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ABBREVIATIONS

APS Adaptor protein with PH and SH2 domains 

ArgBP2 Arg-binding protein 2 

ATP Adenosine triphosphate 

BAR BIN/Ampiphysin/Rvsp 

CAP Cbl-associated protein 

Cbl Casitas B-lineage lymphoma 

CCV Clathrin-coated vesicle 

CD2AP CD2-associated protein 

CIN85 Cbl-interacting protein of 85 kDa 

CMS Cas ligand with multiple SH3  

domains 

CSF Colony-stimulating factor 

CUE Coupling of ubiquitin conjugation 

to ER degradation 

E1 Ubiquitin activating enzyme 

E2 Ubiquitin conjugating enzyme 

E3 Ubiquitin ligase 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

EH Eps15 homology domain 

Ent Equilibrative nuceloside transporter 

ENTH Epsin N-terminal homology domain 

Eps15 Epidermal growth factor receptor substrate 15 

Epsin Eps15-interacting protein 

ESCRT Endosomal sorting complex required for  

transport  

FAK Focal adhesion kinase 

FGF Fibroblast growth factor 

FRS FGF receptor substrate 2 

FYVE Fab1p/YOTB/Vac1p/EEA1 

GAP GTPase activating protein 

GEF Guanine nucleotide exchange factor 

Grb2 Growth factor receptor-bound protein 2 

GTP Guanosine 5’-triphosphate 

GTPase Guanosine triphosphatase 

HECT Homologous to E6AP Carboxyl terminus 

HGF Hepatocyte Growth Factor 

Hse Resembles Hbp, STAM, EAST 

Hrs Hepatocyte growth factor-regulated  

tyrosine kinase substrate 

LBPA Lysobisphosphatidic acid 

LPAAT Lysophosphatidic acid acyl transferase 

MAPK Mitogen-activated protein kinase 

MAPKK Mitogen-activated protein kinase kinase 

MVB Multivesicular body 

NGF Nerve growth factor 

NRG Neuregulin 

NZF Np14 zinc finger 

PDGF Platelet-derived growth factor 

PEST Rich in P, E, S and T residues 

PH Pleckstrin homology 

PI(3)P Phosphatidylinositol 3-phosphate 

PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate 

PI(3,4,5)P3 Phosphatidylinositol 3,4,5-triphosphate 

PI(3)K Phosphatidylinositol 3-kinase 

PKA Protein kinase A 

PKC Protein kinase C 

PLC Phospholipase C 

PTB Phosphotyrosine binding 

PTK Protein tyrosine kinase 

PTP Protein tyrosine phosphatase 

Pyk2 Proline-rich tyrosine kinase 2 

PX Phox homology 

RING Really interesting new gene 

RTK Receptor tyrosine kinase 

SCF Stem cell factor 

SH2 Src-homology 2 

SH3 Src-homology 3  

Sos Son of sevenless 

Src Rous sarcoma virus oncogene 

STAM Signal-transducing adaptor molecule 

TCR T cell receptor 

TGF Transforming growth factor 

TKB Tyrosine kinase binding domain 

TSG101 Tumor susceptibility gene product 101 

UBA Ubiquitin-associated domain 

UBC Ubiquitin conjugating 

UEV Ubiquitin E2 variant 

UIM Ubiquitin-interacting motif 

Vps Vacuolar protein sorting 
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INTRODUCTION

1. Receptor tyrosine kinases  
In all eukaryotes, a large group of genes encode membrane spanning recep-
tors, which allow cells to communicate with their neighboring cells and their 
environment. These cell surface receptors are classified into families, based 
upon similarity in structure, ligand binding and the biological responses they 
induce. The common feature of the family of receptor tyrosine kinases 
(RTKs) is their intrinsic protein tyrosine kinase activity (Ullrich and Schless-
inger, 1990). By inducing phosphorylation of signaling proteins within the 
cell, RTKs induce complex networks of signaling cascades that ultimately 
control various cellular processes including cell survival, proliferation, dif-
ferentiation, migration, and apoptosis (Schlessinger, 2000). These responses 
are important during embryonic development and in the regulation of many 
metabolic and physiological processes in various tissues and organs 
(Schlessinger, 2000). When uncontrolled, signaling via RTKs can thus cause 
diseases such as cancer, diabetes, immune deficiencies and cardiovascular 
diseases (Blume-Jensen and Hunter, 2001). The detailed knowledge about 
the signaling networks thus improves our understanding of diseases and may 
lead to the development of therapies. 

1.1 Family of RTKs 
The family of RTKs has more than 50 members in humans and can be di-
vided into more than 20 subfamilies according to similarity in domain struc-
ture (Schlessinger, 2000). Generally, RTKs are composed of an extracellular 
ligand binding domain, a single transmembrane domain and a cytoplasmic 
domain containing a catalytic protein tyrosine kinase (PTK) domain and 
several phosphorylation sites (Hunter, 1998; Schlessinger, 2000). The ex-
tracellular domain is usually glycosylated at several sites (Schlessinger, 
2000). The kinase domain catalyzes the transfer of the gamma phosphate of 
ATP to hydroxyl groups of tyrosines on target proteins and on RTKs them-
selves (Hunter, 1998). The EGFR family (RTK subfamily I) has two ex-
tracellular cysteine-rich domains and an intracellular tyrosine kinase domain 
(Schlessinger, 2002; Yarden and Sliwkowski, 2001). Members of the insulin 
receptor (IR) family (RTK subfamily II) are tetrameric and composed of a 
pair of extracellular -subunits and transmembrane -subunits, which are 
extracellularly connected to each other by disulfide bonds (Schlessinger, 
2000). Receptors of RTK subfamily III include the PDGF receptors (  and 

) (Heldin, 1995), the colony stimulating factor-1 (CSF-1) receptor, the stem 
cell factor (SCF) receptor (SCFR/c-kit) and Flt-3, all having five extracellu-
lar immunoglobulin-like repeats and split intracellular kinase domain with a 
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kinase insert (Schlessinger, 2000). The fibroblast growth factor (FGF) family 
constitute RTK subfamily IV, with three immunoglobulin-like loops and an 
acidic box in the extracellular part and a split intracellular kinase domain 
(Schlessinger, 2000). Other important members of the RTK superfamily are 
the hepatocyte growth factor (HGF) receptor (Met), the vascular endothelial 
growth factor (VEGF) receptor, the nerve growth factor (NGF) receptor 
family (TrkA, B, C) and ephrin (Eph) receptors (Schlessinger, 2000).  

1.2 RTK activation and signal transduction 
Ligand binding to RTKs induces their dimerization, leading to intermolecu-
lar autophosphorylation of key tyrosine residues in the activation loop of the 
catalytic PTK domain, which promotes enhanced kinase activity and recep-
tor activation (Heldin, 1995; Jiang and Hunter, 1999; Lemmon and Schless-
inger, 1994; Schlessinger, 1988). Importantly, some ligands are dimeric (e.g. 
PDGF, VEGF) whereas others are monomeric (e.g. EGF) (Heldin et al., 
1998; Schlessinger, 2000; Schlessinger, 2002). Most phosphorylation sites 
are localized outside of the kinase domain and autophosphorylation not only 
controls the receptor kinase activity but is also crucial for recruitment and 
activation of signaling proteins to activated receptors (Schlessinger, 2000). 
These signaling proteins are often adaptor proteins or enzymes that contain 
binding modules, including Src homology 2 (SH2) and phosphotyrosine 
binding (PTB) domains that recognize and bind tyrosine phosphorylated 
tyrosines in the activated receptor (Pawson, 2004). By in turn recruiting and 
activating other signaling proteins, these receptor-associated proteins trans-
mit the growth factor signal by inducing a cascade of intracellular signaling 
events (Schlessinger, 2000).  

1.2.1 Signaling cascades linking the plasma membrane to the nucleus 
The signaling cascades initiated at the cell surface by RTKs eventually lead 
to a response in the nucleus, where transcription factors are activated and 
regulate the expression of target genes (Ullrich and Schlessinger, 1990). 
Many signaling cascades have been studied in great detail individually, al-
though the emerging view is that signaling cascades are interconnected and 
form complex networks. There are several general principles that govern the 
signaling events, such as membrane targeting of key signaling components 
and activation of signaling proteins by phosphorylation. The fundamental 
basis for signal transduction is protein-protein interactions via specific do-
mains that allow the assembly of signaling proteins into complexes (Pawson 
and Nash, 2003). These interaction modules can recognize protein modifica-
tions, such as phosphorylation, methylation, acetylation, hydroxylation or 
ubiquitination (Pawson, 2004). Several proteins involved in signaling down-
stream of RTKs contain a combination of such interaction modules (Pawson 
and Nash, 2003; Schlessinger, 2000). In addition to phosphotyrosine-binding 
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SH2 and PTB domains, which play a major role in signal transduction, the 
Src homology 3 (SH3) and WW domains recognize proline-rich motifs in 
their target proteins (Pawson and Nash, 2003; Pawson et al., 1993). Several 
interaction modules recognize phospholipids in cell membranes. Pleckstrin 
homology (PH) and ENTH (epsin NH2-terminal homology) domains bind to 
phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5)P3) and PI 4,5-bisphosphate 
(PI(4,5)P2) (Simonsen et al., 2001), whereas PI 3-phosphate (PI(3)P) is spe-
cifically recognized by FYVE (conserved in Fab1p/YOTB/Vac1p/EEA1) 
and PX (Phox homology) domains (Birkeland and Stenmark, 2004; Gaullier 
et al., 1998). Together, these and other interaction modules contribute to 
protein-protein or phospholipid-protein interactions that promote assembly 
and translocation of protein complexes and thus signal transduction. 

The Ras/MAPK pathway is one of the best understood signaling cascades 
and is highly conserved in evolution (Schlessinger, 2000). Following ligand 
binding, activated RTKs recruit the adaptor protein Grb2 that binds to phos-
photyrosine consensus sequences via its SH2 domain. In this way Grb2 re-
cruits the Ras guanine exchange factor Sos to the plasma membrane, where 
it activates the membrane-localized small GTP binding protein Ras by ex-
changing GTP for GDP (Bar-Sagi and Hall, 2000; Pawson, 1995; Schless-
inger and Bar-Sagi, 1994). In its active, GTP-bound state, Ras activates the 
serine/threonine kinase Raf, which initiates a cascade of phosphorylation 
events by activating MAPKK (mitogen activated protein kinase kinase) that 
in turn phosphorylates and activates MAPK (mitogen activated protein 
kinase) (Karin and Hunter, 1995). MAPK translocates into the nucleus 
where it phosphorylates and thereby activates transcription factors that in 
turn regulate the expression of various genes (Karin and Hunter, 1995; 
Schlessinger, 2000). In this way the Ras/MAPK cascade finally controls 
whether the cell will proliferate, differentiate or migrate. In its active GTP-
bound state, Ras is not only able to activate Raf but also other effectors such 
as PI(3)K, RalGDS and PLC , which activate cascades that regulate cellular 
processes including cell survival, vesicle transport and calcium signaling 
(Hancock, 2003; Malumbres and Barbacid, 2003; Marshall, 1996), providing 
an example of how Ras can function as an integration point in a signaling 
network.

1.2.2 Specificity in signaling pathways 
How do similar signaling pathways initiated by different RTKs obtain dif-
ferent biological outcomes? There are several ways the signaling networks 
can increase the specificity of signaling but current knowledge only gives 
partial answers. First of all, each tissue and cell type is equipped with a spe-
cific set of signaling molecules that can be combined downstream of an RTK 
in different ways in order to gain specificity in response to a certain growth 
factor. The cell type-specific biological response of a signaling cascade is 
thus determined by which signaling proteins and transcription factors be-
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come activated (Pai et al., 2000; Pawson and Saxton, 1999; Schlessinger, 
2000). An interesting fact is that the duration and strength of a signal deter-
mines the biological outcome. For instance, NGF stimulation promotes sus-
tained MAPK activation and neuronal differentiation of PC12 cells, whereas 
EGF-induced transient MAPK activation leads to PC12 cell proliferation 
(Marshall, 1995). Moreover, the duration of the signal is fine-tuned by sev-
eral mechanisms, including negative and positive feedback loops, attenua-
tion of RTK signaling via protein tyrosine phosphatases (PTPs) or receptor 
endocytosis and degradation (Dikic and Giordano, 2003).  

Another important way of generating specificity of signaling is by com-
partmentalization of signaling events. One of the requirements for signaling 
mediated via RTKs is that signaling molecules are targeted to the plasma 
membrane, either by SH2- or PTB-mediated direct binding to phosphory-
lated RTKs (Grb2) or by indirect binding to docking (FRS) or adaptor pro-
teins (Sos) (Schlessinger and Lemmon, 2003). Other proteins are targeted to 
the plasma membrane via modifications such as farnesylation and palmioty-
lation (Ras) or by direct binding to phosphoinositides in the plasma mem-
brane via PH (FRS) or ENTH (epsin) domains (Schlessinger, 2000). Interest-
ingly, a type of compartmentalization can also occur within the plasma 
membrane. So called lipid rafts, which are membrane microdomains en-
riched in sphingolipids and cholesterol, recruit several signaling molecules, 
including RTKs, Src family kinases, Ras and others (Simons and Toomre, 
2000). It has been proposed that lipid rafts are involved in concentrating 
signaling molecules and thereby provide a platform for signaling events, 
although it is not known exactly which role these microdomains play in vivo
(Simons and Toomre, 2000). Different isoforms of Ras are localized to dis-
tinct microdomains of the plasma membrane, which could increase the speci-
ficity in signaling via the three Ras isoforms (Hancock, 2003). Moreover, 
highly localized changes in the amount of phosphoinositides at the plasma 
membrane or other membranes within cells might also contribute to tempo-
ral and spatial regulation of signaling processes and membrane trafficking 
(Simonsen et al., 2001).  

Inside the cell, targeting of signaling molecules to different compartments 
also contributes to specificity and diversification of signaling. For example, 
active signaling molecules are found in both the endocytic and biosynthetic 
pathways. Following activation of RTKs and signaling cascades at the 
plasma membrane, many receptors enter the cell by endocytosis and are tar-
geted to the lysosome for degradation or are recycled back to the plasma 
membrane (Sorkin and Von Zastrow, 2002). Initially, it was believed that 
signaling via RTKs is restricted to the plasma membrane, but the emerging 
view is that RTKs are active and recruit a set of different signaling mole-
cules along the endocytic pathway and that they can transmit signals also 
from intracellular locations (Di Fiore and De Camilli, 2001; McPherson et 
al., 2001; Sorkin and Von Zastrow, 2002), leading to biological responses 
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such as cell survival (Wang et al, 2002). Moreover, recent evidence also 
indicates that several activated signaling molecules, including GTP-bound 
H-Ras and Cdc42 can be found on the ER and Golgi membranes but the 
biological significance of this remains to be determined (Donaldson and 
Lippincott-Schwartz, 2000; Hancock, 2003). A common theme for recruit-
ment of signaling molecules to different locations of the cell is compartment-
specific adaptor molecules. In this way the same enzyme can be specifically 
targeted to various locations, where it may have distinct signaling outcomes. 
An example of compartment-specific adaptor molecules are AKAPs (A 
kinase anchoring proteins) which determine whether PKA is recruited to the 
plasma membrane, cytoskeleton, nucleus or mitochondria (Michel and Scott, 
2002). Thus, the signaling output is modulated at different levels, leading to 
specificity and appropriate signaling response.  

1.2.3 RTK signaling in regulation of the cytoskeleton 
The actin cytoskeleton also plays an important role in concentrating signal-
ing molecules to distinct locations of the cell. When cells are undergoing cell 
morphological changes, the actin cytoskeleton probably has a dual role by 
responding to signals by providing a structural frame but also by organizing 
signaling pathways and performing signaling functions by itself. By span-
ning the cell, the linear filaments of the actin cytoskeleton have the ability to 
integrate and spatially organize signaling pathways. Indeed, many actin-
anchored structures such as focal adhesions are active sites of intracellular 
signaling (Parsons et al., 2000; Schoenwaelder and Burridge, 1999). Various 
proteins interact directly with the cytoskeleton and others are brought in 
close proximity by interacting with these actin-binding proteins. Importantly, 
RTKs are also connected to the cytoskeleton by interacting with various 
actin-linked molecules.  

1.2.3.1 Regulation of the actin cytoskeleton 
In all eukaryotic cells the actin cytoskeleton has important functions in vari-
ous biological processes including cell motility, migration and adhesion 
(Hall, 1998). The regulation of the cytoskeleton has therefore a central role 
in normal physiology as well as in diseases, such as cancer (Hall, 1998). 
Actin is one of the most abundant proteins in eukaryotic cells with the prop-
erty to polymerize into filaments, originally named microfilaments (Wegner, 
1976). Polymerization of actin is a tightly regulated energy-driven process 
where globular actin is added to the filament’s end (Wegner, 1976). The 
assembly and disassembly of actin filaments is controlled on different levels 
by various proteins that bind directly or indirectly to actin, among which the 
best known are actin depolymerizing factor (ADF) and capping proteins 
(Didry et al., 1998). 

Reorganization of the actin microfilaments into stress fibers, lamellipodia 
and filopodia involves several signal transduction pathways including small 
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guanosine triphosphatases (GTPases), such as Ras and Rho GTPases (Hall, 
1998). GTPases act as molecular switches, as they exist in an inactive, GDP-
bound state and an active, GTP-bound state (Hall and Nobes, 2000). The 
transition to the active conformation is regulated by guanine nucleotide ex-
change factors (GEFs), which release GDP and allow GTP to bind. Upon 
activation, the small GTPases interact with downstream effector proteins 
leading to a cellular response (Hall, 1998). The intrinsic GTPase activity is 
catalyzed by GTPase activating proteins (GAPs), leading to GTP hydrolysis 
(Hall, 1998). The family of Rho GTPases includes Rho, Rac and Cdc42 and 
act at different levels to organize actin structures (Hall, 1998). Activation of 
Rho has been shown to be critical for bundling of actin filaments into stress 
fibres and clustering of proteins and integrins into focal adhesions (Nobes 
and Hall, 1995). Thus, Rho is involved in the processes regulating cell shape 
and adhesion. Rac and Cdc42, on the other hand, are mainly involved in cell 
spreading and motility (Hall, 1998). Activation of Rac results in actin po-
lymerization at the cell periphery and the formation of lamellipodia and 
membrane ruffles (Ridley and Hall, 1992). Cdc42 activation promotes gen-
eration of actin-rich protrusions of the cell surface called filopodia or mi-
crospikes. Moreover, Cdc42 has been shown to activate Rac and generation 
of filopodia is therefore closely associated with formation of lamellipodia 
(Nobes and Hall, 1995).  

In addition, Wiskott-Aldrich syndrome protein (WASP) and the actin-
related protein (Arp) 2/3 complex are involved in the remodeling of actin 
(Machesky and Gould, 1999; Machesky and Insall, 1999). The Arp2/3 com-
plex stimulates actin polymerization in vivo (Machesky and Insall, 1999). 
Cellular activators of the Arp2/3 complex are members of the WASP family 
(Machesky and Insall, 1998). Binding of N-WASP to Cdc42-GTP, PI(4,5)P2
or SH3 domain-containing proteins changes the structure of the protein and 
allows interaction with the Arp2/3 complex (Higgs and Pollard, 2001; Ma-
chesky and Insall, 1998). By this mechanism, actin polymerization is locally 
stimulated in a manner that may be modulated by the input of several signals 
at the leading edge.

1.2.3.2 Linkers between RTKs and the cytoskeleton 
How intracellular cytoskeletal and signaling proteins connect and communi-
cate with the extracellular matrix is a fundamental question in cell biology. It 
has become clear that the actin cytoskeleton and a network of signaling 
pathways originating from cell surface receptors cooperate to promote an 
appropriate response of the cell. During various cellular processes, such as 
cell migration, neuronal outgrowth and wound healing as well as invasion by 
malignant cancer cells, communication between the extracellular matrix, cell 
surface receptors (integrins, growth factor receptors, and other non-integrin 
receptors) and the actin cytoskeleton takes place (Friedl and Wolf, 2003). 
Different kinds of cell extensions, including lamellipodia, filopodia, ruffles 
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or spikes form focal contacts with the extracellular cell matrix by clustering 
of integrins (Parsons, 1996). Clustered integrins recruit adaptor and signaling 
complexes via their cytoplasmic domains, leading to signaling into the cell. 
The intracellular domains of integrins associate directly with alpha-actinin, 
talin, FAK and several other proteins, which in turn recruit adaptor proteins, 
actin-binding proteins, such as vinculin and paxillin as well as regulatory 
molecules, such as PI(3)K and Rho family GTPases (Friedl and Wolf, 2003; 
Parsons, 1996). 

Moreover, growth factor receptors associate with integrins in adhesion 
sites of serum-starved cells and growth factor stimulation increases their 
complex formation (Giancotti and Ruoslahti, 1999). Pyk2/FAK protein tyro-
sine kinases act as proximal linkers between integrins and growth factor 
receptors leading to regulation of cell motility in fibroblasts and induction of 
neurites in neuronal cells (Girault et al., 1999; Ivankovic-Dikic et al., 2000; 
Sieg et al., 2000). Pyk2, integrins and EGFRs associate in PC12 cells plated 
on collagen, and in fibroblasts FAK binds to EGFR complexes via its amino 
terminal domain and to integrin complexes via its carboxy-terminal domain 
(Ivankovic-Dikic et al., 2000; Sieg et al., 2000). The carboxyl termini of 
Pyk2 and FAK may interact with integrin/EGFR complexes via their binding 
to paxillin, vinculin, p130Cas and cytoskeleton-associated proteins, includ-
ing Src and PI(3)K (Ivankovic-Dikic et al., 2000; Sieg et al., 2000). In this 
way Pyk2 and FAK are activated in response to growth factor stimulation 
leading to propagation of localized signals to downstream effectors (Girault 
et al., 1999; Ivankovic-Dikic et al., 2000).  

2. The epidermal growth factor receptor (EGFR)
2.1 EGFR family and functions 
The EGFR family contains four structurally related tyrosine kinase recep-
tors, including the EGFR (EGFR/ErbB1/HER1), Neu/ErbB2/HER2, 
ErbB3/HER3 and ErbB4/HER, which belong to subclass I of the superfamily 
of RTKs (Prenzel et al., 2001; Yarden and Sliwkowski, 2001). The EGFR 
family members are expressed in tissues of epithelial, mesenchymal and 
neuronal origin (Yarden and Sliwkowski, 2001). In epithelial cells, EGFRs 
are located at the basolateral side, from where they can transmit signals from 
the underlying mesenchyme to the epithelium (Yarden and Sliwkowski, 
2001). These receptors play an important role in embryonic development and 
physiology in adult organisms during regulation of cell growth, differentia-
tion and survival of epithelial cells and their deregulation is implicated in 
pathogenesis of human diseases, such as cancer (Hynes et al., 2001; Prenzel 
et al., 2001; Yarden and Sliwkowski, 2001). Importantly, gene targeting of 
the individual EGFR family members in mice leads to embryonic lethality. 
In particular, EGFR knock-out embryos die due to defects in the develop-
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ment of the brain, skin, lung and gastrointestinal tract (Miettinen et al., 1995; 
Sibilia et al., 1998; Sibilia and Wagner, 1995; Threadgill et al., 1995), 
whereas ErbB2- and ErbB3-deficient embryos die due to malformations of 
the heart (Erickson et al., 1997; Lee et al., 1995; Riethmacher et al., 1997). 

2.2 Signaling via the EGFR  
2.2.1 Ligands for EGFR family members 
All high-affinity ligands for the EGFR family receptors contain a receptor-
binding domain, that is composed of an EGF-like domain and three disul-
phide-bonded intramolecular loops (Schlessinger, 2002). The ligands are 
released from a transmembrane precursor via the action of metallopro-
teinases (Yarden and Sliwkowski, 2001). Some ligands, like EGF, trans-
forming growth factor alpha (TGF ), amphiregulin and betacellulin are spe-
cific for the EGFR. Others, like epiregulin and heparin-binding EGF have 
dual specificity for both the EGFR and ErbB4. Neuregulin 1 (NRG) binds to 
both ErbB3 and ErbB4, whereas NRG 2 to 4 are specific for ErbB4 (Yarden 
and Sliwkowski, 2001). These ligands thus bind specifically to one or more 
of the EGFR, ErbB3 and ErbB4 family members and induce their homo- or 
heterodimerization. Interestingly, although these three EGFR family mem-
bers have various ligands, no high-affinity ligand for ErbB2 has been identi-
fied. On the other hand, ErbB2 is the preferred dimerization partner for the 
other EGFR family proteins, leading to its activation (Yarden and Sli-
wkowski, 2001). In fact, ErbB2 is the most potent EGFR family member in 
inducing cell transformation upon its overexpression (Prenzel et al., 2000). 
Interestingly, C. elegans has only one EGFR orthologue (LET23) and one 
ligand, whereas Drosophila has one EGFR (DER) and four ligands (Yarden 
and Sliwkowski, 2001). The signaling diversity that can be obtained in mam-
mals is therefore much greater.  

2.2.2 Receptor activation 
Like most RTKs, the EGFR is a monomer in its inactive state and has an 
extracellular ligand binding domain with two cysteine-rich regions, a single 
membrane-spanning domain and an intracellular protein tyrosine kinase do-
main flanked by a cytoplasmic tail with tyrosine autophosphorylation sites. 
Ligand binding induces receptor dimerization and activation of the intrinsic 
tyrosine kinase with consequent phosphorylation of tyrosines located in the 
carboxyl terminal tail of the receptor (Heldin, 1995; Weiss and Schlessinger, 
1998). In other RTKs, autophosphorylation on a key tyrosine in the catalytic 
domain leads to opening of the kinase domain, promoting access to ATP and 
substrate (Schlessinger, 2002). However, the EGFR family members do not 
seem to require this phosphorylation of the key tyrosine for their protein 
tyrosine activity, giving an indication to why ErbB2 has kinase activity even 
in the absence of ligand (Schlessinger, 2002).
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The crystal structure of the extracellular domain of the EGFR shows that 
it is composed of four subdomains (I, II, III, and IV), of which domains I and 
III bind the ligand and a cysteine-rich protrusion in domain II mediates re-
ceptor dimerization (Garrett et al., 2002; Ogiso et al., 2002). Intramolecular 
interactions between the cysteine-rich domains II and IV might contribute to 
keeping the receptor in its autoinhibited inactive state. Interestingly, binding 
of monomeric EGF to an EGFR monomer induces a conformational change 
in the extracellular domain, leading to protrusion of the dimerization site and 
interaction between two ligand-engaged EGFR monomers (Garrett et al., 
2002; Ogiso et al., 2002). Importantly, the dimerization loop is highly con-
served in all the four members of the EGFR family (Schlessinger, 2002). 
Since the EGFR can undergo heterodimerization with ErbB2, ErbB3 and 
ErbB4 in response to EGF stimulation (Graus-Porta et al., 1997), it is also 
possible that ErbB3 and ErbB4 homodimerize via a similar mechanism as 
the EGFR. From these observations, it is interesting to note that ErbB2, 
which does not have an identified ligand, might constitutively have its 
dimerization loop in the active state and could thus homodimerize or het-
erodimerize with activated EGFR, ErbB3 or ErbB4 (Schlessinger, 2002). 

2.2.3 EGFR signaling networks 
Signaling by EGFRs, similar to other RTKs, can be seen as a multilayered 
network, in which the input signal, initiated by ligand-receptor interactions, 
is converted into a complex network of signaling events that finally deter-
mine the specific biological outcome (Yarden and Sliwkowski, 2001). Since 
the EGFR was the first RTK to be discovered (Carpenter et al, 1978), the 
mechanisms of signaling via EGFRs are the best understood among all 
RTKs in mammalian cells (Schlessinger, 2002; Yarden and Sliwkowski, 
2001). In fact, most of the signaling cascades were discovered for the EGFR, 
and signaling via the EGFR is thus a prototype for what we know about 
RTK signaling networks that were described in Chapter 1.2. These will 
therefore not be discussed in detail here. Instead, the mechanisms of diversi-
fication of EGFR signaling via the different EGFR family members will be 
highlighted.  

Activation of EGFR family proteins leads to phosphorylation on a spe-
cific set of tyrosine residues, which are either common or specific for each 
family member, leading to recruitment of specific enzymes and adaptor pro-
teins (Olayioye et al., 2000; Schlessinger, 2000; Yarden and Sliwkowski, 
2001). For example, all EGFR family members, also in Drosophila and C.
elegans, activate the Ras/MAPK cascade by binding to Grb2 and/or Shc 
(Prenzel et al., 2001). All family members also activate the PI(3)K-
stimulated cell survival pathways, although to a variable extent, depending 
on whether the interaction with PI(3)K is direct or indirect and how many 
binding sites the receptor has. On the other hand, proteins interacting spe-
cifically with the EGFR, and not the other family members, are Eps15 and 
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phospholipase C  (Olayioye et al., 2000). Great diversification and amplifi-
cation in signaling via EGFR family members is also obtained via their het-
erodimerization (Lenferink et al., 1998a; Muthuswamy et al., 1999). Firstly, 
the signaling outcome is different for heterodimers than the sum of the prop-
erties of the individual dimerization partners. Secondly, homodimers of 
EGFRs or ErbB4 transduce relatively weak signals, and ErbB2 or ErbB3 
homodimers are inactive due to their lack of ligand and intrinsic kinase ac-
tivity (Yarden and Sliwkowski, 2001). However, upon ErbB2 overexpres-
sion, the heterodimers containing the ErbB2 receptor and any of the other 
EGFR family members have strongly prolonged signaling due to enhanced 
ligand affinity, less ligand specificity, slower endocytosis and rapid recy-
cling (Yarden and Sliwkowski, 2001). This in turn leads to stronger biologi-
cal responses such as increased cell proliferation and migration as well as 
resistance to apoptosis. 

2.3 Negative regulation of EGFR signaling  
Attenuation of signal transmission can either be transient (reversible) or de-
finitive (irreversible) and is obtained by several mechanisms in the cell 
(Dikic and Giordano, 2003). Transient inhibition leads to fine-tuning of sig-
naling, since it only modulates the signaling strength and duration for a lim-
ited time. Definite termination of signaling by degradation removes activated 
proteins and generates a refractory period before the next signal can be 
transmitted again. Examples of transient inhibition are negative feedback 
loops, protein tyrosine phosphatases (PTPs) and interference with ligand 
binding. On the other hand, termination of signaling occurs when receptors 
are cleared from the cell surface by endocytosis and targeted for lysosomal 
degradation. Together, these mechanisms contribute to regulating signaling 
by RTKs, such as the EGFR, and contribute to appropriate signaling output 
and cell homeostasis. 

2.3.1 Ligand-induced endocytosis and degradation of EGFRs 
Following ligand stimulation, RTKs are removed from the cell surface via 
clathrin-mediated endocytosis and targeted for degradation in the lysosome 
(Figure 1). The trafficking of RTKs from the cell surface to the lysosome 
occurs via early and late endosomes and is regulated at several steps. Target-
ing receptors for degradation generally requires ligand binding, receptor 
kinase activity and ubiquitination (Waterman and Yarden, 2001; Wiley and 
Burke, 2001). If the ligand dissociates, endocytosed receptors can be recy-
cled back from early and late endosomes to the plasma membrane and par-
ticipate in several rounds of endocytosis (Sorkin and Von Zastrow, 2002). 
Since RTKs have been shown to transmit signals also after removal from the 
cell surface, endocytosis of RTKs can be considered as a mechanism to fine-
tune and modulate signaling strength and duration to ensure the correct bio-
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logical outcome rather than a definite way to downregulate signaling (Di 
Fiore and Gill, 1999; Wiley and Burke, 2001). On the other hand, at the end 
of the endocytic route, lysosomal degradation leads to irreversible termina-
tion of signaling (Katzmann et al., 2002). The controlled destruction of acti-
vated receptors is thus important to prevent constitutive signaling that could 
lead to cancer. A detailed description of the endocytic pathway, EGFR inter-
nalization and endosomal sorting is given in Chapter 2.4 and the requirement 
of ubiquitination for efficient EGFR downregulation is specifically high-
lighted in Chapters 3.3 and 3.4. 

2.3.2 Negative feedback loops  
Fine-tuning of signaling via RTKs can be obtained by various regulator pro-
teins that are expressed upon receptor stimulation and negatively regulate the 
induced signal (Dikic and Giordano, 2003; Schlessinger, 2002). Examples of 
negative feedback regulators for EGFR signaling are Sprouty proteins, 
Cdc42-associated kinase (ACK) and kekkon-1 (Leevers, 1999). Sprouty was 
originally identified in a genetic screen in Drosophila as a negative regulator 
of FGFR signaling in lung development and EGFR signaling in the eye 
(Casci et al., 1999; Hacohen et al., 1998). On the other hand, the four mam-
malian homologues (Sprouty 1-4) have opposing effects on FGFR- and 
EGFR-induced signaling (Christofori, 2003; Guy et al., 2003). All four pro-
teins inhibit FGF-induced ERK activation by inhibiting the Ras/MAPK cas-
cade (Hanafusa et al., 2002; Impagnatiello et al., 2001; Sasaki et al., 2001). 
In contrast, Sprouty 1 and 2, but not Sprouty4 enhance EGF-induced MAPK 
activation (Egan et al., 2002; Hall et al., 2003; Rubin et al., 2003). SPREDs 
(Sprouty-related EVH1-domain-containing) belong to the same family of 
proteins and have also been shown to inhibit Ras/MAPK signaling (Guy et 
al., 2003). 

The activated Cdc42-associated kinase (ACK) is the only known tyrosine 
kinase interacting with Cdc42. The C. elegans orthologue of ACK, ARK-1, 
was identified as an inhibitor of EGFR (LET23) signaling (Hopper et al., 
2000). Mammalian ACK has been shown to interact with the clathrin heavy 
chain and Drosophila ACK (DAck) interacts with sorting nexin 
(DSH3PX1), indicating that ACK stimulates clathrin-mediated endocytosis, 
leading to negative regulation of EGFR signaling (Worby and Margolis, 
2000). The EGFR activity can also be negatively modulated by proteins that 
consist of parts of the extracellular domains of EGFR family members, such 
as herstatin and kekkon-1 (Doherty, 1999, Azios, 2001). Herstatin is en-
coded by an alternatively spliced ErbB2 gene, consisting of a part of the 
extracellular region (Doherty et al., 1999). By strongly associating with the 
EGFR or ErbB2, herstatin blocks dimerization of wild type receptors and 
consequent receptor activation (Doherty et al., 1999). Another negative 
feedback regulator, kekkon-1, found in Drosophila is a leucine-rich repeat 
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protein which inhibits EGFR-induced growth of tumor cell lines (Ghiglione 
et al., 2003). 

2.3.3 Protein tyrosine phosphatases 
The importance of protein tyrosine phosphatases (PTPs) in regulation of 
RTK activity is emphasized by the fact that exposure of cells to PTP inhibi-
tors leads to spontaneous RTK activation (Hunter, 1995; Ostman and Boh-
mer, 2001). Thus, PTPs contribute to keeping RTKs in an inactive state, 
either by dephosphorylating the key tyrosine residue in the activation loop of 
the kinase domain or docking tyrosines in the intracellular portion of the 
receptor (Hunter, 1995). In the first case, kinase activity is blocked, whereas 
in the second case, specific signaling pathways are inhibited. Interestingly, 
EGF stimulation stimulates the production of hydrogen peroxide (H2O2),
which inhibits the activity of PTP-1B, leading to sustained receptor phos-
phorylation and activation (Bae et al., 1997). Thus, cells have evolved 
mechanisms to inhibit PTP activity upon ligand stimulation and allow recep-
tor activation for the required period of time. After internalization, EGFRs 
and PDGFRs undergo limited dephosphorylation by PTP-1B that is located 
at the endoplasmatic reticulum (Haj et al., 2003; Haj et al., 2002).  

2.3.4 Antagonistic ligands 
By competing with the cognate ligand, antagonistic ligands inhibit EGFR 
signaling. Argos is an EGF-like antagonistic ligand for the Drosophila
EGFR homologue (DER) that is expressed upon stimulation with the EGF-
like factor Spitz and competes with Spitz, leading to inhibition of kinase 
activity (Casci and Freeman, 1999). Moreover, carboxypeptidase inhibitor 
(CPI) acts as an antagonist of the EGFR by inhibiting EGF binding, thereby 
blocking cell proliferation and growth of human tumor cells (Blanco-
Aparicio et al., 1998). Thus, this type of inhibitory ligands could potentially 
be useful as therapeutics to inhibit tumor progression. 

2.3.5 Inhibition of RTK activity 
Protein kinase C (PKC), which is activated by GPCRs, PDGF or PMA, 
phosphorylates serine and threonine residues in the intracellular region of the 
EGFR (Schlessinger, 2000). PKC-induced phosphorylation of Thr654 in the 
juxtamembrane part of the EGFR inhibits ligand binding to the receptor and 
its kinase activity, implicating an important role for PKC in controlling the 
receptor activity (Cochet et al., 1984). 
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2.4 Mechanisms underlying EGFR endocytosis 
The mechanisms that regulate clathrin-dependent receptor-mediated endocy-
tosis and endosomal sorting are complex and involve several distinct steps. 
A schematic of the different compartments of the endocytic pathway to-
gether with a model of the requirements for EGFR endocytosis and traffick-
ing regulated by ubiquitination and endocytic proteins are shown in Figure 1. 
Among the EGFR family members, only the activated EGFR undergoes 
clathrin-mediated endocytosis, endosomal trafficking and either recycling or 
lysosomal degradation (Baulida et al, 1996, Baulida and Carpenter, 1997).  

2.4.1 Endocytic pathway 
The trafficking of cargo from the plasma membrane to the lysosome in-
volves three major steps; clathrin-mediated endocytosis, endosomal traffick-
ing and lysosomal degradation. Clathrin-coated vesicles (CCVs) that form at 
the plasma membrane are eventually uncoated and fuse with internal vesicles 
to form early endosomes. The endosomal compartments are characterized by 
their complex vesicular-tubular morphology and can be subdivided into the 
early and late endosomes with an intermediate structure referred to as the 
multivesicular body (MVB) (Gruenberg, 2001). It is not fully understood 
whether these compartments are different structures or if they are different 
stages of a maturation process (Gruenberg, 2001). In any case, they differ in 
morphology, location within the cell, intravesicular pH, functions during the 
endocytic pathway as well as lipid and protein composition.  

Early endosomes are tubular vesicular structures located at the cell pe-
riphery whereas late endosomes are more spherical and located closer to the 
nucleus (Picascia et al., 2002). The MVBs are formed as an intermediate 
structure due to invagination of the limiting early endosomal membrane and 
budding of vesicles into the lumen, giving rise to their characteristic accu-
mulation of internal vesicles (Katzmann et al., 2002). Although MVBs are 
often referred to as late endosomes, both compartments can be distinguished 
morphologically from each other. Late endosomes have, in addition to in-
tralumenal vesicles, tubular and cisternal structures (Gruenberg, 2001). In-
terestingly, the pH in the compartments gradually drops along the endocytic 
pathway, from pH 5.5-6.5 in early endosomes to pH 4.5-5.5 in late en-
dosomes and lysosomes (Sorkin and Von Zastrow, 2002). 

Internalized molecules are initially delivered to early (sorting) en-
dosomes, which segregate receptors destined for recycling (via the recycling 
endosome) from those targeted for the degradation pathway (Sorkin and Von 
Zastrow, 2002). In newly forming MVBs, receptors that accumulate in the 
internal vesicles are targeted for degradation in the lysosome, whereas pro-
teins that stay at the limiting membrane will not enter the lysosome and are 
destined for recycling back to the plasma membrane (Katzmann et al., 2002; 
Sorkin and Von Zastrow, 2002). The MVB is believed to be involved in 
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transport of receptors from early to late endosomes and moves towards the 
centre of the cell to eventually fuse with the late endosome (Gruenberg, 
2001). Finally, the receptors are targeted to the lysosome where degradation 
of proteins and lipids of the internal MVB vesicles takes place by the action 
of hydrolytic enzymes (Piper and Luzio, 2001). Sorting of EGFRs into the 
MVB and subsequent lysosomal degradation is a critical step for regulation 
of the duration of EGFR signaling, since defective sorting of receptors to the 
MVB leads to prolonged receptor signaling and tumorigenesis (Di Fiore and 
Gill, 1999; Katzmann et al., 2002). 

Cellular membranes contain numerous phospholipids and some of them 
are specifically distributed within distinct parts of membranes, where they 
form microdomains with specific functions able to recruit specific proteins 
with lipid binding domains (Gruenberg, 2003; Pfeffer, 2003). PI(4,5)P2 is 
enriched at the plasma membrane and a number of proteins involved in 
clathrin-mediated endocytosis, including AP-2, AP180, dynamin, amphi-
physin, intersectin, endophilin and epsin, specifically bind this phospholipid 
via either ENTH or PH domains (Conner and Schmid, 2003; Mousavi et al., 
2004). PI(3)P is enriched in early endosomal membranes and interacts with 
FYVE domain-containing proteins such as Hrs (hepatocyte growth factor-
regulated tyrosine kinase substrate) and EEA1 (early endosomal antigen 1) 
(Raiborg et al., 2001; Stenmark et al., 1996). PX domains also interact with 
PI(3)P and are found in for example sorting nexins, which are involved in 
regulating intracellular trafficking (Ellson et al., 2002; Simonsen and Sten-
mark, 2001). A specific phospholipid that is enriched in internal membranes 
of late endosomal membranes is lysobisphosphatidic acid (LBPA), which 
might be involved in inwards invagination of endosomal membranes 
(Gruenberg, 2001).  

Being compartmentalized in specific organelle membranes, the Rab fam-
ily of small GTPases and their effectors are major regulators of various steps 
in membrane traffic (Stenmark and Olkkonen, 2001; Zerial and McBride, 
2001). In the early phases of the endocytic route, Rab5 regulates early en-
dosome fusion as well as microtubule-dependent transport of early en-
dosomes (Stenmark and Olkkonen, 2001; Zerial and McBride, 2001). On 
early endosomal membranes GTP-bound active Rab5 has an important role 
in recruiting various effectors, such as EEA1, Rabaptin-5 and rabenosyn-5, 
which mediate fusion of early endosomes (Nielsen et al., 2000; Simonsen et 
al., 1998; Stenmark et al., 1995) and also by recruiting two classes of PI(3)K 
(Class I and III), which generate specific phospholipids that in turn recruit 
effectors to the endosomal membrane (Christoforidis et al., 1999). By this 
type of assembly of multivalent complexes on endosomal membranes, mi-
crodomains form that contribute to compartment specificity of the early en-
dosome (Zerial and McBride, 2001). Thus, dynamic interaction between 
proteins and phospholipids in organelle membranes are required for endocy-
tosis.
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2.4.2 EGFR internalization 
Following ligand binding, activated EGFRs move from caveolae and get 
enriched in clathrin-coated pits, which pinch off to form clathrin-coated 
vesicles (CCVs) (Figure 1) (Waterman and Yarden, 2001). The formation of 
CCVs is generally regulated by the coordinated action of several proteins in 
space and time, including clathrin, AP180/CALM, the clathrin adaptor-
binding protein 2 (AP-2), dynamin, amphiphysin, endophilin, intersectin, 
syndapin, synaptojanin, eps15, epsin and actin (Conner and Schmid, 2003; 
Slepnev and De Camilli, 2000). Clathrin is the main structural component of 
CCVs, which assembles to form polygonal clathrin lattices with the help of 
monomeric or heterotetrameric assembly proteins (APs) (Conner and 
Schmid, 2003). Although the EGFR contains several tyrosine-based inter-
nalization motifs, such as YRAL and three NPXY motifs (Chang et al., 
1993), AP-2 binding to the EGFR does not seem to be required for its endo-
cytosis (Nesterov et al., 1995). On the other hand, several other proteins are 
involved in EGFR endocytosis. The GTPase dynamin self-assembles into a 
helical collar that facilitates formation of CCVs, either by fission or stretch-
ing, probably with assistance of the actin cytoskeleton (Conner and Schmid, 
2003). Two accessory proteins, epidermal growth factor protein substrate 15 
(Eps15) and epsin, are also involved in regulating clathrin-mediated endocy-
tosis (Carbone et al., 1997; Sorkina et al., 1999; Wendland, 2002). Both dy-
namin and Eps15 are required for EGFR endocytosis, since the formation of 
CCVs can be blocked by a dominant-negative form of dynamin (K44A) or 
by non-phosphorylated mutants of Eps15 (Confalonieri et al., 2000; Stang et 
al., 2000). Other proteins, including the Src kinase, able to phosphorylate 
dynamin and the clathrin heavy chain (Ahn et al., 2002; Wilde et al., 1999), 
and the adaptor protein Grb2, which binds to Cbl, dynamin, synaptojanin 
and amphiphysin, also promote EGFR endocytosis (Wang and Moran, 1996; 
Waterman and Yarden, 2001). Cbl has a dual role in regulating EGFR down-
regulation by mediating receptor ubiquitination and recruiting 
CIN85/endophilin complexes to activated receptors (Levkowitz et al., 1998; 
Soubeyran et al., 2002). The proposed role of endophilins is to increase the 
membrane curvature by the action of its BAR (Bin-Amphiphysin-Rvs) do-
main, which senses and induces membrane curvature (Habermann, 2004). 
Endophilins have also been thought to increase the membrane curvature by 
adding unsaturated long-chain fatty acids to lysophosphatidic acid via their 
lysophosphatidic acid acyl transferase (LPAAT) activity (Schmidt et al., 
1999). However, their LPAAT activity is relatively weak (Conner and 
Schmid, 2003). Interestingly, BAR domains are found in a variety of pro-
teins involved in endocytosis, including amphiphysin, sorting nexins and the 
adaptor proteins APPL1 and APPL2 that were recently found to interact with 
Rab5 (Habermann, 2004; Miaczynska et al., 2004). Moreover, direct binding 
of sorting nexin 1 to the EGFR is required for efficient EGFR downregula-
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tion (Jones et al., 2002). Active EGFRs and other RTKs undergo regulated 
endocytosis as described here, which requires phosphorylation-dependent 
interactions with endocytic proteins, whereas some receptors, like the trans-
ferrin receptor and catalytically inactive EGFRs follow a constitutive path-
way, which depends on short linear internalization motifs (Marmor and 
Yarden, 2004).  

Figure 1. Receptor endocytosis and endosomal sorting towards the lysosome. The 
EGFR (left) undergoes ligand-induced Cbl-mediated ubiquitination and endocytosis. 
Ubiquitin-binding proteins, such as Eps15 and epsin might bind ubiquitinated cargo 
in early stages of endocytosis. Sorting into the inner vesicles of the multivesicular 
body depends on ubiquitination and ubiquitin-binding proteins, including Hrs, 
STAM and TSG101. Recycling receptors (right) return from the sorting endosome 
to the plasma membrane. Details are described in the text. 

2.4.3 Endosomal EGFR sorting 
In the early endosome, sorting of EGFRs occurs that determines whether the 
receptors recycle or traffic towards MVBs. The entry of EGFRs into the 
inner vesicles of MVBs is regulated by the receptor kinase activity and ubiq-
uitination, since recycling of a kinase-defective EGFR is increased and over-
expression of Cbl mutants lacking ubiquitin ligase activity enhance receptor 
recycling (Felder et al., 1990; Levkowitz et al., 1999). When EGFRs are 
sorted into the inner vesicles of the MVB, the tyrosine kinase domain of the 
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EGFR points towards the vesicle lumen and away from the cytoplasm, mak-
ing the receptor unable to transmit signals (Katzmann et al., 2002). Impor-
tantly, a lysosomal targeting motif in the cytoplasmic domain of the EGFR 
contains the Cbl-binding site, emphasizing that Cbl-mediated ubiquitination 
is critical for sorting of EGFRs for degradation (Kornilova et al., 1996). 
Moreover, threonine/serine phosphorylation of the EGFR is implicated in the 
regulation of receptor sorting. Phosphorylation at threonine 654 of the EGFR 
by PKC inhibits receptor downregulation (Ardley et al., 2001; Lund et al., 
1990), whereas serine phosphorylation of the EGFR is required for its ubiq-
uitination and degradation (Oksvold et al., 2003). The importance of EGFR 
ubiquitination for its sorting to the degradation pathway will be discussed in 
detail in Chapter 3.3. 

In summary, the transport of the EGFR along the endocytic pathway is 
regulated by post-translational modifications, including phosphorylation and 
ubiquitination, sequences in its cytoplasmic domain and interactions with 
several regulatory proteins. Endocytosis, endosomal and MVB sorting are 
common for the majority of RTKs, although the particular requirements for 
the different steps along the endocytic pathway were shown to be receptor-
specific (Wiley and Burke, 2001).  

3. Ubiquitination and receptor endocytosis 
The initial evidence for ligand-induced ubiquitination of RTKs was de-
scribed for the first time more than ten years ago, when ubiquitination of the 
PDGFR was shown to correlate with negative regulation of signaling and 
enhanced receptor degradation (Mori et al., 1992; Mori et al., 1993). Further 
studies revealed that other RTK family members, including the EGFR 
(Galcheva-Gargova et al., 1995; Mori et al., 1995), CSF-1R and c-Kit 
(Miyazawa et al., 1994; Mori et al., 1995) also undergo ubiquitination de-
pendent on their receptor kinase activity (Mori et al., 1995).  A closer view 
on the mechanisms underlying RTK ubiquitination revealed that the mul-
tiadaptor protein Cbl is recruited to and promotes ubiquitination of activated 
CSF-1Rs (Wang et al., 1996). Subsequent reports demonstrated that Cbl 
overexpression enhances ubiquitination and degradation of activated EGF, 
PDGF and CSF-1 receptors (Lee et al., 1999; Levkowitz et al., 1998; Miyake 
et al., 1998; Miyake et al., 1999). Recent findings indicate that EGF and 
PDGF receptors are monoubiquitinated at multiple sites and that this is suffi-
cient for their efficient endosomal sorting and lysosomal degradation (Paper 
I; Mosesson et al., 2003). 
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3.1 Ubiquitination 
Ubiquitin is a highly conserved protein that is expressed in all eukaryotes 
and only three of its 76 amino acids differ between yeast and human 
(Schlesinger et al., 1975). Ubiquitin is initially synthesized in a polymeric 
form and is subsequently cleaved into monomers (Pickart, 2001). The proc-
ess of covalent attachment of a ubiquitin molecule to another protein is re-
ferred to as ubiquitination, which results in a shift in the substrate’s apparent 
molecular mass of 8-10 kDa. Ubiquitination is mediated in three steps by 
three different classes of enzymes, giving rise to the formation of an isopep-
tide bond between the carboxy-terminal glycine (G76) of ubiquitin and the -
amino group of a lysine in the substrate (Pickart, 2001) (Figure 2). In the 
first step, free ubiquitin is activated through the ATP-dependent formation of 
a thio-ester bond between ubiquitin and a ubiquitin-activating enzyme (E1). 
Next, ubiquitin is transferred to a ubiquitin-conjugating enzyme (E2). Fi-
nally, the E2 associates with a ubiquitin ligase (E3), which catalyzes the 
transfer of ubiquitin to the substrate (Pickart, 2001). 

Figure 2. Protein ubiquitination. The steps of the ubiquitination reaction are de-
scribed in the text. 

The specificity in the process is mainly mediated by the E3, which recog-
nizes and interacts with the substrate (Pickart, 2001). Therefore, the number 
of E3s is larger than that of E2s, while there is only one E1 (Pickart, 2001). 
There are three families of E3s, including the HECT (Homologous to E6-AP 
Carboxyl Terminus) domain E3s, the RING (Really Interesting New Gene) 
ubiquitin ligases and the recently described U-box ligases with similarity to 
RING finger ubiquitin ligases (Hatakeyama and Nakayama, 2003; Joazeiro 
and Weissman, 2000; Rotin et al., 2000). The major difference is that HECT 
domain E3s accept ubiquitin from the E2 before transferring ubiquitin to the 
substrate, whereas RING E3s mediate the direct transfer of ubiquitin from 
the E2 to the substrate (Figure 2). 
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Like phosphorylation, ubiquitination is a reversible post-translational 
modification. Deubiquitination is carried out by deubiquitinating enzymes 
that hydrolyze the ubiquitin-protein isopeptide bonds (Weissman, 2001). 
Moreover, ubiquitin can be attached to one or several lysines in a protein, 
resembling the situation of phosphorylation and hyperphosphorylation, re-
spectively (Shtiegman and Yarden, 2003). Whereas ubiquitin is attached to a 
lysine residue, either in the substrate or in ubiquitin itself, phosphate groups 
can be attached either to tyrosine, serine or threonine residues. Moreover, 
unlike phosphate groups, ubiquitin can form different types of ubiquitin 
chains on proteins thus providing a modification with higher diversity than 
phosphorylation. 

3.2 Mono-, multi- versus polyubiquitination 
Attachment of a single ubiquitin to a single lysine or to several lysine resi-
dues of proteins leads to their monoubiquitination or multiple monoubiquiti-
nation, respectively (Hicke, 2001) (Figure 3). On the other hand, the forma-
tion of a ubiquitin chain by the subsequent addition of single ubiquitin mole-
cules to ubiquitin itself, results in polyubiquitination (Hicke, 2001; Pickart, 
2001) (Figure 3).  

Figure 3. Mono-, multi- versus polyubiquitination. U = Ubiquitin. 

The type of ubiquitin conjugate that forms largely determines the fate of 
the ubiquitinated proteins. Importantly, monoubiquitination is not sufficient 
as a targeting signal for the 26 S proteasome, but has been shown to be in-
volved in endocytosis of plasma membrane proteins, sorting of proteins to 
the MVB, histone regulation, DNA repair and budding of retroviruses from 
the plasma membrane (Bonifacino and Traub, 2003; Hicke and Dunn, 2003; 
Polo et al., 2003). Instead, the recognition signal for proteasomal degrada-
tion is a ubiquitin chain consisting of at least four ubiquitins (Thrower et al., 
2000). Since ubiquitin contains seven lysine residues, out of which K11, 
K29, K48 and K63 can act as acceptor sites for another ubiquitin molecule in 
vivo, there are different possibilities for formation of polyubiquitin chains 
(Weissman, 2001). Polyubiquitin chains formed via linkages between the 
carboxy-terminal glycine (G76) and lysine 48 (K48) of two ubiquitins pre-
dominantly targets proteins for proteasomal degradation (Pickart, 2001). On 
the other hand, ubiquitin chains linked via K63 are implicated in non-
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proteolytic functions including DNA repair, translation, activation of certain 
kinases and endocytosis of yeast transporters (Arnason and Ellison, 1994; 
Galan and Haguenauer-Tsapis, 1997; Hicke and Dunn, 2003; Rotin et al., 
2000). The functions of chains linked via K11 and K29 are currently un-
known (Weissman, 2001). Thus, the classical view on ubiquitin as a recogni-
tion signal for the proteasome is apparently only one of its many functions.  

3.3 Monoubiquitin - signal for internalization and endosomal 
sorting
Emerging evidence indicates that monoubiquitination has an important role 
in several steps of receptor endocytosis. First of all, many recent studies 
indicate that monoubiquitination of various receptors provides a signal for 
their internalization and endosomal sorting for lysosomal degradation. Sec-
ondly, several endocytic proteins have domains that interact with monoubiq-
uitin and are thus implicated in sorting of monoubiquitinated cargo along the 
endocytic pathway. Finally, many of the ubiquitin-binding endocytic pro-
teins are monoubiquitinated themselves upon ligand stimulation. 

3.3.1 Monoubiquitin as a signal for internalization 
Studies of Ste2p (a pheromone GPCR in yeast), for the first time showed 
that monoubiquitin is sufficient for receptor internalization (Shih et al., 
2000). Importantly, Ste2p removal from the cell surface and delivery for 
degradation to the yeast vacuole, the equivalent of the mammalian lysosome, 
is dependent on the ubiquitin acceptor lysine residues in its cytoplasmic do-
main (Terrell et al., 1998). Moreover, Ste2p-Ub chimera consisting of the 
extracellular and transmembrane domains fused to a single ubiquitin mole-
cule are rapidly internalized and degraded in the yeast vacuole (Shih et al., 
2000). Accordingly, fusion of ubiquitin to the invariant chain of the inter-
leukin-2 receptor alpha chain or transferrin receptor is sufficient to direct 
their endocytosis and degradation in mammalian cells (Nakatsu et al., 2000; 
Raiborg and Stenmark, 2002). Moreover, we have recently demonstrated 
that monoubiquitin fused to an EGFR lacking all cytoplasmic sequences 
meditates constitutive receptor internalization and lysosomal degradation 
(Paper I). These findings suggest that monoubiquitin carries both internaliza-
tion and endosomal/lysosomal sorting signals. However, the rate of ligand-
mediated internalization of the EGFR-Ub chimera was slower than that of 
the wild type EGFR (Paper I), pointing to the presence of redundant path-
ways, for example the CIN85/endophilin pathway or di-leucine and tyrosine-
based endocytic motifs in the EGFR, which are involved in ubiquitin-
independent routes of early receptor internalization (Marmor and Yarden, 
2004; Soubeyran et al., 2002). In addition, overexpression of Cbl does not 
increase the internalization rate and Cbl mutants lacking the ubiquitin ligase 
activity do not block receptor internalization (Levkowitz et al., 1998). Simi-
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larly, several reports indicate that EGFRs are internalized into the early en-
dosomal compartment independent of receptor phosphorylation and ubiquit-
ination (Duan et al., 2003; Jiang and Sorkin, 2003; Wang et al., 2002). Thus, 
multiple mechanisms might be involved in receptor endocytosis from the 
cell membrane in mammalian cells.  

Taken together, these data show that monoubiquitination of yeast trans-
membrane receptors is sufficient and required for their endocytosis. More-
over, monoubiquitination is sufficient to drive internalization of some 
mammalian receptors, although it might not be strictly required.  

3.3.2 Monoubiquitin as a signal for endosomal sorting and degradation 
Several studies in yeast and mammalian cells point to the fact that 
monoubiquitin attached to cargo is a sorting signal for its regulated entry 
into the inner vesicles of the forming MVB that are targeted for the degrada-
tion pathway (Table 1). The requirement for monoubiquitin in MVB sorting 
has been demonstrated for several proteins in yeast. A transmembrane pro-
tein from the biosynthetic pathway that follows the MVB pathway in yeast is 
carboxypeptidase S (CPS) (Odorizzi et al., 1998). CPS becomes monoubiq-
uitinated on one particular lysine residue in its cytoplasmic domain 
(Katzmann et al., 2001; Reggiori and Pelham, 2001). If monoubiquitination 
of CPS is blocked, by mutation of this lysine to arginine, CPS is not sorted 
into the inner vesicles of the MVB and accumulates at the limiting mem-
brane (Katzmann et al., 2001). Interestingly, in-frame fusion of monoubiq-
uitin (Reggiori and Pelham, 2001; Urbanowski and Piper, 2001) or addition 
of the ubiquitin-targeted sequence from CPS (Katzmann et al., 2001) to pro-
teins that normally are not destined for sorting into the intralumenal MVB 
vesicles, promotes their MVB sorting and targeting into the vacuo-
lar/lysosomal lumen. Accordingly, reduction of the levels of free ubiquitin in 
yeast strains lacking the deubiquitinating enzyme Doa4, which is required 
for removal of ubiquitin from cargo before it enters the MVB for degrada-
tion (Dupre and Haguenauer-Tsapis, 2001), leads to defect sorting of cargo 
into the MVB and accumulation of proteins at the limiting membrane 
(Amerik et al., 2000; Losko et al., 2001; Reggiori and Pelham, 2001). More-
over, the transmembrane ubiquitin ligase Tul1, a RING-type ubiquitin ligase, 
is required for efficient ubiquitination and sorting of cargo into the vacuole 
(Reggiori and Pelham, 2002). Thus, monoubiquitin appears to be an impor-
tant signal for targeting of cargo into the MVB sorting pathway and for 
vacuolar/lysosomal degradation.  

Sorting of many mammalian receptors, including RTKs, GPCRs and cy-
tokine receptors into the MVB and degradation pathways also depends on 
their ubiquitination (Katzmann et al., 2002). Importantly, fusion of ubiquitin 
to the constitutively recycling transferrin receptor, sorts it into the degrada-
tive endocytic pathway and prevents its recycling (Raiborg et al., 2002). 
Moreover, mutations of lysines in the cytoplasmic tail of the GPCR CXCR4 
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inhibits its degradation, but not its internalization (Marchese and Benovic, 
2001). In the case of RTKs, overexpression of Cbl enhances ubiquitination 
and downregulation of EGF, PGDF and CSF-1 receptors (Lee et al., 1999; 
Levkowitz et al., 1998; Miyake et al., 1998; Miyake et al., 1999; Wang et al., 
1999).  

Table 1. Monoubiquitination of receptors as an internalization and/or endosomal 
sorting signal.

Receptor E3 Role of monoubiquitination References 

EGFR Cbl Internalization (?) and MVB 
sorting signal 

Mosesson et al.,  2003, 
Haglund et al., 2003 

PDGFR Cbl Internalization (?) and MVB 
sorting signal 

Miyake et al., 2003, 
Haglund et al., 2003 

Interleukin-2
receptor ND Sorting toward degradation Rocca et al., 2001 

Ste2p Rsp5 Internalization and MVB sorting 
signal Dunn and Hicke, 2003 

ND, not determined. 

There is substantial evidence that ubiquitination of the EGFR is critical 
for receptor sorting for lysosomal degradation but not for receptor internali-
zation: Firstly, oncogenic Cbl mutants, which are impaired in their ubiquitin 
ligase activity, block receptor degradation by shunting endocytosed receptors 
from the endosome to the recycling pathway without any effect on the inter-
nalization rate (Levkowitz et al., 1998). Secondly, overexpression of Cbl 
leads to enhanced EGFR ubiquitination and degradation without affecting 
the rate of internalization (Levkowitz et al., 1998). Thirdly, endosomal sort-
ing and lysosomal degradation of the EGFR are abrogated in Cbl-deficient 
mouse embryonic fibroblasts, but the rate of internalization is almost un-
changed from wild type cells (Duan et al., 2003). Fourthly, stimulation of the 
EGFR with TGF  induces ubiquitination, but since the ligand dissociates in 
early endosomes, the ubiquitination is transient and not sufficient to promote 
transport of the EGFR to the MVB and lysosome, leading to receptor recy-
cling (Longva et al., 2002). On the other hand, EGF persistently follows the 
receptor along the endocytic route and favors ubiquitination and lysosomal 
degradation (Levkowitz et al., 1998). Moreover, lysosomal targeting of 
EGFRs is also prevented by proteasomal inhibitors, which probably deplete 
the cellular pool of free ubiquitin (Longva et al., 2002). Finally, several on-
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cogenic EGFR mutants lack the Cbl-binding site and consequently do not 
undergo ubiquitination and lysosomal degradation (Peschard and Park, 
2003). Taken together, these findings demonstrate that ubiquitin is a sorting 
signal that controls lysosomal targeting and removes receptors from the re-
cycling pathway. 

3.4 Endocytic sorting via ubiquitin-binding proteins 
What are the mechanisms that allow sorting of ubiquitinated proteins into 
vesicles at the plasma membrane and in the forming MVB? The identifica-
tion of ubiquitin-binding domains, such as UIMs (ubiquitin-interacting mo-
tifs) (Hofmann and Falquet, 2001; Polo et al., 2002), UBA (ubiquitin-
associated) (Hofmann and Bucher, 1996), UBC (ubiquitin-conjugating en-
zyme-like)/UEV (ubiquitin E2 variant) (Katzmann et al., 2001), NZF (np14 
zinc finger) (Meyer et al., 2002) or CUE (coupling of ubiquitin conjugation 
to ER degradation) domains (Ponting, 2000; Shih et al., 2003), has given 
insight into how endocytic trafficking of ubiquitinated receptors might be 
governed. Interestingly, these domains are found in various endocytic pro-
teins in both mammalian and yeast cells, including Eps15/Ede1p, ep-
sins/Ents1/2, Hrs/Vps27p, STAM/Hse1p and TSG101/Vps23p (Figure 4).  

Figure 4. Endocytic ubiquitin-binding proteins. The ubiquitin-binding domains are 
highlighted. For simplicity, only certain domains of the proteins are depicted. EH, 
Eps15 homology; ENTH, Epsin N-terminal homology; FYVE, 
Fab1p/YOTB/Vac1p/EEA1; SH3, Src homology 3; V27CT, Vps27 C-terminal do-
main; VHS, Vps27/Hrs/STAM. Adapted from Di Fiore et al., 2003. 

Although the three-dimensional structures of these domains are quite dif-
ferent, all of them bind directly to the so called Ile44 patch of monoubiquitin 
(Hicke and Dunn, 2003). The interaction occurs with relatively low affinity, 
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but the affinity probably increases when ubiquitin-binding proteins form 
multimeric complexes (Bache et al., 2003; Katzmann et al., 2001; VanDe-
mark et al., 2001). Indeed, many recent reports show the requirement for 
ubiquitin-binding proteins and their ubiquitin-binding domains for endocyto-
sis and endosomal sorting of ubiquitinated receptors for degradation (Figure 
1 and Table 2) (Di Fiore et al., 2003; Hicke and Dunn, 2003; Katzmann et 
al., 2002). 

3.4.1 Ubiquitin-binding proteins in internalization 
Major proteins involved in formation of endocytic vesicles at the plasma 
membrane contain UIM or UBA domains. Eps15 and epsins are known to 
participate in assembling clathrin-coated vesicles by interacting with the 
clathrin adaptor protein AP-2 through their DPF (Asp-Pro-Phe) and DPW 
(Asp-Pro-Trp) motifs, respectively (Polo et al., 2003). Moreover, epsin in-
teracts with the plasma membrane phospholipid PI(4,5)P2 via its ENTH do-
main and directly with clathrin, implicating epsin as an important clathrin 
adaptor (Wendland, 2002). Interestingly, both Eps15 and epsins bind directly 
to monoubiquitin via their UIMs, raising the possibility that they can also 
bind monoubiquitinated receptors via these motifs (Benmerah et al., 1998; 
Chen et al., 1998; Polo et al., 2002). Importantly, Eps15 can form oligomeric 
complexes via its coiled-coil domain (Polo et al., 2003). Moreover, Eps15 
and epsin form heterooligomeric complexes via interactions between the EH 
(Eps15 homology) domains of Eps15 and NPF (Asn-Pro-Phe) motifs of ep-
sin (Polo et al., 2003). These interactions could contribute to higher avidity 
in their binding to monoubiquitin. In yeast, the homologues of epsins (1 and 
2) and Eps15; Ent1p/Ent2p and Ede1p, have indeed been shown to regulate 
the internalization of Ste2p (Shih et al., 2002). Ent1p/Ent2p each contain two 
UIMs, like human epsins, and Ede1p contains a UBA domain instead of two 
UIMs (Di Fiore, 2003). Internalization of Ste2p requires that Ent1p, Ent2p 
and Ede1p are present, since deletion mutants lacking all three proteins are 
deficient in endocytosis (Shih et al., 2002). The ubiquitin-binding domains 
of the proteins seem to have redundant functions in promoting internaliza-
tion, since deletion of the Ent1p UIM is not sufficient to decrease the inter-
nalization rate significantly in the presence of Ede1p (Shih et al., 2002). 
However, deletion of the UIM of Ent1p decreases the internalization rate in 
strains lacking Ent1p, Ent2p and Ede1p. Thus, epsins and Eps15 are required 
for endocytosis and their function is dependent on intact UIMs, at least in the 
case of Ents (Shih et al., 2002). The requirement for the UIMs of epsins and 
Esp15 for receptor internalization remains to be determined in mammalian 
cells.
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Table 2. Ubiquitin-binding proteins in internalization and endosomal sorting. 

Protein UBD Binds
Ub

UBD
re-

quired* 

Function of UBD in 
internalization or en-

dosomal sorting 

References 

Yeast
Ent1p/2p UIM Yes Yes Internalization of Ste2p. Shih et al., 2002 

Ede1p UBA Yes ND Shih et al., 2002 

Vps27p UIM Yes Yes Sorting of CPS and Ste2p 
into the vacuole. 

Shih et al., 2002, 
Bilodeau et al., 

2002

Hse1p UIM Yes Yes Sorting of vacuolar mark-
ers into the vacuole. 

Bilodeau et al., 
2002

Vps23p UEV Yes Yes
Sorting of monoubiqui-

tinated CPS into the 
MVB. 

Katzmann et al., 
2001

Vps36p NZF Yes ND Meyer et al., 2002 

Vps9p CUE Yes Yes Sorting of Ste2p and 
Ste3p into the vacuole.  

Davies et al., 2003, 
Donaldson et al., 
2003, Shih et al., 

2003
Mammals
Epsin1, 2 UIM Yes ND Wendland, 2002 

Eps15 UIM Yes ND Salcini et al., 1999 

Hrs UIM Yes Yes

Sorting of ubiquitinated 
EGFRs and transferrin-

Ub chimera into the 
MVB. 

Raiborg et al., 2002 
Bishop et al., 2001,  

Lu et al., 2003 

STAM1 UIM Yes Yes
Sorting of ubiquitinated 
cargo, including EGFRs, 

into the MVB. 

Kanazawa et al., 
2003,

Mizuno et al., 2003 

STAM2 
(Hbp) UIM Yes Yes Sorting of EGFRs for 

degradation.

Kanazawa et al., 
2003,

Mizuno et al.,  2003 
Bache et al., 2003 

TSG101 UEV Yes Yes
Sorting of ubiquitinated 
EGFRs for lysosomal 

degradation.

Bishop et al., 2003 
Babst et al., 2000  

Cbl UBA ND ND Levkowitz et al, 
1998

* The requirement for an intact ubiquitin-binding domain has been shown in inter-
nalization and/or endosomal sorting. UBD, ubiquitin-binding domain; Ub, ubiquitin; 
MVB, multivesicular body; ND, not determined. 
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3.4.2 Ubiquitin-binding proteins in endosomal sorting 
There is strong evidence for a role of ubiquitin-binding proteins in ubiquitin-
dependent endosomal sorting of receptors for lysosomal degradation. These 
proteins act in the step when receptors are sorted from the limiting mem-
brane of the sorting endosome into the inner vesicles of the forming MVB. 
Two major ubiquitin-binding proteins involved in this sorting process are 
Hrs and a component of the ESCRT-I (endosomal sorting complex required 
for transport) machinery, TSG101 (tumor susceptibility gene product 101). 
Both proteins are localized on endosomes containing ubiquitinated proteins 
and internalized EGFRs and facilitate EGFR degradation (Bishop et al., 
2002; Raiborg et al., 2002).  

Hrs localizes to the endosomal membrane via its FYVE and coiled-coil 
domains (Raiborg et al., 2001). Hrs has several important functions during 
endosomal ubiquitin-dependent sorting of endocytic cargo to lysosomes 
(Raiborg et al., 2003). First of all, Hrs recruits ubiquitinated cargo to bilay-
ered clathrin-coated microdomains of early endosomes by interacting with 
ubiquitin via its UIMs (Bilodeau et al., 2002; Raiborg and Stenmark, 2002; 
Shih et al., 2002). These clathrin-coated microdomains are involved in tar-
geting of ubiquitinated receptors, including EGFRs and growth hormone 
receptors (GHRs) to the inner vesicles of the MVB (Bishop et al., 2002; 
Raiborg et al., 2002; Sachse et al., 2002). Secondly, several lines of evidence 
indicate that Hrs is involved in sorting of ubiquitinated proteins for ly-
sosomal degradation. Cells lacking Hrs due to siRNA-mediated knock-down 
or knock-out in Drosophila or mouse show accumulation of EGFRs in en-
dosomes and reduced degradation of the EGFR (Bache et al., 2003; Jekely 
and Rorth, 2003; Kanazawa et al., 2003; Lloyd et al., 2002). Accordingly, 
sorting of transferrin receptors fused to ubiquitin into the degradative path-
way requires the intact UIM of Hrs (Raiborg et al., 2002). Consistently, the 
intact UIMs of Vps27p, the yeast homologue of Hrs, are required for effi-
cient sorting of ubiquitinated Ste2p into the vacuole for degradation (Shih et 
al., 2002). Moreover, deletion of the UIM of Hrs/Vps27p or an Hrs-
interacting protein, Hse1 (resembles Hbp, STAM and EAST), leads to defect 
sorting of vacuolar markers into the vacuole/lysosome in yeast (Bilodeau et 
al., 2002). Interestingly, Hrs also recruits other ubiquitin-binding proteins to 
sorting endosomes. Recent findings indicate that Hrs, Eps15 and STAM 
(signal-transducing adaptor molecule) form a multivalent ubiquitin-binding 
complex on early endosomes (Bache et al., 2003). Importantly, the UIMs of 
all of these proteins are required for sorting of ubiquitinated cargo into the 
degradation pathway (Bilodeau et al., 2002; Raiborg et al., 2002; Shih et al., 
2002).

After being sorted by Hrs to clathrin-coated regions on the endosome, the 
ubiquitinated cargo is recognized by the ESCRT machinery, which is in-
volved in vesicle budding at the endosomal membrane (Katzmann et al., 
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2002). Interestingly,  interactions between Hrs and TSG101 are important 
for recruitment of the ESCRT-I complex to endosomal membranes (Bache et 
al., 2003; Katzmann et al., 2003; Lu et al., 2003; Pornillos et al., 2003). The 
complex formation between Hrs and TSG101 is also required for targeting of 
the EGFR to late endosomes and for ligand-induced downregulation of the 
EGFR, since abolishment of their interactions leads to accumulation of 
EGFRs in early endosomes (Lu et al., 2003). Importantly, TSG101 (Vps23 
in yeast) contains a UEV/UBC-like domain that interacts with ubiquitin and 
is required for sorting of ubiquitinated cargo, including the EGFR, into the 
degradation pathway in mammalian and yeast cells (Babst et al., 2000; 
Bishop et al., 2002; Katzmann et al., 2001). Accordingly, EGFR downregu-
lation is impaired in mouse fibroblasts lacking TSG101 (Babst et al., 2000), 
giving rise to tumors in nude mice (Li and Cohen, 1996). At the MVB mem-
brane, ESCRT-I transfers ubiquitinated cargo to ESCRT-II and ESCRT-III, 
which function sequentially and downstream of ESCRT-I to transport cargo 
into the inner vesicles of the MVB (Katzmann et al., 2002). Interestingly, 
ESCRT-II is composed of three proteins (Vps36, Vps22 and Vps25 in yeast) 
out of which Vps36 binds to ubiquitin via its NZF domain (Meyer et al., 
2002). It is therefore likely that TSG101 transfers ubiquitinated cargo to 
Vps36 in ESCRT-II (Katzmann et al., 2002). Before entry of cargo into the 
intralumenal vesicles of the MVB, the deubiquitinating enzyme Doa4 re-
moves ubiquitin from the cargo to maintain the levels of free ubiquitin in the 
cell (Amerik et al., 2000). These findings indicate that ubiquitin-binding 
proteins and their ubiquitin-binding domains may guide the transport of 
ubiquitinated cargo for lysosomal degradation in both yeast and mammalian 
cells.

3.4.3 Monoubiquitination of endocytic proteins  
Interestingly, several of the proteins of the endocytic machinery are  
monoubiquitinated upon growth factor stimulation, giving rise to another 
level of complexity to the theme of monoubiquitination during endocytosis 
(Di Fiore et al., 2003). Among these proteins are Eps15, Eps15R, epsins and 
CIN85, which function at the plasma membrane, and Hrs and STAM at the 
endosomal membrane (Table 3) (Katz et al., 2002; Klapisz et al., 2002; Old-
ham et al., 2002; Polo et al., 2002; Urbe et al., 2003; van Delft et al., 1997; 
Paper II). 

Monoubiquitination of Eps15, Eps15R, epsins and Hrs is directed by the 
HECT type ubiquitin ligase Nedd4, which is not directly associated with 
activated RTKs (Polo et al., 2002). However, their monoubiquitination is 
induced upon stimulation with EGF, indicating that the catalytic activity of 
Nedd4 is regulated by growth factor stimulation (Di Fiore et al., 2003). 
Moreover, the monoubiquitination of the CUE domain-containing protein 
Vps9p is also mediated by a HECT-type ubiquitin ligase, Rsp5p (Davies et 
al., 2003; Shih et al., 2003). On the other hand, the RING-type ubiquitin 
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ligase Cbl binds directly to activated RTKs and mediates ligand-induced 
multiple monoubiquitination of RTKs as well as monoubiquitination of 
CIN85 (Paper I; Paper II).

Table 3. Monoubiquitinated endocytic proteins. 
MonoUb pro-

tein UBD E3 Stimulus References 

Yeast

Vsp9p CUE Rsp5p ND Davies et al., 2003,  
Shih et al., 2003 

Mammals

Espin 1,2 UIM Nedd4 EGF Polo et al., 2002 
Oldham et al., 2002 

Eps15 UIM Nedd4 EGF 
Polo et al., 2002 

Van Delft et al., 1997 
Klapisz et al., 2002 

Eps15R UIM Nedd4 EGF Polo et al., 2002 
Klapisz et al., 2002 

Hrs UIM Nedd4 EGF 
Polo et al., 2002,
Urbé et al., 2003 
Katz et al., 2002 

STAM UIM ND ND Katz et al., 2002 
CIN85 - Cbl EGF Haglund et al., 2002 

MonoUb = monoubiquitinated, UBD, Ubiquitin-binding domain; ND, not deter-
mined. 

Importantly, the UIMs of Eps15/Eps15R, epsins and Hrs or the CUE do-
main of Vps9p, are required for their own monoubiquitination (Davies et al., 
2003; Katz et al., 2002; Klapisz et al., 2002; Oldham et al., 2002; Polo et al., 
2002; Shih et al., 2003). It is not yet fully understood which role the 
UIM/CUE domain plays during their monoubiquitination, but several hy-
potheses have been suggested. One of them is that transient association of 
UIMs with ubiquitin-loaded E3 ligase is required for the transfer of ubiquitin 
to a UIM-containing protein (Di Fiore et al., 2003). Since the monoubiquiti-
nation site is located outside of the UIM, the UIM might engage in in-
tramolecular interactions with its own monoubiquitin molecule (Hicke and 
Dunn, 2003). In the case of Vps9p, it has been proposed that intramolecular 
monoubiquitin-CUE interactions might inhibit its GEF activity (Donaldson 
et al., 2003). Upon binding of ubiquitinated cargo, on the other hand, Vps9p 
would regain its active conformation and promote activation of 
Vps21p/Rab5 and endosomal trafficking (Donaldson et al., 2003). The fre-
quent monoubiquitination of endocytic proteins suggests that it has an im-
portant role, but it still remains to be determined how monoubiquitination 
regulates the endocytic machinery. 
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4. Cbl is a ubiquitin ligase and multiadaptor protein 
The members of the Cbl protein family have emerged to act as ubiquitin 
ligases and multifunctional adaptor proteins that regulate signaling down-
stream of various cell surface receptors (Thien and Langdon, 2001). Due to 
their ability to assemble multimolecular complexes, Cbl proteins are in-
volved in various cellular processes, including receptor downregulation, 
regulation of cell morphology, immune response, bone resorption and glu-
cose uptake (Dikic et al., 2003).

4.1 Domain structure and interacting proteins 
Cbl contains an amino terminal tyrosine kinase binding (TKB) domain, con-
sisting of a four helix bundle, a calcium binding EF hand and an SH2 do-
main.  The TKB domain is followed by a short linker region, a RING finger 
(RF) domain, a proline-rich region (PRO), an acidic box containing several 
serine/threonine and tyrosine phosphorylation sites, and a carboxy-terminal 
leucine zipper (LZ) domain, partially overlapping with a ubiquitin-associated 
(UBA) domain (Figure 5).  

Figure 5. Cbl domain structure and Cbl-interacting proteins. TKB, tyrosine kinase 
binding; RF, RING finger; PRO, proline-rich region; S, serine-rich motif; Y, tyro-
sine residues; PR, proline-arginine motif (PxxxPR); UBA, ubiquitin-associated; LZ, 
leucine zipper; SFKs, Src family kinases.  

The TKB domain binds to phosphotyrosine motifs (pYXXXØ; X, any 
residue; Ø, hydrophobic residue) of PTKs (e.g. ZAP-70 and Syk) and acti-
vated RTKs (Thien and Langdon, 2001). Phosphorylated adaptor proteins 
such as Sprouty2, BLNK (B-cell linker protein) and APS (adaptor protein 
with pleckstrin homology and SH2 domains) have also been identified to 
associate with the SH2 domain of Cbl (Liu et al., 2002; Rubin et al., 2003; 
Yasuda et al., 2000).  
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The RING finger domain recruits ubiquitin-conjugating enzymes and 
catalyzes the transfer of ubiquitin to its substrates, including bound RTKs, 
PTKs and other proteins, establishing Cbl as an E3 ubiquitin ligase (Joazeiro 
et al., 1999; Levkowitz et al., 1999; Yokouchi et al., 1999a) The crystal 
structure of Cbl in complex with the E2 UbcH7 shows that the RING finger 
domain and linker region of Cbl form many contacts with UbcH7 (Zheng et 
al., 2000). Specific mutations within the RING finger domain (C381A and 
W408A) disrupt the association with the E2 enzyme and abolish the ubiq-
uitin ligase activity (Joazeiro et al., 1999; Levkowitz et al., 1999; Yokouchi 
et al., 1999a).  

The proline-rich region of Cbl associates with several SH3 domain-
containing adaptor proteins, such as ArgBP2, Cbl-associated protein (CAP), 
Nck and Grb2 as well as Src family kinases (Src, Fyn and Lyn) and phos-
pholipase C 1 (PLC 1), promoting the formation of signaling networks 
(Dikic et al., 2003). Moreover, the proline-rich motifs of Cbl are recognized 
by the WW domains of the HECT-type E3 ligase AIP4 (Courbard et al., 
2002).  

Tyrosine phosphorylation of Cbl, following activation of various cell sur-
face receptors, results in its association with SH2 domain-containing pro-
teins. The major phosphorylation sites of Cbl are Y700, Y731 and Y774 
(Feshchenko et al., 1998), which associate with the guanine nucleotide ex-
change factor Vav (Y700), the p85 subunit of PI(3)K (Y731) and the adaptor 
protein Crk (Y700 and Y774) (Jain et al., 1997; Marengere et al., 1997; Ri-
bon et al., 1996). These proteins are thought to mediate the regulation of 
Cbl-induced changes of the actin cytoskeleton (Dikic et al., 2003). Impor-
tantly, association of Cbl with activated insulin receptors in adipocytes leads 
to its tyrosine phosphorylation and association with a complex consisting of 
Crk, the guanine nucleotide exchange factor C3G and the small GTPase 
TC10 (Saltiel and Pessin, 2002). In addition, Cbl associates with the adaptor 
protein CAP, which recruits the Cbl-Crk-C3G-TC10 complex to the plasma 
membrane, from where it stimulates translocation of the glucose transporter 
GLUT-4, leading to glucose uptake (Saltiel and Pessin, 2002). The carboxyl 
terminal part of Cbl contains two serine motifs, which associate with 14-3-3 
adaptor proteins following T cell receptor (TCR) stimulation (Liu et al., 
1997).  

Tyrosine phosphorylation of Cbl also promotes a conformational change 
of the carboxyl terminal part of Cbl, which exposes specific proline-arginine 
motifs (PxPxPR), promoting the interaction with the SH3 domains of the 
adaptor proteins CIN85 and CMS (Cas-ligand with multiple SH3 domains) 
(Kowanetz et al., 2003a). Cbl/Cbl-b can also ubiquitinate proteins bound to 
its carboxyl terminal part, including the family of CIN85/CMS proteins and 
the p85 subunit of PI(3)K (Fang et al., 2001; Paper II).  

The leucine zipper domain is involved in dimerization of Cbl molecules 
and deletion of this domain results in reduced tyrosine phosphorylation of 
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Cbl and decreased association with EGFRs (Bartkiewicz et al., 1999). This 
domain partially overlaps with a consensus sequence for UBA domains 
(Hofmann and Bucher, 1996), which in other proteins has been shown to 
bind to ubiquitin. However, the function of the Cbl UBA domain remains to 
be determined. 

4.2 Cbl family members
The family of Cbl proteins has three members in mammals: c-Cbl, Cbl-b and 
Cbl-3 (Figure 6). c-Cbl and Cbl-b have the domain structure described 
above, while Cbl-3 contains only the TKB and RING finger domains (Thien 
and Langdon, 2001). The amino-terminal part of Cbl is conserved through-
out evolution, whereas the carboxyl-terminal parts may play roles unique to 
each Cbl family member. In Drosophila, there are two forms of Cbl, D-Cbl 
short and D-Cbl long, and in C. elegans there is SLI-1, all of which have 
TKB and RING finger domains (Hime et al., 1997; Meisner et al., 1997; 
Yoon et al., 1995). In addition, D-Cbl long has an extended carboxyl termi-
nus with LZ and UBA domains.   

Figure 6. Members of the Cbl family. TKB, tyrosine kinase binding domain; RF, 
RING finger domain; PRO, proline-rich domain; UBA, ubiquitin-associated domain; 
LZ, leucine zipper domain; thin lines, phosphorylation sites. 

4.3 Cbl in downregulation of RTKs 
The first indications that Cbl is able to negatively regulate RTK signaling 
originated from genetic studies in C. elegans, where signaling via the EGFR 
orthologue LET-23 promotes vulval induction. Loss-of-function mutations 
in the Cbl orthologue SLI-1 compensate for decreased activity of and signal-
ing via LET-23, whereas increased expression of SLI-1 suppresses vulval 
induction (Jongeward et al., 1995; Yoon et al., 1995). Moreover, D-Cbl sup-
presses the development of R7 photoreceptor cells in Drosophila, a process 
depending on EGFR signaling (Meisner et al., 1997).  
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Indeed, in mammalian cells, all Cbl family members are found to associ-
ate with activated EGFRs and undergo tyrosine phosphorylation in a ligand-
induced manner (Bowtell and Langdon, 1995; Ettenberg et al., 1999; Gal-
isteo et al., 1995; Keane et al., 1999; Tanaka et al., 1995). Importantly, over-
expression of Cbl leads to enhanced ligand-dependent ubiquitination and 
degradation of activated RTKs, including the EGFR (Levkowitz et al., 1998; 
Waterman et al., 1999), ErbB-2 (Klapper et al., 2000), PDGFR (  and )
(Miyake et al., 1998; Miyake et al., 1999), CSF-1R (Lee et al., 1999; Wang 
et al., 1996), c-Met/HGFR (Peschard et al., 2001; Taher et al., 2002), FGFR 
(Wong et al., 2002), c-Kit (Sattler et al., 1997) and Ron (Penengo et al., 
2003).  

The ubiquitin ligase activity of Cbl is regulated by ligand stimulation. 
This requires intact interactions between the SH2 domain of Cbl and its sub-
strates, which depends on their phosphorylation. Specific phosphotyrosine 
residues within the EGFR (pY1045) (Levkowitz et al., 1999), ErbB-2 
(pY1112) (Klapper et al., 2000), CSF-1R (pY969) (Wakioka et al., 2001) 
and c-Met/HFGR (pY1003) (Peschard et al., 2001) are directly recognized 
by the TKB domain of Cbl. On the other hand, the PDGFR, FGFR and c-Kit 
associate with Cbl indirectly via the adaptor proteins APS and/or Grb2 
(Brizzi et al., 1996; Husson et al., 1997; Wollberg et al., 2003; Yokouchi et 
al., 1999b). Moreover, Grb2 is also able to bring Cbl to the EGFR, since 
mutants of the EGFR lacking the direct Cbl-binding site undergo Cbl-
mediated ubiquitination and degradation dependent on Grb2 (Waterman et 
al., 2002). Once bound to activated receptors, Cbl undergoes phosphoryla-
tion on tyrosine 371 which stimulates its ubiquitin ligase activity (Levkowitz 
et al., 1999).  

The importance of Cbl-mediated ubiquitination for targeting of EGFRs 
for degradation was described in details in Chapter 3.3 and the discussion 
here will therefore relatively brief. Binding of Cbl to activated EGFRs oc-
curs at the plasma membrane (de Melker et al., 2001; Johannessen et al., 
2000; Stang et al., 2000) and Cbl remains associated with and promotes con-
tinuous ubiquitination of EGFRs along the endocytic pathway (de Melker et 
al., 2001; Levkowitz et al., 1998). Lastly, the EGFR-Cbl complex is targeted 
for degradation in the lysosome (de Melker et al., 2001; Levkowitz et al., 
1998; Longva et al., 2002). RTKs have long been thought to be polyubiquit-
inated, but we have demonstrated that Cbl rather promotes monoubiquitina-
tion of RTKs at multiple sites, which is sufficient to target receptors for deg-
radation in the lysosome (Paper I). As described in Chapter 3.3, there is 
some controversy in the field whether Cbl-mediated ubiquitination is in-
volved in promoting internalization of RTKs or rather has a major role in 
promoting their lysosomal degradation. The consensus of Cbl overexpres-
sion, knock-out and dominant negative experiments is that Cbl-mediated 
ubiquitination promotes endosomal sorting and lysosomal degradation and 
does not affect receptor internalization (Duan et al., 2003; Levkowitz et al., 
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1999; Levkowitz et al., 1998). On the other hand, mutation of the Cbl-
binding site (pY1045) of the EGFR decreases the rate of EGFR internaliza-
tion (Waterman et al., 2002), indicating that Cbl probably has a role during 
internalization that does not necessarily require the ubiquitin ligase activity, 
but rather its adaptor function.  

Recent studies have indeed indicated that Cbl regulates receptor endocy-
tosis independently of its ubiquitin ligase activity via its interaction with 
multiple endocytic proteins. For example, Cbl and Cbl-b regulate RTK in-
ternalization by binding to the adaptor protein CIN85 (Petrelli et al., 2002; 
Soubeyran et al., 2002; Szymkiewicz et al., 2002). The interaction between 
CIN85 and Cbl/Cbl-b is increased following tyrosine phosphorylation of 
Cbl, while CIN85 constitutively associates with endophilins (Soubeyran et 
al., 2002) that control plasma membrane invagination during endocytosis 
(Habermann, 2004; Hill et al., 2001). Inhibition of the interaction between 
Cbl, CIN85 and endophilins is sufficient to block RTK endocytosis and deg-
radation, without perturbing the ability of Cbl to ubiquitinate activated re-
ceptors (Petrelli et al., 2002; Soubeyran et al., 2002). A more detailed review 
on the roles of CIN85 in endocytosis is provided in Chapter 5. Another ex-
ample is provided by Src, which interacts with Cbl via its SH3 domain. The 
kinase activity of Src is required for EGFR internalization via clathrin-
coated pits, since it phosphorylates and activates dynamin (Ahn et al., 2002) 
and phosphorylates the heavy chain of clathrin (Wilde et al., 1999). Simi-
larly, Cbl associates with the p85 subunit of PI(3)K, which may regulate 
endosomal trafficking by modulating the local levels of phosphoinositides on 
cellular membranes (Simonsen et al., 2001). 

Taken together, these findings indicate that Cbl plays a critical role in 
mediating RTK downregulation both by promoting ubiquitination of RTKs 
and by linking receptors to the endocytic machinery.  

4.4 Cbl in regulation of the cytoskeleton  
Not only does Cbl act as a negative regulator of signaling, but it also func-
tions as a multiadaptor protein that orchestrates positive signals that regulate 
cytoskeletal rearrangements and cell morphology. Indeed, several proteins 
that associate with the carboxyl terminus, including PI(3)K, Crk, Vav, Src, 
CAP and CMS/CD2AP are involved in actin reorganization (Dikic et al., 
2003). Cbl regulates various aspects of cytoskeletal organization that are 
responsible for lamellipodia formation in migrating fibroblasts (Scaife and 
Langdon, 2000), spreading and migration of macrophages (Meng and 
Lowell, 1998; Ojaniemi et al., 1997), motility of osteoclasts during bone 
resorption (Chiusaroli et al., 2003; Sanjay et al., 2001), clustering of T cell 
receptors during immune response and translocation of GLUT-4 to the 
plasma membrane to stimulate glucose uptake after insulin stimulation 
(Dikic et al., 2003). 
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Integrin stimulation leads to translocation of Cbl to the plasma membrane 
and its tyrosine phosphorylation (Meng and Lowell, 1998; Ojaniemi et al., 
1998). The requirement for tyrosine phosphorylation of Cbl for cytoskeletal 
changes is emphasized by the fact that its phosphorylation by Src family 
kinases is needed for macrophage spreading and migration (Meng and 
Lowell, 1998). Moreover, Cbl mutants lacking the major tyrosine phos-
phorylation sites are unable to promote cell adhesion and spreading 
(Feshchenko et al., 1999). This suggests that downstream effectors of Cbl 
that regulate the actin cytoskeleton are recruited to Cbl in a phosphotyrosine-
dependent manner. Indeed, Src family kinases and PI(3)K are recruited to 
Cbl upon integrin stimulation (Meng and Lowell, 1998; Ojaniemi et al., 
1998). Furthermore, Cbl facilitates adhesion and spreading of v-Abl trans-
formed fibroblasts by recruiting Crk and p85/PI(3)K to specific tyrosine 
residues upon Cbl phosphorylation (Feshchenko et al., 1999). Via its asso-
ciation with Crk and PI(3)K, Cbl regulates Rac-dependent lamellipodia for-
mation and cell morphology (Scaife and Langdon, 2000).  

Deletion mutants of Cbl lacking the proline-rich domain reduce lamelli-
podia and membrane ruffle formation in fibroblasts, suggesting that, in addi-
tion to tyrosine phosphorylation of Cbl, recruitment of SH3-domain-
containing effectors is critical for Cbl-mediated cytoskeletal reorganization 
(Scaife and Langdon, 2000). Indeed, several proteins with three SH3 do-
mains, including CMS/CD2AP/CIN85, ArgBP2 and CAP, which are all 
linked to the actin cytoskeleton, associate with some proline-rich regions of 
Cbl (Baumann et al., 2000; Hutchings et al., 2003; Kirsch et al., 2001; Lynch 
et al., 2003; Ribon et al., 1998a; Soubeyran et al., 2003). CD2AP provides a 
link to the actin cytoskeleton during EGFR endocytosis, since it is able to 
associate with cortactin that in turn interacts with the Arp2/3 complex 
(Lynch et al., 2003). Moreover, the complex between Cbl and CMS partici-
pates in actin reorganization during lamellipodia formation by recruiting 
p130Cas (Kirsch et al., 2001). Cbl also interacts with CAP, which binds to 
FAK and promotes formation of stress fibers and focal adhesions in fibro-
blasts (Ribon et al., 1998a).  

The functional importance of Cbl for actin reorganization has also been 
assessed in Cbl-deficient cells. Depletion of Cbl by antisense oligonucleo-
tides inhibits Src- and PI(3)K-dependent spreading of primary macrophages 
(Meng and Lowell, 1998). Moreover, Cbl-deficient osteoclasts exhibit re-
duced migration (Sanjay et al., 2001) and Cbl is required for osteoclast mo-
tility and bone resorption during skeletal development in vivo (Chiusaroli et 
al., 2003). Accordingly, a complex between Cbl, Pyk2 and Src in osteoclasts 
has been implicated in regulating osteoclast adhesion and motility in re-
sponse to integrin stimulation (Sanjay et al., 2001). 
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4.5 Negative regulation of Cbl function 
The controlled temporal and spatial activity of Cbl is critical to ensure a fine-
tuning of RTK signaling and cellular homeostasis. The activity of Cbl is 
negatively regulated by several different mechanisms. First of all, Cbl and 
Cbl-b can mediate ubiquitination of themselves, leading to their proteasomal 
degradation (Ettenberg et al., 2001; Wang et al., 1996; Yokouchi et al., 
2001). It has been proposed that self-ubiquitination of Cbl may be promoted 
upon tyrosine phosphorylation by Src (Yokouchi et al., 2001). In fact, this 
results in decreased Cbl-mediated ubiquitination, increased levels of the 
EGFR and enhanced EGFR signaling (Bao et al., 2000). Secondly, Sprouty2 
has been shown to negatively regulate the Cbl-mediated ubiquitination and 
downregulation of activated EGFRs following EGF stimulation (Fong et al., 
2003; Rubin et al., 2003; Wong et al., 2002). Sprouty2 sequesters Cbl away 
from activated EGFRs by competing with the EGFR for binding to Cbl 
(Fong et al., 2003; Rubin et al., 2003). In this way, Sprouty2 inhibits Cbl-
mediated EGFR ubiquitination and downregulation, resulting in sustained 
signaling by the receptor. Thirdly, the activity of Cbl is negatively regulated 
by tyrosine phosphatases (Chernock et al., 2001; Kant et al., 2002; Sattler et 
al., 2000). Fourthly, PKC-induced serine phosphorylation seems to suppress 
tyrosine phosphorylation of Cbl and reduce the recruitment of SH2-domain 
containing proteins to it (Liu et al., 1999). 

Recent reports indicate that Cbl associates with HECT family ubiquitin 
ligases, which might either have a negative regulatory effect on Cbl or a 
cooperative effect during modulation of signaling pathways. The HECT E3s 
Nedd4 and AIP4 promote ubiquitination of Cbl and targets it for proteasomal 
degradation (Magnifico et al., 2003). In this way, Nedd4 can inhibit Cbl-
mediated ubiquitination and downregulation of the EGFR (Magnifico et al., 
2003). On the other hand, AIP4 and Cbl were found to function together 
during EGFR downregulation (Courbard et al., 2002). Moreover, Cbl and 
Nedd4 ubiquitin ligases co-localize with ubiquitinated Fc RI receptors in 
lipid rafts upon IgE-triggered cell signaling, probably leading to an attenua-
tion of receptor-induced signaling (Lafont and Simons, 2001). 

4.6 Cbl-deficient mice 
Cbl and Cbl-b-deficient mice are viable, healthy and show normal develop-
ment, but display phenotypes restricted to certain cells and tissues. On the 
other hand, Cbl-3 knock-out mice do not show any phenotype, probably due 
to a compensation by Cbl and Cbl-b (Griffiths et al., 2003). The major phe-
notypes of Cbl or Cbl-b knock-out mice are alterations of signaling pathways 
in thymocytes and mature T cells, respectively (Bachmaier et al., 2000; 
Chiang et al., 2000; Murphy et al., 1998; Naramura et al., 1998). Cbl-
deficient mice have increased TCR signaling in thymocytes and upregulation 
of ZAP-70 kinase activity (Murphy et al., 1998; Naramura et al., 1998), 
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whereas Cbl-b deficient mice display altered TCR function in mature T cells 
leading to enhanced Vav activity (Bachmaier et al., 2000; Chiang et al., 
2000). Moreover, Cbl-b-deficient mice are susceptible to either spontaneous 
or induced autoimmune disease, depending on the genotypic background of 
the mouse strain (Bachmaier et al., 2000; Chiang et al., 2000). A striking 
phenotype in Cbl knock-out mice is the increase in ductal density and 
branching in mammary fat pads, which could reflect enhanced signaling by 
EGFR family proteins (Murphy et al., 1998). These phenotypes are consis-
tent with the view that Cbl/Cbl-b are involved in negative regulation of tyro-
sine kinase signaling. Importantly, Cbl/Cbl-b double knock-out mice die 
early during embryogenesis (Chiang et al., 2000), suggesting that Cbl and 
Cbl-b have crucial and redundant functions in vivo.

5. CIN85 – Cbl-interacting protein of 85 kDa 
5.1 CIN85/CMS family of adaptor proteins 
CIN85 was cloned as Cbl-interacting protein of 85 kDa in human, as Ruk 
(regulator of ubiquitous kinase) or SETA (SH3 domain-containing gene 
expressed in tumorigenic astrocytes) in rat and as SH3KBP1 (SH3-domain 
kinase binding protein1) in mouse (Bogler et al., 2000; Borinstein et al., 
2000; Gout et al., 2000; Narita et al., 2001; Take et al., 2000). CMS (Cas 
ligand with multiple SH3 domains) and CD2AP (CD2-associated pro-
tein)/METS-1 (mesenchyme-to epithelium transition protein with SH3 do-
mains) are homologues of CIN85 in human and mouse, respectively (Dustin 
et al., 1998; Kirsch et al., 2001). 

CIN85 and CMS/CD2AP constitute a family of ubiquitously expressed 
adaptor proteins with three SH3 domains at the amino-terminus, a centrally 
located proline-rich region and a carboxy-terminal coiled-coil domain, in-
volved in oligomerization of CIN85/CD2AP molecules (Figure 7). The 
CIN85/CD2AP family is specifically found in mammals and not conserved 
in Drosophila, C. elegans or yeast. Neither CIN85 nor CMS/CD2AP un-
dergo tyrosine phosphorylation, but both contain potential serine and 
threonine phosphorylation sites (Tibaldi and Reinherz, 2003). Moreover, 
CIN85, but not CMS/CD2AP contains a PEST sequence that could serve as 
a potential target for protein degradation (Tibaldi and Reinherz, 2003). In 
contrast, CMS/CD2AP, but not CIN85, contains several actin-binding motifs 
(Kirsch et al., 2001). Thanks to all these features, CIN85/CD2AP function as 
platforms to assemble multimeric protein complexes.  

The family of CIN85/CD2AP proteins is involved in the formation of 
kidney glomeruli and in organization of specialized junctions in T cells 
called the immunological synapse. They can also coordinate multiple steps 
during RTK endocytosis (Dikic, 2002). A common mode of action has been 
proposed whereby CIN85/CD2AP proteins regulate these processes by clus-
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tering transmembrane receptors and mediating dynamic interactions with the 
actin cytoskeleton. The similarity in structure implicates that they have many 
overlapping functions, but their slightly differential expression patterns in 
different tissues and organs suggest that they might also have unique func-
tions.

Figure 7. Domain structure of CIN85/CMS family adaptor proteins. SH3, Src ho-
mology 3; PRO, proline-rich region; CC, coiled-coil domain, PEST, rich in P, E, S 
and T residues. 

5.2 CIN85-interacting proteins 
The SH3 domains of CIN85 and CD2AP bind to several effectors via an 
atypical proline-arginine motif (PxxxPR), which distinguishes CIN85 and 
CD2AP from other SH3-containing proteins (Kowanetz et al., 2003a; 
Kurakin et al., 2003). Interestingly, the binding between the SH3 domains of 
CIN85 or CD2AP to Cbl is triggered upon tyrosine phosphorylation of the 
latter following growth factor stimulation (Cormont et al., 2003; Kirsch et 
al., 2001; Lynch et al., 2003; Petrelli et al., 2002; Soubeyran et al., 2002; 
Take et al., 2000). Moreover, both CIN85 and CD2AP interact with CD2 
receptors via a type II PxxP motif via the second SH3 domain. This is de-
pendent on T cell activation  and suggests that their SH3 domains can inter-
act dynamically with their effectors (Borinstein et al., 2000; Dustin et al., 
1998; Hutchings et al., 2003; Tibaldi and Reinherz, 2003).  

The proline-rich region of CIN85 or CD2AP interacts constitutively with 
several SH3 domain-containing proteins. The interaction of CIN85 with 
endophilins is critical for its function in Cbl-mediated RTK downregulation 
and is mediated by specific PKKPPPP and PKKPRPP motifs in CIN85 
(Petrelli et al., 2002). Moreover, by associating with the adaptor proteins 
Grb2, Crk and p130Cas and the Src family kinases Fyn, Src and Yes, both 
CIN85 and CD2AP have been implicated in protein tyrosine kinase signaling 
and regulation of the cytoskeleton (Dikic, 2002). CIN85 might also block 
survival pathways in neuronal cells by inhibiting the activity of PI(3)K via 
its association with the p85 subunit (Gout et al., 2000).  
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5.3 CIN85/CD2AP in endocytosis of RTKs and regulation of the 
cytoskeleton
Both CIN85 and CD2AP are implicated in endocytosis of RTKs. 
CIN85/endophilin complexes are recruited to Cbl in complex with activated 
RTKs, where they can regulate invagination of the plasma membrane 
(Kobayashi et al., 2004; Petrelli et al., 2002; Soubeyran et al., 2002). CD2AP 
fulfills a similar function by binding to Cbl-RTK complexes and endophilin 
(Lynch et al., 2003). CIN85 and CD2AP also contain FxDxF motifs, which 
in several other proteins have been shown to interact with the clathrin adap-
tor protein AP-2 (Brett et al., 2002). Several findings indicate that CIN85 
and CMS/CD2AP are not only involved in early stages of endocytosis, but in 
later steps as well. Firstly, CIN85 colocalizes with Cbl-EGFR complexes in 
endosomal compartments and is degraded together with the Cbl-EGFR com-
plex in the lysosome (Szymkiewicz et al., 2002; Paper II). Secondly, CD2AP 
is found in a complex with Cbl and Rab4 that regulates early and late en-
dosome morphology as well as degradation of PDGF -receptors (Cormont et 
al., 2003). Thirdly, we could show that the monoubiquitinated form of 
CIN85 is targeted for degradation in complex with the Cbl and activated 
EGFRs after prolonged ligand stimulation (Paper II). Furthermore, many 
proteins implicated in endocytosis and membrane trafficking were identified 
as potential binding partners of CIN85 SH3 domains, all of which contain 
one or two of the recently identified CIN85 binding motif (Kowanetz et al., 
2003a; Kowanetz et al., 2003b; Kowanetz et al., in press).  

The cytoskeleton plays an important role in different steps of endocytic 
trafficking. Interestingly, both CIN85 and CMS/CD2AP are linked to the 
actin cytoskeleton. During EGFR endocytosis, CD2AP recruits cortactin to 
the complex with activated EGFRs, Cbl and endophilins (Lynch et al., 
2003). Cortactin associates both with the Arp2/3 complex, involved in regu-
lating the assembly and structure of actin networks, and the GTPase dy-
namin 2, which participates in scission of endocytic vesicles at the plasma 
membrane (Cao et al., 2003; McNiven et al., 2000). CD2AP and CIN85 also 
interact with the actin capping protein CAPZ (Hutchings et al., 2003), which 
colocalizes with actin and the Arp2/3 complex in lamellipodia of motile cells 
(Schafer et al., 1998). Also, Alix/AIP1 can recruit CIN85 to the actin cy-
toskeleton (Schmidt et al., 2003a). In addition, by recruiting p130Cas, Cbl 
and CMS/CD2AP participate in actin reorganization during lamellipodia 
formation and podocyte-foot process formation (Kirsch et al., 2001; Welsch 
et al., 2001). Moreover, CIN85 binds directly to other known regulators of 
the actin cytoskeleton, including p115RhoGEF and Huntington interacting 
protein 1 related (HIP1R) (Kowanetz et al., in press). Thus, the members of 
the family of CIN85 and CD2AP/CMS proteins act as endocytic scaffolds 
that assemble complexes of endocytic proteins in the proximity of activated 
RTKs and the actin cytoskeleton. 
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6. Signaling by RTKs in disease 
6.1 General principles of RTK deregulation 
As described above, signaling by RTKs is tightly regulated at several steps 
to ensure appropriate biological responses. The crucial importance of those 
mechanisms is highlighted by the fact that signaling via RTKs is deregulated 
in various diseases, above all cancer and immune deficiencies (Blume-
Jensen and Hunter, 2001). The following paragraphs will focus on several 
mechanisms that promote enhanced RTK signaling and cell transformation. 
In addition, loss of negative regulation of RTKs is an important factor that 
contributes to constitutive receptor signaling. 

6.1.1 Gene amplification and overexpression of RTKs 
Many RTKs have been found to be overexpressed and/or amplified in human 
tumors, including members of the EGFR family, the HGFR (Met), PDGFR, 
FGFR, VEGFR and insulin-like growth factor-I receptor (IGF-IR) (Blume-
Jensen and Hunter, 2001). High receptor overexpression may lead to sponta-
neous receptor dimerization, ligand-independent signaling and uncontrolled 
cell proliferation (Blume-Jensen and Hunter, 2001). As discussed above, 
ErbB2 receptors do not have a ligand, but they display a high potency to 
promote tumors due to their spontaneous homodimerization when overex-
pressed. Moreover, ErbB2 overexpression shifts the formation of 
homodimers of the other family members to heterodimers with ErbB2 
(Yarden and Sliwkowski, 2001). Interestingly, although ErbB2 lacks a 
ligand and ErbB3 is catalytically inactive, ErbB2-ErbB3 are the most trans-
forming of all heterodimers (Yarden and Sliwkowski, 2001). 

6.1.2  Mutations of RTKs 
Truncations or several point mutations of RTKs within the extracellular 
ligand binding domain or within the intracellular domain can also promote 
constitutive RTK signaling (Peschard and Park, 2003; Zwick et al., 2002). 
The EGFRvIII mutant lacks part of the extracellular EGFR ligand binding 
domain, due to deletion of exons 2-7 in the gene, giving rise to a constitu-
tively active receptor which induces cell proliferation in the absence of 
ligand (Moscatello et al., 1995). Other oncogenic forms of RTKs bear muta-
tions that enhance their kinase activity (Lamorte and Park, 2001). Moreover, 
chromosomal translocations, which lead to fusion of a protein dimerization 
domain with a RTK kinase domain, give rise to constitutive receptor dimeri-
zation and activation in the cytosol (Lamorte and Park, 2001).   

6.1.3 Autocrine growth factor loops 
Autocrine/paracrine stimulation of RTKs by their ligands is also involved in  
constitutive signaling and cancer (Hanahan and Weinberg, 2000). Overex-
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pression of either the RTK or the ligand is one of the six hallmarks of all 
cancers, i.e. self-sufficiency in growth signals (Hanahan and Weinberg, 
2000). For example, both the EGFR and TGF  are often overexpressed in 
glioblastomas and squamos cell carcinomas (Hanahan and Weinberg, 2000). 
In addition, overexpression of ligands for GPCRs often occurs in human 
tumor cells. This might lead to uncontrolled stimulation of EGFRs by 
autocrine loops, since constitutive activation of GPCRs can lead to the re-
lease of EGFR ligands, promoting transactivation of the EGFR (Zwick et al., 
2002).  

6.1.4 Escape from Cbl-mediated downregulation  
Several oncogenic RTKs lack the tyrosine binding site for Cbl and thus can 
not be targeted for Cbl-mediated ubiquitination and degradation. The 
EGFRVv receptor, which is found in gliomas, lacks the Cbl-binding site 
(Y1045) due to a truncation of the carboxyl terminal part (Frederick et al, 
2000). Another EGFR mutant with transforming ability is the v-erbB protein 
encoded by the avian erythroblastosis virus (AEV-C). This also lacks the 
Cbl-binding site due to an internal deletion (Choi et al., 1986). The most 
common EGFR mutant in glioblastomas, EGFRvIII, recruits Cbl and CIN85 
to a lower extent and thus escapes Cbl-mediated ubiqutination and internali-
zation (Schmidt et al., 2003b).  

As already mentioned, overexpression of ErbB2 leads to formation of 
EGFR/ErbB2 heterodimers at the expense of EGFR homodimers. Whereas 
homodimerization of the EGFR leads to ligand-induced recruitment of Cbl 
and its subsequent downregulation (Baulida et al., 1996), the formation of 
EGFR/ErbB2 heterodimers prevents Cbl binding and EGFR downregulation 
(Lenferink et al., 1998b; Muthuswamy et al., 1999). This mechanism leads 
to prolonged and enhanced signaling, in part due to less efficient Cbl-
mediated ubiquitination, internalization and degradation of heterodimers, 
compared to EGFR-EGFR homodimers.  

Other oncogenic RTK mutants are derived from Met, CSF-1R and c-Kit. 
Stimulation of the Met receptor with hepatocyte growth factor promotes Cbl-
binding to pY1003, receptor ubiquitination and downregulation (Peschard 
and Park, 2003). However, Trp-Met, an oncogenic form of Met that emerges 
from a chromosomal translocation, lacks the Cbl-binding site and does not 
undergo ubiquitination and degradation, leading to constitutive signaling and 
transformation (Peschard et al., 2001). In patients with Acute Myelodysplas-
tic Syndromes, point mutations of the Cbl-binding site in the CSF-1R have 
also been observed (Baker et al., 1995; Ridge et al., 1990). Finally, Cbl binds 
c-Kit indirectly via APS and the APS binding sites are deleted in the trans-
forming retroviral v-Kit protein (Wollberg et al., 2003; Yokouchi et al., 
1999b). Thus, escape from Cbl-mediated ubiquitination and downregulation 
seems to play an important role in the oncogenic behavior of several RTKs. 
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6.1.5  Oncogenic forms of Cbl 
Cbl was originally identified from a recombinant retrovirus, Cas NS-1, that 
induces pre- and pro-B cell lymphomas. The oncogene was called v-Cbl, for 
Casitas B-lineage lymphoma and contains only the amino terminal SH2 do-
main (Figure 8) (Langdon et al., 1989). v-Cbl acts as a dominant negative 
protein that competes with endogenous Cbl for binding to phosphorylated 
tyrosine kinases (Thien and Langdon, 2001). Since v-Cbl lacks the RING 
finger domain, it fails to ubiquitinate and target activated RTKs and PTKs 
for degradation, leading to receptor recycling instead of lysosomal degrada-
tion (Levkowitz et al., 1998).  

Figure 8. Domain structure of oncogenic forms of Cbl. TKB, tyrosine kinase bind-
ing domain; RF, RING finger domain; PRO, proline-rich region, UBA, ubiquitin-
associated domain; LZ, leucine zipper domain; aa, amino acids. 

Several oncogenic forms of Cbl, which harbor small deletions of the 
linker region between the SH2 and RING finger domains or some or all of 
the RING finger are found in tumor cells (Figure 8). Two naturally occurring 
transforming Cbl mutants, also found in chemically induced murine lym-
phomas, are 70Z-Cbl (lacking amino acids 366-382) and p95Cbl (lacking 
amino acids 366-477) (Andoniou, EMBO, 1994, Bisson, Oncogene, 2002). 
Transformation of NIH3T3 fibroblasts with 70Z-Cbl is associated with in-
creased kinase activity and phosphorylation of the EGFR and PDGFR ,
respectively (Bonita et al., 1997; Thien and Langdon, 2001). Moreover, Cbl-

Y368 and Cbl- Y371 lack residues in the linker region and transform 
NIH3T3 fibroblasts (Andoniou et al., 1994). The mechanisms by which Cbl 
mutants with deletions in the linker region transform cells are not fully un-
derstood, but the crystal structure of Cbl in complex with the E2 conjugating 
enzyme UbcH7 has provided us with further clues (Zheng et al., 2000). In 
fact, the alpha helix of the linker sequence of Cbl makes interaction points 
with both the E2 and its own SH2 domain and thus may have a critical role 
in regulating the optimal position of the substrate during the ubiquitin trans-
fer from the E2 (Zheng et al., 2000).  
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PRESENT INVESTIGATION 

Aim
The aim of this work has been to elucidate processes that control downregu-
lation of RTKs with particular emphasis on the role of the ubiquitin ligase 
Cbl and Cbl-associated protein complexes. The significance of protein 
monoubiquitination in different aspects of RTK downregulation has also 
been actively studied. Moreover, the role of Cbl-associated complexes in 
other cellular processes including actin reorganization has been analyzed. 
Taken together, this thesis has addressed several distinct steps in regulation 
of growth factor receptor signaling and endocytosis. 

Multiple monoubiquitination of RTKs is sufficient for their endocytosis 
and degradation (Paper I) 
A longstanding question about the mechanisms promoting downregulation 
of RTKs has been the status and function of their ubiquitination. They were 
thought to be polyubiquitinated after ligand binding, since they show the 
characteristic smeary pattern of polyubiquitinated substrates. However, 
RTKs are not degraded in the proteasome, but rather follow the endocytic 
pathway for lysosomal degradation. The question that arose was therefore 
how do RTKs escape the common faith of polyubiquitinated proteins?  

We reasoned that since many RTKs, including PDGFRs and EGFRs, con-
tain up to thirty lysine residues in their cytoplasmic domains, attachment of 
single ubiquitin molecules to multiple lysines could also give rise to a 
smeary pattern. In line with this, we noted that Cbl mediates solely 
monoubiquitination of CIN85, suggesting that Cbl can indeed specifically 
attach a single ubiquitin without further chain assembly (Paper II). More-
over, monoubiquitination rather than polyubiquitination has been shown to 
be an endosomal sorting signal (Hicke, 2001).  

We therefore set up an approach to test the status and function of EGFR 
ubiquitination, using antibodies against ubiquitin, mutants of ubiquitin defi-
cient in polyubiquitin chain formation and an EGFR chimera fused to ubiq-
uitin. Activated EGFRs and PDGFRs were specifically detected by antibod-
ies that recognize monoubiquitin, but not by antibodies preferentially recog-
nizing polyubiquitin, indicating that these receptors might undergo multiple 
monoubiquitination upon ligand stimulation. Moreover, both EGFRs and 
PDGFRs displayed identical smeary patterns when receptors were either 
modified with wild type ubiquitin (Ub) or monoubiquitin (Ub-K29,48,63R), 
showing that the receptor smear is not due to polyubiquitination. Interest-
ingly, dephosphorylation and deglycosylation of activated EGFRs removed a 
major part of the smear and revealed distinct laddering and attachment of a 
limited number of ubiquitin molecules to the EGFR. In further support of 
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this view, EGFRs were simultaneously modified with both HA- and FLAG-
tagged monoubiquitin.  

Next, we asked whether monoubiquitin is sufficient to drive EGFR inter-
nalization and degradation. We fused a single ubiquitin molecule to the iso-
lated extracellular and transmembrane domains of the EGFR, creating an 
EGFR chimera, in order to avoid interactions between the cytoplasmic tail of 
the EGFR and endocytic proteins. The ubiquitin molecule lacked the major 
polyubiquitinaiton site and the two carboxy-terminal glycine residues, thus 
inhibiting chain formation and attachment of this ubiquitin moiety to other 
ubiquitin molecules in the cell. The EGFR chimera was continuously inter-
nalized and targeted for degradation, suggesting that monoubiquitin is in-
deed sufficient to drive both EGFR endocytosis and lysosomal degradation. 
However, the internalization rate was half of that of the wild type EGFR, 
indicating that additional mechanisms contribute to endocytosis. Impor-
tantly, wild type EGFRs modified with multiple monoubiquitins were de-
graded with comparable kinetics as receptors attached with wild type ubiq-
uitin, demonstrating that multiple monoubiquitination of EGFRs is sufficient 
to mediate their efficient internalization, endosomal sorting and lysosomal 
degradation (Figure I). 

Figure I. Multiple monoubiquitination of RTKs might provide endosomal sorting 
signals that are recognized by ubiquitin-binding endocytic complexes. 

In conclusion, EGF and PDGF receptors are monoubiquitinated at multi-
ple sites, and not polyubiquitinated, following their ligand-induced activa-
tion. Thus, the fact that RTKs are multiply monoubiquitinated can explain 
why RTKs escape recognition by and degradation in the proteasome, for 
which the minimal recognition sequence is a chain of at least four ubiquitin 
molecules. Multiple monoubiquitination of RTKs, on the other hand, has the 
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potential to serve as a recognition signal in the different compartments along 
the endocytic pathway. Interestingly, ubiquitin-binding endocytic proteins 
like Eps15 and epsins at the plasma membrane and complexes of Hrs, 
STAM and TSG101 at the sorting endosome might be involved in sorting 
multiply monoubiquitinated RTKs for lysosomal degradation (Di Fiore et al., 
2003; Raiborg et al., 2003). The fact that these proteins have the ability to 
oligomerize, might allow them to recognize multiple monoubiquitin moieties 
on receptors simultaneously (Polo et al., 2003). Thus, monoubiquitination 
appears as an important signal responsible for trafficking of RTKs from the 
plasma membrane to the lysosome. 

Cbl-directed monoubiquitination of CIN85 is involved in regulation of 
ligand-induced degradation of EGF receptors (Paper II) 
During our studies of EGFR endocytosis regulated by Cbl-mediated ubiquit-
ination and Cbl/CIN85-associated complexes, we noted that ligand stimula-
tion resulted in an increase in the apparent relative molecular mass of 
CIN85, corresponding to the attachment of a single ubiquitin molecule. Im-
portantly, both CIN85 and its homologue CMS were monoubiquitinated 
after short and prolonged stimulation with EGF. Apparently, Cbl/Cbl-b pro-
moted ligand-induced monoubiquitination of CIN85, whereas the HECT 
type ubiquitin ligase Nedd4 mediated ubiquitination of CIN85 independently 
of ligand stimulation. Moreover, by using different deletion mutants of Cbl-b 
and CIN85, we determined that the ubiquitin ligase activity and the carboxyl 
terminus of Cbl/Cbl-b were required for monoubiquitination of CIN85. In-
terestingly, a Cbl-b mutant lacking the SH2 domain and thus the ability to 
associate with the EGFR, promoted stronger monoubiquitination of CIN85 
than wild type Cbl-b.  

We were also interested in mapping the lysine residue in CIN85 that is 
modified with ubiquitin. Deletion of the carboxy-terminal part (proline-rich 
region and coiled-coil domain) of CIN85 abolished its monoubiquitination,
although the isolated SH3 domains of CIN85 were in complex with Cbl and 
ubiquitinated EGFRs. This suggested that the monoubiquitination site is 
located in the carboxyl-terminal part of CIN85 and we therefore made small 
deletions in this region. Both deletion of the coiled-coil domain and the part 
containing the proline-rich region and PEST sequence of CIN85 completely 
abolished its monoubiquitination, indicating that an intact structure of the 
carboxyl terminus of CIN85 is required for its monoubiquitination. How-
ever, individual mutation of each of 19 conserved lysine residues in this part 
or mutation of clusters of lysines, left the monoubiquitination of CIN85 in-
tact. Therefore, monoubiquitination does not seem to be specific for a single 
lysine residue, but can instead modify different lysines in the carboxyl ter-
minus of CIN85. This is consistent with observations of other monoubiquiti-
nated proteins (Polo et al., 2002). Only upon high overexpression of 
Cbl/Cbl-b, we sometimes observed attachment of two or three ubiquitins to 
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CIN85, supporting the hypothesis that various lysine residues can be modi-
fied with ubiquitin.  

Since monoubiquitination plays an important role at several steps along 
the endocytic pathway, we analyzed the kinetics of degradation of the com-
ponents of the EGFR/Cbl/CIN85 complex. As expected, prolonged EGF 
stimulation promoted rapid decrease of the EGFR levels and almost com-
plete degradation had occurred after one hour. The levels of overexpressed 
Cbl and CIN85 also decreased partially, but most striking was the fact that 
monoubiquitinated CIN85 was degraded upon prolonged ligand stimulation. 
Indeed, the levels of EGFRs, Cbl and monoubiquitinated CIN85 were stabi-
lized in the presence of the proteasomal inhibitor MG132 (which via a 
poorly understood mechanism blocks lysosomal degradation as well). Simi-
larly, overexpression of the Cbl-G306E mutant unable to bind the EGFR, 
resulted in stabilization of the EGFR and monoubiquitinated CIN85. Taken 
together, these findings indicate that monoubiquitinated CIN85 follows the 
EGFR-Cbl complex for common degradation in the lysosome (Figure II). 

Figure II. Cbl mediates ligand-induced monoubiquitination of RTKs and CIN85. 
The RTK-Cbl-CIN85 complexes are targeted for common degradation in the ly-
sosome.  

In order to ultimately determine the function of CIN85 monoubiquitina-
tion, it will be of great importance to create a mutant that does not undergo 
ubiquitination and analyze its effect on endosomal sorting and degradation. 
However, due to the promiscuous nature of CIN85 monoubiquitination we 
were unable create such a mutant. Non-ubiquitinated deletion mutants of 
CIN85, such as the isolated SH3 domains or PCc (the proline-rich region and 
the coiled-coil domain) act as dominant negative forms blocking EGFR en-
docytosis. Moreover, the non-ubiquitinated CIN85 mutant lacking the 
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coiled-coil domain (CIN85- Cc), is unable to create endocytic vesicles, 
probably in part due to its inability to oligomerize. To what extent the lack of 
monoubiquitination contributes to these effects remains unknown. An alter-
native approach to identify the modified lysine residue would be to use mass 
spectrometry. 

Another group has reported ubiquitination of CIN85/Ruk isoforms inde-
pendent of growth factor stimulation and upon ubiquitin overexpression 
(Verdier et al., 2002). However, treatment with proteasome inhibitors did not 
lead to accumulation of Ruk, suggesting that Ruk is not targeted for protea-
somal degradation (Verdier et al., 2002). Moreover, although the authors 
define the modification as polyubiquitination, the laddering could actually be 
due to multiple monoubiquitination. Consistent with our data, the ubiquitina-
tion takes place in the carboxy-terminal part of Ruk (Verdier et al., 2002). 
Possibly, the experimental system and the action of deubiquitinating en-
zymes might be involved in determining the status of CIN85 ubiquitination.  

Novel mechanism of Sprouty2-mediated inhibition of EGFR 
downregulation (Paper III) 
Regulation of the Cbl function contributes to maintaining cellular homeosta-
sis. Fine-tuning of EGFR signaling is in part obtained by the inducible regu-
lator protein Sprouty2, which sequesters Cbl molecules from activated 
EGFRs and prevents Cbl-mediated ubiquitination and degradation. All 
mammalian Sprouty forms inhibit FGFR signaling, whereas only Sprouty1 
and Sprouty2 enhance EGFR signaling, although Sprouty3 and Sprouty4 
also contain the conserved tyrosine site. How these differential effects are 
obtained is not clear. 

We identified an atypical proline-arginine motif in Cbl that is recognized 
by the SH3 domains of CIN85 (Kowanetz et al., 2003a). Interestingly, 
Sprouty2 contains two such motifs and associates with the isolated SH3 do-
mains A and C of CIN85. However, by site-directed mutagenesis, we found 
that CIN85 interacts with only one of the identified motifs via SH3 domain 
A, indicating the presence of an additional binding site. The other binding 
site was identified as a variant proline-arginine motif, which associates with 
SH3 domain C. Mutation of the two major CIN85 binding sites in Sprouty2 
abolished the binding between the two proteins. In contrast to the association 
between the SH3 domains of CIN85 and Cbl, which is induced upon EGF 
stimulation, the interaction between Sprouty2 and CIN85 was constitutive. 
Interestingly, the two major binding sites are conserved between mouse and 
human and only found in Sprouty1 and Sprouty2, which are known to inhibit 
EGFR endocytosis.  

We next analyzed the effect of Sprouty2 mutants lacking the CIN85 bind-
ing sites on EGFR ubiquitination and downregulation. These studies showed 
that binding between Sprouty2 and CIN85 is required for Sprouty2-mediated 
inhibition of EGFR ubiquitination and downregulation as well as their ability 
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to induce neurite outgrowth of PC12 cells. Moreover, mutants of Sprouty2 
unable to bind to CIN85 translocate normally to the plasma membrane (data 
not shown). Thus, Sprouty2 requires binding to CIN85 to act as an inhibitor 
of EGFR downregulation. Since CIN85 is involved in clustering Cbl mole-
cules during EGFR endocytosis (Kowanetz et al., 2003a), we propose that 
Sprouty2 might inhibit CIN85-mediated clustering of Cbl by binding its SH3 
domains. A major question is why Sprouty2 lacking the CIN85-binding sites 
does not remove Cbl from the receptor although it has an intact Cbl-binding 
site. A possible explanation for this could be that simple binding of Sprouty2 
to Cbl is not sufficient to remove CIN85-clustered Cbl away from the acti-
vated receptor complexes. It remains to be determined whether Sprouty1 
also associates with CIN85 and whether the binding is required for its inhibi-
tion of EGFR endocytosis. Sprouty4 does not inhibit EGFR downregulation 
and thus does not induce differentiation of PC12 cells. Moreover it does not 
bind to CIN85 and it would be interesting to test whether introduction of the 
CIN85 binding sites from Sprouty2 would enable it to inhibit EGFR endocy-
tosis.

This study identifies a novel pathway of Sprouty2-mediated inhibition of 
EGFR endocytosis that could explain differences in action between the vari-
ous Sprouty isoforms (Figure III). 

Figure III. A. EGFR signaling leads to cell growth via the MAPK pathway. Cbl-
mediated ubiquitination and downregulation of the EGFR ensures cell homeostasis. 
B. The feedback regulator Sprouty2 sequesters Cbl and CIN85 away from activated 
EGFRs, leading to prolonged MAPK activation and cell differentiation. 
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Recruitment of Pyk2 and Cbl to lipid rafts mediates signals important 
for actin reorganization in growing neurites (Paper IV) 
In this study we were interested to analyze the role of Cbl in cytoskeletal 
regulation during neurite outgrowth following the observation that Pyk2 and 
Cbl form a complex in neuronal cells. Pyk2 was previously shown to be 
involved in regulating EGF-induced neurite outgrowth via recruitment of 
several effectors (Ivankovic-Dikic et al., 2000) and we asked whether Cbl 
would also be involved in this process. Importantly, Cbl and Pyk2 associate 
in adhesion structures of osteoclasts leading to regulation of cell attachment 
(Sanjay et al., 2001).  

Firstly we analyzed the nature of the complex formation between Pyk2 
and Cbl in response to growth factor stimulation and in the presence of the 
Src kinase, which was shown to be in complex Pyk2 and Cbl (Sanjay et al., 
2001). Under all experimental conditions we tested, Pyk2 and Cbl formed 
constitutive complexes independent of ligand stimulation. Moreover, the 
complex formation neither required the kinase activity of Pyk2 nor Src. We 
concluded that the complex forms independently of tyrosine phosphoryla-
tion. Importantly, only a small fraction of the proteins was found in stable 
complexes, indicating that the interaction is weak or that complex formation 
is restricted to a specific compartment in the cell.   

Next, we investigated the requirements for the association between Pyk2 
and Cbl. The complex formation was found to be indirect, since the two 
proteins did not associate in overlay assays. In our search for proteins that 
could potentially link the Cbl and Pyk2, we tested proteins with multiple 
SH3 domains, such as CAP, ArgBP2 and CMS, which were previously 
shown to couple Cbl with FAK, Arg/Abl and p130Cas, respectively 
(Baumann et al., 2000; Kirsch et al., 2001; Ribon et al., 1998b; Soubeyran et 
al., 2003). Even small amounts of ArgBP2 significantly increased the asso-
ciation between Pyk2 and Cbl, whereas the others did not. Of note, ArgBP2 
associated with Pyk2 via its first SH3 domain and with Cbl via its second 
and third SH3 domains (Soubeyran et al., 2003). Moreover, mutation of the 
ArgBP2 binding sites in Pyk2 greatly reduced its complex formation with 
Cbl. Thus, ArgBP2 is able to link Pyk2 and Cbl in mammalian cells. 

In an attempt to study the biological function of the identified complex, 
we analyzed the localization of the proteins in neuronal PC12 cells. Interest-
ingly, in this case growth factor stimulation had an impact on the localization 
of the proteins. First of all, growth factor stimulation resulted in redistribu-
tion of all three proteins from the cytoplasm to actin-stained structures and 
growth cones of growing neurites and secondly they were all recruited to 
lipid rafts. Moreover, overexpression of all three proteins promoted pro-
nounced morphological changes resulting in broad neurite extensions with 
enlarged growth cone lamellipodia and membrane ruffles. This indicates a 
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positive effect of these proteins on the actin cytoskeleton during neuronal 
differentiation.

Interestingly, overexpression of Cbl mutants lacking the major tyrosine 
phosphorylation sites, known to recruit PI(3)K and Crk, led to reduced 
growth cone lamellipodia formation. Accordingly, treatment with the PI(3)K 
inhibitor LY294002 or overexpression of dominant negative forms of CrkII 
had the same effect, suggesting that PI(3)K and Crk are involved in promot-
ing lamellipodia formation in neurites downstream of the Pyk2/Cbl complex. 
Consistent with these findings, PI(3)K and Crk mediate Rac-dependent for-
mation of lamellipodia and membrane ruffles in different cell types, includ-
ing neuronal cells (Hall, 1998). 

We further tested the requirement for lipid rafts for induction of neurite 
outgrowth and formation of growth cone lamellipodia. Lipid raft inhibition 
dramatically decreased the neurite outgrowth as well as growth cone lamel-
lipodia formation in cells overexpressing Pyk2, Cbl and ArgBP2, suggesting 
that translocation to lipid rafts is important for these processes. In accor-
dance with these findings, localization of Rac1 to sites of membrane ruffling 
and actin reorganization has been shown to require intact lipid rafts 
(Grimmer et al., 2002). 

The molecular mechanisms that control neurite outgrowth and lamelli-
podia formation are complex and involve recruitment of multiple regulatory 
proteins to the sites of dynamic actin reorganization. We provide initial clues 
to how compartmentalized signaling via RTKs might transmit signals to the 
cytoskeleton via a complex consisting of Pyk2, ArgBP2 and Cbl. In accor-
dance, a recent report demonstrates that the chemokine CXCL12 induces 
tyrosine phosphorylation of FAK, Pyk2, paxillin, Crk and tyrosine phos-
phatase SHP2 and association between Cbl, PI(3)K and SHP2 (Fernandis et 
al., 2004). Moreover, inhibitors of PI(3)K, Pyk2 and tyrosine phosphatases 
blocked CXCL12-induced chemotaxis and invasion (Fernandis et al., 2004). 
Growth factor stimulation leads to recruitment of Pyk2, Cbl and ArgBP2 to 
lipid rafts and tyrosine phosphorylation of Pyk2 and Cbl that promotes their 
association with several regulators of the cytoskeleton (Figure IV) (Dikic et 
al., 2002; Thien and Langdon, 2001). In this way the Pyk2/ArgBP2/Cbl 
complex would be able to promote cytoskeletal rearrangements in growing 
neurites. However, a major challenge for future investigations is to analyze 
whether the complex formation really takes place in lipid rafts. Another 
question, which should also be addressed, is whether Cbl is involved in me-
diating ubiquitination of Pyk2, ArgBP2 and/or RTKs during these processes. 
In conclusion, Pyk2, Cbl, PI(3)K and Crk might have a general role in link-
ing various cell surface receptors with the regulation of cytoskeletal changes 
in different types of cells. 
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Figure IV.  Growth factor stimulation leads to activation of Pyk2 and translocation 
of Pyk2, Cbl and ArgBP2 to lipid rafts. Tyrosine phosphorylation of Cbl leads to 
binding of Crk and PI(3)K, which are known to promote Rac-mediated cytoskeletal 
rearrangements.  
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FUTURE PERSPECTIVES 

The mechanisms that control RTK downregulation are only beginning to be 
understood at the molecular level. Many key players have been identified 
that control these processes, including Cbl which functions both as a ubiq-
uitin ligase and multiadaptor protein, and CIN85 which appears to function 
as a scaffold protein during receptor endocytosis. Interestingly, Cbl binds the 
EGFR only after its phosphorylation and similarly Cbl must be phosphory-
lated to recruit CIN85. Thus, phosphorylation is a prerequisite for receptor 
ubiquitination and downregulation. However, a longstanding question has 
been how ubiquitination of RTKs determines their endocytic trafficking 
towards the lysosome. 

Our discovery that Cbl specifically mediates multiple monoubiquitination 
of RTKs has provided additional insights to this question (Paper I). More-
over, monoubiquitination of associated proteins, such as CIN85, might con-
tribute to the formation of larger monoubiquitin-decorated complexes that 
are targeted for degradation (Paper II). The prevailing hypothesis is that 
ubiquitin-binding proteins of the endocytic transport machinery direct the 
transport of ubiquitinated cargo along the endocytic pathway. Yet there are 
several remaining questions on the role of multiple monoubiquitination of 
receptors and associated proteins in these processes.  

Firstly, what are the mechanisms by which multiple monoubiquitination 
contributes to receptor endocytosis and trafficking? One possibility is that 
multiple monoubiquitin molecules ensure efficient recognition by the endo-
cytic machinery and thus give a strong enough signal for downregulation. In 
line with this, multiple monoubiquitin moieties might bind multimeric com-
plexes of ubiquitin-binding proteins with higher avidity. Another hypothesis 
is that different monoubiquitinated regions of the receptor would be recog-
nized by different ubiquitin-binding proteins. Multiple monoubiquitin sig-
nals may thus determine the specificity and strength of interactions with 
ubiquitin-binding proteins. Yet it remains to be determined if interactions 
between ubiquitinated cargo and ubiquitin-binding proteins occur in vivo.
Secondly, what is the stoichiometry of multiple monoubiquitins attached to 
activated RTKs? It would be important to determine the identity and number 
of acceptor sites for monoubiquitin within RTKs. A recent report shows that 
multiple monoubiquitination occurs in the kinase domain, where 22 of the 30 
lysines in the EGFR are located (Mosesson et al., 2003). Another question is 
whether other RTKs are also modified with multiple monoubiquitins and if 
so, is this modification sufficient to target them for degradation? Further-
more, other ubiquitin ligases might also be involved in ubiquitinating and 
targeting receptors for degradation, in cooperation with Cbl or alone. For 
instance, ErbB3/HER3 and ErbB4/HER4 are not able to bind to Cbl, but 
recruit a newly identified ubiquitin ligase, Ndrp1 (Qiu and Goldberg, 2002).  
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In addition, our studies have raised more general questions in the field of 
ubiquitination, such as: what are the mechanisms that determine whether a 
substrate becomes mono-, multi- or polyubiquitinated? Very little is cur-
rently known how Cbl may specifically mediate multiple monoubiquitina-
tion of RTKs and monoubiquitination of CIN85, whereas it promotes 
polyubiquitination of several other cytoplasmic proteins such as Abl kinases 
and Sprouty2 (Rubin et al., 2003; Soubeyran et al., 2003). Is it a property of 
the substrate or are there other mechanisms involved, such as inhibition of 
chain assembly by ubiquitin-binding proteins? It is possible that interactions 
between UIM/CUE domains and monoubiquitin sterically hinder the forma-
tion of ubiquitin chains, because the major polyubiquitination site in ubiq-
uitin, lysine 48, is masked in the UIM/CUE-ubiquitin complex (Kang et al., 
2003; Shekhtman and Cowburn, 2002). It is of great importance to further 
characterize the function of monoubiquitination and ubiquitin-binding pro-
teins and the interest in the field assures that many of these questions will be 
answered in the near future. 

Since CIN85 has been implicated as an important player in Cbl-mediated 
RTK endocytosis, we have decided to create CIN85-deficient mice in order 
to evaluate its role during development and physiology in vivo. The gene 
locus coding for CIN85 is located on the X chromosome and contains 24 
exons in mouse (Buchman et al., 2002). An interesting feature of the gene 
that it encodes multiple isoforms due to alternative splicing and six alterna-
tive promoters scattered throughout the gene locus. These various isoforms 
have specific expression patterns in different tissues. I have participated in 
creating mice lacking exon II, which are impaired in their expression of full 
size CIN85. Since this targeting event leaves alternative promoters that drive 
the expression other isoforms, we are also in the process of creating mice 
lacking all major isoforms containing SH3 domains, by targeting exon XII. 
Furthermore, we aim to explore the redundant functions of CIN85/CD2AP 
adaptor proteins by creating double knock-out mice lacking both proteins. 
My major scientific interest in the near future is to analyze the phenotypes of 
these different knock-out mice. 

Regulation of the functions of Cbl appears to be important for fine-tuning 
of EGFR signaling. One of the major identified pathways by which this oc-
curs is via Sprouty2, which sequesters Cbl away from activated EGFRs (Guy 
et al., 2003). Our results point to a novel mechanism by which Sprouty2 
inhibits EGFR downregulation and suggest that Sprouty2 sequesters both 
Cbl and CIN85 from activated EGFRs, preventing EGFR ubiquitination and 
downregulation (Paper III). However, very little is known about how 
Sprouty2 regulates these functions in vivo, since studies in mammalian cells 
have generally been performed in overexpression systems due to their low 
levels of endogenous expression. We should aim at studying the functions of 
Sprouty2-CIN85 complexes at the endogenous level and analyzing their 
location in cells. Moreover, whether the association with CIN85 might ex-



61

plain the differences in action of the different Sprouty isoforms remains to 
be characterized in more detail. It would also be interesting to analyze the 
effect of Sprouty2 expression in cells lacking CIN85 to test whether the 
identified mechanism is essential in vivo.

Lastly, the least understood function of Cbl is its role in regulation of the 
cytoskeleton. We explored Cbl interactions with ArgBP2 and Pyk2 and how 
growth factor-induced signaling from this complex in lipid rafts might be 
involved in neurite outgrowth and growth cone formation (Paper IV). Future 
studies should aim at investigating the requirement for Pyk2, ArgBP2 and 
Cbl in actin reorganization by the use of systems where the proteins are ei-
ther absent or inactive, such as cells derived from knock-out mice, treated 
with siRNA or expressing dominant negative forms. Since the Pyk2 and Cbl 
knock-out mice are available, a next logical step would be to cross these 
mice and see whether they exhibit for instance neurological defects. How-
ever, it has to be taken into consideration that all three proteins have homo-
logues or splice variants that can compensate for the lack of each particular 
protein (Dikic et al., 2002; Kawabe et al., 1999; Thien and Langdon, 2001; 
Wang et al., 1997).  

A challenging task for the future will be to explore the dual function of 
Cbl in negative and positive regulation of signaling and to map the entire 
Cbl-interactome, which will likely reveal a biochemical signature of the 
diverse functions Cbl is involved in during different biological processes. 
Imaging techniques, including FRET (fluorescence resonance energy trans-
fer), will be useful to study temporal and spatial interactions between Cbl 
and Cbl-interacting proteins in living cells. 
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