demonstrated in recent
years. Under different growth conditions or under stress (mainly nutrient excess)
ARTs regulate, in a partially redundant manner, several different transporters and
thereby enable ubiquitin-dependent nutrient transporter endocytosis (Suzuki et al.
2013; O’Donnell et al. 2010, 2013; Alvaro et al. 2014; Marqués and Zamarbide-
Forés 2015; O’Donnell et al. 2015; Becuwe et al. 2012a; Hatakeyama et al. 2010;
Smardon and Kane 2014; Crapeau et al. 2014; Merhi and Andre 2012; Ghaddar
et al. 2014; Nikko and Pelham 2009; Nikko et al. 2008; Lin et al. 2008; MacGurn
et al. 2011; Zhao et al. 2013). This is exemplified by the regulation of Lyp1 (lysine
transporter) endocytosis. Art1/Ldb19 is required for Lyp1 endocytosis in response to
excess lysine, whereas Art2/Ecm21 is required for Lyp1 internalization in response
to cycloheximide (CHX causes TORC1 hyper-activation) treatment. These findings
suggested that ART function and transporter endocytosis are controlled by different
stimuli (Lin et al. 2008). The regulation of ARTs is controlled by post-translation
modifications (PTMs) (Becuwe et al. 2012b). One common regulatory concept is the
ubiquitination of the ARTs by Rsp5. In addition, it is becoming clear that phospho-
rylation inhibits ART function whereas de-phosphorylation activates ART function.
Some examples are described below: Under energy stress, mammalian cells activate
the 5’AMP-activated protein kinase, AMPK. AMPK has many targets; among oth-
ers, it phosphorylates the α-arrestin TXNIP, leading to its degradation. Low levels
of TXNIP can no longer efficiently down-regulate the glucose transporter GLUT1
(SLC2A1), which in turn allows the influx of glucose to restore ADP/ATP home-
ostasis (Wu et al. 2013).

When yeast cells experience glucose starvation and grow in the presence of lactate,
they also activate AMPK, Snf1. In turn, Snf1 phosphorylates Art4 (Rod1). 14-3-3
proteins bind to phosphorylatedArt4 and inactivate it (Becuwe et al. 2012a). Thereby,
Snf1-dependent inactivation of Art4 prevents endocytosis of the lactate transporter
Jen1 and thus stimulates lactate influx. Upon addition of glucose, a preferred carbon
source, Art4 is dephosphorylated by the PP1 phosphatase, Glc7, which releases
the 14-3-3 proteins. Now, Art4-Rsp5 complexes become active and ubiquitinate
Jen1, which results in endocytosis and degradation of Jen1 (Becuwe et al. 2012b).
Conversely, glucose deprivation regulates the ART protein Csr2/Art8 at multiple
levels to trigger high-affinity glucose transporter endocytosis (Hovsepian et al. 2017).
Also, amino acid starvation triggers endocytosis (Muller et al. 2015; Jones et al.
2012), but how the ART proteins are regulated in response to nitrogen deprivation is
not clear.

The nutrient-sensitive kinase complex—target of rapamycin complex 1
(TORC1)—also controls theART-Rsp5 network via phospho-inhibition of the kinase
Npr1. Inactivation of TORC1 by rapamycin treatment or by amino acid/nitrogen star-
vation activates Npr1. Activated Npr1 phosphorylates Art1 and Bul1/2 and thereby
inhibits their function (Becuwe et al. 2012b; MacGurn et al. 2011; Merhi and Andre
2012; Crapeau et al. 2014). Phosphorylated Bul1/2 is bound by 14-3-3 proteins and
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inactivated (Merhi and Andre 2012). Thus, inactivation of TORC1 should inhibit
endocytosis of Art1- and Bul1/2-dependent PM proteins. Conversely, activation of
TORC1 by nutrient excess or CHX treatment inactivates Npr1, which in turn stimu-
lates endocytosis of the Art1 cargo, Can1 (arginine transporter) and the Bul1/2 cargo,
general amino acid permease (Gap1). Activation of Bul1/2 and subsequent endocy-
tosis of Gap1 additionally depends on Sit4 phosphates activity (Merhi and Andre
2012).

Interestingly, Gap1 is also down-regulated in rapamycin-treated cells, which shuts
off TORC1 signalling. The rapamycin-induced endocytosis of Gap1 still requires
Bul1/2 but additionally depends on Art3/6 (Aly2/1) (Crapeau et al. 2014). An addi-
tional layer of complexity may be added by stimulus-induced transporter phosphory-
lation, akin to the recognition of GPCRs by β-arrestins in mammalian cells (Shukla
et al. 2014;Nikko et al. 2008). It seems thatART-Rsp5-mediated ubiquitin-dependent
nutrient transporter endocytosis is controlled by central signalling networks (TORC1
and AMPK) to adjust nutrient influx with cellular metabolism and growth.

The second major family of membrane protein E3 ligases is represented by RING
ligases mostly of the MARCH family. There are 11 MARCH proteins and they were
originally discovered as structural homologues to the viral E3 ligases, K3 and K5
from Kaposi’s sarcoma-associated herpesvirus (KSHV) that play an important role
in immune evasion (Samji et al. 2014).

Most of theMARCH ligases have two transmembrane domains with some having
up to 14 putative transmembrane domains (Nathan and Lehner 2009; Piper and
Lehner 2011). The best-characterized member is MARCH1, which ubiquitinates
MHC-II on the plasmamembrane of antigen presenting cells, initiates its endocytosis,
and thereby influences immune and inflammatory responses (Oh et al. 2013; Cho
et al. 2015). Other surface receptors known to be down-regulated by MARCH are
CD44, CD81, CD4, CD86, transferrin receptor and others mostly important for cell
differentiation (Metzger et al. 2012; Nakamura 2011; Samji et al. 2014). Overall, it is
becoming clear that MARCH proteins have a wide variety of substrates and binding
partners, including other membrane-bound proteins, SNAREs and even cytoskeletal
elements, like microtubules. Despite increasing evidence that MARCH proteins are
important regulators of cellular physiology, they are currently understudied.

Another prominent family of the RING ligases involved in plasma membrane
protein ubiquitination are the three CBL proteins (casitas B-lineage Lymphoma).
c-CBL, CBL-b, CBL-3 contain a PTB domain (phosphotyrosine-binding domain or
tyrosine kinase domain) and a RING finger domain. c-CBL and CBL-b additionally
contain a proline-rich region and a C-terminal ubiquitin-associated domain (UBA)
(Schmidt and Dikic 2005; Kozlov et al. 2007; Gay et al. 2008). CBL ubiquitinates
numerous target proteins, including the activated epidermal growth factor receptor
(EGFR) (Haglund 2003; Levkowitz et al. 1998, 1999; Sigismund et al. 2005, 2008;
Yokouchi et al. 1999; Deshaies and Joazeiro 2009; Thien and Langdon 2001; Wee
and Wang 2017; Mohapatra et al. 2013), which results in EGFR endocytosis and
subsequent lysosomal degradation via the MVB pathway. This is most likely the
best-studied ubiquitination of a membrane protein and has been subject to recent
reviews (Haglund and Dikic 2012; Cruickshanks 2014).
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So far, we have mainly discussed how membrane proteins are ubiquitinated once
they have been properly folded and exported from the ER (Fig. 4.3). Early in their
lifetime—still in the ER—membrane proteins undergo a ubiquitin-dependent quality
control process that ensures, that misfolded proteins are not efficiently exported from
theER.Misfoldedmembrane proteins are retro-translocated into the cytoplasm, ubiq-
uitinated and degraded by the proteasome. This ER-associated degradation pathway
(ERAD) has been extensively studied in yeast. Two RING E3 ligases, Doa10p and
Hrd1, have been discovered to target almost all substrates: Doa10 targeting cytosolic
proteins and Hrd1 is ubiquitinating misfolded membrane proteins (Christianson and
Ye 2014; Bays et al. 2001; Carvalho et al. 2006; Vashist and Ng 2004). Sometimes,
misfolded proteins escape the ERAD system and arrive at the Golgi. The ubiquitin
quality control at the Golgi and the E3 ligases involved is not yet characterized well.
In fission yeast and in budding yeast, a transmembrane ubiquitin ligase complex
called Dsc operates at the Golgi and can ubiquitinate misfolded membrane proteins
which ensure that they are degraded in lysosomes (Reggiori and Pelham 2002). In
addition, the Dsc complex is also required for the hypoxia-induced activation of
yeast SREBP cleavage (Stewart et al. 2011). In budding yeast the E3 ligase of the
Dsc complex, Tul1 also functions together with Rsp5 on the surface of the vacuole
and there they ubiquitinate different membrane proteins and thereby target them for
lysosomal degradation (Li et al. 2015a, b). Overall it is becoming clear that ubiquitin
ligases target membrane proteins at the ER, the Golgi, at the PM and on endosomes,
and even on lysosomes. In almost all cases, the ubiquitination of membrane proteins
targets them for degradation (Foot et al. 2017) (Fig. 4.3).

Ubiquitination is reversed by approximately 100 DUBs in human cells and 20
DUBs in yeast. There are six structurally distinct DUB families that can deal with
the vast complexity of the ubiquitination code and additionally contribute to the
complexity of the system. Their structural features and functional properties have
been summarized recently (Mevissen and Komander 2016). Later, we will briefly
discuss DUBs that are involved in the degradation of membrane proteins (please
see Sect. 4.3.1).

4.1.2 Endocytosis—As Consequence of Ubiquitination

Adjusting the cell surface abundance of ion channels, growth factor receptors,GPCRs
and nutrient transporters is essential to control cell proliferation, migration, elec-
trolyte balance, metabolism and differentiation (Lemmon and Schlessinger 2010).
Frequently ubiquitination serves as signal for endocytosis, but there is also evidence
that ubiquitin-independent endocytic pathways exist (Galan et al. 1996; Hicke and
Riezman 1996; MacGurn et al. 2012). During endocytosis, the target plasma mem-
brane proteins are sequestered in vesicles, which bud into the cytosol to form primary
endosomes (Fig. 4.3).

The role of ubiquitin in endocytosis is complex and involves numerous endocytic
adaptors. Such adaptors are the Epsin proteins. They bind to ubiquitinatedmembrane
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proteins and to the clathrin machinery at the same time. The proteins are called
Epsin1/2/3 (Ent1, Ent2 in yeast) and the Eps15 and Eps15R (Ede1, Ede3 in yeast).
Their binding to ubiquitinated membrane proteins at the plasma membrane leads
to the recruitment of the clathrin effector proteins and the actin cytoskeleton, and
together with many other endocytic proteins, this ultimately results in endocytosis
(Polo et al. 2002; Shih et al. 2002; Godlee and Kaksonen 2013).

4.2 Ubiquitin-Mediated Protein Sorting on Endosomes

Once ubiquitinated plasma membrane proteins have been internalized, they enter the
endosomal network. From there, membrane proteins can either recycle back to the
plasma membrane or are transported to the lumen of lysosomes for degradation via
the MVB pathway. MVB formation requires the budding of the limiting endosomal
membrane into the lumen of the organelle to generate intraluminal vesicles (ILVs).
Membrane proteins—cargo—that are destined for degradation in lysosomes must be
sorted into the growing ILVs. It is assumed that cargo molecules are typically ubiq-
uitinated. In some case, cargo sorting along the MVB may also occur independent
from cargo ubiquitination (e.g. for P2Y1 purinergic receptor) (Dores et al. 2012).
Tetraspanins can support the sorting of non-ubiqutinated cargo molecules by provid-
ing a ubiquitination signal in trans (MacDonald et al. 2015). The formation of ILVs
can be driven by lipids only or by the Endosomal Sorting Complexes Required for
Transport (ESCRT) (for a review see Babst (2011).

The ESCRT machinery (Fig. 4.4) couples the sorting of ubiquitinated membrane
proteins to the biogenesis of ILVs. ESCRT complexes bind directly to ubiquitinated
membrane proteins, induce cargo crowing, ILV budding, cargo deubiquitination and
finally scission of the cargo laden ILV from the limiting MVBmembrane. The inter-
play between cargo, endosomal phospho-lipids and five different ESCRT complexes
(ESCRT-0, -I, -II, -III and Vps4) ultimately leads to the biogenesis of MVBs.

4.3 The ESCRT Complexes—Domains, Conformation
and Interaction

ESCRT-0, -I and -II contain specific ubiquitin-binding domains to recognize the
ubiquitinated cargo of endosomes (Schmidt and Teis 2012) (for details see below)
(Table 4.1).

ESCRT-0 consists of a 1:1 heterodimer consisting ofVps27/Hse1 (Hrs1/STAM in
mammalian) (Ren et al. 2009). It is recruited to phosphatidylinositol 3-phosphate on
endosomesvia theFYVEzincfinger domainofHRS/Vps27, (Myromslien et al. 2006;
Raiborg et al. 2001a, b; Wollert and Hurley 2010). The ESCRT-0 complex contains
multiple ubiquitin-bindingdomains (UBDs). STAM/Hse1 contains oneVHS (Vps27,
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Table 4.1 ESCRT complexes on endosomes, co-factors, ubiquitin ligases and deubiquitinating
enzymes

ESCRT
protein

Yeast/human homologue Domains and
motives

Modification Function

ESCRT-0 Vps27 HRS UIM, FYVE,
VHS, clathrin
binding

Ubiquitinated Binds to
ubiquitinated
membrane
proteins and
PI3P

Hse1 STAM1,
STAM2

VHS, UIM,
GAT, coiled
coil, CB

Ubiquitinated Interaction
with Hua1
and Rsp5

ESCRT-I Vps23 TSG101 UEV, PRD,
coiled coil

Ubiquitinated Cargo and
Vps27
interaction

Vps28 VPS28 CTD Binding to
ESCRT-II
(Vps36)

Vps37 VPS37 A, B,
C, D

Coiled coil,
MOD(r)

Mvb12 MABP, UMA,
UBD

Ubiquitin Ubiquitin
binding

ESCRT-II Vps22 EAP30, SNF8 Coiled coil

Vps25 EAP20 Binding to
ESCRT-III
(Vps20)

Vps36 EAP45 GLUE Cargo and
PI3P
interaction;
interaction
with Vps28

ESCRT-III Vps20 CHMP6 MIM2 Myristoylated Binding to
ESCRT-II
(Vps25)

Vps32/Snf7 CHMP4A, B,
C

MIM1, MIM2 Membrane
deformation;
membrane
invagination

Vps2/Did4 CHMP2A, B MIM1 Ubiquitinated Vps4
recruitment

Vps24 CHMP3 MIM1

(continued)
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Table 4.1 (continued)

ESCRT
protein

Yeast/human homologue Domains and
motives

Modification Function

Ist1 IST1 MIM1, MIM2 Interacts with
Did2 and
Vps4

Vps60/Mos10 CHMP5 MIM1, coiled
coil

ESCRT-III
like

Vps46/Did2 CHMP1A, B MIM1, coiled
coil

ESCRT-III
like

AAA+-
ATPase

Vps4 VPS4A,
B/SKD1

MIT, AAA+ ESCRT
disassembly
and recycling

Vta1 LIP5 MIT, VSL,
Coiled coil

Positive
regulator of
Vps4

Modulators
and adaptors

Vps31/Bro1 ALIX/AIP1 Coiled coil,
PRD,
PTAP-like

Ubiquitin Doa4
recruitment;
ESCRT-III
interaction

PI3 Kinase
complex

Vps34 VPS34 C2, PIK PI(3)P
synthesis

Vps15 PIK3R4(p150) PKinase,
HEAT, WD40

Ubiquitin
ligase

Rsp5 Nedd4/Cbl
and many
others

C2, WW,
HECT

Cargo
ubiquitination

De-
ubiquitinase

Doa4 UBPY/USP8 Rhod, UBP Cargo deubiq-
uitination

Ubp7 AMSH MIT, JAMM Cargo deubiq-
uitination

Hua1 Plant
homologues

Links Rsp5 to
Hse1

Rup1 Plant
homologues

Complex with
Rsp5 and
Ubp2

Abbreviations AAA+(ATPase associated with diverse cellular activities; CB (clathrin-box
motive); CHMP (charged multivesicular body protein); CTD (C-terminal domain); FYVE
(Fab1p/YOTB/Vac1p/EEA1 domain); GAT (GGA/TOM1 domain); GLUE (GRAM-like ubiq-
uitin in EAP45 domain); HRS (hepatocyte growth factor-regulated tyrosine kinase substrate);
JAMM (JAB1/MPN/MOV34metalloenzyme); MABP (MVB12-associated β-prism domain); MIT-
interacting motif (MIM); microtubule-interacting and transport (MIT) domain; MOD(r) (mod-
ifier of rudimentary domain); PI3P (phosphatidylinositol 3-phosphate); PIK (Phosphoinositide
3-kinas); PRD (proline-rich domain); Rhod (Rhodanese Homology Domain); STAM (signal-
transducing adaptor molecule); ubiquitin-binding domain (UBD); ubiquitin-conjugated enzyme
E2 variant (UEV); ubiquitin-interacting motif (UIM); UMA (UBAP1/MVB12-associated domain);
VHS (Vps27/HRS/STAM domain); VSL (Vta1/SBP1/LIP1 domain)
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HRS and STAM) and one ubiquitin interaction motif (UIM) domain. HRS/Vps27
contains a VHS domain plus a double UIM (Zakalskiy et al. 2002) or two UIMs
(Vps27) (Babst 2005; Bilodeau et al. 2003; Hicke et al. 2005). Hence, a single
ESCRT-0 complex could bind up to five different ubiquitinated membrane proteins
or multiple ubiquitin moieties of poly-ubiquitinated cargo to sort these away from
other membrane proteins (Prag et al. 2007; Raiborg and Stenmark 2009; Wollert
and Hurley 2010). HRS of ESCRT-0 can also interact with flat clathrin coats on
endosomes, which may further promote the ubiquitinated cargo crowding (Bilodeau
and Urbanowski 2002; Clague 2002; Raiborg et al. 2002; Shih et al. 2002). The
C-terminal region of HRS/Vps27 domains of both proteins contains PTAP motifs
(proline, threonine, alanine, proline) required for the binding to ESCRT-I (Katzmann
et al. 2003; Chu et al. 2006). STAM2 also interacts with ESCRT accessory protein
HD-PTP (cytosolic protein tyrosine phosphatase). The N-terminal Bro1 domain of
HD-PTP in turn interacts with ESCRT-III protein CHMP4B. In yeast, Bro1 binds
ESCRT-I and -III and recruits and catalytically activates Doa4. HD-PTP might fulfil
a similar role in establishing a connection between ubiquitinated cargo, ESCRT-III
subunits and the coordination of deubiquitinating enzymes (Ali et al. 2013; Lee et al.
2016).

ESCRT-I is an elongated heterotetramer that spans approx. 18 nm. It consists of
four subunits Vps23 (Tsg101), Vps28 (VPS28), Vps37 (VPS37A, B) and Mvb12
(MVB12A, B) or UBAP1 (Katzmann et al. 2001; Chu et al. 2006; Oestreich et al.
2007; Audhya et al. 2007; Curtiss et al. 2007; Wunderley et al. 2014). Together
they form a soluble complex that is transiently recruited from the cytoplasm to the
surface of endosomes. Different structural conformations of the ESCRT-I complex
in solution have been resolved (Kostelansky et al. 2007; Boura et al. 2011). Together
Vps23,Vps37 andMvb12 forma long intertwined coiled–coiled stalk. The headpiece
consists of Vps23, Vps28 and Vps37 (which binds to ESCRT-II). On its one end, the
ubiquitin-conjugating enzyme E2 variant (UEV) domain of TSG101/Vps23 interacts
with ESCRT-0 and with ubiquitinated membrane proteins. UBAP1 and yeast Mvb12
also bind ubiquitin. Thus, ESCRT-I could bind two ubiquitin moieties on endosomes.
At the opposite end of the ESCRT-I rod, Vps28 binds to the GRAM-like ubiquitin
binding in EAP45 (GLUE) domain of ESCRT-II (Gill et al. 2007).

Vps37 carries N-terminal helices, which interacts with the endosomal membrane
and contributes to membrane association, which could be additionally enhanced
by the β-prism fold—a hydrophobic membrane-anchoring loop and an electropos-
itive phosphoinositide-binding patch of human MVB12b (Kostelansky et al. 2007;
Boura and Hurley 2012). While Vps23 can interact with ESCRT-0, Vps28 inter-
acts with the downstream ESCRT-II complex, thus potentially linking ESCRT-0 and
ESCRT-II together. ESCRT-I can also interact with HD-PTP and it recruits the DUB
UBPY/USP.Thismay facilitate the transfer ofEGFR to the furtherESCRTcomplexes
(Ali et al. 2013; Doyotte et al. 2008; Stefani et al. 2011; Alwan and van Leeuwen
2007; Bowers et al. 2006; Pareja et al. 2012; Row et al. 2006;Wunderley et al. 2014).
Overall, ESCRT-I recognizes ubiquitinated cargo and it may play a central role in
the formation of a sorting domain by binding to ESCRT-0 and ESCRT-II.
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ESCRT-II is a stable heterotetramer formed of Vps22 (EAP30), Vps36 (EAP45)
and two copies of Vps25 (EAP20) (Hierro et al. 2004; Langelier et al. 2006;
Teo et al. 2004). Vps22 and Vps36 constitute the main body of the Y-shaped
structure, while the two copies of Vps25 form the flexible arms. The interaction
with ESCRT-I (Vps28) and recruitment of ESCRT-II is mediated via the N-terminal
GLUE domain of Vps36. The GLUE domain functions as a hub that also binds
to PI3P in the endosomal membrane and it interacts with ubiquitin via its NZF
(Np14-type zinc finger domains) (Teo et al. 2006). Membrane binding of ESCRT-II
is additionally stabilized by the first helix of Vps22 (Im and Hurley 2008). Most
likely ESCRT-0, -I and -II could interact simultaneously with up to eight different
ubiquitinated membrane proteins and thereby generate a sorting domain on the
surface of endosomes that matures into a site of MVB formation. While they collect
cargo, ESCRT-I and ESCRT-II can form a super-complex that can adopt different
shapes which may help to drive an initial phase of membrane budding (Wollert and
Hurley 2010; Boura and Hurley 2012). At the same time, both Vps25 arms could
already interact with one copy of the first ESCRT-III subunit, charged multivesicular
body protein 6 (CHMP6)/Vps20, and convert them into an active nucleator for
ESCRT-III assembly on endosomes (Im et al. 2009; Teis et al. 2010). In parallel,
ESCRT-III assembly could be stimulated by ESCRT-0/Bro1 (Tang et al. 2016).

ESCRT-III consists of four core subunits: Vps20 (CHMP6), Snf7 (CHMP4A,
B, C), Vps24 (CHMP3) and Vps2 (CHMP2A, B) and the associated subunits Did2
(Chmp1A, B), Vps60 (Chmp5) and the ESCRT-III-related protein Ist1 (hIst1) (Adell
et al. 2016).

Unlike ESCRT-0, -I, -II, ESCRT-III subunits are monomers in the cytoplasm and
only transiently assembly into poorly defined polymers, once recruited by upstream
activators. So far, structural data on ESCRT-III polymers is available only from
in vitro data and upon strong overexpression or Vps4 inhibition in situ. ESCRT-
III polymers can adopt a variety of shapes, reaching from filaments, rings, spirals,
helical filaments sheets and dome-shaped structures in vitro (Bajorek et al. 2009a;
Ghazi-Tabatabai et al. 2008; Lata et al. 2008; Chiaruttini et al. 2015; Henne et al.
2012; Schöneberg et al. 2017). The architecture of the membrane scission competent
ESCRT-III complex has not been visualized.

ESCRT-III subunits have a similar size, structure and domain organization, includ-
ing a positively chargedN-terminus and an acidic domain at their C-terminus (Muziol
et al. 2006). The crystal structure of Vps24 for example revealed an antiparallel four-
helix bundle (α1 to α4). In addition, the C-terminal helices α5 and α6 can fold back
(and mediate autoinhibition in the cytoplasm or open up to allow polymerization on
endosomes (Bajorek et al. 2009b; Shim et al. 2007; Zamborlini et al. 2006). In yeast,
Snf7 is the most abundant subunit (Teis et al. 2008) and it undergoes even more dra-
matic conformational rearrangements that are required to promote the assembly of
Snf7 arrays with ~30 Å periodicity into a membrane-sculpting filament (Tang et al.
2015). This involves the release of autoinhibition and the repositioning of α3 and α4
to mediate membrane binding and polymerization. Snf7 can also insert the termi-
nal helix into the membrane (Buchkovich et al. 2013; Tang et al. 2015) a property
that appears to be essential for membrane budding. In vitro Snf7 has been shown
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to polymerize in flexible rings spirals (Henne et al. 2012; Shen et al. 2014), which
may accumulate elastic energy to spring and deform membranes as a consequence
of tension release (Chiaruttini et al. 2015).

The binding of Vps24 and Vps2 to Snf7 polymers changes the architecture of
ESCRT-III from flat spirals into 3D helices in vitro and stimulates the recruitment of
theAAA-ATPaseVps4 (Babst et al. 2002; Im et al. 2009; Teis et al. 2008, 2010; Adell
et al. 2016; Henne et al. 2012). Binding of Vps4 is mediated by the microtubule-
interacting and transport (MIT)-interacting motif (MIM) at the C-terminus of Vps2.
The recruitment of Vps4 may additionally be regulated by Did2 (CHMP1A, B),
Vps60 (CHMP5) and Ist1 (IST1). Did2 has been shown to form a complex with Ist1,
promoting Vps4 binding and disassembly of ESCRT-III. Additionally, Vps60 inter-
acts with Vta1 a co-factor that stabilizes Vps4 and stimulates the ATPase activity of
Vps4 (Amerik et al. 2000b; Nickerson et al. 2006, 2010; Rue et al. 2008; Zhongzheng
et al. 2012). On yeast endosomes, the ESCRT-III assemblies accumulated 75–200
Snf7 and 15–50Vps24molecules andmore than 4Vps4 hexamers during their 3–45s
lifetimes (Adell et al. 2017). Instead of growing into stable filaments, the dynamic
and largely stochastic exchange of ESCRT-III subunits and of Vps4 is one of the
prerequisites for successful membrane budding (Adell et al. 2017; Mierzwa et al.
2017). Vps4 is recruited by ESCRT-III in the first second—and not at the end of
the pathway—and is present for the entire lifetime until an all-or-none step led to
final release of ESCRT-III and Vps4 from endosomes (Adell et al. 2017). How these
dynamic properties of ESCRT-III and Vps4 assemblies drive membrane bulging and
scission, is a major open question.

The AAA-ATPase Vps4 is the only thermodynamic driving force of the ESCRT
machinery (Babst et al. 1998). Vps4 belongs to the class of type I AAA+ (ATPase
associated with a variety of cellular activities). Vps4 is largely a monomer in the
cytoplasm.

Each Vps4 monomer contains an N-terminal MIT domain (microtubule-
interacting and trafficking), which is crucial for the interaction with the c-terminal
MIMs of ESCRT-III subunits in the membrane-bound polymer, the MIM of Vps2
being most critical. This MIT domain is connected by a ~40 residue flexible linker
with the ATPase cassette (Gonciarz et al. 2008; Scott et al. 2005; Xiao et al. 2007).
Vfa1, a recently identified regulator of Vps4 binds to the N-terminal MIT domain
of Vps4 and has been shown to stimulate the ATPase activity of Vps4 (Arlt et al.
2011; Vild and Xu, 2014; Kojima et al., 2016). Once recruited to ESCRT-III, it most
likely assembles into an active hexamer (Inoue et al. 2008; Xiao et al. 2007; Yang
et al. 2015; Monroe et al. 2017; Su et al. 2017), that can bind to and hydrolyse ATP.
The ATPase cassette typically consists of a large ATPase domain, a small ATPase
domain and an β-domain insertion which is specific for Vps4 (Gonciarz et al. 2008;
Inoue et al. 2008; Xiao et al. 2007).

The β-domain mediates the interaction of Vps4 with its co-factor Vta1. Vta1
promotes the oligomerization and hence the ATPase activity of Vps4 and it facilitates
ESCRT-III binding, via its MIT domains (Azmi et al. 2006; Lottridge et al. 2006;
Shiflett et al. 2004), (Yeo et al. 2003), ATP hydrolysis of Vps4 protomers leads to
conformational changes within the hexamer, most likely leading to the translocation
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of single ESCRT-III subunits trough the central pore of Vps4 (Monroe et al. 2017;
Su et al. 2017; Adell et al. 2014; Landsberg et al. 2009; Scott et al. 2005; Yang et al.
2015; Yamada-Inagawa et al. 2003).

It is becoming clear that Vps4 is not simply an ESCRT-III disassembly factor
that works at the end of each functional ESCRT cycle. The coordinated binding of
Vps4 hexamers to Vps2 and Snf7 drives neck constriction (Adell et al. 2014) and
Vps4 is immediately recruited to ESCRT and just at the end (Adell et al. 2017). How
Vps4 and ESCRT-III function together during membrane budding is unclear but it
may be that Vps4 constricts ESCRT-III filaments by pulling individual ESCRT-III
subunits through the central pore of the Vps4 hexamer (Monroe et al. 2017; Su et al.
2017; Ghazi-Tabatabai et al. 2008; Yang et al. 2015; Shen et al. 2015; Babst et al.
1998; Shestakova et al. 2010; Adell et al. 2014). Repeating this process may help
to concentrate cargo, buckle membrane and ultimately pull membranes together to
drive membrane scission.

4.3.1 Deubiquitinating Enzymes and Co-factors
on Endosomes

Degradation of alpha 4 (Doa4), or its mammalian orthologue ubiquitin-binding pro-
tein Y (UBPY), also known as ubiquitin-specific protease 8 (USP8) is required for
the deubiquitination ofmembrane proteins during the ESCRT-dependent sorting pro-
cess (Amerik et al. 2000a, b). UBPY and AMSH (associated molecule with the SH3
domain of STAM) are recruited to early endosome. They interact via the SH domain
with STAM and via their MIT domains with ESCRT-III subunits (Kato et al. 2000;
Agromayor and Martin-Serrano 2006; Row et al. 2007; McCullough et al. 2004;
Nakamura et al. 2006). AMSH, also known as STAM-binding protein (STAMBP),
is an endosome-associated isopeptidase (McCullough et al. 2004; Clague and Urbe
2006), which together with USP8 negatively regulates the degradation of proteins.
They may stimulate early deubiquitination of cargos such as EGFR and therefore
promote cargo recycling instead of degradation (Niendorf et al. 2007; Pareja et al.
2012; Clague and Urbe 2006).

But cargo deubiquitination can also occur later. In yeast, Doa4 is specifically
recruited to ESCRT-III polymers by Bro1 (BCK1-like Resistance to Osmotic shock).
Bro1 itself binds to Snf7 in ESCRT-III filaments and it is also directly involved in
membrane budding, possible by delaying Vps4 mediated disassembly of ESCRT-
III (Tanaka et al. 1999; Luhtala et al. 2004; McCullough et al. 2008; Richter et al.
2007;Wemmer et al. 2011). These mechanisms might help to ensure, that membrane
proteins are de-ubiquitinated onlywhen ESCRT-III filaments are already established.
This may prevent their escape into recycling pathways.

Alix (formerly apoptosis-linked gene 2-interacting protein X; official name pro-
grammed cell death 6-interacting protein (PDCD6IP) also contains a Bro domain and
interacts with Chmp4. Both, Bro1 and Alix can bind to ESCRT-0 or ESCRT-I and
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stimulate parallel ESCRT-III assembly pathways that play a key role in ESCRT-III-
mediated membrane budding events (Clague and Urbe 2006; Bissig and Gruenberg
2014; Tang et al. 2016). Cargo deubiquitination may contribute to enhance the plas-
ticity and flexibility of the sorting system. It has also been proposed, that this early
deubiquitination of cargo proteinsmay provide an additional proofreading and assure
the specificity of the lysosomal degradation pathway (Piper and Lehner 2011;Wright
et al. 2011). How cargo deubiquitation process is regulated (early or later) and how
deubiquitination events are timed to allow efficient recycling or sorting into ILVs is
not entirely clear.

Most importantly, cargo deubiquitination prevents ubiquitin wasting and thereby
contributes to the recycling of ubiquitin, in analogy to deubiquitination prior to pro-
teasomal degradation (Papa et al. 1999). This also highlights the important interplay
between ubiquitinating and deubiquitinating enzymes, to maintain essential cellular
processes.

4.4 Reverse Membrane Remodelling—Driven
by ESCRT-III and Vps4

Additional cellular processes at the PM and the Nuclear envelop/ER require ESCRT-
III and Vps4-mediated reverse membrane budding (Adell et al. 2016; Alfred and
Vaccari 2016; Campsteijn et al. 2016; Christ et al. 2017; Schöneberg et al. 2017).

At the plasma membrane, the ESCRT system is required for repair, neuronal
pruning, exosome andmicrovesicle shedding. TheESCRTmachinery is also hijacked
by retrovirus (e.g.HIV/Ebola) to cut themembrane stalk connecting the buddingvirus
with the host cell during the release of retroviral particles (Zhang et al. 2014; Loncle
et al. 2015; Jimenez et al. 2014; Scheffer et al. 2014; Nabhan et al. 2012; Colombo
et al. 2013; Géminard et al. 2004; Baietti et al. 2012; Roucourt et al. 2015; Wehman
et al. 2011; Martin-Serrano et al. 2005; Martin-Serrano and Neil 2011; Garrus et al.
2001; von Schwedler et al. 2003; Pornillos et al. 2003; Strack et al. 2003; Morita
et al. 2011; Effantin et al. 2013; Cashikar et al. 2014; Prescher et al. 2015; Jouvenet
et al. 2011; Baumgärtel et al. 2011).

Another ESCRT-dependent process at the PM is cytokinesis (Carlton andMartin-
Serrano 2007; Morita et al. 2007; Lee et al. 2008; Morita et al. 2010; Carlton et al.
2008; Guizetti et al. 2011; Bajorek et al. 2009a; Yang 2008; Reid et al. 2005; Elia
et al. 2011, 2012; Caballe et al. 2015; Capalbo et al. 2012). At the nuclear envelop,
ESCRTs are involved in the removal of defective nuclear pore complexes and in
the resealing of the nuclear envelop after mitosis or after rupture in interphase cells
(Vietri et al. 2015; Olmos et al. 2015; Webster et al. 2014; Bauer et al. 2015; Denais
et al. 2016; Raab et al. 2016). Not only damage of the nuclear envelop or the PM, but
also lysosomal damage triggers the transient recruitment of the ESCRT machinery
for repair (Skowyra et al. 2018). ESCRTs are also required for the biogenesis of
double membrane compartments, so-called compartment of unconventional protein
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secretion (CUPS), that mediate a conventional secretion pathway in yeast (Curwin
et al. 2016). Remarkably, this process was largely independent of Vps4.

On endosomes, the ubiquitination signal on cargo proteins are the main recruiters
of the ESCRT machinery, while all other ESCRTs depended processes require spe-
cific adaptor proteins. Some have been discovered such as Cep55 (Centrosomal
protein of 55 kDa) (Carlton and Martin-Serrano 2007), that recruits ESCRT-III dur-
ing cytokinesis, or Helix-Extension-Helix domain 2 (Heh2), Charged multivesicular
body protein 7 (Chmp7), Lap2-emerin-man1 (Lem2) (Bauer et al. 2015; Olmos
et al. 2015; Vietri et al. 2015; Webster et al. 2014; Gu et al. 2017; Webster et al.
2016; Olmos et al. 2016), which recruit ESCRT-III and Vps4 to the nuclear envelop.
HIV-1 structural proteins such as GAG (Garrus et al. 2001; VerPlank et al. 2001;
Martin-Serrano et al. 2001) hijack the hosts ESCRT proteins for budding. Many of
the recruiting factors still need to be investigated, as well as the dynamic assembly
and disassembly of ESCRT components at the distinct sides. Along with the open
question, how ESCRT-III and Vps4 are capable of executing membrane budding in
such a broad variety of cellular processes.

Summary
The basic concepts for membrane protein ubiquitination and subsequent degrada-
tion are emerging but many questions are not answered yet. Membrane proteins can
constitute up to 20% of eukaryotic genomes but for the vast majority, it is com-
pletely unclear how they are ubiquitinated. What are the signals that mediate their
ubiquitination and which ubiquitin ligase complexes are unsolved. How the ESCRT
machinery sorts cargo proteins and coordinates this process with reverse membrane
budding is mechanistically largely unresolved.
Answering these questions will provide a better understanding of how cells can adapt
their repertoire of membrane proteins and thereby control cell growth and cellular
homeostasis.
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Abstract The retromer complex is a key element of the endosomal protein sorting
machinery being involved in trafficking of proteins from endosomes to the Golgi
and also endosomes to the cell surface. There is now accumulating evidence that
retromer also has a prominent role in regulating the activity ofmany diverse signaling
proteins that traffic through endosomes and this activity has profound implications
for the functioning of many different cell and tissue types from neuronal cells to cells
of the immune system to specialized polarized epithelial cells of the retina. In this
review, the protein composition of the retromer complex will be described along with
many of the accessory factors that facilitate retromer-mediated endosomal protein
sorting to detail how retromer activity contributes to the regulation of several distinct
signaling pathways.
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5.1 Introduction—Retromer and Endosomal Protein
Sorting

Signaling events initiated at the plasmamembrane by a receptor binding its respective
ligand may be modulated by the receptor being endocytosed and then delivered to an
endosome. A classical example of this process is the downregulation of the epidermal
growth factor receptor (EGFR) after binding of ligand, ubiquitylation, and uptake
into clathrin-coated vesicles. Following endocytosis and arrival at a structure termed
a signaling endosome, the activation of the tyrosine kinase domain of the EGFR
can occur. Once in an endosome, the activated EGFR is sorted by the endosome
sorting complex required for transport (ESCRT)machinery into nascent intralumenal
vesicles which results in the EGFR being effectively removed from the cytoplasm
of the cell silencing the active tyrosine kinase in the cytoplasmic tail of the EGFR.
The subsequent proteolytic destruction of the EGFR in a lysosome finishes the task
of modulating the signaling cascade initiated by ligand binding at the cell surface
(for review, see Schuh and Audhya 2014). It is noteworthy that some cancers have
been linked to mutations in the ESCRT-1 complex that operates to recognize the
ubiquitin tag added to the activated EGFR underscoring the biological importance
of endosomally localized sorting machinery in signal modulation. It is also now well
established that other receptor tyrosine kinases (RTKs) such as the platelet-derived
growth factor receptor (PDGFR) and insulin receptor (IR) are similarly silenced by
ESCRT-mediated sorting into endosomal intralumenal vesicles.

While the role of ESCRT proteins in modulating signaling is nowwell established
and has been covered in depth in other reviews, there is now growing evidence of
the importance of additional endosomally localized sorting machinery—namely the
retromer complex—in themodulation of signaling events. The retromer complexwas
first identified several years ago from studies in yeast focused on the endosome-to-
Golgi pathway. The yeast retromer complex was shown to mediate the retrieval of a
vacuolar hydrolase receptor protein, Vps10p from endosomes to the Golgi complex.
The yeast retromer complex was revealed to comprise five proteins, all encoded by
vacuolar protein sorting (VPS) genes, that assemble to form a stable heteropentamer
(Seaman et al. 1997, 1998). The five retromer proteins are: Vps35p, Vps29p, Vps26p,
Vps17p, andVps5p. It has been shown thatVps35p forms a stable trimerwithVps29p
and Vps26p which functions in selecting membrane proteins, e.g., Vps10p (cargo)
for retrieval to the Golgi. The Vps5p and Vps17p are both members of the sorting
nexin (SNX) family and form a stable dimer that can assemble on membranes to
drive tubulation (Horazdovsky et al. 1997). The ability of the Vps5p–Vps17p dimer
to tubulatemembranes is derived from their carboxy-terminal Bin–amphiphysin–Rvs
(BAR) domains, and hence Vps5p and Vps17p are referred to as SNX-BAR proteins
(reviewed in VanWeering and Cullen 2014). Loss of any of the retromer components
results in a defect in endosome-to-Golgi retrieval and can also lead to instability and
rapid degradation of the remaining proteins.

The retromer complex is conserved in all eukaryotes, and in mammalian cells a
cargo-selective trimer of VPS35, VPS29, and VPS26 operates with a sorting nexin
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dimer (containing SNX-BAR proteins) of SNX1 or SNX2 paired with either SNX5
or SNX6 to mediate the retrieval of various proteins from endosomes to the Golgi
including lysosomal hydrolase receptors such as the cation-independent mannose
6-phosphate receptor (CIMPR) and theVps10p homologue, sortilin (Haft et al. 2000;
Seaman 2004; Arighi et al. 2004; Carlton et al. 2004). It is worth noting, however,
that in higher eukaryotes such as humans, the cargo-selective trimer forms only a
loose association with the sorting nexin dimer (Swarbrick et al. 2011; Harbour and
Seaman 2011) and thus the mechanisms that govern endosome-to-Golgi retrieval
may be subtly different from yeast to humans. One major difference between yeast
and humans is that, in humans and other higher eukaryotes, retromer has a promi-
nent role to play in the endosome-to-cell surface retrieval pathway. This is because
the mammalian retromer complex is able to associate with a host of additional
‘accessory’ factors that play a key role in endosomal protein sorting, especially the
endosome-to-cell surface pathway (reviewed in Seaman 2012). This means that the
retromer complex can regulate the cell surface levels of many different proteins,
some of which function as signaling receptors. Recent data have also implicated
retromer in directly regulating the activity of signaling receptors by displacing key
signaling intermediates from the cytoplasmic domains of signaling receptors.

5.2 VPS26—An α-Arrestin

The first clues that retromer may play a direct role in regulating signaling events
came from the determination of the structure of the VPS26 protein. Once the crystal
structure of VPS26 was solved through X-ray diffraction, it was realized that VPS26
was structurally highly related to the β-arrestin family of proteins (Shi et al. 2006;
Collins et al. 2008). The similarity of VPS26 to the β-arrestin family of proteins was
such that VPS26 has been termed an α-arrestin (for reviews, see Aubry and Klein
2013; Gurevich and Gurevich 2014). The β-arrestin proteins are primarily involved
in the uptake of activated G protein-coupled receptors (GPCRs) by linking GPCRs
to the endocytic machinery that forms clathrin-coated pits at the cell surface. Once
GPCRs have reached an endosome, their signaling activity is downregulated and they
are then recycled to the cell surface. The recycling of the β2-adrenergic receptor—a
classicalGPCR—fromendosomes to the cell surface requires the function of a sorting
nexin protein, specifically SNX27 in conjunction with retromer (Temkin et al. 2011).
Importantly, SNX27 differs from the SNX-BAR proteins (e.g., SNX1 and SNX2)
by lacking a BAR domain and thus is not believed to mediate membrane tubulation.
Although lacking a BAR domain, SNX27 does possess other functional domains,
namely a PDZ (PSD95, Dlg1, zo-1)-binding domain and a FERM (4.1, ezrin, radixin,
moesin) domain—both of which have important roles in how SNX27 links retromer
to signaling proteins.
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5.3 Retromer Accessory Proteins: The WASH Complex
and SNX27

The SNX27 protein associates with the retromer cargo-selective trimer by bind-
ing to VPS26 (Gallon et al. 2014). In addition to binding to VPS26, the SNX27
protein also interacts with a protein called FAM21 (also now known as WASHC2)
which is a component of the WASH complex (Temkin et al. 2011; Freeman et al.
2014). Like retromer, the WASH complex is comprised of five proteins, namely
WASH1, KIAA1033 (nowWASHC3), strumpellin (nowWASHC4), CCDC53 (now
WASHC5), and FAM21 (Derivery et al. 2009), but unlike retromer the WASH com-
plex is not universally conserved being absent in many organisms including yeast.
TheWASH complex mediates formation of branched filamentous (F-) actin on endo-
somes and is required for sorting many endosomal proteins to their destination but
is generally more prominently required for endosome-to-cell surface recycling [see
Seaman et al. (2013) for review]. Indeed, it has been reported that FAM21 can prevent
the endosome-to-Golgi retrieval of proteins such as the Glut-1 glucose transporter
and direct it into a SNX27-retromer-mediated endosome-to-cell surface pathway
(Lee et al. 2016). In mammals, the WASH complex is recruited to endosomes by the
direct interaction of FAM21 with VPS35 (Harbour et al. 2012; Jia et al. 2012; Helfer
et al. 2013).

Thus, there is a complex and dynamic network of protein–protein interactions that
underlie the mechanism of endosome-to-cell surface recycling and revolve around
the cargo-selective retromer trimer of VPS35-VPS29-VPS26 (see Fig. 5.1). One way
retromer may, through theWASH complex, contribute to regulating signaling events
on endosomes is through the creation of actin-stabilized microdomains that poten-
tiate signaling initiated by specific receptors. This suggestion, while conceptually
attractive, currently lacks strong experimental evidence.

The importance of the retromer trimer in regulating GPCR signaling goes beyond
that of providing binding sites for the WASH complex and SNX27. The VPS26 pro-
tein can, due to its similarity to β-arrestin, displace β-arrestin from certain GPCRs
and thereby modulate the signaling activity. For the parathyroid hormone receptor
(PTHR), activation by ligand binding while at the cell surface triggers the production
of cyclic AMP (cAMP) and results in binding of the PTHR by β-arrestin. Follow-
ing endocytosis of the PTHR with β-arrestin, the production of cyclic adenosine
monophosphate (cAMP) continues until the β-arrestin is displaced from the cyto-
plasmic domain of the PTHR by retromer—an action believed to be driven byVPS26
(Feinstein et al. 2011). Subsequently, the PTHR is recycled back to the cell surface
through an association with SNX27 mediated through the PDZ domain of SNX27
binding to a PDZ ligand in the cytoplasmic domain of the PTHR (Chan et al. 2016;
McGarvey et al. 2016). This process effectively silences the signaling activity of
the PTHR, ‘resets’ the system ready for another round of ligand binding, receptor
activation, and signaling, and thus is quite different to the downregulation of, for
example, the EGFR by the ESCRT complex.
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Fig. 5.1 Schematic of the retromer complex and key accessory proteins. The retromer complex
comprises two functional units: a cargo-selective trimer of VPS35, VPS29, and VPS26 (often
referred to as the cargo-selective complex—CSC) and a membrane bending/tubulating dimer of
SNX1 or SNX2 with either SNX5 or SNX6. The VPS26 protein is structurally related to β-arrestin
and canmodulate GPCR signaling at endosomes. SNX27 interacts with bothVPS26 and the FAM21
subunits of the WASH complex that promotes F-actin formation on endosomes. The PDZ and
FERM domains of SNX27 both play important roles in trafficking membrane proteins (including
those involved in signaling) from endosomes to the cell surface. The SNX27 PX domain binds to
phosphatidylinositol 3-phosphate (PtdIns3P) in endosomal membranes

The role of retromer and its associated proteins in regulating the activity and
localization of GPCRs such as the β2-adrenergic receptor and the PTHR is now well
established. How the control of signaling and localization of these GPCRs precisely
affects the operation of tissues and organs, however, remains to be determined. There
is now an example where retromer function in regulating a specific GPCR does have
profound implications for the operation of a specific tissue—namely the retina of
the eye. The rhodopsin1 protein is a GPCR that functions as a light sensor in pho-
toreceptor cells which is endocytosed upon activation by light. Studies in drosophila
have shown that, following its endocytosis, the retromer complex is required to
mediate the endosome-to-cell surface recycling of rhodopsin1 (Wang et al. 2014).
Loss of retromer function results in mistrafficking of activated rhodopsin1 to a lyso-
some resulting in its destruction. This, in turn, leads to light-induced degeneration of
photoreceptor cells, although mechanistically it is not clear why this happens. Addi-
tionally, whether the recycling of rhodopsin1 by retromer also involves a drosophila
homologue of SNX27 also remains to be determined, but it appears that there is
homologue of SNX27 in flies encoded by the CG32758 gene.

In addition to binding to both VPS26 and also the FAM21 subunit of the WASH
complex, the SNX27 protein also has the ability to interact with Ras (Ghai et al.
2011). Ras can be considered to be the archetypal small GTPase and is associated
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with multiple signaling events/pathways that have long been implicated in onco-
genic signaling mechanisms (for review, see Herrero et al. 2016). The SNX27–Ras
interaction occurs through the FERM domain of SNX27 that has also been impli-
cated in binding to cargo proteins containing the NPXY sorting motif (Burden et al.
2004; Ghai et al. 2011). One of the cargo proteins that depends on an intact SNX27
FERM domain for its localization is a class of potassium channels that are important
for regulating neuronal excitability—namely the G protein-regulated inward recti-
fying potassium (GIRK) channels (Balana et al. 2013)—although other domains in
SNX27 may also be important for potassium channel trafficking (Lunn et al. 2007).
In cells expressing a dominant negative Ras protein that cannot bind GTP, the abil-
ity of SNX27 to regulate cell surface levels of the GIRK potassium channels was
compromised (Balana et al. 2013).

Thesefindings raise some intriguingpossibilities andquestions: For example, does
SNX27 associate with Ras while also interacting with retromer (via VPS26) and the
WASH complex? Is cargo-binding by SNX27 affected by an interaction between
SNX27 and Ras? Does the SNX27–Ras interaction modulate the role and/or func-
tion of Ras in various signaling pathways? Answers to these questions have yet to be
reported, but there is indeed a rich vein of research to be mined for functional links
between the retromer-centered endosomal sorting machinery and the Ras protein.
Adding to the questions posed by the SNX27–Ras association is the recent identi-
fication of an interaction between the VPS35 component of retromer and N-Ras, a
version of the Ras protein that is farnesylated rather than being palmitoylated and
is generally found to be cytoplasmic (Zhou et al. 2016). The interaction between
retromer and N-Ras appears to be restricted to cytoplasmic retromer which would
not be regarded as functional as retromer must be localized to endosomes to operate
in endosomal protein sorting. Thus, it is possible that the retromer–N-Ras interaction
may represent a means of regulating the activity of retromer, while it is cytoplasmic
although this hypothesis has yet to be proven.

5.4 Retromer-Mediated Regulation of Neuronal Signaling

SNX27 plays a key role in regulating the trafficking of several membrane proteins
that can function as receptors (e.g., rhodopsin, a light receptor) or channels (e.g.,
the GIRK channels) and does indeed seem to have a preference for multi-membrane
spanning proteins as cargo, another notable example being the Glut-1, glucose trans-
porter protein (Steinberg et al. 2013). Indeed, it has also been reported that SNX27
mediates the endosome-to-cell surface recycling of the AMPA (α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) receptor (Wang et al. 2013; Loo et al. 2014;
Hussain et al. 2014)—a receptor for glutamate in neuronal cells that is implicated in
long-term potentiation (LTP), a process intricately linked with memory and learning.
In a study of AMPA receptor trafficking, it was shown that following stimulation
of LTP, K-Ras is recruited to endosomes that are enriched in SNX27 and that this is
necessary for synaptic delivery of GluA1, a glutamate receptor. Studies in neuronal
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cells have revealed a role for retromer in trafficking proteins to dendritic spines (Choy
et al. 2014), and interestingly, localization and trafficking of GluA1 receptors have
been shown to be inhibited in cells expressing a mutant of VPS35 that is responsible
for a rare form of inherited Parkinson’s disease (PD). The PD-causing allele of
VPS35 is a mutation of aspartate at position 620 to glutamate and results in reduced
binding of the WASH complex by VPS35 (Zavodszky et al. 2014; McGough et al.
2014) which, in turn, leads to mistrafficking of many WASH complex-dependent
cargo proteins including the Glut-1 glucose transporter and the GluA1 glutamate
receptor (Munsie et al. 2015; Tian et al. 2015). It is currently not known how the
PD-causing VPS35 D620N mutant might affect the signaling pathways that depend
upon the retromer–WASH complex association, but it seems likely that several
distinct pathways may be affected. Not only does mutation of VPS35 affect transport
of AMPA receptors such as GluA1, but loss of SNX27 can also lead to deficient
transport of excitatory receptors. In a small number of patients, mutations in SNX27
cause a form of epilepsy associated with additional neurological abnormalities
(Damseh et al. 2015). These observations demonstrate the key role that retromer,
along with its accessory proteins such as the WASH complex and SNX27, plays
in mediating the localization of neuronally important proteins such as the AMPA
receptors and thereby illustrates how retromer contributes to signaling events that are
key to the function of the brain such as the establishment of long-term potentiation.

5.5 A Role for Retromer in Regulating Bone Remodeling

The trafficking of glutamate receptors in neuronal cells is an example of how retromer
function can influence relatively rapid signaling events that may, in some circum-
stances, lead to longer-term alterations in cell–cell contacts which can influence
processes such as synaptic plasticity. Another example of how retromer can influ-
ence signaling that controls large-scale changes is the regulating of the localization
and trafficking of the RANK protein by retromer. The receptor activator of NF-κB
(RANK) protein functions in bone remodeling—osteoclastogenesis—and as such is
important in maintaining bone density and structure. Loss of VPS35 function results
inmislocalization ofRANKwhich causes dysregulation of signaling from theRANK
ligand and leads to decreased bone formation and a condition similar to osteoporosis
(Xia et al. 2013). Precisely, how VPS35 (and presumably retromer) contributes to
RANK localization has yet to be determined, but these data illustrate how important
it is for normal signaling to be maintained and the key role that retromer plays in this
form of homeostasis.
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5.6 Retromer Regulation of Wnt-Mediated Morphogenic
Signaling

Another example of how retromer function can influence signaling events in the
longer term or over longer distances is the requirement for retromer to control the
localization of the Wntless protein. The secretion of the Wnt morphogen that regu-
lates some key developmental processes requires the Wntless protein—a multi-pass
membrane protein that traffics between the cell surface and the TGN. While in the
TGN, Wntless can bind to Wnt and then facilitate the secretion of Wnt at the cell
surface. Wntless is subsequently endocytosed and then recycled back to the TGN
via retromer-mediated endosome-to-Golgi retrieval (Franch-Marro et al. 2008; Port
et al. 2008; Belenkaya et al. 2008; Yang et al. 2008; Pan et al. 2008). In this instance,
retromer operates with another sorting nexin that, like SNX27, is not a SNX-BAR
protein involved in membrane tubule formation. Here, retromer operates with SNX3,
a small sorting nexin that comprises a phosphatidylinositol 3-phosphate binding
domain and little more (Harterink et al. 2011; Zhang et al. 2011). SNX3 is conserved
and functions with retromer in endosome-to-Golgi retrieval in yeast, although it is
known as Grd19p in yeast (Strochlic et al. 2007). Failure of recycling of Wntless by
retromer leads to reduced Wnt secretion due to a lack of Wntless in the TGN much
like loss of retromer leading to reduced TGN localization of the CIMPR which in
turn results in a failure of delivery of lysosomal hydrolases (e.g., Cathepsin D) to
the lysosome (see Fig. 5.2). The reduction in Wnt secretion following inhibition of
retromer function results in developmental abnormalities.

5.7 Retromer-Mediated Regulation of Signaling
in the Immune System

One of the tissue types often associated with complicated signaling pathways is
the immune system—specifically signaling in T cells in response to the various
cytokines. Recently, it has been reported that retromer can modulate the signaling
response initiated by binding of type I interferons to their receptor. The type I family
of interferons is typically associated with the response to bacterial or viral infections.
Once ligand (i.e., the type I interferon) has bound to a receptor comprising two sub-
units (IFNAR1 and IFNAR2), the receptor is internalized through clathrin-mediated
endocytosis and delivered to an endosomewhere signaling via JAK/STAT is initiated.
The two receptor subunits then dissociate with the IFNAR2 being recycled to the cell
surface, while the IFNAR1 is directed to the lysosome for degradation. Recycling
of IFNAR2 to the cell surface requires retromer (Chmiest et al. 2016). Interestingly,
retromer association with IFNAR2 may facilitate the dissociation of the interferon
receptor and thereby downregulate the signaling by JAK/STAT as loss of VPS35
leads to increased localization of the IFNAR1 and IFNAR2 proteins at the endosome
and prolonged activation of JAK/STAT with increased downstream events as well
such as transcription of specific genes associated with the immune response.
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Fig. 5.2 Involvement of retromer and accessory proteins in trafficking pathways from endosomes.
The retromer cargo-selective complex (CSC) alongwith SNX27 functions to sort proteins into tubu-
lar carriers for the endosome-to-cell surface recycling pathway. Cargo proteins sorted by retromer
with SNX27 include GPCRs where the VPS26 subunit of retromer can displace β-arrestin from the
cytoplasmic tail of the GPCR. Other membrane proteins involved in signaling that rely on retromer
include the interferon receptor subunit, IFNAR2. At the endosome, retromer causes the IFNAR1
and IFNAR2 proteins to dissociate and directs the IFNAR2 protein back to the cell surface, while the
IFNAR1 will be degraded in the lysosome. Retromer also functions in endosome-to-Golgi retrieval
and maintains a pool of receptors in the TGN including Wntless, the morphogen receptor required
for Wnt secretion

Thus, although at the beginning of this review I suggested that retromer can
modulate signaling pathways in very different ways to the mode of action of the
ESCRTmachinery, there are some similarities depending on themechanism of action
of the proteins that initiate the signaling event. For GPCRs (e.g., the parathyroid
hormone receptor), retromer can modulate signaling by displacing the β-arrestin
protein from the activated GPCR, thereby silencing the signaling prior to directing
the GPCR into an endosome-to-cell surface recycling pathway. But for activated
interferon receptors, retromer downregulates the receptor by causing the two subunits
to dissociate: One is then degraded and the other recycled.
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5.8 Concluding Remarks

In conclusion, endosomal protein sorting mediated by the retromer complex along
with associated proteins such as the WASH complex and SNX27 has been clearly
shown to be critical for trafficking and recycling of membrane proteins from endo-
somes to the Golgi and also from endosomes to the cell surface. There are now
numerous examples of how retromer contributes to regulating signaling events by
controlling the trafficking and localization of membrane proteins that initiate sig-
naling events. In some instances, retromer can directly participate in the signaling
activity of a pathway, for example when the VPS26 subunit of retromer displaces
the β-arrestin from an activated GPCR thereby bringing to a halt the signaling path-
way initiated when the GPCR was activated. In other reports, retromer has been
shown to control the cell surface localization of important neuronal receptors, (e.g.,
GluA1) and hence retromer function contributes to signaling events that are instru-
mental in neuronal processes such as long-term potentiation. Retromer may also
indirectly affect signaling pathways by regulating the localization of a protein that
is involved in secretion of a morphogen that operates over relatively long distances
and timescale—as is the case for the Wnt morphogen and the influence that retromer
plays in its secretion via the Wntless protein.

It seems likely that further examples of how retromer function contributes to the
regulation of signaling pathways and events that may be initiated at the cell surface
but are modulated at endosomal membrane will be reported in the near future. For
cell biologists interested in understanding how protein localization contributes to
signaling, these are interesting and exciting times.

Acknowledgements I would like to thank Aamir Mukadam for critical reading of the manuscript.
MNJS is funded by the Medical Research Council.

References

Arighi CN, Hartnell LM, Aguilar RC, Haft CR, Bonifacino JS (2004) Role of the mammalian
retromer in sorting of the cation-independent mannose 6-phosphate receptor. J Cell Biol
165(1):123–133

Aubry L, Klein G (2013) True arrestins and arrestin-fold proteins: a structure-based appraisal. Prog
Mol Biol Transl Sci. 118:21–56

Balana B, Bahima L, Bodhinathan K, Taura JJ, Taylor NM, Nettleton MY, Ciruela F, Slesinger PA
(2013) Ras-association domain of sorting Nexin 27 is critical for regulating expression of GIRK
potassium channels. PLoS ONE 8(3):e59800

Belenkaya TY, Wu Y, Tang X, Zhou B, Cheng L, Sharma YV, Yan D, Selva EM, Lin X (2008)
The retromer complex influences Wnt secretion by recycling wntless from endosomes to the
trans-Golgi network. Dev Cell 14(1):120–131

Burden JJ, Sun XM, García AB, Soutar AK (2004) Sorting motifs in the intracellular domain of the
low density lipoprotein receptor interact with a novel domain of sorting nexin-17. J Biol Chem
279(16):16237–16245



5 Retromer and Its Role in Regulating Signaling at Endosomes 147

Carlton J, Bujny M, Peter BJ, Oorschot VM, Rutherford A, Mellor H, Klumperman J,
McMahon HT, Cullen PJ (2004) Sorting nexin-1 mediates tubular endosome-to-TGN transport
through coincidence sensing of high- curvature membranes and 3-phosphoinositides. Curr Biol
14(20):1791–800

Chan AS, Clairfeuille T, Landao-Bassonga E, Kinna G, Ng PY, Loo LS, Cheng TS, ZhengM, Hong
W, Teasdale RD, Collins BM, Pavlos NJ. (2016) Sorting nexin 27 couples PTHR trafficking to
retromer for signal regulation in osteoblasts during bone growth. Mol Biol Cell 27(8):1367–82

Chmiest D, Sharma N, Zanin N, Viaris de Lesegno C, Shafaq-Zadah M, Sibut V, Dingli F, Hupé P,
Wilmes S, Piehler J, Loew D, Johannes L, Schreiber G, Lamaze C (2016) Spatiotemporal control
of interferon-induced JAK/STAT signaling and gene transcription by the retromer complex. Nat
Commun 7:13476

Choy RW, Park M, Temkin P, Herring BE, Marley A, Nicoll RA, von Zastrow M (2014) Retromer
mediates a discrete route of local membrane delivery to dendrites. Neuron 82(1):55–62

Collins BM, Norwood SJ, Kerr MC, Mahony D, Seaman MN, Teasdale RD, Owen DJ (2008)
Structure of Vps26B and mapping of its interaction with the retromer protein complex. Traffic
9(3):366–379

Damseh N, Danson CM, Al-Ashhab M, Abu-Libdeh B, Gallon M, Sharma K, Yaacov B, Coulthard
E, Caldwell MA, Edvardson S, Cullen PJ, Elpeleg O (2015) A defect in the retromer accessory
protein, SNX27,manifests by infantilemyoclonic epilepsy andneurodegeneration.Neurogenetics
16(3):215–221

Derivery E, Sousa C, Gautier JJ, Lombard B, Loew D, Gautreau A (2009) The Arp2/3 activa-
tor WASH controls the fission of endosomes through a large multiprotein complex. Dev Cell
17(5):712–723

Feinstein TN, Wehbi VL, Ardura JA, Wheeler DS, Ferrandon S, Gardella TJ, Vilardaga JP (2011)
Retromer terminates the generation of cAMP by internalized PTH receptors. Nat Chem Biol
7(5):278–284

Franch-Marro X,Wendler F, Guidato S, Griffith J, Baena-LopezA, Itasaki N,MauriceMM,Vincent
JP (2008) Wingless secretion requires endosome-to-Golgi retrieval of Wntless/Evi/Sprinter by
the retromer complex. Nat Cell Biol 10(2):170–177

FreemanCL,HeskethG, SeamanMN (2014) RME-8 coordinates the activity of theWASH complex
with the function of the retromer SNX dimer to control endosomal tubulation. J Cell Sci 127(Pt
9):2053–2070

GallonM,Clairfeuille T, SteinbergF,MasC,GhaiR, SessionsRB,TeasdaleRD,CollinsBM,Cullen
PJ (2014) A unique PDZ domain and arrestin-like fold interaction reveals mechanistic details of
endocytic recycling by SNX27-retromer. Proc Natl Acad Sci U S A 111(35):E3604–E3613

Ghai R,MobliM,NorwoodSJ, BugarcicA, TeasdaleRD,KingGF,CollinsBM (2011) Phox homol-
ogy band 4.1/ezrin/radixin/moesin-like proteins function as molecular scaffolds that interact with
cargo receptors and Ras GTPases. Proc Natl Acad Sci U S A 108(19):7763–7768

Gurevich VV, Gurevich EV (2014) Overview of different mechanisms of arrestin-mediated signal-
ing. Curr Protoc Pharmacol 1:67

Haft CR, de la Luz SierraM,BaffordR, LesniakMA,Barr VA, Taylor SI (2000)Human orthologs of
yeast vacuolar protein sorting proteins Vps 26, 29, and 35: assembly into multimeric complexes.
Mol Biol Cell 11(12):4105–4116

Harbour ME, Breusegem SY, Seaman MN (2012) Recruitment of the endosomal WASH complex
is mediated by the extended ‘tail’ of Fam21 binding to the retromer protein Vps35. Biochem J
442(1):209–220

Harbour ME, Seaman MN (2011) Evolutionary variations of VPS29, and their implications for the
heteropentameric model of retromer. Commun Integr Biol 4(5):619–622

Harterink M, Port F, Lorenowicz MJ, McGough IJ, Silhankova M, Betist MC, van Weering JR,
van Heesbeen RG, Middelkoop TC, Basler K, Cullen PJ, Korswagen HC (2011) A SNX3-
dependent retromer pathway mediates retrograde transport of the Wnt sorting receptor Wntless
and is required for Wnt secretion. Nat Cell Biol 13(8):914–923



148 M. N. J. Seaman

Helfer E, Harbour ME, Henriot V, Lakisic G, Sousa-Blin C, Volceanov L, SeamanMN, Gautreau A
(2013) Endosomal recruitment of theWASH complex: active sequences and mutations impairing
interaction with the retromer. Biol Cell 105(5):191–207

HerreroA,MatallanasD,KolchW(2016)The spatiotemporal regulation ofRASsignaling.Biochem
Soc Trans 44(5):1517–1522

Horazdovsky BF, Davies B, Seaman MNJ, McLauglin SA, Yoon S-K, Emr SD (1997) A Yeast
homolog of Snx1, Vps5p forms a membrane associated complex with Vps17p and is required for
recycling of the vacuolar sorting receptor, Vps10p. Mol Biol Cell 8:1529–1541

Hussain NK, Diering GH, Sole J, Anggono V, Huganir RL (2014) Sorting Nexin 27 regulates basal
and activity-dependent trafficking of AMPARs. Proc Natl Acad Sci U S A 111(32):11840–11845

Jia D, Gomez TS, Billadeau DD, Rosen MK (2012) Multiple repeat elements within the FAM21
tail link the WASH actin regulatory complex to the retromer. Mol Biol Cell 23(12):2352–2361

Lee S, Chang J, Blackstone C (2016) FAM21 directs SNX27-retromer cargoes to the plasma mem-
brane by preventing transport to the Golgi apparatus. Nat Commun 9(7):10939

Loo LS, Tang N, Al-Haddawi M, Dawe GS, Hong W (2014) A role for sorting nexin 27 in AMPA
receptor trafficking. Nat Commun 5:3176

Lunn ML, Nassirpour R, Arrabit C, Tan J, McLeod I, Arias CM, Sawchenko PE, Yates JR 3rd,
Slesinger PA (2007) A unique sorting nexin regulates trafficking of potassium channels via a
PDZ domain interaction. Nat Neurosci 10(10):1249–1259

McGarvey JC, Xiao K, Bowman SL, Mamonova T, Zhang Q, Bisello A, Sneddon WB, Ardura JA,
Jean-Alphonse F, Vilardaga JP, Puthenveedu MA, Friedman PA (2016) Actin-Sorting Nexin 27
(SNX27)-retromer complex mediates rapid parathyroid hormone receptor recycling. J Biol Chem
291(21):10986–101002

McGough IJ, Steinberg F, Jia D, Barbuti PA, McMillan KJ, Heesom KJ, Whone AL, Caldwell
MA, Billadeau DD, Rosen MK, Cullen PJ (2014) Retromer binding to FAM21 and the WASH
complex is perturbed by the Parkinson disease-linked VPS35(D620 N) mutation. Curr Biol
24(14):1670–1676

MunsieLN,MilnerwoodAJ, Seibler P,Beccano-KellyDA,Tatarnikov I,Khinda J,VoltaM,Kadgien
C, Cao LP, Tapia L, Klein C, Farrer MJ (2015) Retromer-dependent neurotransmitter receptor
trafficking to synapses is altered by the Parkinson’s disease VPS35 mutation p. D620N. Hum
Mol Genet 24(6):1691–1703

Pan CL, Baum PD, GuM, Jorgensen EM, Clark SG, Garriga G (2008) C. elegans AP-2 and retromer
control Wnt signaling by regulating mig-14/Wntless. Dev Cell 14(1):132–139

Port F, Kuster M, Herr P, Furger E, Bänziger C, Hausmann G, Basler K (2008) Wingless secretion
promotes and requires retromer-dependent cycling of Wntless. Nat Cell Biol 10(2):178–185

Schuh AL, Audhya A (2014) The ESCRT machinery: from the plasma membrane to endosomes
and back again. Crit Rev Biochem Mol Biol. 49(3):242–261

Seaman MN (2004) Cargo-selective endosomal sorting for retrieval to the Golgi requires retromer.
J Cell Biol 165(1):111–122

Seaman MN (2012) The retromer complex—endosomal protein recycling and beyond. J Cell Sci
125(Pt 20):4693–4702

Seaman MN, Gautreau A, Billadeau DD (2013) Retromer-mediated endosomal protein sorting: all
WASHed up! Trends Cell Biol 23(11):522–528

Seaman MN, Marcusson EG, Cereghino JL, Emr SD (1997) Endosome to Golgi retrieval of the
vacuolar protein sorting receptor, Vps10p, requires the function of theVPS29,VPS30, andVPS35
gene products. J Cell Biol 137(1):79–92

Seaman MN, McCaffery JM, Emr SD (1998) A membrane coat complex essential for endosome-
to-Golgi retrograde transport in yeast. J Cell Biol 142(3):665–681

Shi H, Rojas R, Bonifacino JS, Hurley JH (2006) The retromer subunit Vps26 has an arrestin fold
and binds Vps35 through its C-terminal domain. Nat Struct Mol Biol 13(6):540–548

Steinberg F, Gallon M,Winfield M, Thomas EC, Bell AJ, Heesom KJ, Tavaré JM, Cullen PJ (2013)
A global analysis of SNX27-retromer assembly and cargo specificity reveals a function in glucose
and metal ion transport. Nat Cell Biol 15(5):461–471



5 Retromer and Its Role in Regulating Signaling at Endosomes 149

Strochlic TI, Setty TG, Sitaram A, Burd CG (2007) Grd19/Snx3p functions as a cargo-specific
adapter for retromer-dependent endocytic recycling. J Cell Biol 177(1):115–125

Swarbrick JD, Shaw DJ, Chhabra S, Ghai R, Valkov E, Norwood SJ, Seaman MN, Collins BM
(2011) VPS29 is not an active metallo-phosphatase but is a rigid scaffold required for retromer
interaction with accessory proteins. PLoS ONE 6(5):e20420

Temkin P, Lauffer B, Jäger S, Cimermancic P, Krogan NJ, von Zastrow M (2011) SNX27 mediates
retromer tubule entry and endosome-to-plasma membrane trafficking of signaling receptors. Nat
Cell Biol 13(6):715–721

Tian Y, Tang FL, Sun X, Wen L, Mei L, Tang BS, Xiong WC (2015) VPS35-deficiency results
in an impaired AMPA receptor trafficking and decreased dendritic spine maturation. Mol Brain
8(1):70

vanWeering JR,Cullen PJ (2014)Membrane-associated cargo recycling by tubule-based endosomal
sorting. Semin Cell Dev Biol 31:40–47

Wang S, Tan KL, Agosto MA, Xiong B, Yamamoto S, Sandoval H, Jaiswal M, Bayat V, Zhang K,
Charng WL, David G, Duraine L, Venkatachalam K, Wensel TG, Bellen HJ (2014) The retromer
complex is required for rhodopsin recycling and its loss leads to photoreceptor degeneration.
PLoS Biol 12(4):e1001847

Wang X, Zhao Y, Zhang X, Badie H, Zhou Y, Mu Y, Loo LS, Cai L, Thompson RC, Yang B, Chen
Y, Johnson PF,Wu C, Bu G,MobleyWC, Zhang D, Gage FH, Ranscht B, Zhang YW, Lipton SA,
Hong W, Xu H (2013) Loss of sorting nexin 27 contributes to excitatory synaptic dysfunction by
modulating glutamate receptor recycling in Down’s syndrome. Nat Med 19(4):473–480

Xia WF, Tang FL, Xiong L, Xiong S, Jung JU, Lee DH, Li XS, Feng X, Mei L, Xiong WC (2013)
Vps35 loss promotes hyperresorptive osteoclastogenesis and osteoporosis via sustained RANKL
signaling. J Cell Biol 200(6):821–837

Yang PT, Lorenowicz MJ, Silhankova M, Coudreuse DY, Betist MC, Korswagen HC (2008) Wnt
signaling requires retromer-dependent recycling ofMIG-14/Wntless inWnt-producing cells. Dev
Cell 14(1):140–147

Zavodszky E, Seaman MN, Moreau K, Jimenez-Sanchez M, Breusegem SY, Harbour ME, Rubin-
szteinDC (2014)Mutation inVPS35 associatedwith Parkinson’s disease impairsWASHcomplex
association and inhibits autophagy. Nat Commun 5:3828

Zhang P, Wu Y, Belenkaya TY, Lin X (2011) SNX3 controls Wingless/Wnt secretion through
regulating retromer-dependent recycling of Wntless. Cell Res 21(12):1677–1690

Zhou M, Wiener H, Su W, Zhou Y, Liot C, Ahearn I, Hancock JF, Philips MR (2016) VPS35 binds
farnesylated N-Ras in the cytosol to regulate N-Ras trafficking. J Cell Biol 214(4):445–458



Chapter 6
The Lysosome and Intracellular
Signalling

Geoffrey G. Hesketh, Lena Wartosch, Luther J. Davis, Nicholas A. Bright
and J. Paul Luzio

Contents

6.1 The Discovery of the Lysosomal Membrane as a Signalling Hub . . . . . . . . . . . . . . . . . . . 152
6.2 The Lysosomal Compartment and the Lysosome Fusion/Regeneration Cycle . . . . . . . . . 153

6.2.1 Lysosome Fusion with Endosomes and Autophagosomes—Core Machinery and
Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.2.2 Other Lysosomal Fusion Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.2.3 Lysosome Re-formation and Its Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.3 Lysosomal Signalling and Cell Growth Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
6.3.1 Lysosomal Localization and Activation of mTORC1 . . . . . . . . . . . . . . . . . . . . . . 162
6.3.2 Lysosomal Signalling to the Nucleus: TFEB and the CLEAR Network . . . . . . . 164

6.4 Lysosomal Ca2+ Signalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.5 Other Lysosomal Signalling Pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.5.1 Toll-like Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
6.5.2 Regulation of Lysosome Membrane Permeability . . . . . . . . . . . . . . . . . . . . . . . . . 168
6.5.3 Lysosomal Signalling, Ageing and Longevity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

Abstract In addition to being the terminal degradative compartment of the cell’s
endocytic and autophagic pathways, the lysosome is a multifunctional signalling
hub integrating the cell’s response to nutrient status and growth factor/hormone
signalling. The cytosolic surface of the limiting membrane of the lysosome is the
site of activation of the multiprotein complex mammalian target of rapamycin com-
plex 1 (mTORC1), which phosphorylates numerous cell growth-related substrates,
including transcription factor EB (TFEB). Under conditions in which mTORC1 is
inhibited including starvation, TFEB becomes dephosphorylated and translocates to
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the nucleus where it functions as a master regulator of lysosome biogenesis. The sig-
nalling role of lysosomes is not limited to this pathway. They act as an intracellular
Ca2+ store, which can release Ca2+ into the cytosol for both local effects on mem-
brane fusion and pleiotropic effects within the cell. The relationship and crosstalk
between the lysosomal and endoplasmic reticulum (ER) Ca2+ stores play a role in
shaping intracellular Ca2+ signalling. Lysosomes also perform other signalling func-
tions, which are discussed. Current views of the lysosomal compartment recognize
its dynamic nature. It includes endolysosomes, autolysosome and storage lysosomes
that are constantly engaged in fusion/fission events and lysosome regeneration. How
signalling is affected by individual lysosomal organelles being at different stages of
these processes and/or at different sites within the cell is poorly understood, but is
discussed.

6.1 The Discovery of the Lysosomal Membrane
as a Signalling Hub

Less than ten years ago, a description of the role of the lysosome in intracellular
signalling would likely have focused mainly on its function in the down-regulation,
by degradation, of endocytosed cell surface receptors. An extensive literature had
built up on the endocytic pathways taken by different receptors, including the role of
endosomes as signalling platforms, the mechanisms of sorting into recycling path-
ways, the loss of signalling when they were sorted into the intraluminal vesicles
(ILVs) of multivesicular bodies (MVBs) and delivery to lysosomes for degradation
by proteases [for reviews, see (Platta and Stenmark 2011; Alonso and Friedman
2013; Goh and Sorkin 2013; Bowman et al. 2016)]. However, two papers in Science
published at the end of the last decade radically changed the perception of the lyso-
some’s role in intracellular signalling. David Sabatini’s group found that whereas
in starved, cultured mammalian cells, mammalian/mechanistic target of rapamycin
(mTOR) was distributed throughout the cytoplasm, amino acid feeding resulted in
a substantial fraction translocating to late endosomal and lysosomal compartments
(Sancak et al. 2008). Initially using a systems biology approach, Andrea Ballabio’s
group discovered that many lysosomal genes exhibited coordinated transcriptional
behaviour and are regulated by transcription factor EB (TFEB), which translocates
from the cytoplasm to the nucleus under various conditions of lysosomal stress and
acts as amaster regulator of lysosome biogenesis (Sardiello et al. 2009). The Sabatini
and Ballabio research groups went on to show that TFEB and the multiprotein com-
plex mTORC1 [mTOR complex 1, reviewed in (Eltschinger and Loewith 2016)]
co-localize on the lysosome membrane where mTORC1 phosphorylates TFEB
(Settembre et al. 2012). Under conditions in which mTORC1 is inhibited, they
observed that TFEB becomes dephosphorylated and translocates to the nucleus. The
discovery of a lysosome-to-nucleus signalling mechanism involving mTORC1 and
TFEB, together with subsequent work showing that multiple signals are sensed and
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Fig. 6.1 Lysosome fusion/regeneration cycle. Electron-dense, terminal storage lysosomes fuse
with late endosomes/MVBs to form catalytically active, acidic endolysosomes. Subsequent tubu-
lation, maturation and content condensation steps are involved in the regeneration/re-formation of
storage lysosomes. A similar cycle occurs for the fusion of lysosomes with autophagosomes to form
autolysosomes from which lysosomes are regenerated. Electron-dense material is shaded in dark
grey

integrated on the lysosomal surface to regulate the activation state of mTORC1, has
led to the current consensus that the lysosomal membrane is a major hub of intra-
cellular signalling, which regulates cell metabolism and growth (Perera and Zoncu
2016).

In addition to these major discoveries about the role of the lysosomal membrane
in mTORC1 and TFEB signalling, there has also been a growing realization over
the past two decades that the mammalian lysosomal compartment is heterogeneous
and is made up of less acidic/neutral lysosomes, acidic endolysosomes and autolyso-
somes, formed respectively by fusion of late endosomes or autophagosomes with
lysosomes, as well as organelles that are at different stages of maturation on lyso-
some regeneration pathways (Fig. 6.1). As more and more components of the molec-
ular machinery of lysosome fusion and re-formation are discovered, there is also an
increasing emphasis on how these processes are regulated and how they contribute
to or are affected by intracellular signalling.

6.2 The Lysosomal Compartment and the Lysosome
Fusion/Regeneration Cycle

Lysosomes were originally discovered in the mid-twentieth century as membrane-
bound organelles containing acid hydrolases and were rapidly recognized as the ter-
minal degradative compartment of the endocytic and autophagic pathways [reviewed
in (de Duve 2005)]. Nowadays, we are more aware of the dynamic nature of the
endocytic pathway and the role of the lysosome fusion/regeneration cycle in deter-
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mining the complexity of the late endosomal and lysosomal compartments (Fig. 6.1).
The endocytic pathway taken by macromolecules en route to lysosomes has been
well described (Luzio et al. 2007; Woodman and Futter 2008; Huotari and Helenius
2011; Luzio et al. 2014), as has the autophagic (i.e. macroautophagic) pathway (Feng
et al. 2014; Bento et al. 2016). The delivery of endocytosed cargo to lysosomal acid
hydrolases is achieved by kiss-and-run as well as full-fusion events between late
endosomes, also known as multivesicular bodies (MVBs), and lysosomes (Bright
et al. 2005, 2016). These events result in the formation of endolysosomes, which are
hybrid organelles with characteristics of both late endosomes and lysosomes. It is
in endolysosomes that hydrolytic degradation commences and these organelles can
undertake further, multiple, fusion events with other late endosomes and lysosomes.

6.2.1 Lysosome Fusion with Endosomes
and Autophagosomes—Core Machinery
and Regulation

The molecular mechanism of late endosome–lysosome fusion is broadly understood
and, like other fusion events in secretory and endocytic membrane traffic pathways,
involves tethering, docking and phospholipid bilayer fusion steps (Luzio et al. 2007).
Tethering requires the heterohexameric HOPS (homotypic fusion and vacuole pro-
tein sorting) complex (Wartosch et al. 2015). In the yeast Saccharomyces cerevisiae,
HOPS, which structurally is a three-legged filamentous complex (Chou et al. 2016),
is recruited directly to the limiting membrane of the vacuole (the yeast equivalent of
the mammalian lysosome) by Ypt7p, the ortholog of the mammalian small GTPase
Rab7 (Hickey and Wickner 2010). However, in mammalian cells, the Rab7 effector
RILP (Lin et al. 2014; van der Kant et al. 2015) and the small GTPase Arl8b are
needed for HOPS recruitment to late endosomal/lysosomal membranes (Khatter
et al. 2015). Following tethering, the late endosome–lysosome fusion process
requires the formation of a trans-SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) complex consisting of three Q-SNAREs, namely
syntaxin 7 (a Qa-SNARE), Vti1b (a Qb-SNARE), syntaxin 8 (a Qc-SNARE) and
VAMP7 (an R-SNARE), which interact to form a parallel four-helix bundle that
brings the two phospholipid bilayers together to enable membrane fusion (Pryor
et al. 2004). It has been suggested that in vivo, the requirement for VAMP7 may be
complemented by another R-SNARE, VAMP8 (Pols et al. 2013).

Components of the molecular machinery required for autophagosome–lysosome
fusion have also been discovered. The HOPS complex is required (Jiang et al.
2014), but an additional factor involved in tethering is the Rab7 effector and HOPS-
interacting protein, PLEKHM1 (pleckstrin homology domain-containing protein
family member 1), which functions as a central hub in integrating endocytic and
autophagic pathways at the lysosome (McEwan et al. 2015;McEwan andDikic 2015;
Marwaha et al. 2017). PLEKHM1 contains an LC3 (microtubule-associated protein
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1 light chain 3)-interacting region that mediates its binding to autophagosomes via
LC3 or GABARAP (Gamma-aminobutyric acid type A receptor-associated protein)
members of the ATG8 (autophagy-related 8) family of proteins, which are essen-
tial for autophagosome–lysosome fusion (Nguyen et al. 2016). The recruitment of
PLEKHM1 and HOPS may also be regulated by the cholesterol-sensing Rab7 effec-
tor ORP1L which localizes to autophagosomes and under low cholesterol conditions
is involved in the formation of autophagosome-ER (endoplasmic reticulum) mem-
brane contact sites (Wijdeven et al. 2016). The trans-SNARE complex required for
autophagosome–lysosome fusion has been identified as consisting of syntaxin 17 as
theQa-SNARE, SNAP-29 as theQbc-SNAREandVAMP8 as theR-SNARE (Itakura
et al. 2012). A role for an alternative R-SNARE, VAMP7, has been proposed (Fader
et al. 2009).

What is much less clear than our knowledge of the minimal protein machin-
ery required for lysosome fusion with either late endosomes or autophagosomes is
our understanding of how these processes are regulated. Relatively little is known
about how flux through the late endocytic pathway or the route taken are regulated,
although it is clear that regulation does occur. For example, whereas we have a
good understanding of how epidermal growth factor (EGF) binding to its receptor at
the plasma membrane leads to receptor phosphorylation, ubiquitination, endocytosis
and sorting into endosomal ILVs, as well as intracellular signalling (Sorkin and Goh
2008), the regulation of its passage through late endocytic compartments is less well
understood. EGF stimulates both the number of MVBs per unit of cytoplasm and
the number of ILVs per MVB, an effect specific to the MVBs containing the EGF
receptor (White et al. 2006), but the mechanism is unclear. Even within a single
MVB, ILVs are of different sizes and are formed by more than one mechanism, with
evidence that a competitive relationship exists between the well-described endocytic
sorting complex required for transport (ESCRT) pathway for ILV formation and
sorting of ubiquitinated cargo such as the EGF receptor and an ESCRT-independent
pathway, which requires the tetraspanin membrane protein CD63 (Edgar et al. 2014).
Details of the latter pathway are very sketchy, although recent work on the role of
tetraspanins in MVB formation in yeast may provide some clues (MacDonald et al.
2015).

Whilst it is also known that lysosomes fuse with late endosomes much more effi-
ciently than they do with early endosomes, how fusion is signalled is only poorly
understood. A partial explanation is the Rab5/Rab7 switch that occurs as the endo-
some matures allowing different Rab effectors to be recruited [reviewed in (Huotari
and Helenius 2011)]. However, there is also a need to ensure that the MVBs that
fuse have been depleted of recycling membrane proteins such as the mannose 6-
phosphate receptors and that formation of ILVs, as well as sorting of ubiquitinated
cargo into ILVs by the ESCRT pathway, is complete. Although it is not known how a
matureMVB is identified for fusion, it could be as simple as the loss of ubiquitinated
cargo from the limiting membrane. There may also be a role for some components
of the ESCRT pathway, since an involvement of ESCRT-III proteins in fusion of late
endosomes with lysosomes, separate to the requirement for ILV formation, has been
described [reviewed in (Metcalf and Isaacs 2010)].
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Efficient fusion of lysosomes with late endosomes requires release of luminal
Ca2+ at a late stage in the fusion process (Pryor et al. 2000). Although the mech-
anism by which this aids membrane fusion is not resolved, it may well underlie
the effects of other perturbations of lysosome fusion. For example, Niemann–Pick
type-C1-deficient cells have a defect in fusion of lysosomes with endosomes, which
is likely to be a consequence of altered luminal Ca2+ content (Lloyd-Evans et al.
2008). It is also unclear which Ca2+ channel(s) in the lysosome membrane is most
important in release of this luminal Ca2+ with evidence that mucolipins [especially
transient receptor potential mucolipin 1, MCOLN1 also known as TRPML1 (Dong
et al. 2010)], two-pore channels [especially TPC2 (Grimm et al. 2014)], a voltage-
gated calcium channel (Tian et al. 2015) and/or the purinergic receptor, P2X4 (Cao
et al. 2015), may be involved. Intriguingly, cation transport through both mucol-
ipin1 and TPC2 is activated by phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2],
which, in mammalian cells, is formed by the action of the enzyme PIKfyve on phos-
phatidylinositol 3-phosphate [PI(3)P] in endosomal membranes (Jin et al. 2016). It
has been reported that a rapid increase in the concentration of PI(3,5)P2 occurs on
the membranes of late endocytic organelles immediately before they fuse (Li et al.
2013), although the specificity of the PI(3,5)P2 probe used in the studies leading
to this conclusion has been questioned (Hammond et al. 2015). In addition, it has
been argued that PI(3,5)P2 may be more important in regulating fission rather than
fusion (see below). Lysosomal Ca2+ release via mucolipin1 is also thought to be
important for the fusion of autophagosomes with lysosomes, as are appropriate lev-
els of PI(3,5)P2 (Martens et al. 2016). Unlike PI(3,5)P2, PI(4,5)P2 is mostly found
in the plasma membrane, some can be generated at the lysosomal membrane where
it can act as an inhibitor of Ca2+ transport through mucolipin1. Part of the cellular
complement of the PI(4,5)P2 5-phosphatase OCRL (oculocerebrorenal syndrome of
Lowe) is associated with mucolipin1 and maintains PI(4,5)P2-free microdomains
around this Ca2+ channel (De Leo et al. 2016). Thus, when OCRL activity is absent
either as a result of experimental manipulation or in the disease Lowe syndrome, an
unrestricted accumulation of PI(4,5)P2 occurs on the lysosomal membrane with con-
sequent inhibition of Ca2+ flux throughmucolipin1 and inhibition of lysosome fusion
with autophagosomes. This has been proposed as the reason why autophagosomes
accumulate in cells from Lowe syndrome patients. Local generation of PI(4,5)P2 is
also thought to play a role in lysosome re-formation from autolysosomes (see below),
emphasizing the likely importance of spatiotemporal regulation of the concentration
of phosphoinositides on the lysosomal membrane. A role for luminal acidity has
also been proposed for fusion events undertaken by lysosomes and yeast vacuoles,
but remains controversial as does the requirement for the V-ATPase (vacuolar H+

ATPase), which may involve an unconventional role of the VO sector interacting
with SNARE proteins and contributing physically to membrane fusion (Coonrod
et al. 2013; Mauvezin et al. 2015; Desfougeres et al. 2016).

Regulatory cytosolic factors are also implicated in lysosome fusion with endo-
somes and/or autophagosomes and include the VAMP7-binding protein, VARP
(vacuolar protein sorting 9 ankyrin repeat protein) (Schafer et al. 2012), ATG14
(Diao et al. 2015) and EPG5 (ectopic P-granules autophagy protein 5) (Wang



6 The Lysosome and Intracellular Signalling 157

et al. 2016), which have effects on SNARE complex assembly and/or stabilization.
The leucine-rich repeat kinases LRRK1 and LRRK2 have also been implicated in
defective traffic to lysosomes via the endocytic and autophagy pathways. LRRK2
is highly expressed in brain, kidney and some immune cells. It localizes to several
membrane-bound organelles on post-Golgi membrane traffic pathways and regulates
a subset of Rab GTPases (Steger et al. 2016). Autosomal dominant mutations in the
gene encoding LRRK2 are the most common cause of familial forms of the neurode-
generative disorder, Parkinson’s disease and are also associated with sporadic forms
of the disease. LRRK1 is widely expressed, but less highly in brain than LRRK2.
LRRK1 indirectly regulates Rab7 activity and is recruited to lysosomes by VAMP7
(Toyofuku et al. 2015). Lysosome fusion with both autophagosomes and endosomes
is negatively regulated by RUBICON (Run domain BECLIN-1-interacting and
cysteine-rich domain-containing protein), which binds to UVRAG (UV radiation
resistance-associated gene product), when this component of VPS34 complex II
(consisting of the phosphatidylinositol-3-kinase VPS34, VPS15, BECLIN-1 and
UVRAG) is phosphorylated bymTORC1 (Kim et al. 2015). This results in inhibition
of Rab7 and HOPS activity and has led to the suggestion that the mTORC1-UVRAG
pathway is an important regulatory axis through which cells coordinate autophagy
and the endosome–lysosomal degradation pathway (Kim et al. 2015). In addition to
possible nutritional regulation via mTORC1 (Antonioli et al. 2016), lysosome–au-
tophagosome fusion is reduced when cells are incubated in high glucose as a result
of increased addition of O-linked-N-acetylglucosamine to SNAP29, which inhibits
the formation of trans-SNARE complexes. Conversely, glucose starvation results
in less modification of SNAP29 with O-linked-N-acetylglucosamine and increased
formation of autolysosomes (Guo et al. 2014). Also implicated in regulating
the efficiency of fusion with lysosomes are motor proteins, which are bound to
organelles destined for fusion and move them along microtubules and/or actin
filaments (van der Kant et al. 2013; Kruppa et al. 2016). Finally, it should be noted
that inefficient degradation of macromolecules may itself reduce the efficiency of
fusion via effects on membrane cholesterol (Fraldi et al. 2010) and also prevent
lysosome re-formation (Bright et al. 1997, 2016; Schmid et al. 1999).

6.2.2 Other Lysosomal Fusion Events

In addition to fusing with late endosomes and autophagosomes, lysosomes can also
fuse with phagosomes, macropinosomes and the plasma membrane [reviewed in
(Luzio et al. 2007)]. Lysosome fusion with the plasma membrane is triggered by
an increase in cytosolic Ca2+ concentration and is regulated by the Ca2+ sensor
synaptotagmin VII, which restricts both the kinetics and extent of fusion and inter-
acts with the core fusion machinery comprising the SNARE proteins syntaxin 4,
SNAP23 and VAMP7 (Rao et al. 2004). The increased cytosolic Ca2+ concentration
can occur as a result of plasma membrane damage causing Ca2+ influx. The resul-
tant exocytosis of a peripheral population of lysosomes starts a plasma membrane



158 G. G. Hesketh et al.

sealing and re-modelling process that is essential for the survival of cells wounded
by mechanical stress or attacked by some pathogens (Castro-Gomes et al. 2016).
Lysosomal secretion is also regulated by the transcription factor TFEB, which can
cause translocation of lysosomes to the plasma membrane and increased secretion,
but the molecular mechanisms are unclear (Medina et al. 2011). Over-expression
of TFEB in some cellular models of lysosomal storage disease results in increased
lysosomal exocytosis and clearance of accumulated metabolites, suggesting TFEB
as a therapeutic target in these diseases (Medina et al. 2011; Spampanato et al. 2013).
Although all cell types seem to have the ability to fuse lysosomes with the plasma
membrane, some cells have specialized “secretory lysosomes” or “lysosome-related
organelles” (LROs). The variety of LROs and signalling pathways to trigger their
secretion are reviewed in (Luzio et al. 2014).

6.2.3 Lysosome Re-formation and Its Regulation

In contrast to the molecular machinery of fusion, less is known about the mecha-
nism(s) by which lysosomes are re-formed from endolysosomes and autolysosomes.
In both cases, tubulation and fission events have been suggested to occur. Some of
these events are likely concerned with the recycling of membrane components, e.g.
SNAREs that should not be present on the re-formed lysosomes. However, others
are necessary in the formation and scission, along their length, of protolysosomal
tubules from which mature re-formed lysosomes are generated. In the re-formation
of lysosomes from autolysosomes, the formation of protolysosomal tubules is regu-
lated by mTORC1 (Yu et al. 2010; Rong et al. 2011) and their scission/vesiculation
is mediated by the GTPase dynamin2 (Schulze et al. 2013). Currently, the best model
for re-formation of lysosomes from autolysosomes comes from the results of exper-
imental manipulations, suggesting that localized phosphoinositide generation on the
autolysosomemembrane causes the recruitment of the sorting adaptor AP-2, clathrin
and the kinesin motor KIF5B to microdomains enriched in PI(4,5)P2, which results
in the formation and extension of protolysosomal tubules along microtubules (Rong
et al. 2012; Du et al. 2016). One note of caution about this model is that much earlier
experiments showed how easy it was to mis-target AP-2 and clathrin to intracellular
compartments and away from the plasma membrane, where their recruitment and
function are well understood, simply by adding GTPγS or excess Ca2+ (Seaman et al.
1993). Recently, it has been suggested that it is not alterations in mTORC1 activity
per se that induces lysosome re-formation, but the delivery to the autolysosome of
mitochondrial DNA, which binds to TLR9 (toll-like receptor 9). This triggers an
increase in local PI(4,5)P2 concentration, resulting in the recruitment of AP-2 and
clathrin (De Leo et al. 2016).

Additional clues about the machinery of lysosome re-formation have come from
the study of cells from patients with lysosomal storage diseases. These are rare,
inherited genetic defects, in many cases causing deficiencies in specific lysoso-
mal acid hydrolases, but in others resulting in defects in lysosomal membrane pro-
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teins or nonenzymatic soluble lysosomal proteins. Cells from such patients contain
membrane-bound, heterogeneous storage lesions,most probably abnormal endolyso-
somes/autolysosomes, filled with different contents in different diseases (Platt et al.
2012). Amongst lysosomal disease-associated proteins implicated in lysosome re-
formation areNiemann–Pick type-C2 (Goldman andKrise 2010), lysosomal traffick-
ing regulator (LYST) (Holland et al. 2014), the sorting adaptors AP-4 (Rong et al.
2012) and AP-5, along with its associated proteins spatacsin and spastizin (Hirst
et al. 2015), as well as mucolipin1 (Miller et al. 2015), but molecular mechanisms
remain elusive. In the case of mucolipin1, it has been proposed that this cation chan-
nel is responsible for the release of luminal Ca2+ and earlier in vitro experiments
had shown that luminal Ca2+ is necessary for the formation of dense core lysosomes
from endolysosomes (Pryor et al. 2000). As described above, PI(3,5)P2 is an acti-
vator and PI(4,5)P2 an inhibitor of this channel, which suggests at the very least
tight spatiotemporal control of the concentrations of these phosphoinositides on the
lysosomalmembrane if fusion events and re-formation events are to be properly coor-
dinated. Certainly, depletion or pharmacological inhibition of PIKfyve, the enzyme
synthesizing PI(3,5)P2, results in the formation of enlarged endocytic compartments
with many characteristics of endolysosomes [reviewed in (Dove et al. 2009)] and
small molecule activators of mucolipin1 can reverse the enlarged endolysosomal
phenotype observed when a protein acting as a scaffold for PIKfyve is depleted (Zou
et al. 2015). The Ca2+ released through mucolipin1 may be required for the exten-
sion and/or scission of the membrane bridges connecting endolysosomes to nascent
lysosomes in the protolysosomal tubules (Miller et al. 2015). It has been argued
that a good candidate for a Ca2+-regulated target is actin (Miller et al. 2015), the
polymerization state of which can also be affected by PI(4,5)P2 (Saarikangas et al.
2010).

One of the most interesting aspects of lysosome re-formation is that it may be
associated with an alteration in luminal acidity. For a long time, it has been widely
assumed that the lumen of all lysosomes is acidic (pH≤5), despite evidence from
early ratiometric imaging experiments in the 1980s (Yamashiro and Maxfield 1987)
and experiments on lysosomal enzyme function and acidophilic dye accumulation
in the 1990s (Butor et al. 1995), suggesting that lysosomes exhibit a wide range
of pH. This has been reinforced by recent studies, suggesting that a proportion of
lysosomes (up to~25%) have a luminal pH that is closer to neutral (>pH 6.5) (John-
son et al. 2016; Bright et al. 2016). These less acidic lysosomes are preferentially
distributed closer to the cell periphery in cultured mammalian cells (Johnson et al.
2016) (Fig. 6.2). The subcellular localization of lysosomes is determined by the bal-
ance between the small GTPases Rab7 and Arl8b, which interact with kinesin and
dynein microtubule motors via different effectors (Jordens et al. 2001; Rosa-Ferreira
and Munro 2011; Pu et al. 2015; Guardia et al. 2016; Fujiwara et al. 2016), as well
as an ER-located ubiquitin ligase system that contributes to their immobilisation in
the perinuclear region (Jongsma et al. 2016). Over-expression of the GTPases and/or
their effectors can alter lysosome distribution within the cell, as can the use of motor
inhibitors. It was found that if cells were experimentally manipulated to drive more
lysosomes to the periphery, there was a reduction in their acidity (Johnson et al.
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(a) (b)

(c)

Fig. 6.2 Ratiometric imaging of lysosomal pH inNRKcells.NRK (normal rat kidney) cells were
incubated in tissue culture medium containing both 0.5 mg/ml Dextran-Oregon Green 488 as the
acid-sensitive fluorochrome and 0.5 mg/ml Dextran-Alexa 647 as the acid-insensitive fluorochrome
for 4 h followed by a 20-h chase in conjugate-freemedium to load terminal endocytic compartments.
Dual-fluorochrome ratiometric confocalmicroscopy showed that acidic organelles (blue)weremore
centrally located, whereas less acidic/more neutral organelles (cyan and green) were concentrated
towards the cell periphery in a representative cell (a). To construct a pH calibration curve, cells
were clamped at pH 4–7 in buffer containing 10 μM nigericin and 10 μM monensin for 5 min
and representative confocal images are shown from a cell clamped at pH 7 (b) or pH 4 (c) using
identical imaging parameters used to collect the unclamped image. Scale bar�10 μm

2016). Conversely, if lysosomes were driven towards the microtubule organizing
centre/nucleus, there was an increase in acidity. In a separate study, it was concluded
that the more acidic lysosomes were in fact endolysosomes, acting as the principal
sites of proteolytic degradation, with the less acidic lysosomes being in the latter
stages of lysosome re-formation, such that the least acidic form a pool of terminal
storage lysosomes (Bright et al. 2016). Although one of these studies concluded that
lysosome positionwithin the cell determines acidity and the other that it is the stage of
the lysosome fusion/regeneration cycle, which is important, the conclusions are not
incompatible. At present, little is known about the role, if any, of Rab7, Arl8b, their
effectors and microtubule motor proteins in lysosome re-formation from endolyso-
somes. The reduced acidity of some lysosomes appears to be due to an increased
passive (leak) permeability to protons togetherwith reducedV-ATPase activity (John-
son et al. 2016). This could be due to recycling of the intact V-ATPase, as has been
suggested for the generation of neural post-lysosome compartments inDictyostelium
discoideum (Carnell et al. 2011), or the separation of V0 andV1 sub-complexes of the
V-ATPase, as is observed under nutritional control in yeast (Parra and Kane 1998).
Interestingly, in yeast, the late endosomal/vacuolar phosphoinositide PI(3,5)P2 has
been shown to stabilize the V0/V1 interaction in yeast (Li et al. 2014). There may
also be regulation of V-ATPase activity as a result of protein binding, one candidate
being the Rab7 effector RILP (Rab-interacting lysosomal protein) (De Luca et al.
2014). In this context, it is interesting to note that whereas acidic juxtanuclear lyso-
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somes/endolysosomes are Rab7-positive, less acidic and more peripheral lysosomes
are Rab7-negative (Johnson et al. 2016; Bright et al. 2016). Another protein observed
to bind V-ATPase and potentially regulate activity is the interferon-induced protein
IFITM3 (interferon-inducible transmembrane protein 3), which may be particularly
important in regulating lysosomal acidity and function following viral infection (Wee
et al. 2012).

6.3 Lysosomal Signalling and Cell Growth Control

The lysosome acts as an important site of nutrient sensing and metabolic regulation,
because it is on the limiting membrane of the lysosome that the kinase activity of
mTORC1 is regulated in a nutrient-, energy-, stress- and growth factor-regulated
manner to regulate the balance between anabolic and catabolic pathways within the
cell [reviewed in (Zoncu et al. 2011b; Lim and Zoncu 2016; Perera and Zoncu 2016;
Carroll and Dunlop 2017)]. mTORC1 is a rapamycin-sensitive multi-subunit pro-
tein complex that contains the PI3K-related serine/threonine protein kinase mTOR.
mTOR also exists in an alternative rapamycin-insensitive protein complex called
mTORC2 that phosphorylates the serine/threonine kinase AKT (also known as pro-
tein kinase B) in response to growth factor stimulation and participates in modulating
many cellular functions including cell survival and actin dynamics (Laplante and
Sabatini 2012). Whereas mTORC1 activation is associated primarily with the lyso-
some membrane, mTORC2 function has been localized to the plasma membrane
(Ebner et al. 2017). The convergence of several growth factor-initiated signalling
pathways on mTORC1 enables it to participate in many developmental and phys-
iological processes, and it is essential for early embryonic development. Some of
these signalling pathways (e.g. insulin stimulation or low energy levels), result in
the phosphorylation of a large protein complex, TSC (tuberous sclerosis complex),
which regulates the nucleotide binding state of the small GTPase RHEB on the
cytosolic surface of lysosomes and controls the kinase activation state of mTORC1
(Sengupta et al. 2010). However, independently of TSC, mTORC1 recruitment to the
lysosome cytosolic surface is controlled by nutrient levels (most strongly by amino
acids), through regulation of the nucleotide binding state and heterodimerization of
the Rag family of small GTPases. Thus, it is the lysosome-limiting membrane where
diverse signal inputs are sensed and integrated to control both the localization of
mTORC1 and subsequent activation of mTOR kinase activity to exert global effects
on cell growth and metabolism. A consequence of the activation of mTORC1 is the
phosphorylation of a vast array of substrates that control growth and metabolism.
Well-studied targets include the ribosomal protein S6 kinase and eIF4E-binding pro-
tein 1, which are proteins that control distinct aspects of mRNA translation and thus
control the rate of protein synthesis (Sonenberg andHinnebusch 2009). Because of its
ability to sense nutrient levels, mTORC1 controls the activation state of non-selective
macroautophagy through phosphorylation of the autophagy-initiating kinase ULK1
(Kim et al. 2011). When nutrient supply is low, mTORC1 is turned off, thus reliev-
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ing its inhibitory effect on autophagy and this liberates cellular sources of nutrients
through bulk degradation of macromolecules. mTORC1 also controls the activity of
several transcription factors including some that are implicated in lipid synthesis and
mitochondrial metabolism as well as TFEB and TFE3, members of the MiTF/TFE
transcription factor family. TFEB and TFE3 are phosphorylated by mTORC1 at
the lysosomal surface and regulate lysosome biogenesis, lysosome secretion and
autophagy (Raben and Puertollano 2016; Napolitano and Ballabio 2016).

6.3.1 Lysosomal Localization and Activation of mTORC1

Two protein complexes, an obligate heterodimer of Rag GTPases and a multimeric
complex called Ragulator, function together to localize mTORC1 to the lysosomal
membrane. The Rag heterodimers comprise RagA or Bwith RagC or D.When RagA
or B is bound to GTP, RagC or D is loaded with GDP. Ragulator is composed of
five proteins, LAMTOR 1–5 (lysosomal adaptor and mTOR regulator 1–5), and acts
both as a scaffold anchoring the Rag GTPases to the lysosomal membrane and as a
guanine nucleotide exchange factor for RagA/B (Bar-Peled et al. 2012). Thus, in the
presence of amino acids,Ragulator promotes the loading ofGTPontoRagA/B,which
dimerizes with GDP-loaded Rag C/D. It is likely that it is the GDP-loaded Rag C/D,
which directly recruits mTORC1 to the lysosomal membrane (Tsun et al. 2013). It is
proposed that recruitment ofmTORC1 to the cytosolic surface of the lysosome brings
it into close physical proximity to the small GTPase RHEB, which directly activates
mTOR kinase activity. The nucleotide loading state of the Rag heterodimers is also
regulated at the lysosomal membrane by a protein called GTPase-activating protein
towards Rags 1 (GATOR1) (Bar-Peled et al. 2013), which promotes the inactive
GDP-bound state of RagA/B. The activity of GATOR1 is under inhibitory control by
a second complex called GATOR2, which itself is controlled by additional proteins
including Sestrin2 homodimers and the CASTOR complex (dimer of GATSL1/2).
Recently, it has been shown that GATOR1 complex recruitment to the lysosome
surface is controlled by a complex termed KICSTOR (Peng et al. 2017; Wolfson
et al. 2017). The nucleotide binding state of RagC/D has been shown to be regulated
by the tumour suppressor protein folliculin, which forms a complex with FNIP1/2
(folliculin-interacting proteins 1/2). Folliculin is proposed to function as a GTPase-
activating protein for Rag C/D (Petit et al. 2013; Tsun et al. 2013), although the
mechanism of GTPase activation remains to be elucidated.

A long-standing question is what are the precise mechanisms by which amino
acids are sensed to control mTORC1 activation on the lysosome surface? Changes
in amino acid concentration, in both the lumen of the lysosome and the cytosol,
can regulate the activity of mTORC1, although the signalling pathways are complex
and far from completely understood (Manifava et al. 2016). The signalling path-
way employed by luminal amino acids to stimulate Ragulator GEF activity towards
RagA/B on the cytosolic side of the lysosome’s limiting membrane requires both
the V-ATPase and the sodium-coupled, amino acid-transporting, 11-pass transmem-
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brane protein SLC38A9. The V-ATPase binds Ragulator and the Rag GTPases in
an amino acid-dependent manner, and experimental inhibition of the V-ATPase pre-
vents recruitment of mTORC1 to the lysosome in response to amino acids (Zoncu
et al. 2011a). SLC38A9 may play a particularly important role in sensing arginine
levels within the lysosome lumen (Jung et al. 2015; Rebsamen et al. 2015; Wang
et al. 2015). It binds to the V-ATPase via its C-terminal transmembrane region and
to Ragulator and the Rag GTPases via its N-terminal cytosolic domain and may act
primarily as a transceptor rather than purely as a transporter. Other lysosomal amino
acid transporters have also been implicated in mTORC1 activation [reviewed in (Lim
and Zoncu 2016)]. SLC38A9 also enables mTORC1 activation by cholesterol, inde-
pendently of its arginine-sensing function (Castellano et al. 2017).

A rise in cytosolic amino acid concentration results in Rag complex activation, in
part through a reduction in RagA/B inhibition by the negative regulator GATOR1. A
rise in the concentration of specific amino acids is detected by the cytosolic leucine
sensor Sestrin2 and the cytosolic arginine sensor CASTOR, which become inhibited
when bound to their respective amino acid ligands (Chantranupong et al. 2016;Wolf-
son et al. 2016). When not bound to amino acids, both Sestrin2 and CASTOR inhibit
GATOR2 (the GATOR1 inhibitory complex described above), resulting in Rag com-
plex inactivation. Thus, when Sestrin2 and CASTOR are bound by amino acids, the
net effect is that GATOR2 is able to inhibit the GATOR1-dependent inhibition of
RagA/B. The entirety of the lysosome membrane protein machinery responding to
amino acids is shown in Fig. 6.3 and includes both integral membrane proteins, the
Ragulator/Rag/mTORC1 complexes and associated proteins on the cytosolic surface
of the lysosome. It has been suggested that this entire machinery be referred to as the
LYNUS (lysosome nutrient sensing) machinery (Settembre et al. 2013b). One inter-
esting consequence of the critical role played by the lysosomal V-ATPase in amino
acid signalling to mTORC1 is that it raises the question of whether juxtanuclear and
peripheral lysosomes and/or organelles at different stages of the lysosome regener-
ation cycle play different roles in this signalling, given their difference in V-ATPase
activity and luminal pH (Gowrishankar and Ferguson 2016). There is evidence that
intracellular lysosome positioning coordinates metabolic responses to nutrient avail-
ability with plasma membrane signalling events (Korolchuk et al. 2011).

The regulation of mTORC1 activity by insulin and growth factors is mediated via
phosphorylation of the TSC complex as mentioned above. The TSC complex is a
heterotrimer of the tuberous sclerosis complex tumour suppressor genes TSC1 and
TSC2 with TBC1D7 (Dibble et al. 2012). TSC functions as an inhibitor of mTORC1
by acting as a GAP (GTPase-activating protein) towards the mTOR kinase activator
RHEB. Insulin signalling results in release of TSC from the lysosomal surface fol-
lowing its phosphorylation by the protein kinase AKT (Menon et al. 2014), which is
dependent on AKT recruitment to the membrane by interaction with phosphoinosi-
tides (Ebner et al. 2017). TSC activity can also be enhanced through phosphorylation
via the LKB1/AMPK (liver kinase B1/AMP-activated protein kinase) signalling axis
in response to energy stress (Inoki et al. 2003), the activity of which has also been
localized to the lysosome surface (Zhang et al. 2014).
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Fig. 6.3 Regulation of mTORC1 activation on the lysosome surface. The mTORC1 complex is
recruited to the lysosome surface through direct interaction with the RagA/B(GTP)-RagC/D(GDP)
(active state) heterodimer. The Rag heterodimer nucleotide loading state is under complex regula-
tory control and responds to nutrient levels (especially amino acids). The Ragulator complex acts
as a GEF towards RagA/B (thus promoting the active Rag dimer) and functions in concert with
SLC38A9 and the V-ATPase in response to amino acid levels in the lysosome lumen. The GATOR1
complex acts as a GAP towards RagA/B (thus promoting the inactive Rag dimer) and is under reg-
ulatory control by the GATOR2 complex. GATOR2 inhibition of GATOR1 is regulated by Sestrin2
(SESN2) and CASTOR complexes binding to individual amino acids (Leu and Arg, respectively).
The GATOR complexes are recruited to the lysosome surface by the KICSTOR complex. Folliculin
(FLCN) and its interacting proteins FNIP1/2 are proposed to act as a GAP towards RagC/D (thus
promoting the active Rag dimer). At the lysosome surface, the activation state of the mTOR kinase
is regulated by the small GTPase RHEB. The TSC complex (TSC1/2, TBC1D7) acts as a GAP
towards RHEB, and is regulated by signals downstream of growth factor receptors, energy levels
and cellular stress pathways. Collectively, the integrated regulation of mTORC1 activity on the
lysosome surface by nutrients, energy levels, stress and growth signalling pathways exerts global
control over the balance between catabolic (e.g. autophagy, lysosome biogenesis) and anabolic cell
growth pathways.

Although the best-studied signalling inputs to TSC are those downstream of
growth factor receptor activation and energy stress, it has been shown that TSC
recruitment to the lysosome surface is also controlled by amino acid availability and
may in fact be a general consequence of cellular stress (Demetriades et al. 2014,
2016). Thus, it is spatial control of TSC that contributes to the integration of growth
factor signalling, nutrient regulation, and stress signalling and their role in mTORC1
activation on the lysosome surface.

6.3.2 Lysosomal Signalling to the Nucleus: TFEB
and the CLEAR Network

In addition to recruiting mTORC1 to the lysosome membrane, active Rag GTPases
also promote recruitment of the transcription factor TFEB in an amino acid-
dependent manner (Martina and Puertollano 2013). In fully fed cells, TFEB con-
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tinuously cycles between lysosomes and the cytosol, such that when associated with
the lysosome it can be phosphorylated bymTORC1 at several sites, including residue
S211 (Settembre et al. 2012; Vega-Rubin-de-Celis et al. 2017). Phosphorylation at
S211 promotes interaction with the cytosolic chaperone 14-3-3, resulting in a steady
state inwhich themajority of TFEB is in the cytosol (Roczniak-Ferguson et al. 2012).
Nutrient withdrawal or other treatments leading to lysosomal stress, e.g. V-ATPase
inhibition, lead to inactivation of mTORC1, since it is released from the lysosomal
surface, thus reducing phosphorylation of TFEB. Nutrient withdrawal/lysosomal
stress also causes the dephosphorylation of TFEB by the calcium-dependent phos-
phatase calcineurin, dissociation from14-3-3 and transport into the nucleus (Fig. 6.4).
Activation of calcineurin results from the release of luminal Ca2+ from the lysosome
via mucolipin1 (Medina et al. 2015). TFEB is a basic helix–loop–helix transcription
factor which binds to a palindromic 10-bp (base pair) nucleotide motif, GTCACGT-
GAC, present (often in multiple copies) in the promoter region of many genes
encoding lysosomal enzymes. The palindromic nucleotide motif has been named the
CLEAR (coordinated lysosomal expression and regulation) element (Sardiello et al.
2009) and the extensive number of genes affected, the CLEAR network (Palmieri
et al. 2011). This network provides a system that regulates the expression, delivery
to lysosomes and activity of lysosomal enzymes, which control the degradation of
proteins, glycosaminoglycans, sphingolipids and glycogen. The CLEAR network
is involved in the regulation of autophagy, exo- and endocytosis, phagocytosis and
the immune response, as well as regulating some non-lysosomal enzymes/proteins
involved in protein degradation and lipid metabolism (Palmieri et al. 2011; Settem-
bre et al. 2013a). Other members of the MiTF/TFE transcription factor family, in
particular TFE3 which also binds CLEAR elements, are regulated in a very similar
way to TFEB [reviewed in (Raben and Puertollano 2016; Napolitano and Ballabio
2016)]. TFEB and TFE3 are partially redundant in their ability to induce lysosome
biogenesis in response to starvation and both are necessary for a maximal response.
However, overall MiTF/TFE transcription factors appear to have limited redundancy
and some specific functions. Their ability to heterodimerize with each other has been
a complication in studies of their function.

It should be noted that lysosome biogenesis is also affected by mTORC1-
independent mechanisms. Thus, protein kinase C couples activation of TFEB with
inactivation of the transcriptional repressor ZKSCAN3 via parallel signalling cas-
cades (Li et al. 2016) and an mTORC1-independent pathway mediated via protein
kinase RNA-like endoplasmic reticulum kinase (PERK) has been shown to reg-
ulate TFEB/TFE3 translocation to the nucleus in response to ER stress (Martina
et al. 2016). Recently, it has been demonstrated that AKT modulates TFEB activ-
ity by phosphorylation at S467 and that trehalose, an mTOR-independent autophagy
enhancer, promotes nuclear translocation of TFEB by inhibiting AKT (Palmieri et al.
2017). These observations are especially interesting because they have suggested that
AKT control of TFEB activitymay be a usefulmTORC1-independent target for phar-
macological treatment of neurodegenerative lysosomal storage diseases to stimulate
cellular clearance of the storage material.
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Fig. 6.4 Regulation of TFEB by lysosomal Ca2+. In fully fed cells, TFEB is phosphorylated by
mTORC1 on the lysosomal membrane. Binding of phosphorylated TFEB by 14-3-3 in the cytosol
prevents its entry into the nucleus (left).Upon starvation or lysosomal stress,mucolipin1 (MCOLN1)
releases lysosomal Ca2+, which leads to local calcineurin activation in the cytoplasm and TFEB
dephosphorylation. Dephosphorylated TFEB cannot be bound by 14-3-3 proteins and translocates
into the nucleus where it binds to CLEAR elements on the DNA and activates the transcription of
lysosomal/autophagic genes (right).

6.4 Lysosomal Ca2+ Signalling

Mammalian, acidic lysosomes/endolysosomes contain a significant store of intracel-
lular free Ca2+, measured as being~0.5 mM (Christensen et al. 2002; Lloyd-Evans
et al. 2008; Ronco et al. 2015). This is within the range of estimates of the steady-state
luminal free concentration in the ER and is>3 orders of magnitude higher than the
cytosolic Ca2+ concentration. Thus, release of Ca2+ through any of the identified lyso-
somal channels has the potential to affect a range of cytosolic functions. Regulated
release of lysosomal Ca2+ is implicated in fusion/fission events and the activation of
calcineurin to dephosphorylate TFEB and upregulate genes with CLEAR elements
as described above. However, the effect of releasing lysosomal Ca2+ on cytosolic
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Ca2+ concentration can be amplified by stimulation of ER Ca2+ release, facilitating
its involvement in a range of other cellular processes including muscle contraction,
neurite extension and differentiation [reviewed in (Morgan et al. 2011; Penny et al.
2015)]. Ca2+ release through two-pore channels in the endolysosomal system has
also been implicated in metastasis (Nguyen et al. 2017) and in Ebola virus entry
into host cells (Sakurai et al. 2015). Defects in lysosomal Ca2+ signalling and home-
ostasis have been suggested to play a role in lysosomal storage disease pathogenesis
(Lloyd-Evans and Platt 2011). One of the most significant developments in under-
standing a role for lysosomes in intracellular signalling came from the discovery that
release of Ca2+ from acidic LROs in sea urchin eggs is stimulated by the pyridine
nucleotide metabolite NAADP (Clapper et al. 1987). Whilst the physiological pro-
duction and degradation of NAADP are not fully understood, it clearly functions as
an intracellular second messenger in mammalian cells (Yamasaki et al. 2005), not
just in sea urchin eggs, and a major intracellular target activated by NAADP is the
lysosomal two-pore channel TPC2 (Pitt et al. 2010). The regulation of the release of
Ca2+ through TPC2 is also affected by lysosomal Ca2+ concentration and lysosomal
pH. As discussed above, the acidic lysosomal pH is generated through the activ-
ity of the lysosomal V-ATPase, with charge compensation provided via unspecified
cation channels, the lysosomal Cl−/H+ antiporter ClC-7/Ostm1 and/or alternative
counter-ion pathways (Steinberg et al. 2010). In some cell types, lysosomal pH can
be regulated by signalling pathways affecting V-ATPase trafficking or charge com-
pensation, e.g. pathways involving a cell surface G protein-coupled receptor, cyclic
AMP and protein kinase A (Lassen et al. 2016; Folts et al. 2016), thus potentially
also affecting lysosomal Ca2+ release. Re-filling of lysosomal Ca2+ stores may also
play a role in signalling. The lysosomal Ca2+/H+ exchanger CAX has been shown to
play a role in cell migration during frog development, but does not appear to have
an ortholog in placental mammals (Melchionda et al. 2016). In mammalian cells,
the ER is the primary source of Ca2+ for the lysosome (Garrity et al. 2016) and it
has been proposed that selective accumulation of Ca2+ released from the ER may
allow lysosomes to play a role in shaping cytosolic Ca2+ signals caused by release
of ER Ca2+ (Lopez-Sanjurjo et al. 2013). The functional relationship(s) between
lysosomal and ER Ca2+ stores are likely affected by the close physical proximity of
these organelles and the formation of ER-lysosome contact sites (Penny et al. 2015;
Lopez-Sanjurjo et al. 2013; Ronco et al. 2015; Sbano et al. 2017). Membrane contact
sites (MCS) between intracellular organelles, especially those involving the ER, are
currently the subject of much investigation [reviewed in (Gatta and Levine 2016;
Zhang and Hu 2016; Hariri et al. 2016; Raffaello et al. 2016)], since they enable
non-vesicular communication, for example for the transfer of cholesterol between
endolysosomes and the ER (Du et al. 2011), as well as marking sites of organelle
fission of both mitochondria (Friedman et al. 2011) and endosomes (Rowland et al.
2014; Allison et al. 2017) and regulating the final steps of autophagy (Wijdeven et al.
2016). In the context of lysosomal signalling, one especially interesting observation
was the induction of NAADP-dependent microdomains of high Ca2+ concentration
between lysosomes and the sarcoplasmic reticulum in response to beta-adrenoceptor
activation in cardiac myocytes (Capel et al. 2015).
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6.5 Other Lysosomal Signalling Pathways

6.5.1 Toll-like Receptors

Lysosomes play an important role in the innate immune system, through the function
of an intracellular subgroup of the toll-like receptor (TLR) family of pattern recog-
nition receptors, comprising TLR3,7,8 and 9 [reviewed in (Kawai and Akira 2010;
Majer et al. 2016)]. These type I integral membrane proteins are widely expressed,
require proteolytic cleavage to become functional receptors and bind nucleic acids.
This results in the activation of a signalling cascade from their cytosolic domains.
TLRs play an important role in initiating and enhancing adaptive immune responses
to invading pathogens. TLR9 is one of the best-studied TLRs, including the reg-
ulation of its trafficking from the ER to lysosomes, and requires cleavage in an
acidic environment by endolysosomal proteases to become functional. TLR9 binds
unmethylated CpG motifs in DNA and in addition to its role in innate immunity,
responding to bacterial or viral infection, it has also been implicated in regulation of
the autophagic pathway, as described above, through recognition of mitochondrial
DNA.

6.5.2 Regulation of Lysosome Membrane Permeability

An aspect of lysosomal signalling that merits wider consideration is partial and
selective permeabilization of the limiting membrane which can trigger cell death as
a consequence of cathepsin release into the cytosol [reviewed in (Serrano-Puebla and
Boya 2016)]. One relativelywell-studied instance is the post-lactational involution of
the mammary gland caused by lysosome-mediated, non-apoptotic, programmed cell
death. The key trigger of this process is milk itself, with a Stat3-dependent pathway
involving increased phagocytic uptake of milk fat globules by mammary epithelial
cells, resulting in degradation ofmilk triglycerides and the generation of an increased
concentration of oleic acid that disrupts the lysosomal membrane enabling cathepsin
release (Sargeant et al. 2014). Regulation of lysosomal membrane permeabilization
likely plays a wider role in health and disease although the complexities and molec-
ular mechanisms are poorly understood (Serrano-Puebla and Boya 2016). In cancer,
it has been suggested that minor lysosomal leakage may not necessarily be lethal
and that release of lysosomal cathepsins may be anti-apoptotic (Pislar et al. 2015).
In addition, what has been described as lysosome hyperactivity in some cancer cells
can result in increased lysosomal membrane vulnerability—a frailty that might be
exploited therapeutically by drugs that can induce lysosomal damage preferentially
in cancer cells [reviewed in (Hamalisto and Jaattela 2016)].
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6.5.3 Lysosomal Signalling, Ageing and Longevity

Lysosomal dysfunction has long been associated with cellular ageing and reduced
longevity in animals [reviewed in (Carmona-Gutierrez et al. 2016; Colacurcio and
Nixon 2016)]. Whilst much of this is associated with alterations in the degradative
and signalling functions discussed above, it has been suggested that an additional sig-
nalling pathway between lysosomes and the nucleus may play a role. In Caenorhab-
ditis elegans, increased lifespan occurs as a consequence of lysosomal production
of the bioactive lipid oleoylethanolamide, which is translocated into the nucleus by
a chaperone protein and affects the transcription of genes that regulate longevity.
Interestingly, the components of this signalling pathway are conserved in mammals
(Folick et al. 2015).

6.6 Conclusions

Whilst the lysosome was for a long time simply regarded as the terminal degradative
compartment of the cell’s endocytic and autophagic pathways, it is clear that it is in
fact a multifunctional signalling hub. The cell’s lysosomal compartment is function-
ally heterogeneous and includes endolysosomes, autolysosomes, storage lysosomes
and organelles at different stages of the lysosome fusion/regeneration cycle. It is
in constant dynamic exchange with endosomal and autophagosomal compartments,
links nutrient status to gene transcription, integrates hormonal and nutrient signalling,
signals to other intracellular organelles, ensures plasmamembrane integrity and plays
a role in regulating cell death and in the ageing and longevity of both individual cells
and themetazoanorganism.There aremany remaining important questions to address
concerning the lysosomal compartment and signalling. A non-exhaustive list of such
questions, where we currently have at best only partial answers, includes how the var-
ious fusion/fission events undertaken by organelles in the lysosomal compartment are
regulated and coordinated, how lysosomal acidity is regulated, how calcium accumu-
lation/release in the compartment is regulated, whether there is additional molecular
machinery to be discovered in the signalling pathways between the lysosome, the
nucleus and other organelles and whether there is physiologically significant hetero-
geneity in the signalling capacity of endolysosomes/lysosomes based on intracellular
positioning and/or stage in the lysosome fusion/regeneration cycle.
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Abstract Growth factor receptors play a variety of roles during embryonic develop-
ment and in adult homeostasis. These receptors are activated repeatedly in different
cellular contexts and with different cellular outcomes. This begs the question as to
how cells in a particular developmental, spatial and temporal context, or in adult
tissue, interpret signalling by growth factor receptors in order to deliver qualitatively
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different signalling outputs. One mechanism by which this could occur is via endo-
cytic regulation. The original paradigm for the role of endocytosis in growth factor
receptor signalling was that receptor uptake has a quantitative role in signalling by
reducing the number of cell surface receptors available for activation and target-
ing activated receptors for degradation. However, a range of studies over the last
several years, in many different experimental systems, has demonstrated an addi-
tional qualitative role for endocytic trafficking in receptor signalling, with specific
outcomes depending on the location of the signalling complex.Confinement of recep-
tors within endosomes can spatially regulate signalling, facilitating specific protein
interactions or post-translational modifications that alter throughout the trafficking
process. Therefore, endocytosis does not simply regulate cell surface expression, but
tightly controls protein interactions and function to produce distinct outcomes.

7.1 Introduction

Throughout development and in the adult, cells respond to a variety of growth factors
by binding to high-affinity cell surface transmembrane receptors (Davidson 1993).
This review will specifically focus on growth factor receptors that contain a tyrosine
or serine/threonine kinase domain within their cytoplasmic tail. Engagement of
growth factors, such as epidermal growth factor (EGF), vascular endothelial growth
factor (VEGF), transforming growth factor alpha and beta (TGF-α and TGF-β),
fibroblast growth factor (FGF), hepatocyte growth factor (HGF) and angiopoietin
(Ang1) with their cognate receptors results in receptor oligomerisation and transpho-
sphorylation. This is followed by activation of signalling cascades that result in
many different cellular outcomes including cell proliferation, migration, differen-
tiation and survival (Blume-Jensen and Hunter 2001; Lemmon and Schlessinger
2010). The precise outcome of growth factor receptor signalling is context-specific,
depending on the environment in which a cell finds itself. Additionally, growth
factor receptors do not act in isolation. Rather they are part of complex signalling
networks, which allow flexibility and diversity of signalling and consequent cell
behaviours. Context-dependent signalling thus requires very tight regulation in order
to ensure precise signalling outcomes. Endocytosis is increasingly recognised as a
key mechanism to allow subtle and sophisticated nuancing of signal interpretation.

The endocytic pathway has the potential to act as a regulator of signalling both
quantitatively and qualitatively. Receptor uptake can have a quantitative role on sig-
nalling by reducing the number of cell surface receptors available for activation.
Qualitative regulation of signalling by endocytosis can operate in multiple ways.
These include individual signalling outputs arising from different locations on the
endocytic pathway, with activated receptors at the cell surface resulting in a partic-
ular cell behaviour, and receptors within endosomes causing a different signalling
outcome. Alternatively, receptor signalling could be modulated depending on the
endocytic portal used by growth factor receptors for their uptake or they may require
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Fig. 7.1 Multiple internalisation pathways allow growth factor receptor uptake Activated growth
factor receptors can be endocytosed by different routes depending on the context in which a cell
finds itself. Themain components of the machineries that are required for uptake are indicated in the
figure. (CCP: clathrin coated pit; MP: macropinosome; GEEC: GPI-AP enriched early endosome
compartments; FEME: Fast endophilin-mediated endocytosis)

delivery to a particular subcellular compartment for effective signalling. There is
evidence to support all of the scenarios outlined above, and some examples will be
discussed further and highlighted in the course of this review.

7.2 Overview of Endocytic Pathways

Cells use a variety of pathways to internalise growth factor receptors after they
have been activated by their cognate ligands (Fig. 7.1). These include both clathrin-
mediated endocytosis (CME) and clathrin-independent endocytosis (CIE) pathways.
These pathwaysmostly require selection of material into a specialised area of the cell
surface, a membrane microdomain, which then invaginates and eventually pinches
off to form an endocytic vesicle. The molecular machinery required to internalise
cargo, such as activated growth factor receptors, is increasingly well defined (Mayor
et al. 2014; Schmid et al. 2014) although many questions about the regulation of
these pathways remain, with direct implications for the interplay of endocytosis and
signalling.
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7.2.1 Clathrin-Mediated Endocytosis

Internalisation of growth factor receptors via CME requires their incorporation into
specialised areas of the plasmamembrane termed clathrin-coated pits. Clathrin is the
major structural protein of the pit and clathrin trimers assemble into lattices com-
posed of hexagons and pentagons to form coated pits. These can bud to form coated
vesicles (Brodsky 2012; Maib et al. 2017). The final scission step requires the large
molecular weight GTPase, dynamin (Antonny et al. 2016). Clathrin does not, how-
ever, bind directly to either the plasma membrane or cargo. Rather this function is
carried out by adaptor proteins that can bind to clathrin, phosphoinositides, notably
phosphatidylinositol, 4,5-bisphosphate, [PtdIns(4,5)P2], at the cell surface, as well as
cargo (Traub and Bonifacino 2013). The canonical adaptor is AP2 which, in addition
to the functions outlined above, can also interact with multiple membrane sculpting
and regulatory proteins that contribute to the successful formation of clathrin-coated
pits (Schmid et al. 2014; Robinson 2015). The internalisation of growth factor recep-
tors is stimulated following ligand binding and requires their intrinsic kinase activity
and receptor ubiquitination (Goh and Sorkin 2013). Ubiquitination plays key roles
in degradative sorting of activated growth factor receptors, mediated by the ESCRT
proteins (see Sect. 7.2.3). It also contributes to the internalisation of growth factor
receptors. EGF receptor (EGFR), for example, has multiple, redundant internalisa-
tion motifs including AP2 binding and ubiquitination sites that operate to promote
efficient internalisation, most likely in a cell-type-specific manner (Goh et al. 2010;
Fortian et al. 2015). Ubiquitinated growth factor receptors may be recognised by
cargo-specific clathrin-associated sorting proteins (so-called CLASPs) such as epsin
and eps15 which contain ubiquitin-binding domains (Traub and Bonifacino 2013).

7.2.2 Clathrin-Independent Endocytosis

CIE internalisation pathways (Fig. 7.1) are defined by the molecular machinery used
to uptake cargo. Caveolae are cup-shaped structures, enriched in cholesterol and char-
acterised by the presence of caveolin and cavins. These proteins have been implicated
in endocytosis, transcytosis in endothelial cells as well as in mechanosensing (Mayor
et al. 2014). The fast endophilin-mediated endocytosis (FEME) pathway requires
RhoA, endophilin and dynamin and appears to be important for rapid uptake of vari-
ous growth factor, cytokine andGprotein-coupled receptors, often at the leading edge
of cells (Boucrot et al. 2015). The CLIC (clathrin-independent carriers)/GEEC (GPI-
enriched protein endosomal compartments) pathway requires the small GTPases,
Arf1 and Cdc42, cholesterol and actin but is independent of clathrin and dynamin
(Mayor and Riezman 2004). Arf6 defines a further CIE pathway important for the
uptake of MHC class 1 molecules (Donaldson et al. 2016).

When portions of the plasma membrane ruffle and protruding edges of a ruffle
fuse, macropinocytosis ensues, resulting in the non-selective uptake of extracellular
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material. Interestingly, this is a process that is often stimulated by high concentrations
of growth factors and may represent a cellular response to high extracellular ligand
concentrations (Buckley and King 2017).

7.2.3 Delivery to Endosomes and Lysosomes

Following internalisation, endocytic vesicles are delivered to the early endosome
from where material can either be targeted for degradation via late endosomes, recy-
cled to the cell surface or trafficked to further intracellular organelles such as the
trans-Golgi network. Movement through the endocytic pathway is regulated by the
rab family of small GTPases. Rabs are molecular switches that cycle between a
GDP-bound inactive form in the cytoplasm and a GTP-bound active form when
membrane-associated. Switching is brought about by guanine nucleotide exchange
factors (GEFs) that mediate the exchange of GDP for GTP and GTPase-activating
proteins (GAPs) that stimulate GTP hydrolysis. In their active form, rabs mediate
cargo selection, vesicle movement, interactions with the cytoskeleton, fidelity of
vesicle fusion and signalling, by interacting with a wide range of cytoplasmic effec-
tor proteins (Christoforidis et al. 1999; Stenmark 2009; Wandinger-Ness and Zerial
2014). Rab5 is a major regulator of the early endocytic pathway, modulating traf-
fic between the plasma membrane and early endosomes. Rab4 and Rab11 regulate
recycling pathways while Rab7mediates the transition from early to late endosomes.

Rab proteins are important for organelle identity. One way in which they con-
tribute to this is by selective recruitment of combinations of lipid kinases and/or
phosphatases that ensure organelles are enriched in specific phosphoinositides (Shin
et al. 2005; Di Paolo and De Camilli 2006). These phosphoinositides are key for
organelle identity (Behnia and Munro 2005) and cooperate with rab proteins to
ensure the so-called coincidence detection, where bivalent interactions of effector
molecules are required for membrane association, thus ensuring location specificity
(see Sect. 7.3.2). Maturation of endosomes is marked by changes in the complement
of rab proteins that localise to the cytoplasmic surface of the endosome through a pro-
cess termed rab conversion, where a cascade of rab activity occurs with active Rab5
recruiting a GEF to activate Rab7, which in turn recruits a GAP to switch off Rab5
(Rink et al. 2005; Del Conte-Zerial et al. 2008). Similarly rabaptin5, which binds
both Rab5GTP and Rab4GTP (De Renzis et al. 2002), is recruited to early endo-
somes in complex with the Rab5GEF, Rabex5 (Horiuchi et al. 1997). Recent studies
indicate that Rab4GTP together with ubiquitinated cargo, such as activated growth
factor receptors, is primarily responsible for recruitment of rabaptin5 to endosomes
which then allows for activation of Rab5 by Rabex5 (Kalin et al. 2015). Rab conver-
sion thus ensures directionality of cargo flux along the endocytic pathway (Pfeffer
2017). Changes in phosphoinositide composition, along the endocytic pathway, also
contribute to rab conversion (Cauvin et al. 2016; Liu et al. 2017).

Cargo destined for degradation is sorted into areas of the endosome membrane
that bud inwards to form intraluminal vesicles (ILVs)within late endosomes resulting
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Fig. 7.2 Signalosome formation on the endocytic pathway Following engagement with ligand,
activated growth factor receptors continue to signal as they traverse the endocytic pathway. This
allows entry into membrane microdomains that facilitates specific downstream signaling outputs,
which may include transcriptional programs. For example, activated receptors may signal from a
microenvironment at the cell surface (triangle) which activates a complement of genes X, at the
early endosome (square) which activates a complement of genes Y, or at late endosomes (circle)
which activates a complement of genes, Z

in the formation of multivesicular bodies (MVBs) (Fig. 7.2). This process sorts cargo
such as growth factor receptors for degradation and attenuates signalling by prevent-
ing the cytoplasmic tails of receptors from interacting with kinases or phosphatases.
ILV formation is the topological inverse of budding from the cell surface and is medi-
ated by the endosomal sorting complex required for transport (ESCRT), a family of
four protein complexes that mediate cargo sorting and inclusion into ILVs. Growth
factor receptors that are ubiquitinated are recognised by ESCRT-0. ESCRT-0 is a
heterodimer comprising HGF-regulated tyrosine kinase substrate (Hrs) and signal
transducing adaptor molecule (STAM), which is crucial in initiating ILV production
by binding ubiquitin-tagged proteins. Hrs localises to endosomalmembranes through
a FYVE domain that binds phosphatidylinositol-3-phosphate (PtdIns3P). A distinct
domain of ESCRT-I then binds to ESCRT-II, which can associate with the endosomal
membrane, cargo and ESCRT-III. Transient assembly of ESCRT-III results in mem-
brane scission and recruitment of Vps4, which results in the termination of MVB
formation and recycling of ESCRT complexes. MVBs then fuse with lysosomes,
ensuring cargo is inactivated and degraded (Schmidt and Teis 2012; Hurley and Emr
2006; Schoneberg et al. 2017).
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7.3 How Does Endocytosis Regulate Signalling?

7.3.1 Internalisation Quantitatively Affects Signalling

Early studies on growth factor receptor signalling were based on the assumption
that all signalling occur at the cell surface and that internalisation largely plays a
housekeeping role in removing available receptors. The level of signalling can be
regulated bywhether activated receptors are targeted for degradation to the lysosomes
or whether receptors are recycled back to the cell surface for further rounds of
uptake. Recent studies support such a role for endocytosis in this context. In studies
using genome-edited cells expressing mVenus-HRas at endogenous levels, it was
shown that a small pool of activated EGF receptor (EGFR) maintains active HRas
predominantly at the plasma membrane and, surprisingly, that this is sufficient to
ensure sustainedMAPK signalling evenwhen the bulk of the active EGFRcomplexes
have been delivered to endosomes (Pinilla-Macua et al. 2016). It is unclear whether
this pool of active EGFR is maintained by very rapid recycling [e.g. (Montagnac
et al. 2011)] or by being tethered in a plasma membrane microdomain (Grecco et al.
2011). Whatever the mechanism, in this case, endocytosis appears to modulate the
signal by separation of the bulk of the active EGFR complexes from active HRas.

7.3.2 Endocytic Portals Determine Signalling Outcome

TGF-β receptor signalling regulates cell growth, proliferation and apoptosis in
diverse cell types. Internalisation of activatedTGF-β receptors provides a good exam-
ple for how routes of entry and particular endosomal environments can influence
signalling outcome. The intracellular effectors of TGF-β receptors, the R-SMAD
transcription factors, translocate into the nucleus following activation, where they
regulate transcriptional output. Interactionwith inhibitory I-SMADs increases degra-
dation of the activated receptor through recruitment of a ubiquitin ligase, SMURF7
(Schmierer and Hill 2007). TGF-β receptors can be internalised by both CME and
CIE. Entry via CME results in delivery to endosomes that are positive for the early
endosome marker, EEA1, which associates with early endosomes because it binds
Rab5GTP and also has a FYVE domain that binds PtdIns3P (Simonsen et al. 1998).
The enrichment of PtdIns3P in the early endosome also facilitates the recruitment
and accumulation of another FYVE domain protein, SARA, which provides a bridge
between the activated receptor and the R-SMAD, resulting in signal propagation
(Tsukazaki et al. 1998). By contrast in the presence of higher ligand concentrations,
the activated receptor is taken up via a caveolin-dependent CIE pathway. Endocy-
tosed receptor/ligand complexes avoid delivery to the early endosome and instead
target the excess ligand for degradation (Di Guglielmo et al. 2003). Targeting to the
degradative pathway is largely due to interactions of the activated receptor with I-
SMADs and recruitment of SMURF7. The choice of alternative endocytic pathways
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is proposed as a mechanism by which cells may limit their signalling in the context
of high external ligand concentrations as well as providing evidence that endoso-
mal localisation is essential for signalling. However, the system may be even further
nuanced, as SARA can associate with activated TGF-β receptors at the cell surface
(Runyan et al. 2005). Thus, one hypothesis is that its accumulation at endosomes
contributes to the release of R-SMADs, allowing them to translocate to the nucleus
(Corallino et al. 2015). These data together support a role for endocytic flux in the
modulation of TGF-β signalling. This is further supported by the large number of
endocytic proteins identified in a recent analysis of changes in the proteome and
phosphoproteome that occur following TGF-β mediated epithelial to mesenchymal
transition (D’Souza et al. 2014).

EGFR endocytosis shows a similar sensitivity to ligand concentration: follow-
ing activation at low EGF concentrations (1–5 ng/ml), EGFR enters cells via CME,
switching to a CIE pathway at increasing EGF concentrations and, at>100 ng/ml,
using the non-selective macropinocytic pathway. Similar to TGF-β, the switch
between endocytic pathways is thought to allow cells to manage high concentra-
tions of ligand, as EGFR uptake via CIE removes excess ligand and targets it for
degradation (Sigismund et al. 2005). EGFR internalisation via CME, like that of
TGF-β-R, is also required for sustained EGF signalling (Sigismund et al. 2008).

This raises the question as to how excess ligand is interpreted by cells. As dis-
cussed above, cells respond to threshold levels of EGF, which influences which inter-
nalisation pathway is followed. While EGFR receptor shows a gradual increase in
receptor phosphorylation following binding of EGF, receptor ubiquitination exhibits
a threshold response, which is regulated by recruitment of the Cbl ubiquitin ligase
via the EGFR binding partner, Grb2 (Goh and Sorkin 2013). The dose-response of
receptor ubiquitination was shown to mirror the dose-response of switching to the
cholesterol-dependent CIE pathway (Sigismund et al. 2013). Uptake via this latter
pathway has been shown to be dependent on membrane contact sites between the
endoplasmic reticulum and the plasma membrane (Caldieri et al. 2017).

In contrast to a requirement for CME for productive EGF and TGF-β signalling,
other activated growth factor receptors utilise alternative pathways for effective sig-
nalling depending on cellular contexts. In endothelial cells, FGF signalling toMAPK
occurs via macropinocytosis of activated receptors (Elfenbein et al. 2012). Similarly,
in the case of VEGFR, CME is responsible for the constitutive uptake of recep-
tor in the absence of ligand. Engagement of the receptor with VEGFA stimulates
macropinocytosis, and its uptake via this pathway is key for signalling outcomes
such as cell survival and migration in in vitro angiogenesis assays (Basagiannis et al.
2016).
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7.3.3 Receptor Recycling

Recycling of receptors from the early endosome via a Rab4- or Rab11-dependent
pathway will potentiate signalling by maintaining a surface pool of receptors. The
proportion of receptors that recycle depends on ligand concentration as well as level
of receptor expression since the degradative pathway appears to be saturable (French
et al. 1994). Because sorting into intraluminal vesicles is dependent on ubiquitina-
tion via association of ubiquitin ligases such as Cbl that are recruited to activated
receptors, recycling is more likely for those receptor-ligand complexes where the
ligand dissociates in early endosomes. Both EGF and TGF-α bind to EGFR but elicit
very different cellular outcomes (Francavilla et al. 2016). Binding of TGF-α is more
sensitive than EGF to the acidic conditions of the early endosome, and hence, it
dissociates from EGFR, promoting its recycling and continued signalling. The recy-
cling pathway has traditionally been considered a default pathway, transporting cargo
that lacks specific signals for delivery to lysosomes. Emerging evidence, however,
suggests that selection for recycling also requires sorting determinants and that, as
for G protein-coupled receptors (Bahouth and Nooh 2017), growth factor receptors
may also have signals targeting them to the recycling pathway (Parachoniak et al.
2011). The requirement for signal-mediated recycling makes sense given that rapid
recycling allows cells to become sensitised to low levels of ligand.

To address the molecular mechanism underpinning the difference in receptor
behaviour following engagement of EGF or TGF-α, Olsen and colleagues used quan-
titative mass spectrometry to measure changes in the receptor interactome as well as
phosphorylation and ubiquitination following stimulation with either ligand (Fran-
cavilla et al. 2016). There were significant changes in many (>65) proteins. Specifi-
cally, Rab7 phosphorylation was identified as essential for EGFR degradation while
the interaction of EGFR with the Rab11 effector, rab coupling protein (RCP), reg-
ulated receptor recycling, resulting in sustained signalling, cell proliferation and
migration. Strikingly, modulation of either Rab7 phosphorylation or interaction with
RCP allowed conversion of an EGF-like response to a TGF-α response (Francav-
illa et al. 2016). These data are supported by experiments in physiological contexts,
e.g. TNF-α-mediated EGFR recycling prolongs EGFR signalling and thus facilitates
more effective wound healing in the cornea (McClintock and Ceresa 2010).

7.4 Endocytosis Qualitatively Regulates Growth Factor
Signalling

The first indication that receptor signalling was not simply a cell surface event came
from studies in the Bergeron laboratory using plasmamembrane and endosomal frac-
tions from rat liver. These experiments demonstrated that EGFR could signal more
effectively from endosomes than from the plasma membrane. This contrasted with
the insulin growth factor receptor, which appeared to signal solely at the cell surface
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(Di Guglielmo et al. 1994). It was shown, using dominant negative dynamin as an
inhibitor of endocytosis, that EGF-dependent signalling to MAPK was inhibited if
the receptor was trapped at the cell surface although other EGF-dependent events
were not affected (Vieira et al. 1996). Subsequent studies largely supported the idea
of qualitative regulation of signalling by the endocytic pathway (Sorkin and von Zas-
trow 2009) although there have been dissenting views. For example, it was shown
that, in HeLa cells, blocking activated EGFR at the cell surface results in enhanced
signalling, similar to that observed in the presence of high levels of EGFR expression
and, moreover, that there were no significant qualitative differences in transcriptional
output, arguing against a need for delivery to a particular domain for specialised sig-
nalling (Brankatschk et al. 2012). However, cytokine receptor signalling was much
more sensitive to an endocytic block in this study, suggesting a global role for endo-
cytic regulation of intracellular signalling. Furthermore, the availability of dynamin
knockout mice allowed analysis of EGFR signalling in fibroblasts where endocyto-
sis was inhibited. These studies indicated that, in these cells, MAP kinase signalling
occurs primarily at the plasma membrane (Sousa et al. 2012). However in the latter
study, there were differences in the kinetics of MAPK activation at low EGF con-
centrations and more sustained Akt signalling over a range of EGF concentrations.
This suggests that although signalling can still occur when endocytosis is inhibited,
there are likely to be qualitatively different signalling outputs resulting from disrup-
tions in signal magnitude and timing (Villasenor et al. 2016), which reinforces the
importance of endocytic flux in regulation of signalling.

7.4.1 Endosomes as Signalosomes

If endocytosis is responsible for qualitative differences in growth factor signalling,
it follows that signalling receptors must be located within a particular membrane
environment which is competent for a subset of signalling, a so-called signalosome.
Signalosome formation is a very effective way to ensure signal specificity and to
regulate signal strength (Kholodenko 2003). Membrane environments on the endo-
cytic pathway could be established either by having different subpopulations of
endosomes or membrane microdomains within the same limiting membrane, both
of which would allow for the recruitment of specific scaffolds, adaptors, kinases and
phosphatases, in response to growth factor activation (Fig. 7.3a). There is evidence
to support a role for membrane microdomains in targeting growth factor recep-
tors to the degradative pathway. Ubiquitinated receptors, destined for lysosomes,
are recognised by the Hrs component of the ESCRT-0 complex and accumulate in
domains enriched in Hrs that are separate from EEA1-positive microdomains. This
segregation is dependent on clathrin, which forms flat lattices on endosomes and
interacts directly with Hrs. This sorting mechanism is thought to be a prerequi-
site for recognition and subsequent incorporation in intraluminal vesicles in MVBs
(Raiborg et al. 2002). By taking advantage of the large endosomes in the coelomo-
cytes of C.elegans, it was demonstrated that within the same limiting endosomal
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Fig. 7.3 Multiple endosomal subdomains and compartments exist within cells a Membrane
microdomains exist within endosomal compartments. HeLa cells were incubated Alexa555-EGF
(red) for 20min at 37°C and then fixed and co-stained with rabbit anti-EEA1 antibodies followed by
Alexa488- labelled (green) goat anti-rabbit antibodies. The insert shows Alexa555-EGF clustered
in a microdomain of an early endosome labelled by EEA1. Images were collected on a DeltaVision/
GE OMX optical microscope for structured illumination (3D-SIM). Scale bar on insert is 0.25 μm.
b HeLa cells, expressing the Tie2 receptor tyrosine kinase at endogenous levels, were incubated
with fluorescently labeled Alexa 488-Ang1 (the ligand for Tie2) and fluorescently labeled trans-
ferrin (Alexa568-Tfn) for 5 minutes at 37°C. Images were captured on a Nikon Inverted Ti eclipse
Dual camera system and deconvolved with the Nikon NIS elements software. The ROI is from a
single Z-stack and the scale bar equals 10 μm. There is significant segregation of the two cargoes
in different endosomal populations after this time of incubation. Arrows indicate rare examples of
overlap

membrane, microdomains enriched in recycling cargo destined for the trans-Golgi
network and driven by SNX1 and Rme-8 were distinct fromHrs-positive degradative
microdomains. Furthermore, competition between these two domains regulates the
balance of cargo flux through the recycling and degradative compartments (Norris
et al. 2017). At the cell surface, there is evidence to suggest that some growth factor
receptors are held within cholesterol-rich microdomains although this appears to be
a prelude to their release for internalisation via CME following activation (Mineo
et al. 1999; Foti et al. 2004; Hommelgaard et al. 2004). The relationship of recep-
tor localisation and productive signalling in microdomains in the plasma membrane
has been very elegantly illustrated for the interferon-gamma receptor (Blouin et al.
2016).

There is also evidence that endosomal subpopulations contribute to qualitative
regulation of growth factor signalling. The canonical early endosome compartment
is marked by the presence of EEA1 and is usually identified by the delivery of trans-
ferrin after 5-15 min of incubation. A number of other endosomal compartments,



192 R. Moore et al.

which play important roles in the movement of growth factor receptors through the
endocytic pathway, have also been identified. APPL1 (adaptor proteins containing
the pleckstrin homology domain, phosphotyrosine binding domain and leucine zip-
per motif) is a Rab5 effector that defines a population of endosomes important for
signalling by EGFR. APPL1-associated endosomes are located in the cell periph-
ery and are reached at early time points following EGFR stimulation (Miaczyn-
ska et al. 2004). This endosomal population shows relatively little labelling with
transferrin suggesting a cargo-specific role. Live cell imaging has suggested that
APPL1-associated endosomes are precursors of EEA1-positive endosomes (Zoncu
et al. 2009) although more recent studies have defined endosomes that were APPL1-
positive, EEA1-positive and both APPL1- and EEA1-positive, all of which behave as
stable structures in that cargo can be reversibly delivered between them (Kalaidzidis
et al. 2015). Furthermore, they can be reached by cargo which has entered cells by
both CME and CIE. Perhaps, most important has been the demonstration that there
are differences in flux of two model cargoes (transferrin as a nutrient, housekeeping,
cargo and EGF as a signalling cargo) through these compartments. This has impor-
tant implications for signalling because it suggests that there are components of the
sorting and trafficking machinery which are sensitive to different cargoes and can
thus adjust the rate at which a specific cargo fluxes through the pathway. Interest-
ingly following a pulse of EGF, APPL1 endosomes appear to become refractory to
the delivery of EGF (Miaczynska et al. 2004; Villasenor et al. 2016), suggesting a
further potential mechanism of signal regulation.

Activated EGFR is reported to transit through another APPL1-independent endo-
some en route to EEA1-positive endosomes via an endosomal compartment labelled
by SNX15 (Danson et al. 2013), a member of the sorting nexin family, which regu-
lates membrane traffic often by binding/tubulating membranes (Cullen and Korswa-
gen 2011). Moreover, there is also growing evidence to suggest that endosomes are
very plastic with a recent report demonstrating that ESCRT-0 and ESCRT-I, normally
considered as markers of the transition to late endosomes, are required for delivery
of internalised EGF to EEA1-positive endosomes (Flores-Rodriguez et al. 2015).

EGFR can undergo ligand-independent internalisation in response to stresses such
asUV irradiation. This ismediated by p38 and results in delivery to a subset ofMVBs
that are distinct from those that sequester ligand-activated receptors and target them
for degradation. Sorting to this class of MVBs is mediated by actin regulators at
the early endosome. It requires the ESCRT proteins, although it is independent of
ubiquitination, and is necessary for ligand-independent signalling and cell survival.
For this reason, this pathway may contribute to resistance to chemotherapy (Tomas
et al. 2015).

7.4.2 Endosomal Microdomains as Signalosomes

An early example of how endosomal compartments can provide specific environ-
ments for optimal, context-specific, signalling is the localisation of the extracellu-
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lar signal regulated kinase (ERK) scaffold LAMTOR3/MP1 (MEK1 partner) to late
endosomes via LAMTOR2/p14. This localisationwas shown to be essential for effec-
tive ERK1 signalling (Teis et al. 2002). The importance of the LAMTOR complex is
reinforced by mice studies showing that knockout of LAMTOR1/p18 is embryonic
lethal (Nada et al. 2009) while targeted gene disruption of LAMTOR2/p14 severely
disrupts tissue homeostasis (Teis et al. 2006). Subsequent studies have revealed that
another function of the LAMTOR2/3 complex is in regulating cell migration where
the late endosome population containing the LAMTOR2/3 complex is delivered to
mature focal adhesions (FAs). Delivery is essential for FA turnover and cell migra-
tion although the molecular mechanisms have yet to be elucidated (Schiefermeier
et al. 2014). Recent morphological studies comparing mouse embryonic fibroblasts
from wild-type and LAMTOR2 knockout mice suggest roles for the complex in the
maintenance of recycling tubules from MVBs. This again highlights the complex
interplay between signalling and endocytic machineries (Vogel et al. 2015).

Another good example of how different endosomal compartments can nuance a
downstream signal is the activation of the transcription factor STAT3 and its translo-
cation into the nucleus in response to either oncostatin M or c-Met activation. Onco-
statin M activation of its cognate receptor elicits strong and rapid phosphorylation
of STAT3 and its nuclear accumulation is independent of endocytosis. In contrast,
HGF engagement of the c-Met receptor induces lower levels of phosphorylation over
a longer time course. In this case, nuclear translocation of activated STAT3 requires
microtubule-dependent delivery to a perinuclear endosome, enriched in Rab7. It
is proposed that the kinase/phosphatase equilibrium that maintains the threshold
level of STAT3 phosphorylation required for nuclear translocation is made possible
by delivery of the activated receptor to the endosomal population that is in close
proximity to the nucleus (Kermorgant and Parker 2008). More recently, delivery of
activated c-Met to a perinuclear endosomal population was shown to be required
to sustain Rac1 activation and promote cell migration in an invasive breast cancer
cell model. Although c-Met was activated to the same extent in an earlier endosome
compartment, this was not sufficient for optimal Rac1 activation, further supporting
a role for regulated spatiotemporal flux through particular endosomal populations in
specifying signalling outcomes (Menard et al. 2014).

All of the above illustrates the heterogeneity and dynamic organisation of the early
endosomal network and is consistent with observations that internalised cargoes are
often spatially segregated (Kalaidzidis et al. 2015) (Fig. 7.3b). The existence of
multiple plastic compartments could be easily utilised by cells in a context-specific
manner to modulate signalling.

7.4.3 Endocytic Flux: A Key Element of Signal Regulation

Both qualitative and quantitative regulations of growth factor receptor signalling will
depend on the overall rate of endocytic flux, i.e. the rate at which signalling receptors
are delivered along the endocytic pathway or to a particular endosomal environment.
Therefore, it is not surprising that regulators of endocytic kinetics, such as Rab5GEFs



194 R. Moore et al.

and ESCRT complexes, regulate signalling. In cell culture models, overexpression
or knockdown of Rab5GEFs and GAPs (Haas et al. 2005; Kong et al. 2007; Tall et al.
2001; Su et al. 2007; Balaji and Colicelli 2013) or ESCRT proteins (Doyotte et al.
2005;Malerod et al. 2007;Doyotte et al. 2008) prevents degradation of growth factors
such as EGFR and accumulation of activated receptors on endosomes. However, the
downstream effect on tumourigenesis, for example, can be much more complex
(Mattissek and Teis 2014), indicating the need to investigate more thoroughly the
effects of such changes in receptor degradation on transcriptional networks (see
Future Directions).

7.4.4 Evidence for Endocytic Regulation of Signalling In
Vivo

There have been several compelling studies which have used knockdown or over-
expression of dominant negative endocytic proteins such as rabs and ESCRT com-
ponents to demonstrate the importance of regulated endocytic flux in growth factor
signalling in vivo (Lloyd et al. 2002; Vaccari and Bilder 2005; Lu and Bilder 2005).
While these have been key in establishing regulation of endocytic flux as a paradigm,
there is always concern as to whether there is a direct causal relationship between
endocytosis and signalling in whole organisms. Inhibition of a process as funda-
mental as endocytosis is likely to have quite pleiotropic effects. It is also likely that
endocytosis in vivo will be much more nuanced and that regulators of key proteins
such as rabs will play major roles in regulating growth factor signalling output.

Rabex5 is the canonical Rab5GEF and also has a ubiquitin ligase domain which
can ubiquitinate ras. Rabex5-mediated ubiquitination has been implicated in ras sig-
nalling in Drosophila, controlling size, wing vein development and cell fate decisions
(Yan et al. 2010). While the functions of Rabex-5 in regulation of growth factor sig-
nalling in flies appears to be distinct, it is notable that other Rab5GEFs have either
rasGAP (Rme-6/GAPex5) or ras-association (Rin1, 2 and 3) domains and the traf-
ficking and signalling functions of the molecules appear to be linked for Rin1 (Tall
et al. 2001) and for Rme-6 (Zhu, Ferreira and Smythe, unpublished results). Hav-
ing trafficking and signalling modules within the same proteins can provide very
sensitive integration of trafficking and signalling of growth factor receptors.

One way by which rab proteins are thought to effect biological processes is by
formation of membrane microdomains through recruitment of subsets of effector
molecules such as lipid kinases, which generate membrane microdomains conducive
to the recruitment of further effector proteins.An example of positive feedback occurs
at the early endosome where the recruitment by active Rab5 of its effector, rabaptin5
in complex with rabex5, is thought to increase local concentrations of active Rab5
(Horiuchi et al. 1997). This in turn promotes recruitment of Vps34, a PI3 kinase,
which generates PtdIns3P. EEA1 then binds to the early endosome membrane by
coincidence detection of Rab5GTP and PtdIns3P and generates a fusion-competent
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microdomain (Simonsen et al. 1998). Another RabGEF, Rme-6, is involved in the
spatial activation of a functional pool of Rab5 during the process of clathrin-coated
vesicle uncoating (Semerdjieva et al. 2008). This model of GEFs driving the spatial
and temporal activation of rabs is further supported by the demonstration that GEFs
are the major determinants for membrane targeting of rab proteins (Blumer et al.
2013).

RabGEFs and their effectors are thus excellent candidates to drive the assembly
of membrane-associated signalosomes. A seminal study in zebrafish demonstrated
that the Rab5 effectors, APPL1 and APPL2, are necessary to establish an endosomal
subdomain in vivo that is specific for a subset of Akt signalling. Morpholino knock-
down of the APPL proteins resulted in increased apoptosis in zebra fish. This was
because Akt signalling for GSK3-β-mediated cell survival was compromised, while
Akt-dependent activation of Tsc2, which regulates growth control, was unaffected.
Endosomal localisation of APPL1 was shown to be critical for its role in cell survival
(Schenck et al. 2008). This was a very elegant demonstration of how rab effectors can
nuance signalling pathways and begins to explain how one downstream signalling
output might be selected over another in vivo.

7.4.5 Growth Factor Receptors Regulate the Endocytic
Machinery

The crosstalk between endocytosis and signalling can be bidirectional with growth
factor receptors directly modulating the endocytic machinery. As mentioned above,
EGFR activation of ras results in activation of the Rab5GEF activity of Rin1 thus
promotingEGFR internalisation (Tall et al. 2001). Akt-dependent phosphorylation of
PIP fyve which generates PtdIns(3,5)P2, a prerequisite for ILV formation, is required
for targetingEGFR to the degradative pathway (Er et al. 2013).Akt-dependentGSK3-
β phosphorylation also activates the neuronal form of dynamin in non-small cell
lung carcinoma cells to stimulate EGFR internalisation (Reis et al. 2015), and the
upregulation of this pathway correlates with increased metastasis (Chen et al. 2017).

A recent study proposed that cells respond to EGFby an ‘analogue-to-digital’ con-
version of the signal. This study observed that similar ‘quanta’ of activated EGFR
were present in individual endosomes and proposed that cells respond to different
extracellular ligand concentrations by altering the number of endosomes rather than
the amount of ligand per endosome.Cells exposed to nerve growth factor (NGF) show
more sustained activation of ERK compared to treatment with EGF. By comparing
the numbers and sizes of endosomes labelled by different growth factors, the authors
were able to show that exposing cells to NGF resulted in an increased number of
small endosomes which correlated with sustained ERK activation. Strikingly, it was
possible to prolong EGF activation of ERK signalling, converting it to an NGF-like
outcome, by inhibiting homotypic fusion of early endosomes by siRNA knockdown
of the fusion machinery (Villasenor et al. 2015). This provides strong support that
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individual growth factors can regulate their own flux through the pathway by mod-
ulation of the fusion machinery, as had been suggested by previous studies (Cavalli
et al. 2001; Mace et al. 2005).

7.5 Future Directions

While a large body of evidence supports a role for endocytic trafficking in both
qualitative and quantitative regulation of growth factor receptor signalling, the
mechanisms by which these are achieved are functionally diverse. Are the broad
mechanisms outlined above, endocytic flux, signal determination via ports of
entry, signalosome formation, conversion of packets of signals to a digital output,
sufficient to account for regulatory mechanisms which may differ in molecular
detail? This raises the question as to whether there are fundamental principles
governing signal regulation by endocytosis. Resolution of this issue will require a
deeper understanding of the underlying molecular mechanisms.

Mathematical modelling has been used for many years to understand signalling
networks (Kholodenko and Birtwistle 2009). Increasingly, proteomic approaches
reveal how interactomes and post-translational modifications alter in response to
growth factors and together these data can be combined with greater understanding
of the spatiotemporal regulation of signalling networks to develop models that are
directly testable. Advanced light microscopy, including super resolution (Li et al.
2015) and lattice sheet microscopy (Aguet et al. 2016) will allow us to understand
the dynamics of the assembly and disassembly of signalosomes and to visualise
the membrane environments of signalosomes, at a level of detail, unimaginable five
years ago.One of the greatest challenges for the future is to understand how endocytic
regulation of signalling occurs in vivo. The development of more relevant in vitro
models to measure signalling and trafficking are likely to include the use of primary
cells in 3D cultures (Zeigerer et al. 2017) and ‘organ-on-a-chip’ (Zhang et al. 2017).
These systems will allow us to validate and extend studies from 2D systems in
more physiological contexts, thus paving the way for in vivo studies. Together these
approaches will progress towards a full understanding of how growth factors induce
context-dependent signalling in vivowith profound importance in health and disease.
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Abstract Caveolae are 60–80 nm invaginated plasma membrane (PM) nan-
odomains, with a specific lipid and protein composition, which assist and regu-
late multiple processes in the plasma membrane—ranging from the organization of
signalling complexes to the mechanical adaptation to changes in PM tension. How-
ever, since their initial descriptions, these structures have additionally been found
tightly linked to internalization processes, mechanoadaptation, to the regulation of
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signalling events and of endosomal trafficking. Here, we review caveolae biology
from this perspective, and its implications for cell physiology and disease.

8.1 Introduction

Caveolae are 60–80 nm invaginated plasma membrane (PM) nanodomains with a
specific lipid and protein composition. Although they were initially described as
flask-shaped with a constricted neck (Palade 1953; Yamada 1955), later cryo-EM
studies support a wider range of caveolar opening sizes (Richter et al. 2008;
Schlormann et al. 2010). Recent structural studies have shown that caveolae may
have a polygonal shape (Ludwig et al. 2016; Stoeber et al. 2016; Walser et al. 2012).

They are present in most vertebrate cell types, and their density varies with (i) cell
type—tissues subjected to large variations inmechanical challenges being those with
a larger caveolar density (adipose tissue, vascular endothelium and muscle) (Parton
and del Pozo 2013; Thorn et al. 2003); (ii) external cues—such as shear stress in
endothelial cells (Rizzo et al. 2003), and (iii) subcellular location—for example,
caveolae are concentrated at the basolateral surface of epithelial cells and at the rear
ofmigrating cells (Parat et al. 2003; Parton and del Pozo 2013; Scheiffele et al. 1998).

Caveolae functions are not fully understood, being important for signaling orga-
nization, lipid composition control, and mechanoreception and compliance to tensile
stress.

Here, we review current knowledge and standing questions regarding the biology
of caveolae and their components, with a focus on the links between regulation of
endocytosis, cell signaling, and metabolism.

8.2 Caveolar Components

8.2.1 Caveolins

Evolutionarily restricted to metazoans (Kirkham et al. 2008), three paralogs have
been identified in vertebrates: caveolin 1 (CAV1), caveolin 2 (CAV2), and caveolin 3
(CAV3). (Williams et al. 2004).WhileCAV1andCAV2are simultaneously expressed
in all tissues except skeletal muscle (Scherer et al. 1996, 1997), CAV3 is exclusive
to striated muscle cells (Song et al. 1996; Tang et al. 1996). In a few specific cases,
such as smooth muscle cells, cardiomyocytes or zebrafish notochord cells, all three
caveolins are simultaneously expressed (Head et al. 2006; Nixon et al. 2007; Patel
et al. 2007; Robenek et al. 2008). By virtue of their predicted “hairpin-like” structure,
they are inserted across their inner domains through the cytoplasmic leaflet of cellular
membranes, leaving accessible N- and C-terminal regions for interaction with other
cellular components (Dupree et al. 1993; Monier et al. 1995).
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CAV1 is the most studied caveolin and the most pervasively required (with the
exception of skeletal muscle) for the assembly of caveolae, whereas EHD2 (Eps-15
homology domain-containing protein 2) and CAVINS are required for stabilization
and morphology, respectively. Its caveolin-scaffolding domain (CSD), encompass-
ing residues 82-101, critically contributes to target caveolin to membranes (Schlegel
et al. 1999). Despite being previously conceived as a key element for the signal-
ing functions of CAV1 through enabling its interaction with signaling proteins and
cholesterol (Bernatchez et al. 2005), this view has been recently challenged (Byrne
et al. 2012; Collins et al. 2012).

Posttranscriptional modifications have a relevant role in the regulation of CAV1
biology. Palmitoylation seems to be important to stabilize the tertiary structure of the
protein (Dietzen et al. 1995; Monier et al. 1996) and favors the interaction between
CAV1 and cholesterol (Uittenbogaard and Smart 2000). Ser80 phosphorylation reg-
ulates the localization to endoplasmic reticulum membranes and the access to the
secretory route (Schlegel et al. 2001). Tyr14 phosphorylation is crucial for the regu-
latory influence of CAV1 on several signaling pathways (Cao et al. 2002; Labrecque
et al. 2004) bymodulating the interaction of CAV1with different signalingmediators
and by determining potentially associated processes (i.e., internalization of caveolae
(del Pozo et al. 2005), persistent/directional migration (Grande-Garcia et al. 2007),
and cellular 3D microenvironment remodeling (Goetz et al. 2011). Together with
CSD functional relevance, Tyr14 phosphorylation is further discussed later in this
chapter.

8.2.2 Cavins

Cavins are cytoplasmic proteins exclusively found in vertebrates, proposed to play
adaptor/scaffolding roles in caveolae by modulating the organization and functions
of caveolins (Chidlow and Sessa 2010). Four paralogs have been described: Cavin-1,
Cavin-2, Cavin-3, and Cavin-4 (Bastiani et al. 2009; Hill et al. 2008; McMahon et al.
2009; Vinten et al. 2005). All cavins form large heteromeric complexes through
their N-terminal coiled-coil domains, subsequently recruited to caveolae in cells
expressing caveolins. Another common characteristic of cavins is their ability to bind
phosphatidylserine directly and to undergo profuse post-translational modifications,
such as phosphorylation (Rahman and Sward 2009).

Cavin-1, also called polimerase I and transcript release factor (PTRF), was
originally identified as a nuclear protein with transcriptional regulation activity in
the nucleolus (Jansa et al. 1998). Cavin-1 complexes with CAV1 and CAV2 and
is essential for the formation of caveolae (Aboulaich et al. 2004; Hill et al. 2008;
Liu et al. 2008; Liu and Pilch 2008; Ludwig et al. 2013) but may be indirect (Liu
and Pilch 2008). Downregulation of Cavin-1 leads to disassembly of caveolae,
increased lateral diffusion and subsequent release and lysosomal degradation of
CAV1, because Cavin-1 stabilizes CAV1 oligomers at the PM (Hansen et al. 2013;
Hill et al. 2008; Liu and Pilch 2008). Since Cavin-1 traffics to the PM independently
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from CAV1 (Hayer et al. 2010a) and can be released from caveolae upon osmotic
swelling (Sinha et al. 2011), non-caveolar roles of Cavin-1 have been also proposed.
Recently, Cavin1 has been shown to regulate ribosomal RNA synthesis in response
to metabolic challenges in mature adipocytes. This regulation of RNA polymerase
I transcriptional activity by Cavin1 may contribute to lipodystrophy phenotypes
observed in Cavin1-deficient mice and humans, and be integral to Cavin 1-dependent
lipid regulation (Liu and Pilch 2016).

Cavin-2 or serum deprivation protein response (SDPR) is also necessary for the
formation caveolae in lung endothelium and adipose tissue, presumably by promot-
ing membrane curvature (Hansen et al. 2009; Nabi 2009). Cavin-2 interacts directly
with Cavin-1, and it is necessary to maintain stable expression levels of Cavin-1
and CAV1. Cavin-3 or Sdr-related gene product that binds to c-kinase (SRBC) par-
ticipates in the formation of caveolar endocytic carriers (McMahon et al. 2009).
However, Cavin-3 is not involved in the morphogenesis of caveolae (Hansen et al.
2013), although it regulates its dynamics (Mohan et al. 2015). Finally, Cavin-4 or
muscle-restricted, coiled-coil protein (MURC) is highly specific for striated muscle,
where it colocalizes with CAV3 (Bastiani et al. 2009; Ogata et al. 2008; Tagawa et al.
2008).

In non-muscle cells CAV1, CAV2, Cavin-1, Cavin-2, and Cavin-3 presumably
conform the core scaffold determining the characteristic shape of caveolae. Stoi-
chiometry is essential and is kept constant—hence the pervasive cross-regulation
at expression and turnover levels across most components. For example, Cavin-1 is
essential for the expression and stability of all the other cavins and of caveolins, while
CAV1 is also required for the expression and stability of all cavins except for Cavin-4
(Hansen et al. 2013). In HeLa cells, CAV1 and CAV2 are the most abundant proteins
in the complex—Cavin-1 is fourfold less represented, and Cavin-2 and Cavin-3 are
the least abundant and compete with each other for binding the complex (Ludwig
et al. 2013).

8.2.3 Other Regulators

Apart from caveolins and cavins, the inherent components of caveolae, EHD2,
dynamin-related ATPase protein family and PACSIN2 (PKC and casein kinase sub-
strate in neurons 2), two proteins that interact with each other have been identified
as additional components of caveolae (Parton and del Pozo 2013). EHD1 and EHD4
also associate with caveolae, but EHD2 has been characterized in greater detail.
EHD2 is not required for caveolae formation, but it is involved in the formation of
clusters of caveolae conforming membrane domains with stretch-buffering capacity
(Yeow et al. 2017). EHD2 is a negative regulator of the internalization and dynamics
of caveolae (Moren et al. 2012; Stoeber et al. 2012; Hoernke et al. 2017). It binds to
phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) (Daumkeet al. 2007)—which
is enriched in the caveolar opening (Fujita et al. 2009). EDH family shares important
properties with proteins belonging to dynamin family: Both oligomerize into rings,
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undergo lipid-stimulated nucleotide hydrolysis, and tubulate membranes (Daumke
et al. 2007). PACSIN2 is a bin/amphiphysin/Rvs (BAR) domain protein that can
sense and modulate membrane curvature involved in clathrin-mediated endocytosis.
It binds CAV1 (Senju et al. 2011) and is essential for the maintenance of caveolae
structure (Hansen et al. 2011; Koch et al. 2012). Recently, PACSIN3, also called
syndapin III, has been shown to be crucial for caveolar invagination and membrane
tension (Seemann et al. 2017).

Other proteins, such as integrins, are not required for the shaping of caveolae,
but play a major role in the localization of CAV1 at the PM level (del Pozo et al.
2005; Echarri et al. 2007). CAV1, on the other hand, may control integrin endocytosis
(Bass et al. 2011; Shi and Sottile 2008). The role of integrins in the internalization
of caveolae will be discussed in detail later in this chapter.

8.3 Functions of Caveolae

Due to its characteristic shape, caveolar invaginations appeared in early studies as
good candidates to embody endocytic routes alternative to clathrin (Kurzchalia and
Parton 1999; Williams and Lisanti 2005). Their functional relevance to multiple
cellular processes was revealed soon after. Caveolae contribute to the regulation
and spatial compartmentalization of several signaling cascades serving as platforms
to integrate the activity and/or localization of such molecules with their effectors
(Anderson 1998; Drab et al. 2001). Through the modulation of several signaling
pathways, caveolae contribute to the regulation of cell polarization, cell migration,
cell cycle, apoptosis, and extracellular matrix remodeling (Del Pozo and Schwartz
2007; Goetz et al. 2011; Grande-Garcia et al. 2007; Guan 2004; Le Roy and Wrana
2005; Simons and Toomre 2000). Caveolar components emerge as pivotal regula-
tors of cholesterol homeostasis, lipid sorting and metabolism, and intermembrane
transactions (Fu et al. 2004; Razani et al. 2002).

8.3.1 Internalization of Caveolae

Internalization of caveolae was first reported by Parton and Simons in 1994 as
phosphorylation- and actin cytoskeleton-dependent (Parton et al. 1994). Internal-
ized CAV1-containing vesicles undergo long-range microtubule-dependent traffick-
ing (Conrad et al. 1995; McMahon et al. 2009; Mundy et al. 2002) or can engage in a
particular, transient contact with and separation from the PM, termed “kiss-and-run”
(Pelkmans and Zerial 2005).

Once internalized, caveolae fuse with early endosomes from where components
of caveolae can recycle back to the PM, equilibrium believed to be essential to
maintain a constant caveolar density (Boucrot et al. 2011; Parton and del Pozo 2013).
Indeed, loss of cavins or perturbation of cholesterol levels leads to internalization and
regulated degradation of non-caveolar caveolin (Hayer et al. 2010b; Hill et al. 2008).
Moreover, in the absence of cavins (and hence, of caveolae), CAV1 is endocytosed
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preferentially through the CLIC/GEEC pathway (Chaudhary et al. 2014). Oligomers
of internalized non-caveolar caveolins are mono-ubiquitylated and recognized by
VCP (AAA-ATPase vasolin-containing protein), which binds to them to form a
complex with UBXD1 (UBX domain-containing protein 1). This complex is then
incorporated into intraluminal vesicle (ILVs) of multivesicular bodies (MVBs) (Ritz
et al. 2011). Intriguingly, CAV1 also modulates the substrate specificity of VCP/p97
through as yet poorly understood mechanisms (Chen et al. 2013), and might thus act
as a co-regulator of cargo sorting toward MVBs and lysosomes.

Despite these lines of evidence, a specific active role for caveolar internaliza-
tion as an endocytic pathway itself is still subject to debate, largely because specific
candidate cargoes have not been identified to date. SV40 and cholera toxin, both lig-
ands of GM1 (highly enriched in caveolae), were originally believed to be specific
substrates for caveolae-dependent endocytosis (Pelkmans et al. 2001), and their use
became a standard in the field (Echarri and del Pozo 2015). However, their caveolin-
independent internalization is currently well established (Damm et al. 2005; Ewers
et al. 2010; Parton and del Pozo 2013). Experimental settings relying on the overex-
pression of caveolar components have further added to challenges in interpretation
across studies (Parton and del Pozo 2013). Furthermore, the basal rate of internaliza-
tion of caveolae is low (~5% of the whole population), and is reflected by a morpho-
logical continuum (Bitsikas et al. 2014; Kirkham et al. 2005)—thus distinguishing
between endocytosed caveolar vesicles and membrane folds including caveolae still
connected with external cell surface can be remarkably challenging (Parton et al.
2002).

Still, regardless of these controversies, caveolae internalization does occur and is
critical for the regulation of multiple signal transduction pathways (Anderson 1998;
Parton and Simons 2007). Table 8.1 summarizes major known stimuli of caveolar
internalization and associated regulators. However, the molecular underpinnings of
such regulation are not clearly established yet.

The physio-pathological relevance of internalization of caveolae is evidenced by
(i) its function as an entry gate for a number of relevant intracellular pathogens,
such as Streptococcus (Almeida et al. 2010; Benga et al. 2004), SV40 and polioma
virus (Pelkmans and Helenius 2002; Pelkmans et al. 2001; Shin et al. 2000), (ii) its
role in mechanoreception and mechanotransduction (Sinha et al. 2011), and (iii) its
importance in the regulation of lipid trafficking, cholesterol homeostasis, albumin
transcytosis, and signaling receptor internalization (Echarri et al. 2007; Minshall
et al. 2000; Nichols 2003).

Moreover, multiple levels of crosstalk between caveolar and non-caveolar
clathrin-independent endocytosis have been proposed. CAV1, CAV3, Cavin-1, and
Cavin-3 are potent inhibitors of the clathrin-independent carriers/GPI-AP enriched
early endosomal compartment (CLIC/GEEC) endocytic pathway, in a process inde-
pendent of caveola formation (Chaudhary et al. 2014).
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Table 8.1 Molecular mechanisms reported to drive the internalization of caveolar domains

Regulator Experimental evidence of caveolae
endocytosis

References

Actin cytoskeleton SV40 infection is inhibited by latrunculin A Pelkmans and
Helenius (2002)

GPI-anchored proteins endocytosis is
inhibited by cytochalasin D

Parton et al. (1994)

CAV1 endocytosis is stimulated by
cytochalasin D

Kang et al. (2000)

Microtubules CAV1 internalization is inhibited by
nocodazole

Conrad et al. (1995),
Kang et al. (2000),
Mundy et al. (2002)

Changes in the lipid
composition of the
membrane

Albumin endocytosis is stimulated by the
addition of external glycosphingolipids and by
the increase in cholesterol and GM1

Sharma et al. (2010)

SV40 infection is inhibited by nistatin and by
Nys-Prog (cholesterol synthesis inhibitor)

Pelkmans and
Helenius (2002)

Kinase activity GPI-anchored protein endocytosis is
stimulated by okadaic acid (general inhibitor
of phosphatases), but it is inhibited by
staurosporine

Parton et al. (1994)

SV40 infection is inhibited by staurosporine
or genistein (Tyr-kinase inhibitor) while it is
stimulated by okadaic acid and vanadate
(Tyr-kinase inhibitor)

Pelkmans and
Helenius (2002)

SV40 infection is regulated by at least 34
kinases

Pelkmans and Zerial
(2005)

CAV1 phosphorylation
at Tyr14

Caveolae endocytosis does not occur in
CAV1−/− cells expressing a Tyr14
non-phosphorylatable CAV1 mutant

del Pozo et al.
(2005)

Oxidative stress Caveolae endocytosis is stimulated by
hydrogen peroxide treatment

Kang et al. (2000)

Hyperosmotic stress Caveolae endocytosis is stimulated by 6 mM
sorbitol (hyperosmotic shock)

Kang et al. (2000)

Thermic shock CAV1 endocytosis is stimulated by thermic
shock a 43 °C

Kang et al. (2000)

Loss of ECM adhesion CAV1 and ChTx endocytosis is stimulated by
loss of cell adhesion

del Pozo et al.
(2005)

Dynamin2 ChTx internalization is inhibited upon
blockade of Dyn2 activity with specific
antibodies

Henley et al. (1998)

SV40 infection is inhibited after the
expression of the negative dominant mutant of
Dyn2 (K44A)

Pelkmans and
Helenius (2002)

(continued)
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Table 8.1 (continued)

Regulator Experimental evidence of caveolae
endocytosis

References

CAV1 endocytosis upon loss of cell adhesion
is inhibited by expression of Dyn2K44A

del Pozo et al.
(2005)

Albumin endocytosis is inhibited by the
expression of a non-phosphorylatable Dyn
mutant (Dyn2Y231F/Y597F)

Shajahan et al.
(2004)

RhoG Caveolae internalization is altered by a
constitutively active form of RhoG
(RhoGQ61L)

Prieto-Sanchez et al.
(2006)

Src Albumin endocytosis is inhibited by Src
inhibitors (PP2 and herbimicin)

Sharma et al. (2010)

Gp60 endocytosis is inhibited by the
expression of a Src dominant negative mutant
(Y527F and K295M)

Minshall et al.
(2000)

PKCα Caveolae endocytosis is inhibited by peptidic
inhibitors specific for PKCα treatment

Smart et al. (1995)

GPI-anchored protein endocytosis is
stimulated by okadaic acid, but not by PKCα

activation.

Parton et al. (1994)

Intersectin Intersectin, Cdc42 GEF, is located in caveolae
neck interacting with Dyn2, suggesting its
implication in caveolae fission

Predescu et al.
(2003)

Mitosis Caveolae endocytosis is enhanced during
mitosis

Boucrot et al. (2011)

FilaminA Filamin is necessary for CAV1 internalization
and GM1 uptake

Muriel et al. (2011)

Albumin transcytosis is FilaminA dependent Sverdlov et al.
(2009)

Abl tyrosine kinases c-Abl and Arg are required for CAV1
internalization and GM1 uptake

Echarri et al. (2012)

8.3.1.1 Internalization of Caveolae Induced by Loss of Adhesion

Loss of cell adhesion is one of the most powerful stimuli to induce caveolae inter-
nalization (del Pozo et al. 2005). Upon loss of cell adhesion, CAV1 accumulates
at Rab11-positive recycling endosomes, and upon readhesion, it is recycled back to
the PM in an integrin-dependent manner (del Pozo et al. 2005; Lapierre et al. 2012;
Muriel et al. 2011). Other key regulators of this process are integrin-like kinase (ILK),
mDia1, IQGAP (Wickstrom et al. 2010), the exocyst component Exo70, actin and
microtubules (Hertzog et al. 2012). According to the prevailing model (Echarri et al.
2007), steady-state integrin-dependent signals in adherent cells prevent the internal-
ization of caveolae. In these conditions, signaling complexes in the PM are stabilized
and engaged in normal dynamics of activation and deactivation. Cell detachment
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leads to the disengagement of integrin-dependent signaling platforms, and the inter-
nalization of caveolae is enabled—this dynamical change potentially entails exten-
sive changes in the functioning of different signaling effectors associated to the PM.
The importance of cell adhesion in regulating caveolae endocytosis has recently been
evidenced in vivo (Cota and Davidson 2015).

The physiological relevance of detachment-triggered CAV1 dynamics is high-
lighted by its influence in Rac1 asymmetrical distribution in themigrating cell, where
CAV1 internalization is maximal at the rear of the cell (Grande-Garcia et al. 2007).
Interestingly, downregulating CAV1 or intervening CAV1 internalization dynamics
elicit a number of pivotal properties, such as adhesion-independent cell growth
and proliferation, thus potentially favoring survival to anoikis and enable spreading
through the bloodstream for tumor cells (Cerezo et al. 2009). Indeed, some of the
signaling pathways regulated by integrin-mediated adhesions are profusely altered
in and pivotal for the biology of tumor cells, such as Ras-ERK1/2 and PI3K-AKT.
Importantly, CAV1-null cells exhibit abnormally sustained activation of these
pathways in suspension, as opposed to wild-type normal cells (del Pozo et al. 2005)
and have therefore been hypothesized as a mechanism to bypass integrin-dependent
growth control (Cerezo et al. 2009), although the mechanisms by which tumor
cells avoid this regulation are likely more complex and not completely understood.
Therefore, the mechanistic underpinning of integrin-dependent regulation of CAV1
internalization could well offer new opportunities for oncological therapeutic
intervention.

8.3.1.2 Control of Organization and Trafficking of Caveolae by Stress
Fibers

Caveolae distribute along stress fibers in a RhoA- and filaminA (FLNa)-dependent
manner (Echarri et al. 2012; Muriel et al. 2011; Rothberg et al. 1992). Abl tyrosine
kinases and the formin mDia1 can also organize pools of CAV1 linked to the actin
fiber structures they promote. Importantly, FLNa, Abl, and mDia1 are additionally
required for proper internalization of caveolae since in their absence ofCAV1clusters
at the PM and is unable to be endocytosed (Echarri et al. 2012; Muriel et al. 2011;
Sverdlov et al. 2009). However, the major alternative actin polymerization pathway,
mediated by Arp2/3, is not required for organization and internalization of caveolae
(Echarri et al. 2012).

Depletion of FLNa increases caveolar dynamics and disrupts stable anchoring of
caveolae. During mitosis or upon cell detachment, increased PKCα-mediated phos-
phorylation of FLNa at Ser2152 allows internalization of caveolae, thus controlling
Rac1 targeting to the PM and cell cycle progression (Muriel et al. 2011). In smooth
muscle, the link between actin stress fibers and caveolae is maintained primarily by
interactions of caveolin with β-dystroglycan (Sharma et al. 2010).

The tight control exerted by stress fibers on caveolar plasticity, dynamics, and
trafficking in response to changes in adhesion suggests that they might induce a
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mechanosensory response in caveolae (Parton and del Pozo 2013; Echarri and del
Pozo 2015).

8.3.2 Caveolae as Mechanosensors and Mediators
of Crosstalk Between ECM and Cells

The exposure to large variations inmembrane tension ormechanical stress is a shared
key feature of cells with abundant caveolae, such as endothelial cells, adipocytes,
and muscle cells. Caveolae contain a considerable amount of membrane that can
be released to provide physical protection against potential damage by changing
the volume-to-surface ratio of the cell. Flattening and disassembly of caveolae
buffermembrane tension duringmechanical stress, thus regulatingmembrane tension
(Sinha et al. 2011). In addition, caveolae could respond to mechanical cues by acti-
vating specific downstream signaling pathways as has been demonstrated for shear
stress in endothelial cells and stretching in smooth muscle (Czarny and Schnitzer
2004; Kozera et al. 2009; Rizzo et al. 1998; Sedding et al. 2005; Yu et al. 2006).
Upon flattening of caveolae, CAV1 diffuses toward the adjacent membrane, while
PTRF is released to the cytoplasm (Sinha et al. 2011). These released pools thus con-
stitute mechanical information and likely have intrinsic roles in caveolae-mediated
mechanosensing. Additionally, CAV1 is phosphorylated at Tyr14 in response to sev-
eral mechanical stimuli (Joshi et al. 2012; Zhang et al. 2007)—it is expected that
these events would thus couple mechanical cues to signaling regulation and caveolar
internalization. Free PTRF may also help to propagate a signal through interactions
with target effectors in the cytosol or in the nucleus with the final regulation of
gene expression, and ribosomal biosynthesis (Bai et al. 2011; Hasegawa et al. 2000;
Jansa et al. 1998; Liu and Pilch 2016). Because caveolae are frequently associated to
stress fibers, amajor regulator ofmembrane tension and cell shape, theymight couple
mechanotransduction pathways to actin-controlled changes in tension through their
association with stress fibers (Echarri and del Pozo 2015).

Cells need to interact with the extracellular matrix (ECM) for developmental
morphogenesis and normal tissue architecture. Moreover, tumor growth and pro-
gression also requires cell-ECM interactions. Tumor-associated fibroblasts (TAFs)
express high levels of CAV1, which regulates the mechanical properties of the tissue
microenvironment. Caveolae may also mediate mechanotransduction by respond-
ing to changes in the ECM via integrin signaling. Caveolae formation and function
are closely linked to integrins, which are key sensors of the ECM (Parton and del
Pozo 2013). CAV1 promotes Rho- and force-dependent actomyosin contraction,
which induces ECM fibrillogenesis and stiffens the microenvironment (Goetz et al.
2011). This, in turn, promotes elongation, integrin-mediated adhesiveness and direc-
tional migration of cancer cells embedded in this matrix, thus enabling local invasion
and distant metastasis. CAV1 also contributes to ECM remodeling in physiological
responses such as wound healing and the scarring process (Grande-Garcia et al.



8 Role of the Endocytosis of Caveolae in Intracellular Signaling … 213

2007). Specific interactions with ECM may control CAV1 endocytosis: interaction
of syndecan-4, a PM proteoglycan, with ECM components, may induce integrin
internalization via caveolae (Bass et al. 2011). Moreover, CAV1 may directly regu-
late ECM turnover by controlling endocytosis of FN-bound integrins (Osmani et al.
2017; Shi and Sottile 2008).

8.3.3 Role of CAV1 in Endocytosis-Mediated Metabolic
Regulation and Organelle Homeostasis

One of themost prominent, but as yet poorly understood, aspects of caveolin function
is that related tometabolic control. The control of the anabolism, storage and intracel-
lular fluxes of different lipid species, including cholesterol and energy management,
are cell functions affected profoundly byCAV1 regulation atmultiple levels. Because
caveolae stabilize pools of very defined lipid species, with a marked enrichment in
cholesterol, sphingosine and saturated fatty acids, these structures likely contribute to
define lipidome fluxes in the cell, including those related to inter-organelle signaling
(Pilch and Liu 2011). Accordingly, most syndromes or phenotypes associated with
caveolin deficiency display severe lipodystrophy and metabolic dysfunction (Bruno
et al. 1993).

Although hereon we summarize current mechanistic knowledge of these aspects
separately, pervasive interdependence necessarily exists, and caveolin itself may be
proposed as a key integrative regulator among them.

8.3.3.1 Caveolin and Lipid Management

The primary aspect that arises when studying caveolin-dependent metabolism
regulation is lipid management, mobilization, and usage. CAV1 can bind newly
synthesized cholesterol and traverse endoplasmic reticulum (ER)membranes toward
the Golgi-endosomal apparatus (Bosch et al. 2011a; Monier et al. 1996; Schlegel
et al. 2001; Smart et al. 1996). CAV1 can also be found in lipid droplets (Pol et al.
2004). Caveolin deficiency leads to impaired fatty acid storage and lipid droplet
formation, and genetic ablation of caveolin leads to severe lipodystrophy and a
resistance to develop obesity upon exposure to high fat diets (Kim et al. 2008;
Mercier et al. 2009). Caveolin knockout (KO) mice also exhibit altered levels of
circulating triglycerides, free fatty acids and cholesterol derivatives (Kim et al.
2008) underlying a potential impact on whole organismal regulation.

Caveolin deficiency is associatedwith an accumulation of cholesterol across intra-
cellular membrane-bound compartments (Bosch et al. 2011a, b), and because of this
primary alterationof cholesterol distributionwithin the cell, themetabolismof several
other lipid species can be affected, including potentially those determining endoso-
mal subcompartment trafficking. This cholesterol-dependent influence of CAV1 on
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the endosomal system may affect their dynamics and fate, as well as the functioning
of associated signaling units (see Sect. 8.3.4.7 below). This is well exemplified by
the extreme case embodied by lysosomal disorders such as Niemann–Pick disease,
whereby severe cholesterol accumulation within late endosomes significantly affects
the performance of lysosomal vesicles and partially abrogates autophagic function
(Carstea et al. 1997; Sarkar et al. 2013). It is currently unclear whether CAV1 dys-
regulation can impact to the same extent lysosomal function. However, cholesterol
accumulation upon loss of CAV1 does affect functionally other organelles, such as
themitochondria, ER and their interface domains (Bosch et al. 2011b; Sala-Vila et al.
2016). These perturbations might be derived both from broad alterations of mem-
brane properties or more specific effects on particular complexes, as is the case for
the mitochondrial 2-oxoglutarate/glutathione antiporter (Mari et al. 2009). Intrigu-
ingly, recent lines of research hint at relevant reciprocal links between endosomal
regulation and mitochondrial homeostasis and quality control (Lai et al. 2015; Lang
et al. 2015; McLelland et al. 2014). It will be of outstanding interest to dissect the
role of CAV1 on the underlying molecular mechanisms of this communication.

8.3.3.2 Metabolic Roles of CAV1-Associated Endocytosis

The role of caveolae-mediated endocytosis in the physiopathology of lipid
metabolism is proven by multiple experimental evidences. The uptake of dietary
triglycerides is moderately reduced in intestinal epithelial cells of CAV1 KO mice,
although how direct this influence is, is at present unclear (Siddiqi et al. 2013).
Also, because genetic ablation of CAV1 reduces by ~70% the incidence and pro-
gression of atherosclerotic lesions in classical genetic hypercholesterolemia models
(Frank et al. 2004), the potential role of CAV1 in endothelial uptake and/or traf-
ficking of circulating LDL-cholesterol has received considerable attention. Some
studies depict LDL receptor (LDLr) as being spatially and temporally organized by
caveolae. Indeed, CAV1/caveolae have been proven to associate to at least one key
co-regulator of LDLr, Lrp6 (Yamamoto et al. 2006; Zilberberg et al. 2004). However,
classical models of LDL-cholesterol receptor-mediated endocytosis in endothelial
cells are still debated because, although some key regulators of LDLr dynamics,
such as PCSK9, are important targets for pharmacological intervention (Maxwell
and Breslow 2005; Maxwell et al. 2005), genetic deficiency of LDL receptors per se
dramatically increases incidence and severity of atherosclerotic disease, as a result
of marked hypercholesterolemia (Ishibashi et al. 1993). Recently, a role for caveolae
regulating the amount of lipids at the plasma membrane has been proposed (Shvets
et al. 2015).

Alternative specialized internalization processes termed transcytosis have been
proposed, and experimental evidence suggests that CAV1 is present at transcytotic
vesicles (Frank et al. 2009), but the exact functional relevance of this CAV1 pool
is at present unknown. Because PCSK9 requires COPII trafficking (presumably for
its coordination with cholesterol efflux) (Chen et al. 2013) and CAV1 determines
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cholesterol efflux through this compartment (Hayer et al. 2010a), thismoleculemight
hold the key to part of these elusive links of CAV1 with atherosclerosis disease.

Besides controlling various aspects of lipid homeostasis, caveolae have a role
in regulating the trafficking of key membrane metabolic regulators such as glucose
transporters [GLUT1, 2 and 4; (Rauch et al. 2006; Scherer et al. 1994)] or calcium
channel systems (Yeh and Parekh 2015). Internalization of caveolae is indeed a
means to regulate the fluxes operated by these entry channels. For example, insulin
stimulation selectively primes internalization of caveolae-associated GLUT4 recep-
tors in adipocytes (Yuan et al. 2007). The current challenge lies on rationalizing these
dynamics with those of other caveolae-dependent elements. An unproven, but very
appealing model, emerges if we consider caveolae and their components as nodes
where pivotal, but poorly understood functional crosstalk takes place—such as for
example integrating mechanoadaptation and metabolic remodeling.

8.3.4 Regulation of Signaling Pathways by Caveolae

8.3.4.1 Caveolae and Cell Signaling

Substantial evidence has been gathered over the years supporting a role for caveolae
and caveolar components, especially caveolins and cavins, in signal transduction.
Implication of caveolae in downstream signaling events is strongly suggested by
the early observation that caveolae are enriched in membrane receptors such as
epidermal growth factor receptor (EGFR) transforming growth factor β receptor
(TGFβR) and insulin receptor (IR) (Couet et al. 1997; Razani et al. 2001; Yamamoto
et al. 1999). Endothelial VEGFR-2 seems to also be a highly caveolae-dependent
RTK (Labrecque et al. 2004).

Early models proposed caveolae form a hub where membrane receptors interact,
and engage in fine-tuning with adaptors, kinases and phosphatases (Okamoto et al.
1998; Shaul and Anderson 1998). In this model, the physical interaction between
membrane receptors and other signaling molecules within caveolae strongly affects
the propagation of signals elicited at the PM. Caveolae might also provide a means
to attain “digital coding” at the PM, by defining discrete “signaling units”, perhaps
simultaneously and coordinately allocating specific numbers of membrane receptors
and regulators (Villasenor et al. 2016). Furthermore, regulated caveolar internaliza-
tion may constitute an additional layer to control the amount of specific receptors at
the PM and the activation of their downstream signaling pathways.

Despite the initial proposition of specific cargoes as markers of caveolar internal-
ization, the endocytosis of caveolae and its functional significance have long been
debated (Parton and Howes 2010; Pelkmans et al. 2001) as discussed above. How-
ever, endocytosis mediated by caveolae does have a relevant role in mediating the
activation/deactivation of different signaling pathways.
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8.3.4.2 Intrinsic Positive and Negative Regulatory Activities of CAV1

Apart from its structural role in caveolar architecture, evidence has accumulated
on a specific role of CAV1 in directly modulating the activity of signal transduc-
tion proteins. Among the best described proteins associated to CAV1 are H-Ras
(Li et al. 1996), members of the family of Src tyrosine kinases (Li et al. 1996;
Song et al. 1997), the α subunit of heterotrimeric G proteins (Li et al. 1995; Song
et al. 1997), PKA (Razani and Lisanti 2001) and eNOS (Feron et al. 1996; Garcia-
Cardena et al. 1996). As will be discussed later, most of these signaling molecules
present a caveolin-binding motif (CBM). CAV1 can also mediate the downregula-
tion ofMEK1 activity through direct binding to the endogenous Ras/MAPK inhibitor
Dok1. Binding with Dok1 results in MEK1 inactivation and in nuclear translocation
of peroxisome proliferator-activated receptor γ (PPARγ) (Burgermeister et al. 2011).

A number of studies might propose an intrinsic, predominantly inhibitory activ-
ity for CAV1. Experiments based on knockdown (KD) of CAV1 expression using
siRNAs suggest that CAV1 often exerts a curbing inhibitory role on a number of
membrane-elicited signaling pathways, such as Ras-MEK-ERK1/2 pathway (Gal-
biati et al. 1998; Murata et al. 2007; Strippoli et al. 2015). CAV1 deficiency has also
been reported to lead to upregulation of p38 and JNK activities (Wang et al. 2006).
Moreover, expression of CAV1 abolishes the increase of NO activity observed in
cells from CAV1−/− mice (Murata et al. 2007). Some observations also suggest a
capability for CAV1 to dampen PI3K- and mTOR-dependent cues (Feng et al. 2010;
Mercier et al. 2012). However, most influences from CAV1 on cell signaling state
have subsequently been found to be highly contextual: for example, depending on
the cellular model, CAV1 may inhibit or induce ERK1/2 or PI3K-dependent signals
(Moreno-Caceres et al. 2014; Shack et al. 2003; Tang et al. 2015). Further sup-
porting a highly conditional nature for Cav1-dependent regulation of cell signaling,
recent reports suggest cell type-specific interactions between caveolar components
and regulatory adaptors as key for defining the output of these signaling systems. A
recent report exemplifies this in ROR1, a poorly characterized RTK which functions
in lung adenocarcinoma as a caveolae-associated scaffold essential for sustaining
prosurvival growth factor signaling (Yamaguchi et al. 2016).

Apart from direct associations, by controlling associations with liquid-ordered
PM domains, CAV1 may determine the subcellular localization, and thus activity,
of several signaling proteins, such as those belonging to the Ras GTPases family
and to the Src family. In particular, cell detachment leads to decrease of ERK1/2,
PI3K and Rho-GTPase activity, with concomitant increase of cAMP. All of these
events were dependent on the expression levels of CAV1 (del Pozo et al. 2005;
Norambuena and Schwartz 2011). Interestingly, elevated cAMP is also implicated
inhibition of ERK1/2 activity and blockage of cell cycle after detachment (Howe and
Juliano 2000). CAV1 can also modulate MEK-ERK1/2 signaling pathway through
organization of K-Ras and H-Ras nanoclusters (Ariotti et al. 2014).



8 Role of the Endocytosis of Caveolae in Intracellular Signaling … 217

8.3.4.3 Specific Roles of the CSD

As mentioned in the introduction, CAV1 contains a specific domain composed of
the residues 82-101 designated the caveolin-scaffolding domain (CSD), which con-
tributes to its localization at the PM (Schlegel et al. 1999). CAV1 has been demon-
strated to interact through its CSDwith several signaling proteins (serine and tyrosine
kinases such as Src, AKT; and other signaling relays and mediators such as H-Ras
and eNOS), as well as cholesterol, contributing to its organization in membrane nan-
odomains. A number of these interactions seem to contribute to cell cycle and gene
expression regulation (Bernatchez et al. 2005; Couet et al. 1997; Murata et al. 2007).

Among these signaling mediators, eNOS has been particularly intensely studied
because of its broad impact on organismal physiology and physiopathology. CAV1
directly interacts with eNOS bound to PM via the CSD, preventing NO production.
NO production leads in turn to Src-mediated CAV1 tyrosine phosphorylation, which
further promotes binding to and inhibition of eNOS in an efficient, classical negative
feedback loop (Cheng and Nichols 2016; Li et al. 1996; Michel et al. 1997). Of note,
treatment with a membrane-permeable caveolin-1 CSD peptide leads to a similar
reduction of eNOS activity in vivo (Bucci et al. 2000; Tourkina et al. 2008). This
approach has also been recently used to outcompete Src activity (Zimnicka et al.
2016).

Inconclusive evidence of direct interaction between theCSDand (CBM) inCAV1-
interacting proteins has challenged the CSD/CBM hypothesis. CBM may be not
exposed at the surface of many signaling proteins, and the CSD may be either in
close proximity to the phospholipid bilayer or completely buried by it, hampering
the interaction between both domains (Ariotti et al. 2015, Byrne et al. 2012). Thus,
the role of CSD in mediating CAV1 functions is still a subject of intense debate and
research.

8.3.4.4 Role of Tyr14 Phosphorylation

Tyr14 phosphorylation is probably the most studied CAV1 post-translational mod-
ification, due to its impact on many signaling pathways (Cao et al. 2002; Labrecque
et al. 2004). Tyr14 of CAV1 is targeted by several tyrosine kinases, like c-Abl
(Sanguinetti and Mastick 2003), Src (Glenney 1989) and Fyn (Sanguinetti et al.
2003), and its dephosphorylation is mediated by PTP1b phosphatase (Lee et al.
2006). Tyr14 phosphorylation regulates the binding with tumor necrosis factor-α-
receptor associates factor 2 (TRAF2) and Growth Factor Receptor Bound Protein
7 (Grb7) (Cao et al. 2002; Lee et al. 2000; Parton and del Pozo 2013). Moreover,
Tyr14 phosphorylation reinforces the interaction of CAV1 with Src kinase via the
binding of Src SH2 domain to phospho-CAV1 and activated Src accumulation in
focal adhesions (Gottlieb-Abraham et al. 2013). CAV1 phosphorylated at Tyr14
also interacts with CSK (C-terminal SRC kinase), which is a SRC kinase—inhibitor
that mediates actin-reorganization (Cao et al. 2002).
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Phosphorylated CAV1 regulates internalization of caveolae (del Pozo et al. 2005),
persistent/directional migration [through RHO-dependent actomyosin contraction
by altering the localization and activity of its endogenous inhibitor, p190RHOGAP)
(Grande-Garcia et al. 2007) and cellular 3D microenvironment remodeling (Goetz
et al. 2011)]. A recent report indicated that CAV1 phosphorylation at Tyr14 can
mediate IGF-/PI3K/AKT/MAPK signaling an inhibit anoikis, a programmed cell
death pathway (Tang et al. 2015).

Interestingly, CAV1 phosphorylation at Tyr14 during exposure to cyclic stretch
leads to the transcriptional regulation of both CAV1 and Cavin-1 via inhibition the
transcription factor early growth response protein 1 (EGR1) in breast carcinoma cells
(Joshi et al. 2012), and favors caveolae formation in human pancreatic (PANC-1)
carcinoma cells (Orlichenko et al. 2006)—hinting at positive self-regulatory loops
involving CAV1 and operated through Tyr14 phosphorylation. Recently, it has been
proposed thatwhen phosphorylated on this residue, caveolae swell due to the intrinsic
properties of phosphorylated tyrosine within oligomeric caveolins (Zimnicka et al.
2016). This indicates that in addition to signaling capacity of this residue, it may also
play a role in organizing CAV1 within the plasma membrane.

8.3.4.5 Direct Interactions with Membrane Receptors Present
in Caveolae

PM receptors are enriched in caveolae. CAV1 was demonstrated to directly associate
to EGFR via its CSD (Aboulaich et al. 2004) inhibiting its CAV1tyrosine kinase
activity (Couet et al. 1997). EGFR phosphorylation and activity were both linked to
exit from caveolae (Abulrob et al. 2004).

More recently, it was demonstrated that CAV1 KD enhances EGF-dependent
ERK1/2 phosphorylation and nuclear translocation due to an effect on EGFR lateral
mobility, which was reduced upon CAV1 ectopic expression (Lajoie et al. 2007).
On the other hand, EGFR stimulation was able to downregulate CAV1 expression
leading to enhanced snail expression and EMT (Lu et al. 2003).

Similarly to EGFR, CAV1was found to directly interact with PDGF through inter-
action with CSDwithin caveolae, leading to inhibition of PDGF activity (Yamamoto
et al. 1999).

Differently from other receptors, direct binding of the beta subunit of insulin
receptor (IR) to CAV1was demonstrated to enhance insulin signaling (Nystrom et al.
1999; Yamamoto et al. 1998). IR catalyzes CAV1 tyrosine phosphorylation, which
correlates with AKT phosphorylation. At the same time, the expression of glucose
transporter Glut4 increased in caveolae, leading to increased glucose uptake. CAV1
may also enhance AKT activity promoting IGF-IR expression in liver (Tang et al.
2015).

TGFBRI (ALK1 and ALK5) and TGFBRII are also enriched in caveolae
(Schwartz et al. 2005). CAV1 directly interacts with TGFBRI within caveolae and
inhibits TGFβ signaling (Razani et al. 2001). In a subsequent study, CAV1 was
reported to inhibit ALK5-SMAD3 activity, while enhancing ALK1-SMAD1 sig-
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naling (Santibanez et al. 2008). Interestingly, TGFβ is a general inhibitor of CAV1
expression (Strippoli et al. 2014; Wang et al. 2006)

The role of CAV1 in TGFβ receptor internalization may explain the function of
CAV1 in limiting fibrosis in different organs (Del Galdo et al. 2008). Internalization
of TGFβ receptors via caveolae targets them for proteasomal degradation, whereas
internalization via the clathrin pathway elicits recycling of receptors and mainte-
nance of TGFβ signaling (Di Guglielmo et al. 2003). Accordingly, a recent study
demonstrated a convergence of clathrin- and caveolae-mediated endocytic pathways
during TGF-β receptor endocytic trafficking (He et al. 2015).

8.3.4.6 Specific Roles of Cavins

Cavins are essential for the organization of caveolae and for the maintenance of
caveolae stability. In the absence of Cavin-1, the size of caveolin1 oligomers in the
PM decreases and their lateral mobility increases, implying a role for Cavin-1 in
formation of caveolae and sequestration of mobile caveolin into immobile caveolae
(Hill et al. 2008). Only a limited number of studies dealt so far on regulation of
signaling pathways by cavins. Both Cavin-2 and Cavin-3 were originally identified
as protein kinase C (PKC) substrates and have been suggested to target PKC to
caveolae (Izumi et al. 1997; Parton and del Pozo 2013; Xu et al. 2001). However,
the effect of cavins on PKC regulation is unclear (Mineo et al. 1998; Xu et al. 2001).
More recently, Cavin-3 was demonstrated to balance ERK1/2 versus AKT activities,
anchoring the ERK1/2 activation module of caveolae (Hernandez et al. 2013).

Cavin-4 facilitates the recruitment and activation of ERK1/2 in response to
α1adrenergic receptor stimulation in cardiomyocytes (Ogata et al. 2014). Cavin-
4 associates with CAV1 and with p115RhoGEF and RhoA inducing Rho/RHOK
signaling in smooth muscle cells, playing a role in the development of pulmonary
hypertension (Nakanishi et al. 2016).

8.3.4.7 Caveolin as a Mechanism Integrating Cholesterol Homeostasis
with the Endosomal System—Postendocytic Regulation of Cell
Signaling

Anadditional, largely unexplored angle to understand the impact ofCAV1 in systems-
level signaling through endocytosis is derived from the fact that cholesterol content
(and overall relative lipid composition) of intracellular membranes can determine
the targeting and relationships of a given subcompartment, as well as modulating
the functionality of its associated proteins and receptors (Chevallier et al. 2008;
Musiol et al. 2013; Scott et al. 2015; Zhang et al. 2001). Cholesterol fluxes within
the endosomal system have been shown to regulate signaling of endocytosed tyro-
sine kinase receptors (RTKs) such as EGFR, because cholesterol content profoundly
affects their interactionwith ER domains rich in the deactivating PTP1B phosphatase
(Eden et al. 2016). Because CAV1 is an essential regulator of cholesterol efflux and
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its levels determine the relative retention of this lipid within endomembranes (Bosch
et al. 2011a), the regulation of CAV1 levels and subcellular distributionmight consti-
tute a means by which cells couple and coordinate cholesterol metabolism, organelle
communication, and specific signaling outputs at the endosomal compartment.

8.4 Pending Questions and Future Directions

Despite the enormous amount of studies that have accumulated throughout the years
from the first discovery of caveolae in the second-half of the twentieth century, and
especially the discovery of caveolin-1 as their first molecular marker in early 1990s,
our knowledge regarding the functions of caveolae remains limited. One likely rea-
son might well reside on the sheer complexity and contextuality of the interactions
among caveolins, cavins, and different PM receptors (see previous section) whose
number and activity may vary in different cell types or the same cell type at differ-
ent conditions—eliciting varied responses to biochemical/biophysical extracellular
stimuli (including ECM molecules and cytokines) and widening their coding range.
A good example for this concept is the role of CAV1 in tumors; CAV1 expression
may curb the progression of some primary tumors, while positively regulating tumor
invasiveness at later stages (Lamaze and Torrino 2015).

Inmore general terms,manyquestions remain unanswered regarding the structure,
dynamics, and functional relevance of caveolae, as well as their interplay with endo-
cytosis. The dynamical assembly of lipids, caveolins, and cavins and their structural
arrangement is not fully understood. Themechanistics as to how caveolae encode and
transduce information to downstreamevents (signaling networks and gene expression
programs) remain uncharacterized. In this sense, we dwell in exciting times because
of the revolution recently started by the development of sub-diffraction optical super-
resolution microscopy, and it is likely that major advancements will be soon reported
upon enabling nanoscale live cell imaging, for example.

Furthermore, the pervasive relationships of caveolae and their components with
other constituents of the cell makes them appealing candidates to function as “coor-
dination hubs” for multiple processes—including their potential interplay with other
regulators of endocytic fluxes (Chaudhary et al. 2014; He et al. 2015; Lamaze et al.
2017). For example, mechanically induced disassembly of caveolae could encode
critical information for the coordinated adaptation of metabolism and associated cell
signaling (Nassoy and Lamaze 2012). Integrative approaches exploiting novel, unbi-
ased technologies such as high-content microscopy and functional genomics will
likely shed light on these questions.

Finally, beyond these basic queries remains their framing into relevant physio-
pathological processes associated with dysregulated caveolar functioning. Cave-
olinopathies are associatedwith broadmetabolic imbalances and inflexibility, includ-
ing dyslipidemia, altered vascular function, aberrant muscle physiology, and inflam-
matory/fibrotic diseases. Caveolin-1 and caveolae also have a relevant impact in
tumor biology, if highly contextual (see above). Thus, exciting discoveries lay ahead
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Fig. 8.1 Multiple functions and “fates” of plasma membrane-located and internalized caveolae,
and their associated components. Caveolae at the plasma membrane provide unique signaling plat-
forms where ligand-mediated signaling, mechanotransduction, and membrane/lipid homeostasis
converge (1). Importantly, because of their distinct architecture and potential coalescence in larger-
order domains (rosettes) caveolae might contribute to specify “digital codes” for different signaling
pathways, by allocating defined stoichiometries of receptors and coregulators (proposed as signal-
ing quanta by Pelkmans, and Zerial 2005) (2). Caveolae dynamics constitute dynamic structures
tweaking cholesterol efflux to the plasmamembrane and stabilizing local nanodomainswith specific
biophysical properties, as well as contributing to trafficking from the endosomal system and recy-
cling (3). Internalization of caveolae may target their components (including signaling units) for
lysosomal degradation (4); specific channels of “signal fine-tuning”, such as ER-endosomal contact-
ing (5, see Eden et al. 2016); outward rerouting such as exosomal trafficking (6); or endomembrane
transactions such as those established between metabolically relevant organelles (7)
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�Fig. 8.2 Caveolae (shaped by caveolins and cavins and with the presence of other proteins such
as Pacsin, EHD2 and dynamin2) may be depicted as hubs where membrane receptors [includ-
ing tyrosine kinase receptors such as EGFR (purple) or serine-threonine kinase receptors such as
TGFBRI-II (red)]; lipids such as cholesterol and sphingomyelin (red and yellow squares); and sig-
naling adaptors and scaffolds are selectively recruited. Integrins (green rods) take part of caveolar
dynamics. Non-receptor tyrosine kinases (such as Src and FAK), eNOS, Rho and Ras GTPases
and elements of MAPK pathway are also transient components of caveolae. Filamin A and other
unknown interactors mediate binding with the actin cytoskeleton. Actin-mediated endocytosis of
caveolae contributes to the regulation of several signaling cascades

in the field of caveolar dynamics and endocytosis, which might lead to a better
understanding of these complex diseases and their management (Figs. 8.1 and 8.2).
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Abstract Signaling from the epidermal growth factor receptor (EGFR) elicitsmulti-
ple biological responses, including cell proliferation, migration, and survival. Recep-
tor endocytosis and trafficking are critical physiological processes that control the
strength, duration, diversification, and spatial restriction of EGFR signaling through
multiple mechanisms, which we review in this chapter. These mechanisms include:
(i) regulation of receptor density and activation at the cell surface; (ii) concentration
of receptors into distinct nascent endocytic structures; (iii) commitment of the recep-
tor to different endocytic routes; (iv) endosomal sorting and postendocytic trafficking
of the receptor through distinct pathways, and (v) recycling to restricted regions of
the cell surface. We also highlight how communication between organelles controls
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EGFR activity along the endocytic route. Finally, we illustrate how abnormal traffick-
ing of EGFR oncogenic mutants, as well as alterations of the endocytic machinery,
contributes to aberrant EGFR signaling in cancer.

9.1 Introduction: EGFR and the ErbB Family

The epidermal growth factor receptor (EGFR) belongs to the ErbB family of receptor
tyrosine kinases (RTKs), which includes three other members, ErbB2, ErbB3, and
ErbB4 (Lemmon et al. 2014). At the systems level, EGFR signaling is critical for
developmental processes and adult tissue regeneration, while at the cellular level it
elicits a number of responses, including cell proliferation, migration, and survival
(Schlessinger 2014). Gain-of-function genetic lesions in the EGFR gene, as well
as alterations in the EGFR signaling cascade, are involved in several human solid
tumors, such as glioblastoma, lung, head and neck, and colon cancer. Thus, the EGFR
is a target of several anti-cancer therapies [Sect. 9.4.3 and Yarden and Pines (2012)].

The readout of EGFR signaling is complicated by the fact that there are seven
known EGFR ligands that are active in different physiological contexts and capable
of inducing specific signaling and biological outputs (Singh and Harris 2005; Wil-
son et al. 2009): epidermal growth factor (EGF), transforming growth factor alpha
(TGFα), amphiregulin (AREG), epiregulin (EREG), heparin-binding EGF-like (HB-
EGF), betacellulin (BTC), and epigen (EPG). EGF is the best-studied EGFR ligand
and—together with TGFα, AREG and EPG—is specific for the EGFR, while the
other ligands also bind to ErbB4. The different EGFR ligands have distinct binding
kinetics (Macdonald-Obermann and Pike 2014) and differentially influence EGFR
trafficking and fate (see Sect. 9.2.3.3). Importantly, EGFR overexpression in solid
tumors is often associated with increased secretion of cognate ligand(s) resulting in
chronic EGFR activation (see Sect. 9.4.1).

EGFR signaling is finely tuned in cells by multiple coordinated mechanisms,
including regulation by phosphatases, feedback inhibitors of the kinase, and endo-
cytosis (Lemmon and Schlessinger 2010). Besides being the major mechanism of
long-term signal attenuation—via removal of receptors from the plasma membrane
(PM) and their targeting to degradation—endocytosis controls the timing, type, and
strength of EGFR signaling, thanks to the spatial constraints provided by intracellular
compartments through which the receptor is trafficked (Sigismund et al. 2012).

In this chapter, we first describe the different mechanisms governing EGFR endo-
cytosis and postendocytic trafficking (Sect. 9.2).We then highlight the importance of
endocytosis in controlling EGFR signaling and function in physiological processes
(Sect. 9.3). Finally, we discuss how cancer cells evade endocytic control of EGFR
signaling, thereby, acquiring a proliferative/migratory advantage (Sect. 9.4).
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9.2 Mechanisms of EGFR Endocytosis

9.2.1 EGFR Activation at the Cell Surface

The human EGFR gene is located on the short arm of chromosome 7 and encodes
for a 1210-residue precursor protein, which, after cleavage of the N-terminal signal
peptide, yields a mature protein of 1186 residues (Ullrich et al. 1984). Herein, we
adopt the amino acid numbering of the mature EGFR form.

The EGFR consists of an extracellular region responsible for ligand recognition,
a transmembrane (TM) domain, and an intracellular region that includes the jux-
tamembrane regulatory region, the kinase domain, and the intracellular C-terminal
regulatory tail containing the tyrosine residues phosphorylated upon ligand bind-
ing (Lemmon and Schlessinger 2010). The intracellular region also contains lysine
acceptor residues, located primarily in the kinase domain, which are critical for
receptor ubiquitination (Huang et al. 2006).

Molecular details of EGFR activation at the PM have been obtained over the last
decades through the combination of biological investigations and structural studies
(Garrett et al. 2002; Ogiso et al. 2002) [reviewed in Lemmon et al. (2014), Kovacs
et al. (2015)]. In resting cells, the EGFR continuously shifts from an open to a closed,
autoinhibited, conformation. This closed state, in which intramolecular interactions
prevent receptor dimerization and spurious kinase activation, is energetically favored
in the absence of ligand. Thus, in resting cells, EGFR is primarily found as an
autoinhibited monomer.

Ligand binding stabilizes the open EGFR conformation, which is capable of
receptor dimerization, shifting the monomer–dimer equilibrium to the dimeric state
(Lemmon 2009). Dimerization, in turn, determines a series of structural rearrange-
ments that are transmitted to the cytoplasmic domain, and allow the formation of
asymmetric dimers between the juxtaposed catalytic domains, finally leading to the
allosteric activation of the EGFR (Zhang et al. 2006). In the active dimer, each
monomer trans-autophosphorylates specific tyrosine residues in the intracytoplas-
mic region of the other monomer, thereby, triggering the signaling cascade (Lemmon
et al. 2014).

Notably, in the absence of ligand, EGFR moieties can spontaneously form finite-
lifetime dimers, whose abundance depends on cell type and EGFR expression levels
(Chung et al. 2010). These preformed dimers, although primed for ligand binding
and signaling, are inactive; ligand binding is still required for receptor activation
and signaling (Chung et al. 2010). Importantly, EGFR overexpression, as occurs
in tumors, can increase the amount of unbound homodimers (or ErbB family het-
erodimers) and has been proposed as a mechanism at the basis of spurious kinase
activation in the absence of ligand (Chung et al. 2010). Ligand-independent kinase
activation in the presence of high numbers of surface EGFRs can however be lim-
ited by phosphatases. Indeed, constitutive trafficking of unbound/inactive EGFRs to
endosomes allows receptor dephosphorylation by the phosphatase PTP1B, which is
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resident in the endoplasmic reticulum (ER) and interacts with endosomal EGFR via
so-called ER contact sites (see Sect. 9.3.1) (Baumdick et al. 2015).

Following EGFR activation, phosphorylated tyrosine residues in the intracellular
tail act as docking sites for signalingmolecules and endocytic adaptors, which trigger
signaling and receptor endocytosis, respectively (Lemmon and Schlessinger 2010).
One protein recruited to the EGFRat the PM is the E3 ligase, Cbl, which ubiquitinates
lysine residues in the kinase domain (Levkowitz et al. 1998, 1999; Huang et al. 2006).
EGFR ubiquitination is a critical signal in the endocytic pathway (Umebayashi et al.
2008); at the PM, it determines the endocytic route (see Sect. 9.2.2.3), while at the
endosomal sorting station it targets receptors to a degradative fate (see Sect. 9.2.3.1).

9.2.2 EGFR Internalization Routes

In the absence of ligand, EGFR is internalized at a very slow rate and is mainly
recycled back to the PM at a rate that is ~5–10 times higher than its constitutive
endocytic rate. This results in a predominant PM location of the receptor (Dunn et al.
1986; Carpenter and Cohen 1976; Stoscheck and Carpenter 1984). The ratio of PM
versus intracellular EGFR in basal conditions, however, is highly dependent on the
level of EGFR expression. As expected, ligand binding and kinase activation increase
the endocytic rate constant and are indeed essential for rapid EGFR endocytosis
(Sorkin and Goh 2008).

Endocytosis can occur through different pathways, broadly classified as clathrin-
mediated endocytosis (CME) and non-clathrin endocytosis (NCE, Fig. 9.1). The
choice of these different pathways depends on the cell context, the nature of
homo-/heterodimerization of the receptor, ligand concentration, and the presence of
specific endocytic signals in the intracytoplasmic tail, as discussed in the following
sections.

9.2.2.1 Internalization Signals

The EGFR contains several internalization motifs and signals in its intracytoplasmic
region that are unmasked/activated uponEGFbinding. These include two recognition
motifs for the major endocytic adaptor, adaptor protein 2 (AP2), which links cargoes
to the clathrin machinery: (i) the YRAL motif, responsible for recruitment of the
AP2 μ subunit; (ii) the LL motif, critical for tyrosine phosphorylation of the AP2 β2
subunit, which is predicted to facilitate the interaction between this motif and AP2
(Goh and Sorkin 2013). Interestingly, mutation of these twoAP2 bindingmotifs does
not affect CME of the EGFR (Goh et al. 2010). Similarly, functional ablation of AP2
in cells only partially inhibits EGFR internalization (Hinrichsen et al. 2003; Motley
et al. 2003), suggesting the existence of AP2-independent mechanisms responsible
for EGFR-CME (see Sect. 9.2.2.2).
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Fig. 9.1 Endocytic routes and sorting of EGFR heterodimers and homodimers. At the plasma
membrane (PM), EGFR dimers can be internalized by different routes. Upon ligand binding,
EGFR–ErbB2 heterodimers (left) are phosphorylated and internalized via clathrin-mediated endo-
cytosis (CME, black lines), where the internalizing pit is coated by clathrin, AP2, and endocytic
adaptor proteins. EGFR–ErbB2 heterodimers are poorly ubiquitinated due to the inefficient recruit-
ment of Cbl. Once they reach the endosomal station, ligand dissociates from the receptor due to
the more acidic pH of the endosomes, and the heterodimers are almost exclusively recycled back
to the PM, while being inefficiently degraded, thus sustaining signaling. At high dose of ligand,
EGFR–EGFR homodimers (right) can be internalized via both CME and non-clathrin endocytosis
(NCE). EGFRs entering via CME (red lines) recruit endocytic adaptors (e.g., eps15 and epsin),
AP2, and signaling proteins (e.g., Grb2) and are mainly recycled back to the PM. CME is required
to sustain signaling from endosomes and/or through cycles of receptor recycling. Receptor ubiq-
uitination by Cbl is not required for CME. In parallel, a fraction of EGFR, which is extensively
ubiquitinated by Cbl, in complex with Grb2, at the PM, enter the cell via NCE and is primarily
targeted to the lysosome for degradation. Receptors coming from both CME and NCE reach the
endosomal station, where they are subjected to further regulation by ubiquitination/deubiquitination
reactions. In the endosomes, ubiquitinated EGFRs are recognized by the ESCRT-0 complex (Hrs,
STAM, EPS15b), which drives the receptor to degradation

Several tyrosine residues in the EGFR cytoplasmic tail, in addition to triggering
signaling events once phosphorylated, can also recruit endocytic factors (Roskoski
2014). For instance, residues pY1068/pY1086 act as a docking site for the adaptor
protein, Grb2, which bridges the phosphorylated receptor to Cbl and the endocytic
machinery, as well as to the RAS/MAPK signaling cascade (Goh and Sorkin 2013;
Sorkin and Goh 2008). Cbl itself, besides ubiquitinating the EGFR, also acts as an
adaptor molecule for several endocytic proteins involved in receptor internalization
(Schmidt and Dikic 2005; Lemmon and Schlessinger 2010). As mentioned, Cbl
can be recruited to the activated EGFR indirectly via Grb2 (Waterman et al. 2002;
Jiang et al. 2003), In addition, Cbl can also bind directly to pY1045 (Waterman
et al. 1999b). This two-pronged interaction between Cbl and the EGFR is needed
for stable Cbl recruitment and efficient receptor ubiquitination (Capuani et al. 2015;
Sigismund et al. 2013).
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Cooperativity between the direct and indirect bindingmodes results in an “off–on”
threshold response in receptor ubiquitination as EGF concentration increases (Sigis-
mund et al. 2013). Indeed, while the levels of phosphorylated EGFR (EGFR-pY)
increase gradually with increasing EGF concentrations, the levels of ubiquitinated
receptor (EGFR-Ub) display a sigmoidal dose-response, increasing sharply between
1 and 10 ng/ml EGF before reaching a plateau (Sigismund et al. 2013). Thus, Cbl, in
complex with Grb2, effectively acts as an analogical-to-digital converter that trans-
lates a linear EGF input into an “off–on” threshold response for receptor ubiquiti-
nation (Capuani et al. 2015; Sigismund et al. 2013). This ubiquitination threshold
response acts as a critical signal influencing EGFR internalization in specific cellular
contexts (see Sect. 9.2.2.3) and receptor degradation (see Sect. 9.2.3.1).

The impact of ubiquitination on EGFR internalization is made more complex by
the fact that the EGFR is subjected to different types of ubiquitin (Ub) modifications.
Mass spectrometry studies revealed that the predominant modifications are Lys63
polyUb chains and multi-monoUb, while Lys48 and Lys11 polyUb chains are less
abundant (Huang et al. 2006). Lys63 and monoUb are both critical signals in traf-
ficking (Acconcia et al. 2009), but whether they serve different functions in EGFR
endocytosis remains to be determined. The relevance of Lys48 and Lys11 polyUb
chains to EGFR biology is also currently unclear.

The EGFR is also modified by the Ub-like molecule, Nedd8 (Oved et al. 2006).
Neddylation is catalyzed by Cbl in complex with the Nedd8-specific E2 enzyme
(Ubc12), and it is thought to occur on multiple lysine residues in the kinase domain,
possibly overlapping with ubiquitination sites. Nedd8 was proposed to “prime” the
EGFR for further ubiquitination reactions, and to cooperate with Ub to target EGFR
to degradation (Oved et al. 2006). However, the exact involvement of neddylation in
EGFR biology still needs to be clarified.

9.2.2.2 Clathrin-Mediated Endocytosis

CME has been extensively studied over the last decades, the result being a high-
resolution molecular picture of the process. The EGFR is internalized via CME in
all cell types and at all physiological EGF concentrations (Sigismund et al. 2008,
2013; Carpentier et al. 1982; Gorden et al. 1978; Hanover et al. 1984; Sorkin and
Carpenter 1993; Jiang et al. 2003). In CME, the active receptor is recognized by
adaptor molecules—primarily AP2—that bridge the cargo to clathrin, driving its
internalization via clathrin-coated pits [CCPs, reviewed in Kirchhausen et al. (2014),
McMahon and Boucrot (2011), Fig. 9.1]. The last step of vesicle pinching from
the PM is performed by the large GTPase dynamin [reviewed in Antonny et al.
(2016)]. Dynamin is also part of the scissionmachinery in some clathrin-independent
pathways (see also Sect. 9.2.2.3).

Many accessory proteins cooperate in cargo recognition, CCP formation and vesi-
cle release, including eps15, epsin, Grb2, Cbl, and intersectins (ITSNs) (McMahon
and Boucrot 2011). The involvement of so many endocytic factors in CME and
the existence of distinct internalization signals in the EGFR C-terminal tail (see
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Sect. 9.2.2.1) have led to the notion that CME is controlled by several redundant
mechanisms that together confer robustness to the system (Goh et al. 2010). More-
over, it has been hypothesized that the different endocytic proteins might be involved
in the formation of distinct types of CCPs, specialized in cargo selection and targeting
to specific intracellular fates (Lakadamyali et al. 2006).

In addition to internalization signals centered on the receptor, monoubiquitination
of endocytic adaptors (e.g., eps15) has also been shown to be critical to EGFR-CME
(Savio et al. 2016). Indeed, it has been proposed that cycles of ubiquitination (by the
E3 ligase, NEDD4) and deubiquitination [by the deubiquitinating enzyme (DUB)
enzyme, Usp9X] are necessary for EGFR-CME (Savio et al. 2016).

9.2.2.3 Non-clathrin Endocytosis

EGFR-NCE pathways were first observed over 30 years ago (Lund et al. 1990), but
their study was hampered by their morphological heterogeneity, cell context depen-
dency and peculiar growth condition requirements (Johannes et al. 2015). Despite
their heterogeneity, the different EGFR-NCEmechanisms all share the common fea-
ture of being activated at high, nearly saturating, EGF doses (>10 ng/ml) (Boucrot
et al. 2015; Lund et al. 1990; Orth et al. 2006; Sigismund et al. 2005).

For one EGFR-NCE pathway, the dependency on high EGF concentrations has
been explained at the molecular level and directly linked to the EGFR-Ub threshold
response [see Sect. 9.2.2.1 and Sigismund et al. (2005, 2013)]. It was shown that acti-
vation of EGFR-NCE occurs over the same EGF concentration range (~1–10 ng/ml)
as EGFR-Ub [Sigismund et al. (2013) and Sect. 9.2.2.1]. Importantly, mutations that
inhibit EGFR ubiquitination also inhibit EGFR-NCE to a similar extent, showing that
EGFR-Ub and NCE are mechanistically linked [Sigismund et al. (2013) and Fig. 9.1,
right]. Furthermore, proteins containing ubiquitin-binding domains (UBDs), such as
eps15 and epsins, are needed to recognize EGFR-Ub and to target it to internaliza-
tion via NCE [Sigismund et al. (2005) and Fig. 9.1, right], further supporting the link
between receptor ubiquitination and NCE.

The above-described EGFR-NCE pathway is active in different cell lines and has
a relatively slow internalization rate (≤CME) and requires cholesterol-enriched PM
domains, while it is caveolin-independent (Sigismund et al. 2005, 2013). Importantly,
internalization through NCE versus CME has important consequences on EGFR fate
and signaling (Fig. 9.1, right), as discussed in Sect. 9.3.2.

At the molecular level, EGFR-NCE requires dynamin fission activity, and the
ubiquitin-binding endocytic adaptors, eps15 and epsin. However, a molecular def-
inition of the pathway was obtained only recently. Through a proteomic approach
coupled with RNAi screening, proteins previously not suspected to participate in
endocytosis were identified as specific players of the pathway, among which the ER-
resident protein Reticulon3, RTN3 (Caldieri et al. 2017). The pathway relies on the
formation of ER–PM contact sites that depend on RTN3 function and are required for
the formation/maturation of NCE tubular invaginations. Local Ca2+ release at these
sites, triggered by IP3-dependent activation of ER Ca2+ channels, is needed for the
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Fig. 9.2 Model for EGFR endocytosis. At high dose of EGF, EGFR is internalized through
clathrin-mediated endocytosis (CME) andnon-clathrin endocytosis (NCE) in somecell lines.NCE is
mediated by tubular invaginations that, differently from clathrin-coated pits, need the establishment
of RTN3-dependent contact sites with the endoplasmic reticulum (ER) in order to progress. In
an initial phase, RTN3-dependent ER–PM contact sites are required for the formation/maturation
of tubular invaginations; then, they act as sites of local calcium release (red circles), which is
required for the fission of the tubular invagination and the completion of the internalization step. By
inhibiting EGFR entry via NCE, RTN3 KD affects the subsequent EGFR targeting to the lysosomal
compartment and delays receptor degradation. It is unclear whether RTN3 is also involved in ER
contact sites with early/late endocytic stations, e.g., endosomes, multivesicular bodies (MVBs),
lysosomes

completion of EGFR internalization in a positive feedback loop (Caldieri et al. 2017)
(Fig. 9.2). Mechanistically, how ER–PM contacts are established, if they require a
direct EGFR–RTN3 interaction and if/how EGFR ubiquitination is needed for their
formation remain open issues.

Other EGFR-NCE pathways have been described in fibroblasts and migrating
cells. For instance, a macropinocytic-like pathway involving large tubular structures
originating from circular dorsal ruffles or “waves” has been observed in mouse and
human fibroblasts that is thought to be critical for 3D cell migration and extracellular
matrix degradation [see Sect. 9.3.2 and Orth et al. (2006)]. In addition, a fast-kinetic
NCE pathway that mediates ligand-triggered uptake of different G protein-coupled
receptors (GPCRs) and RTKs, including the EGFR, has been identified (Boucrot
et al. 2015). This endophilin-dependent, clathrin-independent pathway, called fast
endophilin-mediated endocytosis (FEME) appears to be active in a very specialized
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region of the migrating cell, i.e., the leading edge, and to be required for spatially
restricted EGF-dependent signaling [see Sect. 9.3.2 and Boucrot et al. (2015)] (see
also Sect. 9.3.2). At the molecular level, FEME requires the BAR domain-containing
protein, endophilinA2, as well as dynamin for scission (Boucrot et al. 2015). This
NCEpathway showsmany similaritieswith the recently described Shiga toxin uptake
pathway,which is also clathrin-independent, endophilinA2-, anddynamin-dependent
(Renard et al. 2015). The EGFR modifications and/or the signaling cascade required
to trigger these forms of EGFR-NCE are currently unknown.

9.2.3 EGFR Trafficking and Fate

Independent of the entry route, EGFRs internalized from the PM invariably reach
the early endosomes (EEs), where they are sorted toward different fates [reviewed
in Wandinger-Ness and Zerial (2014)]. Characteristic features of EEs include the
presence of the small GTPase, Rab5, the Rab5 effector, EEA1, and an enrichment
in phosphatidylinositol 3-phosphate [PI(3)P] (Wandinger-Ness and Zerial 2014).
Receptors in EEs are either directed to recycling endosomes for recycling to the PM
or targeted to the late endosomes (LEs) for degradation through the progressive con-
version of Rab5-enriched EEs into Rab7-enriched LEs (Rink et al. 2005; Poteryaev
et al. 2010).

EGFR can also be trafficked through endosomes positive for the Rab5 effector,
APPL1 (Miaczynska et al. 2004). It is currently debated whether these APPL1-
positive endosomes represent a distinct class of endosomes or an early compartment
in the maturation of EEA1-positive endosomes (Kalaidzidis et al. 2015; Zoncu et al.
2009). The existence of different endosomal populations, characterized by distinct
molecular markers and cargoes, raises the possibility that cargo-driven regulation of
the endosomal compartment might be a mechanism for achieving signal diversifica-
tion. Indeed, endosomes are dynamic structures that are tightly regulatedby signaling.
For instance, the EGF–EGFR complex regulates the location, number, and size of
EEs (Collinet et al. 2010) and drives the formation of multivesicular bodies (MVBs)
from LEs (White et al. 2006). These observations highlight the instructive role of
EGFR signaling on endocytic progression and suggest that the endocytic pathway
can be rearranged depending on the signaling input.

In line with this concept, EGF signaling induces the synthesis of the EGFR itself
(Earp et al. 1986; Scharaw et al. 2016). Notably, continuous stimulation of cells
with high EGF concentrations (but not low concentrations or pulse stimulation)
increases the transport efficiency of newly synthesized EGFRs from the ER to the
PM, via a mechanism involving the transcription factor, RNF11, normally localized
in EEs (Scharaw et al. 2016). Upon continuous, high dose, EGF stimulation, a pool
of RNF11 is found in the nucleus, where it activates transcription of the inner coat
protein complex II (COPII) components, SEC23B, SEC24B, and SEC24D,which are
specifically required for EGFR transport to the PM (Scharaw et al. 2016). Although
the mechanism is still under investigation, it has been proposed that RNF11 might
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act as a “sensor” in the EEs, receiving signals from internalized EGFR to translocate
to the nucleus (Scharaw et al. 2016). This scenario, if confirmed, would represent a
new regulatory mechanism coupling EGFR degradation (that is significant at high
EGF) with its biosynthesis and transport, to preserve EGFR levels at the PM.

Together, these findings suggest that the EGFR is not a passive passenger along
the endocytic pathway, but, instead, it directly influences the nature of the pathway
along its journey.

9.2.3.1 Ubiquitin-Dependent Sorting of EGFR to MVBs

The decision to target cargoes to recycling or degradation is critical for cell physiol-
ogy, and the discriminating factor is cargo ubiquitination (Piper et al. 2014; Conte and
Sigismund 2016). Following ubiquitination, EGFRs are actively trafficked along the
degradative pathway by theESCRT (endosomal sorting complexes required for trans-
port) complexes [reviewed in Wollert et al. (2009), Raiborg and Stenmark (2009)].
Recycling, instead, appears to be the default pathway of internalized EGFRs, and
escape from this fate is achieved through efficient receptor ubiquitination.

Once EGFR-Ub reaches the limiting membrane of the MVBs, it is recognized
by the ESCRT-0 complex that is comprised of the UBD-containing proteins, Hrs
(hepatocyte growth factor-regulated tyrosine kinase substrate) and STAM1/2 (signal
transducing adaptormolecule 1 and2). This complex retainsEGFR-Ub in the limiting
membrane, thus precluding its recycling (Wollert et al. 2009; Raiborg and Stenmark
2009). Retention of EGFR-Ub triggers a series of events leading to the sequential
recruitment of ESCRT-I, ESCRT-II, and ESCRT-III complexes to the MVB mem-
brane, which transfer the cargo to one another (Wollert et al. 2009; Raiborg and Sten-
mark 2009). Sorting along this pathway appears to rely on Lys63-polyubiquitination
of the EGFR intracytoplasmic domain (Huang et al. 2013), which provides multiple
binding sites for tandem UBDs present in ESCRT components.

Finally, ESCRT-III drives inward MVB membrane invagination leading to the
formation of intraluminal vesicles (ILVs) into which EGFR-Ub is packed (Henne
et al. 2013). Defective EGFR ubiquitination, or downregulation of the ESCRT com-
ponents, results in inefficient incorporation of EGFR-Ub into ILVs, delayed receptor
degradation and sustained signaling (Bache et al. 2003; Belleudi et al. 2009; Jekely
and Rorth 2003). ILVs are then released fromMVBs into the lumen of the lysosome,
the main hydrolytic compartment of the cell. In addition to their hydrolytic role
[reviewed in Scott et al. (2014)], lysosomes are also emerging as a signaling plat-
form, where growth factor signaling, energy metabolism, and autophagic pathways
are integrated (Settembre et al. 2013).

EGFR ubiquitination is finely regulated along the endocytic pathway by the coor-
dinated action of E3 ligases and DUBs (Clague et al. 2012). The E3 ligase, Cbl, is
recruited at the PM and remains associated with the EGFR all along the endocytic
route (Umebayashi et al. 2008). This ensures maintenance of EGFR ubiquitination
at later stages of trafficking when it is needed for receptor targeting to the ESCRT
machinery. Besides Cbl, the E3 ligase Cullin3 (CUL3) is also implicated in posten-
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docytic trafficking of the EGFR (Huotari et al. 2012). In particular, it was shown that
CUL3, in complex with the substrate-specific adaptor, SPOPL, ubiquitinates eps15
(in complex with Hrs) in endosomes, thus, regulating its turnover (Gschweitl et al.
2016). Degradation of eps15 by CUL3 appears to be critical for MVB formation,
EGFR sorting to MVBs, and receptor degradation (Gschweitl et al. 2016).

Interestingly, two eps15 isoforms appear to have different roles in EGFR recycling
versus degradation. Eps15s, which lacks the ubiquitin-interactingmotifs (UIMs), has
been implicated in receptor recycling (Chi et al. 2011), while eps15b, which lacks
the EH domains, interacts with Hrs and is involved in sorting of the EGFR to MVBs
(Roxrud et al. 2008).

Several DUBs are also involved in EGFR trafficking and sorting. Some DUBs
appear to act directly on the EGFR, such as AMSH (associated molecule with the
SH3 domain of STAM) that removes Ub from the receptor at the endosomal level,
protecting EGFR from degradation and favoring its recycling (McCullough et al.
2004;Ma et al. 2007). Similarly, OTUD7/Cezanne (Pareja et al. 2012) andUSP2 (Liu
et al. 2013) directly counteractCbl-mediatedEGFRubiquitination and, consequently,
receptor degradation. Other DUBs, instead, act directly on the endocytic machinery,
such as Usp9x, which controls EGFR fate by deubiquitination of eps15 (Savio et al.
2016), and UBPY (also called USP8, Ub-specific Protease 8), which regulates the
stability of Hrs and STAM, thereby impinging on EGFR degradation (Row et al.
2006).

9.2.3.2 Inducible Feedback Inhibitors Controlling EGFR Trafficking

Sustained treatment of cells with EGF induces a transcriptional response leading
to entry into the G1 phase of the cell cycle (Avraham and Yarden 2011). In this
phase, positive or negative feedback regulators of EGFR signaling are transcribed
(Avraham and Yarden 2011). These include the feedback inhibitors SOCS4 and
SOCS5 [members of the suppressor of cytokine signaling family (Kario et al. 2005;
Nicholson et al. 2005)], and LRIG1 [leucine-rich and immunoglobulin-like domain
1 (Gur et al. 2004)], which increase ubiquitination and degradation of both active
and ligand-free EGFR, restricting receptor activation. In contrast, MIG6 (mitogen-
induced gene 6, also known as RALT) acts through a Ub-independent mechanism
to inhibit EGFR signaling: it binds to the ligand-bound EGFR kinase domain and
inhibits its allosteric activation (Anastasi et al. 2007; Zhang et al. 2007). MIG6
also drives endocytosis and degradation of inactivated EGFRs in a Ub-independent
manner (Frosi et al. 2010), via an unknown mechanism.

Importantly, loss of LRIG1 andMIG6 in mice causes increased EGFR expression
and aberrant cell proliferation, leading to tissue hyperplasia (Segatto et al. 2011) and,
in the case of MIG6, to epithelial tumor formation (Ferby et al. 2006), highlighting
the critical role of these feedback inhibitors in restricting EGFR activation.
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9.2.3.3 Impact of Different EGFR Ligands and Heterodimers
on Receptor Trafficking and Fate

Different EGFR ligands (see Sect. 9.3.2) can induce different signaling outputs by
mechanisms that are still not fully defined. One mechanism controlling ligand-
dependent signaling specificity appears to be the strength of the ligand–receptor
interaction. This has been demonstrated for TGFα versus EGF, which display sim-
ilar affinities for EGFR at the neutral pH of the PM, while in the mildly acidic
endosomal environment (pH ~6–6.5) the affinity of TGFα drops causing ligand–re-
ceptor dissociation (Ebner and Derynck 1991; French et al. 1995). This results in
EGFR inactivation, receptor dephosphorylation, Cbl detachment, and receptor deu-
biquitination (Longva et al. 2002). The TGFα-free EGFRs are then recycled to the
cell surface. This propensity for receptor recycling following TGFα stimulation is
consistent with the higher capacity of TGFα to induce mitogenic signaling compared
with EGF (Waterman et al. 1998; Lenferink et al. 1998).

In contrast, the EGF–EGFR complex remains stable along the endocytic route
and continues to be ubiquitinated by Cbl (Umebayashi et al. 2008) and to proceed
toward the degradative compartments (Ebner and Derynck 1991; French et al. 1995).
Of note, not all EGF–EGFRs are ubiquitinated and targeted for degradation; some
EGF–EGFRs are recycled to the PM. The ratio between EGFR degradation ver-
sus recycling is finely regulated by EGF concentration and activation of different
endocytic pathways (see Sect. 9.3.2).

Similar to TGFα, it was shown that EGFRs bound to EPI, EREG, and AREG are
preferentially recycled back to the PM with little, if any, degradation, while BTC
and HB-EGF efficiently induce EGFR ubiquitination and lysosomal degradation
(Roepstorff et al. 2009; Stern et al. 2008; Wilson et al. 2012).

The nature of the EGFR homo-/heterodimers formed upon ligand binding can also
influence receptor trafficking (Lenferink et al. 1998). For instance, compared with
EGFR homodimers, heterodimers recruit inefficiently Cbl and the endocytic machin-
ery (Baulida et al. 1996; Levkowitz et al. 1996; Waterman et al. 1999a). Moreover,
ligand-binding affinity is reduced in the context of heterodimers, causing ligand dis-
sociation in endosomes (Lenferink et al. 1998). Together, these properties cause the
efficient recycling of heterodimers coupled with inefficient degradation (Fig. 9.1,
left). Signaling from heterodimers is therefore more sustained and potentially more
oncogenic than signaling from homodimers (see Sect. 9.4.1). Indeed, EGFR kinase
active mutants in non-small-cell lung cancer (NSCLC) have been proposed to form
heterodimers with ErbB2 to escape downregulation (see Sect. 9.4.1).

9.3 Control of EGFR Signaling by Endocytosis

Endocytosis is a mechanism to downregulate signaling by removing active receptors
from the PM and targeting them to lysosomal degradation [reviewed in Sigismund
et al. (2012)]. However, the impact of endocytosis on signaling extends beyond sig-
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nal extinction. Endocytic recycling pathways are crucial for sustaining signaling
and redirecting receptors to specific regions of the PM, while the distinct endocytic
compartments provide temporal and spatial dimensions to the signaling cascade
(Sigismund et al. 2012). These compartments serve at least two functions: (i) they
sustain signaling originating at the PM by continuously recruiting the same PM sig-
naling effectors; (ii) they facilitate the assembly of endomembrane-specific signaling
platforms leading to diversification of the signaling response (see Sect. 9.3.3).

Endocytosis is not required for all signaling outputs. Impairment of EGFRendocy-
tosis using a dominant-negative dynamin mutant increased PLCγ and Shc activation,
and, concomitantly, decreased PI3K/Akt and Erk signaling, leading to inhibition of
EGF-dependent mitogenesis (Vieira et al. 1996). Similarly, inhibition of CME in
HeLa cervical cancer cells by clathrin- or AP2-knockdown curtailed Erk and Akt
phosphorylation, without affecting Shc phosphorylation (Sigismund et al. 2008). In
contrast, in dynamin-knockout mouse fibroblasts, inhibition of EGFR internaliza-
tion did not alter Erk and Akt signaling elicited by EGF stimulation (Sousa et al.
2012), suggesting that the endocytic requirement of specific signaling outputs might
be cell type specific. To further complicate the picture, the EGFR can be internalized
through different internalization routes with specific fates and signaling outcomes
(Fig. 9.1 and Sect. 9.3.2).

9.3.1 Regulation of EGFR Activity by Phosphatases Along
the Endocytic Pathway

Along the endocytic pathway, EGFR is subjected to fine-tuned regulation of its sig-
naling by different enzymes. For instance,DUBs, by regulatingEGFRubiquitination,
influence sorting to the lysosome and receptor downmodulation (see Sect. 9.2.3.1).
Protein tyrosine phosphatases (PTPs) also affect signaling at different steps of the
endocytic pathway [Fig. 9.3 and Lemmon et al. (2016)].

PTPs are active in the early phases of EGFR activation at the PM [Fig. 9.3 (1)
and Kleiman et al. (2011)], although at this stage the EGFR kinase activity over-
whelms their action and the receptor is rapidly phosphorylated (Capuani et al. 2015).
Nonetheless, the fast phosphorylation turnover at the PM is thought to increase
responsiveness, providing dynamic plasticity to the system in response to different
cues (Lemmon et al. 2016). PTPs have an evenmore prominent role in the endosomes
(Kleiman et al. 2011). Here, their action is critical for maintaining a specific amount
of active receptors per endosome (Villasenor et al. 2015), which, in turn, determines
the final signaling output (Fig. 9.3 (2) and Sect. 9.3.3).

How the spatial distribution of PTPs along the endocytic pathway regulates the
number of active EGFRs is exemplified by the ER-localized phosphatase, PTP1B
(see Sect. 9.3.4 for EGFR regulation by PTP1B at ER-endosome contact sites). This
phosphatase is unevenly distributed in the cell, with lowest concentrations found at
the cell periphery andhighest at perinuclear area (Eden et al. 2010),where termination
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Fig. 9.3 Modulation of EGFR signaling by phosphatases. At the PM, dynamic interchange
of EGFR phosphorylation by the activated EGFR kinase and dephosphorylation by phosphatases
allows for rapid receptor activation, while ensuring responsiveness of the system (1). At the endoso-
mal station, phosphatases, which are activated by the EGFR in a feedback loop, serve to maintain a
constant number of active EGFRs/endosome (2). Once the EGFR has been internalized and reaches
the multiple vesicular bodies (MVBs), the phosphatase, PTP1B, located at the cytosolic face of the
endoplasmic reticulum (ER), dephosphorylates the receptor at the ER–MVB contact sites, prior
to its targeting to the intraluminal vesicles of MVBs (3). ER–MVB contact sites are tethered by
annexin1—localized in the ER—through its binding to the EGFR in the MVBs. Annexin1 is reg-
ulated by calcium (Ca++) release at contact sites and is involved in intraluminal vesicle formation
and MVB maturation. PTP1B is also involved in the dephosphorylation of unliganded receptors,
which have been internalized via the constitutive pathway to the endosomal station where they are
dephosphorylated by PTP1B at ER-endosome contact sites and are then recycled back to the PM
(4). This mechanism has been proposed to limit spurious kinase activation

of signaling in LEs takes place. PTP1B dephosphorylates ligand-activated EGFRs
trafficking en route toward the LEs prior to degradation in the lysosome [Fig. 9.3 (3)
and Baumdick et al. (2015)], as well as EGFRs activated independently of ligand
(phosphorylated at Y845) that have reached the perinuclear compartment [Fig. 9.3
(4)], prompting their recycling back to the PM. This latter mechanism is thought to
suppress spurious kinase activation, while maintaining sensitivity to EGF at the PM.

These studies imply that dephosphorylation by PTPs is a way to restrict EGFR
signaling and to maintain physiological levels of active receptors. This regulatory
function of PTPs is in agreement with their role as tumor suppressors (Zhao et al.
2015). However, PTPs can also function as positive regulators of RTKs, as in the
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case of PTPD1, a FERM (four-point-one, ezrin, radixin, moesin) domain-containing
PTP that has been shown to promote EGFR signaling (Cardone et al. 2004; Car-
lucci et al. 2010). In cell monolayers, PTPD1 is excluded from E-cadherin rich
cell–cell contacts, while in isolated cells it relocalizes from the cytosol to the PM
regions by binding to phosphoinositides through its FERM domain (Roda-Navarro
and Bastiaens 2014). Specifically, PTPD1 is transiently recruited to EGF-induced
membrane ruffles and is released just before the formation of activeEGFR-containing
micropinosomes. Although the exact mechanism is unclear, functional data suggest
that PTPD1 has a positive role in the propagation of EGFR signaling at early stages
of the pathway (Roda-Navarro and Bastiaens 2014).

9.3.2 Regulation of EGFR Signaling by the Internalization
Route

The internalization route taken by the EGFR at the PM is critical in determining
receptor fate. Depending on the concentration of the ligand, different endocytic
pathways (CME and NCE) can be activated (see Sect. 9.2.2.3). In HeLa cells,
CME and NCE counteract each other by determining opposing (recycling vs.
degradation) receptor fates [Fig. 9.1, right, and Sigismund et al. (2008)]. CME,
which is active at all ligand concentrations, preferentially targets the EGFR for
recycling to the PM (around 70%), with a minor portion directed to lysosomes for
degradation (around 30%). In contrast, NCE is sharply activated at sub-saturating
EGF doses following receptor ubiquitination (Sect. 9.2.2.3) and targets the majority
of EGFRs for degradation (>90%), resulting in signal attenuation in conditions of
excessive stimulus (Sigismund et al. 2008). The integrated function of CME and
NCE determines the final EGFR signaling response: a mechanism that also applies
to other receptors, such as TGFβR (Di Guglielmo et al. 2003), Notch (Shimizu et al.
2014) and Wnt (Yamamoto et al. 2006, 2008).

The mechanisms by which CME influences EGFR signaling are multiple. By
promoting recycling, CME prolongs the EGFR signaling response and protects the
receptor from degradation in conditions of limited ligand availability. Additionally,
receptors can be recycled to specific regions of the PM where signaling is needed.
These two properties highlight CME as a mechanism providing spatial and tem-
poral control to EGFR signaling. Consistently, CME is required for sustaining the
later decay-phase of EGFR signaling and for EGFR-mediated DNA synthesis [see
Sect. 9.3 (Vieira et al. 1996; Sigismund et al. 2008)].

CME also contributes to the “early phase” of EGFR signaling at the PM. A
single particle tracking study investigating the correlation between EGFR mobil-
ity/aggregation at thePMand receptor signaling activity showed that immobileEGFR
is clustered in CCPs that act as platforms for enhanced receptor phosphorylation and
consequently signal amplification (Ibach et al. 2015). This allows the formation of
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local gradients of active receptors that spatially constrain EGFR signaling in response
to local stimuli.

In contrast, NCE appears to be responsible for EGFR degradation and long-term
signaling attenuation in conditions of high EGF in specific cellular contexts (Sigis-
mund et al. 2008). One hypothesis is that NCE represents a mechanism to protect
cells from overstimulation. Thus, loss of this route could lead to aberrant EGFR
signaling and contribute to tumorigenesis.

The upstream signal triggering NCE is the sharp increase in EGFR ubiquitination
at high EGF concentrations [see Sect. 9.2.2.1 and Sigismund et al. (2013)], which
seals receptor fate already at the PM. A study integratingmathematical modeling and
wet-laboratory experiments revealed that EGFR ubiquitination—and consequently
its recruitment to NCE—is controlled by EGFR levels (Capuani et al. 2015). In
physiological conditions, EGFR phosphorylation is counterbalanced by its ubiqui-
tination, limiting receptor activation. However, at supraphysiological EGFR/EGF
levels, EGFR phosphorylation and ubiquitination become uncoupled, leading to
increased receptor signaling that is no longer counteracted by degradation (Capuani
et al. 2015). Under these conditions, EGFR would evade NCE-mediated downmod-
ulation, providing cancer cells with a proliferative advantage (see Sect. 9.4.1).

As in the case of CME, where CCPs were shown to function as platforms for
local amplification of EGFR signaling, NCE routes have also been shown to be con-
fined to specific PM regions where they execute polarized functions. For example,
the FEME pathway (see Sect. 9.2.2.3) was shown to act locally at the leading edge
of migrating cells (Boucrot et al. 2015) to ensure the rapid internalization of recep-
tors through tubular-vesicular structures and, possibly, to promote EGF-dependent
directed cell migration. Additionally, in mouse and human fibroblasts, EGFR is
internalized through clathrin-independent macropinocytic-like pathways mediated
by circular dorsal ruffles or “waves” in specific regions of the PM, which generate
tubular-vesicular structures (Orth et al. 2006). The ability of cells to internalize large
numbers of EGFRs might be relevant for signaling and polarized processes. It has
been hypothesized that “waves”might contribute to three-dimensional cell migration
and to extracellular matrix degradation, two critical processes in tumor cell invasion
(Suetsugu et al. 2003).

9.3.3 Regulation of EGFR Signaling at the Level
of the Endosomes

Endosomes, in addition to being critical sorting stations, are thought to be important
platforms for signaling events, where signals elicited at the PM can be sustained
and/or diversified (Villasenor et al. 2016). This notion was first proposed in the
1990s, when RTKs and connected signaling molecules were detected in endosomes
(Di Guglielmo et al. 1994; Grimes et al. 1996), and was later reinforced and extended
to other receptors [see, for instance, Schenck et al. (2008), Coumailleau et al. (2009),
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Fortian and Sorkin (2014), Calebiro (2009, #8), Ferrandon et al. (2009), Nakamura
(2014, #37), Irannejad et al. (2013), Lampugnani et al. (2006)]. The concept of a
“signaling endosome” originated fromneurons, inwhichNGFbinding to its receptor,
TrkA, in axon terminals initiates a signaling response that is then transmitted to
the neuronal cell body through a long distance, retrograde, transport of endosomes
carrying activated TrkA (Grimes et al. 1996; Beattie et al. 1996; Howe and Mobley
2005; Cosker et al. 2008).

More recently, the concept of “signaling endosomes” was corroborated by studies
on both RTKs and GPCRs [reviewed in Irannejad et al. (2015)]. Three mechanisms
have been proposed by which endosomes control signaling: “scaffolding,” “seques-
tration,” and “catalysis” (Irannejad et al. 2015). In the “scaffolding” mechanism,
growth factor receptors confined in endosomes engage signaling adaptors that act as
a scaffold for downstream effectors, promoting their activation. For example, EGFR
engages the adaptor Grb2 which recruits and activates Erk (Di Guglielmo et al. 1994;
Fortian and Sorkin 2014). Similarly, GPCRs use beta-arrestin as an endosomal scaf-
fold to continue signaling after internalization (Shenoy and Lefkowitz 2005), and
phosphorylated C-Met engages the nucleotide exchange factor, Vav2, which leads
to sustained Rac signaling (Menard et al. 2014).

In the “sequestration” mechanism, signal amplification is achieved by entrap-
ping cytoplasmic, negative, signaling regulators in endosomes. For instance, in
Wnt/wingless signaling, the inhibitory enzyme, GSK3, is physically sequestered into
the endosomal lumen, leading to reduced cytosolic GSK3 activity and, consequently,
to enhanced beta-catenin signaling (Taelman et al. 2010).

Finally, the “catalysis”mechanism involves activationof enzymes in endosomes to
augment signaling. For example, heterotrimericG proteins fromGPCRs are activated
not only at the PM, but also in the limiting endosomalmembraneswhere they promote
downstream signaling through production of secondmessengers, such as cyclicAMP
(cAMP) (Irannejad et al. 2013; Tsvetanova and von Zastrow 2014). In this case,
endosomal signaling acts to sustain the cAMP response observed at the PM, and to
determine the final cAMP-dependent transcriptional response (Tsvetanova and von
Zastrow 2014).

In the case of the EGFR, a quantitative high-resolution microscopy approach
revealed that the endosomal system works as an analog–digital converter (Vil-
lasenor et al. 2015). Active phosphorylated EGFRs form clusters of ~80 molecules
per EE. The endosomal fusion machinery works to keep the number of active
EGFRs/endosome constant: Increasing the EGF concentration does not produce
larger EGFRclusters, rather, a higher number of EGFR-positive endosomes.Notably,
inhibition of endosome fusion enhances the number of EGFR clusters and determines
a different signaling outcome, i.e., prolonged EGFR activation and Erk signaling
response. These clusters represent the quanta of signaling that provide robustness to
the cellular response in case of fluctuations in ligand or receptor levels. This mech-
anism applies also to other RTKs, such as the hepatocyte growth factor receptor
(HGFR) and the nerve growth factor receptor (NGFR) (Villasenor et al. 2015).
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Also in this case, phosphatases have a pivotal role in fine-tuning EGFR signaling:
Phosphorylated EGFR in endosomes recruits and activates, through phosphorylation,
the phosphatase SHP2, forming a negative feedback loop to maintain a constant
number of phosphorylated EGFRs/endosome (Villasenor et al. 2015).

9.3.4 How the Endoplasmic Reticulum Modulates EGFR
Signaling

Multiple cell compartments act in concert to control intracellular signals. This inte-
grated function is mainly achieved by membrane–membrane contact sites: regions
of close apposition (<30 nm) between the membranes of organelles (Phillips and
Voeltz 2016). In recent years, contact sites have emerged as platforms of signal-
ing regulation and places where materials, such as lipids and Ca2+, can be rapidly
exchanged [reviewed in Levine and Patel (2016)]. ER-endosomal contact sites have
been detected in mammalian cells, while ER-vacuole contact sites have been identi-
fied in yeast (Eden et al. 2010; Rocha et al. 2009; West et al. 2011). A study based
on high-resolution, three-dimensional, electron microscopy showed that endosomes
trafficking along microtubules are wrapped by ER tubules. These contacts are main-
tained, and actually increase, as endosomes traffic andmature (Friedman et al. 2013).
Importantly, the ER-endosomal contact sites determine the timing and position of
endosome fission events during cargo sorting (Rowland et al. 2014).

Crosstalk between the endosomal compartment and the ER also has a role in the
modulation of RTK signaling. For instance, upon internalization, the EGFR—and
other RTKs (e.g., insulin receptor and Met)—interacts with the phosphatase PTP1B
localized at the cytosolic face of the ER (Haj et al. 2002; Sangwan et al. 2008;
Romsicki et al. 2004). PTP1B regulates both constitutively internalized and ligand-
activated EGFR (see Sect. 9.3.2). EGFR–PTP1B proximity was shown to occur
at sites of physical contact between the ER and the limiting membrane of MVBs
(Eden et al. 2010). At these sites, ER-resident PTP1B dephosphorylates MVB-
localized EGFR “in trans” [Fig. 9.3 (3)]. The formation of ER–MVB contacts is
mediated by annexin-1 and its Ca2+-dependent binding partner S100A11, in a Ca2+-
dependent fashion (Eden et al. 2016; Kilpatrick et al. 2017). Ca2+ is released from
the endolysosomal compartment by the two-pore channel (TPC), which localizes at
ER-endosome contact sites and is regulated by nicotinic acid adenine dinucleotide
phosphate (NAADP). Affecting these contacts delayed EGFR dephosphorylation by
PTP1B and its subsequent degradation, enhancing signaling (Kilpatrick et al. 2017).

In addition to dephosphorylating internalizedRTKs after endocytosis, PTP1Bwas
also shown to act on EGFR localized at the PM, through the formation of ER–PM
contact sites (Haj et al. 2012). This interaction appears to be restricted to regions of
cell–cell contacts, identified as sites of PTP1B-mediated signaling regulation.

As we discussed (Sect. 9.2.2.3), ER–PM contact sites are also critical at early step
of EGFR endocytosis. Indeed, the ER-resident protein RTN3mediates the formation
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of contacts between the ER and sites of EGFR internalization at the PM at high ligand
concentration (Fig. 9.2), a mechanism that leads to EGFR-NCE receptor degradation
and signal extinction (Caldieri et al. 2017). Thus, ER contact sites control EGFR fate
at multiple levels; e.g., at the PM and the endosomal stations. Ca2+ signaling appears
to be involved in both cases, although through different mechanisms (Kilpatrick et al.
2017; Caldieri et al. 2017). Whether RTN3 is acting only at PM–ER interface or it
has a role also at later step is unclear. Furthermore, a possible interplay between
PTP1B and RTN3-dependent ER–PM contact sites in EGFR regulation remains to
be established.

Finally, ER-based ubiquitination has been proposed to regulate levels of newly
synthesized ErbB3 receptors by promoting their ER-associated degradation (ERAD)
(Fry et al. 2011). Indeed, the ER-localized E3 ubiquitin ligase, Nrdp1, interacts with
and ubiquitinates the nascent form of ErbB3, thereby regulating the steady-state
levels of the receptor (Fry et al. 2011). Whether this mechanism also applies to the
EGFR or other RTKs remains to be established.

9.4 EGFR Trafficking and Cancer

In addition to being a critical regulator of physiological cellular processes, EGFR
signaling has a crucial role in the development and progression of many types of
cancer; a condition where normal cellular homeostasis is subverted (Zwick et al.
2001). The first evidence linking altered EGFR signaling to cancer came in the early
eightieswhen the viral-erbB (v-erbB) oncogene product was found to be homologous
to the amplifiedEGFRgene in the humanA431epidermal carcinomacell line (Ullrich
et al. 1984). Since then, numerous studies characterizing the role of the EGFR in
cancer have been conducted. The emerging concept is that there is a tight relationship
between the oncogenic forms of the receptor and the trafficking routes the protein
takes inside the cell.

9.4.1 How Different Oncogenic Forms of EGFR Are
Influenced by Trafficking

Neoplastic transformation induced by the EGFR can be triggered by gene ampli-
fication and/or protein overexpression, mutations, or in-frame deletions (Roskoski
2014). These genetic lesions frequently occur concomitantly with increased EGFR
ligand production triggered by autocrine or paracrine loops (Wilson et al. 2009).
Autocrine secretion is often the result of positive feedback loops downstream of
excessive EGFR activation that ultimately lead to the induction of the promoter of
EGF family ligands (Avraham and Yarden 2011). Additionally, some solid tumors
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upregulate metalloproteases leading to enhanced cleavage of EGF ligand precursors
(Wilson et al. 2009).

EGFR genetic alterations have been reported to cause altered trafficking of the
receptor, which contributes to aberrant signaling and oncogenesis. For instance, gene
amplification or receptor overexpression leads to increased EGFR density on the
PM, which favors receptor dimerization and spurious kinase activation (Wiley 1988;
Sawano et al. 2002; Chung et al. 2010). It has been suggested that the excessive num-
ber of activated EGFRs causes saturation of the endocytic machinery, increasing the
residence time of surface EGFRs, delaying downregulation and, ultimately, leading
to sustained signal (French et al. 1994; Wiley 1988).

Additionally, saturation of the endocytic/ubiquitination machinery has been pro-
posed as a mechanism underlying sustained signaling in EGFR-overexpressing can-
cer cells (Capuani et al. 2015). As receptor levels increase, there is a progressive
uncoupling between EGFR phosphorylation and ubiquitination (see Sect. 9.3.2).
This uncoupling is due to the limiting amount of Cbl, which becomes saturated in
conditions of high numbers of activated EGFR (i.e., EGFR overexpression coupled
with ligand overproduction). This situation is predicted to cause sustained EGFR
signaling and impaired receptor downregulation, which, however, can be partially
restored by overexpressing Cbl in the cell (Capuani et al. 2015). Thus, Cbl is the
weak and critical element in the system and, consistently, escape fromCbl-dependent
degradation is one of the most common mechanisms enacted by oncogenic EGFR
mutants (see below).

Finally, EGFRoverexpression favors heterodimerizationwith the other ErbB fam-
ily members, which influences trafficking (Arteaga and Engelman 2014). In partic-
ular, heterodimerization of EGFR with the ligand–orphan receptor ErbB2 enhances
recycling [Fig. 9.1, left, and Ebner and Derynck (1991), French et al. (1995)]. ErbB2,
besides being constitutively active when engaged in a heterodimer, evades ubiqui-
tination, thereby, favoring recycling and sustained signaling over degradation and
signal attenuation (see Sect. 9.2.3.3). Therefore, the formation of EGFR–ErbB2 het-
erodimers shifts the signaling output toward proliferation (Lenferink et al. 1998;
Worthylake et al. 1999).

One of the best-described mechanisms of oncogenic activation of the EGFR is
mutation. Large genetic rearrangements, as well as single base mutations, have been
described, which produce oncogenic forms of the EGFR, whose expression often
correlates with poor prognosis (Yarden and Pines 2012). In some cases, aberrant
endocytosis and trafficking of these mutated receptors have been shown to contribute
to their deregulated signaling (Yarden and Pines 2012).

A well-characterized truncated form of the EGFR is EGFRvIII, which has been
detected in brain, most glioblastomas, and lung, breast and ovarian cancers (Ekstrand
et al. 1992; Moscatello et al. 1995; Wong et al. 1992). EGFRvIII is a deletion mutant
that lacks exons 2–7, resulting in a receptor with a truncated extracellular domain.
This truncation mutant dimerizes and undergoes autophosphorylation in absence of
ligands, while being poorly internalized and efficiently recycled back to the PM
rather than being degraded. The end result is the excessive and sustained activation
of the EGFR signaling cascade (Grandal et al. 2007). Although the truncation affects
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the extracellular portion of the receptor, the sustained EGFR activation is thought to
be caused by impairment of receptor ubiquitination due to hypo-phosphorylation of
pY1045, the directCbl binding site. This leads to slow receptor turnover and increased
signaling (Schmidt et al. 2003; Han et al. 2006; Grandal et al. 2007). Despite pos-
sessing the same intracytoplasmic tail as the wild-type receptor, EGFRvIII activates
different signaling networks compared to the wild-type receptor possibly attributable
to altered internalization and trafficking (Johnson et al. 2012).

Reduced downmodulation of EGFR has also been described for other mutant
forms of the receptor, EGFRvIV andEGFRvV,which lack the portion of the cytoplas-
mic tail encompassing the Cbl binding site, Y1045 (Roskoski 2014). These mutants,
whose activation is still ligand-dependent, retain the potential to modulate oncogenic
signaling pathways, e.g., Ras/MAPK signaling, commonly elicited by the wild-type
receptor (Grovdal et al. 2004).

Other somatic activating mutations in the EGFR have been identified in NSCLC
and patients carrying these mutations are treated with EGFR kinase inhibitors (e.g.,
Gefinitib and Erlotinib) as the first-line therapy (Lynch et al. 2004; Paez et al. 2004;
Pao et al. 2004; Roskoski 2014). These activating mutations appear to lock the recep-
tor in an active conformational state, causing ligand-independent firing and signaling
up to 50-fold above the basal unliganded receptor activity (Yun et al. 2007). The
EGFR-L834R mutant exemplifies the connection between EGFR ubiquitination-
dependent trafficking and human cancers. EGFR–L834R possesses an intact Cbl
binding site that is more highly phosphorylated compared with the wild-type recep-
tor. Nevertheless, Cbl recruitment and receptor ubiquitination are impaired, causing
reduced degradation and sustained activation of downstream signaling molecules,
including Ras, MEK, and Erk (Kon et al. 2014; Shtiegman et al. 2007). One hypoth-
esis to explain these observations is that EGFR–L834R forms heterodimers with
ErbB2, even in the absence of ligand (Kon et al. 2014). NCSLC EGFR mutants in
exons 18–21 also show a higher propensity to heterodimerize with ErbB3 (Rothen-
berg et al. 2008), which, as in the case of ErbB2 heterodimers, might divert EGFR
mutants from a degradative toward a recycling fate, thereby enhancing signaling.

9.4.2 Mutations in Trafficking Genes Influencing EGFR
Oncogenic Potential

Besides EGFR mutations that affect Cbl recruitment and activity toward the recep-
tor, Cbl itself is mutated in human cancers [reviewed in Sigismund et al. (2012)].
Missense homozygous mutations of Cbl targeting its E3 ligase activity have been
described in~5%ofmyeloid neoplasms (Caligiuri et al. 2007;Dunbar et al. 2008; Sar-
gin et al. 2007). In these cases, however, Cbl activity is primarily directed toward the
RTK, FLT3 (Grand et al. 2009; Sargin et al. 2007; Sanada et al. 2009),with no connec-
tion to EGFR ubiquitination and trafficking. Similarly, heterozygous germline muta-
tions of Cbl are found in patients affected by Noonan Syndrome (NS), a clinically
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variable disease [reviewed in Allanson (2007), Tartaglia et al. (2011)]. As in myeloid
malignancies, Cbl mutations are missense mutations that alter the region responsible
for ligase activity, but in this case they are heterozygous and thus predicted to act in
a dominant-negative fashion (Martinelli et al. 2010). When overexpressed in COS-1
cells, these mutants affect EGFR ubiquitination and cause prolonged Ras–MAPK
signaling (Martinelli et al. 2010). However, the relevance of thesemutations to EGFR
ubiquitination and trafficking in vivo has not yet been established.

In addition to Cbl, several oncogenes have been proposed to influence EGFR sig-
naling by altering its trafficking, thereby contributing to EGFR oncogenic potential.
For instance, in NSCLC cell lines, Src, a non-receptor tyrosine kinase (nRTK) that
is directly activated by the EGFR (and other RTKs), cooperates with mutated EGFR
to generate aberrant signaling and to induce cell transformation (Chung et al. 2009;
Leung et al. 2009). Furthermore, aberrant Src activation, as observed in many cancer
cells or cells transformed by the viral oncogene, v-Src, interferes with Cbl-mediated
EGFR ubiquitination and receptor downmodulation (Bao et al. 2003;Wu et al. 2003;
Feng et al. 2006).

Another oncogene that influences EGFR endocytosis is ACK1 (activated Cdc42-
associated Kinase), a nRTK that interacts with EGFR-Ub through its UBD (Shen
et al. 2007), facilitating receptor degradation (Kelley andWeed2012).Whenmutated,
ACK1 retains EGFR at the PM, sustaining its signaling (Chua et al. 2010; Kelley and
Weed 2012). Similarly, the oncogenic form of Vav, a RhoGTPase guanine nucleotide
exchange factor (GEF), causes increased Erk and Akt phosphorylation upon EGFR
activation by delaying receptor endocytosis (Thalappilly et al. 2010).

In addition to PM signaling, aberrant EGFR signaling from intracellular compart-
ments can also be oncogenic. This was shown in cancer cells with loss of function
mutations of the Von Hippel-Lindau (VHL) protein or in cells subjected to hypoxic
conditions (Wang et al. 2009). In both cases, reduced expression of the Rab5 effec-
tor, rabaptin-5, was observed, which determines inefficient Rab5-mediated endo-
some fusion and persistent retention of active EGFR in EEs, leading to prolonged
pro-survival signaling from intracellular compartments (Wang et al. 2009).

Finally, alterations of proteins not directly involved in EGFR regulation, but active
in other cellular pathways subverted in cancer, can interfere with EGFR (and MET)
signaling (Muller et al. 2009, 2013). This is the case of p53 gain-of-function mutants
that have lost tumor-suppressor activity, but have acquired endocytosis-related phe-
notypes, which interfere with EGFR trafficking and signaling. Expression of these
mutants enhances co-trafficking and recycling of the β1-integrin/EGFR complex, via
a mechanism dependent on the Rab11-effector, Rab-coupling protein (RCP), result-
ing in constitutive activation of EGFR/integrin signaling. Consequently, mutant p53
expression promotes tumor cell invasion, random cell migration and metastatic dis-
semination (Muller et al. 2009).

In conclusion, there are several, although scattered, evidences linking the onco-
genic potential of known endocytic/signaling molecules to an altered EGFR traffick-
ing. Yet, a direct conclusive link is missing. Given the potential relevance of this
issue to cancer, future investigations are warranted.
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9.4.3 Pharmacological Targeting of EGFR: Harnessing
EGFR Endocytosis

Given the crucial role of the EGFR in different cancers, much effort has been placed
on the discovery of target-specific drugs that modulate its activity (Arteaga and
Engelman 2014). These include monoclonal humanized antibodies (mAbs) directed
against the extracellular domain of the EGFR and selective small molecule inhibitors
that target the intracellular tyrosine kinase domain.

By targeting the ATP-binding domain of the EGFR, small molecule inhibitors
impair phosphorylation of the receptor C-terminal tail causing repression of ligand-
induced signals (Arteaga and Engelman 2014). Interestingly, these inhibitors show
a higher affinity for mutated forms of EGFR, meaning inhibition is achieved at
lower drug concentrations compared to those needed for inhibition of the wild-type
receptor (Carey et al. 2006). Examples of small molecule EGFR inhibitors include
Gefinitib, Erlotinib, and Afatinib, which are approved for lung cancer treatment
(Hirsch et al. 2013; Cohen et al. 2005; Thatcher et al. 2005). Interestingly, EGFR
kinase inhibitors, like Gefitinib, increase the formation of inactive dimers through an
inside-out signaling transmitted from the kinase domain to the extracellular dimeriza-
tion domain (Arteaga et al. 1997; Gan et al. 2007). Gefitinib-induced EGFR dimers
display increased ligand-binding affinity and peculiar binding kinetics (Bjorkelund
et al. 2011).Whether the increase in dimer formation might stimulate EGFR endocy-
tosis and, thus, contribute to signal extinction in parallel to kinase inhibition, remains
to be clarified.

Cetuximab and Panitumumab are themostwidely used EGFR-neutralizingmAbs.
Their effectiveness has been proven in the treatment of head and neck cancer, and
metastatic colon cancer (Peeters et al. 2015; Licitra et al. 2013; Pierotti et al. 2010).
Mechanistically, these mAbs act by preventing ligand binding, thereby, inhibit-
ing receptor activation and downstream signaling (Bou-Assaly and Mukherji 2010;
Dubois and Cohen 2009; Vincenzi et al. 2008). The mAbs also induce EGFR dimer-
ization and, thus, it has been proposed that they stimulate EGFR endocytosis and
downmodulation (Fan et al. 1993). However, experiments with radiolabeled Cetux-
imab showed that antibody-bound EGFRs are internalized at a lower rate compared
with ligand-induced endocytosis and are more efficiently recycled compared with
EGF-bound dimers (Jaramillo et al. 2006). Interestingly, the combination of anti-
EGFR antibodies directed against non-overlapping antigens was more efficient in
interfering with ligand binding, and in accelerating EGFR endocytosis and degra-
dation (Friedman et al. 2005; Pedersen et al. 2010) or increasing receptor recy-
cling (Spangler et al. 2010). Although the mechanism is still unclear, combinatorial
EGFR antibody treatment might improve anti-tumor efficacy through the regulation
of EGFR trafficking.
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9.5 Concluding Remarks

A wealth of evidence points to the relevance of endocytosis and trafficking in deter-
mining EGFR signaling outcome and in governing cell behavior, as also supported by
the frequent alterations of EGFR endocytic and trafficking routes in human cancers.
Yet, there are many aspects of the EGFR pathway that still need to be decoded, both
in physiological contexts as well as in cancer. A major challenge is to clarify how
EGFR signaling is interpreted in space and time, and how it is integrated with other
cellular processes and signaling pathways to determine a specific cellular outcome.
This should be clarified not only at the population level, but also at single-cell level.
Indeed, single-cell heterogeneity in a population context was shown to be critical
for the final cellular response (Elowitz et al. 2002; Frechin et al. 2015; Snijder et al.
2009). Notably, EGFR endocytosis and its downstream signaling are strongly pop-
ulation context dependent (Cohen-Saidon et al. 2009; Snijder et al. 2009; Liberali
et al. 2014).

There is also pressing need to follow the trafficking and fate of individual recep-
tors in unperturbed conditions (i.e., without ablation of critical factors or treatment
with chemical inhibitors), in order to illuminate the contribution of the different
factors to EGFR endocytosis in physiological settings. This area of investigation,
which is being greatly advanced by technologies for single-molecule tracking, is
particularly relevant for endocytosis. Endocytosis is a highly modular process with
many alternative (and redundant) signals, adaptors, and fission machineries. As a
consequence, it is highly plastic and can be efficiently and rapidly rewired through
adaptive modifications of the availability of endocytic factors, PM lipid/cholesterol
level, and changes in membrane tension. Consequently, compensation among differ-
ent endocytic pathways is likely and it has actually has been reported (Kalia et al.
2006; Nevins and Thurmond 2006; Damke et al. 1995; Guha et al. 2003; Chaudhary
et al. 2014), rendering the analysis in unperturbed conditions highly needed.

Finally, increasingly advanced models of EGFR signaling and endocytosis are
needed to achieve system-level understanding. Mathematical models of both the
EGFR signaling cascade (Kholodenko et al. 1999) and EGFR trafficking (Sorkin
et al. 1991; Wiley et al. 1991) have been generated in the past; however, they were
treated initially as separated processes. Attempts to integrate EGFR activation, ubiq-
uitination, and trafficking were undertaken only more recently and have unveiled
peculiar, unexpected, characteristics of the system [see for instance Wiley et al.
(2003), Resat et al. (2003), Capuani et al. (2015), Kleiman et al. (2011)]. Such an
approach is critical, as it will also help to identify the weak elements of the network
that are hijacked by cancer cells and that could represent critical points of therapeutic
intervention.
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Abstract The G protein-coupled receptor (GPCR) superfamily activates complex
signal pathways, yet untangling these signaling systems to understand how speci-
ficity in receptor signaling pathways is achieved, has been a challenging question.
The roles of membrane trafficking in GPCR signal regulation has undergone a recent
paradigm shift, from amechanism that programs the plasmamembraneGprotein sig-
naling profile to providing distinct signaling platforms critical for specifying receptor
function in vivo. In this chapter, we discuss this evolution of our understanding in
the endocytic trafficking systems employed by GPCRs, and how such systems play a
deeply integrated role with signaling.We describe recent studies that suggest that the
endomembrane compartment can provide a mechanism to both specify, and yet also
diversify, GPCR signal transduction. These new evolving models could aid mecha-
nistic understanding of complex disease and provide novel therapeutic avenues.
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Abbreviations

AIP1 Actin-interacting protein 1
AKT (PKB) Protein kinase B
ALIX ALG-interacting protein X
AMSH Associated molecule with the SH3 domain of STAM
AP2 Adaptor protein 2
APPL1 Adaptor protein containing PH domain, PTB domain, and leucine

zipper motif
ARRDC Arresting domain containing
B1AR, B2AR Beta adrenergic receptor 1 or 2
CB1 Cannabinoid receptor 1
CCP Clathrin-coated pit
CXCR4 Chemokine receptor 4
DOR δ-opioid receptor
EE Early endosome
EGF Epidermal growth factor
EGFR EGF receptor
EPB 50 ERM-binding phosphoprotein 50
ERM Ezrin–radixin–moesin
ESCRT Endosomal sorting complex required for transport
GAP GTPase-activating protein
GASP-1 GPCR-associated sorting protein-1
GDP Guanosine diphosphate
GEF GDP exchange factor
GIPC Gαi-interacting protein C-terminus
GPCR G protein-coupled receptors
GRK GPCR kinase
GSK3 Glycogen synthase kinase 3
GTP Guanosine triphosphate
HGF Hepatocyte growth factor
Hrs HGF-regulated tyrosine kinase substrate
LHR Luteinizing hormone receptor
MOR μ-opioid receptor
MVB Multivesicular body
PAR Protease-activated receptor
PDZ Post-synaptic density 95/disk large/zonula occludens-1
PI3P Phosphatidylinositol-3 phosphate
PKA Protein kinase A
PKC Protein kinase C
PSD Post-synaptic density protein 95
PTHR Parathyroid hormone receptor
RGS Regulator of G protein signaling
SNX27 Sorting nexin 27
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STAM Signal-transducing adaptor protein
STAT Signal transducer and activator of transcription
TAB1 TGF-beta-activated kinase 1-binding protein
TGN Trans-Golgi network
TM Transmembrane
TSHR Thyroid-stimulating hormone receptor
UBD Ubiquitin-binding domain
UBPY Ubiquitin-specific processing protease Y
V2R V2 vasopressin receptor
VASP Vasodilator-stimulated phosphoprotein
VEE Very early endosome
Vps Vacuolar protein sorting
WASH Wiskott–Aldrich syndrome protein and SCAR homolog
Wnt Wingless-related integration site

10.1 Introduction

Gprotein-coupled receptors (GPCRs) represent the largest family of signaling recep-
tors, encodedbymore than 2%of the humangenome (Fredriksson et al. 2003).Classi-
fied by their common architecture of a single polypeptide that traverses themembrane
seven times, with an extracellular N-terminus and intracellular C-terminus of highly
varying size and structure, they are also referred to as 7 transmembrane (7TM) recep-
tors. GPCRs are categorized into six separate sub-families based on their sequence
and functional similarities. The majority of receptors are in Class A/rhodopsin-
family, and the remainder classified into a further four families of secretin (Class
B), glutamate (Class C), adhesion, and frizzled (Fredriksson et al. 2003). GPCR lig-
ands are chemically diverse, ranging fromphotons, single amino acids, ions, odorants
to hormones, enzymes, neurotransmitters, and lipids. With >800 GPCRs in humans,
coupled with their widespread expression, they represent key signaling molecules in
all physiological systems. Their reputation as a tractable and successful drug target
(Stevens et al. 2013)means that fundamental mechanisms controlling these receptors
are of high interest to identify avenues that increase target specificity in vivo.

The classic view of GPCR signaling pathways is inconsistent with the diverse
functions they play in vivo. Cellular ‘atlases’ of GPCR expression in diverse tissues
suggest >100 different GPCRs are expressed in any one cell type (Insel et al. 2015);
however, there are only four main heterotrimeric G protein pathways these receptors
activate (see below). The current models depict GPCR signaling to be highly com-
plex, and so now the challenge is to understand how cells decode this complexity
into downstream specific responses (Stallaert et al. 2011; Ferre et al. 2014; Rankovic
et al. 2016). One mechanism that has emerged not only to diversify signaling, but
also as a means for cells to ‘decode’ or specify complex GPCR signaling pathways
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is endocytic membrane trafficking. In this chapter, we will give an overview of how
membrane trafficking has evolved our understanding of the fundamentalmechanisms
driving GPCR signal activity in vivo.

10.2 From Classic to Complex—The Pluridimensionality
of GPCR Signaling

10.2.1 Heterotrimeric G Protein Signaling Activated
by GPCRs

The primary mechanism for GPCRs to signal is via coupling to heterotrimeric G
proteins composed of Gα, Gβ, and Gγ with Gα binding the guanine nucleotides
GTP and GDP. The prototypic model of GPCR signal activation depicts individual
cell surface receptors binding its extracellular ligand and subsequently activating a
specific, but linear, heterotrimeric G protein pathway that converge on to common
downstream signal pathways. Both Gα and Gγ are lipidated and so are tethered to
the plasma membrane, with Gβ tightly associated with Gγ. Although G proteins
activate distinct effectors they share a core mechanism of activation. In the inactive
state, the Gα subunit is bound to GDP and is associated with Gβγ subunits, with the
latter heterodimer increasing the affinity of Gα to GDP. Ligand-induced activation
of a GPCR causes conformational changes enabling the receptor to act as a guanine
nucleotide exchange factor (GEF) leading to the Gα-bound GDP to be exchanged
for GTP (Fig. 10.1a). The GTP-bound Gα dissociates from the Gβγ dimer where
each can then go on to modulate the activity of various downstream effectors. The
hydrolysis of GTP to GDP is induced by GTPase-activating proteins (GAPs). Gα

has weak intrinsic GTPase activity, thus additional molecules called Regulator of
G protein signaling (RGS) facilitate this process, triggering heterotrimeric complex
re-association and the return of the system to the basal state (Fig. 10.1a). There
are four main types of Gα family proteins, Gαs, Gαi/o, Gαq/11, and Gα12/Gα13, that
initiate a specific signaling cascade through their respective effectors (Fig. 10.1b)
(Birnbaumer 2007). Although primarily ubiquitous in expression, certain members
of the Gα family are cell type specific. However, given the physiological significance
and large number of receptors, drove the field to try and understand how a limited
number of G proteins mediate such diverse responses in distinct tissues. It is now
appreciated that GPCR signaling is highly complex (see below). The question now
is how does an individual cell translate such complexity in signal pathways into
specific downstream responses. Over the past decade, the spatial control of GPCR
signaling, via endocytic trafficking, has emerged as a mechanism to contribute to
GPCR signal complexity yet, also provide signal specificity, both of which will be
discussed further in this chapter.
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Fig. 10.1 aModel of heterotrimeric G protein activation. Following ligand binding (1), the GPCR
activates its cognate heterotrimeric (α,β,γ) G protein by promoting the exchange of GDP for GTP on
the α subunit (2). α and β/γ subunits disassociate to activate signal transduction via distinct cellular
effectors (3). Regulators of G protein signaling (RGS) stimulate the GTPase activity of Gα, thus the
re-association with β/γ and the return to the basal state (4). b Schematic representation of different
G protein subunits and the signaling pathways they activate. There are four main Gα classes (blue):
stimulatory Gα (Gαs) activates adenylate cyclase (AC) which converts ATP into cAMP; inhibitory
Gα (Gαi), inhibits AC; Gαq/11 activates phospholipase C beta (PLCβ) that converts phosphatidyli-
nositol phosphate 2 (PIP2) into diacylglycerol (DAG) and inositol triphosphate (IP3) which activate
PKC and trigger calcium (Ca2+) release from intracellular stores, respectively; Gα11/12 activates
members of the Rho family of GTPases. Second messengers are in red. c Archetypal model of
GPCR activation, internalization, and post-endocytic sorting. The ligand-activated receptor (1) is
phosphorylated on multiple intracellular sites by GPCR kinases (GRKs) (2i) resulting in recruit-
ment and binding of β-arrestin (2ii). β-arrestin uncouples receptors from their G proteins, leading
to desensitization and enables receptor clustering to clathrin-coated pits (CCPs) (3). Dynamin-
mediated CCP scission from the plasma membrane and subsequent clathrin uncoating results in
internalized receptor sorted to endosomes (4). From here GPCRs can be divergently sorted back to
the plasma membrane (5a) or to lysosomes (5b). Figure modified from (Hanyaloglu 2018)

10.2.2 Mechanisms Mediating GPCR Signal Diversity

As stated above, GPCR signal pathways are complex, and in order to discuss the
key role of membrane trafficking in this process, one must first briefly describe
the potential mechanisms that result in pleiotropic signaling, referring the reader to
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recent reviews that cover specific mechanisms of GPCR signal diversity, as GPCR
endocytic trafficking is the primary focus.

One well-studied, though still controversial, mechanism for how GPCRs can
diversify their signaling is via receptor dimerization or oligomerization, to form
either homomeric or heteromeric complexes. The controversy in this field of study
stems in part to the technical approaches and cellular systems employed; however, it
has been demonstrated that homomerization of certain GPCRs is a physiologically
relevant form of signaling in vivo. The ability of GPCRs to form homomers has been
proposed as a means to amplify signal responses, enabling a platform for multiple,
or even distinct, G protein couplings (Jonas et al. 2015; Guo et al. 2008). The ability
of two, or more, distinct GPCRs to associate as heteromers can diversify signaling as
essentially the heteromer is a new functional receptor unit, with properties distinct
from their homomeric counterparts (Ji et al. 2017; Coke et al. 2016; Feng et al. 2013).
These complexes have been reported to exhibit altered ability to traffic newly syn-
thesized receptors to the cell surface, distinct pharmacological profiles, and altered
G protein-coupling and endocytosis. Targeting GPCR homomers versus heteromers
has attracted interest as a potential pharmacological target as certain off-target/side
effects of therapeutic drugs, or distinct diseases, involve the organization of receptors
into these complexes (Gomes et al. 2016).

GPCR signaling can be diversified via a number of additionalmechanisms, includ-
ing coupling tomultipleGproteins, receptor splice variants that exhibit distinct signal
and regulatory properties, or by GPCRs that have >1 endogenous ligand that may
activate distinct signaling profiles (pharmacological bias). However, a key mecha-
nism of current interest is the ability of receptors to signal in a G protein-independent
manner via a family of well-studied GPCR adaptor proteins, the arrestins. Arrestins
are key molecules in GPCR endocytic trafficking and will be discussed below in
Sect. 10.3; however, their function as signaling scaffolds is an area of strategic focus
in drug discovery. There are four arrestin isoforms, with arrestins 1 and 4 specifi-
cally restricted to the retina. Arrestins 2 and 3 (also termed β-arrestin1 and β-arrestin2
historically due to initial studies first identifying roles in regulating β2-adrenergic
receptor signaling) are ubiquitously found outside of the retina. These non-visual
arrestins interact with a number of different GPCRs, specifically by binding to the
activated and phosphorylated receptor to mediate receptor rapid desensitization of G
protein signaling (Luttrell and Lefkowitz 2002; Pierce and Lefkowitz 2001). How-
ever, their ability to act as scaffolds for a variety of signaling proteins (e.g., ERK1/2,
AKT, JNKs) to mediate distinct cellular functions such as survival, apoptosis, and
cell migration (Xiao et al. 2007, 2010) has attracted attention for the potential to
identify ligands that could discriminate between G protein and arrestin-dependent
signaling (Rankovic et al. 2016; Reiter et al. 2012). While it was thought that GPCRs
can couple to this G protein-independent form of signaling without detectable G pro-
tein signaling, recent studies have challenged this model, demonstrating that active
G proteins are still essential for arrestin-dependent signaling for certain receptors
(Grundmann et al. 2018;Wang et al. 2017). These recent studies will assist in assess-
ing how biased signaling is exploited by the drug discovery industry. For GPCRs
such as the μ-opioid receptor (MOR), biased signaling is a valid therapeutic strategy
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as it has been demonstrated in vivo that ligands biased to G protein, but not arrestin-
dependent signaling (or at least recruit arrestin to the active receptor), have potent
analgesic properties without the unwanted side effects of respiratory depression and
dysfunctional gastrointestinal actions (De Wire et al. 2013).

10.3 Endocytic and Post-endocytic Sorting of GPCRs

In this section, we will provide an overview of the endocytic pathways GPCRs
traverse following ligand-dependent activation, and our current understanding of the
mechanisms mediating divergent sorting between the plasma membrane recycling
pathway and lysosomal degradation. One core principle of these mechanisms is that
GPCR post-endocytic sorting is a tightly regulated process that occurs viamultisteps,
enabling receptor sorting and thus signal activity of a GPCR, to be reprogrammed
(Hanyaloglu and von Zastrow 2008). The impact of post-endocytic sorting on GPCR
signaling classically involves regulation of cell signaling described in Sect. 10.2.1.
In latter sections, we will discuss how studies over the past decade have unveiled
additional roles of the endomembrane system in generating GPCR signaling, and its
physiological/pathophysiological role.

10.3.1 GPCR-Mediated Internalization to Desensitize
or not Desensitize

Following ligand-dependent activation of cell surface GPCR/G protein signaling,
many GPCRs undergo rapid desensitization via a very well-studied mechanism
involving receptor phosphorylation on intracellular serine/threonines, via a member
of theGPCR kinase (GRK) family and recruitment of arrestins (Fig. 10.1c). Arrestins
not only mediate rapid desensitization, via uncoupling the receptor from its cognate
G protein, but also mediate rapid ligand-induced internalization via clathrin-coated
pits (CCPs). This contributes to acute signal termination and occurs via arrestin’s
ability to bind GPCR, the β-subunit of the adaptor protein 2 (AP2) and clathrin
heavy chain (Moore et al. 2007; Barki-Harrington and Rockman 2008). Following
the recruitment of GPCRs into CCPs, the scission of CCPs to clathrin-coated vesicles
from the plasma membrane requires the large GTPase dynamin, resulting in GPCR
internalization to the endosomal compartment (Fig. 10.1c).

While the above described model is utilized by many receptors, GPCRs greatly
differ in how they engage this mechanism, from the type of GRK and arrestin
employed, to whether arrestin co-internalizes or transiently associates with its GPCR
at the plasma membrane and to internalization via CCPs independent of GRKs and
arrestins, e.g., the gonadotrophin-releasing hormone receptor and protease-activated
receptor-1 (McArdle et al. 2002; Paing et al. 2002). Receptor-dependent differences
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can contribute to signal diversity in GPCR/G protein signaling by regulating the
spatial-temporal patterns of these pathways. Another example is the reported het-
erogeneity in CCPs, whereby GPCRs can be differentially organized within distinct
CCPs tomediate the subsequent post-endocytic fate of the receptor between recycling
or degradative pathways. CCPs with GPCRs targeted to the recycling pathway con-
tained GRKs/arrestins, while CCPs where GPCRs were phosphorylated by second
messenger kinases mediated sorting to the lysosome for degradation (Mundell et al.
2006; Lakadamyali et al. 2006). CCP specialization may also function as signaling
microdomains and supported by the observations that GPCRs temporally regulate
their time in CCPs prior to dynamin-dependent endocytosis, termed residency time.
By interacting with scaffold proteins of the post-synaptic density 95 (PSD95)/disks
large (Dlg)/zonula occludens-1 (Zo-1) (PDZ) family, the β2-adrenergic receptor
(β2AR) extends its residency time via the GPCR/PDZ interaction with cortical actin
and thus delaying the dynamin recruitment (Puthenveedu and von Zastrow 2006).
OtherGPCRs such as theMOR,whichdonot have aPDZ-interacting sequencewithin
its intracellular C-terminal tail (C-tail), delay its residency time by regulating the scis-
sion of the CCP by dynamin. Interestingly, this mechanism is mediated by receptor
ubiquitination to dictate MOR’s CCP residency time, with non-ubiquitinated recep-
tors displaying a pronged residency time, while ubiquitination on lysine residues on
the first intracellular loop of MOR by the E3 ligase Smurf (recruited with arrestin
to the receptor) triggers scission of the CCP (Henry et al. 2012). The significance
of altering CCP residency time of a GPCR to downstream cellular function has
been demonstrated for the cannabinoid receptor type 1 (CB1). For CB1, its CCP
residency time enables formation of arrestin signalosomes to spatial-temporally reg-
ulate mitogenic signals that impacts the regulation of genes mediating contrasting
pro-survival and pro-apoptotic functions (Delgado-Peraza et al. 2016; Flores-Otero
et al. 2014). Temporally sustained arrestin signalosomes at the CCP may not even
require maintaining receptor within the CCP. Recent studies have demonstrated that
the β1-adrenergic receptor (β1AR), which internalizes more slowly and clusters
poorly compared to GPCRs such as the β2AR, recruits arrestin-3 to the activated
receptor yet rapidly dissociates leaving arrestin in its active form to CCPs (Eichel
et al. 2016). A recent follow-up study has identified the structural mechanism medi-
ating this transient association between GPCR and arrestin, yet sustained between
arrestin and the CCP. The transient association of arrestin with β1AR occurs via the
receptor core, without involving the C-tail. This interaction results in arrestin main-
taining an active conformation and retention of arrestin in CCPs through interactions
with membrane phospholipids and clathrin proteins, even after receptor has disas-
sociated (Eichel et al. 2018). This is consistent with prior reports of visual arrestin
exhibiting abilities to insert into the membrane (Lally et al. 2017). Although not
assessed in these recent studies, the β1AR C-tail has known interactions with spe-
cific PDZ proteins (PSD95, MAGI-2, GIPC (He et al. 2006)), which could regulate
clustering prior to receptor/arrestin disassociation or facilitate a plasma membrane
scaffold between β1AR and activated arrestin in CCPs.

Although arrestin and CCP adaptors AP2 represent core machinery that drive
receptor clustering into CCPs and regulate internalization for many different recep-
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tors, whether there are additional factors that can positively, or negatively, direct
receptor clustering and internalization remains an outstanding question. Post-
translational modifications such as ubiquitination and palmitoylation are known
to regulate endocytosis, suggesting additional adaptor proteins are likely involved.
Although arrestin is also a key factor in accessibility of enzymes, such as E3
ubiquitin ligases, to induce these post-translational modifications of the receptor
(Girnita et al. 2005; Shenoy et al. 2009; Shenoy 2014), the identify of additional
binding partners is poorly understood, particularly for those GPCRs that do not
employ the ubiquitous GPCR adaptor protein arrestin. Studies on clathrin and
arrestin-independent endocytic pathways have provided understanding on how addi-
tional pathways mediate GPCR internalization. Endophilin-A, previously thought
to be involved in clathrin-mediated endocytosis, in fact drives a distinct dynamin-
dependent, but clathrin/arrestin-independent internalization pathway termed fast
endophilin-mediated endocytosis (FEME)of a subset ofGPCRs.This rapid (seconds)
endocytosis is characterized by their ability to bind the SH3 domain of endophilin-
A to the third intracellular loop of different receptors, including the β1AR, D3, and
D4 dopamine receptors and muscarinic acetylcholine receptor 4. As FEMEmediates
endocytosis of distinct cargoes, in addition toGPCRs, suggests this formof endocyto-
sis could potentiallymediate/regulate diverse cellular functions (Boucrot et al. 2015).

10.3.2 Post-endocytic Sorting of GPCRs to the Recycling
Pathway

Following endocytosis,many kinds of cargo, includingGPCRs, are trafficked to early
endosomes (EEs) from which they are then sorted to distinct opposing fates; plasma
membrane recycling or lysosomal-mediated degradation. The decision to divergently
sort GPCRs has significant consequences in shaping the signaling response from that
activated receptor, and thus are important pathways physiologically and in disease
where GPCR sorting is perturbed (Dunn and Ferguson 2015; Hanyaloglu and von
Zastrow 2008). As will be discussed in Sect. 10.4, their role in signaling is not only
important in temporally defining plasma membrane G protein signaling (Hanyaloglu
and von Zastrow 2008) but also by providing additional intracellular platforms to
mediate signaling. For more than 15 years, researchers have been deciphering the
machinery that directs receptor fate, and what is apparent from this body of work is
that post-endocytic sorting is tightly regulated at multiple levels. GPCRs sorted to a
plasma membrane recycling pathway are important in resensitization, or recovery,
of cell surface signaling. This impacts receptor function both physiologically and
pathophysiologically, as β2AR recycling is important in regulating cardiac myocyte
contractility (Xiang andKobilka 2003), while for theMOR, recycling is implicated in
opiate tolerance (Roman-Vendrell et al. 2012). However, our current understanding
of how GPCRs undergo this sorting event depicts a mechanism requiring a highly
complex series of events. A common requirement for GPCR recycling, compared
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to other membrane cargo that traverse the same recycling pathways in a ‘default’
manner (such as the transferrin receptor), is that is regulated via specific cis-acting
sorting sequences in theGPCRdistalC-tail (also termed sequence-directed recycling)
(Hanyaloglu and von Zastrow 2008; Trejo 2005). This regulated form of recycling
was first identified for the β2AR, where the C-tail recycling sequence conferring
to a type 1 PDZ ligand was essential for recycling, without which the receptor was
rerouted to the degradative pathway (Hirakawa et al. 2003b; Cao et al. 1999). Another
feature of these recycling sequenceswas that they are alone sufficient for recycling, as
transplanting themon toGPCRs that are targeted for degradation, such as the δ-opioid
receptor (DOR), reroutes their post-endocytic trafficking to the recycling pathway
(Cao et al. 1999; Gage et al. 2001). The initial studies with β2AR suggested the PDZ
protein that mediated this regulated recycling was ezrin–radixin–moesin (ERM)-
binding phosphoprotein-50 (EPB50), also called Na+/H+ exchange regulatory factor
1 (NHERF-1). However, GPCRs with PDZ ligands have been shown to interact with
more than one PDZ protein (He et al. 2006), and EPB50/NHERF-1 is a PDZ protein
primarily localized to the plasma membrane, or juxta-membrane, regions of the cell.
This then directed subsequent studies to focus on the PDZ protein sorting nexin-27
(SNX27), due to its ability to bind PI3P, an EEmembrane-enriched lipid. SNX27was
found to be essential for β2AR recycling (Lauffer et al. 2010). Many GPCRs targeted
to the recycling pathway have specific sequences in their C-tails that are essential
for trafficking to this pathway. Intriguingly, they are heterogeneous with many not
corresponding to PDZ type 1 ligands, and thus many have unknown interacting
partners.We have previously proposed that this high diversity in recycling sequences
suggests receptor specificity in regulating GPCR recycling, in other words, a cell
has the potential to modulate sorting of specific receptors, or indeed more globally,
by altering expression of receptor-specific or core endosomal sorting machinery
respectively (Marchese et al. 2008; Hanyaloglu and von Zastrow 2008).

That recycling of membrane cargo could occur via two distinct modes, regulated
and default, combined with the knowledge that multiple distinct GPCR recycling
sequences exist, led to the pursuit of whether there are distinct mechanisms of recy-
cling for these different cargos and/or common machinery. The studies to date sug-
gest involvement of both core- and receptor-specific mechanisms and unexpectedly
identified that regulated GPCR recycling did not only require a protein interaction
with the distal C-tail recycling sequence, but a more complex mechanism, involving
additional upstream sequences in the receptor C-tail and post-translational modifica-
tions driven through the receptors own signal activity (Hanyaloglu and von Zastrow
2008). One protein that represents a component of the core mechanism mediating
GPCR post-endocytic sorting is the early endosome-localized HGF-regulated tyro-
sine kinase substrate (Hrs), also termed Vps27 (a component of ESCRT 0—see
Sect. 10.3.3 below). Hrs was established as a protein mediating the sorting of dif-
ferent membrane cargo, including GPCRs to the lysosome for degradation, but is
also essential for sequence-directed, or regulated, recycling of the β2AR, MOR,
and calcitonin-receptor-like receptor (Hanyaloglu et al. 2005; Hasdemir et al. 2007).
The N-terminal VHS domain of Hrs, so termed by its conserved presence in yeast
Hrs, Vps27, Hrs, and the Hrs-interacting partner STAM, had prior to these stud-
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ies an unknown function, yet this region of Hrs mediated the recycling of these
distinct GPCRs, although whether this was through distinct protein interactions
via the VHS domain remains to be determined (Hanyaloglu et al. 2005; Hasdemir
et al. 2007; Huang et al. 2009). Additional core sorting proteins could also be the
arrestins, although opposing actions on receptor recycling for different GPCRs have
been reported. While recycling of the N-formyl peptide receptor requires β-arrestin
(Vines et al. 2003), for the glucose-dependent insulinotropic polypeptide receptor
(GIPR), arrestin negatively regulates rapid recycling and instead promotes its slow
sorting via the trans-Golgi network (TGN), leading to downregulation of this GPCR
(Abdullah et al. 2016). The retromer is a core endosomal complex well-characterized
in endosomal-TGN transport of membrane cargo, but has recently been shown to be
a key component of sorting GPCRs to the plasma membrane recycling pathway and
directing receptors into specific endosomal tubules that mediate this regulated recy-
cling (Puthenveedu et al. 2010). For the β2AR, its interaction with the PDZ protein
SNX27 enables this receptor to be targeted to the retromer complex, via the ability
of SNX27 to interact with Wiskott–Aldrich syndrome protein and SCAR Homolog
(WASH) protein complex (Temkin et al. 2011; McGarvey et al. 2016). These studies
also identified the endosomal mechanisms for GPCR sorting between two modes
of recycling, regulated and default, via the physical organization into tubules differ-
ing in both their protein complement, with endosomal actin, WASH and retromer
present in tubules mediating regulated GPCR recycling, and kinetics, with default
recycling tubules forming in amore transientmanner compared to regulated recycling
(Puthenveeduet al. 2010).At the level of the receptor, there are also specific sequences
that dictate sorting between these twomodes of recycling. For the β2AR, these repre-
sent acidic dileucine-like sequences located upstream in the C-tail of the distal β2AR
PDZ ligand, whereby mutation of this dileucine-like sequence did not affect overall
ability of this receptor to recycle, but rerouted the receptor to a PDZ-independent,
default pathway (Hanyaloglu and von Zastrow 2007). Likewise, the phosphorylation
on the proximal region of the β2AR C-tail by PKA switches the receptor between
default and sequence-dependent recycling tubules, highlighting the role of β2AR-
Gαs-cAMP pathway which negatively regulates entry into the sequence-dependent
recycling tubule (Vistein and Puthenveedu 2013). In contrast, PKA phosphorylation
of the β1AR C-tail drives regulated recycling (Nooh and Bahouth 2017). Collec-
tively, these studies highlight the complexity and intricate regulation mediating the
sorting of these receptors into the plasma membrane recycling pathway. It also indi-
cates that there are perhaps additional cellular functions of this complex pathway
beyond returning receptors back to the plasma membrane for signal resensitization,
especially when there is a simpler, default, recycling pathway employed by other
membrane cargo. While we have previously proposed a model for this complexity
in the recycling pathway in enabling reprogramming of GPCRs to multiple distinct
fates, particularly in cells exposed to dynamic extracellular environment (Hanyaloglu
and von Zastrow 2008; West and Hanyaloglu 2015), it is also possible that there are
additional, perhaps receptor-specific signal functions in thismultistep regulated recy-
cling pathway. Certainly, this ability to reprogram the trafficking fate of a GPCR is
being assessed at a pharmacological level with a recent study proposing these sort-
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ing pathways could represent a screening platform to identify novel compounds that
discriminate between default and regulated recycling (Nooh et al. 2016).

The above studies have identified intricate molecular mechanisms directing reg-
ulated GPCR recycling, where the EE is the primary sorting platform. As stated
above, the sequences that mediate GPCR recycling are heterogenous, possibly sug-
gesting these distinct GPCR recycling sequences, and potentially distinct interacting
partners, may have additional functions. One function that has been identified is to
organize GPCRs into endosome compartments distinct from the classic EE for its
post-endocytic sorting. The human luteinizing hormone receptor (LHR), follicle-
stimulating hormone receptor and the β1AR, primarily traffic to physically smaller
endosomes (~third of the size of EEs) that do not contain the EE markers such
as the GTPase Ras-related protein Rab5, PI3P, and EEA1. We have termed these
endosomes, very early endosomes (VEEs) (Jean-Alphonse et al. 2014), not only to
distinguish from the EE, but also as these GPCRs must traffic to VEEs to be sorted
to the recycling pathway. Here, the interaction between GPCR recycling sequence
and the PDZ protein, GIPC (Gαi-interacting protein C-terminus, (Hirakawa et al.
2003b)), mediates recycling because it directs the receptor to the VEE away from the
EE (Jean-Alphonse et al. 2014). Thismay suggest that the term ‘recycling sequences’
may be a too limited description for their role in receptor trafficking, as certainly
these sequences may interact with more than one binding partner, and for the VEE,
it is directing receptors to this compartment through associations early on in endocy-
tosis, at the level of receptor clustering in CCPs (Jean-Alphonse et al. 2014). While
the VEE does not contain class EE markers, a subpopulation is positive for the adap-
tor protein containing PH domain, PTB domain, and leucine zipper motif (APPL1)
(Jean-Alphonse et al. 2014). Although APPL1 was known as a component of the
EE intermediate with Rab5 (Zoncu et al. 2009), the lack of role for Rab5 in VEE-
targeted receptors suggested this is a distinct APPL1 compartment (Jean-Alphonse
et al. 2014). Recently, we have demonstrated that APPL1 is essential for the recycling
of GPCRs from the VEE, a new role for this adaptor protein, and mechanistically
this rapid recycling involved the cAMP/PKA signaling activated by the receptor to
phosphorylate APPL1 on serine 410 (Sposini et al. 2017), again demonstrating the
integrated nature of membrane trafficking and signaling.

10.3.3 Post-endocytic Sorting of GPCRs to the Degradative
Pathway

Post-endocytic sorting of GPCRs to the lysosomes for degradation is a mechanism
for cells to terminate or downregulate signaling from that receptor, particularly when
that signal if remained active, would be detrimental to the cell. A dramatic example
of this is for the chemokine receptor CXCR4, where overactive signaling due to
altered post-endocytic sorting is associated with invasive breast cancer (Marchese
et al. 2008). In addition, GPCRs that undergo recycling if chronically stimulated are
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rerouted to a degradative pathway as part of the process of receptor downregula-
tion. This is a protective mechanism for cells, but when pharmacologically targeting
a GPCR, these innate mechanisms in regulating signaling through downregulation
may play a role in drug tachyphylaxis (loss of drug response over time) or toler-
ance (Tappe-Theodor et al. 2007; Hanyaloglu and von Zastrow 2008). Therefore, the
clinical significance of this sorting pathway for GPCRs has driven studies to iden-
tify the underlying molecular mechanisms. The mechanisms that sort GPCRs to the
lysosomal pathway, like recycling, are intricately regulated, involve multiple steps,
and begin early in the endocytic pathway. GPCRs internalized to EEs traffic to Rab7
late endosomes, which then result in involution of receptors to form multivesicu-
lar bodies (MVBs). The fusion of MVBs with lysosomes results in cargo degrada-
tion. The most well-characterized mechanism for sorting of membrane cargo to a
degradative pathway is via ubiquitination at lysine residues and endosomal sorting
complex required for transport (ESCRT)-dependent degradation. ESCRT represents
four distinct protein complexes (ESCRT-0, I, II, III) with ESCRT-0, I, and II con-
taining proteins with ubiquitin-binding domains (UBDs) that act sequentially to bind
and retain ubiquitinated cargo, with the final step leading to involution of cargo in
MVBs. The ESCRT complexes are then disassociated from the maturing MVB via
the AAA-ATPase Vps4 and the cycle is repeated (Rusten et al. 2011; Henne et al.
2013). For GPCRs that employ these core mechanisms of lysosomal sorting, e.g.,
CXCR4, protease-activated receptor 2 (PAR2) and β2AR, their ubiquitination occurs
early during their endocytosis, whereby ubiquitin E3 ligases associate directly with
the GPCR or via arrestin (Kennedy and Marchese 2015). Interestingly, there are also
GPCRs that employ distinct mechanisms, whereby even if they are ubiquitinated,
this modification is not required for degradation, or for dependence on certain com-
ponents of the ESCRT machinery (Henry et al. 2011; Hislop et al. 2011; Dores and
Trejo 2015). For these GPCRs, their degradation involves interacting with additional
machinery via the receptor C-tails with proteins such as GPCR-associated sorting
protein-1 (GASP-1) and the autophagy protein Beclin-2 (He et al. 2013). Further-
more, receptor ubiquitination may have functions at distinct steps of the endocytic
pathway leading to degradation. For the DOR, ubiquitination via the E3 ligase AIP4
is required for efficient involution of receptor into MVBs to mediate its rapid degra-
dation (Henry et al. 2011; Hislop et al. 2009). Similarly, following chronic agonist
stimulation of MOR, receptor ubiquitination also promotes receptor involution into
MVBs (Hislop et al. 2011). Interestingly, a recent study has suggested that sorting
of GPCRs such as DOR at the level of MVB involution may not necessarily dictate
a fate of receptor degradation, and there may be mechanisms to redirect involuted
receptors back to the limiting membrane of the MVBs and subsequent traffic to the
TGN for plasma membrane recycling (Charfi et al. 2018). Targeting of GPCRs to
the degradative pathway may involve ubiquitination of associated adaptor proteins
rather than the GPCR, e.g., arrestin, (Mosser et al. 2008), or the ubiquitous adap-
tor protein ALG-interacting protein X (ALIX) employed by PAR1. PAR1 requires
neither receptor ubiquitination, ESCRT 0, I nor GASP-1 for its lysosomal sorting,
instead ubiquitination of ALIX enables the formation of an endosomal complex with
the arrestin-domain-containing proteins (ARRDCs) ARRDC1 and ARRDC3 (Dores
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et al. 2012a, b, 2015). This pathway is critical in regulating signaling from PAR1,
as loss of ARRDC3 in breast cancer results in inhibition of lysosomal sorting and
aberrant persistent signaling from this receptor (Arakaki et al. 2018).

As for sorting of GPCRs to the regulated recycling pathway (Sect. 10.3.2), lysoso-
mal sorting is also regulated byGPCRsignaling and even theGPCRsignalmachinery
itself can have direct roles in sorting. Phosphorylation of the dopamine D2 and D3
receptors by the second messenger kinase PKC is involved in mediating its degrada-
tion (Zhang et al. 2016; Cho et al. 2013), while the Gαs subunit of heterotrimeric G
proteins regulates post-endocytic targeting of GPCRs to a degradative pathway, inde-
pendent of its GTPase activity (Rosciglione et al. 2014). Gαs was essential for the
degradation of CXCR4, DOR, and the angiotensin 1A receptor, which interestingly
areGPCRs that exhibit differential dependence on ubiquitin on their sorting. Gαswas
shown to be required for receptor involution into MVBs. Although this suggests Gαs
mediates a late step in the lysosomal post-endocytic sorting pathway, this G protein
formed complexes at the EE with GASP-1, dysbindin, and Hrs, possibly suggesting
additional roles upstream of receptor involution intoMVBs (Rosciglione et al. 2014).
It is clear that as for sorting to the recycling pathway, the mechanisms of lysosomal
sorting for GPCRs are also complex and involve multiple steps. Therefore, this also
provides a platform for reprogramming the fate of GPCRs targeted for degradation,
as evidenced recently with the DOR where receptor can be rerouted at a late stage of
sorting (Charfi et al. 2018) and in breast cancer, where lysosomal sorting of PAR1
and CXCR4 is inhibited at an upstream step of sorting (receptor tyrosine kinase Her-
2/ErB2 inhibits receptor ubiquitination), resulting in increased surface expression
and promotion of more aggressive tumors (Marchese et al. 2008). Overall, the plas-
ticity in the GPCR post-endocytic sorting system represents a key mechanism for
regulating cellular sensitivity via altering receptor targeting fate (Mukai et al. 2010;
Cadigan 2010). This will be discussed further in Sect. 10.4 in the context of GPCR
endosomal signaling.

10.4 Endosomes as GPCR Signaling Platforms

As described in Sect. 10.2, the models of GPCR signaling have significantly evolved.
Likewise, so has our understanding in the complexity of post-endocytic trafficking
pathways, yet its impact on regulating GPCR signaling was based on a model where
GPCRs activate signaling from the plasma membrane. These models have also dra-
matically changed over the past 9 years whereby post-endocytic pathways not only
shape the cell surface signaling response but also directly function as distinct signal-
ing platforms with unique downstream cellular functions. This section will review
our current understanding of GPCR endosomal signaling across distinct intracellular
compartments, and even endosomal microdomains, and its potential applications in
health and disease.
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10.4.1 Early Endosomes (EE) as a Key Heterotrimeric G
Protein Signaling Hub

The endomembrane provides a distinct platform for receptor signaling from the
plasmamembrane, as it can provide access to specialized compartments with distinct
substrates that in turn can diversify downstream cellular responses, by activating
either unique pathways or even how the cell translates signals from the same signaling
pathway (e.g.,Gαs-cAMPpathway). Thefirst examples ofGPCR/Gprotein signaling
from endosomes was for the thyrotropin-stimulating hormone receptor (TSHR) and
the parathyroid hormone receptor (PTHR), both Gαs-coupled GPCRs that exhibited
a sustained, or persistent levels of cAMP, even when extracellular ligand had been
removed and the receptor had been internalized. For these receptors, endosomal G
protein signaling contributed to a secondphase of cAMPsignaling following themore
transient plasmamembrane signaling response (Calebiro et al. 2009; Ferrandon et al.
2009). For PTHR, subsequent studies have shown that endosomal cAMP signaling
is enhanced by arrestin. Despite the well-established role of arrestin in G protein
uncoupling at the plasma membrane, recent molecular studies have identified that
arrestin can bind receptors at distinct sites, whereby interactionwith the receptor core
mediates G protein uncoupling, while sustained association with the phosphorylated
GPCR C-tail enables formation of what was termed a ‘megaplex,’ enabling receptor
to simultaneously associate with both G protein and arrestin (Thomsen et al. 2016).
As for plasma membrane signaling, endosomal G protein signaling must also be
regulated and for the PTHR, this signaling is attenuated by endosomal acidification
and the retromer complex, which like B2AR is also required to direct this receptor
to the recycling pathway (Ferrandon et al. 2009; Feinstein et al. 2011; Gidon et al.
2014; McGarvey et al. 2016) (Fig. 10.2).

Although these studies directly demonstrate that second messenger signaling
was persistent and required receptor internalization, the first direct evidence that
endosomes exhibit both active receptor and active heterotrimeric G proteins fol-
lowing ligand-induced activation of a GPCR, was for the β2AR. The develop-
ment of nanobody-based biosensors was instrumental for this, by their ability to
bind the active, nucleotide-free form of Gαs (termed nanobody-37) and the active
conformation of β2AR (nanobody-80) (Irannejad et al. 2013; Pardon et al. 2014).
Recent studies on β2AR endosomal Gαs/cAMP reveal this signaling may be highly
organized into endosomal signaling microdomains. Association of the α-arrestin
ARRDC3 with EE-localized β2AR enhanced endosomal signaling by negatively
regulated receptor sorting into regulated recycling tubules (characterized by SNX27
and retromer) (Fig. 10.2) (Tian et al. 2016). It is unclear whether this function of
ARRDC3 is by physical constraint of the receptor in signal microdomains, and/or
a direct role of ARRDC3 in facilitating G protein endosomal signaling, akin to the
arrestin megaplexes. A distinct study on β2AR endosomal signaling demonstrated
that the active β2AR in EEs (visualized by nanobody-80) was detected throughout
the limiting membrane of the endosome, while active G protein, via nanobody-37,
was specifically in regulated SNX27/WASH recycling tubules (Bowman et al. 2016).
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Fig. 10.2 GPCR intracellular signaling at distinct endosomal compartments. a GPCRs that tran-
siently associate with arrestins (e.g., β2AR) are internalized to early endosomes (EEs) where active
receptors are present throughout the endomembrane; Gαs-mediated cAMP production is elicited
by receptors localized in recycling tubules marked by sorting nexin 27 (SNX27), retromer, and
wash complexes and increased by retention of receptors outside these tubules by interaction with
α-arrestin and the endosomal sorting complex required for transport 0 (ESCRT0). Endosomal sig-
naling of β2AR has a unique transcriptional profile. b GPCRs that exhibit a sustained association
with arrestin during internalization (e.g., V2R, PTHR) are also targeted to the EE, where they con-
tinue to activate cAMP and ERK responses via the interaction with both the G protein heterotrimer
and β-arrestin. Interaction of GPCRwith retromer and SNX27 dictates its localization into recycling
tubules and terminates endosomal signaling. There is evidence that endosomal signaling from these
receptors has key physiological roles. c Certain GPCRs (e.g., LHR) are internalized into very early
endosomes (VEEs) marked by APPL1 through the interaction with GAIP-interacting protein, C-
terminus (GIPC) where they sustain ERK and cAMP signaling. It is unknownwhat the downstream
consequences of such endosomal signals are. dGPCRs, such as frizzled, are sorted to the lysosomal
pathway and can induce a sustained Wnt-mediated β-catenin response via ESCRT-dependent invo-
lution into multivesicular endosomes (MVE) with glycogen synthase kinase 3 (GSK3) (see text).
Figured modified from (Hanyaloglu 2018)

Even though the role of ARRDC3 in promoting endosomal signaling by inhibiting
the sorting of β2AR into these recycling tubules was demonstrated, collectively these
studies suggest the functional site of ARRDC3, in terms of regulating GPCR/Gαs
signaling, is at microdomains within an individual regulated recycling tubule. This
is consistent with the finding that ARRDC3 can regulate interactions between β2AR
with SNX27 (Tian et al. 2016 and Fig. 10.2). A key outstanding question from these
studies is whether there are additional signaling pathways activated at the endomem-



10 Evolving View of Membrane Trafficking and Signaling Systems … 289

brane by the β2AR given the homogenous endosomal organization of nanobody-80,
including both default and regulated recycling tubules.

Other heterotrimeric G protein pathways also require receptor internalization for
persistent signaling, including Gαq/11-calcium signaling from the kisspeptin recep-
tor, a pathway with a key role in puberty onset given the activating receptor mutation,
R386P, exhibits enhanced endosomal signaling (Min et al. 2014; Bianco et al. 2011).
Endosomal Gαq/11 signaling is also important for the calcium-sensing receptor, yet
intriguingly, this GPCR is able to couple to multiple G protein pathways, including
Gαi/o and Gα12/13, yet endosomal signaling from this receptor was predominantly
mediated by Gαq/11 signaling, providing the first demonstration that the endocytic
pathway could selectively activate distinct G protein pathways from aGPCR (Gorvin
et al. 2018). Both the G protein α and βγ subunits are effectors for distinct enzymes
(Fig. 10.1b). For the PTHR, the Gβγ, associated with Gαi/o at the plasmamembrane,
dissociates from its α subunit following activation and stimulates endosomal adeny-
late cyclase 2 activity to prolong nuclear cAMP and PKA activity (Jean-Alphonse
et al. 2016). The pool of Gβγ recruited was found to be from β2AR/Gαi/o, demon-
strating crosstalk between plasma membrane and endomembrane signaling and that
endosomal signaling is part of a network of signaling events. Physiologically these
two GPCRs are co-expressed in osteoblasts and provide mechanistic insight into
prior studies reporting promotion of bone mineralization of PTH via β2AR activa-
tion (Hanyu et al. 2012; Jean-Alphonse et al. 2016).

10.4.2 Additional Endosomal Compartments as GPCR
Signalosomes

Are EEs the only compartment capable of signaling of internalized GPCRs given
the complexity of both GPCR signaling and the post-endocytic pathways GPCRs
traverse? To date, there are limited studies that directly address this for GPCRs;
however, the distinct endosomal compartment of the VEEs (see Sect. 10.3.2) (Jean-
Alphonse et al. 2014; Sposini et al. 2017) also represents GPCR signal platforms.
Initial studies with human LHR demonstrated that persistent ERK signaling required
(1) receptor internalization, as inhibition of endocytosis completely blocked ligand-
induced ERK signaling, and (2) receptor targeting to the VEE, as rerouting receptor
from theVEE to theEE resulted in a transientERKsignal profile (Jean-Alphonse et al.
2014). Recently, we have demonstrated that GPCRs can acutely activate Gαs-cAMP
signaling from a subset of VEEs, differentiating this endosomal signaling from the
temporally sustained, or persistent, endosomal G protein signaling observed with the
PTHR, TSHR, and β2AR. VEE-derived endosomal cAMP signaling of LHR, FSHR,
and the β1AR, was negatively regulated by APPL1, but via an opposing mechanism
to the role of APPL1 in driving receptor recycling from the VEE, as the unphos-
phorylated form of APPL1 was required for this negative regulation (Sposini et al.
2017). Thus, the concept of ‘location bias’ in heterotrimeric G protein signaling can
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be extended atmultiple levels, i.e., between distinct endosomal compartments aswell
within endosomal populations. The downstream roles of VEE signaling remain to be
determined for these VEE-targeted receptors. There is evidence that the mouse LHR
exhibits a persistent cAMP profile in ovarian follicles and that inhibition of inter-
nalization impairs LH-mediated resumption of meiosis (Lyga et al. 2016), although
the role of the VEE is unknown as rodent LHRs do not interact with GIPC and are
primarily targeted to a degradative pathway (Galet et al. 2003, 2004; Hirakawa et al.
2003a; Nakamura et al. 2000).

Late endosomes/MVBs could also directly control GPCR signaling from this
compartment. Indeed, a signaling role for late endosomes, defined by Rab7 local-
ization, has been demonstrated for certain growth factors and nutrient signals such
as EGF, insulin and amino acids, via endosomal signaling through Ras GTPases
and mTORC-1 (Flinn and Backer 2010; Lu et al. 2009). The strongest evidence to
date for GPCRs is the requirement of receptor organization within MVBs in Wnt
signal regulation. Wnts activate members of the GPCR superfamily, frizzled and the
involution of glycogen synthase kinase 3 (GSK3) with Wnt/frizzled resulted in sus-
tained WNT signaling, a pathway leading to accumulation and nuclear translocation
of the β-catenin transcription factor, and subsequent activation of gene transcription
(Fig. 10.2) (Dobrowolski et al. 2012; Taelman et al. 2010).

10.4.3 Untangling the Cellular and Physiological
Significance of GPCR Endosomal Signaling

While it is clear that the endocytic system can shape plasmamembrane signaling and
facilitate endomembrane signaling to enable both tight control and diversification in
GPCR activity, there are important outstanding questions that need to be addressed.
What are the downstream functions of not only GPCR plasma membrane versus
endosomal signaling, but also across endosomal compartments and microdomains?
Furthermore, what are the mechanisms that enable cells to decode these common
signals to translate into specific downstream responses? The downstream cellular
and physiological functions for endosomal signaling have been demonstrated for
the TSHR and PTHR. TSHR, in response to its ligand TSH, mediates secretion of
thyroxine from the thyroid gland, a hormone that is converted to triiodothyronine
and has important roles in metabolism. Sustained endosomal TSHR/cAMP signal-
ing in thyroid follicles was required for reorganization of the actin cytoskeleton via
the cAMP/PKA effector vasodilator-stimulated phosphoprotein (VASP) (Calebiro
et al. 2009). This reorganization of the actin cytoskeleton in turn impacts reuptake
of thyroglobulin and the subsequent activation of thyroid-specific genes (Calebiro
et al. 2009). For PTHR, the in vivo impact of sustained endosomal signaling is on
trabecular bone volume and enhancing cortical bone turnover through direct actions
at the level of the bone and kidney. Thus, there are clinical implications in the use
of PTH analogs in osteoporosis that display differential ability in inducing sus-
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tained/endosomal signaling (Ferrandon et al. 2009; Okazaki et al. 2008). Given the
broad roles of the GPCR superfamily, endosomal cAMP signaling is emerging as
an important component of the physiological actions of these receptors (Kuna et al.
2013; Feinstein et al. 2013; Merriam et al. 2013). Recently, the endosomal signaling
properties of two GPCRs the neurokinin-1 receptor and the calcitonin-gene related
peptide receptor were implicated in transmission of pain from spinal cord neurons.
For both receptors, the sustained endosomal signal pathway activatedwas PKC/ERK.
These studies not only elegantly demonstrated the physiological significance of endo-
somal signaling in vivo but also as a tractable therapeutic target, as cell permeable
antagonists to these GPCRs accumulated in endosomes and specifically inhibited
sustained neuronal excitation and nociceptive responses in animal models (Jensen
et al. 2017; Yarwood et al. 2017).

Evidence that cells can differentiate the same signal type (e.g., cAMP) from dis-
tinct subcellular activation points have been provided from studies of β2AR endo-
somal signaling. By employing optogenetic adenylate cyclase probes targeted to the
plasmamembrane, endosome, or cytoplasm, activationof downstreamgeneswas pro-
filed following compartment-specific adenylate cyclase activation and demonstrated
a specific subset of genes were uniquely transcribed by endosomal Gαs-cAMP sig-
naling (Tsvetanova and von Zastrow 2014). Furthermore, these endosomally driven
transcriptional responses must emanate from endosomal microdomains by receptor
organization to regulated, and not default, recycling tubules consistent with prior
findings that active Gαs signaling is visible from these structures (Bowman et al.
2016 and Fig. 10.2) and providing a signaling function for targeting GPCRs between
regulated and default recycling (Bowman et al. 2016). The β2AR is rapidly traf-
ficked through the regulated recycling pathway, so it is noteworthy to highlight that
this endosomal-driven gene expression is highly sensitive, thus β2AR ligands with
pharmacological distinct profiles will activate endosomal signals in a similar manner
(Tsvetanova et al. 2017). It remains to be determined how this would apply to other
G protein signal pathways activated at endosomes, or for GPCRs, such as LHR,
where its acute signaling is driven at the endosomal level. Overall, this body of work
supports an evolving model that fundamental signaling molecules such as cAMP
may not operate as a long-range second messenger, but rather signal specificity is
critically dependent on compartmentalization (Musheshe et al. 2018).

10.5 Summary and Perspective

The role of membrane trafficking in GPCR signaling has evolved from a mechanism
to regulate ligand sensitivity of a tissue, to an increasingly complex model involv-
ing an intricate integration of receptor signaling throughout the endocytic network.
These advances have beenmade possible through the development of novel tools and
imaging modalities that will likely unlock further insight into the role of endosomal
signaling across the superfamily of signaling receptors, and ultimately aid in the pur-
suit of these as a valid therapeutic target. Indeed, nanobody tools that recognize the
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active MOR have recently identified that spatial control of signaling of this GPCR
could be programmed by specific ligands or drugs (Stoeber et al. 2018).

Identifying the physiological significance of endosomal signaling to GPCR func-
tion more broadly across the GPCR superfamily is likely to be further uncovered
in the near future, including examples where spatial-temporal control of signaling,
via membrane trafficking, is perturbed in disease. The studies to date clearly illus-
trate that even minor alterations in receptor location such as altering the endosomal
compartment a GPCR is sorted to, even at the level of an individual endosomal
microdomain, could have profound effects on overall signaling response. The trans-
lational road from cell biology to drug development is often slow, for example, the
time from identification of arrestins as GPCR signaling molecules (Luttrell et al.
1999) to creation of ‘biased’ ligands given to patients (Soergel et al. 2013) is nearly
14 years. However, the promise that targeting GPCRs at the level of endosomal
signaling has recently been demonstrated to be a viable approach (Jensen et al.
2017; Yarwood et al. 2017), paving the way for novel avenues to identify drugs with
increased specificity in activity and thus, perhaps the future therapeutic targeting of
novel GPCR endocytic signaling systems is likely be expedited.
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Abstract Endocytosis is key in a number of cell events. In particular, its role during
cell division has been a challenging question: while early studies examined whether
endocytosis occurs during cell division, recent works show that, during division, cells
do perform endocytosis actively. More importantly, during asymmetric cell division,
endocytic pathways also control Notch signaling: endocytic vesicles regulate the
presence, at the plasmamembrane, of receptors and ligands at different levels between
the two-daughter cells. Both early and late endocytic compartments have been shown
to exert key regulatory controls by up-regulating or down-regulating Notch sig-
naling in those cells. This biased Notch signaling enable finally cell fate assigna-
tion and specification which play a central role in development and physiology.
In this chapter, we cover a number of significant works on endosomal trafficking
evincing the importance of endocytosis in Notch-mediated cell fate specification
during development.

A. Daeden · M. Gonzalez-Gaitan (B)
Biochemistry Department, University of Geneva, 30 Quai E. Ansermet, 1211 Geneva, Switzerland
e-mail: Marcos.Gonzalez@unige.ch

© Springer International Publishing AG, part of Springer Nature 2018
C. Lamaze and I. Prior (eds.), Endocytosis and Signaling, Progress in Molecular
and Subcellular Biology 57, https://doi.org/10.1007/978-3-319-96704-2_11

301

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-96704-2_11&domain=pdf


302 A. Daeden and M. Gonzalez-Gaitan

Endocytosis and mitosis are major events in the life of a cell. The former empowers
cells to internalize nutrients, recycle, and degrade cargo proteins, while the latter
enables cells to proliferate by splitting their two sets of chromosomes, cytosolic
contents, and intracellular organelles into the two daughter cells. Historically, the
discovery of cell division was made in 1832 by Dumortier (Fenner 1999; Guerrini
1995) and it is more than 50 years later, in 1883, that endocytosis via phagocytosis, an
endocytic pathway, was first observed byMetchnikoff (1883). This chapter discusses
how these two processes are tightly linked, and how they regulate each other.

During cytokinesis, the mother cell is partitioned into two daughters without a
major change in total volume (Boucrot and Kirchhausen 2008), implying that the cell
surface must significantly increase to accommodate two cells within the same vol-
ume. A common concept in the field is that endocytosis can regulate these critical
plasma membrane dynamics required for mitosis. Indeed, a cell surface increase
could be accomplished by a reduction in the endocytic rates. Here, we will con-
sider current developments about the role of endocytosis to allow mitosis to happen,
in particular how endocytosis does take place during mitosis and how endosomal
membrane dynamics plays a key role during cytokinesis.

It is believed that endocytosis also regulates the concentrations of ligands and
receptors at the plasmamembrane required to regulate signaling. A common concept
is that signaling happens before mitosis, in interphase, and that the result of such
signaling cascades is, among other things, to decide whether a cell divides or not.
However, we will consider here the case of Notch signaling, where the signaling
event is set upduringmitosis so that newly formeddaughter cells performasymmetric
signaling.Wewill review here the current knowledge of how asymmetric signaling is
mediated by a number of asymmetric endocytic events, both at the plasmamembrane
and in signaling endosomes.

11.1 Endocytosis During Mitosis and Cytokinesis

11.1.1 Endocytosis or No Endocytosis During Mitosis?

Several early studies suggested that endocytosis was either downregulated, com-
pletely arrested or transiently inhibited during mitosis. However, recent studies tack-
led these ideas by showing that endocytosis wasmainly unperturbed during all stages
of mitosis and that the former experimental conditions had a considerably impact on
the endocytosis rate measured.

The first evidence of endocytic trafficking inhibition during mitosis was reported
in the late 70s in macrophages and mouse embryonic fibroblast cells: Internalization
by phagocytosis and internalization of the fluid phase in general were severely down-
regulated (Berlin et al. 1978). This was supported by the observation of an absence
of coated pits in these cells (Fielding and Royle 2013; Fielding et al. 2012; Pypaert
et al. 1987), lower levels of receptor-mediated endocytosis (Warren et al. 1983), a
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decrease of endosomal recycling (Boucrot and Kirchhausen 2007), a reduction of
fluid-phase pinocytosis (Berlin and Oliver 1980; Oliver and Seagrave 1987) as well
as an inhibition of autophagy (Eskelinen et al. 2002).

To rationalizewhy endocytosis was reduced duringmitosis, it has been argued that
cell rounding during division was associated with an increase in membrane tension
that builds up until metaphase (Fischer-Friedrich et al. 2014). Increased membrane
tension would then oppose membrane invagination during endocytosis. Consistent
with this idea, it has been shown inHeLa cells that endocytosis is blocked at the begin-
ning ofmitosis, but resumes aftermetaphase,when the furrow separating the two cells
starts to ingress during cytokinesis (Schweitzer et al. 2005). Furthermore, a strong
correlation has been detected between the plasma membrane tension, measured by
optical tweezers, and the endocytic rate (Raucher and Sheetz 1999b). Indeed, in
interphase cells, increasing the plasma membrane tension by hypo-osmotic shocks
blocks endocytosis, while this interruption can be relieved by adding amphiphilic
compounds that decrease membrane tension (Boulant et al. 2011; Heuser and Ander-
son 1989; Nieland et al. 2005; Raucher and Sheetz 1999a). Similar assays performed
in giant unilamellar vesicles (GUVs) showed that high tension fully inhibits clathrin
polymerization at the surface membrane (Saleem et al. 2015). It has been, however,
now cleared that while an increase of membrane tension can downregulate endo-
cytosis, clathrin-mediated endocytosis can still occur even if membrane tension is
high: Mechanical forces generated by the actin cytoskeleton at the endocytic pit can
indeed counteract membrane tension (Boulant et al. 2011).

Another explanation of the transient inhibition of endocytosis at mitosis has been
rationalized by the limiting pool of actin monomers available for endocytosis due to
the massive actin polymerization required for mitotic events (such as formation of
the actin ring at the furrow and thickening of the cell actin cortex) (Kaur et al. 2014).
Indeed, multiple steps of the clathrin-mediated, caveolae-mediated, CLIC/GEEC or
Flotillin endocytosis (membrane invagination and formation, scission and the final
cut of the endocytic vesicle) require actin filaments (Durrbach et al. 1996; Robertson
et al. 2009; Sirotkin 2011; Smythe and Ayscough 2006; Yarar et al. 2005). During
mitosis, a thickening of the actin cortex is observed and a polymerization wave of
actin filaments emerges at the equatorial region to form the equatorial contractile
furrow (Bray and White 1988; Champion et al. 2017; Maddox and Burridge 2003;
Salbreux et al. 2012; Stewart et al. 2011). Therefore, the cell cortex competes with
the endocytic pathways for a common pool of actin monomers within the cell, which
could, in principle, explain why endocytosis stops transiently at the onset of mitosis
(Kaur et al. 2014).

While a number of these early reports claimed that the rate of endocytosis was
reduced during mitosis, two recent studies challenged this idea (Boucrot and Kirch-
hausen 2007; Devenport et al. 2011; Tacheva-Grigorova et al. 2013). They showed
that earlier studies were based on mitotic synchronization, which was experimen-
tally achieved by means of chemical treatments, temperature shocks, and starva-
tions. These treatments actually have a strong direct impact on the formation of
clathrin-mediated vesicles. Under such conditions, endocytosis is indeed stopped or
delayed (Boucrot and Kirchhausen 2007; Pypaert et al. 1991; Tacheva-Grigorova
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et al. 2013). Consistently, it has been observed by electron microscopy that endocy-
tosis (through caveolae) was not perturbed during normal mitosis (Boucrot et al.
2011). Furthermore, the internalization assays in previous works that suggest a
mitotic arrest of clathrin-mediated endocytosis are mostly based on internaliza-
tion of transferrin receptor (Fielding et al. 2012). However, transferrin receptors
are transiently internalized during metaphase leading to its disappearance from the
cell surface (Warren et al. 1984), ultimately explaining the apparent observed reduc-
tion of transferrin receptor endocytosis. This decrease of transferrin receptor at the
surface membrane of mitotic cells has been further shown by mass spectrometry
study (Cocucci et al. 2012; Özlü et al. 2015). Thus, it has been confirmed that
endocytosis does take place during normal mitosis by following fluid-phase endo-
cytosis through fluorescent dextrans and endocytic clathrin-coated pits via fluores-
cently tagged AP2 adaptor proteins (Tacheva-Grigorova et al. 2013). Further anal-
ysis showed that, in metaphase, a moderate 25% decrease of the overall coated-pit
abundance can be observed under these conditions, while the dynamics of clathrin-
coated-pit formation remain normal (Aguet et al. 2016). Interestingly, under physio-
logical conditions, recycling endosome dynamics slow down during an early mitotic
stage (Boucrot and Kirchhausen 2007). This reduced recycling rate in the presence
of active endocytosis would allow mitotic cells to decrease its surface area and
round up in metaphase (Boucrot and Kirchhausen 2007).

It is therefore now well established that endocytosis and mitosis are linked pro-
cesses: Mitosis can influence the endocytic pathways (e.g., recycling route). This
prompted the question whether, conversely, endocytosis has a direct impact on cell
division.

11.1.2 Importance of the Endocytic Pathways During Mitosis

Knock out of the endocytic coat protein, clathrin causes cytokinesis defects in Dic-
tyostelium cells (Gerald et al. 2001). Similarly, treatments of Zebrafish embryos
with drugs inhibiting endocytosis prevent normal completion of cytokinesis (Feng
et al. 2002). FromDictyostelium, through Zebrafish up to mammalian cells, clathrin-
mediated endocytosis is required for successful cytokinesis (Boucrot and Kirch-
hausen 2007; Gerald et al. 2001; Motley et al. 2003; Schweitzer et al. 2005) (Table
11.1). Thus, an emerging concept is that endocytosis is essential inmembrane remod-
eling and in the control of the cell surface area (Boucrot and Kirchhausen 2007). As
considered above, at the entry of mitosis, plasma membrane reduces its surface
area by transiently blocking recycling routes back to the cell surface (Boucrot and
Kirchhausen 2007; Tacheva-Grigorova et al. 2013). This enables cell rounding dur-
ing metaphase while creating internal membrane reservoirs. Later, in anaphase, to
support polar relaxation, cells recover their plasma membrane by reactivating recy-
cling and exocytosis which lead to the rapid fusion of these membrane reservoirs to
the surface (Boucrot 2008; Dyer et al. 2007). Accordingly, abolishing endocytosis
and/or activating exocytosis at the entry of mitosis using mutants or drugs impairs
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cell rounding and can generate multinuclear cells reflecting a failure in cytokine-
sis (Boucrot and Kirchhausen 2007) (Table 11.1). Ultimately, the correct balance
between endocytosis and exocytosis maintains a low membrane tension required for
an accurate cytokinesis (Finger and White 2002).

11.1.3 Endosomal Dynamics During Mitosis

In addition to endocytosis, endosomal trafficking is also involved in the regulation
of mitosis (Table 11.1). Originally, it was thought that endosomal dynamics were
deeply decreased during division because endosomal fusion had been reported to be
interrupted duringmitosis (Tuomikoski et al. 1989). Fast image acquisition as well as
new tools to follow individual endosomal compartments has, however, uncovered a
key role for endosomal trafficking during cytokinesis. In a study of eight different Rab
proteins, it was found that many Rabs are associated with distinct compartments that
move and are located differently when comparing interphase and mitotic cells (Yu
et al. 2007). Further works (discussed below) argue where endocytosis takes place
during mitosis: Some studies suggest that endocytosis occurs at specific locations
of the plasma membrane while a recent study showed that endocytosis occurs all
over the plasma membrane. Downstream, endocytic vesicles, and endosomes move
and are targeted to specific regions differentially in metaphase, anaphase, and during
abscission.

During both prophase and metaphase, endocytosis occurs all around the cell con-
tour, causing the plasmamembrane to reduce its surface area leading to cell rounding
(Boucrot and Kirchhausen 2007). At this time, Rab11 recycling endosomes cluster
around microtubule organizing centers in a dynein-dependent manner (Takatsu et al.
2013).

In anaphase, based on internalized transferrin assay, endocytosis has been previ-
ously observed to occur at the cell poles, near the mitotic spindle poles (Schweitzer
et al. 2005). However, recent study using lattice light sheet fluorescence microscope
showed a uniform distribution of coated pits all over the entire cell surface during
division (Aguet et al. 2016). In contrast, there is some evidence that endocytosis
also takes place specifically at the cleavage furrow, as both clathrin- and caveolae-
mediated endocytosis have been observed in the furrow region (Feng et al. 2002). In
particular, in Zebrafish, it has been observed that endocytosis takes place during the
whole process of cytokinesis at the cleavage furrow (Feng et al. 2002; Gerald et al.
2001; Thompson et al. 2002). Moreover, many endocytic regulating proteins includ-
ing ARF6, caveolin, and dynamin have also been observed at the cleavage furrow
midzone (Dyer et al. 2007; Feng et al. 2002; Kogo and Fujimoto 2000; Schweitzer
and D’Souza-Schorey 2002a). This furrow localization of the endocytic machinery
seems to be functionally relevant for cytokinesis: for instance, in Dictyostelium dis-
coideum, cells lacking clathrin undergo cleavage furrow instability and cytokinesis
failure (Gerald et al. 2001). These observations can be related to the phenomenon
of polar relaxation characterized by the disappearance of cortical actin at the poles
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Table 11.1 Trafficking factors required for cytokinesis

GTPases Role in cytokinesis References

Rab5 Downregulation of Rab5 causes
binucleated cell phenotypes

Kouranti et al. (2006)

Rab5 dominant-negative mutant
embryos showed cleavage furrow
progression failure

Pelissier et al. (2003)

Downregulation of Rab5 caused defects
in chromosome segregation and
exhibited abnormal delays in
prometaphase

Serio et al. (2011)

Rab5 endosomes display a role in the
disassembly of the nuclear envelope
and in the cortical recruitment of the
Mud protein (the Drosophila
counterpart of mammalian NuMA), a
key protein known to organize spindle
positioning during mitosis

Capalbo et al. (2011), Lanzetti (2012)

Rab6 Rab6 misregulation causes cytokinesis
failure in mice and in HeLa cells.
Similarly, overexpression of
Rab6-KIFL, the Rab6 binding kinesin,
caused cell division defects resulting in
cell death

Bardin et al. (2015), Hill et al. (2000),
Miserey-Lenkei and Colombo (2016)

Rab8A Rab8A localizes to the midbody during
division: mistargeting Rab8A vesicles
localization by knocking down proteins
involved in their transport led to an
increase of multinucleated cells

Kaplan and Reiner (2011)

Rab8 Rab8 organizes the furrow ingression
by controlling and targeting membrane
addition to the cleavage furrow:
Disruption of Rab8 led to furrow
formation and ingression failures

Mavor et al. (2016)

Rab11 Depletion of Rab11 causes binucleated
cell phenotypes

Kouranti et al. (2006)

Rab11 endosomes contribute to mitotic
spindle organization by modulating
important microtubule-nucleating and
-anchoring roles: Depletion of Rab11
led to spindle defect as well as
misalignment of the spindle with
respect to the cell division plane

Hehnly and Doxsey (2014), Zhang et al.
(2008)

Rab11 is required for furrow formation:
downregulation of Rab11 caused
furrow defects

Riggs et al. (2003), Skop et al. (2001)

(continued)
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Table 11.1 (continued)

GTPases Role in cytokinesis References

Rab11 is essential for a successful
abscission: Rab11 inactivation led to an
abnormally prolonged midbody stage
and furrow regression

Fielding et al. (2005), Skop et al.
(2001), Wilson et al. (2005), Yu et al.
(2007)

Rab21 Inhibition of Rab21 led to cytokinesis
failure and multinucleated cells

Högnäs et al. (2011), Pellinen et al.
(2008)

Rab24 Downregulation of Rab24 caused an
increase in the number of
multinucleated cells, abnormal spindle,
and cytokinesis failures

Militello et al. (2013)

Rab35 Depletion of Rab35 caused delays in
late anaphase and inhibit abscission

Dambournet et al. (2011), Prekeris
(2011)

Rab35 is required for cleavage furrow
formation and ingression: Rab35
controls the recruitment of actin
filaments and the localization of
PtdIns(4,5)P2, a regulator of the actin
cytoskeleton, to the cleavage furrow to
enable furrow ingression

Chesneau et al. (2012), Kouranti et al.
(2006)

Depletion of Rab35 and
dominant-negative mutant caused
binucleated phenotypes

Kouranti et al. (2006)

Inactivation of Rab35 caused
cytokinesis defects through
mislocalization of Septin2, a key
protein in the stability of the positioning
of the cleavage furrow and the
intercellular bridge

Chesneau et al. (2012)

Clathrin,
dynamin,
α-adaptin,
syntaxin 1,
syntaxin 2
and VAMP8

Cytokinesis failures when knocked
down

Cayrol et al. (2002), Chanez et al.
(2006), Jantsch-Plunger and Glotzer
(1999), Low et al. (2003)

Arf6 Arf6, a trafficking factor regulating
endocytosis and the recycling route, is
required for cleavage furrow.
arf6 mutants caused cleavage furrow
regression and cytokinesis failure in
Drosophila

Chesneau et al. (2012), Dyer et al.
(2007)

In HeLa cells, downregulation of Arf6
caused late cytokinesis arrest

Schweitzer and D’Souza-Schorey
(2002b, 2005), Schweitzer et al. (2011)
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(Gudejko et al. 2012; Kunda et al. 2012). This decrease in polar actin would then
limit the formation of actin-dependent endocytic vesicles at those polar regions in
strong contrast with the actin-rich contractile ring at the furrow. What is the relative
importance of endocytosis and recycling at the furrow versus the poles is still unclear.

Nonetheless, at the poles of the dividing cell, new membrane addition occurs
from an endosomal recycling pool to the plasmamembrane involving exocytic events
(Boucrot and Kirchhausen 2007). Recycling endosomes labeled by Rab11 are tar-
geted to the plasma membrane poles within a short period of time (Schweitzer et al.
2005); however, how these vesicles are specifically targeted into these polar sites
remains unknown. As anaphase progresses, Rab11-containing (as well as Rab35)
endosomes are also seen at the ingressing furrow, where it provides the membranes
for exocytosis at the cleavage region (Goss and Toomre 2008; Kouranti et al.; Wilson
et al. 2005). These exocytosis events have been observed from plant to mammalian
dividing cells (Bluemink and de Laat 1973; Gromley et al. 2005; Shuster and Burgess
2002; Skop et al. 2001; Wilson et al. 2005). Recycling endosomes have been pro-
posed to be specifically transported to the cleavage furrow to provide newmembrane
(Albertson et al. 2008; Albertson et al. 2005; Fielding et al. 2005; Montagnac and
Chavrier 2008; Neto et al. 2011; Wilson et al. 2005). In particular, trafficking from
the centrosomes to the cleavage furrow has been shown to be a key for a successful
cytokinesis (Gromley et al. 2005). Consistently, Drosophila embryos lacking Rab11
fail to recruit membrane and actin to the cleavage region during furrow formation
leading to cytokinesis failure (Riggs et al. 2003).

Targeting and accumulation of endocytic vesicles at the cleavage furrow or near
the cytoplasmic bridge have also been observed during later stage of cytokinesis
until the abscission cut (Bluemink and de Laat 1973). These recruitments of vesicles
to the midbody region are required to complete abscission at the end of cytokinesis
(Conner andWessel 1999; Danilchik et al. 2003; Jantsch-Plunger and Glotzer 1999).
Indeed, it has been suggested that Rab11, which is targeted to the midbody region
(Wilson et al. 2005), mediates the mitotic progression from furrowing to abscission
by transporting key factors required for the last abscission step (Schiel and Prekeris
2010).

In summary, it is now clear that endocytosis and endosomal trafficking occur
during and are important for mitosis. During cell-to-cell communication, endosomal
trafficking is also known to play a key role in the control of the signaling levels, at
least in interphase cells (Dobrowolski and De Robertis 2011). Is signaling also fine-
tuned by endocytosis in mitotic cells? In the case of the signaling Notch pathway,
endocytosis is key to regulate the presence of the receptors at the plasma membrane
and, surprisingly, to activate the ligand too. On the other hand, asymmetric Notch
signaling is also known to take place during asymmetric cell division in order to
dictate the cell fate of the newly formed daughter cells. What is then the role of
endocytic trafficking during asymmetric mitosis?
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11.2 Endocytic Regulation of Notch Signaling

In recent years, the existence of specialized signaling endosomes as distinct plat-
forms for transduction during cell-to-cell communication became a recurrent topic
in signaling and vesicular trafficking studies (Sorkin and von Zastrow 2009; Barbieri
et al. 2016). In the case of Notch signaling, the concentrations of both the ligand
Delta and the receptor Notch at the plasma membrane are precisely regulated by
means of endocytic trafficking and their behavior in endosomal compartments plays
important roles in signaling events. The Notch signaling field started in 1914 when
a notch was first observed in the wings of a mutant fly (Dexter 1914). It was only
decades later that Notch was established as a transmembrane protein with a key role
in signaling (F. 1939) and tumorigenesis (Hu et al. 2012). The evolutionarily con-
served Notch pathway has also been shown to maintain tissue homeostasis and cell
diversity by controlling cell differentiation (Chapouton et al. 2010). Notably, several
different types of cancers such as leukemia (Aster et al. 2008), lung (Xu 2010), breast
(Imatani and Callahan 2000), and cervical cancers (Gray et al. 1999; Zagouras et al.
1995) can be caused by a misregulation of Notch signaling.

The activation ofNotch signaling starts by the interaction betweenNotch receptors
in signal receiving cells and its Notch ligands from signal sending cells. This binding
results in the gamma secretase proteolytic cleavage of Notch and the subsequent
release of the Notch intracellular domain (NICD) into the cytoplasm of the signal
receiving cell. The NICD then translocates into the nucleus, interacts with Notch
target genes, and activates their transcription.

Throughout the animal kingdom, Notch has been shown to mediate cell fate
assignation events (Lewis 1998; Muskavitch 1994), including the specification of
feathers in chicken (Crowe et al. 1998), neural stem cell determination (Lehmann
et al. 1983) or retinal development (Henrique et al. 1997), among others. In particular,
cell specification within the sensory organ precursor (SOP) lineage in Drosophila
became a model of choice. The SOP cell divides sequentially to give rise to four cells
(a neuron, a sheath, a socket, and a hair) forming the mature mechanosensory organ
in adult animals. In this system, the first asymmetric division of the SOP cell gives
rise to an anterior pIIb and a posterior pIIa cell, which acquire different cell fates.
Indeed, the pIIa cell will divide again to give rise to the two external cells (the socket
and the hair), while pIIb give rise to two internal cells (the neuron and the sheath).
The identity of the pIIa and the pIIb defines therefore the different downstream
lineages of the four final cells. It is then easy to follow any cell fate specification
defect generated by a failure in Notch signaling as two of the four cells in the sensory
organ are external and can be observed directly in the back of the fly with a simple
stereoscopic microscope. Upon cell division, Delta is activated in pIIb and thereby
triggers Notch signaling in pIIa. This signaling event is the key cell communication
episode that endows these two cells with different fates. In Notch mutants, cell fate
specification fails to generate the four different cells in the sensory organ lineage and
generate instead four neurons, leaving the cuticle bald of bristles (Hartenstein and
Posakony 1990).
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Notch signaling is heavily controlled by endocytic trafficking. The first evidence
of a role of endocytosis during Notch signaling was reported in the late 90s, when a
Drosophila mutant for dynamin (a GTPase responsible for membrane fission during
endocytosis, named shibire in flies) was found to show a neurogenic phenotype sim-
ilar to Notch mutants (Poodry 1990; Ramaswami et al. 1993; Seugnet et al. 1997).
This is explained by the fact that internalization of both Notch and Delta are a key
for their activation (Chapman et al. 2016). Their endocytosis affects most obviously
their concentration at the plasma membrane, which ultimately determines the sig-
naling levels at the receiving cell. Trafficking thus plays a key role by regulating
the number of active ligands in the signal sending cell as well as the number of
receptor in the receiving cell at their plasma membrane. Indeed, the ratio between
ligand and receptor concentration regulates the signaling level: Double mutants for
ligand and receptor showed enhanced Notch loss of function phenotypes, whereas
gene duplication of the ligand or receptor showed enhanced Notch gain of func-
tion phenotypes (de-la-Concha et al. 1988; de Celis and Bray 2000; Ramos et al.
1989). Consistently, impairing endocytic pathways led to defective Notch activation
(Valapala et al. 2013). In particular, in dynamin mutant mosaic animals, a mutant
phenotype is seen regardless whether the mutant territory affects the signal sending
or the signal receiving cell. Endocytosis is thus required both to activate the ligand
in the sending cells and to allow signaling to happen in the receiving cell (Seugnet
et al. 1997). Further studies of inhibition or dysregulation of endocytosis have been
corroborating this idea by revealing cell proliferation phenotypes, cell fate deter-
mination defects, and even tumorigenesis which might have an origin in defective
Notch signaling (Mosesson et al. 2008).

Because of its central role in development and physiology, Notch is regulated by
a number of redundant and independent control mechanisms, which confer strong
robustness to the system. Four core control mechanisms have been discovered to date
(Summarized in Fig. 11.1). Two of them involve cortical factors, Numb (Fig. 11.1a)
(Guo et al. 1996; Spana and Doe 1996) and Neuralized (Fig. 11.1b) (Pavlopoulos
et al. 2001); two others involve endosomal compartments, Rab11 (Fig. 11.1c) (Emery
et al. 2005) and Sara endosomes (Fig. 11.1d) (Coumailleau et al. 2009).

11.2.1 Notch: Numb-Mediated Endocytosis and Recycling
Versus Degradation

The transmembrane protein Numb is accumulated in the anterior cortex of the SOP
and segregates into the pIIb cell (Fig. 11.1b). There, Numb binds and antagonizes
Notch activity by triggering its endocytosis, taking it away from the plasma
membrane. Numb binds also alpha-adaptin, a protein part of the adaptor protein-2
(AP2) complex involved in clathrin-mediated endocytosis (Berdnik et al. 2002;
Gonzalez-Gaitan and Jackle 1997). It also binds Eps15, another component of the
clathrin adaptor complex AP2 machinery (Benmerah et al. 1996; Benmerah et al.
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�Fig. 11.1 Four endocytic pathways regulating Notch signaling: the SOPmodel system. aNeu-
ralized is segregated into the anterior (A) cortex during mitosis (three upper panels). The anterior
part of the cell will give rise to the future pIIb cell (fourth panel). In the pIIb daughter cell, Neural-
ized ubiquitinates Delta ligands promoting its endocytosis (bottom panel and magnification of the
dashed box; purple arrow). This endocytosis step has been proposed to activate the Delta ligand (1)
to make it competent to bind Notch. b Numb is segregated into the anterior cortex during mitosis
too (three upper panels). Numb inhibits Sanpodo localization at the plasma membrane and regu-
lates the endocytosis of Notch (third panel). In the pIIb, Notch is endocytosed in a Sanpodo and
Numb-dependent manner (bottom panel). In addition, Numb inhibits the recycling of Notch and
Sanpodo back to the cell surface in the pIIb cell. In the pIIa, Notch/Sanpodo complexes are free
to initiate signaling without Numb. c During division, Rab11 recycling endosomes are segregated
symmetrically between the two daughter cells (two upper panels). After cytokinesis, Rab11 endo-
somes accumulate at the pericentrosomal region (third panel) promoting recycling of Delta ligands
in the pIIb cell (bottom panel). This recycling through Rab11 leads to Delta clustering (2) at the
cellular interface promoting sites for Notch and Delta interaction (orange arrow). d In anaphase,
Sara endosomes, containing a pool of Notch and Delta, are targeted into the central spindle when
the Sara protein is in an unphosphorylated state (two upper panels). Then, Sara endosomes segre-
gate asymmetrically into the pIIa cell generating a bias in Notch receptors and Delta ligands (two
bottom panels). Phosphorylation of Sara allows the departure from the central spindle into the pIIa.
e Upon Delta and Notch interaction (3), in the pIIb cell, Delta is endocytosed in an Epsin and Neu-
ralized depended on manner, exerting a mechanical pulling on Notch (4). This leads to a change of
conformation of the receptor. The ADAM metalloprotease is then free to cleave Notch leading to
the separation of the Notch extracellular domain (NECD) while the gamma secretase release the
Notch intracellular domain (NICD) in the pIIa cell. This will ultimately lead to NICD import into
the nucleus and activation of Notch target genes in pIIa

1995; Iannolo et al. 1997; Salcini et al. 1997). Therefore, by binding both Notch
and these two endocytic proteins, Numb connects the receptor to the endocytic
machinery, thereby triggering its internalization and downregulation. Indeed, the
pIIb cell, where Numb accumulates, becomes then unresponsive to Notch signaling
and the pIIa cell, lacking Numb, activates Notch and adopt the corresponding pIIa
fate (Couturier et al. 2012). Numb then has a direct impact on cell fate assignation
(Bhat et al. 2011; Le Borgne and Schweisguth 2003; Ming Guo 1996; Rhyu
et al. 1994; Uemura et al. 1989). Indeed, Numb mutants show bristle phenotypes
consistent with gain of function Notch defects, corresponding to a pIIa/pIIa cell fate
lineage (Berdnik et al.; Guo et al. 1996).

In the pIIb cell,Numbalso inhibits Sanpodo, amembraneprotein known to interact
with theNotch receptor (Fig. 11.1b). The interaction ofNumb and Sanpodo promotes
the endocytosis of the Notch/Sanpodo/Numb complex and inhibits its recycling by
redirecting them into Rab7 endosomes (Fig. 11.1b) (Cotton et al. 2013; Couturier
et al. 2012; O’Connor-Giles and Skeath 2003). Thus, only in the pIIa cell, Sanpodo
is free to activate Notch at the plasma membrane and finally promote once more
Notch signaling (Fig. 11.1b).

Interestingly, once localized in endosomes, Numb is also responsible for their
endosomal trafficking and sorting (Couturier et al. 2013; Jafar-Nejad et al. 2002;
McGill et al. 2009; Santolini et al. 2000). Indeed, Numb has been recently shown
to control the sorting of Notch receptors between Rab11 recycling endosomes and
Rab7 late endosomes (Johnson et al. 2016). In the pIIb cell, Numb downregulates
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the recycling of Notch, by deflecting this receptor preferentially into Rab7-positive
late endosomes, thereby preventing their presence at the plasma membrane (Johnson
et al. 2016). Other observations have revealed the importance of the localization
of Notch in late endosomes. Indeed, Deltex, another E3-ubiquitin ligase, regulates
Notch by ubiquitinating its intracellular domain. Notch ubiquitination targets the
receptor into late endosomes. This late-endosomal targeting is essential to control
the right levels of Notch signaling (Hori 2004). Recently, new regulators of Notch
among the Bardet–Biedl syndrome (BBS) protein family have also been shown to
regulate Notch trafficking to the late endosomes (Leitch et al. 2014).

Moreover, some regulators of Notch, such as Rme-8, have been uncovered to
traffic through recycling Rab11 endosomes. Rme-8 is a retromer-associated DNAJ
protein, which plays a role in regulating the recycling of Notch. Indeed, in Rme-8
mutant, Notch accumulates in enlarged tubulated Rab4-positive endosomes, lead-
ing to an aberrant trafficking of Notch (Gomez-Lamarca et al. 2015). Another factor,
Dmon1, is also involved in Notch targeting to late endosomes (Yousefian et al. 2013).
Interestingly, Dmon1 is implicated in the maturation of early endosomes into late
endosomes, a process in which the vesicular compartment changes from accumu-
lating Rab5 to Rab7 (Shao et al. 2016; Yousefian et al. 2013). In Dmon1 mutants,
Notch accumulates in enlarge endosomes void of intraluminal vesicles which lost the
Rab7 label. Surprisingly, accumulation of Notch in those aberrant endosomes did not
cause any Notch signaling defect. This suggests that the targeting of activated Notch
receptors in intraluminal vesicles is not sufficient to downregulate Notch signaling.
Whether other mechanisms compensate Notch signaling during this accumulation
of trapped receptors away from the plasma membrane remains an open question.

11.2.2 Delta: Neuralized-Mediated Endocytosis and Rab11
Mediated Recycling

While Numb internalizes Notch, Neuralized internalizes Delta (Fig. 11.1b). Neural-
ized is one of the E3 ubiquitin ligases which ubiquitinates Delta (Deblandre et al.
2001; Lai et al. 2001; Le Borgne and Schweisguth 2003; Pavlopoulos et al. 2001).
Ubiquitination of Delta is essential for its endocytosis, recycling, and activation
(Chitnis 2006; Wang and Struhl 2004). Like Numb, Neuralized accumulates in the
anterior cortical region of the SOP, which ultimately will be segregated into the pIIb
cell (Fig. 11.1a). Thus, in the pIIb, the ubiquitination of Delta by Neuralized stimu-
lates its endocytosis (Fig. 11.1a) (Deblandre et al. 2001; Le Borgne and Schweisguth
2003; Pavlopoulos et al. 2001). Surprisingly, this endocytosis activates Delta in the
pIIb cell, which can then interact with Notch receptors in pIIa, where signaling is
thereby promoted (Le Borgne and Schweisguth 2003). Indeed, Delta mutants that
cannot be efficiently endocytosed showed impaired Notch signaling (Itoh et al. 2003;
Parks et al. 2000). Likewise, Neuralized has also been shown to have a direct impact
on cell fate assignation (Bhat et al. 2011; Le Borgne and Schweisguth 2003; Ming
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Guo 1996): Neur mutant, with defect in Delta endocytosis in the pIIb daughter cell,
was leading to neurogenic phenotype and a pIIb/pIIb cell fate lineage. This suggests
that endocytosis is regulated in the pIIb signal sending cell in order to assign the
fate of pIIa (Le Borgne and Schweisguth 2003). Both Neuralized (Neur) and Mind-
bomb1 (Mib1), another Delta E3-ubiquitin ligase, regulate Delta endocytosis and
have been shown to mediate Notch activation (Pavlopoulos et al. 2001). However,
more recently, a new study proposed that Delta ligands could also activate Notch
signaling through two ubiquitination independent pathways (Berndt et al. 2017).
Further studies will clarify the role of Delta ubiquitination in its activation.

Endocytosis of Delta should decrease its concentration at the plasma membrane.
How could then Delta endocytosis cause activation of the ligand? The reason is
that, for Delta to be competent to interact with Notch, it must first transit through
a specific endocytic recycling route (Fig. 11.1) (Wang and Struhl 2004). Indeed,
studies of ubiquitination-defective mutant of Delta ligand have shown that while
ubiquitination is not absolutely required for its endocytosis, mono-ubiquitination is
mandatory for targeting ofDelta intoRab11 endosomes fromwhere it can be recycled
(Heuss et al. 2008; Stenmark 2009; Wang and Struhl 2004). This specific targeting
of Delta into the recycling route is indeed essential for Notch signaling activation
(Heuss et al. 2008). Consistently, the recycling of Delta seems to be required only
in the signal sending cell for proper signaling (Emery et al. 2005; Jafar-Nejad et al.
2005; Rajan et al. 2009).

Upon division, Rab11 recycling endosomes accumulate in the pericentrosomal
region of the pIIb cell just after cytokinesis (Fig. 11.1c). This asymmetry of Rab11
endosomes in the pIIb cell generates a bias in the recycling and activation of Delta in
one of the daughters, thereby leading to the asymmetric activation of Notch in pIIa
(Emery et al. 2005; Wang and Struhl 2004). This asymmetry of Rab11 endosomes
has been proposed to generate a bias in active Delta between the two daughter cells
leading to directional Notch signaling. Indeed, inducing an accumulation of Rab11
endosomes in the wrong daughter cell (pIIa) has been shown to affect cell fate
specification (Emery et al. 2005). Further studies confirmed that impairing Delta
trafficking in recycling endosomes caused indeed aberrant cell fate assignation (Jafar-
Nejad et al. 2005).Conversely, overexpression ofRab11has been reported to generate
lineage defects in the scutellar and dorsocentral macrochaeta in the back of the fly
(Abdelilah-Seyfried et al. 2000). These data showed the importance of the Rab11
endosome asymmetry in regulating Notch activity and assigning the correct cell fate
(Abdelilah-Seyfried et al. 2000; Wang and Struhl 2004).

Once the interaction between Delta andNotch has happened, endocytosis of Delta
bound to the Notch receptor can exert mechanical pulling force that will unfold
the receptor to expose the a disintegrin and metalloprotease (ADAM) proteolytic
cleavage site (Fig. 11.1e) (Meloty-Kapella et al. 2012). Indeed, the endocytosis of
Delta has then been suggested to generate enough force to physically unfold Notch
receptor for this cleavage (Nichols et al. 2007; Parks et al. 2000). NECD is then
trans-endocytosed together with Delta into the signal sending cell, leading to the
activation of Notch in the signal receiving cell (Nichols et al. 2007; Parks et al.
2000). This model has been confirmed by structural studies suggesting that, only
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upon ligand interaction, the protease site on the Notch extracellular domain become
exposed (Gordon et al. 2007). The ADAM cleavage in Notch allows subsequently a
second γ–secretase proteolytic cleavage releasing the NICD fragment (Fig. 11.1e).
NICD migrates then to the nucleus activating the transcription of Notch target genes
(Fig. 11.1e) (Wilkin and Baron 2005). Importantly, it has been shown that Delta
endocytosis depends on Epsin, also named Liquid Facets (Overstreet et al. 2004;
Wang and Struhl 2004), in order to exert sufficient force on Notch (Langridge and
Struhl 2017). Indeed, ligands that do not enter via an Epsin pathway can still bind
Notch, but fail to activate the receptor. Consistently, mutant Epsin animals (whether
Drosophila, C.Elegans or mice) show phenotypes akin to those in Notch loss of
function mutants (Chen et al. 2009; Overstreet et al. 2004; Tian et al. 2004). All
these observations led to the proposal that ligand endocytosis activates Delta through
the recycling route and is able to activate Notch in the adjacent cell through pulling
(Fig. 11.1a, c, e).

In epithelial cells, Delta recycling through transcytosis has been observed in the
signal sending cell. Transcytosis involves the endocytosis of basal Delta and its recy-
cling to the apicalmembrane in epithelial cells (Benhra et al. 2010).Delta transcytosis
has been proposed to activate the ligand by promoting clustering (Hicks et al. 2002)
as well as helping relocate it to the apical plasma membrane where it can meet Notch
from the adjacent cell (Benhra et al. 2010; Jafar-Nejad et al. 2005; Rajan et al. 2009).

11.3 Notch and Delta Trafficking Through Sara Endosomes

Both Notch and Delta traffic through recycling and late endosomes. To reach these
compartments, they are previously sorted in early endosomes. Indeed, 25% of trans-
membrane Notch is associated with intracellular vesicles, most of which are endo-
somal compartments (Loubery et al. 2014). A key subpopulation of this endosomal
Notch, about 75% of endosomal Notch, appears in Sara endosomes, a subpopula-
tion of early endosomes characterized by the presence of Sara (Fig. 11.1d). Smad
Anchor for Receptor Activation (Sara) contains a FYVE domain which binds PI(3)P,
a phosphoinositide which is only present in early endosomes. Sara was first discov-
ered as an adaptor protein that mediates transforming growth factor β (TGFβ) signal
transduction in mammalian cells (Itoh et al. 2002; Tsukazaki et al. 1998). It was then
also implicated in bone morphogenetic protein (BMP) signaling: Sara endosomes
contain BMP signaling molecules and are dispatched symmetrically during normal
symmetric divisions, thereby ensuring that the two daughter cells receive the same
levels of BMP signaling (Bokel et al. 2006).

During the asymmetric division of the SOP cells, internalized Delta ligands and
Notch receptors also traffic through Sara endosomes (Coumailleau et al. 2009). In the
early steps of SOP mitosis, Sara endosomes contain both uncleaved Notch (NECD
and NICD are both present) as well as Delta. Then, during asymmetric cytokinesis,
Sara endosomes (and their Notch/Delta cargo) segregate asymmetrically in the cyto-
plasm to be targeted only to the pIIa daughter cell (Coumailleau et al. 2009; Derivery
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et al. 2015; Loubery et al. 2017; Loubéry et al. 2015). Ultimately, about 90% of Delta
andNotch in these vesicles have been found in the pIIa cell (Coumailleau et al. 2009).

After SOP mitosis, in pIIa, only NECD is present in Sara endosomes; in con-
trast, Sara endosomes which were dispatched in pIIb contain both NECD and NICD
(Coumailleau et al. 2009). This implies that Notch cleavage, reflecting signaling acti-
vation, is seen in Sara endosomes, but only in those of pIIa, not pIIb. This directional
targeting of Sara endosomes generates asymmetric Notch/Delta signaling, which
contributes to the cell fate decision of pIIa versus pIIb (Coumailleau et al. 2009;
Derivery et al. 2015; Loubéry et al. 2015).

11.3.1 Asymmetric Motility of Sara Endosomes

How is endosomal dynamics regulated duringmitosis?What motility events underlie
the targeting of Sara endosomes to the pIIa daughter cell? It is now well established
that endosomes move actively along microtubules or even actin filament powered
by dynein, kinesin, or myosin molecular motors (Loubery et al. 2008; Matteoni
and Kreis 1987). Indeed, endosomal movements are severely impaired by micro-
tubule depolymerization (Rapp et al. 1996), by inhibiting or mutating motor proteins
(Burkhardt et al. 1997; Firestone et al. 2012), by depleting ATP (De Brabander et al.
1988; Swanson et al. 1992) or changing proton homeostasis (Murray et al. 2017).
Furthermore, in conditionswhere the number of actin filaments is reduced, a decrease
in endosomal motility and a lack of endosomal fusion have been observed (Murphy
et al. 1996). In particular, the vesicular transport on actin filaments has been shown to
be governed by actin regulator proteins such as Rho protein andDiaphanous (Murphy
et al. 1996; Randazzo 2003).

Some vesicle populations have been reported to be more dynamic than others
(Fernando Aniento 1993). For instance, Rab11 endosome velocity has been found
to be around 0.8 μm/s when moving toward the spindle pole (Hehnly and Doxsey
2014), while Rab5 early endosomes have been reported to move at a slower speed
of 0.17 μm/s on average (Flores-Rodriguez et al. 2011). However, Rab5 endosomes
have also been shown to be capable of very high instantaneous speeds up to 4 μm/s
(Zajac et al. 2013). These velocities depend on the number, directionality, and pro-
cessivity of the molecular motors attached to vesicles. Interestingly, because of the
competition between kinesin and dynein motors, bidirectional movements happen
muchmore frequently in late endosomes than in early endosomes (Zajac et al. 2013).

Bidirectional movements have also been observed for Sara early endosomes dur-
ing asymmetric cell division (Derivery et al. 2015). Notably, Sara endosome motility
is mediated solely by a plus-end directed kinesin motor, Klp98a (Fig. 11.2). The
central spindle is composed of antiparallel microtubules, with their plus-end in the
center of the dividing cell and their minus-ends toward the poles. Therefore, the
kinesin targets Sara endosomes toward the center of the central spindle. In klp98a
mutants, endosomes fail to move toward the central spindle and cannot be asymmet-
rically dispatched. This causes a phenotype in the process of asymmetric cell fate
assignation.
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Fig. 11.2 Targeting, motility, and departure of Sara endosomes. Three steps (1, 2, 3) for the
asymmetric dispatch of Sara endosomes. 1 Sara endosomes, containing a pool of Notch and Delta,
are associated to Klp98a, a plus-end-directed kinesin which binds early endosomes as cargo. This
kinesin is the sole motor responsible for the motility of the Sara endosomes. Because of the config-
uration of the central spindle microtubules (with their plus-end toward the center of the dividing cell
and minus-end toward the poles—See magnified Box), Sara endosomes are targeted to the center
of the dividing cell. This targeting to the central spindle is also mediated by the phosphorylated
state of the Sara protein. PP1/Sds22 phosphatase complex dephosphorylates Sara allowing the tar-
geting of endosomes to microtubules. 2 The central spindle is organized in an antiparallel array
of microtubules labeled by Pavarotti (a kinesin-like protein part of the Centralspindlin complex).
Due to this antiparallel organization, Sara endosomes undergo bidirectional movements within the
central spindle overlap. 3 Patronin sits on the minus-end of the microtubules protecting them from
Klp10A, a depolymerizing microtubule factor (magnified box). This enrichment of Patronin in the
pIIb side of the central spindle is downstream to the PAR complex polarity. This ultimately leads
to an asymmetry of the microtubule density between the two sides of the central spindle. The tar-
geting of the Sara endosomes to pIIa is directly linked to this asymmetry of microtubule density.
Departure of Sara endosomes from the central spindle is dependent on Uninflatable, Notch, and
the phosphorylation state of Sara. The phosphorylation of Sara enables the departure of the Sara
endosomes from the central spindle

The center of the central spindle is composed of antiparallel microtubules where
microtubules from the two poles of the cell meet with opposite polarity. In this
configuration, Sara endosomes can undergo bidirectional movements by switching
microtubules and thus direction in the microtubule array (Derivery et al. 2015). Fur-
thermore, in SOP cells, the central spindle is asymmetric, with more microtubules
in the pIIb side (Fig. 11.2). This asymmetry of microtubule density occurs down-
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stream of positional cues by the asymmetric Par complex (Chen and Zhang 2013) at
the cortical poles of the cell (Derivery et al. 2015) which generates the asymmetric
accumulation of the microtubule-associated protein Patronin (Fig. 11.2). Patronin
binds to the minus end of microtubules and stabilize them against depolymerization
(Fig. 11.2). This leads to the accumulation of microtubules (pointing toward the cen-
ter of the cell) in the pIIb cell. This asymmetric density of microtubules generates a
bias in the residence time of endosomes in the two daughter cells, which ultimately
causes the dispatch of Sara endosomes into pIIa (Derivery et al. 2015). Impairing
either the kinesin-mediated motility or the central spindle asymmetry affects the
asymmetric targeting of Sara endosomes and Notch signaling during SOP mitosis
(Derivery et al. 2015). Therefore, the asymmetric targeting depends on (1) a plus-end
kinesin and (2) the asymmetric topology of the central spindle, in the center of the
dividing cell.

Sara endosome trafficking has been followed in endogenous conditions (with-
out over-expressing a molecular marker) by means of a fluorescent Delta antibody
uptake assay ex-vivo in a primary culture system (Loubery and Gonzalez-Gaitan
2014). In flies, asymmetric segregation of Sara endosomes has also been observed in
intestinal stem cells (Montagne and Gonzalez-Gaitan 2014) and neural stem cells of
the central nervous system (Coumailleau et al. 2009). In Zebrafish, it has also been
seen in neural precursors of the spinal cord (Kressmann et al. 2015). In all these sys-
tems, endosomal cargo included Notch molecules and their asymmetric targeting in
mitosis is essential for asymmetric cell fate assignation. Indeed, saramutants pheno-
copy Notch loss of function in the fly intestine, causing an amplification of the stem
cell compartment (Montagne and Gonzalez-Gaitan 2014). Likewise, in Zebrafish,
Sara endosomes partition can control the number of neural precursor cells as well as
differentiating neurons during neurogenesis, reflecting the lack of asymmetric cell
fate assignation. Indeed, in asymmetric neural precursor lineages, the daughter cell
that inherits Sara remains a neural progenitor that is able to divide again, whereas
the other daughter cell, devoid of Sara, undergoes neuronal differentiation (Kress-
mann et al. 2015). Also, in mammalian cells, endocytosed Notch1 is present in Sara
endosomes (Chapman et al. 2016).

It is worth noting that Sara and the motility of its endosomes seem to contribute
to Notch signaling beyond the setup of asymmetric division. Null mutants in sara or
klp98a do not cause an obvious phenotype, consistent with the idea that control of
asymmetric Notch signaling is heavily redundant. However, if the endocytic systems
described above (e.g., Neuralized or Numb) are compromised to levels in which the
phenotype is mild, loss of function in Sara, or Klp98a leads to a dramatic synthetic
phenotype. These phenotypes are manifested in a failure in asymmetric Notch sig-
naling within the SOP lineage, which causes a phenotype where flies do not have
external sensory cells, but only neurons underneath the epidermis: The cuticle is bald.
In addition, an earlier so-called lateral inhibition phenotype, which is not associated
to dividing cells or asymmetric division, is also seen in these sensitized conditions.
This implies that Sara endosomes, and their motility are required for a core Notch



11 Endosomal Trafficking During Mitosis and Notch-Dependent … 319

function. It is still unclear how Sara endosomes contribute to core Notch signaling,
but the fact that it does explain why the asymmetric distribution of those endosomes
contribute to asymmetric Notch signaling and asymmetric cell fate assignation.

11.3.2 Departure of Sara Endosomes from the Central
Spindle

Studies on Sara overexpression have shown that the presence of Sara at the surface of
Rab5 endosomes is required for a proper regulation of Rab5 endosomal trafficking
(Hu et al. 2002; Loubery et al. 2017). Indeed, the Sara protein itself seems to play
a role in endosomal dynamics (Arias et al. 2015; Hu et al. 2002; Itoh et al. 2002;
Loubery et al. 2017). The targeting of Sara endosomes to the central spindle as
well as the departure of the central spindle generating this asymmetric dispatch
of Sara endosomes is controlled by a phosphorylation switch (Fig. 11.2) (Loubery
et al. 2017). To begin with, the Sara protein itself is essential for the movement
of these endosomes on microtubules toward the central spindle. Furthermore, if
Sara is dephosphorylated, Sara endosomes move on microtubules toward the central
spindle; phosphorylation of Sara mediates the detachment from the endosomes at the
central spindle leading to the departure into the pIIa cell. A Sara phospho-mimetic
mutant fails to depart its Sara endosomes and causes a symmetric distribution of
endosomes that leads to asymmetric specification phenotype: Instead of the four
cells in the lineage, these mutants show a duplication of the external cells, that
is two sockets. The dephosphorylation event depends on the PP2 phosphatase and
phosphorylation at the center of the cell may involve the AuroraB kinase, which
itself is associated to the central spindle. The two molecular mechanisms by which
Sara itself and its phosphorylation state determine these two motility events (Sara-
dependent engagement on microtubules and phosphorylation-dependent departure
from microtubules) are still unknown.

Two other factors contribute to the final departure of Sara endosomes to the pIIa:
Notch itself and its binding factor Uninflatable (Fig. 11.2). Uninflatable is a trans-
membrane protein that, like Notch, contains extracellular EGF repeats. Uninflatable
can modulate Notch activity by antagonizing Notch (Xie et al. 2012). It also traffics
together with Notch through Sara endosomes. Notably, Uninflatable is essential for
the departure of Sara endosomes from the central spindle into the pIIa (Loubery et al.
2014): In the absence of Uninflatable, endosomes go to the spindle, but fail to depart
to pIIa, causing a symmetric phenotype visible in the postorbital bristles around the
eye. Notch knockdown conditions cause the same lack of endosomal dispatch in the
SOP (Loubery et al. 2014). Interestingly, neither Notch nor Uninflatable has been
shown to be essential for the targeting of Notch and Delta to Sara endosomes, nor
the targeting of those endosomes to the central spindle. While the machinery has
now been established (Sara phosphorylation, Notch, Uninflatable), the molecular
mechanism of Sara endosome departure from the spindle remains to be unraveled.
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11.4 Concluding Remarks

While early studies questioned whether endocytosis happens during cell division,
a body of recent work shows that mitotic cells perform endocytosis actively. Fur-
thermore, endocytic trafficking plays key roles during mitosis such as regulating
the membrane surface or targeting key players to the midbody for the abscission
event, among others. Endocytic pathways and endosomal motility have been there-
fore shown to be essential for cytokinesis.

Since endocytosis happens inmitosis, this opens aworld of regulatory possibilities
to direct signaling during cell division, in particular during asymmetric cell division
where asymmetric signaling makes two-daughter cells different from each other. In
the case of Notch signaling, receptors and ligands traffic through endocytic compart-
ments to regulate the signaling levels. Prima facie endocytosis can indeed be used to
regulate the abundance of Notch and Delta in the plasma membrane. It became clear
that both the early and late endocytic compartments exert key regulatory controls
for upregulating or attenuating the trafficking to and from the plasma membrane.
Beyond that, Notch activation has been shown to also depend on endocytic events:
the activation of Delta, which requires the trafficking of Delta through the recycling
Rab1 route; the clustering and concentration of ligands in the cellular interface for
more efficient Notch/Delta interaction; the NECD and NICD cleavage capitalizing
on a mechanical pulling force mediated by the endocytosis of Delta and finally, the
dispatch of Sara endosomes containing a pool of Notch and Delta to only one of the
two daughter cells. Therefore, routing the Notch complex through endocytic com-
partments is a key for the regulation of Notch signaling. Many of these situations
also happen during asymmetric cell division, where endocytic events are themselves
asymmetric and are the core on how the signaling of Notch can be biased. In partic-
ular, the asymmetrical targeting of these cell fate determinants enables a correct cell
fate specification. Altogether, these studies uncovered the importance of endocytosis
in Notch-mediated cell fate specification during development.
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