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Abstract
This review article describes the pathways and mechanisms of endocytosis and post-endocytic sorting
of the EGF receptor (EGFR/ErbB1) and other members of the ErbB family. Growth factor binding
to EGFR accelerates its internalization through clathrin-coated pits which is followed by the efficient
lysosomal targeting of internalized receptors and results in receptor down-regulation. The role of
EGFR interaction with the Grb2 adaptor protein and Cbl ubiquitin ligase, and receptor ubiquitination
in the clathrin-dependent internalization and sorting of EGFR in multivesicular endosomes is
discussed. Activation and phosphorylation of ErbB2, ErbB3 and ErbB4 also results in their
ubiquitination. However, these ErbBs are internalized and targeted to lysosomes less efficiently than
EGFR. When overexpressed endocytosis-impaired ErbBs may inhibit the internalization and
degradation of EGFR.
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Introduction
The discovery of EGF and its receptor was immediately followed by the investigation of the
pathways and mechanisms of EGFR endocytosis. Such an interest in understanding EGFR
endocytic trafficking has been driven by the recognition of the important role that this
trafficking has in the regulation of signaling processes triggered by receptor tyrosine kinases
(RTKs). In addition, the availability of EGF, antibodies to EGFR and other experimental tools
has been and still remains to be the key factor that helps to sustain the ever increasing number
of publications on endocytosis of this receptor.

The first comprehensive study of the EGF endocytosis, in which many of the key concepts of
internalization and lysosomal degradation of EGF have been established, was published by
Carpenter and Cohen [1]. This and other early studies by Cohen’s group remain the basis of
the current understanding of EGFR endocytosis. EGFR endocytosis is one of the most well
characterized models for studying the morphology, kinetics and mechanisms of endocytic
pathways, and is a prototypic model for the endocytosis of other RTKs. Studies of endocytosis
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of other ErbBs have been trailing the EGFR research because the natural ligands to ErbB3 and
ErbB4 were discovered much later than EGF, and because the experimental tools to study these
receptors and ErbB2 are only now becoming available.

EGFR is also the most popular model used to study the crosstalks between endocytosis and
signaling. After internalization, EGF and EGFR are efficiently degraded, which results in the
dramatic decrease in the half-life (t1/2) of the EGFR protein [2]. Accelerated internalization
and degradation of activated EGFR lead to the decreased number of receptors at the cell surface,
a phenomenon referred to as EGF-induced down-regulation of EGFR. Thus, the process of
EGFR down-regulation and degradation is the major negative feedback regulatory mechanism
that controls the intensity and duration of receptor signaling [3]. On the other hand, EGF-
receptor complexes remain to be active in endosomes and continue to signal after
internalization. Therefore, endocytosis has both “positive” and “negative” effects on the
signaling network. The complex role of endocytosis in the regulation of EGFR signaling has
been discussed in detail in several recent review articles [4–7]. Hence this chapter will focus
on the most recent advances in understanding the molecular mechanisms of the endocytic
trafficking of EGFR and other ErbBs.

Turnover and trafficking of ErbBs in the absence of activation
In cultured cells expressing low or moderate levels of EGFR (<200,000/cell), receptors turn
over with t1/2 in the range of 6–10 h, whereas in cells overexpressing EGFR, such as human
epidermoid carcinoma A-431, t1/2 could be 24 h or longer [2,8,9]. The turnover rate of ErbB2
expressed in NR6 cells was similar to that rate of unstimulated EGFR [10]. The t1/2 of
endogenous ErbB3 in MCF-7 cells was 2.4 h [11]. ErbB4 expressed in COS cells had a half-
life of about 5–7 h [12]. The general trend is that the basal turnover rates of unstimulated ErbBs
reciprocally correlate with their expression levels, presumably due to the saturability of the
internalization and degradation steps of trafficking.

As other transmembrane proteins, ErbBs are co-translationally translocated through the
endoplasmic reticulum (ER) membrane, transported to the Golgi apparatus, where the
extracellular domain acquires N-linked glycosylation, and from where the receptors are finally
delivered to the plasma membrane [13,14]. In polarized cells, newly synthesized ErbBs are
preferentially sorted to the basolateral membrane, although a pool of EGFR and ErbB2 could
be detected at the apical surface in some polarized cells [15,16]. Analysis of ErbB2 sorting in
MDCK cells revealed that binding of ErbB2 to the PDZ domain of LIN-7 protein is important
for the retention of ErbB2 at the basolateral membrane whereas another interaction between
the kinase domain of ErbB2 and LIN-7 is necessary for targeting the newly synthesized ErbB2
to the basolateral surface [15]. The evolutionary conserved complex consisting of LIN-2, LIN-7
and LIN-10 proteins is also required for the basolateral localization of LET-23/EGFR in vulva
precursor cells of C. elegans [17,18]. EGFR substrate protein 8 (EPS8) was found to associate
with LIN-2 to retain EGFR at the basolateral membrane in these cells [19].

At steady-state cell growth conditions the bulk of cellular ErbB proteins are located in the
plasma membrane. In most cells, EGFR is constitutively internalized at the rate comparable to
the rate of basal membrane recycling (internalization rate constant ke ~ 0.02–0.05 min−1)
[20–22]. After internalization, inactive ErbB receptors are mainly recycled back to the cell
surface [5]. Because the constitutive recycling rate (rate constant kr ≥ 0.2 min−1) is several
times higher than the basic internalization rate, the distribution of EGFR is determined by the
ratio of the internalization and recycling rates resulting in the predominant localization of
EGFR at the cell surface and a small endosomal pool. Similarly low rates of the constitutive
internalization and rapid recycling of ErbB2, which leads to the predominantly surface exposed
ErbB2, were also reported [23].
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Ligand-induced endocytosis of EGFR
ErbBs are activated by ligand-induced dimerization. There are more than 20 ligands of EGFR,
ErbB3 and ErbB4, whereas ErbB2 does not have its own soluble ligand and is activated through
heterodimerization with other ligand-occupied ErbBs [24]. The ligand-induced endocytic
trafficking of activated EGFR is the best characterized among ErbBs. Therefore, in the
following sections we will describe endocytosis and post-endocytic sorting of activated EGFR
as the basic model, and subsequently discuss the mechanisms specific to the regulated
endocytosis of other ErbBs.

Pathways and kinetics of EGFR internalization: clathrin-dependent versus clathrin-
independent mechanisms

Binding of EGF to EGFR results in acceleration of receptor internalization [20]. Several lines
of the experimental evidence support the view that this acceleration is due to endocytosis of
EGF-receptor complexes through clathrin-coated pits. Firstly, EGF and ligand-activated EGFR
were found concentrated in coated pits and vesicles [25–30]. Secondly, the specific rates of
EGF internalization are within the range of these rates measured for other receptors that are
internalized by means of clathrin-mediated endocytosis (CME), such as transferrin receptors
(ke ~ 0.2–0.4 min−1) [22,31]. Thirdly, overexpression of dominant-negative mutants of proteins
essential for CME, for example the dynamin K44A mutant, inhibited EGFR internalization
[32]. Finally, RNA interference (RNAi) analysis, in which depletion of clathrin heavy chain
or dynamin has been shown to inhibit EGFR endocytosis, strongly argues that CME is the
major pathway of EGFR internalization [33,34].

CME is the fastest and highly regulated pathway of internalization of integral membrane
proteins. Interestingly, high internalization rates of EGFR, that are characteristic of CME, were
observed only when EGF was used in low, physiological concentrations (≥1–2 ng/ml), whereas
the apparent rate of EGF uptake was decreased with increasing EGF concentrations [35]. Based
on such a saturability of the internalization process, Wiley et al. proposed that the rapid
internalization pathway has limited capacity and is overwhelmed in the presence of high
concentrations of EGF-receptor complexes at the cell surface [31]. Under these conditions,
most of these complexes are internalized with a slow kinetics, minimizing the contribution of
the rapid pathway in the overall uptake of EGF. More recently, it was shown that the uptake
of high EGF concentrations (high receptor occupancy) was only minimally affected by
overexpression of the K44A dynamin mutant, whereas the same mutant efficiently blocked
internalization of EGF at low concentrations [36]. Moreover, knock-down of the clathrin heavy
chain by small interfering RNA (siRNA) did not significantly affect EGF internalization when
EGF was used at high concentrations [37]. These data imply that under physiological conditions
(low ligand concentrations and moderate expression levels of EGFR), EGFR is internalized
mostly by CME, whereas under conditions of receptor overexpression and/or high ligand
concentrations, clathrin-independent internalization determines the overall apparent rate of the
EGFR uptake into the cell. In some cells expressing low or moderate levels of endogenous
EGFR, however, the CME has the capacity to internalize EGFR stimulated with high EGF
concentrations [31,35,38].

Clathrin-independent endocytosis of EGFR was first demonstrated in early studies using A-431
cells. EGF treatment of these cells causes extensive plasma membrane ruffling and formation
of micro- and macropinocytic vesicles containing labeled EGF and lacking the clathrin coat
[39,40]. Such EGF-induced pinocytosis was attributed to the extraordinary high levels of EGFR
in A-431 cells. Later, internalization of EGFR by large vesicular structures lacking clathrin in
cells treated with high concentrations of EGF was also observed by fluorescence microscopy
in COS cells that express a much lesser level of EGFR [41]. Recently, clathrin-independent
internalization of EGFR via the vesicular-tubular endocytic compartment originated from the
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plasma membrane dorsal ruffles was observed in several types of cells [42]. This pathway
required the activity of the EGFR kinase, PI3 kinase and dynamin [42].

The endocytosis of EGF-receptor complexes involving cholesterol-rich lipid rafts and/or
caveolae was also proposed [37]. This cholesterol-dependent internalization was observed
under conditions of high EGFR occupancy by EGF in HeLa cells. In contrast, another study
in HeLa cells found no role of cholesterol-rich rafts and caveolae in EGFR endocytosis, and
suggested that CME is the major internalization pathway under conditions of all occupancies
of the surface EGFR in these cells [38]. It is possible that the localization of EGFR in the
caveolae and the contribution of the lipid-raft/caveolae endocytic pathways is cell-type-
specific and may even vary in different subclones of HeLa cells.

In summary, in addition to CME, EGF-receptor complexes can be internalized with a slow
kinetics that is similar to the basal constitutive endocytosis of unoccupied EGFR. In cells where
EGFR activation leads to increased membrane dynamics, ruffling and pinocytosis, EGF-
receptor complexes can enter the pinocytic vesicles and ruffle-generated endocytic
compartments. In some cells, activated EGFR can be taken up by the mechanisms sensitive to
cholesterol-disrupting drugs. All these clathrin-independent pathways are significantly slower
than CME, although they may have a faster kinetics as compared to the constitutive receptor
internalization. The lack of specific inhibitors of clathrin-independent endocytosis makes it
difficult to elucidate the mechanisms and evaluate the importance of these pathways in EGFR
internalization. More importantly, clathrin-independent pathways are typically observed in
experiments when high EGF concentrations are used and a large amount of EGF-receptor
complexes are present at the cell surface. It is likely that the contribution of these mechanisms
in the endocytosis of EGFR in vivo is minimal.

Mechanisms of EGFR internalization via clathrin-coated pits
Two interdependent questions are important to address: (i) what are the molecular determinants
in the EGFR that are responsible for its rapid CME upon receptor activation and (ii) what are
the components of the endocytic machinery that mediate EGFR internalization. The studies
attempting to address these questions during the last 20 years produced numerous observations
which are difficult to reconcile with each other. One explanation for the inconsistency of the
data is that high concentrations of EGF were often used which did not favor measurements of
the rates of CME. In addition, measurements of the specific internalization rates without the
contribution of rapid recycling are technically difficult. Therefore, our discussion of the
mechanisms of EGFR internalization will be focused mostly on findings that were made using
low EGF concentrations and a correct internalization rate assay.

The role of EGFR dimerization, tyrosine kinase activity, phosphorylation and putative
internalization sequence motifs in EGFR endocytosis has been extensively investigated. EGF-
induced dimerization of EGFR results in activation of the receptor tyrosine kinase (reviewed
in this issue). The role of dimerization apart from the kinase activity is difficult to analyze
because of the lack of specific inhibitors of dimerization that do not affect kinase activity. On
the other hand, inactivation of the kinase by mutating the catalytic Lys721 or by small-molecule
inhibitors resulted in low endocytic rates and inefficient recruitment of the receptors into coated
pits [20,28,43–45]. Kinase-negative EGFR mutants and a wild-type EGFR inactivated by
kinase inhibitors are internalized and accumulated in endosomes; however, the rate of this
internalization is significantly lower than that of CME [20,46,47]. Accumulation of the kinase-
negative EGFR in endosomes is especially pronounced when high concentrations of EGF are
used, which is likely due to the slow recycling of large complexes such as EGFR dimers/
oligomers as compared to the monomeric unoccupied EGFR.
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Activation of the receptor kinase results in tyrosine phosphorylation of the carboxyl-terminal
domain of EGFR as well as phosphorylation of numerous cytoplasmic substrates. Mutations
of several major tyrosine phosphorylation sites in the EGFR partially reduced internalization
when these EGFR mutants were expressed in fibroblasts [21,44]. Surprisingly, mutation of the
major binding sites of the Grb2 adaptor protein (Tyr1068 and Tyr1086) strongly inhibited EGF
internalization in porcine aortic endothelial (PAE) cells [48] (Fig. 1). In agreement with these
data, Grb2 has been shown to be important for EGFR internalization (see Section Grb2-
dependent pathway of endocytosis below). Interestingly, EGFR mutants lacking Grb2 binding
sites due to large deletions of the carboxyl-terminus were rapidly internalized in mouse
fibroblasts [21] but internalized very slowly in PAE cells [48]. It is possible that C-terminal
truncations (e. g. at residues 1022–1023) uncover cryptic internalization motifs leading to
Tyr1068/1086-independent endocytosis of truncated EGFR mutants in some cells. It is also
possible that Grb2 can bind to truncated mutants by the means other than pTyr1068/1086 in
fibroblasts but not in PAE cells.

Serine and threonine phosphorylation of EGFR has also been implicated in the regulation of
receptor internalization (Fig. 1). Phosphorylation of the juxtamembrane Thr654 by protein
kinase C reduced EGF endocytosis, likely due to the partial inhibition of the kinase activity of
the receptor [49]. Phosphorylation of serines 1046 and 1047 was shown to be necessary for
EGF internalization [50]. Recently, it was found that endocytosis of unoccupied EGFR can be
induced by stress receptor signaling and chemical compounds that activate mitogen-activated
protein kinase (MAPK)/p38 [51–53]. It was suggested that p38 induced endocytosis by
phosphorylating serines within the region between residues 1002–1020 of the EGFR [53].
However, how exactly this region and pSer1046/47 regulate EGFR internalization is unknown.

The C-terminus of EGFR (downstream of the kinase domain) contains several sequence motifs
that are capable of interaction with the clathrin adaptor protein complex 2 (AP-2), a major
cargo binding component of coated pits (Fig. 1). Indeed, EGFR was found to directly interact
with the μ2 subunit of AP-2 through the Y974RAL motif [54–57]. However, mutations in the
YRAL motif did not affect EGFR internalization [56]. Moreover, mutations in the binding
interface for this motif in the μ2 protein did not decrease EGFR internalization [58], suggesting
that YRAL interaction with AP-2 is not essential for EGFR internalization. Mutations of the
NPxY motifs in the EGFR did not reduce EGFR internalization as well [21]. The di-leucine
motif (residues Leu1010/1011) was shown to be involved in the tyrosine phosphorylation of
the β2 subunit of AP-2, indicative of its possible role in the receptor interaction with AP-2
[59]. However, this LL motif was not necessary for the internalization of the full-length EGFR
[36,59]. Furthermore, under certain experimental conditions, depletion of AP-2 by siRNA did
not affect EGFR internalization, although there is disagreement among different reports
regarding the effect of AP-2 depletion on EGFR endocytosis [30,33,34]. In summary, while
EGFR is capable of interaction with AP-2, the role of this interaction remains unknown.

Grb2-dependent pathway of endocytosis
Despite the redundancy of the tyrosine phosphorylation sites in EGFR with regards to their
ability to bind Grb2 and other SH2 containing proteins, the low internalization rates observed
for Tyr1068/1086 mutant in PAE cells indicated that Grb2 may play an important role in EGFR
internalization. The key evidence for the endocytic function of Grb2 was obtained in
experiments where siRNA depletion of Grb2 substantially and specifically reduced
internalization of EGFR in PAE and HeLa cells (expressing endogenous EGFR) [48]. These
experiments were in agreement with the demonstration of the dominant-negative effects of
Grb2 mutants on EGFR trafficking in MDCK cells [60]. Furthermore, Grb2–EGFR complexes
were found in coated pits, and Grb2 was shown to be necessary for the EGFR recruitment into
coated pits (Fig. 2) [29,30,48]. Depletion of Grb2 by siRNA caused a substantial (60–80%)
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decrease in the EGFR internalization rate in mouse fibroblasts and squamous carcinoma cells
(Sorkin A., unpublished observations), strongly suggesting that Grb2-dependent endocytosis
is the major pathway of EGFR internalization in many types of cells.

Grb2 consists of one SH2 and two SH3 domains. The SH2 domain binds to phosphotyrosine-
containing motifs in the EGFR and physically couples proteins that are associated with the
SH3 domains to the receptor. One of the major Grb2-interacting proteins, Cbl, has been
implicated in the regulation of EGFR internalization and degradation [61] (Fig. 2). There are
three members of the Cbl family in mammalian cells, c-Cbl, Cbl-b and Cbl-3. The first two
species have extended C-termini with several proline-rich motifs capable of binding to SH3
domains [62]. Cbl proteins are the RING finger containing E3 ubiquitin ligases that mediate
ubiquitination of the EGFR by means of the recruitment of E2 ubiquitin conjugating enzymes
[63,64]. All three Cbls possess a tyrosine kinase binding (TKB) domain that can directly bind
to phosphorylated Tyr1045 of EGFR [63] (Fig. 1). The relative contribution of indirect (Grb2-
mediated) and direct (TKB-mediated) interactions of Cbl with EGFR may vary in different
cell types.

Several sets of the experimental data support the role of Cbl in the CME of EGFR. Firstly,
EGF-induced translocation of c-Cbl to clathrin-coated pits has been demonstrated [65].
Secondly, over-expression of several c-Cbl mutants inhibited EGFR internalization in HeLa,
PAE and NIH 3T3 cells [36,66]. Thirdly, chimeric proteins consisting of Grb2 SH2 domain
and c-Cbl could rescue EGFR endocytosis in Grb2-depleted cells, confirming the function of
Cbl downstream of Grb2 [67]. Fourthly, siRNAs knock-down of both c-Cbl and Cbl-b resulted
in partial inhibition of the EGFR internalization [68]. Interestingly, direct Cbl binding to
pTyr1045 appears to play a minor, if any, role in the CME of EGFR, whereas Grb2-mediated
interaction with EGFR is critical [36]. Altogether, the data obtained in cultured cells strongly
argue that Cbls are important for EGFR internalization, and that both the association with Grb2
and the intact RING domain are essential for this Cbl function. In contrast, c-Cbl knock-out
did not affect EGF internalization in mouse embryonic fibroblasts [69]. This observation can
be explained by the presence of Cbl-b in these cells. Another possibility is that the importance
of Cbl for internalization is cell-type-specific.

In Drosophila flies, two isoforms of Cbl, long (D-CblL) and short (D-CblS) are present. A
recent study showed that D-CblL facilitates endocytosis, passage through the Rab5 and Rab7
endosomes, and lysosomal degradation of the Gurken (TGFα homolog)-EGFR complex [70].
D-CblS is homologous to mammalian Cbl-3 which lacks SH3 binding and does not bind Grb2.
However, D-CblS is able to down-regulate EGFR, perhaps, by directly binding to the receptor
and promoting its ubiquitination [71]. The c-Cbl/b-Cbl ortholog in C. elegans, Sli-1, was shown
to bind EGFR/LET-23 both directly and indirectly through Grb2/SEM-5 to exert its negative
regulatory effect on the receptor [72].

Because Cbl ubiquitinates EGFR, it is logical to hypothesize that Cbl-mediated ubiquitination
of EGFR is necessary for receptor internalization. The first indication that this hypothesis is
incorrect came from the observation of normal internalization of the EGFR mutant that lacks
Tyr1045 and is weakly ubiquitinated [36]. Recently, the ubiquitination sites in EGFR were
mapped in the kinase domain of the receptor [68] (Fig. 1). Mutation of these sites did not affect
EGFR internalization, confirming that EGFR ubiquitination is not essential for internalization
[68,73]. Interestingly, add-back of two major ubiquitination sites to the multi-lysine EGFR
mutant (16KR) that displayed partial inhibition of its kinase activity and, therefore, partial
inhibition of internalization, restored its internalization, suggesting that ubiquitin moieties are
potentially capable of mediating EGFR internalization [68,73]. Furthermore, siRNA knock-
down of epsin 1, Eps15 and Eps15R (proteins proposed to be ubiquitin adaptors in coated pits)
did not result in the specific inhibition of clathrin-dependent internalization of EGFR [34,37].
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In view of the demonstration that EGFR ubiquitination is not essential for internalization, future
research should focus on the search of a different type of protein that can mediate internalization
of the EGFR–Grb2–Cbl complex. The RING domain of Cbl could be necessary for
ubiquitination of another protein or an interaction with a protein other than E2 enzymes (Fig.
2). An example of a potential candidate to mediate Cbl function in endocytosis is intersectin,
a protein that is found in clathrin-coated pits, capable of interaction with Cbl and shown to be
necessary for internalization and/or degradation of EGFR [74]. Another protein that binds Cbl
and has been implicated in EGFR down-regulation is CIN85 [75,76]. However, CIN85 has not
been detected in coated pits and may be involved in post-endocytic trafficking of EGFR rather
than internalization [77].

Post-endocytic trafficking of EGFR
Pathways through endosomes

Clathrin-coated vesicles containing EGF-receptor complexes rapidly release their coat and fuse
with early endosomes, compartments of a heterogeneous morphology consisting of vesicular
and tubular membranes and located at the periphery of the cell [78–81] (Fig. 2). The
accumulation of EGF and EGFR in early endosomes is evident after 2–5 min of endocytosis
at 37 °C. Early endosomes are highly dynamic and tend to rapidly recycle the cargo, or fuse
with each other leading to the formation of larger “intermediate” or “sorting” endosomes
(reviewed in [82,83]). The pH in early and intermediate endosomes is mildly acidic (6.0–6.5).
At this pH EGF-receptor complexes do not substantially dissociate [84]. Consequently, EGFRs
in endosomes remain to be dimerized, phosphorylated, associated with Grb2 and Cbl [85–
87], and therefore ubiquitinated.

The endosome maturation occurs concomitantly with the sorting of the internalized receptors
to different cellular destinations. The maturation process involves fusion of early endosomes
and a change in the biochemical composition and morphology of early endosomes to that of
multivesicular bodies (MVBs) and late endosomes (Fig. 2). EGF and EGFR begin to
accumulate in the intralumenal membranes of MVB that are located in the perinuclear area of
the cell after 15–20 min of EGF-induced endocytosis [80,81,88,89]. Serial sectioning electron
microscopy demonstrated that internal membranes of MVB represent vesicles that are not
connected to the limiting membrane [90]. Therefore, EGFR incorporated into intralumenal
membranes cannot be recycled.

During the endosome maturation process, receptors recycle back from endosomes to the cell
surface. Since EGF does not significantly dissociate from the receptor, an intact EGF-receptor
complex is recycled [91]. Recycling of EGF-receptor complexes occurs through two kinetically
and mechanistically distinct pathways (Fig. 2). The rapid pathway involves early endosomes
and is efficient at low temperature (16–18 °C) [91]. The second pathway of recycling has a
slower kinetics and is completely blocked at low temperature (16–18 °C) [91]. This slow
recycling is probably originated from a pool of EGF-receptor complexes that are located in the
limiting membrane of MVBs and recycled through the tubular extensions of MVBs, and
another pool of EGF-receptor complexes trafficked to the late recycling compartment (Rab11-
positive). Significant co-localization of EGFR in the limiting membranes/tubular extensions
of MVBs and in recycling endosomes with the constitutively-recycled transferrin receptor
supports the above hypothesis [78,84,92,93].

Fusion of MVBs with primary lysosomal vesicles that carry proteolytic enzymes leads to rapid
proteolysis of intralumenal components of MVBs containing EGFR [80]. Degradation of EGF
and EGFR can be completely blocked by lysosomal inhibitors [1,2]. Inhibitors of proteosome
also reduce EGFR degradation [94]. However, the effects of proteosomal inhibitors on EGFR
degradation are likely indirect. The proteosomal inhibitors may affect activity of lysosomal
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enzymes and/or diminish the amount of ubiquitin in the cell. Also, proteosomal degradation
controls the turnover of ESCRT proteins and other proteins regulating MVB sorting (see
below).

In summary, the model of the endosomal sorting of EGFR based on morphological studies
suggests that EGF-receptor complexes can be recycled in a manner similar to unoccupied
EGFR and transferrin receptors unless these complexes are trapped in the intralumenal vesicles
of MVB (Fig. 2).

Molecular mechanisms of EGFR sorting in MVB
The elucidation of the molecular mechanisms of EGFR sorting in MVB is in large part owed
to genetic analysis of the vacuole sorting in yeast that revealed multiple Vps proteins that are
components of ESCRT complexes or proteins associated with these complexes (reviewed in
[95–97]). The mechanistic model of the EGFR sorting in MVB is presented in Fig. 2. That
EGFR ubiquitination is essential for the lysosomal targeting and degradation of the receptor
was initially found in experiments with the Y1045F mutant of EGFR [63] and later directly
demonstrated using mutations of the EGFR ubiquitination sites [68]. Although EGFR was
shown to be poly-and multi-monoubiquitinated, it is unclear whether poly-ubiquitination is
necessary for the MVB sorting.

Ubiquitinated EGFR is thought to interact with the ESCRT-0 complex, main components of
which are HRS and STAM1/2 proteins, both containing ubiquitin-binding domains (UBDs).
A splice variant of Eps15, Eps15b also contains a UBD and is associated with HRS, possibly
providing additional means of the recruitment of ubiquitinated EGFR [98]. HRS can also recruit
clathrin that forms bilayered coats on endosomes leading to the formation of “HRS
microdomains” [99]. The interaction of EGFR with HRS has been shown by co-
immunoprecipitation [37]. siRNA depletion of HRS resulted in inhibition of EGFR degradation
[100]. In the Drosophila HRS mutant, endosomal membrane invagination and formation of
MVB were impaired, leading to the accumulation of activated EGFR in the cells [101].

While a remarkable advance in elucidating the structures of ESCRT-I, -II and -III complexes
has been made in recent years, how exactly the ubiquitinated cargo, that is trapped in HRS
micro-domains, ends up in internal vesicles of MVB remains unclear. It has been proposed
that ubiquitinated cargo is handed from ESCRT-0 to consequently ESCRT-I, -II and then -III
complexes, all containing UBDs [97]. Another recent model suggests that ESCRT-I, -II and -
III complexes form concentric rings around HRS complexes, which ultimately results in inward
membrane invagination [95]. In the former model the ESCRT-0 complex is distal to the
epicenter of the membrane invagination, whereas in the concentric ring model this complex is
in the epicenter of vesicle formation and must dissociate from the membrane before vesicle
scission (Fig. 2). All ESCRTs have lipid binding domains and UBDs that are involved in the
interactions with each other. For instance, ESCRT-0 complex facilitates membrane recruitment
of ESCRT-I, which in turn facilitates subsequent recruitment of ESCRT-II and -III complexes.
Oligomerization of CHMP (a component of ESCRT-III) is believed to result in the formation
of a lattice-like structure that is thought to promote invagination of the endosomal membrane
[96,97,102,103].

Functional studies confirmed that the components of ESCRT-I and ESCRT-III complexes,
TSG101 and hVps24, respectively, are necessary for EGFR degradation [104–108], although
the interaction of EGFR with ESCRT-I, -II and -III complexes has not been demonstrated. The
requirement of ESCRT-II for EGFR sorting is still a subject of a debate [108,109]. Based on
studies in yeast it is proposed that ubiquitinated cargo is deubiquitinated prior to its
incorporation into intralumenal vesicles to prevent degradation of ubiquitin [96]. However,
EGFR deubiquitination during sorting in MVB has not been demonstrated.

Sorkin and Goh Page 8

Exp Cell Res. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It should be emphasized that preservation of EGF-receptor association, EGFR phosphorylation
and association with Cbl (necessary for ubiquitination) in endosomes is essential for the
ESCRT-mediated sorting of EGFR to the degradation pathway. Some ligands of EGFR other
than EGF have a weaker affinity to the receptor and dissociate from the receptor in the acidic
environment of endosomes. For instance, when EGFR is occupied by transforming growth
factor α (TGFα), TGFα is released from the receptor in early endosomes, leading to receptor
dephosphorylation and recycling back to the plasma membrane [110] (Fig. 2). As a result,
TGFα does not cause significant degradation and down-regulation of EGFR.

The ESCRT-dependent model of EGFR sorting to lysosomes is widely accepted. However,
two di-leucine motifs of EGFR have been implicated in receptor degradation [59,111] (Fig.
1). The relationships of these motifs and ESCRTs are unknown, and the components of the
endocytic machinery interacting with these motifs remain to be elucidated. Furthermore,
proteins other than ESCRT complexes, such as sorting nexin 1 and annexin 1, have been
specifically implicated in the EGFR degradation [112,113]. The exact role of these proteins in
the EGFR sorting process is also unknown.

Besides the endosome/lysosome system, EGF-activated EGFR has been detected in the nuclei
of several types of cells (reviewed in Ref. [114]). This EGF-dependent translocation of the
full-length EGFR into the nucleus was demonstrated by biochemical fractionation and
immunocytochemical methods [115,116]. Nuclear translocation of EGFR was reduced by
transient transfection of the dominant-negative dynamin K44A mutant in EGF-stimulated cells,
suggesting the role of CME in this pathway [117]. In all of the above mentioned studies the
receptor was delivered to the nucleus with a relatively rapid kinetics (minutes). In another
recent study, the kinetics of the nuclear appearance of EGFR was shown to be much slower
(hours) [118]. This study suggested that EGFR traffics from the plasma membrane to the ER,
where it is translocated to the cytosol by the Sec61 complex, and subsequently translocated to
the nucleus. Clearly, elucidation of the mechanisms of this novel EGFR trafficking pathway
would require further analysis using morphological, including live-cell microscopy, and
biochemical methods.

Proteins modulating endocytosis and sorting of EGFR
Whereas Grb2 and Cbl directly and specifically determine the rates of EGFR turnover,
internalization and degradation, a number of other proteins have been identified that can have
a modulatory effect on the rate of EGF-induced EGFR down-regulation. Interestingly, many
of such proteins function by targeting Cbl activity [119]. For example, the Sprouty 2 protein
is capable of binding to the RING and TKB domains of Cbl, thus inhibiting Cbl E3 ligase
activity and reducing EGFR ubiquitination [120,121]. However, Sprouty 2 also binds Grb2
and several other proteins that signal downstream of EGFR, and it is possible that the
mechanisms of Sprouty 2 effects on EGFR are quite convoluted [122]. Analysis of Sprouty
function by knock-outs or knock-downs in mammalian cells is difficult because multiple
Sprouty proteins, that can be functionally redundant, exist. Whether endogenous Sprouty 2 is
involved in the regulation of EGFR endocytosis in mammals is unknown.

An effector and regulator of a small GTPase Cdc42, Cool-1, also binds to Cbl and inhibits its
ubiquitination activity in the presence of v-Src, thus inhibiting EGFR degradation [123].
Hominoid-specific oncogenic protein Tbc1d3 appears to affect ubiquitination and degradation
of EGFR by interfering with Cbl binding to the receptor [124]. Other proteins that are capable
of binding to Cbl and/or EGFR and implicated in the regulation of EGFR internalization and
degradation are: Alix [125], c-Abl tyrosine kinase [126], Sts1/TULA2 [127], Lrig-1 [128], and
supressors of cytokine signaling SOCS4/5 [129]. The mechanisms of endocytosis-modulating
effects of these proteins are not well understood. Similarly, GAPex5, a Rab5 exchange factor,
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inhibits binding of Cbl to EGFR by an unknown mechanism not mediated by Rab5 [130]. The
possible roles of two other Cbl-binding proteins, intersectin and CIN85, were discussed in
Section Mechanisms of EGFR internalization via clathrin coated pits. A recent study in
Drosophila identifies a new protein Myopic (Mop), which is proposed to be involved in
endosome trafficking of EGFR in imaginal discs and S2 cells [131]. Mop is a Drosophila
homolog of mammalian tyrosine phosphatase HD-PTP which contains the Bro-1 domain
(Bro-1 is associated with ESCRT-III). Whereas Mop functionally interacts with Cbl in the
regulation of EGFR degradation, the exact mechanisms of this regulation are unknown.

Several proteins have been recently shown to affect EGFR degradation without affecting Cbl
activity. A tyrosine phosphorylation substrate of EGFR, Yme1, has been recently identified
by mass-spectroscopy analysis and shown to have an inhibitory effect on EGFR down-
regulation [132]. Spartin, a protein mutated in Troyer syndrome (autosomal recessive
hereditary spastic paraplegia) patients, was shown to function in EGFR degradation [133].
Depletion of Cdc42-associated tyrosine kinase 1 (ACK1) or over-expression of ACK1
fragments inhibited EGFR degradation [134]. Given that ACK1 is capable of binding to
ubiquitinated proteins, the effect of this kinase on EGFR degradation could be related to the
regulation of the interactions between ubiquitinated EGFR and the endocytic machinery.

An important family of proteins that regulate EGFR endocytosis and degradation is
deubiquitination enzymes (DUBs) [135]. Two DUBs have been implicated in EGFR
degradation, the JAMM domain-containing AMSH [136] and UBPY (USP8) [137]. Both
AMSH and UBPY are shown to interact with the same site on the STAM protein [138]. UBPY
binds components of ESCRT-III [139]. The effects of its siRNA depletion on EGFR
degradation varied in different studies [108,137,140,141]. UBPY appears to have wide
substrate specificity. Conditional mouse knock-out of USP8/UBPY resulted in the reduction
of the expression levels of several RTKs as well as HRS and STAM2, suggesting that this DUB
plays a role in the regulation of the turnover of ESCRT complexes [142]. Because the effects
of siRNA knock-down of both AMSH and UBPY on EGFR ubiquitination and degradation
were either partial or absent in some studies, it is likely that there are other DUBs that can
deubiquitinate EGFR in vivo.

Trafficking of activated ErbB2
Because ErbB2 does not have a natural soluble ligand, the early studies of ErbB2 internalization
utilized the chimeric proteins consisting of the extracellular domain of EGFR and the
intracellular domain of ErbB2 and used labeled EGF to follow internalization of these chimeric
receptors [10]. In these studies the EGFR-ErbB2 chimera was internalized several times slower
than EGFR despite activation of the ErbB2 kinase and phosphorylation of the ErbB2
intracellular domain. It was concluded that the carboxyl-terminal domain of ErbB2 is
internalization-impaired.

Wild-type, full-length ErbB2 can be activated when highly overexpressed or through
heterodimerization with other ErbBs. In cells overexpressing ErbB2 it is predominantly
localized in the plasma membrane, indicating that overexpression of ErbB2 does not lead to
acceleration of its endocytosis and down-regulation [23,24,143–145]. In contrast,
heterodimerization of ErbB2 with ligand-occupied EGFR may influence the endocytic
trafficking of both ErbB2 and EGFR. EGF treatment resulted in down-regulation of ErbB2 in
cells with relatively low levels of ErbB2 expression [146–148]. In cells with high levels of
ErbB2, such as many mammary carcinoma cell lines, activation of EGFR did not affect surface
expression of ErbB2 and did not accelerate its degradation [24,143,146,147,149]. Moreover,
overexpression of ErbB2 had a dominant-negative effect on EGF-induced EGFR down-
regulation [143,150]. In some cases, it has been demonstrated that ErbB2 prevented CME of
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EGFR [149,151]. In other cells, ErbB2 did not slow down EGFR internalization but re-routed
internalized EGFR from the degradation to the recycling pathway [147].

The mechanisms by which endocytosis-impaired ErbB2 affects endocytosis of EGFR are not
clear. EGFR is phosphorylated on Tyr1068 and ubiquitinated in the presence of the excess of
ErbB2 [149]. It is possible that ErbB2 and, therefore, ErbB2-EGFR heterodimers are prevented
from efficient internalization by the plasma membrane retention mechanisms. Such
mechanisms may involve interactions of ErbB2 with actin-associated proteins in the
specialized plasma membrane domains [152] or PDZ-domain proteins like erbin [153,154] and
LIN-7 [16]. It has been suggested that the carboxyl-terminal regulatory domain of ErbB2 either
contains the molecular signals responsible for the retention of ErbB2 at the cell surface or lacks
the signals necessary to support the rapid internalization [10,143]. The “retention” model is
supported by the observations of the accelerated endocytosis and down-regulation of ErbB2
upon proteolytic cleavage of the carboxyl-terminus of ErbB2 caused by geldanamycin [155,
156]. Against the “retention” model is the inability of overexpressed carboxyl-terminal domain
of ErbB2 to relieve the inhibition of endocytosis of ErbB2 and EGFR-ErbB2 heterodimers
[149].

It is generally agreed upon that after internalization, ErbB2 and ErbB2-EGFR dimers are not
efficiently sorted to lysosomes and mostly recycled back to the plasma membrane [23,147,
150]. It is possible that multi-valent interactions between ubiquitinated receptors and the
ESCRT-0 complex are necessary for the efficient sorting in MVB, and that EGFR and ErbB2
are not fully ubiquitinated in the heterodimer. Indeed, while activated ErbB2 can recruit Cbl,
this recruitment is less efficient as compared to EGFR [157]. It is also possible that
heterodimers of ErbB2 with EGFR or ErbB3 dissociate in endosomes due to the release of the
ligand in the acidic environment of endosomes [150]. Computational modeling of the
trafficking of EGFR and ErbB2 heterodimers predicted that elevated dissociation of ligand in
endosomes could not explain the observed trafficking patterns and dynamics of EGFR co-
expressed with the excess of ErbB2, while the reduced degradation of EGFR can be explained
by the competition of EGFR with the large excess of ErbB2 in MVB for the interactions with
ESCRT complexes [158].

An oncogenic mutation in the transmembrane domain of rat ErbB2 (V664E) called Neu leads
to activation of Neu kinase and its tyrosine phosphorylation. This ErbB2 variant and a similar
mutant of the human ErbB2 display elevated turnover [159,160]. Human activated ErbB2/Neu
mutant expressed in CHO cells was constitutively ubiquitinated, and phosphorylation of
Tyr1112, homologues to the Cbl-binding site of EGFR, was essential for this ubiquitination
and receptor degradation [160]. In Rat-1 cells, the transfected rat Neu mutant was degraded
with t1/2 of ~3–4 h, in a manner independent of Cbl [161].

In summary, the ability of activated ErbB2 to be internalized and to impose an inhibitory effect
on EGFR internalization appears to depend on the expression levels of ErbB2. ErbB2 clearly
has a lower potency to be ubiquitinated and targeted to lysosomes as compared to EGFR.

Similarly to the EGFR, it was proposed that ErbB2 can be translocated from the cell surface
to the nucleus and that this trafficking pathway requires ErbB2 kinase activity and can be
inhibited by the dynamin mutant, implicating the endocytosis step in this process [162].

Trafficking of ErbB3 and ErbB4
ErbB3 and ErbB4 are activated by a common family of soluble ligands called heregulins or
neuregulins. Unlike other ErbBs, ErbB3 has inactive kinase and is tyrosine phosphorylated by
the heterodimeric partner. Ligand binding typically causes down-regulation of these receptors
[11,12,163], albeit to an extent that is significantly lower than that observed with EGFR down-
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regulation [164–166]. The neuregulin-induced internalization of ErbB3 and ErbB4 has been
observed in various cells, including neurons [12,164,165,167,168]. However, as in the case of
ErbB2, the internalization of ErbB3 and ErbB4 is slower than that of EGFR [165,166]. For
instance, ErbB3 lacking the entire cytoplasmic domain displayed the same internalization rate
as the full-length receptor [164]. In addition, ErbB3 is inefficiently sorted to the degradation
pathway, apparently due to the lack of lysosome targeting information in its C-terminus
[164,169]. Substitution of the C-terminus of EGFR by the same domain of ErbB3 results in
the EGFR mutant with reduced association with Cbl, ubiquitination and down-regulation
[169]. It was also suggested that neuregulins do not efficiently target ErbB3 to degradation due
to the dissociation of ligand-receptor complexes in endosomes, as it is observed when EGFR
is activated by TGFα [169].

It has been recently shown that the steady-state levels of ErbB3 are regulated by a RING domain
E3 ubiquitin ligase, Nrgp1 [11,170]. Upon neuregulin 1 binding to ErbB3, the receptor signals
to stabilize Nrdp1 via the deubiquitination enzyme UBPY/USP8, thus leading to enhanced
ubiquitination and down-regulation of the ErbB3 protein [11].

Growth factor induced ubiquitination of ErbB4 has also been recently demonstrated [12,168].
ErbB4 was shown to bind to and be ubiquitinated by the HECT domain containing the E3
ubiquitin ligase Itch. This ubiquitination results in rapid down-regulation of the neuregulin-
activated CYT-2 variant of ErbB4 containing PPxY motif that interacts with WW domains of
Itch [12]. In contrast, upon ligand activation the CYT-1 variant of ErbB4 is down-regulated
more slowly than CYT-2 [12], and is cleaved in a two-step reaction to release the cytoplasmic
fragment that translocates to the nucleus [114].

Thus, trafficking of both ErbB3 and ErbB4 can be regulated by ubiquitination. The amplitude
of ligand-induced down-regulation of these receptors is determined mostly by the rates of their
degradation rather than the internalization rates.

Conclusions and outstanding questions
Despite an effort of many research groups, many key aspects of the molecular mechanisms of
EGFR endocytic trafficking are not understood. It has become clear that the process of EGFR
endocytosis is very robust as it relies on several redundant mechanisms, e. g. Grb2-, Cbl- and
ubiquitin-dependent and independent, and therefore, is difficult to dissect. Our knowledge
about the endocytosis of EGFR under physiological conditions in cell culture and in vivo is
especially lapsing. For example, most of the studies of EGFR sorting and degradation were
performed using high concentrations of EGF, and it remains to be demonstrated that EGFR
ubiquitination and ESCRT complexes are involved in the lysosomal targeting of the receptor
activated by physiological concentrations of EGF. The mechanisms of internalization of
ErbB2, ErbB3 and ErbB4 are scarcely studied, and further development of quantitative assays
is necessary to advance this research. Understanding of the mechanisms underlying the
behavior of heterodimers of EGFR with endocytosis-impaired ErbB2–4 is of high importance.
However, it is unlikely that this issue could be easily resolved before the endocytic mechanisms
of EGFR are better understood.
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Fig. 1.
Molecular trafficking signals in EGFR. Schematic representation of the molecular signals in
the intracellular part of the EGFR molecule (residues 648–1186) which have been implicated
in the endocytic trafficking of the receptor. Sequence motifs and phosphorylation sites/motifs
that are not conserved in other ErbBs are shown in “black”, conserved in ErbB2 only — in
“blue”, conserved in ErbB3 and/or ErbB4 in addition to ErbB2 — in “red”, and in ErbB3/
ErbB4 but not in ErbB2 — in “green”. There are ubiquitin-conjugation sites in the kinase
domain that are either conserved in all ErbBs or present only in EGFR.
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Fig. 2.
A hypothetic model of EGFR endocytosis and intracellular sorting (in the presence of low
concentrations of EGF or TGFα). EGF binding to EGFR leads to receptor dimerization and
phosphorylation. Grb2–Cbl complex is recruited to C-terminal phosphotyrosine-containing
motifs. E2 enzymes (UbcH4/5) are recruited to the RING domain to promote receptor
ubiquitination. Ubiquitinated EGFR can be recognized by UBDs of epsin, Eps15 and Eps15R
in the plasma membrane and clathrin-coated pits (CCP). These proteins are associated with
AP-2 and clathrin heavy chain, a main component of the clathrin triskelion (clathrin).
Alternatively, Cbl can mediate ubiquitination of an unknown adaptor protein (“X”) that
mediates internalization of EGFR through coated pits by interacting with EGFR and/or clathrin
or clathrin-associated proteins. EGFR can directly interact with AP-2 via YRAL and possibly
LL motifs. There might be also a Grb2-independent pathway of internalization through coated
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pits. After internalization EGF-receptor complexes can be rapidly recycled from early
endosomes (EE) or remain in these endosomes during their maturation into MVB and late
endosomes (LE). In contrast, TGF-α dissociates from EGFR in endosomes, which results in
the recycling of the monomeric, inactive receptor. In MVB, ubiquitinated EGFR is engaged
into multi-valent interactions with UBDs of the ESCRT-0 complex (HRS and STAM) and
associated Eps15b, and then incorporated into internal vesicles of MVB. The concentric ring
model of the inward invagination of MVB membrane is depicted. Receptors that are not
ubiquitinated can be recycled back to the plasma membrane through the tubular extensions of
the limiting membrane of MVB at a slower rate. Recycling of occupied and unoccupied
receptors may also involve a late recycling compartment (not shown). MVB fuses with primary
lysosomes, which subsequently results in degradation of EGF and EGFR.
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