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Proteins belonging to the Cbl family are multidomain scaffolds that participate
in numerous cellular processes, assembling signaling complexes and mediating
attachment of ubiquitin to receptor and non-receptor tyrosine kinases.

We characterized a novel role for Cbl and Cbl-b in ligand-dependent
internalization of growth factor receptors. Upon stimulation with epidermal growth
factor (EGF), Cbl proteins associate with EGF receptor, become phosphorylated, and
bind to the three SH3 domains of CIN85, which brings endophilins to the complex
with active receptors. Endophilins can induce invagination of the plasma membrane,
contributing to formation of clathrin-coated pits. We identified a minimal binding
domain for CIN85 in the carboxyl termini of Cbl/Cbl-b and observed constitutive
association between CIN85, Cbl/Cbl-b and oncogenically stimulated receptor tyrosine
kinases. In addition to functioning as a ubiquitin ligase, Cbl forms a complex with
CIN85 and endophilin, which was required for efficient endocytosis and
downregulation of membrane receptors.

In EGF stimulated cells, we observed inducible modification of CIN85 and
related CMS proteins by attachment of a single ubiquitin molecule. Mono-
ubiquitination of CIN85 was mediated by the RING finger and dependent on the
carboxyl terminal part of Cbl/Cbl-b, and demanded an intact carboxyl terminus of
CIN85. Prolonged stimulation with EGF induced concomitant degradation of EGF
receptors, Cbl, and monoubiquitinated forms of CIN85 in lysosomes.

Cbl regulates cytoskeletal processes in a variety of cell systems. We identified
SH3P2, a protein with SH3 domain and ankyrin repeats, as a Cbl partner and
described its phosphorylation by Src and its distribution in fibroblasts and osteoclasts.
SH3P2 formed inducible complexes with Cbl and actin in spread cells and co-
localized with dynamic actin structures.

Our data contribute to better understanding of the role of Cbl in
downregulation of receptor tyrosine kinases as well as in controlling actin
rearrangement.
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ABBREVIATIONS

Abl
AIP1

Abelson kinase
ALG-2 interacting protein 1

MVB
NGF

multivesicular bodies
nerve growth factor

AIP4 atrophin-1 interacting protein 4 OSF osteoclast stimulating factor
APS adapter protein with a PH and

SH2 domains
PDGF
PEST

platelet-derived growth factor
rich in P, E, S and T residues

ArgBP2
BLNK

Arg-binding protein 2
B cell linker protein

PH
PI3-

pleckstrin homology

CAP
Cbl

Cbl-associated protein
Casitas B-lineage lymphoma

kinase
PKC

phosphatidyl inositol 3’ kinase
protein kinase C

CHO Chinese hamster ovary (cells) PLC phospholipase C
CIN85 Cbl-interacting protein of

85 kDa
PTB
PTK

phosphotyrosine binding
protein tyrosine kinase

CMS p130Cas ligand with
multiple SH3 domains

pY
Pyk2

phosphotyrosine
proline-rich tyrosine kinase 2

CSF-1 colony-stimulating factor 1 RING really interesting new gene
E1 ubiquitin activating enzyme RTK receptor tyrosine kinase
E2 ubiquitin conjugating enzyme Ruk regulator of ubiquitous kinase
E3 Ubiquitin-protein ligase SB1 SETA binding protein 1
EGF
FAK
FGF

epidermal growth factor
focal adhesion kinase
fibroblast growth factor

SCF
SETA

stem cell factor
SH3 containing gene
expressed in tumorigenic

FLIM fluorescence lifetime image
microscopy SFK

astrocytes
Src family kinase

FRET

FRS2

fluorescence resonance
energy transfer
FGF receptor substrate 2

SH2
SH3
SH3P2

Src homology 2
Src homology 3
SH3 domain containing

GFP green fluorescent protein protein 2
Grb2 growth factor receptor-bound

protein 2
SLAP
SMN

Src-like adaptor protein
survival motor neuron

GST glutathione-S-transferase Src Rous sarcoma virus oncogene
GTPase guanosine triphosphatase TCR T cell receptor
HECT homologous to E6-AP

carboxyl terminus
TKB
UBA

tyrosine kinase binding
ubiquitin binding

HGF
IR

hepatocyte growth factor
insulin receptor

UBC
UIM

ubiquitin conjugating
ubiquitin-interacting motif

LZ
MAPK

leucine zipper
mitogen-activated protein kinase

WASP Wiskott-Aldrich syndrome
protein
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BACKGROUND

The Cbl proto-oncogene

Cbl (Casitas B-lineage lymphoma) is an evolutionary conserved multidomain
protein that is implicated in multiple cellular processes downstream of transmembrane
receptors and tyrosine kinases, as it participates in growth factor signaling, immune
responses, insulin action, and regulation of cell morphology. Cbl acts as a scaffolding
protein and a ubiquitin ligase, controlling the rate and kind of cellular responses.
Disturbances in Cbl function can lead to cellular transformation, pointing to the
primary Cbl function as a negative regulator of receptor and non-receptor tyrosine
kinase signaling.

Cbl protein family

Cbl has been identified as the cellular homolog of v-Cbl, an oncogene from
murine Cas NS-1 retrovirus, which is able to induce pre- and pro-B lymphomas and
myelogenous leukemias in mice (Langdon et al., 1989a). v-Cbl consists of the amino
terminal part of Cbl (human Cbl residues 1-357) and is localized in the cell nucleus,
while Cbl is a cytoplasmic protein that is not oncogenic (Blake et al., 1991). Cbl is a
protein of 120 kDa that is ubiquitously expressed in a variety of cell types and
particularly enriched in thymus and testis (Langdon et al., 1989b). Cbl orthologs have
also been identified in chicken, frog Xenopus, fly Drosophila melanogaster (long D-
CblL and short D-CblS) and worm Caenorhabditis elegans (SLI-1) (Hime et al., 1997;
Meisner et al., 1997; Robertson et al., 2000; Yoon et al., 1995). In addition,
mammalian cells express two other members of the Cbl family, named Cbl-b and Cbl-
c. Cbl-b, which is most closely related to Cbl, has been initially isolated from human
breast cancer cells and is highly expressed in mature T cells (Keane et al., 1995).
Expression of Cbl-c, also called Cbl-3, is rather low in lymphohematopoietic tissues,
but enriched in endodermally derived organs (Keane et al., 1999; Kim et al., 1999).

All Cbl family members share high degree of sequence identity in the amino
terminal part, which is composed of a phosphotyrosine binding (PTB) domain, a short
linker region and a RING finger domain. The PTB domain, which is also called the
TKB (tyrosine kinase binding) domain (residues 50-350), consists of three distinct
subdomains: a four-helix bundle (4H), a calcium-binding domain with the EF-hand
fold, and a variant Src homology 2 domain (SH2) (Meng et al., 1999). The zinc-
binding C3HC4 RING finger domain (residues 365-428) has been shown to recruit
ubiquitin-conjugating enzymes (E2, Ubc) and to mediate transfer of ubiquitin onto the
target protein (Joazeiro et al., 1999). In addition, a loop and an α-helix of the linker
region participate in stabilizing the structural integrity of the Cbl-substrate-E2
complex, as revealed both by the crystal structure and biological data (Zheng et al.,
2000). Based on the conserved structure of their amino terminal parts, the Cbl proteins
possess ubiquitin protein ligase activity (E3), a property that is vital for their function
in regulating signaling pathways (Joazeiro et al., 1999; Levkowitz et al., 1999;
Waterman et al., 1999; Yokouchi et al., 1999a).
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The carboxyl terminal sequences are more divergent among different members
of the Cbl protein family. Cbl, Cbl-b, D-CblL and chicken Cbl have a long carboxyl
terminus that contains a proline-rich region (residues 481-690), an acidic box domain
with a serine/threonine and tyrosine rich stretches and a most terminal region with
homology to a leucine zipper (LZ) domain and a ubiquitin-associated (UBA) domain
(residues 857-892). Cbl-c, while showing over 50% homology with the amino-
terminal part of Cbl and Cbl-b, lacks the carboxyl-terminal sequences, thus closely
resembling the C. elegans SLI-1 and D. melanogaster D-Cbl short forms. The high
structural and functional overlap of the amino terminal parts of Cbl family proteins
indicates their importance in evolutionary conserved functions, while the carboxyl-
terminal motifs may play roles unique to each particular Cbl family member.

Schematic domain representation and alignment of the members of Cbl protein
family are shown in Figure 1.

Figure 1. Domain structure of Cbl proteins. Conservation of PTB and RING finger domains is indicated in
comparison with human Cbl. Protein length is shown on the right (amino acid residues).

Cbl as a tyrosine kinase substrate

Cbl is a major phosphorylated protein that can be detected after stimulation of
a diverse array of cell-surface receptors. In most of the cases studied, Src family
kinases (SFKs) mediate Cbl phosphorylation downstream of receptors that do not
have intrinsic kinase activity. These include T and B cell receptors, Fc receptors and
cytokine receptors. In addition, Cbl is rapidly recruited and phosophorylated by a
number of receptor tyrosine kinases (RTKs). Recent reports suggest that SFKs, rather
than the intrinsic receptor kinase, mediate Cbl phosphorylation induced by epidermal
growth factor (EGF) (Kassenbrock et al., 2002). Cbl is also a prominent substrate of
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other protein tyrosine kinases (PTKs), including ZAP-70/Syk and Abl/Arg kinases
(Fournel et al., 1996; Langdon, 1995). In some pathways, the identity of kinases
responsible for inducible Cbl phosphorylation has not been examined.

Cbl is rapidly phosphorylated upon cell stimulation with a variety of ligands,
including growth factors (EGF, platelet-derived growth factor (PDGF), hepatocyte
growth factor (HGF), fibroblast growth factor (FGF) and nerve growth factor (NGF)),
cytokines (colony-stimulating factor-1 (CSF-1), stem cell factor (SCF, c-Kit ligand),
erythropoietin (Epo), thrombopoietin, interferon-α, and interleukins 2, 3 and 4),
hormones (insulin, prolactin), as well as upon clustering of immunoglobulin receptors
(FcγRI, II, III and FcεRI) and antigen receptors (T and B cell receptors) (Thien and
Langdon, 2001).

There are three principal phosphorylation sites in the carboxyl terminal part of
Cbl, Y700, Y731 and Y774, which are efficiently phosphorylated by Src, Fyn, Yes,
Lyn and Syk tyrosine kinases (Thien and Langdon, 2001). These tyrosines, when
phosphorylated, provide docking sites for SH2 domain-containing proteins (see page
12). The Y731 site is specific for Cbl, while sites homologous to Y700 and Y774 are
present in Cbl-b (sites Y709 and Y802, respectively). Cbl-c lacks the corresponding
tyrosines with their flanking sequences. These differences can contribute to specific
function of mammalian Cbl proteins. In addition, EGF-induced phosphorylation of
tyrosine 371 within the linker region seems to induce E3 activity of Cbl, promoting
substrate ubiquitination (Levkowitz et al., 1999).

Cbl as a scaffolding protein

Cbl participates in numerous intracellular processes, ranging from
ubiquitinating and downregulating receptor and non-receptor tyrosine kinases to
regulating the organization of actin cytoskeleton. To execute these functions, Cbl
associates through its multiple domains with a large group of proteins that act as
adaptors, substrates or downstream effectors. The presence of several protein-protein
interaction modules in Cbl suggests its role as a platform for the assembly of
signaling protein complexes.

PTB and proline-rich sequences of Cbl facilitate binding of protein targets that
become ubiquitinated in the RING finger dependent manner. Scattered through the
Cbl sequence are several tyrosine, serine and threonine residues that, when
phosphorylated, serve as docking sites for multiple signaling proteins. Differential
binding of SH3 and SH2 domain-containing proteins participate in various cellular
processes that involve different Cbl family members. The scaffolding function of long
Cbl forms (Cbl/Cbl-b) is further emphasized by the fact that they can form oligomers
via the carboxyl-terminal LZ domain (Bartkiewicz et al., 1999), thus enabling
formation of larger complexes of signaling molecules. Depending on the cellular
context and the studied endpoints, these interactions place Cbl in either positive or
negative signaling pathways.

The list of proteins binding to Cbl counts to more than 30 proteins; Figure 2
shows the currently known Cbl partners, grouped according to the domains in Cbl
with which they interact.
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Figure 2. Interaction of signaling molecules with Cbl.

PTB domain

The PTB domain of Cbl represents a distinct class of phosphotyrosine
recognition domain, as revealed by the X-ray crystallographic studies that determined
the three-dimensional structure of this domain in complex with a tyrosine
phosphorylated peptide from ZAP-70 (Meng et al., 1999). Detailed sequence analysis
revealed that Cbl PTB domain preferentially recognizes asparagine/aspartic acid at
the position –2 relative to the phosphorylated tyrosine Y292 in human ZAP-70
(Lupher et al., 1997). Similarly, Cbl associates with an analogous tyrosine residue
Y323 in the related kinase Syk (Deckert et al., 1998). The PTB domain of Cbl
recognizes the Y416 in the activation loop of mouse p60Src (Sanjay et al., 2001).
This tyrosine and preceding sequence is conserved in the majority of SFKs. Other
studies showed additional importance of a hydrophobic amino acid at the +4 position
relative to the phosphotyrosine and defined the pYXXXØ motif (X, any residue; Ø,
hydrophobic residue) as the preferential binding site of Cbl PTB domain (Meng et al.,
1999). Specific motifs have been found in the carboxyl-terminal tails of EGFR and
other RTKs (Peschard et al., 2001; Wilhelmsen et al., 2002; Yoon et al., 2000). Even
though the majority of phosphorylated proteins that associate with Cbl are tyrosine
kinases, there is also a group of adaptor molecules with motifs recognized by the PTB
domain of Cbl. These include BLNK (B-cell linker protein), Sprouty 2, and APS
(adapter protein with pleckstrin homology and SH2 domains), which are
phosphorylated upon growth factor stimulation (Liu et al., 2002; Rubin et al., 2003;
Yasuda et al., 2000). The motifs that are specifically recognized by the PTB domain
of Cbl are listed below:
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Consensus                      D/NXpY XXX Ø
PTKs: ZAP-70 SDGpY292 TPEP (human)

Syk FNPpY323 EPEL (human)
Src DNEpY416TARQ (chicken)

RTKs: LET-23 SSRpY1225 KTEP (C. elegans)
EGFR LQRpY1045 SSDP (human)
HGFR SVDpY1003RATF (human)
CSF-1R PNNpY973 QFCSTOP (mouse)

Adaptors: BLNK DDSpY115 EPPP (chicken)
Sprouty 2 TNEpY55 TEGP (human)
APS ENQpY618 SFYSTOP (rat)

Mutation of a critical glycine residue (G306) to alanine disrupts the structure
of the Cbl PTB domain and abrogates association with the above motifs. SLAP and
SLAP-2 (Src-like adaptor proteins) represent a distinct class of proteins that
associates with PTB domain of Cbl in a phosphotyrosine-independent manner, and
this association is not perturbed by G306E mutation (Loreto et al., 2002).

RING finger

Numerous findings, pioneered by genetic studies in C. elegans, demonstrated
that the PTB domain and RING finger of Cbl cooperate in ubiquitination of protein
targets. Proteins containing RING fingers constitute a large group of E3 protein-
ubiquitin ligases (Fang et al., 2003; Pickart, 2001). The RING finger of Cbl directly
interacts with the E2 enzyme UbcH7, and the crystal structure of Cbl-UbcH7
complex demonstrates how the linker region assures optimal orientation of the
interacting molecules (Yokouchi et al., 1999a; Zheng et al., 2000). In addition, the
RING finger of Cbl binds to the amino terminus of Sprouty 2 (Wong et al., 2001).

Proline-rich motifs

The majority of proline-rich motifs are clustered in the region 481-690, while a
few are scattered in the distal carboxyl terminus of Cbl. The proline-based sequences
are implicated in interactions with SH3 or WW domain-containing proteins (Cesareni
et al., 2002). Many proteins containing SH3 domain have been identified as Cbl
partners through GST affinity binding assays and yeast two-hybrid screens; in some
cases, the functional role of the interaction has not been determined.

The amino-terminal SH3 domain of the adaptor protein Grb2 is constitutively
associated with the residues 481-563, a region conserved in all mammalian Cbl
proteins (Donovan et al., 1996; Galisteo et al., 1995; Odai et al., 1995). This sequence
is not present in long D-Cbl, which accordingly does not interact with Grb2/Drk
(Meisner et al., 1997). Efficient binding of the adaptor molecule Nck to the proline-
rich region of Cbl involves cooperation between the first and second SH3 domains of
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Nck (Wunderlich et al., 1999). In addition to the classical proline-rich domain of Cbl,
an additional PXXP motif at the position 820-828 contributes to Cbl-Nck interaction.
The SH3 domain of the p85 subunit of the PI3-kinase constitutively associates with
proline motifs in Cbl (Sattler et al., 1996). In the case of Cbl-b, a weak and
constitutive binding of p85 is mediated by the p85 SH3 domain and the distal proline-
rich sequences of Cbl-b (residues 595-982) (Elly et al., 1999; Fang et al., 2001). Also
SFKs including Src, Fyn, Lyn and Lck associate with Cbl through their SH3 domains.
SH3 domain of Fyn is constitutively associated with region 552-614 in Cbl
(Fukazawa et al., 1995). Cbl shows preferential in vitro binding to Fyn SH3 domain
when compared with Lck SH3 domain, and does not show detectable binding to the
Blk SH3 domain (Donovan et al., 1994; Tsygankov et al., 1996). It has been
suggested that Cbl is primarily associated with Fyn in T cells and with Lyn in B cells
(Tezuka et al., 1996). Upon tyrosine phosphorylation of Cbl, a more stable interaction
with SFKs is established through SH2 domain binding (Tsygankov et al., 1996). Cbl
association with Src involves PTB and proline-rich domains as well as carboxyl
terminal phosphotyrosines of Cbl (Sanjay et al., 2001). The SH3 domain of Abl
(Abelson protein tyrosine kinase) directly associates with proline-rich motifs in Cbl,
and this interaction has been reported to open the protein conformation of Abl and
activate the kinase. Subsequently, the SH2 domain of Abl binds to the phosphorylated
Cbl and thus stabilizes the Cbl-Abl complex (Miyoshi-Akiyama et al., 2001). The
SH3 domain-containing unconventional myosin 1C has been shown to associate with
the proline-rich domain of Cbl (Robertson et al., 1997). In addition, several adaptor
proteins with three SH3 domains belonging to the CAP/ArgBP2/ponsin family were
found in complex with Cbl. The carboxyl terminal SH3 domain of CAP (Cbl-
associated protein) constitutively binds to the proline rich region of Cbl (Ribon et al.,
1998b), while ArgBP2 (Arg-binding protein 2) associates with the poly-proline
sequences of Cbl via the second and third SH3 domains (Soubeyran et al., 2002). Cbl
also associates with the SH3 domains of intersectin homologs SH3P17 (Robertson et
al., 1997) and Dap160 (Robertson et al., 2000). Interestingly, some of the SH3
domain-mediated protein interactions with Cbl are modulated by Cbl
phosphorylation. Upon cell stimulation with EGF, Cbl forms a complex with the SH3
domain of PLC-γγγγ1 (phospholipase C γ1) (Tvorogov and Carpenter, 2002). Also, Cbl
interactions with SH3 domains of CIN85 (Cbl-interacting protein of 85 kDa) and
related CMS (Cas ligand with multiple SH3 domains) proteins are phosphorylation-
dependent (Kirsch et al., 2001; Take et al., 2000). The molecular basis for the
increased binding of SH3 domains after activation of RTKs can involve change of
conformation of the carboxyl terminal region of Cbl upon its phosphorylation and
exposure of the proline motifs (Dikic, 2002). Finally, the proline-rich regions of Cbl
and Cbl-3 serve as docking sites for WW (tryptophan-rich) domains of HECT-type
E3 ligase AIP4 (Courbard et al., 2002).

Phosphotyrosines

Tyrosines Y700, Y731, and Y774 are the major sites in Cbl that are
phosphorylated in vivo (Feshchenko et al., 1998). The SH2 domains of adaptors Crk
and Crk-L bind to phosphorylated Y700 and Y774 residues in Cbl and the
corresponding residues in Cbl-b (Elly et al., 1999; Sawasdikosol et al., 1996).
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Induction of Cbl-Crk association can be observed upon activation of HGFR (Garcia-
Guzman et al., 2000; Taher et al., 2002). Fyn and Src tyrosine kinases specifically
phosphorylate the Y731 site in Cbl, inducing binding of the SH2 domain of the p85
subunit of PI3-kinase (Hunter et al., 1999). This interaction is vital for cellular
responses induced by multiple growth factors and immune complexes. The SH2
domain of Vav, the Rac/Rho guanine nucleotide-exchange factor, binds the
phosphotyrosine Y700 of Cbl after stimulation of T cell receptors (Marengere et al.,
1997). The entire SH3-SH2-SH3 region of Vav contributes to binding to Cbl-b
(Bustelo et al., 1997), and the residues 543-568 of Cbl-b have been mapped as the
minimal binding site required for interaction with Vav. Upon ligand stimulation, Cbl-
b was shown to form a trimeric complex with phosphorylated Vav and activated
RTKs (Bustelo et al., 1997).

Phosphoserine motifs

The 14-3-3 adaptor molecules recognize two tandem serine motifs in the
carboxyl terminus of Cbl (S619/S623 and S629/S632), which are phosphorylated by
the serine/threonine protein kinase C (PKC) in activated T cells (Liu et al., 1996; Liu
et al., 1997). Since both motifs are necessary for efficient association, 14-3-3 does not
bind to Cbl-b, which does not have the second site (Liu et al., 1997). Interestingly,
activation of PKC by phorbol esters induces serine phosphorylation of Cbl and
inhibits tyrosine phosphorylation of Cbl, thus reducing Cbl binding to SH2 domain
containing proteins CrkL and p85 PI3-kinase (Liu et al., 1999).

Leucine zipper

The leucine zipper (LZ) domain at the carboxyl terminus of Cbl and Cbl-b
enables homo-oligomerization of Cbl molecules (Bartkiewicz et al., 1999).
Oligomerization has been proposed to modulate Cbl activity and participate in
formation of signaling complexes. Deletion of LZ results in decreased Cbl
phosphorylation and association with EGFR upon ligand stimulation (Bartkiewicz et
al., 1999). In addition, the carboxyl terminus of Cbl contains consensus sequence for
ubiquitin-associated domain (UBA), which is found in multiple components of
ubiquitination pathway (Hofmann and Bucher, 1996; Wilkinson et al., 2001). UBA
domains present at the carboxyl termini of a group of yeast proteins (Rad23, Ddi1,
Dsk2) bind to polyubiquitin chains and can inhibit protein polyubiquitination
(Buchberger, 2002). The truncated Cbl forms that lack this domain are, however,
capable of in vitro and in vivo receptor ubiquitination (Levkowitz et al., 1999; Lill et
al., 2000) and the role of UBA in Cbl functioning remains to be clarified.

Cbl as a ubiquitin ligase

Ubiquitin conjugation (ubiquitination) represents a multifunctional signaling
mechanism that decides about protein degradation, trafficking, and other vital cellular
processes (Hicke, 2001b). Ubiquitin is a highly conserved peptide of 76 amino acids
that can form chains of four or more ubiquitin moieties which, when attached to
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cytoplasmic proteins, target them for degradation by 26S proteasomes. Conversely, a
single ubiquitin is typically used as a reversible modification that regulates endocytic
transport of transmembrane receptors, nuclear export, DNA repair, and activation of
kinases and transcription factors (Weissman, 2001). Ubiquitin, initially synthesized in
a polymeric form, is cleaved into monomers, which are activated by carboxyl terminal
adenylation and subsequent attachment to the E1 enzyme via a thioester bond
(Pickart, 2001). Activated ubiquitin is then transferred to one of approximately 25
ubiquitin-conjugating enzymes (E2, Ubc). The E2 transfers ubiquitin either to E3 (as
in the case of HECT type E3s), or directly to a lysine of target proteins, with which
the carboxyl terminal glycine (G76) of ubiquitin forms an isopeptide bond
(Bonifacino and Weissman, 1998; Pickart, 2001). The latter mechanism is
characteristic for RING type E3 ubiquitin-protein ligases, such as Cbl, which provide
specificity and spatial proximity of ubiquitin-bearing E2 and the substrate.

First indications that Cbl is involved in ubiquitination processes came from
studies on signaling pathways mediated by colony-stimulating factor 1 receptor (CSF-
1R) in macrophages (Wang et al., 1996). Upon CSF-1 stimulation Cbl was recruited
to the receptor and rapidly ubiquitinated (Wang et al., 1996). Following studies
demonstrated that Cbl overexpression enhanced ubiquitination of EGF, PDGF and
CSF-1 receptors and led to increased degradation of activated receptors (Lee et al.,
1999; Levkowitz et al., 1998; Miyake et al., 1998). The importance of a functional
RING finger in Cbl-induced downregulation of RTKs has been elucidated by the
discovery that an isolated RING finger of Cbl can catalyze the addition of ubiquitin
moieties on the target protein in vitro and in vivo due to its association with E2
enzyme UbcH7 (Joazeiro et al., 1999; Waterman et al., 1999). Even though the RING
finger itself can mediate ubiquitin transfer on the substrate protein in conditions of
high protein concentration, in physiological conditions it must work in coordination
with domains responsible for the substrate recognition, that is PTB or carboxyl-
terminal domains of Cbl. The compact structure formed by PTB, linker and RING
finger domains of Cbl assures high affinity interactions and a local increase in
concentration of RTKs and E2, thus leading to efficient ubiquitin transfer (Joazeiro
and Hunter, 2000; Zheng et al., 2000). Mutation of the critical cysteine 381 (C381A)
disrupts association with the E2 and renders a non-functional Cbl protein despite
unaltered PTB domain binding (Joazeiro et al., 1999; Waterman et al., 1999).
Similarly, mutation of tryptophan 408 (W408A), a residue conserved among all
RING-type E3s, disrupted the ubiquitin ligase function of Cbl (Joazeiro et al., 1999;
Waterman et al., 1999). The same structural requirements have been reported for
EGF-induced ubiquitination and degradation of Cbl and Cbl-b proteins themselves
(Ettenberg et al., 2001).

Cbl is involved in ubiquitination of various membrane and cytoplasmic
proteins. Depending on the target protein, the acceptor lysines can be modified by a
chain of ubiquitins (polyubiquitination), by a single ubiquitin on one lysine
(monoubiquitination), or by single ubiquitin on more than one lysine
(multiubiquitination). The currently known Cbl substrates in mammalian cells as well
as the nature and the role of their ubiquitination are summarized in Table 1 and are
discussed in more details in the following section.
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Substrates Cbl binding Ub Ubiquitin-mediated functions

RTKs (not IR)

IR

direct/indir.

indirect

mono

mono

Promoting trafficking of activated RTKs to the lysosome

     and attenuation of RTKs signaling

ND

TCR (ζ) indirect poly/

mono

Lysosomal  degradation of receptor complexes,

     downregulation of TCR signaling

FcεRI (β, γ) indirect ND Decrease in the half-life of activated receptors

SFKs

Syk

Abl

direct

direct

direct/indir.

poly

poly

poly

Proteasomal degradation of active kinases and inhibition

     of SFK-dependent signaling

Negative regulation of antigen receptor signaling

Inactivation and degradation of Abl

PI3-kinase

     (p85)

direct poly Inhibition of PI3-kinase recruitment to antigen receptors,

     downregulation of Vav

CrkL direct poly Negative regulation of CrkL-C3G-Rap1 pathway

Sprouty 2 direct poly Proteasomal degradation; sequestering Cbl from EGFR

Cbl/Cbl-b direct poly Proteasomal degradation; prolonged signaling of RTKs

Table 1. Multiple roles of Cbl-induced ubiquitination. Ub, type of ubiquitination; ND, not determined.

• Receptor tyrosine kinases are well-characterized targets of Cbl E3 activity.
Ligand-induced ubiquitination leads to receptor internalization and sorting to
lysosomes, eventually resulting in protein degradation and attenuation of signaling.
While initial studies postulated Cbl-induced polyubiquitination of RTKs (Stang et al.,
2000), more recent reports demonstrate that Cbl induces attachment of monomeric
ubiquitin residues to multiple lysines in the cytoplasmic tails of RTKs (Haglund et al.,
2003). Attachment of a single ubiquitin molecule is sufficient for endosomal sorting
of transmembrane receptors towards lysosomal degradation (Terrell et al., 1998).
Efficient downregulation is usually dependent on direct binding between Cbl and the
phosphorylated receptor, as in the case of EGFR, PDGFR, c-Kit and CSF-1R (Mori et
al., 1995). Accordingly, the EGFRs stimulated by oxidative stress fail to directly
recruit Cbl and are impaired in ubiquitination and endocytosis (Ravid et al., 2002).
FGFR1 and FGFR3 indirectly associate with Cbl through FRS and Grb2 adaptor
proteins, and ubiquitination of these receptors does not lead to their downregulation
(Monsonego-Ornan et al., 2002). Similarly, insulin receptors (IR) indirectly associate
with Cbl through the APS adaptor protein (Ahmed et al., 2000), and the role of IR
ubiquitination still needs to be determined. On the other hand, by targeting Cbl to
active receptors the adaptor proteins can have a cooperative effect, and
overexpression of Grb2, FRS2 or APS induces receptor downregulation (Wakioka et
al., 1999; Waterman et al., 2002; Wong et al., 2002).
• Ubiquitination of the T cell antigen receptor (TCR) is induced by indirect binding
of Cbl to the TCRζ chain via ZAP-70 (Wang et al., 2001).
• Ubiquitination of the immune receptor FcεεεεRI on subunits β and γ requires active
Syk tyrosine kinase, and upon receptor engagement Cbl mediates ubiquitination and
downregulation of both FcεRI and Syk (Paolini et al., 2002).
• Cbl interacts with and induces polyubiquitination of activated non-receptor
tyrosine kinases, targeting them for proteasomal degradation and negatively
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regulating cellular responses initiated by those kinases. Cbl-mediated downregulation
of PTKs is strictly dependent on tyrosine kinase activity of target kinases and the
functional RING finger of Cbl. Cbl-induced ubiquitination has been detected in the
cases of SFKs: Src (Yokouchi et al., 2001), Fyn (Andoniou et al., 2000), Fgr
(Melander et al., 2002) and Hck (Howlett and Robbins, 2002). Cbl downregulates
ZAP-70/Syk kinases, but ubiquitination has been detected only in the case of Syk
(Rao et al., 2001). Ubiquitination of active Abl kinase is promoted by the formation
of the ternary complex Abl-ArgBP2-Cbl (Soubeyran et al., 2002).
• Cbl proteins can also mediate ubiquitination of cytoplasmic substrates that are not
tyrosine kinases. Ubiquitination of p85 subunit of PI3-kinase is dependent on
functional RING finger of Cbl-b and constitutive p85 SH3-domain interaction with
the carboxyl terminal of Cbl-b (Fang and Liu, 2001; Fang et al., 2001). The ubiquitin-
dependent but proteolysis-independent regulation of PI3-kinase has been linked to
negative regulation of Vav activity by Cbl-b (Fang and Liu, 2001).
• Cbl and Cbl-b induce ubiquitination of CrkL, which in proteolysis-independent
manner negatively regulates the CrkL-C3G interaction and results in reduced Rap1
activation and decreased integrin signaling (Shao et al., 2003).
• Sprouty proteins are implicated in both positive and negative regulation of RTKs
signaling (Egan et al., 2002). Recently, hSprouty 2 was demonstrated to directly
associate with Cbl upon EGF stimulation, and Cbl-PTB domain binding to the
phosphorylated hSprouty 2 enables RING-mediated ubiquitination and proteasomal
degradation of hSprouty 2 (Hall et al., 2003; Rubin et al., 2003). Interestingly,
hSprouty 2 seems to compete with EGFR for binding to Cbl, and thus negatively
regulate Cbl function (Rubin et al., 2003).
• Cbl E3 activity can be directed towards Cbl itself. Detailed studies demonstrated
inter-dependent ubiquitination of Cbl and Src, leading to decreased levels of both
proteins (Yokouchi et al., 2001). Reversible ubiquitination of Cbl has been observed
in macrophages stimulated with CSF-1 (Wang et al., 1996). Also, Cbl-b becomes
ubiquitinated and degraded in proteasomes upon EGF stimulation (Ettenberg et al.,
2001) and TCR activation (Zhang et al., 2002). Ligand-dependent proteolysis of Cbl
proteins seems to provide a fine-tuned mechanism that controls E3 activity.

Potential cooperation of Cbl proteins with other E3 ligases, whether direct or
sequential, can lead to compartment-specific regulation of various signal transduction
pathways. Association between Cbl and AIP4 suggests functional overlap between
these two ubiquitin ligases (Courbard et al., 2002). Overexpression of a fragment of
AIP4, containing the four WW domains, results in a decrease of Cbl-3-mediated
EGFR ubiquitination and upregulates EGF-induced gene transcription (Courbard et
al., 2002). Interestingly, Cbl and AIP4 have common substrates such as SFKs (Oda et
al., 1999). In addition, Cbl is recruited together with another HECT-type E3 ligase,
Nedd4, to lipid rafts following immunoglobulin engagement (Lafont and Simons,
2001).
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Cbl-deficient mice

Genetic studies indicate that Cbl proteins act as negative regulators involved in
maturation and functioning of T cells. Knockout mice lacking either Cbl or Cbl-b are
viable and display tissue-specific phenotypes. Mice lacking Cbl show aberrant
development of thymus and spleen, while those lacking Cbl-b exhibit an increased
susceptibility to autoimmune diseases (Rao et al., 2002). The distinct phenotypes can
be explained by preferential expression of Cbl in thymocytes and Cbl-b in mature T
cells (Naramura et al., 2002). Simultaneous loss of the genes encoding Cbl and Cbl-b
leads to embryonic lethality in mice (Naramura et al., 2002), which suggests high
functional redundancy and an essential role for Cbl molecules in early embryogenesis.

Knockout mice lacking Cbl exhibit hyperproliferation of thymocytes and
excess branching in the mammary epithelium (Murphy et al., 1998). Cbl-/- T cells
show an increased expression of TCR-CD3 as well as hyperactivation of ZAP-70,
Lck and Fyn tyrosine kinases (Rao et al., 2002). This is in agreement with
publications reporting Cbl-mediated ubiquitination and downregulation of TCRζ and
SFKs (Andoniou et al., 2000; Wang et al., 2001). Increase in TCR signaling, together
with the higher expression of both CD3 and CD4, results in the upregulation of the
mitogen activated protein kinase (MAPK) pathway involved in positive thymic
selection characteristic for Cbl-/- mice (Naramura et al., 1998).

In Cbl-b-/- mice, thymocyte development is normal, while peripheral T cell
activation is disturbed. Cbl-b-/- T cells show normal signaling via tyrosine kinases
ZAP-70 and Lck, MAPK, PLCγ-1, and calcium mobilization (Chiang et al., 2000).
Instead, Cbl-b knockout mice display spontaneous or induced autoimmunity disorders
(Bachmaier et al., 2000; Chiang et al., 2000). Deficiency of Cbl-b uncouples
peripheral T cell proliferation and interleukin-2 production from CD28 co-stimulation
(Chiang et al., 2000). Cbl-b knockout results in selective hyperactivation of Vav, a
guanine nucleotide exchange factor for Rho family GTPases (Bachmaier et al., 2000).
This effect is probably dependent on lack of Cbl-b-mediated ubiquitination of p85,
which normally would lead to inhibition of PI3-kinase translocation to TCR-CD3 and
CD28 complexes, and downregulation of the downstream targets Vav and Akt (Fang
and Liu, 2001; Fang et al., 2001).

The synergistic function of Cbl and Cbl-b has been demonstrated by
conditional double knockout in T cells (Naramura et al., 2002). While the ligand-
dependent internalization of the TCR was not greatly affected in double mutant cells,
intracellular trafficking to the lysosome was reduced, resulting in sustained TCR
signaling (Naramura et al., 2002). In Cbl-/-Cbl-b-/- cells, the activation of MAPK and
Vav was comparable to wild type cells, and phosphorylation of PLCγ was even
decreased, but the duration of the signal was enhanced, resulting in prolonged
phosphorylation of Erk1/2 and accumulation of transcription factors (Naramura et al.,
2002).

Oncogenic Cbl forms

Cbl can be converted to an oncogenic protein by deletions or mutations that
disturb its ability to downregulate the activity of RTKs. The transforming properties
of v-Cbl are due to competition with the wild-type protein for binding to PTB domain
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effectors and preventing the normal function of Cbl. v-Cbl, which can associate with
the EGFR but is unable to ubiquitinate it, directs receptors towards recycling rather
than lysosomal degradation pathway and thus contributes to enhanced signaling and
oncogenic transformation (Levkowitz et al., 1998). A point mutation within the PTB
domain (G306E) is able to abrogate the oncogenic potential of v-Cbl (Bonita et al.,
1997; Thien and Langdon, 1997a). Similarly, other transforming forms of Cbl act in a
dominant negative fashion, and in all studied cases they bear deletions or mutations
within RING finger and/or the preceding linker region. However, mutations of the
RING finger domain in the context of full size Cbl, even though they abolish the Cbl-
directed ubiquitination and downregulation of EGFR, are not always sufficient to
promote cell transformation (Thien et al., 2001). Rather, the highly conserved
oncogenic sequence of Cbl coincides with the α-helical structure formed by the part of
linker region adjacent to RING finger, and mutations within this region disrupt
contacts both with tyrosine kinases and E2 (Thien et al., 2001; Zheng et al., 2000).
Deletion of Y368 residue that lies in the linker region has dual effect: cell
transformation and loss of EGFR ubiquitination, while deletion of C381 in the RING
finger results only in ubiquitination defect (Thien et al., 2001). Accordingly, deletion
or mutation to alanine, but not to phenylalanine, of tyrosine Y371 disrupts the
structure of the linker region and induces Cbl oncogenicity (Andoniou et al., 1994;
Thien et al., 2001). In addition, deletion of the adjacent residues 376-382 is also
efficient in promoting tumorigenesis (Thien et al., 2001).

Apart from v-Cbl, two naturally occurring oncogenic mutants of Cbl have been
identified. 70Z-Cbl, isolated from the 70Z/3 mouse pre-B cell lymphoma, has a
deletion of 17 amino acids (mouse residues 366-382), while p95Cbl from murine
reticulum sarcoma cell line J-774 misses 111 amino acids (mouse residues 366-477)
(Andoniou et al., 1994; Bisson et al., 2002). Transformation of NIH3T3 fibroblasts
with 70Z-Cbl leads to increased tyrosine phosphorylation of endogenous cellular
substrates, constitutive recruitment of the downstream components to the
hyperphosphorylated PDGFRα and enhanced cell proliferation (Bonita et al., 1997).
NIH3T3 cells expressing the 70Z mutant, but not v-Cbl, show a tenfold increase of the
EGFR kinase activity, both in serum-starved cells and upon ligand stimulation (Thien
and Langdon, 1997b). In general, full size Cbl bearing the 70Z deletion exerts more
pronounced effects than v-Cbl in terms of activation of tyrosine kinases and
recruitment of signaling complexes to the activated receptors (Andoniou et al., 1994;
Bonita et al., 1997; Thien and Langdon, 1997b). Probably, while v-Cbl acts
exclusively as a dominant negative inhibitor, 70Z-Cbl functions additionally in a
positive manner, interacting with numerous proteins via its carboxyl terminus.

Expression of oncogenic Cbl forms upregulates the endogenous tyrosine kinase
machinery - not by activation of tyrosine kinases, but rather by inhibiting the normal
negative regulation. Numerous examples show that uncoupling Cbl from RTKs results
in defective regulation of receptor activity and in oncogenic transformation. An
oncogenic form of EGFR that has deletions in the Cbl-docking site has been found in
several strains of the avian erythroblastosis virus (Levkowitz et al., 1999; Shu et al.,
1991). Similarly, the Cbl-binding site is missing in oncogenic forms of human EGFR
found in brain tumors (Ekstrand et al., 1992). Deletions of putative Cbl-binding sites
have been found in the oncogenic form of HGFR (Trp-Met) (Peschard et al., 2001),
and chimeric TrkC receptors inducing congenital fibrosarcoma (Wai et al., 2000). In
the case of CSF-1R (Fms), the residues recognized by the PTB domain of Cbl are
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absent in the retroviral oncogene v-Fms (Mancini et al., 2002) and mutated in patients
with myelodysplasia and secondary acute myeloblastic leukemia (Baker et al., 1995;
Ridge et al., 1990).

Oncogenic forms of Cbl are not only involved in cell growth but also in survival,
invasion and metastasis. Cells expressing the oncogenic Cbl mutant ∆Y371 have
increased level of Bcl-2 protein and are protected from induced apoptosis (Hamilton et
al., 2001). Intriguingly, the nuclear appearance of CARP90, a possible alternative
splice form of Cbl that lacks RING finger and proline rich domains, has been
correlated with induction of apoptosis (Corsois et al., 2002). Other studies suggested
that cellular transformation by oncogenic forms of Cbl occurs by activation of
integrin-dependent, rather than growth factor-dependent pathway (Ojaniemi et al.,
1998). Ectopic expression of these mutants transforms NIH3T3 fibroblasts and results
in anchorage-independent but serum-dependent growth (Ojaniemi et al., 1998). In
addition, overexpression of 70Z-Cbl in epithelial MDCK cells induces reorganization
of focal complexes and actin (decrease in cortical actin and increase in stress fibres),
disruption of adherens junctions and cell dispersal (Fournier et al., 2000). Thus,
variety of signals mediated by Cbl downstream of integrins and RTKs might
contribute to tumor progression.

Cbl regulates signaling via RTKs

Receptor activation and signal transduction

Growth factor receptors control a variety of cellular processes including
proliferation, differentiation, survival and migration. Signaling from different RTKs
utilizes common mechanisms to elicit distinct cellular responses. In a very simplified
model, the binding of extracellular ligand induces receptor dimerization and trans-
phosphorylation, which enables a range of molecules to interact with the receptor via
SH2 and PTB domains, and initiate enzymatic cascades resulting in differential gene
expression (Schlessinger, 2000; Ullrich and Schlessinger, 1990). Specificity of the
signal is orchestrated by local concentrations of interactors in the receptor complexes,
which is regulated both by protein expression and membrane trafficking.

Within the ligand-mediated pathways, Cbl seems to have multiple functions
that include serving as a scaffold molecule to regulate downstream signaling, and
controlling receptor levels and trafficking in the cell. Phosphorylated Cbl promotes
formation of multiprotein signaling complexes and subsequently ubiquitinates RTKs
and attached molecules, thus contributing to termination of signaling.

Upon ligand stimulation, Cbl is recruited to and ubiquitinates receptors, thus
promoting downregulation of multiple RTKs in mammalian cells, including EGFR
(Levkowitz et al., 1998), PDGFRα (Miyake et al., 1998), HGFR (Taher et al., 2002)
and CSF-1R (Lee et al., 1999). In C. elegans, the Cbl homolog SLI-1 (suppressor
lineage defect 1) has a negative regulatory role in the LET-23 pathway that controls
vulval development (Jongeward et al., 1995; Yoon et al., 2000). A Cbl homolog in D.
melanogaster (D-Cbl) has been shown to function as a negative regulator of the
Drosophila EGFR-mediated R7 photoreceptor development (Meisner et al., 1997).
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Cbl associates directly with phosphorylated motifs of multiple RTKs (see page
11), and in addition it can be recruited to active receptors via adaptor proteins.
Adaptor proteins SLAP-2, Grb2, FRS2 and APS function in concert with Cbl to
downregulate signaling by promoting the internalization and degradation of activated
receptor complexes. SLAP and SLAP-2 proteins promote Cbl-dependent degradation
of ZAP-70/Syk kinases and negatively regulate T cell receptor signaling (Loreto et
al., 2002; Sosinowski et al., 2000). Grb2 and Cbl cooperatively accelerate the
downregulation and endocytosis of EGFR mutated at Y1045, deprived of direct Cbl
binding site (Waterman et al., 2002). Upon FGF stimulation, FRS2 forms complex
with Grb2/Cbl enabling ubiquitination of FGFR (Wong et al., 2002). APS associates
with activated PDGFR and c-Kit, and the ligand-induced phosphorylation of APS
creates a binding site for Cbl (Wollberg et al., 2002). Overexpression of full size APS,
but not the truncated mutant lacking the Cbl-binding site, inhibits PDGF-induced
mitogenicity (Yokouchi et al., 1999b). In the insulin receptor-APS-Cbl complex, Cbl
has been shown to facilitate ligand-induced monoubiquitination of the receptor
(Ahmed et al., 2000).

In addition to their negative function, adaptors participate in positive signaling
pathways originating from activated receptors. Similarly, there are examples where
Cbl is found in signaling complexes that lead to positive signal transduction. Upon
ligand stimulation, Cbl is recruited to EGFR and gets phosphorylated on tyrosine
Y731. This creates a docking site for SH2 domain of p85 subunit of PI3-kinase,
which, in turn, activates the anti-apoptotic serine/threonine protein kinase Akt
(Kassenbrock et al., 2002). Similarly, Cbl plays a role in linking interleukin-4
receptor with the PI3-kinase pathway, and Cbl-dependent enhancement of PI3-kinase
activity leads to increased mitogenicity and survival upon stimulation with IL-4
(Ueno et al., 1998). In addition, stimulation with HGF induces Cbl phosphorylation
and association with PI3-kinase and CrkL (Taher et al., 2002). Adaptor protein CrkL
binds to the guanine exchange factor C3G, activator of Rap-1 and Rac small GTP-
ases, which induces integrin activation (Taher et al., 2002) and stimulation of the
MAPK pathway (Garcia-Guzman et al., 2000).

Ligand-induced endocytosis

Endocytosis refers to the trafficking of molecules into the cell through a series
of vesicle compartments. Ligand-mediated endocytosis of RTKs as well as cytokine
and G-protein coupled receptors begins with recruitment of activated receptors to
clathrin-coated membrane invaginations, which then pinch off and form clathrin-
coated vesicles that eventually lose their clathrin coat (Di Fiore and De Camilli,
2001). These primary endocytic vesicles can then fuse with one another, forming the
peripheral tubulo-vesicular early endocytic compartment. Proteins are consequently
moved to late endosomes, and fusion of late endosomes with lysosomes leads to
degradation of cargo proteins. Membrane fusions and protein sorting processes in
early and late endosomes direct the trafficking of the receptors throughout the
endocytic compartments, determining the fate of the internalized receptors.

Endocytosis of RTKs has been traditionally regarded as a process unfailingly
leading to termination of signaling. Expression of internalization-defective EGFR
causes cell transformation due to constitutive mitogenic signals (Wells et al., 1990).
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Similarly, heterodimers composed of EGFR and ErbB-2, which have reduced
internalization capability, induce prolonged signaling (Lenferink et al., 1998).
Presently, receptor trafficking is believed to control strength and specificity of the
response, by modulating quantity and quality of available substrates and signaling
components in distinct endocytic compartments (Ceresa and Schmid, 2000; Sorkin
and Von Zastrow, 2002). To distinguish between the specific signaling generated by
the membrane-bound and the internalized receptors, various experimental approaches
have been applied. These include the use of dynamin mutants, receptor inhibitors, cell
fractionation, visualization of protein localization in fixed and live cells, and FRET
measurements. Within the endosomal compartments, receptors remain active and
associated with signaling molecules, such as Grb2, Shc and Ras (Jiang and Sorkin,
2002). Divergent signaling pathways may be initiated by the same receptors,
depending on the local availability of interacting molecules. While Shc association
and Ras activation occurs both at the plasma membrane and in endosomes, activation
of PLCγ1 is restricted to the cell surface (Di Guglielmo et al., 1994; Haugh et al.,
1999a; Haugh et al., 1999b). Inhibition of receptor endocytosis by expression of
K44A dynamin results in enhanced EGF-dependent cell proliferation and suppressed
MAPK activation (Vieira et al., 1996).  Compartment-dependent signaling was also
shown in studies on nerve growth factor receptor, demonstrating that cell surface Trk
receptors promote NGF-induced survival, while internalized receptors promote
neuronal differentiation in PC12 cells (Zhang et al., 2000).

There are three distinct steps regulating EGFR trafficking: internalization,
early endosome sorting and lysosomal targeting. Each step appears to be tightly
regulated and shows specific structural and biochemical requirements (Wiley and
Burke, 2001). Functional tyrosine kinase activity is necessary for efficient recruitment
of receptors to the clathrin-coated pits (Lamaze and Schmid, 1995). However,
phosphorylation of other substrates, rather than the receptor itself, is required
(Lamaze and Schmid, 1995). Sorting of EGFR in early endosomes is mediated by di-
leucine motifs in the juxtamembrane region of the receptor (residues 673-680) that
bind to the clathrin adaptor protein AP-1 (Kil et al., 1999). Lysosomal sorting of
EGFR in the late endosomes involves a di-leucine motif located distal to the kinase
domain (residues 943-957), that bind to sorting nexin SNX-1 (Kurten et al., 1996;
Opresko et al., 1995). The endocytic sorting steps require ligand-occupancy, while
receptor kinase activity has a small effect (French et al., 1994; Wiley et al., 1991). In
late endosomes, also called multivesicular bodies (MVBs), proteins that remain on the
limiting outer membrane recycle back to the plasma membrane, while proteins that
are sorted to inner vesicles are destined for degradation (Katzmann et al., 2002).

Cbl has been implicated in the recruitment of EGFR to clathrin-coated pits and
in sorting of receptors to the lysosomes (de Melker et al., 2001; Levkowitz et al.,
1998). Functional analysis of Cbl mutants suggests that the ability of Cbl to promote
receptor downregulation can be separated from its E3 ubiquitin ligase activity:
Y371F-Cbl downregulates the EGFR similarly to the wild type Cbl, while it is unable
to associate with E2 and ubiquitinate receptors, and Y368F-Cbl fails to downregulate
the EGFR even though it promotes receptor ubiquitination (Thien et al., 2001).

Multiple molecules known to participate in the receptor recruitment and
trafficking, such as Grb-2, Src, intersectin protein family, unconventional myosin
class I, and Eps15 have been shown to directly or indirectly interact with carboxyl
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terminus of Cbl. Here follow some examples that place Cbl in a multi-protein network
coordinating the process of ligand-induced receptor endocytosis:
• The SH2 domain of Grb2 binds the active receptor, while its SH3 domains can
associate with Cbl and endocytic proteins dynamin, synaptojanin and amphiphysin
(Wang and Moran, 1996).
• Kinase activity of Src, which interacts via its SH3 domain with Cbl, has been
implied in EGFR internalization via clathrin-coated pits (Carpenter, 2000; Wilde et
al., 1999). Src binds and activates dynamin (Ahn et al., 2002) and phosphorylates the
heavy chain of clathrin (Wilde et al., 1999). Inhibition of Src activity delays
internalization of activated receptors. Studies on PDGFRα suggested cooperative
action of Cbl and SFKs in receptor downregulation (Rosenkranz et al., 2000).
However, a recent study showed that active Src enhances phosphorylation and
ubiquitination of Cbl, which results in Cbl degradation and upregulation of EGFR
(Bao et al., 2003).
• Dap160, a D. melanogaster adaptor protein with an Eps15 homology (EH) domain
and four consecutive SH3 domains that associates with synaptojanin and synapsin
(Roos and Kelly, 1998), acts as a linker between dynamin and D-CblL (Robertson et
al., 2000). In addition, SH3P17, a protein with four SH3 domains homologous to
Dap160 and intersectin, binds to proline-rich region of Cbl in a yeast two-hybrid
screen (Robertson et al., 1997). Intersectin is a scaffolding protein that regulates
formation of clathrin-coated vesicles and stimulates actin assembly (McPherson,
2002; Simpson et al., 1999).
• The proline-rich domain of Cbl associates with the SH3 domain of human
unconventional myosin 1C (Robertson et al., 1997). Myosins of this class have been
shown to participate in vesicle transport and ligand-dependent endocytosis in
Saccharomyces cervisiae (Geli and Riezman, 1996) and mammals (Raposo et al.,
1999).
• Phosphorylation and ubiquitination of Eps15 (EGFR pathway substrate clone 15) is
involved in ligand-induced endocytosis of EGFR. Eps15, an adaptor composed of
three EH domains, coiled coil and multiple DPF repeats, interacts with multiple
endocytic components, including epsin, synaptojanin, intersectin, Crk and AP-2
(Salcini et al., 1999). It does not bind directly to the EGFR, and its interaction with
Cbl can be mediated via the adaptor protein Crk (Stang et al., 2000).
• Cbl associates with and modulates activity of PI3-kinase, an enzyme controlling
membrane trafficking and endosome recycling via modulating local levels of
phosphoinositides (De Camilli et al., 1996; Simonsen et al., 2001).

Involvement of carboxyl terminus of Cbl in all the above listed interactions
argues for dual role of Cbl in receptor downregulation. The long Cbl proteins (Cbl,
Cbl-b and D-CblL) presumably act as scaffolds necessary for assembling the
internalization complexes and thus ensuring efficient trafficking and downregulation
of activated receptors. In addition, the intrinsic E3 activity of Cbl controls receptor
endocytosis and promotes downregulation of active RTKs.
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Ubiquitin-dependent endosomal sorting

Experimental data from yeast and mammalian cells suggest that ubiquitin acts
as a sorting tag on endosomal cargos and is required for redirecting proteins from
default recycling pathway towards sorting for degradation. Accordingly, Cbl
overexpression does not change the internalization rate of the EGFR, but rather
inhibits receptor recycling (Levkowitz et al., 1998). EGFR-related receptors (ErbB-2,
ErbB-3 and ErbB-4) that do not efficiently bind to Cbl, are not targeted to lysosomes
and instead recycle back to the cell surface (Waterman and Yarden, 2001).
Accordingly, overexpression of v-Cbl enhances EGFR recycling (Levkowitz et al.,
1998).

Cbl-induced ubiquitination is likely to take place already at the plasma
membrane. Cbl has been shown to associate with and ubiquitinate EGFR under
conditions where endocytosis was impaired by low temperature or by expression of a
GTPase-defective mutant of dynamin (de Melker et al., 2001; Stang et al., 2000).
Similarly, upon CSF-1 stimulation, Cbl is targeted to the plasma membrane and
promotes rapid internalization of the CSF-1R (Lee et al., 1999). Cbl remains
associated with the EGFR in early and late endosomes (de Melker et al., 2001;
Levkowitz et al., 1998), which enables Cbl to progressively increase the level of
receptor ubiquitination. Accordingly, blocking of the internalization process by
expression of K44A dynamin delays EGFR ubiquitination (Stang et al., 2000).

EGF stimulation induces not only ubiquitination of RTKs, but also
monoubiquitination of multi-domain endocytic proteins Eps15 (van Delft et al., 1997)
and Hrs (HGF-regulated tyrosine kinase substrate) (Polo et al., 2002), which can
additionally participate in sorting of receptor complexes. The sorting of the
ubiquitinated EGFR into inner vesicles is MVBs is mediated by a number of
endocytic proteins with ubiquitin-recognizing motifs. Recently, a multi-protein
endocytic sorting complex including Eps15, Epsin, Hrs and Tsg101 has been
characterized (Bache et al., 2003; Clague and Urbe, 2001; Hofmann and Falquet,
2001; Katzmann et al., 2002). Proteins possessing a so-called ubiquitin-interacting
motif (UIM), such as Eps15, Epsin and Hrs, are required for protein transport in early
endosomes (Polo et al., 2002; Raiborg and Stenmark, 2002; Shih et al., 2002), while
the sorting protein complex ESCRT-1 recognizes ubiquitinated cargo by UBC-like
domain of Vps23/Tsg101 and directs protein sorting in the multivesicular body
(MVB) (Katzmann et al., 2001). Accordingly, recruitment of EGFRs to inner vesicles
of MVB is dependent on prolonged receptor activation and ubiquitinaton (Longva et
al., 2002). Fusion of MVB with lysosomes results in hydrolytic degradation of the
receptors found in the inner MVB vesicles, while the receptors located at the outer
membrane of MVB escape degradation and can be recycled back to the plasma
membrane (Katzmann et al., 2002).

Therapeutic approaches

Development of human cancers is often associated with excessive signaling via
RTKs transduction pathways that leads to tumor growth, metastasis and angiogenesis.
Amplification or upregulation of ErbB-2, found in 25%-30% of human breast, lung,
prostate and gastric cancers correlates with more aggressive subtypes of the disease
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(Slamon et al., 1987; Slamon et al., 1989). Since localization at the plasma membrane
is a prerequisite for oncogenic potential of ErbB-2, enhancing of the Cbl-mediated
receptor internalization is a promising aim of cancer therapies. Most of the tumor-
inhibitory antibodies induce accelerated clearance of ErbB-2 homodimers from the
cell surface, while others inhibit formation of heterodimers with other members of
EGFR family (Klapper et al., 1997). A recombinant humanized monoclonal antibody
(Herceptin/Trastuzumab from Genetech, Inc, So. San Francisco, USA) against the
extracellular domain of ErbB-2 has been successfully used in treatment of metastatic
breast cancer (Goldenberg, 1999). While no effect is observed on cells with
physiological expression of ErbB-2, interaction of anti-ErbB-2 antibodies with
overexpressed receptors results in downregulation of ErbB2 leading to decrease of cell
proliferation (Maier et al., 1991). The effectiveness of Herceptin and other tumor-
inhibiting antibodies is at least partially dependent on enhancing the Cbl-mediated
ErbB-2 ubiquitination and downregulation (Klapper et al., 2000). The tumor-
inhibitory antibodies that utilize the Cbl-mediated pathway require kinase activity and
tyrosine phosphorylation at the carboxyl terminal tails of ErbB proteins and,
analogously to ligand-induced endocytosis, target only the membrane fraction of the
receptors (Klapper et al., 2000; Levkowitz et al., 2000). Although a number of studies
questioned the association of Cbl with ErbB-2, other reports demonstrated the
importance of Y1112 residue (analogous to the Y1045 in EGFR) in mediating
interaction with the PTB domain of Cbl (Klapper et al., 2000). Mutation of this
putative Cbl-docking site blocks the antibody-induced receptor internalization and
degradation (Klapper et al., 2000). The tumorigenic form of ErbB-2 (Neu oncogene)
relatively weakly associates with Cbl and forms a ternary complex that includes PI3-
kinase and Shc (Levkowitz et al., 2000). Ectopic expression of Cbl leads to rapid
ubiquitination and removal of Neu from the plasma membrane, accompanied by
decrease in downstream signaling. Importantly, tumor suppression observed in Neu-
transformed neuroblastoma cells infected with a Cbl-encoding retrovirus correlates
with the Cbl expression level (Levkowitz et al., 2000). The inverse correlation
between Cbl expression and tumor growth could be potentially useful in cancer
treatment.

Decreased levels of Cbl have been reported in early stages of murine
immunodeficiency syndrome (M-AIDS) (Trebak et al., 1998). Infection with the
RadLV-Rs murine leukemia virus leads to polyclonal proliferation and impaired
responsiveness of T and B cells in the lymph nodes. Reduced Cbl expression,
observed both in T and B cells from lymph nodes but not from thymus of infected
animals, was an effect of posttranslational regulation since the Cbl mRNA level was
not affected (Trebak et al., 1998). Mice with advanced M-AIDS develop B cell
lymphomas - intriguingly, Cbl expression is neither inhibited in B cell lymphoma nor
in other tumor cell lines (Trebak et al., 1998). It has been proposed that the loss of Cbl
is involved in initiation of hyperproliferative process, but is not required to sustain the
oncogenic growth. In addition, peripheral T cells from HIV-1 positive patients had
normal levels of Cbl, and largely increased levels of Cbl-b (Leng et al., 2002).
Constitutive high levels of Cbl-b correlated with lower Erk-1/2 phosphorylation and
decreased proliferation in response to TCR stimulation (Leng et al., 2002). The anergy
observed in T cells overexpressing Cbl-b correlates well with hypersensitivity of Cbl-
b-/- lymphocytes.
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Infection of B cells with the Epstein-Barr virus (EBV) suppresses signaling
from antigen receptors. In lymphoblastoid cell lines latently infected with EBV the
ligand-independent phosphorylation of Cbl leads to formation of a constitutive
complex with phosphorylated BLNK, CrkL and C3G and inhibition of PLC-γ2
activity (Engels et al., 2001). Probably, the Cbl protein family could in more than one
way contribute to persistent immune activation and decreased responsiveness caused
by viral infection. Cbl competes with PLC-γ2 for binding to BLNK (Yasuda et al.,
2000), while Cbl phosphorylation and the Cbl-CrkL-C3G complex can activate Rap-1
and inhibit the MAPK cascade (Boussiotis et al., 1997).

Better understanding of normal and deregulated Cbl functions can lead to
development of novel therapeutic approaches, including immunological and genetic
therapies that might be efficient in controlling disease progression.

Cbl regulates actin dynamics

Several reports have indicated the involvement of Cbl in regulating
organization of the actin cytoskeleton and in controlling cell morphology. A number
of Cbl-interacting proteins, including Crk, Vav, CAP, CMS, PI3-kinase, 14-3-3 and
Src are known to modulate cytoskeletal responses. Cbl seems to be both positive and
negative regulator of various aspects of actin dynamics, depending on cell system and
experimental setup studied.

In response to integrin activation Cbl becomes tyrosine phosphorylated and is
recruited to the plasma membrane (Meng and Lowell, 1998; Ojaniemi et al., 1997). In
migrating fibroblasts, it localizes with actin at lamellipodia and leading edges (Scaife
and Langdon, 2000). Sequential truncations of the carboxyl terminal end of Cbl
revealed the importance of the proline-rich sequences in mediating Cbl localization to
actin lamellae (Scaife and Langdon, 2000). Cells expressing truncated forms of Cbl
(with deleted carboxyl terminus and preserved PTB and RING finger domains, i.e.
480-Cbl) do not form lamellipodia or membrane ruffles, and this effect is abolished
by mutation in the PTB domain of truncated Cbl (Scaife and Langdon, 2000). Cbl, via
its association with Crk and PI3-kinase, can regulate activation of Rac and formation
of lamellipodia (Scaife and Langdon, 2000). Accordingly, Cbl seems to link PI3-
kinase and Src to the integrin signaling pathway (Ojaniemi et al., 1997), and is
involved in PI3-kinase dependent macrophage spreading and migration (Meng and
Lowell, 1998). Phosphorylation of Cbl by SFKs is critical for Cbl-dependent
alterations of cell morphology, since blocking the activity of these kinases or
depleting the cells of Cbl results in a similar inhibition of cell spreading (Meng and
Lowell, 1998). Recent findings showed that Cbl acts as a negative regulator of actin
polymerization induced by RTKs (Scaife et al., 2003). Expression of a truncated Cbl
protein containing only the PTB and RING finger domains, led to an increase in
dorsal actin ruffle assembly in response to PDGF stimulation (Scaife et al., 2003).
Acting in a dominant negative manner, the oncogenic v-Cbl and 70Z-Cbl mutants
induce constitutive activation of integrin-dependent signaling events (Ojaniemi et al.,
1998). Adaptor proteins with triple SH3 domains from CMS/CD2AP and CAP/ponsin
families create additional link between Cbl and actin filaments. CMS and Cbl are
found in lamellipodia and leading edges of cells, and CMS has been shown to control
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actin reorganization via its interactions with p130Cas and SFKs (Kirsch et al., 1999).
The Cbl-interacting adaptor protein CAP binds to focal adhesion kinase (FAK), and
regulates stress fibers and focal adhesions in fibroblasts (Ribon et al., 1998a).

The role of Cbl in regulating actin dynamics has been best characterized in
three distinct cell systems, where the adaptory and enzymatic properties of Cbl are
required for physiological functions. In adipocytes, Cbl participates in a signaling
pathway that modulates cortical microfilaments and leads to glucose uptake. In T
cells, Cbl proteins regulate antigen receptor clustering and aggregation of lipid rafts.
In osteoclasts, Cbl is necessary for cell migration and bone resorption. Cbl effects
typically involve phosphorylation-induced assembling of signaling complexes and/or
ubiquitination. Cbl involvement in protein complexes within the actin-dependent
signaling pathways are schematically presented in Figure 3, and are discussed in more
details in the following sections.

   a b

c

Figure 3. Cbl regulates cytoskeletal
rearrangements.
a) adipocyte;
b) T cell;
c) osteoclast.
Closed circles indicate protein
phosphorylation. Detailed
explanations are in the text.

Cbl, CAP and glucose uptake (adipocytes)
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in translocation of glucose transporter GLUT-4 to the plasma membrane. While the
classical pathway is dependent on PI3-kinase activity, the second pathway utilizes Cbl
and localized signaling from the lipid rafts (Khan and Pessin, 2002). Cbl is rapidly
tyrosine phosphorylated by IR kinase in 3T3L1 adipocytes, but not in fibroblasts or
CHO cells overexpressing both IR and Cbl (Ribon and Saltiel, 1997). In contrast with
other RTKs, IR does not directly associate with Cbl, and efficient phosphorylation
requires presence of adipose- and muscle-specific adaptors, such as APS (Liu et al.,
2002) (Figure 3a). Phosphorylated Cbl associates with Crk, constitutively bound to
C3G protein (Ribon and Saltiel, 1997). C3G acts as a guanine nucleotide exchange
factor for the small GTPase TC10 (Chiang et al., 2001). The Cbl-Crk-C3G complex is
targeted to the membrane by Cbl-associated protein CAP, which is expressed in
differentiated adipocytes (Baumann et al., 2000). CAP is constitutively associated
with IR in a ligand-independent manner, and upon phosphorylation of Cbl the
CAP/Cbl complex dissociates from IR and moves to a caveolin-enriched, Triton-X
100-insoluble membrane fraction (Baumann et al., 2000; Ribon et al., 1998b). CAP
contains a Sorbin homology (SoHo) domain at the amino terminus and three SH3
domains at the carboxyl terminus (Ribon et al., 1998b). The SoHo domain binds
flotillin, a component of lipid rafts (Kimura et al., 2001), while the third SH3 domain
can interact with Cbl and APS (Liu et al., 2002). Lipid rafts and related caveolae
microdomains in 3T3L1 adipocytes have been shown to contain IRs (Gustavsson et
al., 1999), and can provide structural and functional components for the insulin-
dependent signaling. The small GTPase TC10, related to Cdc42, is localized in
caveolar structures and the CAP-mediated translocation of the Cbl-CrkII-C3G
complex is necessary for its activation. The active, GTP-bound, TC10 is then able to
initiate modification of cortical actin and stimulate actin polymerization that is needed
for redistribution of GLUT-4 from the intracellular tubulovesicular system to the cell
surface (Kanzaki and Pessin, 2001). TC10 activity controls dynamics of cortical and
perinuclear actin, as well as polymerization of actin on membrane transport vesicles
(Kanzaki et al., 2002).

Cbl proteins and antigen receptor clustering (T cells)

Activation of T cells via the antigen and co-stimulatory receptors leads to
segregation and clustering of receptors at the site of antigen contact (Figure 3b).
Asymmetric accumulation of receptors and associated signaling proteins creates a
microenvironment that promotes optimal signal transduction, resulting in cell
proliferation and cytokine production. Reorganization of membrane receptors is
dependent on actin cytoskeleton and involves assembly of detergent-insoluble lipid
rafts (Krawczyk and Penninger, 2001). Combined TCR and CD28 co-ligation
enhances Vav1 activity resulting in cytoskeletal reorganization via Cdc42-WASP
pathway. Vav1 is a guanine nucleotide exchange factor for Rho-family GTPases, and
can activate Cdc42. Active, GTP-bound Cdc42 activates WASP (Wiskott-Aldrich
syndrome protein), which induces actin nucleation mediated by the Arp2/3 complex
(Krawczyk and Penninger, 2001). Vav1 is phosphorylated upon TCR stimulation, and
the phosphorylation is further increased by co-stimulatory signal, involving activity of
ZAP-70, Lck and PI3-kinase (Krawczyk and Penninger, 2001). Cbl-b is recruited to
the TCR protein complex and gets phosphorylated by Syk/ZAP-70 and SFKs, which
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creates binding sites for Vav1 and PI3-kinase (Hartley et al., 1995; Marengere et al.,
1997). Cbl-b associates with and downregulates the phosphorylated TCR-associated
kinase ZAP-70, while ubiquitination or degradation of ZAP-70 could not be detected
(Krawczyk and Penninger, 2001). In addition, Cbl-b associates with and ubiquitinates
PI3-kinase, which blocks the kinase activity and impairs membrane recruitment of
Vav1 (Fang and Liu, 2001). Cbl-b-mediated control over Vav1 and WASP-dependent
processes of receptor clustering and raft aggregation in T cells is vital for regulating
immunological tolerance. Cbl-b couples raft aggregation, antigen receptor clustering,
and sustained tyrosine phosphorylation to CD28 co-stimulation (Rao et al., 2002). Co-
ligation of TCR and CD28 leads to ubiquitination and degradation of Cbl-b, releasing
the Vav1-dependent signaling from negative regulation and providing a fine-tuned
control over T cell activation (Zhang et al., 2002). Deletion of Cbl-b enables full T
cell activation without the requirement for the second signal, thus resulting in
development of spontaneous autoimmunity (Chiang et al., 2000).

Cbl, Src and osteoclast function

Osteoclasts are highly specialized multinucleated cells of monocyte-
macrophage origin that are responsible for bone resorption (Figure 4). Similarly to
macrophages, they form dynamic actin structures called podosomes, which are
formed of tubular invagination of the plasma membrane surrounded by columnar
arrays of actin with associated protein complexes (Destaing et al., 2003). Degradation
of bone matrix is facilitated after osteoclast polarization and formation of specific
membrane structures. In resorbing osteoclasts, podosomes assemble at the cell
periphery and form a so-called sealing zone, which provides tight attachment to the
bone and seals off the resorption pit, where protons and proteases are released through
a specialized membrane area called ruffled border. Solubilized products are
transported through the cell body to be finally discharged from the apically located
functional secretory domain (Väänänen et al., 2000).

Figure 4. Cell morphology of a
bone-resorbing osteoclast

Cbl is required downstream of Src in a signaling pathway necessary for bone
resorption (Tanaka et al., 1996). Tyrosine phosphorylation of Cbl and its peripheral
ring-like distribution are impaired in resorption-deficient Src-/- osteoclasts (Tanaka et

SEALING                             ZONE

RUFFLED
BORDER

FUNCTIONAL SECRETORY
DOMAIN

NUCLEI TRANSCYTOSIS

RESORPTION PIT



29

al., 1996). Both Cbl and Src antisense oligonucleotides inhibit in vitro bone resorption
by osteoclast-like cells (Tanaka et al., 1996). Plating of normal osteoclasts onto
vitronectin induces formation of podosomes and increased cell motility. These two
phenotypes are absent in Src-/- cells, while migration of osteoclasts is minimally
reduced and no alterations of the bone development are observed in Cbl deficient
mice (Murphy et al., 1998). In another study, the absence of Cbl in osteoclasts led to
decrease in lamellipodia formation and cell migration (Sanjay et al., 2001). Complex
formation between Cbl and protein kinases Src and Pyk2 is important for osteoclast
adhesion and migration and possibly regulates the dynamics of podosome assembly
(Sanjay et al., 2001) (Figure 3c). After integrin stimulation, Pyk2 is
autophosphorylated and recruits Src that binds to and phosphorylates Cbl, which in
turn downregulates Src (Sanjay et al., 2001). The Pyk2- and Src-dependent
recruitment of Cbl to adhesion sites may play a role in regulating cell attachment and
motility.
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PRESENT INVESTIGATIONS

Cbl, CIN85 and endophilins negatively regulate RTKs (Papers I and II)

Introduction

In an attempt to identify novel Cbl-interacting partners, we performed yeast
two-hybrid screen using full-size Cbl as bait. Screening of several million clones from
a human thymus cDNA library resulted in the identification of a number of proteins,
among them the multi-domain ubiquitous adaptor protein CIN85 (Cbl-interacting
protein of 85 kDa). Independently from our group, CIN85-Cbl interaction has been
characterized by Take at al. (Take et al., 2000). The schematic representation of
domain structure and known interactors of CIN85 are shown in Figure 5.

Figure 5. Structure and binding partners of CIN85. Novel interactions characterized by our work are shown
in bold.

CIN85 orthologs have been described in human (Take et al., 2000) and rat
(as Ruk (regulator of ubiquitous kinase) (Gout et al., 2000) and SETA (SH3 domain-
containing gene expressed in tumorigenic astrocytes) (Borinstein et al., 2000)). Its
structure is highly homologous to CMS/CD2AP proteins, and consists of three SH3
domains, a proline-rich region and a carboxyl-terminal coiled-coil domain (Dikic,
2002). It has PEST sequence that can target proteins for degradation (Rechsteiner and
Rogers, 1996), and several FxDxF motifs that can bind clathrin adaptor AP2 (Brett et
al., 2002). CIN85 molecules form tetramers due to oligomerization mediated by the
coiled-coil region, and are found in multimeric protein complexes including BLNK,
Crk, Grb2, p130Cas and PI3-kinase (Watanabe et al., 2000). SH3 domains of CIN85
directly bind to the apoptosis regulator AIP1 (Chen et al., 2000), CD2 receptors, and
SETA binding protein SB1 (Borinstein et al., 2000). CIN85 has been reported to
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inhibit lipid kinase activity of PI3-kinase (Gout et al., 2000) and participate in
regulation of apoptosis and RTK signaling pathways (Dikic, 2002).

Results and discussion

In contrast to the majority of SH3-containing proteins that interact with the
proline-rich region of Cbl, CIN85 specifically bound to the distal part of Cbl (residues
680-906) (Paper I). In addition, screening of clones from thymus cDNA library with
full size CIN85 resulted in the identification of distal carboxyl terminal sequence
from Cbl-b (Paper II). We confirmed the CIN85-Cbl/Cbl-b binding in yeast and
mammalian cells, and in agreement with previous reports (Take et al., 2000) we
observed increased interaction after stimulation with EGF. Supposedly, tyrosine
phosphorylation of Cbl induces a conformational change of the carboxyl terminal
region, which exposes the site recognized by SH3 domains of CIN85. We further
analysed the structural requirements for efficient Cbl-CIN85 binding, and could show
that deletion of the PTB domain, RING finger or LZ motif in Cbl did not perturb
association with CIN85. Creating a series of carboxyl terminal truncations in Cbl-b,
we were able to identify a minimal binding domain of 36 amino acids, located
between residues 891-927 (Paper II). This sequence is homologous between Cbl and
Cbl-b, and is not present in Cbl-3, which did not bind to CIN85 (Paper II).
Intriguingly, we could see that association with CIN85 was not mediated via the
classical PXXP motifs typically recognized by SH3 domains. In addition, by
analyzing truncated constructs of CIN85, we demonstrated that the SH3 domains
exclusively mediated association with Cbl, while the proline-rich region and coiled-
coil domains were dispensable.

We set up to determine the functional relevance of this interaction, which
could provide the role for the divergent distal carboxyl terminus of long Cbl forms. In
order to identify additional proteins associated with CIN85, we performed a two-
hybrid screen using carboxyl terminal part of CIN85 (PCC, residues 331-665) as bait.
The screen of human brain and thymus cDNA libraries produced several partial
clones containing SH3 domains of endophilins A1, A2 and A3. In parallel, an
independent research group demonstrated interaction between SH3 domain of
endophilin A3 and specific proline-rich motifs found in CIN85 (Petrelli et al., 2002).
We confirmed the interaction from the yeast system in a number of cell lines and in
co-transfection experiments in 293T and CHO cells. We could demonstrate that while
endophilins constitutively bound to the proline-rich domain of CIN85, SH3 domains
of CIN85 formed an inducible complex with Cbl, which led to EGF-induced co-
precipitation between endophilins and Cbl or EGF receptors.

Endophilins are known as accessory proteins regulating the clathrin-coated
vesicle formation. Due to the intrinsic activity of lysophosphatidic acid acyl
transferase (LAAT), endophilins can introduce local changes in lipid curvature and
induce membrane invaginations (Ringstad et al., 1999). Endophilins directly bind
lipid bilayers (Farsad et al., 2001) and other regulatory components of clathrin-coated
vesicle: dynamin, synaptojanin and amphiphysin (Reutens and Begley, 2002;
Simpson et al., 1999).

By targeting endophilins to activated receptors, Cbl and CIN85 may contribute
to induction of internalization of RTKs. The protein complexes including EGFR, Cbl,
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CIN85 and endophilins were rapidly formed after EGF stimulation. We could also
detect analogous protein complexes with the PDGFR and Cbl-b. In
immunofluorescence experiments, endogenous or overexpressed CIN85 co-localized
with receptors in endocytic vesicles of EGF-stimulated HeLa and CHO cells. In
agreement with the proposed role of CIN85 as a linker between Cbl and endophilins,
expression of truncated forms of CIN85 inhibited the formation of receptor-
containing vesicles upon EGF stimulation. Dominant interfering forms of CIN85 used
in the experiments were composed of either three SH3 domains (CIN85-3SH3) that
blocked binding of endogenous CIN85 to Cbl, or proline-rich and coiled-coil domain
(CIN85-PCC) that blocked binding of endogenous CIN85 with endophilins. These
constructs, when overexpressed in CHO cells, impaired EGFR internalization and
caused prolonged presence of ligand-coupled receptors at the plasma membrane. We
quantified cells containing vesicles with internalized receptors after EGF stimulation,
and found a decrease of internalization in cells expressing dominant negative forms of
CIN85 (in these cells EGFR was diffusely localized at the plasma membrane).
Additionally, disturbance of CIN85 function increased activation of EGF-induced
gene transcription, measured by luciferase reporter assays for serum response element
transcription. Importantly, the truncated forms of Cbl proteins, lacking the CIN85-
binding site, were less potent in negative regulation of EGF receptors. Figure 6 shows
a scheme of CIN85- and Cbl-dependent EGFR internalization.

Figure 6. Proposed role of CIN85 in
RTK endocytosis. Ligand-induced
activation of EGFR leads to receptor
autophosphorylation (pY), Cbl/Cbl-b
recruitment and phosphorylation, thus
causing a conformational change, that
enables association with CIN85 bound
to endophilins (End). The latter, in
concert with other accessory proteins,
can facilitate local invagination of the
plasma membrane resulting in
internalization of the receptor
complexes. Independently, the amino-
terminal part of Cbl induces transfer of
ubiquitin molecules (Ub) from the E2
to activated receptors. Both Cbl-
mediated processes cooperate in
efficient downregulation of RTKs.

Our observations were confirmed by studies on ligand-dependent
internalization of HGFR, where formation of the Cbl-CIN85-endophilin complex was
essential for efficient downregulation of activated receptors (Petrelli et al., 2002). As
the assembly of the complexes involving RTK, Cbl/Cbl-b, CIN85 and endophilin was
dependent on ligand stimulation, we were interested to see if constitutively active
receptors were also subjected to the newly described downregulatory mechanism.
Analysis of several tumor cell lines showed that hyperactivated receptors (EGFR,
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PDGFR and c-Kit) are constitutively complexed with CIN85, which could contribute
to downregulation of oncogenic RTKs (Paper II).

Since ubiquitination is believed to play a vital role in sorting receptors for
degradation, we checked if CIN85 or its deletion mutants influence the amount of
ubiquitinated EGF receptors. Characteristically, we found that expression of dominant
interfering forms of CIN85 had no effect on ubiquitination of EGFR mediated by Cbl
or Cbl-b, which indicates two separable functions of Cbl proteins in internalization of
RTKs – firstly, promoting membrane invagination via the recruitment of CIN85-
endophilin complex, and secondly, inducing ubiquitination of receptors.

Mono-ubiquitination of CIN85 is involved in endocytosis and degradation of the
EGFR (Paper III)

In the course of the immunoprecipitation studies described in Papers I and II,
we observed that EGF stimulation resulted in the appearance of ubiquitinated form of
CIN85 in cells overexpressing CIN85, Cbl and EGFR together with ubiquitin. Since
the apparent molecular mass of CIN85 increased by approximately 8 kDa, we
concluded that in our experimental conditions CIN85 is modified by attachment of a
single ubiquitin molecule. Both CIN85 and its homolog CMS were
monoubiquitinated by Cbl and Cbl-b in cells stimulated with EGF. Functional RING
finger together with carboxyl terminus of Cbl/Cbl-b were required for efficient
ubiquitination of CIN85. Characteristically, Cbl-b with deleted PTB domain, unable
to ubiqutinate the EGFR, was more potent in facilitating monoubiquitination of
CIN85 than full size Cbl-b. In all tested conditions, the Cbl-induced
monoubiquitination of CIN85 was dramatically increased upon growth factor
stimulation. In addition, we could detect monoubiquitinated CIN85 forms in inducible
complexes with Cbl and ubiquitinated EGFR. On the other hand, overexpression of
another E3 ligase Nedd4 induced ubiquitination of CIN85/CMS independently of
ligand stimulation.

In order to characterize the structural requirements involved in Cbl-mediated
monoubiquitination, we tested several truncated forms of CIN85. We could not detect
ubiquitination of either the isolated amino terminal half with three SH3 domains
(CIN85-3SH3) or the carboxyl terminal half with the proline-rich and coiled-coil
domains (CIN85-PCC). Potentially, the lack of ubiquitination of CIN85-3SH3 and
CIN85-PCC could contribute to the observed function of these constructs in a
dominant negative manner. In the context of full molecule, deletion of the coiled-coil
domain or an internal region with proline and PEST motifs impaired ubiquitination of
CIN85. Our data suggest that while the amino-terminal part of CIN85 recruits Cbl, its
carboxyl terminus serves as an acceptor site for ubiquitin. Mutation of individual
conserved lysines in the carboxyl tail of CIN85, or combined mutation of all lysines
present in the coiled-coil domain did not abolish monoubiquitination of CIN85. Thus,
monoubiquitination of CIN85 seems not to be specific for a particular lysine residue,
but instead utilizes as an acceptor various lysines in the structurally intact carboxyl
region of CIN85.

Importantly, we observed that the monoubiquitinated CIN85 was degraded
upon prolonged ligand stimulation. Since CIN85 is found in an inducible complex
with Cbl and EGFR after receptor activation, and the kinetics of CIN85 degradation
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was similar to that of Cbl and EGFR, we proposed that the CIN85-Cbl-EGFR
complex is subjected to common degradation in lysosomes. Accordingly, the G306E-
Cbl mutant, unable to associate with the EGFR, could not induce significant
degradation of receptors or CIN85. In addition, monoubiquitinated forms of CIN85
accumulated in the condition of inhibited deubiquitination, suggesting that
modification of CIN85 by attachment of ubiquitin molecule may be regulated by
reversible ubiquitination-deubiquitination cycles.

During our work on CIN85 monoubiquitination, another group independently
reported ubiquitination of Ruk isoforms (Verdier et al., 2002). It has been proposed
that Ruk is polyubiquitinated, due to appearance of multiple high molecular mass
bands in Ruk immunoprecipitates (Verdier et al., 2002). Even though we observed
only single ubiquitinated species of CIN85, under condition of high overexpression of
Cbl additional two to three weak bands could be detected, suggesting that the
ubiquitinating mechanism is saturable and supporting our idea about non-specific
ubiquitination sites. Proteasome and lysosome inhibitors did not cause accumulation
of Ruk proteins, thus suggesting that ubiquitination did not affect the stability of Ruk
protein (Verdier et al., 2002). Accordingly, in our experiments we did not observe
degradation of total CIN85, but only of monoubiquitinated CIN85 form, which is a
small fraction of the expressed protein. Moreover, ubiquitination of CIN85 was
greatly enhanced upon Cbl co-expression, which enabled us to detect the minor
changes in CIN85 level induced by growth factor stimulation.

In the view of recent reports on the monoubiquitination of endocytic proteins,
we could propose that the Cbl-facilitated monoubiquitination of CIN85 is important
for post-internalization events including endosomal sorting and degradation of
internalized EGFR complexes (Figure 7).

Figure 7. CIN85 and sorting of internalized receptor complexes. In endocytic compartments, the
monoubiquitinated form of CIN85 is sorted, together with EGFR and Cbl, for lysosomal degradation.
MVB, multivesicular body; sorting complex, UIM and UBA containing proteins; Ub, ubiquitin.
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SH3P2 participates in Cbl-mediated regulation of actin dynamics (Paper IV)

Introduction

We identified SH3P2 (SH3 domain containing protein 2) as a Cbl partner in a
yeast two-hybrid screen using a human fetal brain cDNA library. This protein of 28
kDa (214 residues) has a short proline-rich stretch and a SH3 domain at amino
terminus, followed by three ankyrin repeats. It is ubiquitously expressed, and its
mouse ortholog has been identified in a systematic screen for SH3-containing proteins
(Sparks et al., 1996). Independently, the same protein was cloned and described as
osteoclast stimulating factor (OSF) that interacts with Src and promotes
differentiation and bone resorption in osteoclasts (Reddy et al., 1998). Schematic
structure of SH3P2 is shown in Figure 8.

Figure 8. Domain structure of SH3P2.

Results and discussion

Association between SH3P2 and Cbl was mediated by the SH3 domain of
SH3P2 binding to the proline rich domain of Cbl, as determined in yeast and
mammalian cells. We identified the sequence PPVPPR, conserved in Cbl (residues
494-499) and Cbl-b (residues 505-510), which was specifically recognized by the
SH3 domain of SH3P2. In fibroblasts, we observed characteristic cellular distribution
of endogenous or transfected SH3P2 in nucleus and the perinuclear region, as well as
along the ends of actin stress fibres. Ankyrin repeats, which are common protein-
protein interaction motifs, were targeting SH3P2 to actin-rich structures at the cell
periphery. Since SH3P2 did not associate directly with actin in an in vitro binding
assay, the mechanism that targets it to the specific actin structures still remains to be
identified. Binding between SH3P2 and actin was sensitive to treatment with
cytochalasin D, a drug that blocks the barbed ends of actin filaments and induces
disassembly of F-actin (Schliwa, 1982). Upon integrin stimulation, an inducible
complex containing SH3P2, Cbl and actin was formed. The SH3P2-Cbl interaction
was present in adherent cells, but not in cells kept in suspension. Importantly,
interaction of SH3P2 with Cbl induced Src-mediated tyrosine phosphorylation of
SH3P2. In contrast to the previous report (Reddy et al., 1998), we could not detect
direct binding between SH3P2 and Src. Co-precipitation between SH3P2 and Src was
observed only in cells overexpressing these proteins together with Cbl. Src is known
to associate with Cbl by multiple mechanisms, through its SH3 and SH2 domains as
well as the phosphorylated site Y416 (Sanjay et al., 2001). Using GST pull-down and
peptide binding essays, we could determine that the SH3 domains of Src and SH3P2
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bind to adjacent, but not the same polyproline motifs in Cbl/Cbl-b, and that
dimerization of Cbl molecules by LZ domain is important for efficient complex
formation between Src and SH3P2.

Src protein tyrosine kinase is involved in regulation of the actin cytoskeleton
dynamics. Also, Cbl has been shown to control integrin- and RTK-induced actin
rearrangements (Ojaniemi et al., 1997; Scaife et al., 2003; Scaife and Langdon, 2000).
Particularly, the morphology and function of osteoclasts is dependent on Src and Cbl
interaction (Tanaka et al., 1996) (see page 28). SH3P2 is highly expressed in
osteoclasts, and has been previously shown to indirectly stimulate osteoclast
differentiation and bone resorption (Reddy et al., 1998). Our detailed studies revealed
co-localization of Cbl and SH3P2 at the apical side (opposite to the extracellular
matrix) of individual podosomes forming the peripheral belt in osteoclast cultured on
glass. Src and Cbl are important for assembly and/or disassembly of podosomes
(Sanjay et al., 2001), and the potential function of SH3P2 in this context should be
addressed in the nearest future.
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FUTURE PERSPECTIVES

The identification of novel adaptor proteins and description of their function in
vitro and in vivo inevitably raises new questions that aim at characterizing the
involved molecular mechanisms and their physiological relevance. Further studies on
Cbl interacting proteins CIN85 and SH3P2 can lead to better understanding of Cbl
function and regulation.

Our work on CIN85 clearly pointed to its role in internalization of RTKs,
where CIN85 acts as a linker between activated EGFR and components of clathrin
coated pits (Paper I). Analogously, the CIN85-related protein CD2AP has been
recently shown to bind to Cbl and endophilins following EGF stimulation, and in
addition it recruits cortactin to the receptor complexes, thus connecting receptor
endocytosis to actin polymerization (Lynch et al., 2003). It would be of interest to
check if CIN85 and CD2AP participate in internalization of other membrane
receptors, activation of which induces Cbl translocation and phosphorylation. Also,
since CIN85 has a multi-domain structure characteristic for scaffolding adaptor
molecules, it can possibly affect receptor desensitization in other ways than linking
Cbl to endophilins at the plasma membrane. We observed co-localization of CIN85
and EGFR in vesicles after prolonged stimulation with EGF. Interestingly,
CMS/CD2AP, a protein with similar domain structure and high degree of homology
to CIN85, has been shown to regulate transport between early and late endosomes
(Cormont et al., 2003). It specifically cooperated with the active form of Rab4 and
overexpression of the carboxyl terminal part of CMS/CD2AP had a dominant
negative effect and inhibited degradation of PDGFRβ (Cormont et al., 2003).
Overexpression of full size CMS/CD2AP together with Rab4-Q67L or Cbl induced
enlargement of early endosomal compartment (Cormont et al., 2003). These findings
indicate that multiple interactions of CIN85 and CMS/CD2AP are involved in
recruitment and sorting of RTKs in various stages of ligand-induced endocytosis.

We further attempted to identify the sequence in Cbl/Cbl-b responsible for
binding to CIN85, as indicated in Paper II. Extensive analysis of peptides from
carboxyl terminus of Cbl resulted in discovering a novel proline and arginine-based
motif, which was specifically recognized by the three SH3 domains of CIN85 and
CMS (Kowanetz et al., submitted). Importantly, the same motif is present in a number
of proteins involved in the endocytic pathway (Kowanetz et al., submitted), and
studying the role of the novel SH3-domain dependent CIN85 interactions may
contribute to our understanding of regulation mechanisms in the endocytosis of
RTKs. In addition, the carboxyl terminal coiled-coil domain seems to be critical for
CIN85 function. It is necessary for Cbl-induced monoubiquitination of CIN85 (Paper
III) and also for formation of CIN85 aggresomes (unpublished observation). Notably,
several endocytic proteins, including Eps15, intersectin, endophilin and Hrs, contain
coiled-coil domains (Raiborg et al., 2001; Slepnev and De Camilli, 2000). The coiled-
coil domain of CIN85 mediates formation of homo- and heteromeric complexes
((Watanabe et al., 2000) and our unpublished data), and determining its role in
CIN85-dependent processes would be an interesting task.

We described Cbl-dependent, EGF-induced monoubiquitnation of CIN85 in
the complex with ubiquitinated EGFR (Paper III). In the light of the large number of
ubiquitin-recognizing proteins in the endocytic pathway, monoubiquitinated CIN85
can have a role in sorting of receptor complexes. Creating an ubiquitination-deficient
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CIN85 mutant with preserved domain structure could give more direct insight into the
function of CIN85 monoubiquitination.

Characterizing the nature and role of Cbl-induced ubiquitination is of great
importance. Cbl has been reported to mediate substrate modification by single
ubiquitin at one or more lysines (mono- or multiubiquitination, respectively), or by
ubiquitin chains (polyubiquitination). Interestingly, our recent findings show that
EGFR itself is monoubiquitinated on several lysines, rather than polyubiquitinated
(Haglund et al., 2003), in contrast to what has been believed previously. The kind of
ubiquitination is vital for the fate of ubiquitinated protein, as polyubiquitinated
proteins are degraded in proteasomes, while monoubiquitination serves other
purposes, including membrane transport and sorting for lysosomal degradation
(Bonifacino and Weissman, 1998; Hicke, 2001b). We only recently have started to
appreciate the nature and importance of protein modification by ubiquitin, and clearly
more studies are needed before we fully understand the role of Cbl-mediated
ubiquitination in the context of ligand-induced endocytosis and downregulation of
RTKs. What determines whether a protein will be poly- or monoubiquitinated by
Cbl? Does it depend on the substrate protein, the type of interaction with Cbl, or on
some other factors? Recent reports provided some insight into mechanisms
controlling ubiquitin-dependent sorting of protein cargo in endocytic compartments
(Bache et al., 2003; Hicke, 2001a; Katzmann et al., 2002). Further studies would be
needed to understand the function of various ubiquitin-recognizing motifs found in
multiple proteins, such as the UBA domain of Cbl.

In order to clarify the physiological role of SH3P2, it is worthwhile to search
for proteins that specifically interact with its SH3 domain or ankyrin repeats. The
partners of SH3P2 found in our yeast two-hybrid screens include nuclear and
cytoskeletal proteins, which corresponds to distribution of SH3P2 in nucleus and in
cytoplasm, and suggests its role in both compartments (Paper IV).

Expression of SH3P2 induces secretion of an unidentified factor that leads to
osteoclast differentiation and bone resorption (Reddy et al., 1998). This could be
linked to nuclear function of SH3P2, which could stimulate gene transcription. In
addition, SH3P2 interacts with spinal muscular atrophy disease-determining gene
product, SMN (survival motor neuron) (Kurihara et al., 2001), which is a part of
multiprotein complex required for biogenesis of small nuclear ribonucleoproteins
(Carvalho et al., 1999). SMN and SH3P2 seem to cooperate in their stimulating effect
on osteoclast function (Kurihara et al., 2001). We identified heterogenous nuclear
ribonucleoprotein K as a novel partner of SH3P2. This protein interacts with SH3
domains of Src and Vav, and is involved in transcriptional regulation and RNA
processing (Bomsztyk et al., 1997). Additional studies, aimed to clarify the nuclear
functions of SH3P2, could explain its function as osteoclast stimulating factor.

Another protein specifically recognized by the SH3 domain of SH3P2,
identified in yeast two-hybrid screen, is WASP (Wiskott-Aldrich syndrome protein).
We confirmed the binding in mammalian cells, and have analyzed this interaction in
connection with Src kinase activity and with WASP-induced actin reorganization
(Hajkova et al., manuscript). Future studies could demonstrate the functional
importance of SH3P2 in modulation of cytoskeletal responses in osteoclasts and other
cell systems.

Dynamic changes in intracellular processes can be analyzed by measurement
of FRET (fluorescence resonance energy transfer) (Bastiaens and Squire, 1999;
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Harpur et al., 2001). We are planning to monitor post-translational modifications
(phosphorylation and ubiquitination) of selected molecules during receptor
endocytosis using the technique of fluorescence lifetime image microscopy (FLIM).
In addition, FLIM enables specific and sensitive detection of direct interactions
between proteins fused to distinct GFP variants, which will be useful for
determination of the spatio-temporal relations between Cbl and the Cbl-interacting
molecules in living cells.

Finally, the gene targeting technology is used for functional analysis of CIN85
and SH3P2 in embryonic development and physiology of mice. Classical and
conditional knockouts have great potential to provide crucial answers regarding
physiological significance of these adaptor proteins.
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