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The intracellular trafficking machinery contributes to the spatial and temporal control of
signaling by receptor tyrosine kinases (RTKs). The primary role in this process is played by
endocytic trafficking, which regulates the localization of RTKs and their downstream effec-
tors, as well as the duration and the extent of their activity. The key regulatory points along the
endocytic pathway are internalization of RTKs from the plasma membrane, their sorting to
degradation or recycling, and their residence in various endosomal compartments. Here I
will review factors and mechanisms that modulate RTK signaling by (1) affecting receptor
internalization, (2) regulating the balance between degradation and recycling of RTK, and (3)
compartmentalization of signals in endosomes and other organelles. Cumulatively, these
mechanisms illustrate a multilayered control of RTK signaling exerted by the trafficking
machinery.

At the cellular level, receptor tyrosine kinases
(RTKs) need to be properly localized to

function as signal-receiving and signal-trans-
mitting devices (Lemmon and Schlessinger
2010). To receive signals (i.e., to bind extracel-
lular ligands), RTKs have to be exposed at the
surface of the plasma membrane. To transmit
signals after ligand binding by RTKs, appropri-
ate signaling components have to be available
within intracellular compartments: in the cyto-
plasm, in association with membrane-bound
organelles and in the cell nucleus. Importantly,
the intracellular distribution of RTKs and their
associated partners is not static but undergoes
dynamic changes in different phases of signal-
ing, as reflected for example by endocytic in-
ternalization of activated RTKs (Scita and Di
Fiore 2010). Therefore, to function properly, the

whole RTK signaling machinery within the cell
has to be organized and tightly controlled both
in space and in time. This organization and con-
trol are ensured by intracellular trafficking ma-
chineries, mainly by membrane transport sys-
tems such as endocytosis and secretion but also
by other distribution systems (e.g., responsible
for nucleocytoplasmic shuttling of proteins).

Recent years have brought increasing evi-
dence that intracellular membrane trafficking,
in particular endocytic internalization, degra-
dation, and recycling, can profoundly affect
the signaling properties of RTKs (Mukherjee
et al. 2006; Abella and Park 2009; Lemmon
and Schlessinger 2010; Scita and Di Fiore 2010;
Grecco et al. 2011; Sigismund et al. 2012). The
changes in the amounts of RTKs at the cell sur-
face can alter the cellular responses when ligands
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are abundant (Grecco et al. 2011). In turn, the
presence of a given RTK at the plasma mem-
brane is determined by the rates of three traf-
ficking processes: delivery of newly synthesized
molecules by the secretory pathway, their inter-
nalization (occurring for both ligand-bound
and ligand-free molecules), and endocytic recy-
cling. Although the molecular details concern-
ing the regulation of RTK delivery to the plasma
membrane are not well known, numerous stud-
ies document various mechanisms by which
internalization and recycling of RTKs can be
modulated, thus affecting the signaling outputs
(Le Roy and Wrana 2005). In addition to the
regulation of RTKs at the cell surface, trafficking
processes control the intracellular fate of endo-
cytosed RTKs. Following internalization, RTKs
can be either targeted for lysosomal degrada-
tion, or recycled back to the plasma membrane
(Mukherjee et al. 2006; Abella and Park 2009;
Scita and Di Fiore 2010). The first route results
in the termination of signaling, whereas the sec-
ond allows for sustained signaling if the ligand
is available. Usually degradation and recycling of
a given RTK can occur simultaneously but the
balance between them is crucial to determine
the net signaling output. Again, the molecular
mechanisms that can shift the fate of internal-
ized RTKs between degradation and recycling,
thus changing RTK signaling, have begun to
emerge in recent years (Polo and Di Fiore 2006;
von Zastrow and Sorkin 2007; Sorkin and von
Zastrow 2009; Sigismund et al. 2012). Finally, in
contrast to an early view that only RTKs present
at the plasma membrane are signaling com-
petent, it is now accepted that in many cases
activated RTKs can emit signals also after in-
ternalization into intracellular compartments
(Miaczynska et al. 2004b; Miaczynska and
Bar-Sagi 2010; Platta and Stenmark 2011). In
some cell types (e.g., in neurons), such “signal-
ing endosomes” are crucial for signal propa-
gation within the cell and for the final cellular
response. Moreover, endosomes can serve as
platforms for amplification and compartmen-
talization of signals emitted by RTKs (Sadowski
et al. 2009; Platta and Stenmark 2011).

In this article, I will review factors and mech-
anisms that modulate RTK signaling by (1) af-

fecting receptor internalization, (2) regulating
the balance between degradation and recycling
of RTK, and (3) compartmentalization of sig-
nals in endosomes and other organelles. As the
membrane trafficking system of a cell is highly
interconnected and can be considered a global
dynamic continuum, it is important to note
that often one primary alteration at a given stage
of RTK trafficking may affect other transport
steps or compartments, thus causing general-
ized changes in the intracellular routing and sig-
naling of RTKs.

MODULATION OF RTK SIGNALING
BY CHANGES IN ENDOCYTIC
INTERNALIZATION

RTKs can undergo constitutive or ligand-in-
duced internalization from the plasma mem-
brane, the latter being responsible for down-
regulation of receptors from the cell surface
following activation. Recent progress in the field
of endocytosis revealed that internalization
can occur via multiple structures formed from
the plasma membrane. Among them are cla-
thrin-coated vesicles (CCVs), caveolae, macropi-
nosomes, clathrin- and dynamin-independent
carriers (CLICs), and other less-characterized
endocytic structures (Conner and Schmid 2003;
Mayor and Pagano 2007; Howes et al. 2010;
McMahon and Boucrot 2011). These different
entry routes are often classified based on the
involvement of a large GTPase dynamin as
dynamin dependent (CCVs, caveolae) or dyna-
min independent (macropinocytosis, the CLIC
pathway). As GTPase activity of dynamin can be
inhibited by mutations or pharmacologically,
these tools are often used to determine the im-
pact of dynamin-mediated internalization on
RTK signaling.

Historically, the use of a GTPase-deficient
dynamin K44A mutant underlies one of the first
reports that impaired endocytosis of epider-
mal growth factor receptor (EGFR) may affect
a number of its downstream signaling mole-
cules, with some being hyperactivated (phos-
pholipase-Cg and adaptor protein SHC) and
others less active (phosphatidylinositol 3-kinase
[PI3K] and mitogen-activated protein kinases
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[MAPKs]) (Vieira et al. 1996). However, these
early observations have been recently challenged
by the study in which conditional depletion of
dynamin in mouse fibroblasts inhibited EGFR
endocytosis but did not affect the activation
of MAPK or Akt on EGF stimulation (Sousa
et al. 2012). Therefore, these data argued that
the MAPK/Akt responses are elicited by EGFR
at the plasma membrane and not by EGFR in-
ternalized into endosomes. Similarly, another
recent study reported that the global transcrip-
tional response to EGF is initiated primarily by
the ligand-bound receptors at the plasma mem-
brane (Brankatschk et al. 2012). These contro-
versies indicate that signaling of activated RTKs
after internalization is not an absolute require-
ment for their biological function. However, it
cannot be excluded that in some cell types or
under certain conditions signaling from RTKs
localized in endosomes may contribute to the
modulation of cellular responses.

An important recent concept is the notion
that some factors, such as ligand concentration,
can influence the preferred internalization route
of a receptor, what determines its further sorting
either toward degradation or recycling. More-
over, internalization of RTKs can be modulated
by stress factors or stimuli other than their cog-
nate ligands, affecting the signaling outcome. In
addition, it appears that endocytic internaliza-
tion and recycling of RTKs can occur in special-
ized plasma membrane microdomains, contrib-
uting to the determination of cell polarity. These
aspects are discussed in detail below.

Different Entry Routes and Intracellular Fates
of RTKs Dependent on Ligand Concentration

It appears that multiple cargo uptake mecha-
nisms operate simultaneously in most cells and
different entry routes can, to some extent, com-
pensate for each other if one is blocked (Pelk-
mans et al. 2005). Different RTKs were shown to
use various pathways, both dynamin dependent
and independent, but the molecular basis for
their selective use is still far from being under-
stood. Ligand concentration is a postulated reg-
ulatory factor proposed for EGFR, which is the
best-characterized RTK with respect to endo-

cytic trafficking (Fig. 1A). It was reported that
at low ligand concentrations (�1 ng/mL EGF)
EGFR is primarily internalized via clathrin-
mediated endocytosis (Jiang and Sorkin 2003;
Sigismund et al. 2005), whereas at higher con-
centrations (.20 ng/mL) EGFR enters cells
both via clathrin-dependent and -independent
routes (Sigismund et al. 2005). Both levels of
ligand abundance are physiological, as the range
of EGF concentration in different body fluids
is rather broad (1–100 ng/mL). It was further
proposed that clathrin-mediated internalization
leads to increased recycling of EGFR and is re-
quired for the induction of DNA synthesis in a
mitogenic response. In turn, lysosomal degrada-
tion is the main outcome of clathrin-indepen-
dent endocytosis of EGFR (Fig. 1A) (Sigismund
et al. 2008). In this way, low ligand concentra-
tions would favor sustained and prolonged sig-
naling via the continuous redelivery of EGFR to
the plasma membrane, whereas high amounts of
ligand would reduce the levels of the receptor at
the cell surface, thus preventing cell overstimu-
lation and eventually terminating signaling. It
is, however, important to note that such depen-
dence may not be universal but rather cell-type
dependent, as others reported less degradation
and higher recycling rates of EGFR on stimu-
lation with high EGF concentrations (French
et al. 1994) or no observable clathrin-indepen-
dent endocytosis under these conditions (Ka-
zazic et al. 2006).

With respect to other RTKs, low (1 ng/mL)
or high (.5 ng/mL) concentrations of platelet-
derived growth factor (PDGF) cause preferen-
tial activation of different signaling effectors and
eventually result in PDGFR signaling toward
cell migration or toward proliferation, respec-
tively (De Donatis et al. 2008). By analogy to
EGF, these differences in signaling were pro-
posed to result from the selective use of distinct
internalization pathways by PDGFR stimulated
with various amounts of the ligand. Recently,
PDGF was shown to undergo dynamin-depen-
dent and -independent internalization but the
activity of dynamin and high ligand concentra-
tion were specifically required for the mitogenic
signaling via signal transducer and activator
of transcription 3 (Stat3) and Myc (Sadowski
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et al. 2013). Moreover, macropinocytosis of
PDGFR-b (induced, for example, by an onco-
genic mutant H-RasG12V) increased its sig-
naling activity and anchorage-independent cell
proliferation (Schmees et al. 2012).

The general concept of different signaling
outcomes being dependent on a particular in-
ternalization route is supported by the data
from the receptor systems other than RTKs. A
serine/threonine kinase receptor for transform-

ing growth factor-b (TGF-bR) can be internal-
ized via clathrin vesicles or caveolae. The former
route activates downstream signaling effectors
but the latter one leads to the rapid degradation
of the receptor, thus terminating the signaling
(Di Guglielmo et al. 2003). The opposite rela-
tionship was reported for the Wnt coreceptor
LRP6. Wnt3a-stimulated uptake of LRP6 occurs
via caveolae, which activates signaling via stabi-
lization of b-catenin. In contrast, Wnt antago-
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Figure 1. Different factors and mechanisms affecting RTK internalization from the plasma membrane. (A)
Ligand concentration influences clathrin-dependent or -independent internalization of EGFR and its further
trafficking toward degradation (high EGF concentration, red arrow) or recycling (low concentration, blue
arrow). (B) Stress factors activating p38 MAPK stimulate ligand-independent internalization of EGFR. UV
irradiation induces prolonged accumulation of EGFR in endosomes (marked in blue), whereas TNF-a increases
receptor recycling (marked in black). (C) Dorsal ruffles represent plasma membrane microdomains for pref-
erential localized internalization of EGFR into macropinosomes. Its further trafficking within the cell is not
entirely clear. (D) Trans-endocytosis enables internalization of ephrin–Eph receptor complexes (Eph–EphR)
into two neighboring cells in forward and reverse directions.
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nist Dickkopf induces LRP6 internalization via
the clathrin pathway, which prevents b-catenin
signaling (Yamamoto et al. 2008). Cumulatively,
these data argue that different internalization
routes can be associated with the particular sig-
naling outcomes but the exact functional rela-
tionships may vary for different ligand–recep-
tor pairs and in different cell types.

Modulation of RTK Internalization by Stress
Factors or Stimuli Other than the Cognate
Ligands

As for any plasma membrane proteins, RTKs
undergo constitutive turnover, including inter-
nalization, recycling, and degradation at basal
cell type-specific rates. Ligand binding and re-
ceptor activation can significantly stimulate in-
ternalization of ligand–receptor complexes, as
shown early on for insulin receptor, EGFR,
PDGFR, hepatocyte growth factor (HGF) recep-
tor Met, and others (Schlessinger et al. 1978;
Heldin et al. 1982; Wiley et al. 1991; Naka et al.
1993). The molecular mechanism by which a
ligand can regulate the rate of its own inter-
nalization in complex with a cognate RTK was
proposed for EGFR. In this case EGF binding
induces Ras-mediated activation of Rin1. This
nucleotide exchange factor (GEF) activates in
turn the small GTPase Rab5, which is a rate-
limiting component for endocytic internaliza-
tion (Tall et al. 2001). However, internalization
rates of RTKs can be modulated also by factors
other than the binding of cognate ligands, such
as various types of stress, other signaling path-
ways, hypoxia, or molecules regulating cell ad-
hesion (discussed below). These mechanisms
provide an explanation for the often-reported
cross talk between different signaling pathways.
In the cases of such transmodulation, a heterol-
ogous stimulus can alter the levels of an RTK at
the plasma membrane, thus regulating the over-
all cell responsiveness to a given ligand and a
final signaling output of the receptor.

Stress Factors and Signaling Kinases

Several stress factors activating p38 MAPK,
such as inflammatory cytokines (e.g., tumor

necrosis factor a [TNF-a]), UV irradiation, os-
motic stress, or certain drugs (anisomycin, cis-
platin), can stimulate internalization of ligand-
free EGFR (Fig. 1B) (Vergarajauregui et al. 2006;
Winograd-Katz and Levitzki 2006; Zwang and
Yarden 2006; Singhirunnusorn et al. 2007).
p38 MAPK stimulates clathrin-mediated inter-
nalization of EGFR by phosphorylating both
EGFR and the components of the endocytic ma-
chinery, such as Rab GDP dissociation inhibitor
(GDI) and Rab5 effectors EEA1 and Rabeno-
syn5 (Cavalli et al. 2001; Mace et al. 2005; Zwang
and Yarden 2006). Interestingly, the fate of in-
ternalized EGFR can differ with various types of
stimuli. For example, TNF-a treatment results
in increased recycling of EGFR to the plasma
membrane, whereas UV irradiation causes per-
sistent intracellular accumulation of EGFR in
endosomes, thus making the cells irresponsive
to EGFR ligands (Fig. 1B) (Zwang and Yarden
2006). In addition to p38 MAPK-regulated traf-
ficking, internalization of ligand-free EGFR can
be induced on activation of protein kinase C
(PKC) or inhibition of protein kinase A (PKA)
(Beguinot et al. 1985; Lin et al. 1986; Salazar
and Gonzalez 2002; Norambuena et al. 2010).
In the case of VEGF, the activity of atypical PKC
(aPKC) was shown to control vascular endothe-
lial growth factor receptor (VEGFR) internali-
zation and trafficking, thus regulating angio-
genesis (Nakayama et al. 2013). Low activity of
aPKC in endothelial sprouts of growing vessels
contributes to high internalization and turnover
of VEGFR, concomitant with increased signal-
ing. In turn, high aPKC activity in mature vessels
suppresses VEGFR endocytosis and signaling.

Hypoxia

Another mechanism modulating the internali-
zation rates of RTKs is hypoxia. Under hypoxic
conditions or on loss of a negative regulator of
hypoxia, von Hippel–Lindau (VHL) protein,
EGFR endocytosis is slowed down and the re-
ceptor half-life increased, leading to enhanced
EGFR signaling (Wang et al. 2009). This is owing
to the inhibition of Rab5-dependent fusion
of early endosomes, resulting from the hypox-
ia-induced transcriptional down-regulation of
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Rab5 effector Rabaptin-5. Moreover, the levels
of Vps4B ATPase that regulate endosomal traf-
ficking are down-regulated on hypoxia, which
leads to the accumulation of EGFR and its in-
creased signaling (Lin et al. 2012). Similarly,
loss of VHL impairs internalization of fibroblast
growth factor receptor 1 (FGFR1), causing its
accumulation on the cell surface and enhanced
signaling leading to increased cell motility on
FGF stimulation (Hsu et al. 2006; Champion
et al. 2008).

Regulators of Cell Adhesion

Molecules regulating cell adhesion or compo-
nents of the extracellular matrix can affect the
internalization rates of RTKs, both ligand-
bound and ligand-free. Several types of cadher-
ins were shown to interact with various RTKs,
modulating their internalization and activation
in complex, sometimes opposite, ways (Mu-
kherjee et al. 2006; Orian-Rousseau and Ponta
2008; Delva and Kowalczyk 2009). For example,
N-cadherin was reported to reduce internaliza-
tion of the FGF2–FGFR1 complex, thereby
causing sustained MAPK activation, increased
transcription of MMP-9, and enhanced cell in-
vasion (Suyama et al. 2002). Mutant E-cadherin
associated with gastric cancer inhibited ligand-
stimulated internalization of EGFR and en-
hanced its activation (Bremm et al. 2008). In
contrast, wild-type E-cadherin was shown to
block internalization of FGFR1 after stimulation
with FGF1 or FGF2 but in this case MAPK sig-
naling and FGFR1 translocation to the nucleus
were inhibited, arguing that under these exper-
imental conditions receptor endocytosis was re-
quired for sustained downstream signaling
(Bryant et al. 2005). Similarly, as vascular endo-
thelial growth factor receptor 2 (VEGFR2) was
proposed to signal mainly from the intracellular
compartments, inhibition of its internalization
by VE-cadherin was therefore inhibitory for
VEGFR2-induced cell proliferation (Lampug-
nani et al. 2006). Importantly, in many cases
cadherins can be cointernalized along with the
RTKs. This may provide a mechanism for the
coordination of changes in cell adhesion with
RTK-specific signaling. Finally, certain extracel-

lular molecules, particularly containing leucine-
rich repeats such as decorin and LRIG1, were
reported to affect internalization of several
RTKs, such as ErbB receptors, Met, or insulin-
like growth factor receptor (IGF-IR), affecting
their signaling outputs (Gur et al. 2004; Laeder-
ich et al. 2004; Zhu et al. 2005; Shattuck et al.
2007; Goldoni and Iozzo 2008; Goldoni et al.
2009). Similarly, heparan sulfate proteoglycans,
such as syndecans, can modulate endocytosis
and signaling of RTKs, as shown recently for
syndecan 4, which promotes macropinocytosis
of FGFR1 and regulates its downstream signaling
via MAPK (Elfenbein et al. 2012).

Spatial Regulation of RTK Internalization

Locally restricted internalization of RTKs
emerges as an important although still poorly
investigated aspect regulating signaling. It is
now well accepted that the plasma membrane
consists of various microdomains differing in
composition and function, both in cells perma-
nently polarized such as neurons orepithelia but
also in cells, reversibly establishing short-term
polarity like migrating fibroblasts (Mellman
and Nelson 2008; Winckler and Mellman 2010;
Schiefermeier et al. 2011). Therefore, it is rea-
sonable to expect that the rates of endocytic up-
take and the types of internalized cargo may
differ in various microdomains of the plasma
membrane (Disanza et al. 2009). For example,
polarized endocytosis of FGFR2 on ligand stim-
ulation occurs in the leading edge of migrating
keratinocytes (Belleudi et al. 2011). Moreover,
growth factor ligands of RTKs such as EGF,
PDGF, or HGF change cell morphology by in-
ducing plasma membrane ruffling in the form
of peripheral (planar) or dorsal (circular) ruf-
fles. These actin-rich protrusions can be used for
macropinocytosis when ruffles fuse with each
other enclosing large volumes of extracellular
fluid, thus forming macropinosomes (Kerr and
Teasdale 2009). Circular ruffles, which form
transiently after growth factor stimulation at
the dorsal side of a cell, were proposed to act as
microdomains for preferential RTK endocyto-
sis, as 50% of ligand-bound EGFR was shown to
be internalized via these structures (Fig. 1C)

M. Miaczynska

6 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a009035



(Orth et al. 2006). In parallel, dorsal ruffles func-
tion also as sites for preferential RTK signaling
required for biological responses, as evidenced
for Met, which needs to signal from the dorsal
ruffles to induce epithelial migration and mor-
phogenesis (Abella et al. 2010a,b).

A special case of regulated internalization
is represented by Eph receptors, which interact
with membrane-bound ephrin ligands and sig-
nal in a cell-contact-dependent manner to con-
trol adhesion, migration, and various aspects
of tissue morphogenesis (Pasquale 2008). Eph–
ephrin complexes, in which ligand and recep-
tor are embedded in the plasma membrane of
two neighboring cells, are internalized locally by
trans-endocytosis (Fig. 1D). In this poorly char-
acterized process a piece of the plasma mem-
brane of one cell is taken up into the other cell.
It is postulated that trans-endocytosis (which
can occur in forward and reverse directions)
has profound consequences for the signaling
outcomes depending on the cell type and other
molecules cointernalized together with Eph–
ephrin complexes (reviewed in Pitulescu and
Adams 2010).

A key role of endocytic internalization and
trafficking in spatial restriction of RTK signaling
in vivo was shown in studies of collective migra-
tion of border cells during oogenesis in Dro-
sophila (Jeffers et al. 1997; Jekely et al. 2005;
Assaker et al. 2010). In this process, two RTKs,
EGFR and PVR (a fly homolog of PDGFR and
VEGFR), are localized specifically to the leading
edge of the moving cells, maintained there by
spatially restricted cycles of internalization and
recycling. Mutations in several components of
the endocytic machinery result in severe migra-
tion defects caused by delocalized activity of
these RTKs, indicating a crucial role of mem-
brane trafficking in establishing cell polarity.

MECHANISMS REGULATING THE BALANCE
BETWEEN DEGRADATION AND RECYCLING
OF RTKs AND THEIR IMPACT ON
SIGNALING

As already mentioned, the balance between deg-
radation and recycling for a given RTK may have
important functional implications for its sig-

naling properties, including the signal quality,
duration, and magnitude (Lemmon and Schles-
singer 2010; Grecco et al. 2011). The mecha-
nisms specifying the intracellular routing of
RTKs can be diverse. It appears that various
ligands of the same RTK can elicit different traf-
ficking, whereas the same ligand binding to dis-
tinct receptors can also be routed differently.
This argues that the molecular determinants
specifying the endocytic trafficking can be relat-
ed to both ligands and receptors. Moreover, non-
RTK coreceptors cooperating with the RTKs
can also alter the intracellular trafficking of the
ligand–receptor complexes and thus modulate
the signaling output. Finally, the molecules and
mechanisms that can switch the routing of a
given RTK, thus regulating its signaling, are be-
ginning to emerge.

Ligand-Dependent Sorting of a Given RTK

The best-characterized example of an RTK bind-
ing several ligands is EGFR, which associates
with at least six other ligands in addition to
EGF, all inducing EGFR internalization (Fig.
2A) (Harris et al. 2003). The trafficking of EGF
and transforming growth factor a (TGF-a) was
studied early on, revealing the opposite actions
of the two ligands: EGF causing EGFR degrada-
tion and TGF-a stimulating receptor recycling
(Decker 1990). This is caused by different pH
sensitivities of ligand–receptor interactions:
In acidic endosomal pH, the EGF–EGFR com-
plex remains stable, whereas TGF-a dissociates
from EGFR (Ebner and Derynck 1991; French
et al. 1995). Recycling of TGF-a matches well
its observed higher potency in evoking mitogen-
ic signaling in comparison to EGF (Ebner and
Derynck 1991; Waterman et al. 1998). Only very
recently was the trafficking of other EGFR li-
gands studied in more detail (Stern et al. 2008;
Baldys et al. 2009; Roepstorff et al. 2009). It was
determined that similarly to EGF, heparin-bind-
ing EGF-like growth factor (HB-EGF) and b-
cellulin induce EGFR degradation, whereas epi-
regulin and amphiregulin evoke EGFR recycling
like TGF-a (Fig. 2A). At the mechanistic level,
such differences can be correlated with the de-
gree and duration of EGFR phosphorylation
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and its Cbl-mediated ubiquitination induced
by various ligands (Stern et al. 2008; Baldys
et al. 2009; Roepstorff et al. 2009). Similar effects
were reported for FGFR2, which is degraded on
action of FGF7 and recycled on stimulation with
FGF10, with the latter ligand showing higher
mitogenic potential (Belleudi et al. 2007). In
the case of FGFR1, neural cell adhesion mole-
cule (NCAM) was proposed to act as an uncon-

ventional ligand that induces sustained FGFR1
recycling and promotes cell migration, in con-
trast to the natural ligand FGF2 targeting recep-
tor for degradation (Francavilla et al. 2009).

Receptor-Mediated Sorting of a Given Ligand

It is known that one ligand can associate with
several usually related RTKs. It was reported that
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Figure 2. Selected mechanisms regulating the balance between degradation and recycling of RTKs. (A) Different
ligands of EGFR induce receptor degradation or recycling. Ligands sorted to degradation (listed in the white
box) are stably bound to EGFR in acidic pH of endosomes, while recycled ligands (green box) are dissociated
under these conditions. (B) Different FGF receptors are trafficked either to degradation (FGFR1-3) or recycling
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FGF1, which can bind various FGFR family
members, induces lysosomal degradation of
FGFR1, FGFR2, and FGFR3, albeit with differ-
ent efficiency (Fig. 2B). In contrast, FGFR4 is
recycled on FGF1 binding, correlating with a
lower degree of its ubiquitination in comparison
to the other FGFRs (Haugsten et al. 2005). This
may possibly cause sustained signaling down-
stream from FGFR4, which has been linked to
poor prognosis of aggressive thyroid cancers (St
Bernard et al. 2005). Moreover, some RTK types
can heterodimerizewith related family members
and such complexes may be routed differently
than the homodimers. On EGF binding, the het-
erodimers of EGFR-ErbB2 are preferentially re-
cycled and thus have higher mitogenic potency
than the homodimers of EGFR, which are tar-
geted largely for degradation (Lenferink et al.
1998; Worthylake et al. 1999).

Coreceptor-Modulated Sorting
of Ligand–RTK Complexes

Some ligands require an additional non-RTK
coreceptor to act along with the RTK for proper
signaling. A striking example of how a core-
ceptor can modulate the RTK trafficking and
signaling was reported for VEGFR2 and its
coreceptor neuropilin-1 (NRP-1) (Ballmer-Ho-
fer et al. 2011). Two splicing variants of the
VEGF-A ligand have opposite effects on the
VEGFR2 trafficking and signaling: Proangio-
genic VEGF-A(165)a leads to receptor recycling,
whereas antiangiogenic VEGF-A(165)b causes
its degradation (Fig. 2C). The decisive factor
determining their endocytic routing is the
NRP-1 coreceptor, which is involved in binding
of VEGF-A(165)a but not VEGF-A(165)b. En-
gagement of the coreceptor is able to direct
VEGFR2 recycling through the Rab11-positive
recycling compartment. This in turn enhances
p38 MAPK activation, which is required for vas-
cular sprouting and which occurs only at a low
level when NRP-1 is not engaged. There is a sig-
nificant number of coreceptors for RTKs (e.g.,
p75NTR neurotrophin receptor cooperating with
the Trk receptors [Hempstead et al. 1991; Kaplan
et al. 1991; Klein et al. 1991], GFRa coreceptor
cooperating with Ret [Jing et al. 1996; Treanor

et al. 1996], and Agrin coreceptor Lrp4 cooper-
ating with MuSK [Kim et al. 2008; Zhang et al.
2008]). Moreover, RTKs themselves play the role
of coreceptors for other receptor types (e.g.,
Ror2 or PTK7/Otk in Wnt signaling) (Green
et al. 2008; Peradziryi et al. 2011). It is thus con-
ceivable that the impact of coreceptors on RTK
trafficking and thus signaling may be broader
than currently realized.

Mechanisms Determining Degradation
or Recycling of RTKs and Their Impact
on Signaling

Although a given receptor may be preferentially
sorted either for degradation or recycling on
ligand binding, there are certain molecular
mechanisms—either physiological or patholog-
ical—that may shift the balance between these
endocytic routes and thus affect signaling out-
puts. These mechanisms involve certain sorting
signals in receptors, including ubiquitination, as
well as specific trafficking proteins interacting
with activated receptors.

RTK-Based Sorting Signals

Regulation of RTK trafficking via receptor ubiq-
uitination is multilayered and occurs at different
transport steps. A key E3 ubiquitin ligase mod-
ifying several RTKs is c-Cbl. Although the large
body of literature on this topic is reviewed else-
where (Swaminathan and Tsygankov 2006; Ac-
concia et al. 2009; Eden et al. 2011), for the
purpose of this review it is important to stress
the role of receptor ubiquitination in sorting
to multivesicular endosomes, which precedes
lysosomal degradation (Fig. 2D). This process
is mediated by the ESCRT (endosomal sorting
complex required for transport) complexes rec-
ognizing ubiquitinated receptors and sorting
them into intraluminal vesicles of multivesicu-
lar endosomes (also termed multivesicular bod-
ies) (Falguieres et al. 2009; Raiborg and Sten-
mark 2009; Babst 2011; Henne et al. 2011). At
this stage, the receptors become separated from
the bulk of cytoplasm, and therefore are no
longer capable of active signaling. It was shown
that RTK mutants unable to interact with c-Cbl
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(EGFR Y1045, Met Y1003F), thus not properly
sorted for degradation, elicit enhanced mito-
genic signaling (Waterman et al. 2002; Abella
et al. 2005).

In addition to ubiquitination, other factors
can determine the balance between degrada-
tion and recycling of RTKs. For instance, dif-
ferent sorting signals localized in the juxta-
membrane region of two related neurotrophin
receptors TrkA and TrkB direct their trafficking
to recycling or degradation, respectively. In con-
sequence, activation of TrkA induced by nerve
growth factor (NGF) causes enhanced trophic
response of neurons in comparison to TrkB
stimulation with brain-derived neurotrophic
factor (BDNF) (Chen et al. 2005). In the case
of PDGF receptors, increased phosphorylation
of PDGFR-b caused by loss of T-cell protein
tyrosine phosphatase (TC-PTP) diverts the re-
ceptor from degradation toward rapid recycling,
while such an effect is not observed for the re-
lated PDGFR-a (Karlsson et al. 2006). In the
case of Ret, alternative splicing creates two pro-
tein variants differing in their carboxyl termini
(Ret9 and Ret51), which show distinct signaling
and developmental roles. These differences were
attributed to the unique trafficking properties
of the two isoforms, both in terms of their de
novo delivery to the plasma membrane and their
internalization/recycling kinetics (Richardson
et al. 2012).

Even more striking, mutations in a given
RTK can change its intracellular trafficking, as
shown for two activating Met mutants M1268T
and D1246N found in human papillary renal
carcinomas (Jeffers et al. 1997; Schmidt et al.
1997). Apart from being constitutively active,
these mutants are degradation impaired and
show increased rates of internalization and recy-
cling both in the presence or absence of a ligand
(Joffre et al. 2011). This leads to enhanced sig-
naling and cell transformation manifested in
vitro and in vivo. Importantly, blocking dyna-
min-dependent endocytosis inhibits migration
and anchorage-independent growth of cells ex-
pressing either of the mutants as well as the abil-
ity of these cells to form tumors in nude mice
(Joffre et al. 2011). These data argue that tumor-
igenic Met signaling is emitted mainly from in-

tracellular compartments rather than from the
plasma membrane. Moreover, modulating en-
docytic trafficking could be considered as a po-
tential therapeutic strategy in some tumor types.

Proteins Sorting RTKs

With respect to sorting proteins directing the
intracellular traffic of RTKs, recent work identi-
fied GGA3 (Golgi-localized g-ear-containing
Arf-binding protein 3) as a key factor mediating
recycling of Met independently of its ubiquiti-
nation status (Fig. 2D) (Parachoniak et al. 2011).
GGA3 along with Arf6-GTP and the Crk adap-
tor form a complex with activated Met, which
sorts the receptor to Rab4-positive recycling
endosomes. GGA3 depletion increases Met deg-
radation on HGF stimulation, which impairs
MAPK activation and cell migration (Paracho-
niak et al. 2011). However, this role of GGA3
is not universal, as another study showed that
GGA3 depletion increased endosomal accumu-
lation of EGFR and impaired its degradation
(Puertollano and Bonifacino 2004). This was
attributed to improper ESCRT- and ubiquitin-
dependent sorting of EGFR to multivesicular
endosomes in the absence of GGA3, which nor-
mally interacts with both ubiquitin and the
ESCRT-I component Tsg101. These data argue
that individual RTKs may use the same sorting
adaptors for various purposes. This could be
possibly achieved by RTK-dependent modifica-
tion of such adaptors and indeed phosphoryla-
tion of GGA3 was reported to occur on EGFR
activation and to regulate its association with
membranes of intracellular organelles (Kame-
taka et al. 2005).

Similarly to the transmodulation of RTK
internalization by heterologous stimuli, the
balance between RTK degradation and recycl-
ing can be altered by other signaling pathways
and regulatory proteins. For example, activation
of PKCa mediates sorting of PDGFR-b to recy-
cling (Hellberg et al. 2009), and PKC-dependent
phosphorylation of EGFR at Thr654 diverts
the EGF–EGFR complexes from degradation
to recycling (Bao et al. 2000). Similarly, associ-
ation of EGFR with a5b1 integrin via Rab cou-
pling protein (RCP) can induce EGFR recycling,
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which increases Akt activation and promotes cell
migration (Caswell et al. 2008). Moreover, the
activation of Src kinase can modulate trafficking
of RTKs, such as EGFR or FGFR (Sandilands
et al. 2007; Medts et al. 2010).

THE ROLE OF ENDOSOMES AND OTHER
INTRACELLULAR COMPARTMENTS IN
RTK SIGNALING

Signaling Endosomes

A possible function of endosomal compart-
ments in the propagation of RTK signaling was
proposed in the mid-1990s when activated RTKs
and their associated signaling molecules were
detected in isolated fractions of endosomes (Di
Guglielmo et al. 1994; Grimes et al. 1996). These
studies argued that RTKs can remain signaling
competent postinternalization, thus their active
signaling may not be limited to their residence at
the plasma membrane but can also occur from
the endosomes. Since then, a number of reports
confirmed and extended these observations for
different RTKs and also for other receptor types
(reviewed in Sadowski et al. 2009; Sorkin and
von Zastrow 2009; Miaczynska and Bar-Sagi
2010; Platta and Stenmark 2011). In a current
view, endosomal signaling may contribute to an
overall signaling output, although this contribu-
tion is not obligatory and its exact role may differ
for various ligand–receptor systems. Below I
will review examples of how endosomes can par-
ticipate in the delivery, amplification, or com-
partmentalization of signals emitted by RTKs.

Intracellular Signal Delivery via Endosomes

The concept of signaling endosomes originates
from neurons (Grimes et al. 1996) and these cells
provide the most striking example of endosomes
serving as intracellular vehicles for signal de-
livery. Cell survival of NGF-responsive neurons
depends on signaling initiated in axon terminals
by NGF binding to its receptor TrkA. Following
internalization, endosomes carrying activated
TrkA and associated signaling effectors undergo
long-distance, cytoskeleton-mediated transport
to deliver the signal in a retrograde manner to
the cell body (Fig. 3A) (Howe and Mobley 2005;

Cosker et al. 2008). In this case, passive cytoplas-
mic diffusion along the axon would not be suf-
ficient to propagate the signal rapidly enough
and therefore active endosome-mediated trans-
port is required (Howe 2005). Over the years,
several components of NGF signaling endo-
somes were identified, most of which represent
general endocytic machinery operating also in
other cell types (Howe et al. 2001; Delcroix et
al. 2003; Deinhardt et al. 2006; Lin et al. 2006;
Varsano et al. 2006; Valdez et al. 2007; Wu et al.
2007; McCaffrey et al. 2009; Philippidou et al.
2011). However, there is still an ongoing debate
about whether the NGF signaling endosomes
represent early endosomes, macropinosomes
(termed macroendosomes), or multivesicular
bodies (Wu et al. 2009). Intriguingly, neurotro-
phin NT3 can also bind TrkA; however, in con-
trast to NGF it cannot elicit retrograde endoso-
mal transport and prosurvival signaling. This
phenomenon was recently explained by differ-
ent sensitivities of NGF–TrkA and NT3–TrkA
complexes to an acidic pH of endosomes (Har-
rington et al. 2011). Only acid-stable NGF–TrkA
complexes, but not acid-labile NT3–TrkA, can
initiate actin depolymerization around endo-
somes, which is necessary to launch their retro-
grade transport. These data illustrate how certain
properties of ligand–RTK complexes, which
primarily determine their behavior within the
endocytic system, can profoundly affect the
functional state of endosomes and in conse-
quence, the overall cellular response to a given
ligand.

Amplification of Signals via Endosomes

Endosomes represent a confined environment
enclosing ligand–receptor complexes in a tight
volume when compared with their distribution
over plasma membrane and, therefore, multiple
rounds of receptor activation may be favored
in endosomes (Grecco et al. 2011). In addition,
the components of NADPH oxidase complex
on endosomes may be involved in the localized
generation of reactive oxygen species (ROS),
among which hydrogen peroxide can revers-
ibly inactivate tyrosine phosphatases, thus pro-
longing RTK signaling (Janssen-Heininger et al.
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2008; Oakley et al. 2009). Another mode of sig-
nal amplification involves endosome-based de-
livery of activated RTKs into the perinuclear re-
gion of the cell. This should enhance weak
phosphorylation of transcription factors that
would otherwise be destroyed by phosphatases
during long-distance cytoplasmic diffusion
(Fig. 3B). Such a mechanism was proposed for
Stat3, weakly activated by HGF, for which phos-
phorylation and subsequent nuclear transloca-

tion was observed only if activated Met receptor
was localized on perinuclear endosomes (Ker-
morgant and Parker 2008). In contrast, robust
Stat3 activation by the cytokine oncostatin-M
did not require endosomal transport of its re-
ceptor. This argues that the localized endosome-
based amplification is required only for weak
signals. Finally, although not yet shown for
RTKs, it is conceivable that multivesicular endo-
somes could contribute to signal amplification
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Figure 3. Mechanisms by which endosomes participate in signaling. (A) Endosomes in neurons deliver NGF-
TrkA signaling complexes from axon terminals to the cell body. (B) On HGF stimulation, phosphorylation and
nuclear translocation of Stat3 can occur efficiently only if activated Met receptors are transported via endosomes
to the perinuclear region of the cell, thus amplifying weak signals. (C) Different populations of endosomes serve
as platforms for activation of various signaling molecules. APPL endosomes participate in ERK and Akt
signaling. Late endosomes carry NBR1 protein involved in FGF signaling and the Ragulator complex mediating
mTORC1 and ERK signaling. On HGF stimulation Rac is activated on endosomes and subsequently recycled to
the plasma membrane to stimulate the formation of migratory protrusions. See text for details.
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by sequestering in their intraluminal vesicles
some negative cytoplasmic regulators of RTK
signaling. Such a precedent was reported for
the Wnt signaling, in which the inhibitory en-
zyme GSK3 is removed from the cytoplasm and
entrapped within endosomes on Wnt stimula-
tion, thus contributing to enhanced signaling
(Taelman et al. 2010).

Compartmentalization of Signaling
in Endosomes

Recent progress in the field of endocytosis indi-
cates that the common classification of endo-
somes into early, late, and recycling is oversim-
plified, as cells harbor many subpopulations of
endosomes, some of which may be cell-type-
specific (Perret et al. 2005; Bokel et al. 2006;
Zoncu et al. 2009). These endosomal compart-
ments differ in their protein and lipid composi-
tion, dynamics, and function, therefore, cargo
transported between them encounters different
environments at subsequent trafficking steps.
Several signaling components are localized on
specific endosomes, thus enabling active signal
propagation only when the activated receptor
reaches a particular compartment (Sadowski et
al. 2009; Platta and Stenmark 2011). For RTK
signaling, one of the earliest examples of endo-
some-specific components was the scaffolding
complex composed of MP1, p14 and p18, which
tethers MEK1 to late endosomes and is required
for full ERK activation on EGF stimulation (Teis
et al. 2002, 2006; Nada et al. 2009). More recent-
ly, the same complex (now named Ragulator)
was reported to activate mTORC1 (mammalian
target of rapamycin complex 1) by recruiting it
to lysosomes in response to amino acids (Fig.
3C) (Sancak et al. 2010). These findings open
the possibility for direct cross talk between
RTK-dependent ERK activation and mTOR sig-
naling occurring on the late endosome/lyso-
some membrane. Another late endosomal pro-
tein NBR1 was shown to interact with an
inhibitor of FGF signaling Spred2, thus partici-
pating in down-regulation of FGFR1 (Fig. 3C)
(Mardakheh et al. 2009).

Various types of early endosomes can also
serve as platforms for assembly of RTK signaling

complexes, partly different from those formed
at the plasma membrane (Burke et al. 2001).
APPL endosomes, a subpopulation of early en-
dosomes, were shown to participate in transport
and signaling of EGF and NGF (Fig. 3C) (Mia-
czynska et al. 2004a; Lin et al. 2006; Varsano et al.
2006; Zoncu et al. 2009). Prolonged residence of
EGFR in APPL endosomes increased activation
of ERK and Akt (Zoncu et al. 2009), whereas
depletion of APPL1 prevented their activation
on NGF stimulation, thus inhibiting neurite out-
growth (Lin et al. 2006; Varsano et al. 2006). In
zebrafish development, APPL endosomes trans-
mit prosurvival signals by controlling the activity
of Akt and its substrate specificity toward GSK3b
but not TSC2 (Schenck et al. 2008).

Finally, endosomes enable compartmental-
ized signaling to direct cell migration, as shown
by activation of Rac on early endosomes on HGF
stimulation (Palamidessi et al. 2008). Activated
Rac is subsequently recycled to specific micro-
domains on the plasma membrane to stimulate
localized formation of migratory protrusions
(Fig. 3C).

The Role of Endoplasmic Reticulum
in Modulating RTK Signaling

In addition to the endosomal compartments,
the organelles of the secretory pathway, in par-
ticular endoplasmic reticulum (ER), can also
contribute to the modulation of RTK signaling
by various mechanisms. First, ER-based ubiq-
uitination and degradation mechanisms can
regulate the levels of nascent RTKs eventually
targeted to the plasma membrane, as recently
shown for ErbB3 levels controlled by the E3
ubiquitin ligase Nrdp1 at the ER (Fry et al.
2011). Second, ER-localized protein tyrosine
phosphatase PTP1B plays multiple roles in inac-
tivating ligand-bound RTKs after internaliza-
tion and in modulating their endocytic traffick-
ing (Stuible and Tremblay 2010; Sangwan et al.
2011). A recent identification of direct contact
sites between endosomes and ER provides a
conceptual framework of how an ER-tethered
enzyme can affect the function of RTKs on the
endosomal membranes (Fig. 4A) (Eden et al.
2010). Third, there are cases of ER-specific ab-
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errant signaling elicited by oncogenic RTKs, as
reported for the Flt3 mutant containing internal
tandem duplication (Flt3-ITD), which causes
its ligand-independent activation and predom-
inant retention in the ER (Schmidt-Arras et al.
2005). Flt3-ITD is not only constitutively active
in the ER but the pattern of tyrosine phosphor-
ylation of the receptor and the set of activated
downstream effectors are different from those
observed for the wild-type Flt3 at the plasma
membrane (Fig. 4B) (Choudhary et al. 2009).
This argues that, at least under pathological con-
ditions, ER can contribute to the overall signal-
ing of a given RTK in a compartment-specific
manner. It is further possible that, like ER, the
Golgi apparatus may also play similar roles in the
regulation of RTK signaling and trafficking, as
reported for VEGFR1 and VEGFR2 (Mittaret al.
2009; Manickam et al. 2011).

Microvesicles for Extracellular Propagation
of RTK Signals

Accumulating studies report that cells, in partic-
ular tumor cells, can release several types of mi-
crovesicles into the environment (reviewed in
Lee et al. 2011). These vesicles are either of endo-
somal origins (produced on fusion of multive-
sicular endosomes with the plasma membrane

as so-called exosomes [Lakkaraju and Rodri-
guez-Boulan 2008; Simons and Raposo 2009])
or can be produced by other mechanisms. They
function as a means of communication among
cells by exchanging proteins, lipids, and nucleic
acids, as well as contributing to pathogen spread
and immune surveillance. Microvesicles were
shown to contain, among others, RTKs and their
ligands (Lee et al. 2011). In human glioma cells,
microvesicles termed oncosomes carried an on-
cogenic form of EGFR (EGFRvIII), which was
incorporated into the membrane of recipient
cells, contributing to their transformation and
tumor spread (Al-Nedawi et al. 2008; Skog et al.
2008). Still, the exact mechanisms and the prev-
alence of this phenomenon need to be further
investigated.

CONCLUDING REMARKS

As evident from this overview, the control of
RTK signaling by intracellular trafficking is
complex and occurs at multiple levels. Abun-
dant evidence indicates that this regulation is
of physiological importance in vivo, both dur-
ing development and in adult tissues. Impor-
tantly, trafficking of RTKs can be modulated
by non-RTK signaling pathways, providing a
mechanism for pathway cross talk and coordi-
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Figure 4. The role of endoplasmic reticulum (ER) in modulating RTK signaling. (A) Direct contact sites between
endosomes and the ER enable dephosphorylation of internalized RTKs by protein tyrosine phosphatase PTP1B
localized on the ER membrane. (B) Constitutively active oncogenic mutant of Flt3 receptor (Flt3-ITD) activates
different downstream effectors when localized in the ER or at the plasma membrane.
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nated regulation of cellular responses to various
stimuli. Moreover, aberrant RTK trafficking can
be oncogenic (Lanzetti and Di Fiore 2008; Mo-
sesson et al. 2008; Abella and Park 2009), indi-
cating that future therapeutic approaches could
be directed to correct such defects.

Finally, as argued here, regulation of signal-
ing by trafficking is important but the reverse
is also true. RTK signaling affects the traffick-
ing machinery, for example, to drive ligand-in-
duced endocytosis and then intracellular sorting
of RTKs, although the underlying molecular
mechanisms are still poorly known. Much re-
mains to be discovered on how activated RTKs
may modify endocytic proteins, changing their
activity or localization. Recent data indicate that
different signaling pathways exert feedback con-
trol over the morphology and function of endo-
somal compartments (Collinet et al. 2010) but
the knowledge of detailed mechanisms is miss-
ing. As currently the signaling and trafficking
fields are integrated more than ever before, we
are bound to face exciting progress and discover
further principles of coordinated regulation be-
tween signal transduction and membrane trans-
port of RTKs and other receptor types.
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