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c-Cbl functions as a multifunctional adaptor and an E3 ubiquitin protein ligase.
Several studies have shown that c-Cbl is involved in cytoskeleton-mediated events,
but the molecular mechanisms linking c-Cbl to cytoskeletal rearrangements remain to
be elucidated. Our previous results indicated that c-Cbl facilitates spreading and
migration of v-Abl-transformed NIH 3T3 fibroblasts and suggested that small
GTPases play important roles in the cytoskeletal effects of c-Cbl in this system. To
elucidate the individual contributions of small GTPases to these effects, we assessed
the roles of endogenous Rac1, RhoA and Rap1 in the c-Cbl-dependent spreading and
migration of v-Abl-transformed fibroblasts overexpressing c-Cbl, using RNAi.
Furthermore, since it has been shown that Rap1 can act as an upstream regulator of
Rac1 in inducing cell spreading, we analyzed the interplay between Rap1 and Rac1 in
the signaling pathways connecting c-Cbl to the cytoskeletal events.
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Our results indicate that Rac1 is essential for cell migration and spreading,
whereas activation of RhoA exerts a negative effect. We have also shown that Rap1 is
essential for cell spreading, although not for migration in our experimental system.
Furthermore, we provide evidence that Rap1 is located upstream of Rac1 in one of
the signaling pathways that regulate c-Cbl-facilitated cell spreading. Overall, our
findings are consistent with the model describing the connection of c-Cbl to the
cytoskeletal rearrangements via two pathways, one of which is mediated by PI3K and
Rac1, and the other, by CrkL/C3G, Rap1 and Rac1.
A major biological feature of glioma is the ability to invade normal brain
tissue. The molecular mechanisms of glioma invasion are involved in multiple
biological processes which are primarily associated with cytoskeleton-mediated
events including adhesion, migration, and degradation of extra cellular matrix (ECM).
Biological functions of c-Cbl in glioma have not been elucidated. In this study, we
examined biological roles of c-Cbl using RNAi-mediated depletion of endogenous cCbl and stably c-Cbl expressing glioma cells generated by lentiviral transduction and
showed that c-Cbl increases invasion through degradation of ECM by upregulation of
MMP2 but not through migration, adhesion, or growth of SNB19, a grade IV
glioblastoma cell line.
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CHAPTER 1
INTRODUCTION

Overview of Cbl
The c-Cbl, Casitas B-lineage lymphoma, was initially identified as the cellular
form of v-Cbl, Gag-fusion transforming protein of Cas NS-1 retrovirus, which causes
pre- and pro- B lymphomas in mice (Langdon et al. 1989a; Langdon et al. 1989b). It
was later shown that v-Cbl was a result of a large truncation of its C-terminal portion
(Blake et al. 1991). c-Cbl is a ubiquitously expressed, primarily cytosolic protein. The
mammalian Cbl family consists of three proteins c-Cbl, Cbl-b, and Cbl-c/Cbl-3.
Over the years, various studies have shown that c-Cbl and other Cbl-family
proteins play important roles in several signaling pathways. As a multifunctional,
multivalent adaptor protein, capable of interacting with a variety of proteins, c-Cbl
has been shown to positively affect certain signaling pathways. The identity of c-Cbl
as an E3 ubiquitin ligase has accelerated finding the fact that c-Cbl is an important
protein in negative regulatory pathways involved in maintaining homeostasis in
protein tyrosine kinase (PTK) signaling.
The complexity of Cbl-influenced pathways explains that c-Cbl is involved in
the diverse biological processes including cell transformation, T-cell signaling and
thymus development, B-cell signaling, mast-cell degranulation, macrophage functions,
bone development, neurite growth, platelet activation, muscle degeneration, and
bacterial invasion.
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Structure of Cbl
Several studies have identified important conserved domains of various Cbl
proteins. In the N-terminus, the tyrosine kinase-binding (TKB) domain, which is
homologous to v-Cbl, contains a four-helix bundle (4H), a calcium-binding EF hand
and a modified SH2 domain, and was so named for its ability to bind to phosphotyrosine residues in multiple protein tyrosine kinases (PTKs) (Meng et al. 1999). In
spite of its name, TKB domain mediates binding of c-Cbl to proteins other than PTKs
and the mode of their binding varies widely. For example, the adaptor protein APS
(adaptor containing Pleckstrin Homology and SH3 Domains) binds to TKB in a
tyrosine phosphorylation-dependent fashion (Hu et al. 2005). Furthermore, there are
proteins like Src-like adaptor protein (SLAP) and tubulin whose binding to Cbl is not
compromised by inactivation of the SH2-like domain of c-Cbl, which abrogates direct
binding to PTKs (Tang et al. 1999; Teckchandani et al. 2005a). These findings argue
that the TKB domain is capable of multiple interactions with its binding partners, and
some of these interactions are likely to be entirely independent of the modified SH2
domain of c-Cbl.

Another important domain of c-Cbl is a C3HC4 Zinc-binding RING finger
domain, which mediates the E3 ubiquitin ligase activity of c-Cbl (Joazeiro et al. 1999;
Levkowitz et al. 1999). The two domains are interspersed by a short linker sequence,
which is crucial for ubiquitin ligase activity of c-Cbl; various mutations in this region
render c-Cbl transforming (Thien et al. 2001). TKB and RING act in concert to
facilitate ubiquitylation and degradation of activated PTKs, with the TKB domain
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conferring substrate specificity and the RING finger bringing in an E2 ubiquitinconjugating enzyme.

The C-terminal portion of Cbl shows the diverse domain structures of Cbl
protein family. While c-Cbl, Cbl-b, and D-CblL (Drosophila homolog of Cbl) have
extensive proline-rich regions containing a number of putative SH3-binding motifs
(Keane et al. 1995; Langdon et al. 1989b; Robertson et al. 2000), Sli-1
(Caenorhabditis elegans homolog), and Cbl-3 have very short proline-rich regions
(Keane et al. 1999; Kim et al. 1999; Yoon et al. 1995) and the short form of D-Cbl
has none (Hime et al. 1997). Recently, a novel proline-arginine motif (PXXXPR),
specifically recognized by the SH3-containing protein CIN85 was identified in c-Cbl
and Cbl-b (Kowanetz et al. 2003; Kurakin et al. 2003; Szymkiewicz et al. 2002).

The C-terminal part of Cbl proteins also contains the major sites of tyrosine
phosphorylation, which enable interactions of Cbl with SH2 domain-containing
proteins (see below).

In the very end of C-terminus, c-Cbl, Cbl-b, and D-CblL contains a sequence
homologous to both the leucine zipper (LZ) and the ubiquitin-associated (UBA)
domain. The LZ domain mediates dimerization of multiple proteins (Alber 1992;
Busch et al. 1990), while UBA binds to ubiquitin residues (Bertolaet et al. 2001).
Although these structural elements superimpose inside the Cbl sequence, their
functions can be dissociated, since homo- and hetero-dimerization has been shown for
both c-Cbl and Cbl-b (Bartkiewicz et al. 1999; Liu et al. 2003), while only Cbl-b and
not c-Cbl can bind to ubiquitin through its UBA domain (Davies et al. 2004).
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Whereas dimerization of Cbl appears to play a role in its protein-protein interactions
and phosphorylation (Bartkiewicz et al. 1999; Liu et al. 2003), the role of UBAmediated binding to ubiquitin is less clear, since UBA is not essential for Cblmediated ubiquitylation (Levkowitz et al. 1999).

Phosphorylation of Cbl

Several reports have demonstrated the important role of tyrosine phosphorylation of
Cbl proteins for their adaptor function and E3 activity. A wide range of chimeric
oncogenic PTKs, including Bcr-Abl; growth factor receptors, including epidermal
growth factor receptor (EGFR); receptors for cytokines, including IL-4, IL-2, CSF-1;
immune recognition receptors, including T-cell receptor (TCR) for antigen; integrins
and other receptors have been shown to induce tyrosine phosphorylation of c-Cbl
[reviewed in (Ryan et al. 2006; Swaminathan et al. 2006; Thien et al. 2005a;
Tsygankov et al. 2001)] .
Multiple chemical agents including arsenite, mercuric chloride, Zn2+, and
ethanol have been shown to stimulate tyrosine phosphorylation of c-Cbl in cell
cultures and in vivo (Bazuine et al. 2003; Howlett et al. 1999; Nishio et al. 2002;
Samet et al. 2003). The effects of these treatments appear to be mediated by various
Src-family PTKs; mercuric chloride by Hck, Zn2+ by Src, and ethanol by Fyn.
Multiple proteins of pathogens have also been implicated as causal factors in Cbl
tyrosine phosphorylation. The Listeria monocytogenes protein InlB, involved in
bacterial infection, stimulated phosphorylation of c-Cbl in Vero cells (Braun et al.
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2000). Antigen receptor-independent phosphorylation of c-Cbl, requiring LMP2A
expression and SLP-65 protein phosphorylation was observed in Epstein Barr virus
(EBV) infected cells (Engels et al. 2001). The HIV protein Nef up-regulates c-Cbl
phosphorylation via Lck in the absence of T-cell receptor engagement and costimulation (Yang et al. 2005). Macrophages infected with wild-type Shigella
flexineri showed tyrosine phosphorylation of c-Cbl (Kuwae et al. 2001).

In addition to tyrosine phosphorylation of c-Cbl, c-Cbl undergoes
serine/threonine phosphorylation in T cells in response to cross-linking of TCR or
CD43 through the activation of protein kinase C (PKC) (Liu et al. 1999; PedrazaAlva et al. 2001). Treatment of cells with PMA, which activates PKC, also induces
serine phosphorylation of c-Cbl (Liu et al. 1999; Liu et al. 1997). Pre-treatment of
Jurkat T cells with PMA, however, reduced TCR-induced tyrosine phosphorylation of
c-Cbl. Serine phosphorylation of c-Cbl allows it to interact with the tau isoform of
14-3-3 protein, with residues 619, 623, 639 and 642 being critical for this interaction
(Liu et al. 1997). Engagement of ß2 integrins on neutrophils triggers both tyrosine
and serine phosphorylation of c-Cbl via Src-family PTKs and PKC, respectively
(Melander et al. 2003; Melander et al. 2004). PKC-dependent phosphorylation of cCbl had no effect on the E3 activity of c-Cbl, but induced association of c-Cbl with
14-3-3 proteins (Melander et al. 2004).

Identity of PTKs Phosphorylating c-Cbl
Although c-Cbl is an important substrate for several PTKs, the specificity of
PTKs phosphorylating c-Cbl still remains to be elucidated. It has been shown that Abl
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phosphorylates Tyr-700 and -774 of c-Cbl (Andoniou et al. 1996), that Tyr-700, -731
and -774 of c-Cbl are phosphorylated in T cells following TCR ligation, and that
over-expressed Syk and various Src-family PTKs can phosphorylate all these
tyrosines demonstrating no apparent specificity (Feshchenko et al. 1998). Another
study also demonstrated that Tyr-731 of c-Cbl is phosphorylated by Fyn (Hunter et al.
1999). Phosphorylation of Tyr-700 and -774 of c-Cbl was also observed in the
APS/insulin receptor system (Liu et al. 2002). Recent studies demonstrated that
purified kinase domains of Syk, Fyn, and Abl differentially phosphorylate C-terminal
tyrosines of c-Cbl in vitro (Grossmann et al. 2004); While the kinase domain of Syk
phosphorylated Tyr-700, -731 and -774, Fyn showed a preference for Tyr-731 and
Abl for Tyr-700.
Another tyrosine residue for phosphorylation within c-Cbl is Tyr-674, which
is phosphorylated following stimulation of EGFR, CD3/CD4, or Bcr-Abl (Salomon
et al. 2003; Steen et al. 2002).
Another region of tyrosine phosphorylation of c-Cbl is the linker between
TKB and RING. Phosphorylation of Tyr-371 was proposed to play a critical role in
the E3 activity of c-Cbl in involving EGFR (Levkowitz et al. 1999). This notion was
indirectly supported by earlier findings indicating that mutants of c-Cbl lacking Tyr371 or -368 are oncogenic (Andoniou et al. 1994). Recent studies also have shown
that phosphorylation of Tyr-371 and Tyr-368 are necessary for the E3 activity of c-Cbl in
the EGFR system (Kassenbrock et al. 2004). In agreement with these findings, mutant
forms of c-Cbl containing Tyr-to-Glu substitutions at these sites demonstrated constitutive
E3 activity independent of tyrosine phosphorylation (Kassenbrock et al. 2004). This
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mechanism is likely not to be restricted to the EGFR system; phosphorylation of c-Cbl
on Tyr-371 appears to be crucial for c-Cbl-dependent ubiquitylation of Src in vitro
(Yokouchi et al. 2001).

Interactions of Cbl
Through several conserved domains of Cbl proteins, they interact with various
proteins and are associated with a variety of biological processes. There are about 150
proteins that are affected or regulated by Cbl proteins. The range of proteins
interacting with Cbl proteins, either directly or indirectly, encompass various kinases
including receptor PTKs, non-receptor PTKs, phosphatases, adaptors, cytoskeletal
proteins, ubiquitin and some unknown proteins (Schmidt et al. 2005).
The TKB domain of c-Cbl interacts with tyrosine phosphorylated proteins,
including receptor protein tyrosine kinases like EGFR, PDGFR, non-receptor protein
tyrosine kinases like ZAP-70, Syk, adaptor proteins such as Sprouty2, APS, LR1G1
and Src-like adaptor protein and structural proteins like tubulin. With the exception of
SLAP and tubulin, which bind to c-Cbl in a tyrosine phosphorylation independent
manner, the associations require the SH2-like domain (Bonita et al. 1997; Bowtell et
al. 1995; Deckert et al. 1998; Fournel et al. 1996; Fournier et al. 2000; Galisteo et al.
1995; Hu et al. 2005; Levkowitz et al. 1999; Mason et al. 2004; Rubin et al. 2005;
Tang et al. 1999; Teckchandani et al. 2005a; Yokouchi et al. 2001).
The RING finger domain of c-Cbl recruits E2 ubiquitin conjugating enzymes,
including UbcH7 (Yokouchi et al. 2001; Zheng et al. 2000), and also binds directly to
Sprouty protein (Wong et al. 2002).
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The proline-rich region of c-Cbl interacts with SH3 domain containing
proteins including PTKs like c-Src, Hck, Lck, adaptor proteins like CAP, ArgBP2,
Nck, CIN85, Grb2, CMS/CD2AP, and TULA/Sts-2 and guanine exchange factor
Cool-1/β-Pix (Borinstein et al. 2000; Donovan et al. 1994; Feshchenko et al. 2004;
Howlett et al. 1999; Keane et al. 1995; Kim et al. 2004; Kirsch et al. 2000; Kowanetz
et al. 2003; Kurakin et al. 2003; Soubeyran et al. 2003; Wu et al. 2003). Cbl-b
interacts with a similar subset of SH3 containing proteins like CIN85 and Grb2
(Keane et al. 1995; Kowanetz et al. 2003).
The sites of tyrosine phosphorylation of c-Cbl in the C-terminus enable
interaction of Cbl with SH2 domain containing proteins. Tyr-700, -731 and -774 are
well-studied sites. Phosphorylation of Tyr-700 and -774 provides a docking site for
the SH2 domain of adaptor proteins of the Crk family, while phosphorylation of Tyr700 and -731 facilitates association of c-Cbl with the Rho family guanine exchange
factor, Vav1, and the p85 regulatory subunit of PI3K, respectively (Andoniou et al.
1996; Feshchenko et al. 1998; Hunter et al. 1999; Liu et al. 1997; Marengere et al.
1997). Cbl-b also possesses tyrosine residues with flanking sequences similar to Tyr700 and -774, at positions Tyr-709 and -665, respectively, which allow it to recruit
identical SH2-containing proteins. However, tyrosine phosphorylation-dependent
binding of p85-PI3K to Tyr-731 of c-Cbl is unique as the corresponding tyrosine is
missing in Cbl-b.
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Function of c-Cbl as an Adaptor Protein

As an adaptor protein, c-Cbl regulates and is associated with a variety of
cellular events including activation of MAPK, modulation of cytoskeleton, insulin
signaling, bone development, transformation, etc. This thesis will focus on the effects
of c-Cbl on cytoskeleton-mediated processes.

Role of c-Cbl in Regulating Cytoskeleton

c-Cbl in Regulating Cell Adhesion and Morphology
Several studies have demonstrated that c-Cbl is involved in the regulation of
adhesion-related events in T cells, macrophages, osteoclasts and normal and
transformed fibroblasts. Src-family PTK-deficient macrophages incapable of
spreading on fibronectin (FN) exhibited a decrease in tyrosine phosphorylation of cCbl and its translocation to the membrane, as well as in PI3K recruitment to the
membrane (Meng et al. 1998). Consistent with these data, treatment of wild type
macrophages with c-Cbl anti-sense oligonucleotides blocked their spreading on FNcoated surfaces (Meng et al. 1998). In T cells, a c-Cbl mutant deficient in PI3K
binding inhibited CD28-induced activation of β1 integrin (Zell et al. 1998). It has also
been shown that c-Cbl localizes, together with c-Crk, to submembranous actin
lamellae in normal fibroblasts and that truncation of SH3 binding-sequences of c-Cbl
inhibits formation of actin lamellae, lamellipodia and membrane ruffles (Scaife et al.
2000). Another study identified a role for c-Cbl in the regulation of epithelialmesenchymal transition, including loss of adherens junctions, cell spreading and the
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initiation of cell dispersal (Fournier et al. 2000). The amino terminal portion of c-Cbl
corresponding to its TKB domain was found to be sufficient for promoting the
changes in cell shape (Fournier et al. 2000). The point mutation G306E which
functionally inactivates this domain abrogated the ability of the TKB domain to
induce these morphological changes (Fournier et al. 2000).
c-Cbl also interacts with several proteins which are involved in cell adhesion
and cytoskeletal rearrangements. Several studies have shown that c-Cbl binds to the
focal adhesion proteins Paxillin and Talin (Manie et al. 1997). c-Cbl also binds, in an
SH3-dependent fashion, to CAP protein (Ribon et al. 1998b), which interacts with
FAK, colocalizes with actin stress fibers and induces the formation of actin stress
fibers and focal adhesions in NIH 3T3 cells (Ribon et al. 1998a). It has also been
shown that c-Cbl is targeted to fibroblast actin lamellae, where it colocalizes with Crk
(Scaife et al. 2000). This study demonstrates that lamellipodia formation and actin
targeting of c-Cbl is disrupted by the expression of c-Cbl mutant forms incapable of
binding to SH3-containing proteins. Therefore, this function of c-Cbl appears to
require an interaction between the proline-rich motifs of c-Cbl and an-associated
SH3-containing protein (Scaife et al. 2000). c-Cbl has also been shown to bind to
SETA/CIN85/Ruk via the proline-rich motifs of c-Cbl (Borinstein et al. 2000). SETA
has been shown to colocalize with both actin and microtubules and promote cell
adhesion (Schmidt et al. 2003).
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c-Cbl in Regulating Cell Migration
Several reports have implicated c-Cbl in cell migration. It has been shown that
deletion of c-Cbl leads to a decrease in osteoclast migration in vivo and in vitro
(Chiusaroli et al. 2003). Furthermore, in osteoclasts and 293 cells transfected with
αvβ3, activation of αvβ3 induces the phosphorylation of Pyk2, its association with Src,
subsequent activation of Src and the recruitment and phosphorylation of c-Cbl. This
signaling pathway is thought to regulate migration (Chiusaroli et al. 2003). Srcfamily PTK-deficient macrophages which show impaired migration in vivo exhibited
a decrease in tyrosine phosphorylation of c-Cbl and its translocation to the membrane,
as well as in PI3K recruitment to the membrane (Meng et al. 1998). Moreover, c-Cbl
deficient macrophages displayed the same impairment of motility (Caveggion et al.
2003). A c-Cbl/CrkL/C3G pathway has also been implicated in lymphoid migration
(Uemura et al. 1999).

Regulation of Cytoskeleton by Small GTPases
Small GTPases
Small GTPases (small GTP-binding proteins, small G proteins) are
monomeric G proteins with molecular masses of 20-40 kDa. Now, more than 100
small GTPases have been identified in eukaryotes, and they are classified into five
families: Ras, Rho, Rab, Sar1/Arf, and Ran (Takai et al. 2001).
All small GTPases have consensus amino acid sequences responsible for
specific interaction with GDP and GTP and for GTPase activity, which hydrolyzes
bound GTP to GDP. Ras, Rho, Rab proteins have sequences at their C termini that

11

undergo posttranslational modifications with lipid, such as farnesyl, geranylgeranyl,
palmitosyl, and metyl moieties. The lipid modifications of these proteins are
necessary for their binding to membranes and regulators and for the activation of
downstream effectors (Takai et al. 2001).
Small GTPases function as a molecular switch, cycling between the inactive
GDP-bound state and the active GTP-bound state, transducing signals from the
extracellular stimuli to induce various cellular events. The GDP/GTP exchange is
regulated by several types of proteins: GEF (guanine nucleotide exchange factor)
interacts with the GDP-bound form of a small GTPase and releases bound GDP to
form a binary complex of a small GTPase and GEF, then GEF is replaced with GTP,
so the GTPase becomes GTP-bound. GDI (guanine nucleotide dissociation inhibitor)
inhibits dissociation of GDP from the GDP-bound form of a small GTPase, and GAP
(GTPase-activating protein) induces inactivation of GTP-bound GTPase by
enhancing its intrinsic GTPase activity. More than 50 GEFs and 40 GAPs have been
described for the mammalian Rho family (Raftopoulou et al. 2004; Takai et al. 2001).

Rho family small GTPases
Rho family small GTPases, specifically RhoA, Rac1, and Cdc42 have been
well identified to be involved in actin cytoskeletal rearrangements like spreading,
adhesion, and migration [reviewed in (Charest et al. 2007; Etienne-Manneville et al.
2002; Jaffe et al. 2005; Raftopoulou et al. 2004)]. RhoA is necessary for formation of
stress fibers and focal adhesions, Rac1 is essential for inducing lamellipodia, and
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Cdc42 is required to induce filopodia (Nobes et al. 1995; Ridley et al. 1992a; Ridley
et al. 1992b).
The GDP-GTP exchange activity of GEFs of Rho family GTPases relies on
the presence of the Dbl-homology (DH) domain. Almost all GEFs of Rho family
GTPases also possess a pleckstrin homology (PH) domain, adjacent and C-terminal to
the DH domain. The PH domain can bind phosphorylated phosphoinositides (PIPs)
and together with the DH domain forms the minimal structural unit that can promote
nucleotide exchange. The activation of GEFs is controlled by signals from surface
receptors and frequently involves regulation by tyrosine phosphorylation and
membrane localization. Thus, tyrosine phosphorylation of the p85 subunit of PI3K
induces its translocation to the membrane, where it generates lipid products, including
phosphatidylinositol (3,4,5)-triphosphate (PIP3), stimulating the PH domain
containing GEFs, including Vav, Tiam1, Pix and Dbs (Fleming et al. 2004; Fleming
et al. 2000; Han et al. 1998; Yoshii et al. 1999). Also, Vav GEF can be directly
regulated by tyrosine phosphorylation (Bustelo 2000). Activation of Rac1 by GEFs
lacking the DH-PH module has also been reported. Thus, DOCK180, an atypical GEF,
binds to its co-factor ELMO and activates Rac1 (Brugnera et al. 2002; Grimsley et al.
2004; Hasegawa et al. 1996). DOCK180 also binds to Crk, and this finding may
explain some of the effects of Crk family adaptor proteins on GTPase activation and
cytoskeleton (Hasegawa et al. 1996). The function of Crk, like that of PI3K and Vav,
is dependent on tyrosine phosphorylation (Uemura et al. 1999). It has been reported
recently that DOCK180 can directly interact with PIP3, thereby providing a link
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between PIP3 and Rac activation, essential for directional cell migration (Sastry et al.
2006).

Rho Family Small GTPase Effectors
Rac activation leads to formation of lamellipodia and membrane ruffles
through two signaling pathways. First, Rac1 indirectly activates the Scar/WAVE
protein of the WASP family, which then activates the Arp2/3 complex, thereby
promoting actin polymerization. Second, Rac1 also activates the serine/threonine
kinase PAK, which activates LIM kinase, which in turn, phosphorylates and
inactivates Cofilin, a protein promoting actin depolymerization. In this manner, Rac1
serves to stabilize the actin cytoskeleton, which is required for the maintenance of
cytoskeletal structures like lamellipodia (Burridge et al. 2004).
Cdc42 also activates the PAK-LIM kinase-Cofilin pathway and affects actin
via the Arp2/3 dependent pathway by activating Arp2/3 (Burridge et al. 2004).
RhoA also triggers the PAK-LIM kinase-Cofilin pathway, via Rho-kinase
(ROCK). ROCK additionally functions by phosphorylating and inhibiting myosin
light chain (MLC) phosphatase, thus elevating MLC phosphorylation, actin-myosin
crosslinking and F-actin bundling. RhoA also affects actin polymerization through
mDia proteins, which polymerize actin and co-operate with ROCK in inducing actin
fibers (Burridge et al. 2004)
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Rap1 Small GTPase
In addition to Rho family small GTPases, Rap1 (Ras-like GTPase) which
belongs to Ras family, is also known to be associated with integrin-mediated
adhesion, spreading, and migration in numerous cells including B cells, T cells,
fibroblast, macrophage, etc. (Bos 2005; Bos et al. 2001; Christian et al. 2003;
Duchniewicz et al. 2006; Durand et al. 2006; Katagiri et al. 2004; McLeod et al.
2004). Rap1 is activated by various GEFs including C3G (Crk SH3-domain-binding
guanine-nucleotide releasing factor), EPAC (exchange protein directly activated by
cAMP), members of CD-GEF (CalDAG-GEF), PDZ-GEFs (Ras/Rap1-associating
GEF) (Bos 2005; Bos et al. 2001; Kooistra et al. 2007). Furthermore, Rap1 is
inactivated by several GAPs including Rap1GAP, Rap1GAPII, Spa1, E6TP1 (Bos
2005; Bos et al. 2001; Kooistra et al. 2007).

Rap1 Small GTPase Effectors
Several proteins have been identified to interact with the active form of Rap1.
A protein clearly involved in Rap1-induced integrin-mediated cell adhesion is RapL
(Katagiri et al. 2003), and knockout mice of RapL show a defect in T- and B-cell
migration and a defect in the homing of T- and B-cells, as well as dendritic cells, to
peripheral organs (Katagiri et al. 2004).
RIAM (Rap1 interacting adaptor molecule), a protein that contains a RA-like
(Ras association) domain, pleckstrin homology (PH) domain and several proline-rich
motifs, binds to Rap1 through RA-PH domain and interacts with Profilin and
Ena/VASP proteins, molecules that regulate actin dynamics (Lafuente et al. 2004).
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Expression of RIAM induces cell spreading and integrin-mediated cell adhesion
(Lafuente et al. 2004). In contrast, RIAM knockdown cells reduce content of F-actin
by ~40% (Lafuente et al. 2004). RIAM is also involved in localization of active Rap1
in Jurkat T cells (Lafuente et al. 2006).
The direct link from Rap1 to the regulation of

actin cytoskeleton is

supported by the findings that Rap1 binds to the PH domain of RacGEFs Vav2 and
Tiam1 and that Rap1 is required for the localization of these GEFs to induce Racmediated cell spreading (Arthur et al. 2004). Consistent with these results, Rap1
activation results in the activation of Rac1 (Maillet et al. 2003).
Our previous data showed that c-Cbl binds to CrkL (Feshchenko et al. 1999),
as well as increases activity of Rap1 in the presence of pervanadate (Teckchandani et
al. 2001). Furthermore, CrkL has been shown to link Cbl and the Rap1 GEF, C3G;
Cbl/CrkL/C3G complex is involved in lymphoid migration (Uemura et al. 1999).
However, the role of Rap1 in c-Cbl-mediated cytoskeletal events remains to be
determined.

Function of c-Cbl as an E3 Ubiquitin Protein Ligase

Ubiquitylation
Ubiquitylation of proteins plays a fundamental role in regulating diverse
cellular processes. Ubiquitylation consists of a series of steps. Free ubiquitin (Ub) is
activated in an ATP-dependent manner with the formation of a thiol-ester linkage
between ubiquitin activating enzyme (E1) and the carboxyl terminus of Ub. Ub is
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transferred to one of a number of different ubiquitin conjugating enzyme (E2s). E2s
associate with ubiquitin protein ligases (E3), which might or might not have substrate
already bound to it. For HECT domain E3s, Ub is next transferred to the active-site
cysteine of the HECT domain followed by transfer to substrate or to a substrate bound
multi-ubiquitin chain. For RING E3s, like Cbl proteins, Ub is transferred directly
from the E2 to the substrate [reviewed in (Ryan et al. 2006; Weissman 2001)].

Role of c-Cbl in Ubiquitylation of Proteins
A number of studies have demonstrated that c-Cbl promotes ubiquitylation
and downregulation of EGFR (Levkowitz et al. 1999; Levkowitz et al. 1998) as a
result of the proteasomal or lysosomal degradation. c-Cbl also targets the plateletderived growth factor PDGF (Bonita et al. 1997), colony-stimulating factor CSF-1
(Fms) (Lee et al. 1999; Mancini et al. 2002; Rohde et al. 2004), hepatocyte growth
factor HGF (Met) (Taher et al. 2002), neurotrophin (p75NTR) (Ohrt et al. 2004), stem
cell factor (Kit) (Zeng et al. 2005), vascular endothelial growth factor VEGF (Flk-1)
(Duval et al. 2003) and VEGFR (Flt-1) (Kobayashi et al. 2004), macrophagestimulating protein MSP (Ron) (Brunelleschi et al. 2002), glial cell-derived
neurotrophic factor GDNF (Ret) (Perera et al. 2005), fibroblast growth factor FGF
(FGFR) (Wong et al. 2002), insulin (IR) (Ahmed et al. 2000), ephrin (Sharfe et al.
2003; Walker-Daniels et al. 2002; Wang et al. 2002). Furthermore, c-Cbl induces
ubiquitylation of a number of non-receptor PTKs, including Syk (Dangelmaier et al.
2005; Fournier et al. 2000; Macglashan et al. 2004; Ota et al. 2000; Paolini et al.
2002; Rao et al. 2001; Sohn et al. 2003), Fyn (Andoniou et al. 1996; Ghosh et al.
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2004; Kaabeche et al. 2004), Lck (Rao et al. 2002), Hck (Howlett et al. 2002), Fgr
(Melander et al. 2002; Melander et al. 2003), Lyn (Kaabeche et al. 2004; Kyo et al.
2003), and c-Abl (Soubeyran et al. 2003). It is worth- noting that while in most cases
protein degradation follows c-Cbl mediated ubiquitination, there are exceptions to the
rule. Thus, it has been shown that Syk, despite a well-established example of
degradation-mediated regulation by c-Cbl in several systems, is not degraded by
proteasomes in platelets, thus indicating the crucial role of a degradation-independent
mechanism in this system (Dangelmaier et al. 2005).
In general, ubiquitylation of proteins does not always result in their
degradation. Several cases of regulation mediated by Cbl proteins provide intriguing
examples. Cbl-b mediates ubiquitylation of p85 subunit of PI3K in T cells in a RINGdependent manner. Ubiquitylation of p85, instead of promoting degradation of PI3K,
inhibits recruitment of p85 to CD28 and TCR (Zhang et al. 2003). Consistent with
these data, Cbl-b has also been shown to inhibit the PI3K-dependent activation of NFκB in T cells (Herndon et al. 2005). Similarly, ubiquitylation of another Cbl interactor,
CrkL, does not affect its stability, but inhibits its interaction with C3G (Shao et al.
2003; Zhang et al. 2003).

Overview of Glioblastoma

Glioblastoma multiforme (GBM) is the most common and lethal primary
malignant brain tumor. Despite aggressive treatment for GBM including surgical
dissections, chemotherapy, and radiation therapy the median survival time is less than
15 months. Invasive tumor cells escape surgical removal, radiation exposure, and
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chemotherapy. Recent improved understanding of biochemical and molecular
mechanisms of glioma cell invasion provide valuable insight into the underlying
biological features of the disease, as well as indicate possible new therapeutic targets.

Molecular Mechanisms of Brain Tumor Invasion
A major biological feature of glioma is the ability to invade normal brain
tissue. The molecular mechanisms of glioma invasion are complex and involve
multiple biological processes. First, invasive cells detach from the original site and
then modify receptor-mediated adhesion to extracellular matrix (ECM) proteins,
followed by matrix degradation caused by proteases from their cells. Then, they move
forward through cell polarization, membrane protrusions, including pseudopodia,
lamellipodia, filopodia, and invadopodia and cytoskeletal contraction (Nakada et al.
2007).

Detachment and Attachment of Glioma Cells
Tumor cells must first detach from the original site and then attach to the
distant site, and invade the surrounding stroma, composed of parenchymal cells and
ECM. Cell surface adhesion molecules play an important role in the interaction
between the cells and their immediate insoluble microenvironment.

Integrins
The most important group of adhesion molecules is the integrins,
transmembrane proteins that consist of dimers formed by 14 α and 8 β subunits.
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Integrins interact with two major classes of ligands: (i) ECM proteins and (ii)
immunoglobulin superfamily members such as intracellular adhesion molecules
(ICAM-1, ICAM-2) and vascular cell adhesion molecule (VCAM-1). Integrins act as
a cells mechanical anchor to the ECM and as signal mediators via integrin-associated
proteins such as CD47, tetraspanin proteins and growth factor receptors (Hemler
1998). Local enrichment of these surface proteins leads to the formation of focal
complexes and focal contacts linking cytoskeleton and extracellular binding sites
(Burridge et al. 1996). Adhesion complexes of migrating cells consist of aggregated
integrins, cytoskeletal proteins such as vinculin and focal adhesion kinase (FAK) and
other phospho-proteins (Cox et al. 1998). Different patterns of integrin-driven
migration have been observed, as the composition of focal contacts depends on ECMprotein and cell type. Integrin α5β1 binds to fibronectin (Cukierman et al. 2001),
α6β1 and α6β4 binds to laminin (Rabinovitz et al. 1997), αvβ3 binds to fibronectin,
vitronectin and tenascin-C (Leavesley et al. 1992) and α2β1 bind to fibrillar collagen
(Maaser et al. 1999). The β1 subunit plays an important role in glioma biology and its
expression has been correlated with the invasive behavior of glioma (Paulus et al.
1996). The important role of β1 in glioma biology is supported by the observation
that inhibition of β1 integrins leads to decreased motility, while inhibition of αv
integrin results in increased motility. Taken together, these findings suggest a positive
correlation between glioma cell adhesion and migration in vitro (Giese et al. 1996).
Integrins αvβ3 and αvβ6 interacting with tenascin have been shown to mediate
adhesion rather than migration (Deryugina et al. 1996) and integrin β4 mediates
resistance to induction of apoptosis in breast cancer cells (Weaver et al. 2002).
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Integrin β5 expression was found to correlate with in vitro invasiveness and migration
of glioma cells (Belot et al. 2001). Based on the findings described, targeted therapies
with RGD inhibitors of αv integrins are currently under clinical development (Tucker
2006).

Tenascin-C
While glioma cells in the early phases of invasion react to the surrounding
native matrix, it is certain that the invasive cells also actively remodel (Rutka et al.
1988) and secret their own matrix, which was found to be permissive for many
glioma cell lines in vitro (Giese et al. 1994). Among various ECM components,
tenascin-C has been most intensely investigated. Tenascin-C has been related to
angiogenesis in astrocytomas (Deryugina et al. 1996; Zagzag et al. 1996), since it was
identified in hyperplastic vessels and was found to promote migration of endothelial
cells (Zagzag et al. 2002a; Zagzag et al. 2002b). Tenascin-C was identified to be
transcriptionally upregulated in invasive glioma cells in vivo and in rat brain
(Mahesparan et al. 2003).

Cadherins
Cadherins are calcium-dependent transmembrane cell adhesion molecules that
mediate homophilic cell-cell adhesion and play an important role in tissue
construction and morphogenesis in multicellular organisms (Gumbiner 2005). During
embryogenesis, cadherins mediate tissue formation, including the assembly of
neuronal structures (Takeichi 2007). Cadherins are encoded by 13 different genes, the
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expression of which suggests mutual exclusivity (Gumbiner 2005). Tissue-specific
expression of the different cadherins including E-cadherin, N-cadherin, T-(or H-)
cadherin and VE-cadherin should be noted. E- and N-cadherins, which are the most
widely studied cadherins to date, bind directly to cytosolic β-catenins. β-catenin binds
directly to α-catenin linking the cadherin complex to the actin cytoskeleton by direct
interaction with actin stress fibers via α-actinin, an actin-binding protein (Takeichi et
al. 2005). A loss of E-cadherin expression in epithelial tumors is associated with a
more invasive phenotype and metastasis (Cavallaro et al. 2004). N-cadherin has been
shown to promote cell motility and migration – an opposite effect to that of Ecadherin (Cavallaro et al. 2004). The cadherin switch may occur during the transition
from a benign to an invasive, malignant tumor phenotype. All gliomas regardless of
the histological grade of malignancy lack E-cadherin expression, whereas conflicting
results have been obtained concerning the involvement of N-cadherin in the
acquisition of invasive properties. In GBM cell lines, no correlations have been found
between N-cadherin expression and the invasive behavior or cell migration (Shinoura
et al. 1995); however, the invasion activity of U87 glioma cells is suppressed by Ncadherin inhibitor (Takino et al. 2003). In GBM biopsy material from patients, Ncadherin expression is reported to be upregulated compared to normal brain but
inversely correlated with invasion (Asano et al. 2004). T- (or H-) cadherin, which is
expressed in normal astrocytes, but not in high-grade glioma, has been shown to
decrease cell motility when it is stably transfected into glioma cells (Huang et al.
2003). A working hypothesis is that the instability and disorganization of cadherinmediated junctions, rather than reduced expression of the cadherin-catenin system
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components, promote migration and invasiveness in GBM cell lines (Perego et al.
2002).

CD44
CD44 is a transmembrane glycoprotein in the immunoglobulin receptor
superfamily, which functions as an adhesion molecule which interacts with
hyaluronic acid as its ligand. Hyaluronic acid comprises a substantial fraction of brain
ECM and is implicated in a wide variety of physiological and pathological processes
(Nagano et al. 2004b). Overexpression of CD44 in glioma may be related to invasion,
but has not proven instructive as a prognostic factor (Ranuncolo et al. 2002a;
Ranuncolo et al. 2002b). The CD44 gene product exists in standard (whole-length)
and splice-variant forms. Standard CD44 is found in gliomas as well as in brain white
matter, whereas variant CD44 is detected in metastatic tumors from other organs
(Ranuncolo et al. 2002a; Ranuncolo et al. 2002b), suggesting that the detection of the
variants could be useful for differentiating primary tumors from metastases.
Monoclonal antibodies directed against CD44 decrease intracerebral invasion
of glioma cells in vivo and through matrigel matrices in vitro (Gunia et al. 1999;
Merzak et al. 1994). CD44 can be cleaved by ADAM (a disintegrin and
metalloproteinase) 10 and 17, and both the extracellular and intracellular cleaved
components of CD44 promote cell migration (Nagano et al. 2004a; Okamoto et al.
1999a; Okamoto et al. 1999b).
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Neural Cell Adhesion Molecule
Neural cell adhesion molecule (NCAM) is a member of the glycoprotein
immunoglobulin receptor superfamily and mediates homophilic binding. NCAM is
expressed in four isoforms (180, 170, 140 and 120 kDa) in the central nervous system,
including both neurons and astrocytes (Zecchini et al. 2008). The expression of each
NCAM isoform in astrocytic tumors is reported to decrease as the histological grade
of malignancy increases (Sasaki et al. 1998; Zecchini et al. 2008). Expression of the
transmembrane 140 and 180 kDa isoforms of NCAM caused a significant reduction
in cellular motility and invasiveness in vitro as well as in vivo (Owens et al. 1998;
Prag et al. 2002; Sasaki et al. 1998). NCAM can act as a paracrine inhibitor of glioma
cell locomotion not only through homophilic binding between the NCAM-expressing
cells, but also heterophilic interactions with a cell surface receptor (Prag et al. 2002).
NCAM signaling participates in ECM remodeling via its triggering downregulation of
matrix metalloproteinase (MMP)-9 and MMP-1 expression (Edvardsen et al. 1993).

Neural Cell Adhesion Molecule L1
Neural cell adhesion molecule L1 is a member of the immunoglobulin
superfamily, and is normally expressed in the nervous system. A short type of L1,
L1cs is expressed in GBM and induced coincident with cell invasion. L1cs
participates in tumor invasion along neuronal fibers, which express L1 by their
homophilic binding (Izumoto et al. 1996).
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Remodeling of the Extracellular Matrix (ECM)
ECM functions in the normal brain as a barrier to glioma cell invasion.
Protease degradation of the ECM creates intracellular space into which invading cells
can migrate by an active mechanism that requires membrane synthesis, receptor
turnover, and rearrangement of cytoskeletal elements. Advancing cells express
proteinases and/or proteinase activators at their leading edge where complex
proteolysis can direct cell migration. In fact, previous studies have reported the
expression of many ECM-degrading proteinases in glioma tissues, which include
MMPs, ADAM, serine proteinases (urokinase-type plasminogen activator; uPA),
cysteine proteinases (cathepsin B, L and S) and aspartic proteinases (cathepsin D).
These proteases have different proteolytic functions and may be interdependent for
their activation. On the other hand, glioma cells reconstruct the ECM
microenvironment as they can move easily. Glioma cells utilize specific components
of the ECM, which induce cell migration [such as hyaluronan, tenascin-C, brevican
and osteonectin (SPARC, BM40), a glycoprotein secreted by osteoclasts (Akiyama et
al. 2001; Kunigal et al. 2006; Viapiano et al. 2005; Zagzag et al. 2002b)], and
decrease the expression of ECM, which suppresses cell migration [such as testican
protein family, extracellular heparan/chondroitin sulfate proteoglycans (Bellail et al.
2004; Nakada et al. 2003)].

Matrix Metalloproteinase (MMP)
Matrix metalloproteinases (MMPs) are a broad family of zinc-binding
endopeptidases that play a key role in the ECM degradation associated with cancer
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cell invasion, metastasis and angiogenesis [reviewed in (Martin et al. 2007)]. At
present, 23 human MMPs and the homologues from other species have been
identified [reviewed in (Martin et al. 2007; Page-McCaw et al. 2007)]. The MMP
family can be segregated into two groups, the soluble type and the membrane-type
MMPs (MT-MMPs and MMP23). The ‘minimal-domain MMPs’ (MMP7 and
MMP26) contain (i) a signal peptide that directs them to the endoplasmic reticulum,
(ii) a propeptide with a zinc-interacting thiol (SH) group that maintains the pro MMP
in a latent form (zymogen), and (iii) a catalytic domain containing the highly
conserved Zn binding site (HEXGHXXGXXHSyT) (Sounni et al. 2003).
Much attention has been drawn to gelatinases (MMP2 and MMP9) and
membrane-type MMPs (MT-MMPs). It is generally accepted that MMP activity is
important for human glioma invasion for the following four reasons: (i) MMP2,
MMP9 and MT-MMPs can cooperatively degrade almost all types of ECM with their
specific enzymatic activity for certain ECM components. (ii) they are activated rather
specifically in tumor tissues and (iii) their activation correlates with tumor spread and
poor prognosis, and (iv) their inhibition by antisense or small interfering RNA
(siRNA) oligonucleotides suppresses cell invasion (Nakada et al. 2007). Although
MMP2 and MMP9 are secreted in latent form by glioma cells and activated in the
extracellular space, MT-MMPs are membrane proteins and act not only as activators
of pro-MMP2 but also as ECM degradation enzymes. The MMP2/MT-MMPs system
is opportunistic to degrade pericellular ECM for glioma cells because pro-MMP2 is
activated by MT-MMPs on the tumor cell surface (Deryugina et al. 2001). Integrin
αvβ3 is found to be implicated in this process in glioma cells (Deryugina et al. 2001).
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Activated MMPs are inhibited by a family of tissue inhibitors of metalloproteinases
(TIMPs). MT-MMPs are also inhibited by components of brain ECM such as
testican-1, -3 and N-Tes (Nakada et al. 2001b). However, the expression of testican-1,
-3 and N-Tes in GBM is low compared with normal brain, suggesting that these ECM
components are insufficient to inhibit MT-MMPs (Nakada et al. 2003). A
biochemical balance between the levels of activated MMPs and free inhibitors
determines the overall MMP activity. This critical equilibrium is disturbed in glioma
tissue (Nakada et al. 2001a).

ADAMs
ADAM (A Disintegrin And Metalloproteinase) is a gene family of
multidomain membrane-anchored proteins comprising more than 30 members in
various animal species, and is implicated in pathophysiological conditions which
include

neuronal

development,

cancer

development

and

progression,

and

inflammatory responses through proteolysis, cell adhesion, and cell-matrix interaction.
They contain the metalloproteinase domains, which are highly homologous to that of
the

MMPs.

Among

ADAM

family

members,

membrane-type

ADAM12

(ADAM12m) has been shown to be overexpressed in GBM and to contribute not only
towards cell invasion, but also towards proliferation through the shedding of heparinbinding epidermal growth factor (HB-EGF) (Kodama et al. 2004). Like ADAM12m,
ADAMTS-4 and ADAMTS-5 (ADAM with thrombospondin motifs-4 and-5)
expression levels in GBM are significantly higher than in the normal brain (HeldFeindt et al. 2006; Nakada et al. 2005). ADAMTS-5 is capable of degrading brevican,
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which is a specific ECM component overexpressed in GBM; the degradation
fragments of brevican are implicated in glioma cell invasion (Jaworski et al. 1996;
Nakada et al. 2005; Zhang et al. 1998).

Urokinase-Type Plasminogen Activator (uPA)
Urokinase, also called urokinase-type Plasminogen Activator (uPA), was
originally isolated from human urine, but is present in several physiological locations,
such as blood stream and the extracellular matrix. uPA is a serine protease that
catalyzes the conversion of inactive plasminogen into plasmin, a broadly acting
enzyme able to degrade a variety of ECM proteins and activate MMPs, growth factors
and pro-uPA. uPA binds to its specific receptor (uPAR) directing plasmin activity to
the migrating tumor cell surface. This activation cascade forms a positive feedback
accelerating the degradation of ECM at the cell surface. uPA and uPAR have been
shown to be overexpressed in GBM (Yamamoto et al. 1994a; Yamamoto et al.
1994b). Ets-1 transcription factor, which is overexpressed in GBM, may regulate the
expression of uPA as well as MMP and integrin α5 (Kita et al. 2001; Nakada et al.
1999). The inhibition of uPA and uPAR by antisense oligonucleotides or siRNAs is
shown to suppress glioma invasion (Gondi et al. 2004b; Gondi et al. 2004c; Gondi et
al. 2003; Lakka et al. 2005; Lakka et al. 2003).

Cathepsins
Cathepsin is a lysosomal cysteine proteinase with a broad range of
endopeptidase activity against substrates. It has been found in association with the
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plasma membrane fraction of tumor cells and in the tumor cell media. Cathepsin B, D,
H, L and S have been shown be overexpressed in GBM and promote glioma
progression and invasion (Flannery et al. 2003; Fukuda et al. 2005; Mikkelsen et al.
1995; Sivaparvathi et al. 1996a; Sivaparvathi et al. 1996b; Sivaparvathi et al. 1996c).
Cathepsin B is activated by cathepsin D and activates MMPs and uPA (Rao 2003).
The inhibition of cathepsin B has a potential to suppress invasion (Gondi et al. 2004a;
Gondi et al. 2004c; Lakka et al. 2004). Cathepsin D is a serum marker for poor
prognosis in glioma patients (Fukuda et al. 2005).

Migration of Glioma Cells
Epidermal growth factor receptor (EGFR)
Amplification and overexpression of EGFR are observed in 50% of GBM and
are associated with a worse prognosis especially among younger patients (Shinojima
et al. 2003; Watanabe et al. 1996). EGFR signaling enhances proliferation, migration
and invasion and inhibits apoptosis of glioma cells (Lund-Johansen et al. 1990; LundJohansen et al. 1992). In the majority of these cases, amplification of the EGFR gene
is associated with its structural rearrangements. The most common rearrangement is
EGFRvIII (Wong et al. 1992). Since the resulting mutant protein is ligand
independent, constitutively phosphorylated, and localizes to the cell surface,
EGFRvIII is a more potent tumorigenic receptor than the wild-type receptor (Huang
et al. 1997). EGFRvIII-positive tumors have also been associated with worse
prognosis and shorter life expectancies (Shinojima et al. 2003). There have been a
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number of reports on the potential use of EGFR for a targeted therapy (Mishima et al.
2001; Perera et al. 2005; Rich et al. 2005; Staverosky et al. 2005).

Stromal Derived Factor 1 (SDF1)/CXCR4
CXCR4 and SDF1(CXCL12) are the most frequently identified in
astrocytomas patients (Bajetto et al. 2006). Invasive populations of glioma cells
overexpress CXCR4, and this expression ranges from 25- to 89-fold higher than that
found in noninvasive tumor cells (Ehtesham et al. 2006). Furthermore, neutralization
of CXCR4 significantly impairs the in vitro invasive capacity of malignant glial cells
(Ehtesham et al. 2006). In addition, glioma cells secrete CXCL12 and demonstrate
robust invasive capacity toward a CXCL12 gradient in vitro (Ehtesham et al. 2006).
SDF-1 increases the expression of membrane type-2 matrix metalloproteinase (MT2MMP), but not that of the other MT-MMPs (MT1-MMP, MT3-MMP, and MT5MMP), MMP2 or MMP9 in LN827 and U373 glioma cells. The SDF-1 enhanced
MT2-MMP expression is blocked by a CXCR4 antagonist, AMD3100. SDF-1
stimulate glioma cells to invade in vitro and in vivo, and these effects are inhibited by
the stable downregulation of MT2-MMP using siRNA (Zhang et al. 2005).

Cbl in Regulating Glioma Invasion
Currently, there is no evidence that Cbl is directly correlated with glioma
invasion even though Cbl is involved in bacterial invasion (Veiga et al. 2005) and is
indirectly mediated with invasion of breast cancer cells (Fernandis et al. 2004).
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However, several studies have shown a few hints that c-Cbl can be involved in
glioma invasion.
c-Cbl regulates the CXCL12-induced chemotaxis and chemoinvasion of breast
cancer cells; TKB mutant of c-Cbl decreases CXCL12-induced chemotaxis and
chemoinvasion, and CXCL12 promotes the secretion of matrix metalloproteinases 2
and 9 (Fernandis et al. 2004). c-Cbl is phosphorylated upon SDF-1 stimulation of
Jurkat cells and associates with PI3K and CrkL (Chernock et al. 2001). These
studies have implied that phosphorylation of c-Cbl by SDF1/CXCR4 can be involved
in glioma invasion-promoted by SDF1/CXCR4 signaling.
EGFR signaling enhances proliferation, migration and invasion and inhibits
apoptosis of glioma cells (Lund-Johansen et al. 1990; Lund-Johansen et al. 1992).
Overexpression of EGFR has been associated with tumor aggressiveness (Nicholson
et al. 2001) and invasiveness (Yeh et al. 2006). EGFR stimulates thyroid cancer
invasion by activation of MMP2 (Yeh et al. 2006). Clinical trials involving EGFR
antagonists have shown some effectiveness against solid tumors and may only be
beneficial against the subset of tumors whose progression is highly dependent on
EGFR signaling (Dancey et al. 2003). EGF-stimulated EGFR signaling increases
MT1-MMP in glioma cell lines (Van Meter et al. 2004). EGF treatment stimulates
phosphorylation of c-Cbl in SKMG-3 GBM cells (Thomas et al. 2003). It should be
noted that c-Cbl downregulates EGFR signaling as an E3-ubiquitin ligase. This fact
implies that c-Cbl can be involved in downregulating glioma invasion-enhanced by
EGFR signaling.
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Depletion of Rac1 by siRNA results in a decrease in migration and invasion of
glioma cells and strongly inhibits lamellipodia formation (Chan et al. 2005).
Additionally, suppression of Rac1 activity via a dominant negative form of Rac1
induces death of glioma cell lines and primary GBM, but not that of normal human
adult astrocytes (Senger et al. 2002).
Previously, we also have showed that c-Cbl facilitates spreading, adhesion,
and migration of v-Abl-transformed NIH 3T3 fibroblasts (v-Abl/3T3) through the
coordination of small GTPases including RhoA, Rac1, and Rap1 (Feshchenko et al.
1999; Lee et al. 2008; Swaminathan et al. 2007; Teckchandani et al. 2001;
Teckchandani et al. 2005b).
Taken together, these studies strongly argue that Cbl may regulate glioma
invasion including adhesion and migration, which are primarily dependent on actin
cytoskeleton rearrangement through SDF1/CXCR4 or EGFR signaling.
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CHAPTER 2
MATERIALS AND METHODS

Cells
v-Abl-transformed NIH 3T3 fibroblasts were kindly provided by Dr. Scott
Shore (Fels Institute for Cancer Research, Temple University School of Medicine,
Philadelphia, PA) and were grown in Dulbecco's modified Eagle's medium (DMEM)
(Mediatech, Herndon VA) supplemented with 10% calf serum (Life Technologies,
Carlsbad, CA), 2 mM L-glutamine, 100 IU/ml Penicillin, 100 µg/ml Streptomycin
and 20 mM HEPES buffer (Mediatech, Herndon VA) (D10C).
v-Abl-transformed NIH3T3 fibroblasts stably expressing wild-type c-Cbl (vAbl/3T3/wtCbl) or transduced with an empty vector were made by retroviral
transduction (Feshchenko et al. 1998; Feshchenko et al. 1999; Teckchandani et al.
2001; Teckchandani et al. 2005b).
Human glioblastoma cell line U87MG was kindly provided by Dr. Kamel
Khalili (Department of Neuroscience, Temple University School of Medicine,
Philadelphia, PA). Human glioblastoma cell line SNB19 was kindly provided by Dr.
Marc Symons (Institute for Medical Research at North Shore- Long Island Jewish
Health System, Manhasset, NY). Glioblastoma cell lines were grown in DMEM
(Mediatech, Herndon VA) supplemented with 10% fetal bovine serum (Life
Technologies, Carlsbad, CA), 2 mM L-glutamine, 100 IU/ml Penicillin, 100 µg/ml
Streptomycin and 20 mM HEPES buffer (Mediatech, Herndon VA) (D10F).
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Human renal embryocarcinoma 293T cells were purchased from ATCC and
were grown DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 IU/ml Penicillin, 100 µg/ml Streptomycin and 20 mM HEPES buffer (D10F).

Plasmids
pHR`-CMV-LacZ transfer vector was kindly provided by Drs. I. Verma and D.
Trono (Salk Institute, La Jolla, CA) and pHR`-CMV-MCS (multiple cloning sites)
was generated as described previously (Hasham et al. 2004). The fragment containing
human 3’ chromosomal flanking sequence of the HIV-1 proviral vector pHXB2gpt
(1463 bp) was removed from pHR’-CMV-MCS by Pst I in order to reduce the size of
the vector. To generate pCIG (pHR`-CMV-IRES-eGFP) transfer vector, the IRESEGFP fragment was excised from pIRES2-EGFP (BD Bioscience, San Jose, CA)
using Hpa I and Sal I and then inserted into the shortened pHR`-CMV-MCS opened
with XhoI and SalI. Mutant forms of c-Cbl in pAlter Max (Promega, Madison, WI)
generated as described previously (Feshchenko et al. 1998) were inserted into pCIG.

siRNA transfection
siRNA transfections were performed using the X-tremeGENE siRNA
transfection reagent (Roche Diagnostics, Mannheim, Germany). One day prior to the
transfection, 12-well plates were coated with human FN (10 µg/ml in PBS) for 2 h at
25°C. Cells (1x105) were plated to wells in growth medium without antibiotics and
then grown overnight to achieve a density of 30-50% confluency. siRNA
(SMARTpools specific for Rap1A and Rap1B combined or two individual Rac1-
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specific siRNAs combined or two individual RhoA-specific siRNAs combined or two
individual c-Cbl-specific siRNAs) at a concentration of 100 nM in 50 µl of OPTIMEM (Invitrogen) and transfection reagent (10µl) in 50 µl of OPTI-MEM were
incubated for 20 min at 25°C and then were added to each well containing cells in
500 µl of OPTI-MEM and 500 µl of growth medium without antibiotics. Transfection
medium was replaced with growth medium 24 h after transfection. For biological and
biochemical assays, cells were harvested 48 h, 72 h, and 96 h after transfection.
The pre-designed siRNAs specific for mouse Rac1 (ID: 214459 and ID:
214461), RhoA (ID: 165915 and ID: 165917), mouse c-Cbl (ID: 60682 and ID:
160024), human c-Cbl (ID: 121527 and ID: 121528), mouse C3G (ID: 163455 and
ID: 163456), Cy3-labelled control, GAPDH and the scrambled siRNA (Silencer®
Negative Control # 2 siRNA) were purchased from Ambion (Austin, TX). The
SMARTpool siRNAs specific for mouse Rap1A and Rap1B (Catalog number:
057058 and 062638, respectively) and mouse c-Cbl (Catalog number: 040165) were
purchased from Dharmacon (Lafayette, CO). Interestingly, A mouse c-Cbl siRNA
(ID: 60682) also targets human c-Cbl and a human c-Cbl siRNA (ID: 121528) also
targets mouse c-Cbl.
The efficiency of transfection was determined as a percentage of red
fluorescent cells following transfection of Cy3-labelled negative control (Ambion).
The percentage of red cells was determined by flow cytometry to be over 80%.
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Protein Transfection
Protein delivery was performed using the protein transfection reagent Chariot
(Active Motif, Carlsbad, CA) following the manufacturer’s protocol. In brief, one day
prior to transfection, 6-well plates were coated with human fibronectin (10 µg/ml) for
2 h at 25°C. Cells were plated to each well in growth medium without antibiotics (3 x
105 per well) and then were grown overnight to achieve the desired density (30-50%
confluency). Recombinant GST-fused constitutively active Rac1 (CA-Rac1; 5µg in
100ul of sterile water) from Cytoskeleton (Denver, CO) and 6µl of transfection
reagent in 100µl of sterile water were incubated for 30 min at 25°C and then were
added to each well containing cells in 400 µl of serum-free medium. Transfection
medium was replaced with growth medium 2 h after transfection. Cells were
incubated for an additional 2 hours and then harvested for biological and biochemical
assays.

Generation of Stably c-Cbl Expressing SNB19 Cells

Making Virus Using Lipofectamin Transfection
293T cells were grown in regular growth medium (D10F) at 37°C incubator
supplying 10% CO2 for at least one week before transfection. 293T cells were plated
in 100mm Petri dish containing growth medium without antibiotics and grown to
achieve a density of 90% confluency on the day before transfection. At 24h prior to
transfection, cells were split at a ratio of 1: 1. On the day of transfection, 13.5 µg of
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lentiviral vector (pCIG-based c-Cbl plasmids), 9 µg of packaging plasmid
(pCMV∆8.2) and 4.5 µg of envelope plasmid (pMD.G) were mixed in OPTI-MEM
(Invitrogen, Carlsbad, CA) to a final volume of 1.5ml. Next, 60µl of Lipofectamine
(Invitrogen) was diluted in 1.5 ml of OPTI-MEM. Diluted DNA and Lipofectamine
were vigorously mixed and incubated for 20 min at 25°C. The cells were washed
with OPTI-MEM by swirling a plate and growth medium was replaced by 5ml of
OPTI-MEM and DNA-Lipofectamine mixture was added to the cells. After 8 h
incubation, the old OPTI-MEM was replaced by new 5ml of OPTI-MEM.

Harvesting Virus
At 24 h post-transfection, the culture supernatant was transferred to 15 ml
tube and 5 ml of OPTI-MEM was added to the plate. The supernatant was centrifuged
at 400g at 25°C for 5 min and the pre-cleared supernatant was aliquoted to 5 x 1 ml
tube and frozen at -70°C. At 48 h and 72 h post-transfection, virus was harvested
again as described above and frozen.

Transduction of Cells
293T and SNB19 cells were plated in 12-well plates or 6-well plates to
achieve 40~60% confluency on the day of transduction. 100 µl or 300 µl of viral
suspension from the first harvested virus were used to infect cells plated in 12 well
plates or 6 well plates, respectively. Polybrene (Sigma, stock: 10mg/ml) was added in
viral suspension to a final concentration of 10 µg/ml and the mixture of polybrene-
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virus was added to the plate. After overnight incubation, medium was replaced by
regular growth medium. The EGFP expression was monitored and cells were sorted
about ten days after transduction.

Cytoskeleton-Related Assays

Cell Migration Assay Using Chamber
A 48-well microchemotaxis chamber (Neuroprobe, Gaithersburg) was used
for migration assays. PVP-free polycarbonate filters (VWR) with 8-um pores were
coated with human fibronectin (10µg/ml) in a shaker at 25°C overnight. Cells were
washed three times with DMEM containing 0.2% fatty-acid-free BSA and then added
to the top wells (1x 105 cells in 50ul of the same medium). DMEM containing 10%
calf serum was added to the bottom wells. After incubation for 10~12h at 37°C, nonmigrated cells on the top side of filter were scraped, and migrated cells on the bottom
side of filter were fixed with methanol and stained with eosin/thiazine. Migrated cells
were counted at 40 x magnification.

Cell Migration Assay Using Time-Lapse Video Microscopy
Time-lapse video microscopy was used for showing locomotion of cells in
live culture as previously described (Panetti et al. 2004). In brief, Falcon non-tissue
culture treated 35-mm plates (BD Biosciences, San Jose, CA) were coated with
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human fibronectin (20µg/ml) at 25°C for 2 h. Cells were plated (1x 105/plate) and
incubated at 37°C for 4 h in growth medium. Cell images were recorded every 3 min
for 270 min. A Nikon TE-300 inverted microscope with a Nikon MX 1200 digital
camera was used to capture phase contrast time-lapse images of the cells. Captured
images were merged to generate movie files using Image Pro-Plus software (Media
Cybernetics, Silver Spring, MD).

Cell Spreading Assay
24-well plates were coated with human fibronectin (10µg/ml) at 25°C for 2h.
3 x 104 cells were plated in duplicate and incubated at 37°C for 5h in growth media.
Three random fields in each well were photographed, and size of cells was measured
in pixels using the histogram tool in Adobe® Photoshop. At least, more than 100 cells
per well were counted. Cells that were 2-fold larger than the mean size of controltreated cell, were considered well-spread. The number of visually round cells was
also determined.

Cell Adhesion Assay
6-well plates were coated with FN as described in cell spreading assay. 5 x
105 cells were plated in duplicate and incubated at 37°C for the times indicated in
growth media. Non-adherent cells were removed by aspiration, and plates were
washed twice with PBS by swirling in the shaker for 1 min. Adherent cells were
detached using Cell Stripper (Mediatech, Herndon VA) for 5 min at 37oC, washed
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with DMEM twice, and counted. The percentage of adherent cells was calculated as
dividing the total number of cells plated by the number of adherent cells.

Cell Invasion Assay
Invasion assay was performed using BD Biocoat™ Matrigel™ Invasion
Chamber (BD Biosciences, Bedford, MA) following the manufacturer’s protocol.

Rehydration of 24-well BD Biocoat™ Matrigel™ Invasion Chamber
Bottom of wells in 24-well plate was filled with pre-warmed 500µl of
DMEM; the insert was placed in the well and then filled with pre-warmed 500µl of
DMEM. The plate was incubated for at least 2 h at 37°C to rehydrate BD Biocoat™
Matrigel™ Invasion Chamber.

Preparing Cells
SNB19 cells were grown to achieve a density of 90 % confluency on the day
before the invasion assay. At 24 h prior to the invasion assay, cells were split at the
ratio of 1: 1. On the day of the invasion assay, cells were detached using Cell
Stripper (Mediatech, Herndon VA) for 5 min at 37oC, washed with DMEM twice and
counted. The number of cells was adjusted at 1 x 105/ ml in DMEM. Next, 750µl of
D10F as a chemoattractant was placed in the wells of 24-well plate, and the
rehydrated insert was transferred to the well containing the D10F. Immediately, 500µl
of cell suspension (1 x 105/ ml) was added to the insert. Finally, Matrigel Invasion
Chambers were incubated for 22-24h at 37oC.
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Removing Non-Invading Cells
The non-invading cells were removed from the upper surface of the
membrane by “scrubbing”.

The scrubbing with a cotton swab moistened with

DMEM was performed twice.

Staining Cells
500µl of 99% methanol (Fisher Scientific), 500µl of 0.2% crystal violet
(Fisher Scientific), 500 µl of PBS, two 500 µl of dH2O were added to the appropriate
number of wells of 24-well plate. To fix the cells, the inserts were transferred to the
well containing methanol and incubated for 10 min. Next, the inserts were rinsed in
PBS and stained with 0.2% crystal violet for 10 min. To remove excess stain, the
inserts were rinsed in dH2O.

Preparing Slides
The membrane was removed from the insert housing by cutting the membrane
at the edge adjacent to the housing wall of the insert. Bottom side of membrane
containing invading cells was placed down on a microscope slide on which a small
drop of antifade reagent (Molecular probes, Eugene, OR) had been placed. A second
small drop of antifade reagent was added on top of the membrane and then cover slip
was placed.

41

Fluorescence Microscopy
Cells were plated on glass coverslips (2x105 /well) coated with human FN
(Invitrogen, Carlsbad, CA; 20µg/ml, 25°C, 2 h) in duplicate and incubated at 37°C for
14 h in growth medium. Cells were fixed with 3.7% paraformaldehyde (Electron
Microscopy Science, Hatfield, PA) for 10 min, permeabilized with 0.2% Triton X100 for 5 min, incubated with the indicated primary antibody for 45 min and
secondary anti-mouse IgG-FITC or anti-rabbit IgG-Rhodamine (Santa Cruz
Biotechnology) for 30 min. Rhodamine-phalloidin or FITC-phalloidin (Sigma) were
used to visualize F-actin.

Antibodies and Reagents

The affinity-purified polyclonal antibodies to RhoA, Rap1, Paxillin, EGFR,
and c-Cbl and mouse monoclonal antibody (mAb) to c-Cbl were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Mouse mAb to Rac1 was purchased
from BD Bioscience (San Jose, CA). Mouse mAb to EF1α, Paxillin, phosphotyrosine
(4G10), neutralizing EGFR (LA1), and rabbit polyclonal Ab to EGFR was purchased
from Upstate Biotechnology (Charlottesville, VA). Mouse mAb to GAPDH was
purchased from Research Diagnosis (Flanders, NJ). Mouse mAbs to MMP2 and
MMP9 (Oncogene Research Products, Cambridge, MA) were kindly provided by Dr.
Michael Autieri and Surbhi Jain (Department of Physiology, Temple University
School of Medicine, Philadelphia, PA). MMP15 (MT2-MMP) was purchased from
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Lab vision (Fremont, CA). Mouse mAb to HA was purchased from Roche
Diagnostics.
Wortmannin and LY294002 were purchased from Alexis Biochemicals (San
Diego, CA). 8-CPT-2`-O-Me-cAMP (CPT), an activator of the EPAC, was purchased
from Biolog Life Science Institute (Bremen, Germany). Wortmannin, LY294002,
CPT were used at a concentration of 1-5µM, 20-100 µM, 100nM respectively.
Methanol was used as a negative control in treatment for CPT and wortmannin.
The EGFR specific inhibitor, PD168393, the broad-spectrum MMP inhibitor,
GM-6001 and the MMP2-specific inhibitor were purchased from CalbiochemNovabiochem Corp (La Jolla, CA). Another EGFR-specific inhibitor, AG 1478, was
purchased from Tocris Cookson (Ellisville, MI).
Human EGF and SDF1 were purchased from Peprotech (Rocky Hill, NJ).

Western Blotting Using Enhanced Chemiluminescence
Cells were lysed in Western blotting lysis buffer [50 mM Tris-HCl (pH8), 150
mM NaCl, 1% NP-40, 2mM EDTA (pH8), 10 mM NaF, 1 mM Na3VO4, 1 mM PMSF,
aprotinin (10 µg/ml), leupeptin (10 µg/ml), 0.5% Deoxycholic acid, and 0.1% SDS]
for 30 min on ice. The lysates were clarified by centrifugation at 13000g for 5min at
4°C, and protein concentrations were measured using Coomassie protein assay
reagent (Pierce, Rockford, IL). Proteins were separated in a 15% SDSpolyacrylamide gel, transferred to nitrocellulose membrane, probed with primary
antibodies as indicated, and then incubated with secondary antibodies and visualized
using enhanced chemiluminescence.
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Western Blotting Using Odyssey Infrared Imaging System
Western blotting was performed using Odyssey infrared imaging system (LICOR, Lincoln, NE) following the manufacturer’s protocol. In brief, cells were lysed
in Western blotting lysis buffer [50 mM Tris-HCl (pH8), 150 mM NaCl, 1% NP-40,
2mM EDTA (pH8), 10 mM NaF, 1 mM Na3VO4, 1 mM PMSF, aprotinin (10 µg/ml),
leupeptin (10 µg/ml), 0.5% Deoxycholic acid, and 0.1% SDS] for 30 min on ice. The
lysates were clarified by centrifugation, and protein concentrations were measured.
Proteins were separated in an 8~10% SDS-polyacrylamide gel, and transferred to
nitrocellulose membrane. The membrane was blocked in Odyssey Blocking buffer
(diluted with PBS at the ratio of 1: 1, LI-COR) for 1 h, incubated in a primary
antibody or antibodies for 1h, and then a secondary antibody or antibodies for 1h in
Odyssey Blocking buffer containing 0.1% Tween-20 (Fisher Scientific). Proteins
were visualized using the Odyssey scanner instrument, and the integrated intensity
was normalized to the loading control.

Rac1 and Rap1 Activation Assays
Rac1 and Rap1 activation assays were performed as described previously (Qi
et al. 2001). Briefly, 150-mm plates (Fisher Scientific, Pittsburgh, PA) were coated
with human fibronectin (10 µg/ml) at 25°C for 2 h. Cells (5x106 ) were plated and
starved in DMEM containing 0.2 % calf serum at 24 h prior to activation assay. After
24-h starvation, cells were stimulated by replacing the starvation medium with
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DMEM containing 20% calf serum for 10 min. For activation assays in presence of
the PI3K inhibitor wortmannin or the Epac-specific activator CPT, cells were
incubated with these compounds for 30 min prior to their exposure to 20% serum.
Cells were lysed in 1 ml of pull-down assay lysis buffer [10 mM MgCl2, 20 mM TrisHCl (pH8), 100 mM NaCl, 1% Triton X-100, 10 mM NaF, 1 mM Na3VO4, 1 mM
PMSF (phenyl methylsulfonyl fluoride), aprotinin and leupeptin (10 µg/ml each)]
containing GST-tagged RBD (Rac-binding domain) of either RalGDS or PAK
(50µg/ml) for 15 min. The lysates were clarified by centrifugation at 13,000g for
5min at 4°C and used for Western blotting and pull-down assays. To measure total
Rap1 or Rac1, total cell lysate (5µl per lane) was analyzed using Western blotting
with the corresponding antibodies. To measure active Rap1 and Rac1, the remaining
lysates were incubated with glutathione Sepharose (Amersham Bioscience,
Piscataway, NJ) for 1 h at 4°C, while tumbling, in order to pull-down GST-fused
RBDs with bound to them active forms of Rap1 and Rac1. The beads were washed
three times in lysis buffer, and the bound proteins were eluted with sample buffer and
analyzed using SDS-PAGE and Western blotting.

Gelatin Zymography
1% of gelatin (Sigma) was dissolved in distilled water, autoclaved, cooled,
and stored at 4°C. 10% SDS-polyacrylamide gel containing 0.1% of gelatin was
generated, and lysates without boiling were separated in this gel.

The gel was

incubated in wash buffer [2.5% Triton X-100 in distilled water] for 1 h to remove
residual SDS. Next, the gel was incubated in developing buffer [50mM Tris-HCl (pH
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7.5), 5mM CaCl2, 150mM NaCl, 0.02% sodium azide (NaN3)] for 24 h at 37°C to
promote activity of proteinases. The gel was stained with 0.5% Coomassie Brilliant
Blue prepared in 30% ethanol, 10% acetic acid, and 1% formaldehyde overnight at
4°C. Next, the gel was destained with the first destaining solution (40% methanol and
10% acetic acid) twice for 10 min and then destained with the second destaining
solution (10% methanol and 10% acetic acid). The gel was visualized using Odyssey
scanner instrument, and the integrated intensity was normalized to the loading control.

Statistical Analyses
The statistical analyses for fibroblast experiments were initially performed
using Prism® software (GraphPad Software, San Diego, CA) and shown in this thesis.
Significant differences in the distribution of cell footprint areas were determined by
χ2 (Chi Square) tests. Statistical analyses in three or more groups were performed
using one-way analysis of variance (ANOVA) followed by the Bonferroni’s t-test for
multiple comparisons. Statistical differences between two groups were analyzed using
unpaired two-side t-test. To further verify initial statistical analyses, these data were
kindly consulted with Dr. John Gaughan (Department of Physiology and Biostatistics
Consulting Center, Temple University School of Medicine) and performed by the
following: The dependent variable, cell counts were treated as continuous variables
for all analyses. Means, standard deviations, and counts were presented for each
experiment. The Poisson distribution was used within the generalized linear model
(PROC GENMOD) to test hypotheses about groups and sizes and to incorporate
multiple fields, wells, etc.

Multiple replications of spreading and migration
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experiments were pooled. The null hypothesis was that there would be no difference
between groups or sizes. For migration data, a within-group ANOVA was used
followed by multiple comparisons to detect significant differences between groups.
Multiple pair-wise comparisons used a Bonferonni adjustment to control type I error.
Statistical analysis was carried out using SAS v9.1 software (SAS Institute, Cary,
NC).
The statistical analyses for glioma experiment were performed using Prism®
software (GraphPad Software). Statistical analyses in three or more groups were
performed using one-way analysis of variance (ANOVA) followed by the
Bonferroni’s t-test for multiple comparisons. Statistical differences between two
groups were analyzed using unpaired two-side t-test.
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CHAPTER 3
RESULTS

The Individual Roles of Small GTPases in c-Cbl-Mediated Cytoskeletal Effects
Previously, we showed that c-Cbl facilitates spreading, adhesion, and
migration of v-Abl-transformed NIH 3T3 fibroblasts (v-Abl/3T3) (Feshchenko et al.
1999; Swaminathan et al. 2007; Teckchandani et al. 2001; Teckchandani et al. 2005b).
Our findings indicated that Rac1 is activated and plays an essential role in the
cytoskeletal effects of c-Cbl in wild-type c-Cbl-overexpressing v-Abl/3T3 (vAbl/3T3/wtCbl) cells (Teckchandani et al. 2001; Teckchandani et al. 2005b). We also
showed that RhoA, in contrast, negatively affects migration of v-Abl/3T3/wtCbl cells
(Teckchandani et al. 2001; Teckchandani et al. 2005b). Finally, our results suggested
that Rap1 may also be involved in the observed effects of c-Cbl (Feshchenko et al.
1999; Teckchandani et al. 2001). However, the effects of Rac1 and RhoA on the cCbl-facilitated events in our experimental system, including their opposite effects on
cell migration, were shown only using pharmacological inhibitors and protein
transfection, i.e. approaches, that typically require validation by RNAi, and all
indications in favor of the involvement of Rap1 in these effects were indirect.
To definitively test our hypothesis that c-Cbl facilitates cytoskeletal events in
v-Abl/3T3/wtCbl cells through signaling mediated by small GTPases and to
determine the relative contributions of GTPases to the effects of c-Cbl, we assessed
the roles of endogenous Rac1, RhoA and Rap1 in the c-Cbl-dependent spreading and
migration of v-Abl/3T3/wtCbl cells, using RNAi-mediated depletion of these proteins.
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To characterize the roles of RhoA and Rac1 in migration of v-Abl/3T3/wtCbl
cells, we transfected these cells with RhoA- or Rac1-targeting siRNAs and then
examined their migration in response to 10% serum as a chemoattractant in a
modified Boyden chamber. Transfections of RhoA- and Rac1-specific siRNAs
dramatically reduced the level of endogenous RhoA and Rac1 proteins (Figure 1A).
Depletion of RhoA greatly increased migration of v-Abl/3T3/wtCbl cells as compared
to scrambled siRNA-transfected cells. In contrast, silencing Rac1 dramatically
decreased migration of v-Abl/3T3/wtCbl cells (Figure 1B). To further characterize
the effects of RhoA and Rac1 on migration of v-Abl/3T3/wtCbl cells, we examined
motility of these cells in live culture using time-lapse video microscopy. Consistent
with the results obtained in a modified Boyden chamber, RhoA-depleted cells moved
very quickly, while Rac1-depleted cells moved very slowly (Figures S1-3). The
observed effects of RhoA and Rac1 on migration of v-Abl/3T3/wtCbl cells were
consistent with our previous data obtained using pharmacological inhibitors and
protein transfection (Teckchandani et al. 2005b), indicating that Rac1 is essential for
migration, whereas RhoA negatively affects migration.
In most of the experiments described in this thesis, we examined only vAbl/3T3/wtCbl cells, but not vector-control v-Abl/3T3 cells, because we showed
previously that c-Cbl is essential for spreading and migration of these cells
(Feshchenko et al. 1999; Teckchandani et al. 2001; Teckchandani et al. 2005b).
Comparison of v-Abl/3T3/wtCbl and v-Abl/3T3 cells for their ability to spread on FN
conducted in this study confirmed that only v-Abl/3T3/wtCbl cells exhibit the ability
to spread (Figure 12A, B).
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Figure 1. Effects of RhoA and Rac1 on migration of v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with siRNAs as indicated and harvested 72 h
later. (A) Cells were lysed, and their lysates were immunoblotted with anti-GAPDH
(as a loading control), anti-RhoA or anti-Rac1 as indicated. (B) v-Abl/3T3/wtCbl
cells were examined for migration. The number of cells migrated per 40x microscopic
field is plotted (mean+/-SEM of nine individual fields). One-way ANOVA test was
used for statistic analysis. Two asterisks (**) denote p<0.01 versus scrambled siRNAtransfected cells. An independent representative experiment from a total of three is
shown in (A) and (B).
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To elucidate the role of endogenous RhoA and Rac1 in spreading of vAbl/3T3/wtCbl cells, we transfected these cells with siRNA targeting Rac1 or RhoA
and analyzed their morphology on FN-coated surface (Figure 2). To quantify these
results, the distribution of the area covered by each cell (“cell footprint”) was
determined (Figure 3A). Depletion of RhoA shifted the cell footprint distribution
towards the larger size, while Rac1 siRNA exerted an opposite effect (Figure 3B). We
also determined the number of well-spread cells, that were 2-fold larger than the
mean size of control-treated cells and visually round cells. Depletion of RhoA
increased the number of well-spread cells and decreased the number of round cells,
whereas depletion of Rac1 had an opposite effect (Figures 3C and 4D). Thus, the
observed changes of all three parameters were in agreement: Rac1 acted as a positive
regulator of cell spreading, whereas RhoA was a negative regulator. These results
were entirely consistent with those obtained in migration experiments (see Figure 1).
Several studies demonstrated that Rap1 is involved in cytoskeleton-mediated
events including cell adhesion, spreading, and migration (see the Introduction). Our
previous data indicated that CrkL binds to c-Cbl and that disruption of this binding
blocks the effects of c-Cbl on adhesion of v-Abl/3T3/wtCbl cells (Feshchenko et al.
1999; Teckchandani et al. 2001). They also indicated that overexpression of wild-type,
but not SH2/SH3-mutated CrkL increases the c-Cbl-dependent effects on adhesion of
v-Abl/3T3/wtCbl cells (Feshchenko et al. 1999; Teckchandani et al. 2001). Finally,
we demonstrated that c-Cbl increases the activity of Rap1 in the presence of
pervanadate (Teckchandani et al. 2001). These findings implied that Rap1 might be
involved in the effects of c-Cbl in our experimental system. To further elucidate the
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role of Rap1 in c-Cbl-mediated cytoskeletal events, we first of all determined whether
or not activation of Rap1 by serum in v-Abl-transformed fibroblasts was dependent
on ectopic c-Cbl [as it was previously shown for Rac1 (Teckchandani et al. 2005b)].
The activation of Rap1 was observed only in v-Abl/3T3/wtCbl, but not in v-Abl/3T3
cells (Figure 4). This result indicated that activation of Rap1 in our system, like that
of Rac1, is dependent on c-Cbl.
Then we analyzed the role of Rap1 in the c-Cbl-facilitated spreading of vAbl/3T3/wtCbl cells using the RNAi-based approach. Rap1-targeting siRNA
successfully depleted endogenous Rap1 in v-Abl/3T3/wtCbl cells (Figure 5A), and
this depletion greatly reduced cell spreading (Figure 5B); silencing of Rap1 increased
the number of cells with small footprints (200-400 pixels) and decreased the number
of cells with large footprints (Figure 6A). The observed change in the distribution of
cell footprints was consistent with the changes in the percentage of well-spread
(Figure 6B) and round (Figure 6C) cells. Therefore, the effects of Rap1 and Rac1 on
v-Abl/3T3/wtCbl cell spreading were similar.
It was shown earlier that CrkL links c-Cbl to C3G, a Rap1 guanine-nucleotide
exchange factor, and enhances lymphoid migration (Uemura et al. 1999). Therefore,
we considered it likely that the Rap1-mediated effect of c-Cbl on spreading in our
system was dependent on C3G, which functionally linked c-Cbl and Rap1. To reveal
this link, we depleted C3G in v-Abl/3T3/wtCbl cells, using siRNA (Figure 7A), and
measured the effect of this depletion on cell spreading. The experiments indicated
that C3G depletion dramatically inhibited cell spreading as judged visually (Figure
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7B) and using quantitative analysis of cell footprints (Figure 7C-E), thus arguing that
the effect of c-Cbl on cell spreading was dependent on C3G.
Considering that Rac1 exerted effects on both migration and spreading of vAbl/3T3/wtCbl cells (see Figures 1-3), we also analyzed the effect of Rap1 on cell
migration. Depletion of Rap1, in contrast to that of Rac1, did not affect cell migration
in our system (Figure 8A).
Finally, it has been shown that Rap1 positively affects cell adhesion by
activating integrins (de Bruyn et al. 2002; Reedquist et al. 2000). To determine
whether or not Rap1 plays this role in our system, we examined the effect of Rap1
depletion on adhesion of v-Abl/3T3/wtCbl cells on FN at short times (2-3 hours) after
plating. While a c-Cbl-mediated increase in the adhesion of these cells after a
prolonged incubation (24h) was a result of an increase in their spreading
(Teckchandani et al. 2001), an increase in adhesion at short time points, if observed,
was expected to be dependent on activation of integrins. Depletion of Rap1 did not
affect adhesion of v-Abl/3T3/wtCbl cells at short time points (Figure 8B), thus
arguing that Rap1 does not affect cell adhesion by activating integrins in our system.
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Figure 2. Effects of RhoA and Rac1 on morphology of v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with siRNA as indicated and examined for
morphology 72 h after transfection. Each phase-contrast image represents a randomly
photographed field.
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Figure 3. Effects of RhoA and Rac1 on spreading of v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with siRNA as indicated and examined for
spreading 72 h after transfection. (A) The area covered by an individual cell (“cell
footprint”) was measured using the histogram tool of Adobe® Photoshop. (B) The
distribution of cell footprints on the photographed images is shown (mean+/-SEM of
two wells). The Chi-Square test indicates that differences between the distributions
are significant: RhoA siRNA treatment vs. scrambled siRNA treatment, p<0.05; Rac1
siRNA treatment vs. scrambled siRNA treatment, p<0.05. (C) The percentage of
well-spread cells that were 2-fold larger than the mean size of control-treated cells is
shown. The results of one-way ANOVA test indicate significance of the difference:
RhoA siRNA vs. scrambled siRNA, p<0.05; Rac1A siRNA vs. scrambled siRNA,
p<0.05. (D) The percentage of round cells is shown. The results of one-way ANOVA
are: RhoA siRNA vs. scrambled siRNA, p<0.05; Rac1 siRNA vs. scrambled siRNA,
p<0.05. The difference corresponding to p<0.05 is denoted with an asterisk (*). The
results of an independent representative experiment from a total of three experiments
are shown.
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Figure 4. Effect of c-Cbl on activation of Rap1.
v-Abl/3T3 and v-Abl/3T3/wtCbl cells (denoted as – and + Cbl, respectively) were
serum-starved for 24 h and then treated with 20% serum for 10 min or left untreated
as indicated. Whole cell lysates were immunoblotted with anti-EF1α (loading
control) or anti-Rap1 as indicated or subjected to pull-down assays with GSTRalGDS followed by anti-Rap1 immunoblotting. Bands were quantified using ImageJ
software and relative activities of Rap1 are shown at the bottom of the panel.
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Figure 5. Effects of Rap1 on morphology of v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with siRNA as indicated and harvested 72 h
after transfection. (A) Harvested cells were lysed, and the obtained lysates were
immuno-blotted with anti-EF1α (loading control) or anti-Rap1 as indicated. (B) Cells
were photographed, and each image represents a randomly photographed field.
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Figure 6. Effects of Rap1 on spreading of v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with siRNA as indicated and harvested 72 h
after transfection. (A) The distribution of cell footprints is shown (mean+/-SEM of
two wells). The Chi-Square test indicates that the difference between Rap1 siRNAtreated and scrambled siRNA-treated cells is statistically significant (p<0.01). (B) The
percentage of well-spread cells is shown. The unpaired two-side t-test indicates that
the difference between Rap1 siRNA- and scrambled siRNA-transfected cells is
significant (p<0.05). (C) The percentage of round cells is shown. The unpaired twoside t-test indicates that the difference between Rap1 siRNA- and scrambled siRNAtransfected cells is significant (p<0.05). The difference corresponding to p<0.05 is
denoted with an asterisk (*). The results of an independent representative experiment
from a total of four experiments are shown.
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Figure 7. Effect of C3G on spreading of v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with siRNA as indicated and harvested 72 h
after transfection. (A) Cell lysates were immunoblotted with anti-EF1α or anti-C3G
as indicated. (B) Cells were photographed, and each image represents a randomly
photographed field. (C) The distribution of cell footprints is shown (mean+/-SEM of
two wells). The Chi-Square test indicates that the difference between C3G siRNAtreated and scrambled siRNA-treated cells is statistically significant (p<0.001). (D)
The percentage of well-spread cells is shown. The unpaired two-side t-test indicates
that the difference between C3G siRNA- and scrambled siRNA-transfected cells is
significant (p<0.01). The difference corresponding to p<0.01 is denoted with two
asterisks (**). (E) The percentage of round cells is shown. The unpaired two-side ttest indicates that the difference between C3G siRNA- and scrambled siRNAtransfected cells is significant (p<0.05). The difference corresponding to p<0.05 is
denoted with an asterisk (*). The results of an independent representative experiment
from a total of three experiments are shown.
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Figure 8. Effect of Rap1 on adhesion and migration of v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with siRNA as indicated and harvested 72 h
after transfection. (A) v-Abl/3T3/wtCbl cells were examined for migration. The
number of cells migrated per 40x microscopic field is plotted (mean+/-SEM of
triplicate wells). (B) v-Abl/3T3/wtCbl cells were examined for adhesion. The
percentage of adherent cells is plotted (mean+/-SEM of triplicate wells).
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Interactions between Rap1 and Rac1 in the Regulation of Cell Spreading
Several reports have implied that Rap1 can act as an upstream signaling
molecule for Rac1 (Arthur et al. 2004; Maillet et al. 2003). Since both Rac1 and Rap1
positively affect spreading of v-Abl/3T3/wtCbl cells (Figures 3 and 6), it was
appropriate to determine whether or not Rap1 acts upstream of Rac1 in the pathway
that links c-Cbl to cell spreading in our system. To do so, we first examined the effect
of Rac1 depletion on cell spreading induced through specific activation of Rap1. To
activate Rap1, we utilized CPT, a cAMP analogue, which does not activate PKA, but
specifically activates EPAC, a guanine nucleotide exchange factor positively
regulating Rap1 (Berruti 2003; Enserink et al. 2004; Maillet et al. 2003).
v-Abl/3T3/wtCbl cells were transfected with scrambled or Rac1-specific
siRNA to deplete Rac1 (Figure 9A), and their spreading was analyzed in the presence
or in the absence of CPT, which activated Rap1, but not Rac1 (Figure 9B). These
experiments showed that CPT greatly increased spreading of control, but not Rac1depleted cells (Figure 9C-E). This finding is consistent with the idea that Rac1 is
located downstream of Rap1 in the signaling pathway that induces spreading of vAbl/3T3/wtCbl cells.
To further elucidate the interactions between Rap1 and Rac1 in the signaling
that leads to spreading of v-Abl/3T3/wtCbl cells, we assessed the effect of Rap1
depletion on cell spreading induced by activated Rac1. We transfected cells with
Rap1-targeting or scrambled siRNA (as expected, Rap1-specific siRNA greatly
reduced the level of Rap1 protein - Figure 10A) and then performed protein
transfection of a GST-fused constitutively active form of Rac1 (CA-Rac1). Consistent

61

with our previous data [Figures 1-3; (Teckchandani et al. 2001; Teckchandani et al.
2005b)], CA-Rac1 considerably increased spreading of scrambled siRNA-transfected
cells. In agreement with the findings shown in Figure 5 and 6, depletion of Rap1
decreased spreading of v-Abl/3T3/wtCbl cells. However, it did not block the positive
effect of CA-Rac1 on cell spreading (Figure 10B-D). Taken together, these findings
indicate that the effect of Rap1 is dependent on Rac1, while the effect of Rac1 is
independent of Rap1, thus arguing that Rac1 is located downstream of Rap1 in the
spreading-inducing signaling in v-Abl/3T3/wtCbl cells.
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Figure 9. Effect of Rap1 activation on spreading of v-Abl/3T3/wtCbl is blocked
by Rac1 depletion.
v-Abl/3T3/wtCbl cells were transfected with siRNA and harvested for biochemical
and functional analyses 72 h later, except for (B) Where cells were not transfected.
(A) Cells lysates were immunoblotted with anti-EF1α or anti-Rac1 as indicated. (B)
Cells lysates were used for pull-down assays. GST-RBD-bound proteins and whole
cell lysates were immunoblotted with anti-EF1α (loading control), anti-Rac1 or antiRap1 as indicated. Bands were quantified and relative activities of Rac1 or Rap1 are
shown at the bottom of the panels. (C) Cells were examined for spreading. Each
image represents a randomly photographed field. (D) The distribution of cell
footprints is shown (mean+/-SEM of two wells). The Chi-Square test indicates
statistical significance of the differences between scrambled siRNA-transfected cells
with and without CPT (p<0.01) and between Rac1 siRNA-transfected and scrambled
siRNA-transfected cells in the presence of CPT (p<0.001). (E) The percentage of
well-spread cells is shown. One-way ANOVA test indicates significance of the
differences between scrambled siRNA-transfected cells with and without CPT and
between Rac1 siRNA-transfected and scrambled siRNA-transfected cells in the
presence of CPT (p<0.001 in both cases). Three asterisks (***) denote the difference
corresponding to p<0.001. The results of an independent representative experiment
from a total of four experiments are shown.
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Figure 10. Effect of Rac1 activation on spreading of v-Abl/3T3/wtCbl is not
blocked by Rap1 siRNA.
v-Abl/3T3/wtCbl cells were transfected with siRNA as indicated and further
transfected with CA-Rac1 as indicated. (A) Cells lysates were immunoblotted with
anti-Rap1 and anti-Cbl (loading control). (B) Cells were examined for spreading.
Each image represents a randomly photographed field. (C) The distribution of cell
footprints is shown (mean+/-SEM of two wells). The Chi-Square test indicates that
the difference between Rap1 siRNA-treated and scrambled siRNA-treated cells is
significant both in the presence and in the absence of CA-Rac1 (p<0.05 in both cases).
(D) The percentage of well-spread cells is shown. One-way ANOVA test indicates
significance of the differences between scrambled Rap1 siRNA-treated and
scrambled siRNA-treated cells is significant both in the presence and in the absence
of CA-Rac1 (p<0.05 in both cases). An asterisk (*) denotes the difference
corresponding to p<0.05. The results of an independent representative experiment
from a total of three experiments are shown.
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Role of PI3K in the Effects of Rap1 and Rac1 on Cell Spreading
Our previous studies have shown that PI3K interacts with c-Cbl and is critical
for the cytoskeletal effects of c-Cbl in v-Abl/3T3/wtCbl cells (Feshchenko et al.
1999; Swaminathan et al. 2007; Teckchandani et al. 2001; Teckchandani et al. 2005b).
Furthermore, PI3K has been shown to be involved in the activation of Rac1 (Han et al.
1998; Nakagawa et al. 2001; Nusser et al. 2002). Therefore, c-Cbl is likely to act on
cytoskeletal rearrangements in v-Abl/3T3/wtCbl cells through a PI3K/Rac1-mediated
pathway. To further elucidate the molecular basis of the effects of Rac1 and Rap1 and
functional links between these GTPases, we determined the role of PI3K in the
activation of Rac1 and Rap1 in v-Abl/3T3/wtCbl cells. Since c-Cbl facilitates seruminduced activation of Rac1 (Teckchandani et al. 2005b), we analyzed serum-induced
activation of Rac1 and Rap1 in the presence or in the absence of wortmannin, a
specific inhibitor of PI3K (Arcaro et al. 1993; Powis et al. 1994). These experiments
showed that wortmannin effectively blocks serum-induced activation of Rac1, but not
that of Rap1 (Figure 11A), thus indicating that only Rac1, but not Rap1 is regulated
by a PI3K-mediated pathway in our experimental system.
These results, taken together with the results presented above argue in favor of
there being two pathways linking c-Cbl to cytoskeletal effects- one appears to be
PI3K-dependent and involving only Rac1; the other appears to be PI3K-independent
and involving both Rap1 and Rac1, with Rap1 being located upstream of Rac1.
Whereas the PI3K-dependent pathway can regulate cell migration, both pathways are
capable of regulating cell spreading. To elucidate the functional relationship of the
PI3K-dependent Rac1-mediated pathway and the PI3K-independent Rap1/Rac1-
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mediated pathway in regulating v-Abl/3T3/wtCbl cell spreading, we analyzed the
effects of CPT and wortmannin in this system. These experiments indicated that
wortmannin blocks spreading of both untreated and CPT-treated v-Abl/3T3/wtCbl
cells (Figure 11B-D). Therefore, our results argued collectively (Figures 2-11) that
both PI3K-dependent Rac1-mediated and PI3K-independent Rap1/Rac1-mediated
pathways are essential for cell spreading in our system, so that blocking of either
pathway prevents v-Abl/3T3/wtCbl cell spreading.
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Figure 11. Effect of PI3K activity on Rac1- and Rap1-dependent spreading of vAbl/3T3/wtCbl cells.
(A) v-Abl/3T3/wtCbl cells were incubated with wortmannin and then stimulated with
serum where indicated. Cells were lysed in the pull-down lysis buffer containing
GST-PAK or GST-RalGDS to pull down active Rac1 or Rap1, respectively. Pulleddown Rac1 and Rap1 were analyzed using immunoblotting. Total Rac1, Rap1 and
EF-1α (as a loading control) were immunoblotted in whole cell lysates. Relative
activities of Rac1 or Rap1 are shown at the bottom of the panels. (B) vAbl/3T3/wtCbl cells were incubated with wortmannin (1µM) and/or CPT (100µM) or
methanol (as vehicle control) for 30 min prior to photographing. Cell images
represent randomly photographed fields. (C) The distribution of cell footprints is
shown. (D) The percentage of well-spread cells and the statistical differences are
shown. The results of an independent representative experiment from a total of three
experiments are shown.
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Possible Role of Rap1 and Rac1 Localization in Regulation of Cell Spreading
The results indicating that Rac1 is located downstream of Rap1 in the PI3Kindependent pathway (Figures 9, 10), together with those indicating that Rac1 in vAbl/3T3/wtCbl is not activated by CPT (Figure 9B), suggest that Rap1 affects the
function of Rac1 through mechanisms unrelated to the overall activation of Rac1.
Considering a possibility that the effect of Rap1 might be mediated by re-localization
of Rac1 and the fact that localization of Rac1 and Rap1 has not previously been
studied in v-Abl/3T3/wtCbl cells, we carried out immunofluorescence staining to
determine and compare localization patterns of c-Cbl, F-actin, paxillin, Rap1 and
Rac1 in v-Abl/3T3/wtCbl cells spread on FN (Figure 12). In these experiments, only
v-Abl/3T3/wtCbl cells, but not vector-control v-Abl/3T3 cells were analyzed, because
only the former, but not the latter were able to spread on FN (Figure 12A, B). The
results of these experiments showed that Rac1 is localized in patches at the edges of
spreading cells (Figure 12C-F). Rap1 exhibited primarily punctate localization
throughout the cell (Figure 12E-H). Patterns of Rac1 and Rap1 localization were not
significantly affected by CPT (Figure 12C-H), indicating that re-localization of Rac1,
at least that of its substantial fraction, is unlikely to represent a mechanism by which
Rap1 acts upstream of Rac1 in the Rap1/Rac1-mediated signaling pathway that links
c-Cbl to cytoskeleton-dependent phenomena.

69

70

Figure 12. Intracellular localization of Rac1 and Rap1 in v-Abl/3T3/wtCbl cells.
v-Abl/3T3 (A) or v-Abl/3T3/wtCbl (B-H) cells were plated on FN, fixed, stained with
anti-Cbl (A,B), anti-Rac1 (C-F), anti-Rap1 (E-H), rhodamine-phalloidin (A-D) and
FITC-phalloidin (G,H). Anti-Cbl and anti-Rac1 mouse mAbs were visualized using
secondary anti-mouse IgG-FITC. Anti-Rap1 rabbit polyclonal IgG was visualized
using anti-rabbit IgG-rhodamine. Intracellular localization of the following proteins
was examined using immunofluorescence microscopy: (A,B) c-Cbl (green) and Factin (red), (C,D) Rac1 (green) and F-actin (red), (E,F) Rac1 (green) and Rap1 (red),
and (G,H) Rap1 (red) and F-actin (green). Cells were treated with CPT (D, F, and H)
or methanol as negative control (C, E, and G) for 30 min prior to fixation. The scale
bar equals 10 µm. An independent representative experiment from a total of three
experiments is shown. At least 10 cells were examined in each experiment.
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Effect of c-Cbl on Invasion of Glioblastoma SNB19 Cells
To evaluate the role of c-Cbl in glioblastoma invasion, we transfected SNB19,
a grade IV glioblastoma cell line, with c-Cbl -targeting siRNAs and then examined
their invasion in response to 10% serum as a chemoattractant using a transwell
matrigel invasion assay (Repesh 1989). Transfections of two independent c-Cblspecific siRNAs dramatically reduced the level of endogenous c-Cbl proteins (Figure
13A). Depletion of c-Cbl greatly decreased invasion of SNB19 cells as compared to
scrambled siRNA-transfected cells (Figure 13B, C). To further characterize the role
of c-Cbl in invasion of SNB19 cells, we generated SNB19 cells stably expressing
wild-type c-Cbl, PTK binding-defective mutant (G306E), or ubiquitylation-defective
mutant (C381A). SNB19 cells transduced with an empty vector were generated as
negative control. The HA- tagged wild type and mutant c-Cbl were at least 20 fold
overexpressed compared to the expression of endogenous c-Cbl in empty-vector
control (Figure 14A). Using these cells, we examined the effect of c-Cbl on invasion
utilizing same assay as shown in Figure 13B, C. Wild-type c-Cbl dramatically
increased the invasion of SNB19 cells, while mutants did not (Figure 14B, C).

Effect of c-Cbl on Growth of SNB19 Cells
Invasive cells coordinately regulate cell invasion and survivial. Coupling of
the adaptor proteins p130 Crk-associated substrate (CAS) and c-CrkII (Crk) induces
cell invasion and protects cells from apoptosis in a three-dimensional collagen matrix
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Figure 13. Depletion of c-Cbl decreases invasion of SNB19 cells.
SNB19 cells were transfected with siRNAs as indicated and harvested 72 h later. (A)
Cells were lysed, and their lysates were immunoblotted with anti- EF1α (as a loading
control) or anti-c-Cbl. (B) Each phase-contrast image represents a randomly
photographed field. (C) SNB19 cells were examined for invasion. The number of
cells invaded per 20x microscopic field is plotted (mean+/-SEM of six individual
fields). One-way ANOVA test was used for statistic analysis. Two asterisks (**)
denote p<0.01 versus scrambled siRNA-transfected cells. An independent
representative experiment from a total of three is shown.
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Figure 14. Overexpression of wild type c-Cbl increases invasion of SNB19 cells.
SNB19 cells stably expressing wild-type c-Cbl, PTK binding-defective mutant
(G306E), ubiquitylation-defective mutant (C381A), or transduced with an empty
vector were generated using lentiviral transduction. A) Cells were lysed, and their
lysates were immunoblotted with anti- EF1α (as a loading control), anti-HA, or antic-Cbl. (B) Each phase-contrast image represents a randomly photographed field. (C)
SNB19 cells were examined for invasion. The number of cells invaded per 20x
microscopic field is plotted (mean+/-SEM of six individual fields). One-way
ANOVA test was used for statistic analysis. Three asterisks (***) denote p<0.001
versus vector cells. An independent representative experiment from a total of five is
shown.
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Figure 15. Effect of c-Cbl on growth of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl and transduced with an empty
vector were examined for growth. Cells (1x 105) were plated in 6-well plate
containing growth medium (duplicate) and counted in the time course. An
independent representative experiment from a total of three is shown.
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(Cho et al. 2000). CAS/Crk-mediated cell invasion and survival requires activation of
the small GTPase Rac (Cho et al. 2000). Because N-cadherin-mediated intercellular
interaction promotes cell survival through PI3K/Akt pathway (Li et al. 2001), Ncadherin-blocking antibody inhibits invasion of glioblastoma cells (Kotelevets et al.
2001; Takino et al. 2003). Therefore, there was a possibility that c-Cbl may increase
invasion by promoting cell growth in 24-h invasion assay. We examined the effect of
c-Cbl on cell growth in time course and showed that growth of SNB19 cells was not
significantly affected by c-Cbl (Figure 15). This result indicates that invasionfacilitated by c-Cbl does not result from an increase in cell growth.

Effect of c-Cbl on Migration of SNB19 Cells
Glioma invasion is dependent on multiple biological processes including
migration, adhesion, and degradation of ECM. Our previous published data and those
of other groups have shown that c-Cbl is a crucial mediator in cell migration (see the
Introduction). To elucidate the role of c-Cbl in migration of SNB19 cells, we
transfected these cells with c-Cbl-targeting siRNAs and then examined their
migration in response to 10% serum as a chemoattractant in a modified Boyden
chamber. Depletion of c-Cbl showed no significant effect on migration of SNB19
cells (Figure 16A). To further evaluate the role of c-Cbl in migration of SNB19 cells,
we did migration assay with SNB19 cells stably expressing wild-type c-Cbl, PTK
binding-defective mutant (G306E), ubiquitylation-defective mutant (C381A), and
transduced with an empty vector (Figure 16B). Consistent with the results obtained
using RNAi, stable SNB19 cells expressing various forms of c-Cbl exhibited no
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significant differences in cell migration. This result indicates that c-Cbl does not
regulate SNB19 cell migration.

Effect of c-Cbl on Adhesion of SNB19 Cells
Glioma cells need transient adhesive interaction with the ECM to migrate and
invade. Our previous data showed that c-Cbl facilitates adhesion of v-Abl
transformed NIH3T3 by α5β1 integrin (Teckchandani et al. 2001). Furthermore, the
expression of β1 subunit is correlated with the invasive behavior of glioma (Paulus et
al. 1996). Hence, we analyzed the effect of c-Cbl on cell adhesion. SNB19 cells
stably expressing wild-type c-Cbl showed no significant change in the adhesive
behavior as compared to empty vector expressing cells (Figure 17). This finding
suggests that the invasion of SNB19 cells enhanced by c-Cbl does not result from an
increase in their adhesion.

Effect of c-Cbl on Degradation of ECM by MMP2 in SNB19 Cells
In this report, we demonstrated that c-Cbl increased invasion of SNB19 cells,
but this change was not mediated by changes in migration or adhesion. Our results
suggest a possibility that c-Cbl may increase invasion by promoting degradation of
ECM. Many studies have demonstrated a strong correlation between MMPs and
tumor cell invasiveness and degradation of ECM in human gliomas. Therefore, we
examined the effect of c-Cbl on the expression of MMP2. Depletion of c-Cbl greatly
decreased expression of MMP2 as compared to that in scrambled siRNA-transfected
cells (Figure 18). In addition, wild-type c-Cbl dramatically increased the level of
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MMP2, while mutants did not (Figure 19). To further evaluate the role of c-Cbl in
regulation of MMP2 activity, we performed gelatin zymography with wild-type c-Cbl
overexpressing and vector control SNB19 cells (Figure 20). Consistent with the
experiments, c-Cbl overexpression increased in the activity of MMP2. These findings
indicate that c-Cbl upregulates activity and expression of MMP2.
To further elucidate the effect of MMPs on c-Cbl mediated invasion, we
analyzed the effect of MMP inhibitors on invasion of SNB19 cells stably expressing
various forms of c-Cbl or empty vector. Both GM-6001 (a broad-spectrum MMP
inhibitor) and a MMP2-specific inhibitor dramatically reduced invasion of SNB19
cells (Figure 21). Our results (Figures 18-21) strongly suggest that c-Cbl increases
invasion of SNB19 cells by upregulating expression and activity of MMP2.
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Figure 16. Effect of c-Cbl on migration of SNB19 cells.
(A) SNB19 cells were transfected with siRNAs as indicated, harvested 72 h later, and
examined for migration. (B) SNB19 cells stably expressing various forms of c-Cbl or
empty vector were examined for migration. The number of cells migrated per 20x
microscopic field is plotted (mean+/-SEM of nine individual fields). An independent
representative experiment from a total of three is shown.
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Figure 17. Effect of c-Cbl on adhesion of SNB19 cells.
SNB19 cells stably expressing wild type c-Cbl or transduced with an empty vector
were examined for adhesion. Cells (1 x 106) were plated in 6-well plate containing
growth medium (D10F) and incubated in time course. Non-adherent cells were
washed with PBS twice and adherent cells were counted. An independent
representative experiment from a total of three is shown.
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Figure 18. Depletion of c-Cbl decreases expression of MMP2 in SNB19 cells.
SNB19 cells were transfected with siRNAs as indicated and harvested 72 h later.
Cells were lysed, and their lysates were immunoblotted with anti- EF1α (as a loading
control), MMP2, or anti-c-Cbl. An independent representative experiment from a
total of three is shown.
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Figure 19. Overexpression of wild-type c-Cbl increases expression of MMP2 in
SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were lysed, and their lysates were immunoblotted with anti- EF1α (as a
loading control), anti-MMP2, or anti-c-Cbl. An independent representative
experiment from a total of five is shown.
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Figure 20. Overexpression of wild type c-Cbl increases activity of MMP2 in
SNB19 cells.
SNB19 cells stably expressing wild type c-Cbl or transduced with an empty vector
were starved in DMEM for 24 h and lysed. Their lysates were used to perform gelatin
zymography. Bands were quantified and relative activities of MMP2 are shown at the
bottom of the panels. An independent representative experiment from a total of three
is shown.
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Figure 21. Effect of MMP inhibitors on invasion of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector in growth medium (D10F) were incubated with GM6001 (broad-spectrum
MMPs inhibitor), MMP2-specific inhibitor, or DMSO (as vehicle control) and then
examined for invasion in response to serum. The number of cells invaded per 20x
microscopic field is plotted (mean+/-SEM of six individual fields). An independent
representative experiment from a total of three is shown.
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Role of SDF1/CXCR4 in Migration and Invasion of SNB19 Cells
Expression of CXCR4 and SDF1(CXCL12) are frequently identified in
astrocytomas patients (Bajetto et al. 2006). Invasive populations of glioma cells
overexpress CXCR4 and at a level 25- to 89-fold higher than that found in
noninvasive tumor cells. Furthermore, neutralization of CXCR4 significantly impairs
the in vitro invasive capacity of malignant glial cells. In addition, glioma cells secrete
CXCL12 and demonstrate robust invasive capacity toward a SDF1 gradient in vitro
(Ehtesham et al. 2006).

Cbl regulates the SDF1-induced chemotaxis and

chemoinvasion of breast cancer cells; TKB mutant of c-Cbl decreases SDF1-induced
chemotaxis and chemoinvasion, and SDF1 promotes the secretion of matrix
metalloproteinases 2 and 9 (Fernandis et al. 2004). SDF1 increases the expression of
MT2-MMP (MMP15), but not of the other MT-MMPs (MT1-MMP, MT3-MMP, and
MT5-MMP), MMP2 or MMP9 in LN827 and U373 glioma cells. The SDF1enhanced MT2-MMP expression was blocked by a CXCR4 antagonist, AMD3100.
SDF1 stimulates glioma cells to invade in vitro and in vivo and these effects are
inhibited by the stable downregulation of MT2-MMP using siRNA (Zhang et al.
2005).
Hence, we evaluated the effect of SDF1 on migration and invasion of SNB19
cells stably expressing various forms of c-Cbl. This experiment showed that SDF1
functions as a good chemoattractant for glioma cells, but that SDF1-mediated
migration is not dependent on expression of c-Cbl (Figure 22). In addition, SDF1 had
no significant effect on invasion of SNB19 cells (Figure 23). Our results indicate that
SDF1 signaling is not involved in the effect of c-Cbl on the invasion of SNB19 cells.
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Figure 22. Effect of SDF1 on migration of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were examined for migration in response to various chemoattractants for 16 h.
The number of cells migrated per 20x microscopic field is plotted (mean+/-SEM of
nine individual fields). Chemoattractants including SDF1, D10F (as a positive
control), or DMEM (as a negative control) were loaded in the lower chamber and
cells in DMEM were loaded in the upper chamber. An independent representative
experiment from a total of three is shown.
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Figure 23. Effect of SDF1 on invasion of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were incubated with DMEM, SDF1, or serum as indicated and then examined
for invasion in response to serum. The number of cells invaded per 20x microscopic
field is plotted (mean+/-SEM of nine individual fields). An independent
representative experiment from a total of three is shown.

87

Role of EGFR Signaling in the Effects of c-Cbl on
Biological Features of SNB19 cells
EGFR signaling enhances proliferation, migration and invasion and inhibits
apoptosis of glioma cells (Lund-Johansen et al. 1990; Lund-Johansen et al. 1992).
Therefore, we examined the effect of EGF on migration and invasion of SNB19 cells
stably expressing various forms of c-Cbl. Migration assay with these cells
demonstrated that EGF functions as a chemoattractant that is comparable to serum,
but that neither EGF-mediated nor serum-mediated migrations is significantly
dependent on expression of c-Cbl (Figure 24). In contrast, invasion of SNB19 cells,
which was equally stimulated by EGF and serum, was dramatically upregulated by
wild-type, but not mutated c-Cbl (Figure 25).
Overexpression of EGFR has been associated with tumor aggressiveness
(Nicholson et al. 2001) and invasiveness (Yeh et al. 2006). EGFR stimulates thyroid
cancer invasion by activation of MMP2 (Yeh et al. 2006). EGF-stimulated EGFR
signaling increases MT1-MMP in glioma cell lines (Van Meter et al. 2004). In this
report, we also demonstrated that c-Cbl increases invasion by upregulating expression
and activity of MMP2. Hence, we analyzed how expression of EGFR is affected by cCbl and correlated with expression of MMP2. Depletion of endogenous c-Cbl greatly
decreased expression of EGFR and MMP2 in SNB19 cells as compared to control
cells (Figure 26A, B). In contrast, overexpression of wild-type c-Cbl dramatically
increased the level of EGFR and MMP2 (Figure 27A, B). These findings suggest that
the expression of EGFR upregulated by c-Cbl can correlate with the effect of c-Cbl
on invasion of SNB19 cells.
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Figure 24. Effect of EGF on migration of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were examined for migration in response to various chemoattractants for 16 h.
Chemoattractants including EGF, D10F, or DMEM were loaded in the lower chamber
and cells in DMEM were loaded in the upper chamber. The number of cells migrated
per 20x microscopic field is plotted (mean+/-SEM of nine individual fields). An
independent representative experiment from a total of three is shown.
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Figure 25. Effect of EGF on invasion of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were incubated with EGF as indicated and then examined for invasion in
response to serum. The number of cells invaded per 20x microscopic field is plotted
(mean+/-SEM of nine individual fields). An independent representative experiment
from a total of three is shown.
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Figure 26. Depletion of c-Cbl decreases expression of EGFR in SNB19 cells.
SNB19 cells were transfected with siRNAs as indicated and harvested 72 h later. (A)
Cells were lysed, and their lysates were immunoblotted with anti- EF1α (as a loading
control), MMP2, EGFR, or anti-c-Cbl. (B) Bands were quantified and relative
expression level of proteins is shown. An independent representative experiment from
a total of three is shown.
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Figure 27. Overexpression of wild type c-Cbl increases expression of EGFR in
SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were lysed, and their lysates were immunoblotted with anti- EF1α (as a
loading control), anti-MMP2, or anti-c-Cbl. (B) Bands were quantified and relative
expression level of proteins is shown. An independent representative experiment from
a total of five is shown.
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c-Cbl has been well known to degrade EGFR and downregulate EGFR
signaling [reviewed in (Ryan et al. 2006; Swaminathan et al. 2006; Thien et al.
2005b)]. It was therefore very surprising to find that c-Cbl upregulated expression of
EGFR in SNB19 cells. Hence, we examined whether c-Cbl can functionally degrade
EGFR in response to EGF. Our results demonstrated that wild-type c-Cbl efficiently
degraded EGFR in the presence of EGF for 10 min, while the ubiquitylation-deficient
mutant C381A degraded EGFR slowly, even though EGFR in all stable cell lines was
degraded after 60 min of EGF treatment because all stable cell lines have endogenous
c-Cbl (Figure 28). These findings indicate that c-Cbl functions as an E3-ubiquitin
ligase in SNB19 glioma cells.
To further elucidate the effect of EGFR signaling on invasion, we analyzed
the effect of an EGFR inhibitor on invasion of SNB19 cells. The EGFR-specific
inhibitor PD168393, which blocks phosphorylation of EGFR, decreased invasion of
all stable cells (Figure 29). It is interesting, however that SNB19 cells stably
expressing wild-type c-Cbl still showed the highest level of invasion despite of a
decrease in invasion of all cell lines (Figure 29). These findings imply that c-Cbl
mediated invasion can be resistant to an EGFR inhibitor.
To confirm that EGF triggers EGFR signaling pathway, which induces
invasion of SNB19, we tested whether invasion stimulated by EGF is dependent on
EGFR. EGF increased invasion and EGFR inhibitors decreased invasion of all c-Cbl
expressing stable cells in the presence and in the absence of EGF (Figure 30).
However, like results of Figure 29, SNB19 cells stably expressing wild-type c-Cbl
still showed the highest level of invasion despite of a decrease in invasion of all cell
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lines. Again, the results suggest that c-Cbl-mediated invasion is at least partially
resistant to an EGFR inhibitor.
To further evaluate correlation between EGFR and MMP2, we tested how
MMP inhibitors affected phosphorylation of EGFR and how EGFR inhibitors
affected expression of MMP2. As it was shown previously (Figure 28), EGF
promoted degradation of EGFR and induced phosphorylation of EGFR in the absence
of an inhibitor, while EGFR inhibitors blocked phosphorylation of EGFR (Figure 31).
However, interestingly, EGFR inhibitor induced no significant change in expression
of MMP2. Furthermore, MMP inhibitors reduced the expression of MMP2 and,
intriguingly, reduced phosphorylation of EGFR (Figure 32). These findings suggest
that MMP2 can affect EGFR signaling pathway through phosphorylation of EGFR.
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Figure 28. Effect of c-Cbl on degradation of EGFR in response to EGF.

SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were starved 24 h in DMEM and were incubated with 100ng/ml of EGF as
indicated. (A) Cells were lysed, and their lysates were immunoblotted with antiEF1α (as a loading control), anti-EGFR, or anti-c-Cbl. (B) Bands were quantified and
relative expression level of proteins is shown. An independent representative
experiment from a total of five is shown.
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Figure 29. Effect of EGFR inhibitor PD168393 on invasion of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector in growth medium (D10F, denoted as + in stimulator) were incubated with
PD168393 or DMSO (as vehicle control) as indicated and then examined for invasion
in response to serum. The number of cells invaded per 20x microscopic field is
plotted (mean+/-SEM of six individual fields). An independent representative
experiment from a total of three is shown.
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Figure 30. Effect of EGF-EGFR signaling on invasion of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector were incubated with stimulators (a negative control DMEM is denoted as – in
stimulator), EGFR-specific inhibitor PD168393, or DMSO (as vehicle control,
denoted as – in inhibitor) as indicated and then examined for invasion in response to
serum. The number of cells invaded per 20x microscopic field is plotted (mean +/SEM of six individual fields). An independent representative experiment from a total
of three is shown.
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Figure 31. Effect of EGFR inhibitors on expression of MMP2 and
phosphorylation of EGFR.

SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector in D10F were incubated with EGFR inhibitors or DMSO (as vehicle control)
as indicated and stimulated with 100ng/ml of EGF for 3 min. (A) Cells were lysed,
and their lysates were immunoblotted with anti- EF1α (as a loading control), antiEGFR, anti-pTyr or anti-MMP2. An independent representative experiment from a
total of three is shown.
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Figure 32. Effect of MMP inhibitors on expression of MMP2 and
phosphorylation of EGFR.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector in D10F were incubated with MMP inhibitors or DMSO (as vehicle control) as
indicated and stimulated with 100ng/ml of EGF for 3 min. Cells were lysed, and their
lysates were immunoblotted with anti- EF1α (as a loading control), anti-EGFR, antipTyr or anti-MMP2. An independent representative experiment from a total of three
is shown.
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Phosphorylation of c-Cbl in SNB19 cells
Cbl is phosphorylated upon SDF1 stimulation of Jurkat cells and associates
with PI3K and CrkL (Chernock et al. 2001). Therefore, we analyzed the effect of
SDF1 on tyrosine phosphorylation of c-Cbl and showed that stimulation of SDF1 has
no effect on tyrosine phosphorylation of c-Cbl in SNB19 cells (Figure 33).
EGF treatment stimulates phosphorylation of c-Cbl in SKMG-3 GBM cells
(Thomas et al. 2003). Hence, we were questioned whether signaling that induced
EGF-mediated invasion of wild-type c-Cbl expressing cells is linked to
phosphorylation of c-Cbl. We measured the effect of EGF on tyrosine
phosphorylation of c-Cbl and demonstrated that EGF did not significantly upregulate
phosphorylation of c-Cbl compared to its level in pervanadate-treated cells (Figure
33). This result indicates that c-Cbl mediated invasion is not primarily dependent on
phosphorylation of c-Cbl, but can be dependent on the function of c-Cbl as an E3
ubiquitin ligase in SNB19 glioma cells.

Role of PI3K in Biological Features of SNB19 cells
PI3K is one of widely studied downstream signaling molecules of c-Cbl. Our
previous studies have shown that PI3K interacts with c-Cbl and is critical for the
cytoskeletal effects of c-Cbl in v-Abl/3T3/wtCbl and this interaction requires
phosphorylation of c-Cbl (Feshchenko et al. 1999; Lee et al. 2008; Swaminathan et al.
2007; Teckchandani et al. 2001; Teckchandani et al. 2005b). In addition, migrating
glioma cells activate the PI3K survival pathway, protecting migrating cells from
apoptosis (Joy et al. 2003). Therefore, we analyzed the effect of PI3K on migration
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and survival of SNB19 cells. First, we examined migration in response to 10% serum
as a chemoattractant in a modified Boyden chamber in the absence or in the presence
of PI3K specific inhibitors, wortmannin and LY294,002 (Figure 34). This experiment
showed that migration of SNB19 is not sensitive to inhibitors of PI3K. Second,
growth of SNB19 cells is also not sensitive to PI3K specific inhibitors (data not
shown). We determined the effect of PI3K on invasion of stable SNB19 cells. The
results showed that c-Cbl-mediated invasion was not significantly affected by PI3K
specific inhibitors (Figure 35). These findings indicate that c-Cbl promotes invasion
in PI3K- and phosphorylation of c-Cbl- independent way.
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Figure 33. Effect of SDF1 and EGF on phosphorylation of c-Cbl in SNB19 cells.
SNB19 cells stably expressing wild-type c-Cbl or transduced with an empty vector
were starved in DMEM for 24 h and stimulated with SDF, EGF, serum, or
pervanadate (as a positive control) for 5 min where indicated. Cells were lysed, and
their lysates were immunoblotted with anti-EF1α (as a loading control), antiphosphotyrosine, or anti-c-Cbl. Relative levels of phosphorylation of c-Cbl are shown
at the bottom of the panels.
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Figure 34. Effect of PI3K on migration of SNB19 cells.

SNB19 cells were incubated with wortmannin, LY 294, 002, or methanol (as vehicle
control) as indicated and examined for migration. The number of cells migrated per
20x microscopic field is plotted (mean+/-SEM of nine individual fields). An
independent representative experiment from a total of three is shown.
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Figure 35. Effect of PI3K on invasion of SNB19 cells.
SNB19 cells stably expressing various forms of c-Cbl or transduced with an empty
vector in growth medium (D10F) were incubated with wortmannin or methanol (as
vehicle control) as indicated and then examined for invasion in response to serum.
The number of cells invaded per 20x microscopic field is plotted (mean+/-SEM of six
individual fields). An independent representative experiment from a total of three is
shown.
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Supplementary figures
Figure S1. Time-lapse video of scrambled siRNA-transfected v-Abl/3T3/wtCbl
cells.
v-Abl/3T3/wtCbl cells were transfected with scrambled siRNA, harvested 72 h after
transfection, and assayed for migration in live culture.
Figure S2. Time-lapse video of RhoA siRNA-transfected v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with RhoA siRNA, harvested 72 h after
transfection, and assayed for migration in live culture.
Figure S3. Time-lapse video of Rac1 siRNA-transfected v-Abl/3T3/wtCbl cells.
v-Abl/3T3/wtCbl cells were transfected with Rac1 siRNA, harvested 72 h after
transfection, and assayed for migration in live culture.
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CHAPTER 4
DISCUSSION

Roles of Small GTPases in c-Cbl-Mediated Cytoskeletal Processes
In the present study, we employed RNAi-mediated depletion of endogenous
Rac1 and RhoA to determine the role of these GTPases in the cytoskeletal effects of
c-Cbl in v-Abl/3T3/wtCbl cells. Our results clearly demonstrate that Rac1 is essential
for spreading and migration of v-Abl/3T3/wtCbl cells, while RhoA may act as a
negative regulator of these processes (Figures 1-3, Supplementary data). Together
with our previous data, these results argue that although some level of RhoA activity
is required for the observed effects of c-Cbl (Teckchandani et al. 2001; Teckchandani
et al. 2005b), the activation of RhoA above this “tonic” level exerts a negative effect
on c-Cbl-facilitated cell spreading and migration (Figures 1-3, Supplementary data).
In agreement with this notion, other researchers have shown similar negative effects
of RhoA on cell migration (Arthur et al. 2001; Cox et al. 2001) and demonstrated that
the effects of Rac1 and RhoA on cytoskeletal events may be opposite (Herbrand et al.
2006; Ohta et al. 2006).
Our previous studies provided a few hints that Rap1 is also involved in the
observed effects of c-Cbl. First, Rap1 was activated in v-Abl/3T3/wtCbl cells, albeit
only upon pervanadate treatment (Teckchandani et al. 2001). Second, the wild-type
adaptor protein CrkL, which is thought to be involved in the activation of Rap1
through the C3G-dependent pathway (Gotoh et al. 1995), facilitated effects of c-Cbl
on the cytoskeleton, while mutations of the CrkL-binding site of c-Cbl reduced these
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effects (Teckchandani et al. 2001). Using RNAi-mediated depletion and CPT-induced
activation of endogenous Rap1, we confirmed that Rap1 exerts a substantial positive
effect on spreading of v-Abl/3T3/wtCbl cells (Figures 5-6).
Several studies have shown that Rap1 activates integrins, i.e. increase their
ability to interact with the corresponding ligands, acting through RapL (Katagiri et al.
2003; Katagiri et al. 2004). Therefore, we examined the involvement of Rap1-induced
integrin activity in the positive effect of Rap1 in our system. The finding that Rap1
depletion failed to exert any effect on short-term adhesion of v-Abl/3T3/wtCbl cells
to FN (Figure 8), which is expected to be decreased, if it was regulated by Rap1induced integrin activation, argues that the effect of Rap1 in v-Abl/3T3/wtCbl cells is
independent of the RapL pathway.

Interactions between Rap1 and Rac1 in the Regulation of Cell Spreading
Considering that Rap1 has been implicated as an upstream regulator of Rac1
in a signaling pathway facilitating cell spreading (Arthur et al. 2004) and that both
Rac1 and Rap1 positively affect spreading of v-Abl/3T3/wtCbl cells (Figures 3 and 6),
we examined the functional link between Rap1 and Rac1 and demonstrated that the
effect of Rap1 activation on cell spreading is blocked by depletion of Rac1 (Figure 9),
while the effect of constitutively active Rac1 on cell spreading is not affected by
depletion of Rap1 (Figure 10). These results are consistent with Rap1 being located
upstream of Rac1 in the signaling pathway that regulates spreading of vAbl/3T3/wtCbl cells. However, the idea that c-Cbl is linked to cytoskeletondependent phenomena through a single pathway mediated by Rap1 and Rac1 is
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inconsistent with our finding that blocking of Rap1 exerts no effect on migration of vAbl/3T3/wtCbl cells (Figure 8), while Rac1 is clearly essential for both spreading and
migration of these cells [Figures 1-3; (Teckchandani et al. 2001; Teckchandani et al.
2005b)].
To further elucidate the relationships between Rap1 and Rac1 in our system,
we analyzed dependence of their activation on PI3K activity. We have previously
shown that c-Cbl facilitates activation of Rac1 in v-Abl/3T3/wtCbl cells
(Teckchandani et al. 2001; Teckchandani et al. 2005b) and that the cytoskeletal
effects of c-Cbl in these cells are dependent on both Rac1 and PI3K (Feshchenko et al.
1999; Swaminathan et al. 2007; Teckchandani et al. 2001; Teckchandani et al. 2005b).
In agreement with these findings, our experiments showed that activation of Rac1 in
v-Abl/3T3/wtCbl cells is dependent on PI3K activity (Figure 11A). This result is in
agreement with findings of other researchers, indicating that PI3K activates Rac1
(Han et al. 1998; Nakagawa et al. 2001; Nusser et al. 2002). In contrast, activation of
Rap1 in these cells is not sensitive to PI3K inhibition (Figure 11A), thus indicating its
independence of PI3K.

Signaling Pathways of c-Cbl in Regulating Cytoskeleton-Mediated Processes
Overall, this analysis indicates that Rac1 is located downstream of Rap1 and
PI3K, whereas Rap1 is not located downstream of PI3K, and that these GTPases act
on cytoskeleton-dependent functions through more than one pathway. These findings
together with our previously published results (Feshchenko et al. 1999; Swaminathan
et al. 2007; Teckchandani et al. 2001; Teckchandani et al. 2005b) are consistent with
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the model presented in Figure 36. We propose that one pathway linking c-Cbl to Rac1
is mediated by PI3K. Effect of c-Cbl on PI3K is dependent on binding of the p85
subunit of PI3K to phosphorylated Tyr-731 of c-Cbl (Feshchenko et al. 1999). It
should be noted that c-Cbl is not a sole activating stimulus for Rac1 in vAbl/3T3/wtCbl cells, since the background activity of Rac1 is detectable in vAbl/3T3 cells without overexpression of c-Cbl (Teckchandani et al. 2001;
Teckchandani et al. 2005b) and since serum significantly increases Rac1 activity even
in the presence of overexpressed c-Cbl (Teckchandani et al. 2001; Teckchandani et al.
2005b). Therefore, c-Cbl appears to act as an amplifier of signals activating Rac1.
The second pathway outlined by our findings is mediated by Rap1, which acts
in it as a positive regulator of Rac1. Considering the substantial difference in
biological effects of these pathways (the first one stimulates both migration and
spreading, whereas the second one affects only spreading, but not migration of vAbl/3T3/wtCbl cells), it could be speculated that two populations of Rac1 molecules,
possibly located in different compartments or acting through different effectors, act in
these pathways. The results shown in this report indicate that both of these pathways
are essential for spreading of v-Abl/3T3/wtCbl cells, since disruption of either one
dramatically reduced cell spreading in this system (for example, Figures 9-11).
Our previous findings and the results of other groups suggested that Rap1 is
activated through the CrkL/C3G pathway; CrkL binds to phosphorylated Tyr-700 and
-774 of c-Cbl (Andoniou et al. 1996; Feshchenko et al. 1999) and recruits C3G, a
guanine nucleotide exchange factor, which activates Rap1 (Gotoh et al. 1995). Our

109

experiments shown in Figure 7 argue that the effect of c-Cbl on Rap1 is indeed
mediated by C3G.
It is less clear how Rap1 regulates Rac1, but apparently not by increasing the
total activity of Rac1, because CPT, which activates Rap1, does not activate Rac1
(Figure 9B). Although it is possible that Rap1 regulates the function of Rac1 by
changing its localization, no substantial re-localization of Rac1 in response to CPT
was observed, making this possibility unlikely (Figure 12). The effect of Rap1 on
Rac1, which is not manifested by either activation or translocation of a substantial
fraction of Rac1, might be explained in several ways. Thus, only a small fraction of
Rac1 may be activated or re-localized as a result of the effect of Rap1. Also, an
effector of Rac1, but not Rac1 itself, may be regulated by Rap1. Finally, we might
have failed to detect Rac1 activation in the experiments shown in Figure 9B, because
the active fraction of Rac1 was insoluble under these conditions and could not be
detected in RBD-pull-down assays.
Taken together, the results presented here demonstrate that the complexity of
c-Cbl as a regulatory molecule lies not only in the fact that c-Cbl is both an E3 ligase
and an adaptor, but also in the ability of c-Cbl to trigger, acting as an adaptor,
multiple signaling pathways that differentially regulate cellular responses. Finally, it
should be noted that although our findings are focused specifically on the cytoskeletal
effects of c-Cbl, the fact that small GTPases play multiple regulatory roles suggests
that the c-Cbl signaling characterized in this report may be involved in other cellular
phenomena as well.
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Figure 36. Schematic view of signaling pathways described in this study. See the
text for details.
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Biological Roles of c-Cbl in Glioma
Biological functions of c-Cbl in glioblastoma have not been elucidated. In this
study, we demonstrated biological roles of c-Cbl using RNAi-mediated depletion of
endogenous c-Cbl and stably c-Cbl expressing glioma cells generated using lentiviral
transduction.
Matrigel invasion assay results clearly showed that depletion of endogenous cCbl reduced glioma invasion, a major pathophysiological feature of glioma, and
overexpression of wild-type c-Cbl increased invasion (Figures 13 and 14). Since
invasive behavior of glioma is correlated with cell survival and c-Cbl may increase
invasion by promoting cell growth in 24-h invasion assay, we tested whether c-Cbl
affects cell growth. Monitoring cell population for 4 days indicated that c-Cblenhanced invasion is not derived from an increase in cell growth (Figure 15). It is a
very novel finding that c-Cbl increases glioma invasion in vitro. However, it should
be noted that elucidation of role of c-Cbl in glioma invasion in vivo or 3D
experimental system is necessary.
Glioma invasion involves multiple biological processes including migration,
adhesion, and degradation of ECM, and previous data published by us and other
groups have shown that c-Cbl is a crucial mediator in cell migration and adhesion
(see the Introduction). Inconsistent with previous notions, we showed that c-Cbl has
no significant effect on glioma migration and adhesion in our experimental system
(Figures 16 and 17).
MMPs play a key role in the ECM degradation associated with cancer cell
invasion, metastasis and angiogenesis [reviewed in (Martin et al. 2007)]. Among 23
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human MMPs, MMP2 and MMP9 are most well studied MMPs. Hence, we measured
expression of MMPs in c-Cbl-depleted and c-Cbl-overexpressed SNB19 cells. Our
results showed that expression and activity of MMP2 is upregulated by c-Cbl but
expression of MMP-9 is not changed by c-Cbl (Figure 18-20 and data not shown). In
agreement with these findings, our experiments demonstrated that MMP2 is required
for c-Cbl-facilitated invasion in SNB19 cells; an MMP2-specific inhibitor totally
blocked invasion enhanced by c-Cbl (Figure 21). It should be noted that MMP2 is not
the sole proteinase that degrades ECM for c-Cbl enhanced invasion. Therefore, we
tested a few other MMPs including MMP9 and MT2-MMP (MMP15) (data not
shown). Furthermore, we tested the effect of broad-spectrum MMP inhibitor GM6001 on SNB19 cell invasion; it also blocked invasion enhanced by c-Cbl. Other
proteinases including ADAM, serine proteinases (uPA), cysteine proteinases
(cathepsin B, L and S) and aspartic proteinases (cathepsin D) were not examined,
although we cannot rule out their potential involvement in the observed effect of cCbl. Therefore, identifying proteinases that degrade ECM for c-Cbl-enhanced
invasion will be necessary to study molecular mechanism of c-Cbl mediated invasion.
Our findings strongly suggest that c-Cbl increases invasion of SNB19 cells by
upregulating expression and activity of MMP2, while not affecting cell growth,
adhesion, and migration.

Role of SDF1/CXCR4 in Biological Features of Glioma
Several reports have shown that SDF1 and its receptor, CXCR4 are strongly
correlated with invasive and migratory behaviors of glioma depending on MMPs and
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that c-Cbl participates in SDF1/CXCR4 signaling pathway, which induces invasion
and migration of breast tumor cells (see the Introduction). However, in our
experimental system, c-Cbl has no significant effect on SDF1-mediated migration of
SNB19 (Figure 22). SDF1 does not exert a substantial effect on invasion of SNB19
cells, and c-Cbl shows no significant effect on cell invasion under these conditions
(Figure 23).

EGFR Signaling in Biological Features of Glioma
EGFR signaling pathways have been widely studied in a variety of biological
systems including glioma. Considering that EGFR signaling enhances migration and
invasion of glioma cells (Lund-Johansen et al. 1990; Lund-Johansen et al. 1992), we
examined the effects of EGF as a chemoattractant or a stimulator on migration and
invasion of stably c-Cbl expressing cells and showed that EGF functions as a potent
chemoattractant to attract glioma cells and as a robust stimulator to induce migration
of glioma cells, but that EGF-mediated migration is not significantly dependent on
expression of c-Cbl (Figure 24 and data not shown). However, EGF stimulates
invasion of SNB19 cells in c-Cbl-dependent manner (Figure 25).
Overexpression of EGFR has been associated with tumor aggressiveness
(Nicholson et al. 2001) and invasiveness (Yeh et al. 2006). EGFR stimulates thyroid
cancer invasion by activation of MMP2 (Yeh et al. 2006). EGF-stimulated EGFR
signaling increases MT1-MMP (MMP14) in glioma cell lines (Van Meter et al. 2004).
In this report, we also demonstrated that c-Cbl increases invasion by upregulating
expression and activity of MMP2 (Figures 18-20). Hence, using RNAi-mediated
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depletion and stable cell lines, we analyzed how expression of EGFR is affected by cCbl and correlated with expression of MMP2, and showed that c-Cbl greatly
increases expression of EGFR and MMP2 in SNB19 cells under steady-state culture
conditions as compared to their levels in control cells (Figures 26 and 27). These
results indicate that upregulated level of EGFR is proportional to the enhanced level
of invasion in stable cell lines (Figures 14 and 27). These findings imply that
expression of EGFR may be linked with invasiveness of glioma promoted by MMP2,
which is upregulated by c-Cbl. However, these findings are very surprising, since cCbl, an E3 ubiquitin ligase, has been well known to degrade EGFR and downregulate
EGFR signaling [reviewed in (Ryan et al. 2006; Swaminathan et al. 2006; Thien et al.
2005b)]. Therefore, we tested whether c-Cbl can functionally degrade EGFR in
response to EGF and demonstrated that c-Cbl efficiently degrades EGFR in the
presence of EGF in a RING finger domain-dependent manner (Figure 28). These
findings indicate that c-Cbl efficiently functions as an E3-ubiquitin ligase in SNB19
cells. However, it is not clear how c-Cbl upregulates expression of EGFR under
steady state condition. We speculate that the cell may actively compensate the loss of
EGFR caused by c-Cbl through upregulation of EGFR synthesis or that c-Cbl may
promote more recycling of EGFR, thus preventing its degradation in late
endosome/lysosome.
To further elucidate the effect of EGF/EGFR signaling on invasion, we also
analyzed the effect of EGF/EGFR on invasion of SNB19 cells using the EGFRspecific inhibitor PD168393, which blocks phosphorylation of EGFR (Figure 31) and
showed that the EGFR inhibitor decreased invasion of all stable cells in the presence
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and in the absence of EGF (Figure 29 and 30). Interestingly, invasion induced by cCbl is not totally abolished by the inhibitor (Figure 29 and 30). These findings imply
that invasion of glioma cells may be regulated by at least two signaling pathways; one
is c-Cbl-mediated and the other is EGFR-mediated. However, these two pathways
may be dependent on each other because c-Cbl is associated with the degradation of
EGFR and the expression of MMP2, which is regulated by c-Cbl, correlates with
phosphorylation of EGFR (see below).
Considering that c-Cbl upregulated both the expression of EGFR and that of
MMP2, we evaluated correlation between EGFR and MMP2 using inhibitors.
Interestingly, EGFR inhibitors did not block expression of MMP2, but MMP
inhibitors reduced the level of phosphorylation of EGFR (Figure 31 and 32). These
findings imply that EGFR signaling, at least phosphorylation of EGFR, is partially
affected by MMP2 upregulated by c-Cbl. Furthermore, it has been reported that
MMPs are required for cleavage of a precursor ligand of EGFR for EGFR
transactivation by G-protein-coupled receptors (Prenzel et al. 1999). These reports,
taken together with the results presented above, suggest that MMP2 can link Cbl to
EGFR signaling pathway for glioma invasion. Considering that several studies have
shown that MMPs plays important roles in ECM remodeling and activity of a certain
MMP is dependent on actin polymerization (Chintala et al. 1999), we speculate that:
(i) c-Cbl upregulates expression and activity of MMP2; (ii) active MMP2 promotes
ECM remodeling; (iii) remodeling changes interactions of ECM with glioma cells
and may induce conformational change of EGFR, which may promote activation of
EGFR; (iv) activated EGFR signaling promotes invasion of glioma.
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Phosphorylation of c-Cbl in Glioma
Considering that most signaling pathways of c-Cbl depend on its
phosphorylation and c-Cbl is phosphorylated upon SDF1 and EGF stimulation in
several cell types, we examined how c-Cbl is phosphorylated in our experimental
system. Phosphorylation of c-Cbl was not shown upon SDF stimulation and was not
affected significantly upon EGF and serum compared to pervanadate-treated cells
(Figure 33). These findings argue that c-Cbl-mediated biological features in SNB19
glioma cells are largely independent on phosphorylation of c-Cbl.
Our previous studies have shown that PI3K interacts with c-Cbl and is critical
for the cytoskeletal effects of c-Cbl in v-Abl/3T3/wtCbl and that this interaction
requires phosphorylation of c-Cbl (Feshchenko et al. 1999; Lee et al. 2008;
Swaminathan et al. 2007; Teckchandani et al. 2001; Teckchandani et al. 2005b). In
addition, migrating glioma cells activate the PI3K survival pathway, protecting
migrating cells from apoptosis (Joy et al. 2003), and invasiveness of C6 glioma cells
is sensitive to PI3K activity (Kubiatowski et al. 2001). With these notions, we
analyzed dependence of biological functions of glioma on PI3K activity and showed
that neither migration (Figure 34) nor invasion of SNB19 cells (Figure 35) is sensitive
to PI3K inhibition. These findings indicate that c-Cbl-mediated invasion is
independent on PI3K activity and are supported by the report that invasion of normal
and EGFR overexpressing U87 glioma cells is not sensitive to PI3K activity (Cai et al.
2005).
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Possible Mechanisms of c-Cbl in Regulating Glioma Invasion
In this report, we showed the biological roles of c-Cbl in SNB19 glioma cells
(Figure 37), but the molecular mechanisms of c-Cbl in invasion remain to be
elucidated. Considering that c-Cbl-mediated invasion and upregulation of MMP2
depend on the E3 ligase function of c-Cbl, we propose the following possible
molecular mechanisms of c-Cbl mediated invasion (Figure 38).
1. Cbl may downregulate certain proteins, which inhibit MMPs, modulating
balance between MMPs and their inhibitors. Activated MMPs are inhibited by a
family of tissue inhibitors of metalloproteinases (TIMPs) (Stetler-Stevenson 2008);
MT-MMPs are also inhibited by components of brain ECM such as testican-1, -3 and
N-Tes (Nakada et al. 2001b); A biochemical balance between the levels of activated
MMPs and free inhibitors determines the overall MMP activity, and this critical
equilibrium is disturbed in glioma tissue (Nakada et al. 2001a).
2. Cbl may induce endocytosis of surface adhesion molecules like E-cadherin.
The c-Cbl-like protein Hakai contains SH2, RING, zinc-finger and proline-rich
domains and interacts with E-cadherin in a tyrosine phosphorylation-dependent
manner, inducing ubiquitylation of the E-cadherin complex (Fujita et al. 2002); A loss
of E-cadherin expression in epithelial tumors is associated with a more invasive
phenotype and metastasis (Cavallaro et al. 2004).
3. Cbl may upregulate activity of Rac1 and active Rac1 promotes actin
polymerization and then cytoskeletal changes induce activation of MMP2; Rac1
promotes invasion of fibrosarcoma cells depending on MMP2 activation (Zhuge et al.
2001); Activity of a certain MMP is dependent on actin polymerization (Chintala et
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al. 1999); c-Cbl amplifies the activity of Rac1 in v-Abl transformed fibroblast (Lee et
al. 2008; Teckchandani et al. 2001; Teckchandani et al. 2005b).

Possible Anti-Invasion Therapy for Glioma Using c-Cbl
Glioma cells are frequently resistant to anti EGFR therapy and may use c-Cbl
signaling pathway for invasion when EGFR signaling pathway is blocked by
monoclonal antibodies against the extracellular ligand-binding domain of the receptor
or small molecules that inhibit activation of EGFR; we showed that EGFR inhibitor
did not totally blocked invasion enhanced by c-Cbl (Figure 29 and 30). This notion
suggests that combined therapy will help inhibiting invasive glioma cells; EGFR
blocker and c-Cbl blockers, including possibly c-Cbl-specific siRNA or anti-sense
oligos, can block glioma invasion more efficiently.
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Figure 37. Schematic view of the biological roles of c-Cbl in SNB19 cells in this
study.
c-Cbl-mediated invasion of SNB19 cells is dependent on degradation of matrix
through upregulating the expression and activity of MMP2, the latter is modulated by
MT-MMP cleavaging pro-MMP2 into active form of MMP2 and TIMP (tissue
inhibitor of MMP) inhibiting it. SDF1/CXCR4 signaling has no significant effect on
invasion of SNB19 cells but upregulates migration of SNB19 cells in c-Cblindependent manner. In addition, EGF stimulates migration of SNB19 cells in c-Cblindependent manner. EGF/EGFR signaling is necessary for glioma invasion but it is
not clear how EGFR signaling regulates c-Cbl-mediated invasion. Interestingly,
activation of EGFR has no effect on expression of MMP2 but MMP2 positively
regulates phosphorylation of EGFR.
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Figure 38. Possible molecular mechanisms of c-Cbl signaling in regulating
glioma invasion. See the text for details.
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Conclusions
In this report, we have shown biological roles of c-Cbl in two different
experimental systems. First, acting as an adaptor, c-Cbl modulates migration or
spreading of fibroblasts through two signaling pathways depending small GTPases.
Second, acting as an E3 ubiquitin ligase, c-Cbl upregulates invasion of glioma
through degradation of ECM, but not through adhesion or migration of glioma. Like
the two sides of a coin, c-Cbl has two functions as an adaptor and an E3 ubiquitin
ligase, which can be independent or dependent. This can explain the complexity of
Cbl-influenced pathways, and which is important in maintaining homeostasis of cell,
tissue, organ, and whole body.
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Structure and interactions of c-Cbl. See the text for details.
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