
Review

The odd couple: signal transduction and endocytosis
D. Teis and L. A. Huber

Institute of Anatomy, Histology and Embryology, Department of Histology and Molecular Cell Biology, University
of Innsbruck, Muellerstrasse 59, 6020 Innsbruck (Austria), Fax: +43 512 507 2863, e-mail: lukas.a.huber@uibk.ac. at;
david.teis@uibkac.at

Received 14 January 2003; received after revision 3 March 2003; accepted 4 April 2003

Abstract. Cell surface receptors are used to transmit ex-
tracellular information. The activation of cell surface re-
ceptors initiates signal transduction and receptor endocy-
tosis. Signal transduction and the endosomal transport of
activated receptors require precise regulation. New con-
cepts for the integration of endocytosis and signaling
arise from recent findings that suggest bidirectional in-
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terplay of these two processes. This review discusses the
following questions: (i) do activated cell surface recep-
tors modify the endosomal system to promote internal-
ization and endosomal traffic, and (ii) do internalized cell
surface receptors use specifically localized signaling
complexes to generate specific biological signals?
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Introduction

All cells need to interpret their environment. In order to
fulfill this task, extracellular information is received and
translated accordingly into a specific biological response. 
Cell surface receptors are often used to transduce extra-
cellular information to the cell. A great variety of ligands,
representing the extracellular information, bind to and
regulate the activity of cell surface receptors. 
Upon ligand binding, receptor signaling is activated.
Most activated receptors are efficiently cleared from the
cell surface by endocytosis and sorted to lysosomes for
degradation. In contrast, inactive cell surface receptors
are constitutively internalized and recycled back to the
cell surface. Thus, control mechanisms exist that survey
the internalization and endosomal traffic of cell surface
receptors.
Interestingly, the great number of ligands and their re-
spective cell surface receptors use only a limited reper-
toire of signaling molecules to transduce their informa-
tion, and yet signal transduction mediates a specific bio-
logical response. Therefore, signaling requires precise

spatial and temporal regulation to evoke a unique biolog-
ical response. 

Signaling from cell surface receptors

One large family of cell surface receptors is represented
by receptor tyrosine kinases (RTKs). All RTKs are
monomers in the plasma membrane, with the exception of
the insulin receptor [1]. Ligand-induced activation of
RTKs stabilizes a receptor dimer and results in autophos-
phorylation of tyrosine residues within the cytoplasmic
domain of the RTK [2] (fig. 1). The phosphorylated tyro-
sine residues serve as binding sites for a variety of signal-
ing proteins that contain SH2, SH3 (Src homology) and/or
PTB (phosphotyrosine binding) domains. The recruitment
of SH2 and/or PTB domains containing proteins allows
the assembly of signaling complexes on the cytoplasmic
tail of the activated receptor, connecting activated recep-
tors to the respective signal transduction cascades [3, 4].
Stimulation of all RTKs triggers the activation of the
small G protein Ras. Ras activation is controlled by the
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guanidine exchange factor (GEF), son of sevenless (Sos)
[5, 6]. The SH2 domain of Grb2 is crucial to recruit a Sos
complex from the cytoplasm to specific phosphotyrosine
(pTyr) residues on the activated epidermal growth factor
receptor (EGFR) [7, 8]. Alternatively, the PTB-domain-
containing protein Shc is able to link the Grb2/Sos to the
activated EGFR [9]. The recruitment of Sos stimulates
Ras activation at the site of the activated EGFR. Activated
Ras is known to interact with more then 10 different ef-
fectors, thereby modulating a multitude of downstream
signaling cascades [10]. Two effector cascades, namely,
the mitogen-activated protein kinase (MAPK) and the
phosphoinositide-3-kinase (PI3K), will be introduced
briefly (fig. 1).
By activating Raf, Ras stimulates signaling in the MAPK
cascade, which is involved in the regulation of cell sur-

vival, proliferation and differentiation. Sequential phos-
phorylation events within the cascade transduce signals
downstream from Ras to effector proteins. Activated Ras
binds to and activates Raf (the MAPKKK). Raf phospho-
rylates MEK (the MAPKK) on a critical serine in the ac-
tivation loop. Next, MEK activates ERK (the MAPK) by
phosphorylating threonine and tyrosine residues on ERK.
Activated ERK, in turn, phosphorylates a great variety of
targets in the cytoplasm and on membranes [11] (fig. 1).
In addition, activated ERK rapidly dissociates from MEK
and translocates to the nucleus to activate transcription
factors (for reviews see [12, 13]).
Activation of the PI3K subunit p110 by Ras and direct in-
teraction of the PI3K subunit p85 with the activated RTK
stimulate the phosphorylation of phosphatidylinositol
(4,5) bisphosphate [PtdIns(4,5)P2] to PtdIns(3,4,5)P3. 

Figure 1. Activated receptor tyrosine kinases (RTKs) activate complex intracellular signaling networks. Inactive RTKs (e.g., EGFRs) are
monomers in the plasma membrane. Ligand-bound RTKs (e.g., EGFRs) dimerize and are activated by autophosphorylation. The adaptor
protein Grb2 binds to the activated RTK. Grb2 recruits the Ras-GEF, Sos, and thereby activates Ras. Ras, in turn, triggers signaling in the
MAPK and PI3K-Akt pathways. A wide variety of target proteins are modulated upon phosphorylation. 
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PtdIns(3,4,5)P3 serves as a high-affinity binding site for
proteins containing a pleckstrin homology (PH) domain,
thereby initiating the local assembly of signaling com-
plexes and the priming of protein kinase cascades (fig. 1).
Membrane translocation of Akt (protein kinase B) and
phosphoinositide-dependent kinase D (PDK) brings both
in close proximity and results in phosphorylation of Akt
by PDK. Phospho-Akt in turn activates effector proteins
that regulate cell growth, cycle and survival (for reviews
see [14–16]) (fig. 1).
Although biochemical and genetic methods have identi-
fied the basic setup of signaling cascades, it is not clear
how a myriad of extracellular cues employs only a limited
number of signaling cascades to transduce and execute a
unique biological response. Composition and compart-
mentalization of signaling complexes, by the use of scaf-
fold and adaptor proteins, as well as the duration and am-
plitude of signaling might be crucial to define a specific
biological signal.

Endocytic traffic of RTKs

Ligand-induced activation of the EGFR results in its
rapid and efficient internalization [17] (fig. 2). The li-
gand-bound EGFR is recruited to clathrin-coated pits
(CCPs). Next, the CCPs pinch off the plasma membrane
to form clathrin-coated vesicles (CCVs) [18]. Upon li-
gand binding and activation of RTK, up to several
100–1000 CCVs or more per minute are generated for
rapid internalization [19]. This exceeds by far the rate of
steady-state endocytosis. Therefore, a protein network is
required to precisely and efficiently regulate CCP and
CCV formation at the site of receptor activation [19].
AP2, a multi-subunit adaptor protein that binds effi-
ciently to the activated EGFR is a central player in this
regulatory step. It recruits a network of essential endo-
cytic proteins [20–23] from the cytoplasm to the acti-
vated receptor [24, 25]. 
The nucleation of clathrin triskelions causes self-assem-
bly into a latticelike network, thereby generating force on
the plasma membrane to bud into a curvature, namely, the
CCP [26–30]. The GTPase dynamin is required to pro-
mote vesicle fission from the plasma membrane [31] and
is thought to act as a mechanoenzyme that tubulates the
membrane. By forming ringlike structures around the
neck of CCPs, CCVs pinch off the plasma membrane
[32–35].
Once sorted to CCVs, the receptors enter the tubular-
vesicular early endosomal compartment [36, 37] (fig. 2).
Early endosomal events compromise internalization of
cell surface receptors, early endosome fusion and early
endosomal sorting [38, 39]. Early endosomal cargo mol-
ecules can either be quickly recycled to the plasma mem-
brane from peripherally located early endosomes or be

sorted in the late endosomal compartment, from where
they are transported to lysosomes for degradation. In-
triguingly, most of the activated cell surface receptors are
not recycled back to the plasma membrane but rather traf-
fic to late endosomes. Sorting toward late endosomes
might be accomplished by recruiting receptors to
clathrin-coated subdomains in the early endosomal com-
partment [40, 41] (fig. 2).
Late endosomes differ from early endosomes not only in
their perinuclear subcellular location [42]. Often they ap-
pear as multivesicular bodies (MVBs) composed of a lim-
iting membrane with internal vesicles. Compared with
early endosomes, late endosomes are enriched not only in
specific proteins but also in lysobisphosphatidic acid
(LBPA) and PtdIns(3)P [43–45]. The sorting of receptors
from the limiting membrane into internal vesicles of
MVBs shunts receptors to the lysosomal degradation
pathway [46]. This step is controlled by interdependent
mechanisms, including ubiquitination of the EGFR,
recognition of the ubiquitinated receptor and invagination
of the limiting membrane to form internal vesicles in the
MVB. 
After being sorted to internal vesicles of the MVB, the re-
ceptors are finally transported to the lysosomes for degra-

Figure 2. Endosomal traffic of the activated EGFR. The inactive
EGFR localizes in steady-state equilibrium to the plasma mem-
brane. It is internalized at low rates and efficiently recycled back via
early endosomes to the plasma membrane. In contrast, the activated
EGFR (yellow arrows) is efficiently internalized via CCPs. In the
early endosomes they are sorted to the late endosomal/MVB com-
partment. Sorting into the lumen of the MVB shunts the EGFR to
the lysosomes, where they are finally degraded.



dation. Although lysosomes share many characteristics
with late endosomes/MVBs in terms of protein and lipid
composition, protein degradation occurs only in lyso-
somes [38, 47] (fig. 2). 
The endocytic machinery is believed to act constitutively.
However, it is clear that activated cell surface receptors
are routed to lysosomes for degradation, whereas inactive
receptors are constantly recycled back to the cell surface.
Therefore, signaling receptors are likely to modulate an
otherwise constitutively operating endosomal system to
promote internalization as well as late endosomal and
lysosomal sorting. 

Modifications of the endocytic machinery
by receptor signaling

Morphological studies have shown that the EGFR colo-
calizes with constantly internalizing receptors, such as
the transferrin or the LDL (low-density lipoprotein) re-
ceptors in CCPs. This leads to the conclusion that the li-
gand-activated receptor would be internalized by a con-
stitutively operating endocytic machinery [48]. However,
there is considerable evidence that ligand-induced endo-
cytosis involves additional regulatory events beyond the
mere exposure of an internalization motive for adaptor
binding.
First indications that receptor activation might influence
the rate of internalization came from morphological stud-
ies showing that EGFR activation results in an increase of
the CCP density at the plasma membrane [49]. In addi-
tion, ligand-bound EGFR requires tyrosine kinase activ-
ity for high internalization rates and efficient recruitment
to CCPs. Tyrosine kinase-defective EGFRs are ineffi-
ciently recruited to CCPs and only poorly internalized at
the rate of unbound constitutively recycling EGFRs [50,
51]. These data indicate that receptor activation might
specifically modulate the endocytic machinery to effi-
ciently internalize the activated EGFR through special-
ized CCPs. 
EGF-induced dimerization of the EGFR generates a
dimeric YXXF endocytic motive on the receptor’s 
cytoplasmic tail, which results in efficient binding of 
the multi-subunit adaptor protein AP2 via the m2 sub-
unit. Thereby, AP2 links the receptor to be endocytosed
(via the m2 subunit) with molecular components that
drive and regulate the formation of CCPs and CCVs. 
The a subunit of AP2 recruits essential regulators of 
the endocytic machinery, such as Eps15 and dyna-
min, whereas a and b2 subunits, together, link the acti-
vated receptor to the nascent clathrin coat [19, 20, 22, 25]
(fig. 3).
Activation of the EGFR results in rapid tyrosine phos-
phorylation of the clathrin heavy chain (CHC) and in re-
cruitment of clathrin to the plasma membrane. However,
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the tyrosine kinase activity of the receptor, although nec-
essary, is not sufficient to phosphorylate the CHC. Re-
ceptor-induced activation of the tyrosine kinase Src is re-
quired and sufficient to phosphorylate a critical tyrosine
residue on the CHC. This CHC phosphorylation pro-
motes rapid clathrin recruitment and assembly at the
plasma membrane. Cells from mice that are deficient for
Src or treated with Src inhibitors show delayed internal-
ization of the EGFR upon ligand binding [52, 53] (fig. 3).
Src-dependent phosphorylation of the CHC might also
account for the efficient internalization of the G-protein
coupled receptor (GPCR) since the GPCR also activates
Src [54]. 
Another important regulator of EGF-induced endocytosis
is Eps15. Eps15 was initially i dentified to be a ma-
jor cytoplasmic substrate of the activated EGFR. Phos-
phorylation upon EGF stimulation results in plasma
membrane translocation of Eps15 and binding to the a-
adaptin ear domain of AP2 [55, 56]. Interestingly, the ty-
rosine phosphorylation of Eps15 is required exclusively
for the EGF-induced internalization of the EGFR. Muta-
tions in the phosphorylation site affect only internaliza-
tion of the EGFR but do not affect the constitutive inter-

Figure 3. Activated EGFRs induce efficient internalization. The
multi-subunit adaptor protein AP2 binds more efficiently to the ac-
tivated EGFR. Eps15 and the CHC are phosphorylated upon EGFR
activation, which results in the translocation of Eps15 and CHC to
the plasma membrane, causing nucleation of the CCP. In addition,
higher levels of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are generated at
the site of EGFR activation. Dynamin, required for vesicle fission,
binds to PtdIns(3,4,5)P3. Epsin, which tubulates the plasma mem-
brane, binds to PtdIns(4,5)P2. Finally, activation of EGFR signaling
results in efficient internalization by recruiting the endocytic ma-
chinery to the site of receptor activation.



nalization of the transferrin receptor [57]. In addition,
overexpression of Eps15 resulted in transformation of fi-
broblasts, suggesting an involvement in mitogenic signal-
ing [58]. Furthermore, Eps15 contains three EH (Eps15
homology) domains that form a dual EF hand (binding of
Ca2+) [59, 60]. The EH domains bind to proteins that con-
tain an Asn-Pro-Phe (NPF) domain [61, 62]. The NPF do-
main is present mainly in endocytic proteins such as
epsin, synaptojanin and numb. Thus, Eps15 recruits an
endocytic protein network to control the generation of
CCVs [63] (fig. 3). Recently it has been shown that numb
generates asymmetric cell division in the Drosophila
melanogaster sensory organ precursor cells by polarizing
the a-adaptin distribution. The asymmetric distribution
of a-adaptin, which depends on numb, might cause po-
larized endocytosis of notch, thereby directing the cell-
fate decision [64]. 
Importantly, activation of the EGFR results in elevated
PtdIns(3,4,5)P3 and, remarkably, in increased PtdIns
(4,5)P2 levels at the plasma membrane [65]. Many endo-
cytic proteins have been found to bind to either PtdIns
(3,4,5)P3 or PtdIns(4,5)P2. However, treatment of cells
with the PI3K inhibitor wortmannin does not inhibit
EGFR endocytosis but rather blocks EGFR sorting to the
internal lumen of the MVB [66–68]. Dynamin, the GT-
Pase that is essential for membrane fission at the site of
CCPs, uses its PH domain for membrane localization.
Dynamin is also associated with the AP2 network [69,
70]. Consequently, dynamin mutants that lack the PH do-
main do not localize to the membrane and block endocy-
tosis [71] (fig. 3). 
The m2 subunit of AP2 binds not only directly to the
YXXF endocytic motive on the activated receptor but
also to PtdIns(4,5)P2. Mutations in the PtdIns(4,5)P2

binding site of m2 affect the membrane localization of m2
and inhibit endocytosis [72]. 
Epsin interacts with AP2 and Eps15 [73]. In addition, the
epsin N-terminal homology (ENTH) domain binds
strongly to PtdIns(4,5)P2 [74]. Epsin modifies the plasma
membrane curvature in conjunction with clathrin poly-
merization, thereby stimulating endocytosis [75]. Muta-
tions in the ENTH domain, which abolish the binding of
epsin to PtdIns(4,5)P2, result in an inability to modify the
membrane curvature and inhibit endocytosis of the acti-
vated EGFR [73–75] (fig. 3).
c-Cbl is a multi-adaptor protein involved in ligand-in-
duced down-regulation of RTKs. On the one hand, c-Cbl
acts as a ubiquitin ligase to sort the EGFR into the degra-
dation pathway. On the other hand, c-Cbl seems to exert a
ubiquitin ligase-independent function at the plasma
membrane. In response to EGF stimulation, c-Cbl be-
comes phosphorylated and interacts with the CIN-85 en-
dophilin complex [76]. This interaction drives the mem-
brane localization of the CIN-85 endophilin complex to
the site of receptor activation [77]. 

Endophilin is a SH3 domain-containing protein whose
major binding partners are synaptojanin and dynamin
[78, 79]. By acting as a lysophosphatidic acid acyl trans-
ferase, endophilin is required for the formation of endo-
cytic vesicles [80]. Synaptojanin is an inositol 5-phos-
phatase and is required for the uncoating of CCVs, since
its enzymatic function would eliminate PtdIns(4,5)P2 and,
subsequently, all PtdIns(4,5)P2 binding coat components
from CCVs [81]. Indeed, mice deficient for synaptojanin
have elevated levels of PtdIns(4,5)P2 and show an accu-
mulation of clathrin-coated vesicles [82]. 
Taken together, ligand binding to the EGFR and EGFR
signaling activity exert regulatory influence on the endo-
cytic machinery to generate CCPs and CCVs (fig. 3).
Thereby, activated EGFRs are efficiently internalized
into the early endosomal system (fig. 3). 

Early endosomal sorting and signaling

Not only internalization but also transport and sorting of
the EGFR within the endosomal system appears to be
controlled by EGFR signaling events (fig. 4). 
The small GTPase rab5 is a key regulator of early endo-
somal function, including internalization, recycling and
endosome fusion [38, 39]. So far, more than 20 rab5 ef-
fectors have been identified that bind to rab5 and modify
its function [83]. A considerable number of rab5 effectors
are directly or indirectly regulated by signaling mole-
cules. 
EEA1 (early endosomal autoantigen 1) is a major effec-
tor of the rab5 function that is required for endosome fu-
sion events [83]. EEA1 is thought to tether endosomal
membranes and to thereby promote membrane fusion
[84, 85]. EGF stimulation simultaneously increases re-
cruitment of EEA1 to rab5 domains and rab5 GTPase ac-
tivity, which stimulates membrane fusion events in the
early endosomal compartment [86]. The early endosomal
localization of EEA1 is mediated by its FYVE domain,
which binds specifically to PtdIns(3)P [87, 88]. Thus, the
localization and function of EEA1 rely on the PtdIns(3)P
metabolism. Importantly, rab5 interacts with a special
isoform of the PI3K, namely, the hVPS34, the mam-
malian homologue of yeast VPS34. hVPS34 catalyzes
PtdIns(3)P, regulating the association of EEA1 with early
endosomal membranes [89–91] (fig. 4).
RN-tre is a rab5 GTPase-activating protein (GAP) whose
activity is regulated by the EGFR. Eps8, a substrate of the
EGFR [92], interacts via its SH3 domain with RN-tre.
Upon EGF stimulation, Eps8 becomes phosphorylated.
Phospho-Eps8 interacts with RN-tre and sequesters the
GAP from rab5, thereby affecting rab5 GTPase activity
[93] (fig. 4). 
RIN is a GEF for rab5. It interacts upon EGF stimulation
with Ras, which leads to the potentiation of the GEF ac-
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tivity on rab5, resulting in enhanced rab5 GTPase activ-
ity, endosome fusion and EGFR internalization [94].
Thus, RIN (Ras and Rab interactor) bridges the activities
of Ras and rab5 by serving as a sensor for Ras activation
and an activator of rab5-mediated endocytic events 
(fig. 4).
Additionally, rab5 cycles between a membrane-bound
and a cytoplasmic state. The guanyl-nucleotide dissocia-
tion inhibitor (GDI) proteins are known to regulate the
rab5 membrane association by sequestering rab5 into the
cytoplasm [95–97]. Rab5–GDI extracts rab5 from mem-
branes more efficiently when phosphorylated by the
stress MAPK p38. Thus, under stress conditions activa-
tion of p38 controls the rate of endocytosis by regulating
the localization of rab5 [98] (fig. 4). 

Sorting to lysosomes and signaling

During the passage through the endosomal compartment,
only activated EGFRs are sorted for the degradation path-

way (fig. 5). Inactive receptors are recycled back to the
plasma membrane [99, 100]. The sorting decision for the
degradation pathway is controlled by sequentially acting
mechanisms: ubiquitination of the EGFR, recognition of
the ubiquitinated receptor and invagination of the limit-
ing membrane to form internal vesicles in the MVB. De-
fects in these sorting mechanisms result not only in aber-
rant morphology of MVBs but also in defective signaling
[101–104]. 
c-Cbl acts as an E3 ubiquitin ligase that ubiquitinates the
EGFR [105]. Upon EGF stimulation, c-Cbl becomes
phosphorylated [76] and translocates from the cytoplasm
to the plasma membrane and to endosomes, where it
binds to and ubiquitinates the activated EGFR
[106–108]. Interestingly, binding of the transforming
growth factor-a (TGFa), an alternative ligand to the
EGFR, also results in activation of MAPK signaling and
internalization of the EGFR. However, TGFa-activated
EGFR recycles back to the plasma membrane because
TGFa dissociates from the EGFR upon endocytosis [109,
110]. The early dissociation results in loss of EGFR

Figure 4. The function of rab5 effectors is modulated by EGFR signaling. EGFR signaling results in enhanced association of EEA1 with
early endosomes. RN-tre (a rab5 GAP) is sequestered from rab5 by phosphorylated Eps8. Eps8 is phosphorylated upon EGFR activation.
RIN (a rab5 GEF) interacts with activated Ras, which results in enhanced GDP to GTP exchange on rab5. Inhibition of RN-tre (GAP) and
promotion of RIN (GEF) cause enhanced rab5 activity. The stress MAPK p38 phosphorylates Rab5 – GDI, thereby modulating the mem-
brane association of rab5.
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dimers, loss of EGFR signaling activities and recycling.
In contrast, EGF does not dissociate from the EGFR;
therefore dimers and signaling activity (see below) are
preserved in endosomes, which leads to sorting of the
EGFR for degradation in lysosomes [111, 112] (fig. 5). 
The sustained activity of the EGFR upon EGF but not
upon TGFa stimulation increases the presence of tyro-
sine-phosphorylated c-Cbl on endosomes. Active EGFRs
are ubiquitinated in a c-Cbl-dependent manner on endo-
somes. This c-Cbl-mediated ubiquitination of the EGFR
in response to EGF is a crucial sorting signal to the inter-
nal lumen of MVBs [108]. Thus, c-Cbl acts as a negative
regulator of RTK signaling [113]. Importantly, overex-
pression of c-Cbl does not result in enhanced internaliza-
tion but enhances the degradation of the EGFR. In con-
trast, overexpression of viral Cbl (v-Cbl), which lacks the
ring-finger domain, enhances the recycling of the EGFR.
The lack of the ring-finger interferes with the ubiquitina-

tion activity of v-Cbl, thereby preventing the degradation
of the activated EGFR, which finally results in cell trans-
formation [106, 107] (fig. 5). 
The hepatocyte growth-factor regulated tyrosine kinase
substrate (HRS) mediates membrane invagination on en-
dosomes. It localizes to the endosomal compartment by
virtue of a FYVE domain and is, therefore, also sensitive
to changes in the phosphoinositide metabolism. HRS-de-
ficient mice died around embryonic day 11 because of
several severe developmental defects. Biological analysis
of cells from HRS-deficient mice revealed that these cells
contain enlarged endosomes [114]. Mutants of HRS in 
D. melanogaster cannot invaginate the limiting mem-
brane of the late endosome; subsequently, they do not ter-
minate RTK signaling [115]. HRS contains a ubiquitin
interacting motive (UIM) [116] by which HRS recruits
ubiquitinated cell surface receptors to the clathrin-con-
taining microdomains on endosomes that would invagi-
nate to form MVBs [41]. Thus, ubiquitinated receptors
are sorted for degradation and do not recycle (fig. 5). 
The endosomal sorting complex required for transport
(ESCRT) was identified to be essential for the ubiquitin-
dependent sorting to internal membranes of MVBs in
yeast. Vps23 is an essential component of this protein
complex since this protein contains a ubiquitin-conjugat-
ing-like domain by which it recognizes ubiquitinated
cargo proteins [117]. The mammalian homologue of
Vps23 is the protein encoded by the tumor susceptibility
gene 101 (TSG101). TSG101 has been demonstrated to
function in late endosomal trafficking. In fact, in TSG101
mutant cells, activated EGFR was rapidly recycled back
to the cell surface and inefficiently degraded [118].
In a concerted action, ESCRT-II and ESCRT-III concen-
trate ubiquitinated cargo on the limiting membrane of the
MVB to finally cause inward budding into the lumen of
the MVB. The AAA(-ATPases associated to a variety of
cellular activities)-ATPase Vps4 releases the ESCRTs af-
ter the budding is complete to finish the ESCRT sorting
process [119, 120]. Thereby, late endosomal sorting is
completed, and receptors can be sorted for degradation in
the lysosomes (fig. 5).
Sorting steps at the MVB might determine the duration of
receptor signaling. At the limiting membrane of the
MVB, activated receptors would still be in contact with
the cytoplasmic signaling machinery. Sorting to the inter-
nal membrane of the MVB would sequester activated re-
ceptors from their cytoplasmic downstream signaling
cascades. This sorting step would terminate the signaling
activity of the receptor and finally result in degradation of
the activated receptor in lysosomes.
Mutations in c-Cbl, HRS and TSG101 that interfere with
their function in endosomal cargo sorting result in de-
layed or defective degradation of activated RTKs and, no-
tably, in overactivation of MAPK signaling [115, 118,
121, 122] (fig. 5).

Figure 5. c-Cbl, HRS and ESCRT sort the EGF-activated EGFR to
the degradation pathway. TGFa dissociates from the EGFR in en-
dosomes, and TGFa-activated EGFR recycles back to the plasma
membrane, where it can undergo a new round of stimulation. In
contrast, EGF induces prolonged phosphorylation of c-Cbl. c-Cbl
transfers ubiquitin onto EGF-activated EGFRs on endosomes. HRS
contains a UIM, which is required for the sorting of active EGFRs
into the internal lumen of MVBs. The ESCRT is also critically in-
volved in the sorting step. Sorting of activated EGFRs into MVBs
and subsequent delivery to lysosomes might disconnect the recep-
tor from its cytoplasmic downstream signaling molecules, thereby
regulating signaling duration.
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The endocytic traffic of activated cell surface receptors is
a tightly regulated process. Many endocytic processes ap-
pear to be modulated upon activation of cell surface re-
ceptors. Activated cell surface receptor and downstream
signaling molecules act on the endosomal machinery that
executes the regulated receptor internalization and con-
trolled sorting events in the endosomal system. The con-
trolled endocytic traffic of activated cell surface receptors
might regulate the signal duration by defining the half-
life of the receptor.

Signaling from endosomes

There is a good amount of evidence that RTKs signal
from endosomes. First, it has been demonstrated that the
internalized EGFR is signaling. [111]. Second, the EGFR
remains bound to EGF within the endosomal compart-
ment [123, 124], whereas TGFa dissociates from the re-
ceptor already in early endosomes [108, 112]. Therefore,
EGF-stimulated EGFRs preserve their dimerization and
their kinase activity within endosomes, whereas TGFa-
stimulated EGFRs do not. Furthermore, kinase-dead
EGFRs recycle back to the plasma membrane and are not
degraded [99, 100, 125]. In addition to biochemical
methods [126], imaging techniques such as fluorescence
resonance energy transfer (FRET) and fluorescence life-
time imaging (FLIM) were used to localize the activated
EGFR. Notably, tyrosine-phosphorylated EGFR was de-
tected at the plasma membrane and on the membranes of
endosomes [126–128] (fig. 5). Consistently, adaptor pro-
teins like Grb2 and Shc, which interact with the activated
EGFR, have been found to reside at the plasma mem-
brane and also on endosomes [127, 129, 130]. 
The localization of Grb2 and Shc to endosomes suggests
that the small GTPase Ras would also be active on endo-
somes. Indeed, Ras and its GEF, Sos, have been found to
copurify with and to localize on endosomes [126, 129,
131]. Upon EGF stimulation, Ras becomes activated at
the plasma membrane. However, after endocytosis of the
activated EGFR, Ras activity persists on endosomes, as
demonstrated by the use of FRET technique [130, 132].
Furthermore, all components of the Ras-MAPK signal-
ing cascade, namely, Raf, MEK, and ERK have been
found to reside on endosomes, either by biochemical or
immunofluorescence methods [133–136]. 
Internalized EGFRs show all the characteristics of recep-
tors that are activated at the plasma membrane. They are
bound to EGF, exist as dimers, are tyrosine-phosphory-
lated and interact with SH2 and PTB domain-containing
adaptor proteins to connect receptor activation to down-
stream effectors. Furthermore, all components of down-
stream signaling cascades have been found to reside not
only at the plasma membrane but, notably, also on endo-
somes. It appears likely that signaling from the EGFR is

not terminated upon internalization. Internalized recep-
tors continue to signal until they are sorted to internal
vesicles of MVBs. This sorting step would disconnect the
receptor from its ‘cytoplasmic’ downstream effectors,
and signaling would be shut off.

Function of signaling endosomes

Cell surface receptors are active at the plasma membrane
and in the endosomal system. Therefore, activated cell
surface receptors could engage a variety of different sig-
naling complexes in a sequential manner, first at the
plasma membrane, then on early endosomes and, finally,
on the limiting membrane of MVBs. The activation of di-
verse signaling complexes by activated receptors along
the endocytic pathway would increase the signaling po-
tential. Receptor signaling from endosomes might pro-
vide a window of opportunity that could contribute to the
spatial and temporal regulation of signal transduction.
Thus, signal transduction could be compartmentalized at
the plasma membrane and on endosomes. 
Compartmentalization would provide high flexibility to
an otherwise limited number of signaling cascades to
transduce specific signals from a plethora of signaling
cues. There is, in fact, accumulating evidence that signal-
ing from endosomes could be used as a means to com-
partmentalize signal transduction [47, 137] (fig. 6). 
The use of dominant-negative dynamin revealed that the
EGF-stimulated EGFR must be internalized to fully acti-
vate ERK1/2 and PI3K signaling. In contrast, phospholi-
pase Cg (PLCg) and Shc are hyperphosphorylated. Thus,
normal endocytic trafficking of activated EGFR might
play a critical role in establishing and controlling specific
signaling pathways [134, 138]. 
The use of a recently established experimental protocol
allows endosomal, but not cell surface, activation of the
EGFR. Using this protocol, it has been demonstrated that
endosomal activation of EGFR signaling is sufficient to
activate the Ras-MAPK and the PI3K cascades. The en-
dosomal activation of theses effector cascades protected
cells from serum-withdrawal-induced apoptosis [139]. 
Interestingly, Ras isoforms do not localize equally to en-
dosomes. Upon EGF stimulation, K-Ras is found pre-
dominantly at the plasma membrane, whereas H-Ras is
internalized into endosomes together with the EGFR
[130, 131]. Moreover, MAPK signaling from H-Ras, but
not from K-Ras, appears to depend on endocytosis, be-
cause inhibition of endocytosis blocked H-Ras but not K-
Ras-mediated PC12 cell differentiation [131].
Rap1, a Ras-related small GTPase, is crucial for the reg-
ulation of MAPK signaling in PC12 cells. In contrast to
Ras, Rap1 is located mainly to endosomes but not to the
plasma membrane [140]. Consistently, the Rap1 adaptor
protein CRK and the respective GEF, C3G, are located to
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endosomes [136]. Whereas Ras is activated at the plasma
membrane and remains active on endosomes, Rap1 is
predominantly activated on endosomes upon NGF (nerve
growth factor)-induced activation of the neurotrophin re-
ceptor TrkA (another RTK) [132]. The activation of Rap1
on endosomes requires the endocytosis of the TrkA re-
ceptor, whereas Ras activation does not depend on TrkA
endocytosis [141]. 
Importantly, NGF-induced activation of Rap1 and Ras re-
sults in sustained MAPK signaling, ultimately causing
PC12 cell differentiation. EGF stimulation also triggers
Ras, but not Rap1, activation and results in transient
MAPK signaling, which drives PC12 cells into prolifera-
tion. Apparently, the activation of Rap1 on endosomes
upon NGF stimulation switches the MAPK signaling
specificity to cause differentiation instead of prolifera-
tion [132, 142]. 

The specification of the signaling pathways can be
achieved by organizing signaling components into multi-
protein complexes [143]. Scaffold proteins are used to or-
ganize specific signaling units [12, 144]. Interestingly,
different scaffold proteins have been found to reside at
the plasma membrane and on endosomes.
KSR (kinase suppressor of Ras) and MP1 (MEK1 partner)
serve as MAPK-scaffold proteins to regulate signal trans-
duction in higher eukaryotes. The MAPK-scaffold protein
KSR mediates the interaction between Raf and MEK
[145–147] and is required for signal transduction in the
Ras-MAPK pathway [148–150]. In concert with C-TAK1,
KSR regulates the formation of a MAPK signaling unit at
the plasma membrane upon EGF stimulation. Mutant
KSR, which cannot be phosphorylated by C-TAK1, local-
izes constitutively to the plasma membrane, thereby caus-
ing overactivation of MAPK signaling [145, 146] (fig. 6). 

Figure 6. Subcellular compartmentalization of signaling complexes. Different scaffold complexes reside at different subcellular compart-
ments. The use of the KSR-scaffold module at the plasma membrane could result in the MAPK signaling output A. b-Arrestin 2 (b-Arr 2)
assembles another MAPK signaling complex on early endosomes and might define MAPK signaling output B. The late endosomal
p14/MP1 scaffold module generates yet another MAPK signaling complex, which might regulate a MAPK signaling output C. Thus, the
MAPK pathway might be compartmentalized by a variety of scaffold proteins. This compartmentalization of signaling modules might be
used to define a specific biological signal. In addition to the scaffold modules, other signaling adaptor modules (like the SARA/Smad mod-
ule) have been found to localize on endosomes.



MP1 also functions as a scaffold protein in the Ras-
MAPK pathway. MP1 binds specifically to MEK1 and
ERK1, thereby facilitating signaling in the MAPK cas-
cade [151]. However, unlike KSR, MP1 localizes to late
endosomes [152]. The adaptor protein p14 is essential to
mediate the localization of MP1 to endosomes. The en-
dosomal localization of the p14/MP1 complex is exclu-
sively required for the activation of ERK at endosomes
but not for ERK activation at the plasma membrane [153]
(fig. 6). 
b-arrestin 2 is a key molecule in GPCR signaling [154].
On the one hand, b-arrestin 2 interacts with clathrin to
promote the internalization of the GPCR, in particular,
the b2-adrenergic receptor (b2-AR) [155, 156]. On the
other hand, b-arrestin 2 is required to recruit Src for the
activation of MAPK signaling from b2-AR [157]. b-ar-
restin 2 acts as a scaffold protein, directing Raf and ERK
to endosomes after angiotensin stimulation [158] (fig. 6).
b-arrestin 2 recruits jun-kinase 3 (JNK3) and specific up-
stream activators to endosomes [159]. Thus, b-arrestin 2
combines the features of a protein, which is critical for re-
ceptor internalization, and a scaffold protein, which is
used to form a signaling complex at endosomes.
The family of Smad proteins represents transcription fac-
tors that mediate transforming growth factor-b (TGFb)
signaling from transmembrane serine-threonine receptor
kinases (TGFb receptors) to the nucleus. Upon activa-
tion, TGFb receptors internalize into endosomes and
phosphorylate Smads, which are tethered to endosomes
by the association with the Smad anchor for receptor ac-
tivation (SARA). SARA is an early endosomal FYVE-
domain protein and functions by recruiting Smad2 to en-
dosomes. On endosomes, Smad2 becomes phosphory-
lated by the activated TGFb receptor. Phosphorylated
Smads translocate from endosomes into the nucleus to
activate the transcription of specific target genes. No-
tably, the disruption of the early endosomal localization
of SARA, as well as blockage of the TGFb receptors’ in-
ternalization, inhibits Smad activation on early endo-
somes [160, 161] (fig. 6).
Thus, scaffold, anchor and adaptor proteins might bring
the spatial distribution and activation of specific signal-
ing complexes under the control of activated cell surface
receptors. At the plasma membrane, KSR would assem-
ble a specific scaffold complex. On endosomes, b-ar-
restin 2, the p14/MP1 complex or SARA would orches-
trate the composition of the respective scaffold complex.
The subcellular distribution of scaffolded signaling com-
plexes of one signal transduction pathway (fig. 6, e.g.,
MAPK pathway) might finally contribute to the genera-
tion of different specific signaling outputs (fig. 6, e.g.,
MAPK output A, B, C). The formation of such mem-
brane-based scaffold complexes would be ideal for the
propagation of signals with high spatial as well as tempo-
ral resolution and specificity within cells [162, 163].

Conclusion

Taken together, a variety of cell surface receptors, includ-
ing RTKs, GPCRs and serine-threonine receptor kinases,
use endosomes as a compartment for the activation of
specialized signaling complexes. Receptor signaling ap-
pears to control the endocytic machinery, which in a feed-
back loop reciprocates back to regulate endosomal traffic
of cell surface receptors. By regulating the internalization
and endosomal traffic of the activated receptors, and also
by controlling the location of signaling complexes, a vast
number of possible receptor-signaling cascade interac-
tions could be envisioned at different subcellular com-
partments. Compartmentalization of signaling would
serve the purpose of directing the spatial and temporal
specifications in signal transduction. The activation of
defined signaling complexes at the plasma membrane
and on endosomes might indeed contribute to the spatial
and temporal regulation of signal transduction (fig. 6).
This would ultimately assign a unique biological re-
sponse to specific extracellular information.
Although it appears clear that endosomes are used as sig-
naling platforms, the biological function of endosomal
signaling remains elusive. Whether signaling from endo-
somes results in a specific biological response in vivo, re-
mains to be demonstrated. Furthermore, it needs to be de-
termined whether signaling from endosomes generates a
biological output that differs from the biological output
generated by signaling from the plasma membrane. To
address these questions, it will be important to interfere
with the function of proteins that have been shown to
specifically regulate plasma membrane or endosomal
signaling. Therefore, it will be crucial to use genetically
modifiable model organisms to measure the biological
endpoints of plasma membrane or endosomal signaling
in vivo. With the findings currently at hand, signal trans-
duction and endocytosis have to be considered as inti-
mately linked cell biological functions.
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