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Abstract Signaling from the epidermal growth factor receptor (EGFR) elicits multi-
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
(TGFaw), 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 TGFa, 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
etal. (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 signaling molecules and endocytic adaptors, which trigger
signaling and receptor endocytosis, respectively (Lemmon and Schlessinger 2010).
One protein recruited to the EGFR at 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 upon EGF binding. 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 . subunit; (ii) the LL motif;, critical for tyrosine phosphorylation of the AP2 2
subunit, which is predicted to facilitate the interaction between this motif and AP2
(Goh and Sorkin 2013). Interestingly, mutation of these two AP2 binding motifs 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., epsl5 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 ubig-
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 pY 1068/pY 1086 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 binding modes 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-UD) 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 NeddS§-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
EGEFR 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 scission machinery 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-NCE mechanisms 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 itis 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 Ca’* release at these
sites, triggered by IP3-dependent activation of ER Ca?* 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) and non-clathrin endocytosis (NCE) in some cell 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
NCE pathway shows many similarities with the recently described Shiga toxin uptake
pathway, which is also clathrin-independent, endophilinA2-, and dynamin-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, Rab3, 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 regulated by 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 IT (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 the ESCRT (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-UD 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 adaptor molecule 1 and 2). This complex retains EGFR-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-1I, 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-UD 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 from MVBs 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 (CULS3) 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,
EGEFR 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-interacting motifs (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; Maet al. 2007). Similarly, OTUD7/Cezanne (Pareja et al. 2012) and USP2 (Liu
etal. 2013) directly counteract Cbl-mediated EGFR ubiquitination 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
SOCSS5 [members of the suppressor of cytokine signaling family (Kario et al. 2005;
Nicholson et al. 2005)], and LRIGI1 [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 and MIG6 in mice causes increased EGFR expression
and aberrant cell proliferation, leading to tissue hyperplasia (Segatto et al. 2011) and,
in the case of MIG®6, 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 TGFa 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 TGFa 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 TGFa-free EGFRs are then recycled to the
cell surface. This propensity for receptor recycling following TGFa stimulation is
consistent with the higher capacity of TGFa 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 TGFq, 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
(Roepstorft 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 EGFR endocy-
tosis using a dominant-negative dynamin mutant increased PLCy 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 regulating EGFR ubiquitination,
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 even more 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 and highest 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
annexinl—Ilocalized in the ER—through its binding to the EGFR in the MVBs. Annexinl is reg-
ulated by calcium (Ca*") release at contact sites and is involved in intraluminal vesicle formation
and MVB maturation. PTPIB 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, PTPDI 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, PTPDI is transiently recruited to EGF-induced
membrane ruffles and is released just before the formation of active EGFR-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 TGFPR (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 the PM and receptor signaling activity showed thatimmobile EGFR
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 integrating mathematical 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 from neurons, in which NGF binding 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
Whnt/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 activation of enzymes in endosomes to
augment signaling. For example, heterotrimeric G proteins from GPCRs are activated
not only at the PM, but also in the limiting endosomal membranes where they promote
downstream signaling through production of second messengers, such as cyclic AMP
(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 EGFR clusters, 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 Ca®*, 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 and mature (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 Ca?*-dependent binding partner SI00A11, in a Ca®*-
dependent fashion (Eden et al. 2016; Kilpatrick et al. 2017). Ca* 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 internalized RTKs after endocytosis, PTP1B was
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 RTN3 mediates 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. Ca®* 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 etal. 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 RTKSs 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
eighties when the viral-erbB (v-erbB) oncogene product was found to be homologous
to the amplified EGFR gene in the human A431 epidermal carcinoma cell 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 from Cbl-dependent
degradation is one of the most common mechanisms enacted by oncogenic EGFR
mutants (see below).

Finally, EGFR overexpression favors heterodimerization with 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
etal. 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
pY 1045, the direct Cbl 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, EGFRvVIV and EGFRvV, 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% of myeloid 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 these mutations 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 RTKSs), 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
etal.2007), facilitating receptor degradation (Kelley and Weed 2012). When mutated,
ACKI1 retains EGFR at the PM, sustaining its signaling (Chua et al. 2010; Kelley and
Weed 2012). Similarly, the oncogenic form of Vav, a Rho GTPase 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 B 1-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
etal. 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 the most widely used EGFR-neutralizing mAbs.
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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