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Abbreviations 
 
DIP  mDia-interacting protein 
ECM   extracellular matrix 
EGF  epidermal growth factor 
EGFR  epidermal growth factor receptor 
ELMO  engulfment and cell motility 
FAK  focal adhesion kinase 
FGFR  fibroblast growth factor receptor 
GAP   GTPase activating protein 
GDI  guanine nucleotide dissociation inhibitor 
GEF   guanine nucleotide exchange factor 
ITAM  immunoreceptor tyrosine-based motif 
M-CSF  macrophage colony stimulating factor 
mDia  mouse diaphanous-related formin 
PAK  p21-activated kinase 
PDGFR  platelet-derived growth factor receptor 
PI3-K  phosphatidylinositol 3-kinase 
PI4P5-K  phosphatidylinositol 4 phosphate 5-kinase 
PIP2  phosphatidylinositol 4,5 bisphosphate 
PIP3  phosphatidylinositol 3,4,5 trisphosphate 
PIX  Pak-interacting exchange factor 
PKL   paxillin kinase linker 
SFK   Src family kinase 
SH  Src homology 
VEGFR  vascular endothelial growth factor receptor 
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Cross-talk between integrins, Src family kinases and Rho-GTPases 
 

Stephan Huveneers and Erik HJ Danen 
 

Division of Toxicology, Leiden Amsterdam Center for Drug Research, Leiden 
University, Leiden, The Netherlands 

 

Interactions of cells with the extracellular matrix coordinate signaling pathways that 
control various aspects of cellular behavior. Integrins, the receptors that bind 
extracellular matrix components, sense the physical properties of the extracellular matrix 
and organize the cytoskeleton accordingly. In turn, this modulates signaling by various 
other transmembrane receptors and augments the response to growth factors. Extensive 
cross-talk between integrins, Src family kinases, and Rho family GTPases lies at the 
heart of such adhesion signaling. Here, we discuss the dynamic regulation of the 
molecular connections between these proteins in a range of cell biological processes 
important in normal tissue function and cancer. 
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1. INTRODUCTION 
Integrins are heterodimeric transmembrane 
receptors that bind to extracellular matrix 
(ECM) components or to counter receptors 
on neighboring cells. 24 functional integrin 
heterodimers are currently known in humans 
(Hynes, 2002; van der Flier and Sonnenberg, 
2001). The specific combinations of α and β 
subunits define integrin specificity for 
extracellular ligands. The binding of ligands 
can be regulated by integrin clustering 
(avidity) or by modulation of the activity of 
individual integrins (affinity) (Figure 1). 
 

 
 
Figure 1. A simplified model that represents the 
different steps in integrin activation. Integrins are 
expressed as transmembrane heterodimers 
consistent of an α and β subunit. Inactive integrins 
can exist in an equilibrium between a bent or 
extended conformation containing a closed 
extracellular headpiece that has low or 
intermediate affinity for binding to extracellular 
ligands. Binding of talin to the cytoplasmic domain 
of the integrin β subunit induces conformational 
changes across the transmembrane and 
extracellular domains that stabilizes an extended 
conformation and increases the affinity for 
extracellular ligands. Clustering of integrins further 
enhances binding strength to the extracellular 
matrix, a process referred to as integrin avidity. 
 
The latter is controlled through interactions at 
the cytoplasmic domain, which propagate 
conformational changes to the trans-
membrane and extracellular domains 
(Calderwood, 2004; Liddington and 
Ginsberg, 2002; Takagi and Springer, 2002). 
Ligation and clustering of integrins triggers 
“outside-in signaling” through recruitment of 
adaptor and signaling molecules at integrin 
cytoplasmic domains. Local control of Src 

family kinases (SFKs) and Rho-GTPases at 
these adhesive signaling complexes plays a 
crucial role in various aspects of cell behavior 
(Danen and Yamada, 2001; Shattil, 2005). 
 The SFKs are non-receptor protein 
tyrosine kinases that are all homologues of 
the prototype founding member, c-Src that 
was discovered as the cellular counterpart of 
the oncogenic product of transforming Rous 
sarcoma virus (Martin, 2001). The family of 
Src kinases currently exists of at least 9 
members that include the ubiquitously 
expressed members Src, Fyn and Yes 
(Brown and Cooper, 1996; Thomas and 
Brugge, 1997). The protein structure of SFKs 
consists of a myristoylation site at the N-
terminus followed by a unique region, SH3 
and SH2 protein binding domains, a catalytic 
kinase domain, and a negative regulatory C-
terminus.  
 

 
 
Figure 2. This model depicts how c-Src and other 
SFKs are activated. In unstimulated cells c-Src is 
folded in a closed and inactive conformation due to 
two intramolecular interactions: Csk phos-
phorylates a Tyr residue at the C-terminus of c-Src 
that strongly binds to the SH2 domain, and the 
SH3 domain binds to a linker region that is located 
between the SH2 and kinase domains. In this 
conformation c-Src is enzymatically inactive and its 
kinase domain is “closed”. Unfolding or “priming” of 
c-Src occurs when the C-terminal Tyr residue is 
dephosphorylated or when proteins, such as 
receptor tyrosine kinases, interfere with either of 
the two intramolecular interactions. The c-Src 
protein reaches full enzymatic activity when 
transphosphorylation takes place at the Tyr 
residue located in the kinase domain. 
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In unstimulated conditions Src proteins are 
folded in an inactive conformation due to 
intramolecular interactions of phosphorylated 
C-terminal Tyr residue with the SH2 domain 
and of a proline-rich linker region with the 
SH3 domain (Figure 2). Unfolding or 
“priming” of SFKs occurs through dephos-
phorylation of the C-terminal Tyr residue or 
by disruption of intramolular interactions 
induced by SH3 and SH2 domain-binding 
proteins. Subsequently, full kinase activity is 
accomplished by transphosphorylation of a 
Tyr residue in the catalytic domain (Brown 
and Cooper, 1996; Martin, 2001; Yeatman, 
2004). 
 Rho-GTPases are part of the Ras 
superfamily of small GTPases that act as 
molecular switches in control of the actin 
cytoskeleton. They cycle between active 
GTP-bound and inactive GDP-bound 
conformations. The Rho-GTPase cycle is 
regulated by guanine nucleotide exchange 
factors (GEFs) that promote GTP-loading 
and activation at the membrane, and 
GTPase activating proteins (GAPs) that 
stimulate GTP hydrolysis and inactivation of 
Rho-GTPases (Figure 3). In addition, 
guanine nucleotide dissociation inhibitors 
(GDIs) sequester GDP-bound Rho-GTPases 
in the cytoplasm (Bos et al., 2007; Ridley, 
2001; van Aelst L. and D'Souza-Schorey, 
1997). In total, 20 Rho-GTPases have been 
described of which RhoA, Rac1, and Cdc42 
are most extensively studied (Etienne-
Manneville and Hall, 2002). Cdc42 and Rac1 
stimulate the formation of small cell-matrix 
adhesions termed “focal complexes” 
associated with filopodia (in the case of 
Cdc42) or lamellipodia and membrane ruffles 
(in the case of Rac1). RhoA is implicated in 
the formation of actin stress fibers and the 
maturation of cell-matrix adhesions to large 
junctional complexes termed “focal contacts” 
(Rottner et al., 1999). 
 In this review, we describe how 
connections between these three classes of 

proteins are dynamically regulated and 
underlie many aspects of adhesion signaling. 
 

 
 
Figure 3. A model depicting how Rho-GTPases 
are regulated. GDIs sequester inactive GDP-bound 
Rho-GTPases in the cytoplasm. When released 
from GDIs, Rho-GTPases are targeted to the 
membrane where their activation cyclus is 
regulated by GEFs that promote GTP-loading and 
thus activation of Rho-GTPases. Inactivation of 
Rho-GTPases is supported by GAP proteins that 
mediate GTP hydrolysis. 
 
2. CROSS-TALK IN CELL ADHESION AND 
SPREADING 
2a. Integrin-mediated adhesion regulates 
activation of Rho-GTPases 
Upon adhesion of cells to ECM proteins, 
integrins and Rho-GTPases arrange the 
delicate organization of the actin cyto-
skeleton in order to efficiently assemble cell-
matrix adhesions and mediate spreading of 
cells on ECM components (Hall and Nobes, 
2000; Schwartz and Shattil, 2000). During 
integrin-mediated adhesion and spreading 
cells extend membrane ruffles, lamellipodia 
and filopodia, which are structures that are 
typically associated with activation of Rac1- 
and Cdc42-GTPases (Burridge and 
Chrzanowska-Wodnicka, 1996; Clark et al., 
1998; Geiger et al., 2001). Early studies 
revealed that a downstream effector of these 
small GTPases, p21-activated kinase (PAK) 
becomes rapidly activated when cells adhere 
to fibronectin (Price et al., 1998). Sub-
sequently, it was shown that cell spreading is 
promoted by an initial inhibition of RhoA-GTP 
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levels and simultaneous activation of Rac1 
and Cdc42, which results in suppression of 
Rho-mediated contractility and enhanced 
actin-mediated protrusion (del Pozo et al., 
2000; Ren et al., 1999). At later phases of 
spreading Rac1 and Cdc42 activities go 
down whereas RhoA activity rises and drives 
formation of stress fibers and maturation of 
focal adhesions. Intriguingly, the activities of 
RhoA, Rac1, and Cdc42 in cells adhering to 
fibronectin can be modulated selectively by 
different integrins. For instance, expression 
of integrin α5β1 promotes sustained 
activation of RhoA leading to increased 
actomyosin contractility in multiple cell types, 
whereas integrin αvβ3 is unable to do so 
(Danen et al., 2002; Gimond et al., 1999; 
White et al., 2007). 
 

2b. FAK/Src complex in integrin-regulation of 
RhoA 
Interactions of integrins with the ECM 
stimulate the formation of a focal adhesion 
kinase (FAK)/Src signaling complex at sites 
of adhesion (Mitra and Schlaepfer, 2006). 
Integrin-mediated adhesion induces auto-
phosphorylation in the kinase domain of FAK 
at the Tyr397 residue, creating a binding site 
for the SH2 domain of c-Src (Schlaepfer and 
Hunter, 1998) which in turn phosphorylates 
other Tyr residues of FAK and thereby 
enhances its activation. The formation of this 
FAK/Src complex was shown to be critically 
important for the initial suppression of RhoA-
GTP levels during early cell spreading 
(Figure 4). 
 

 
 
 
 
 
 
 
 
 
 
Figure 4. The role of the 
FAK/Src complex in 
integrin-regulation of 
Rho-GTPases during cell 
spreading and migration. 
At sites of adhesion 
integrins induce the 
formation of a FAK/Src 
signaling complex. Once 
this complex is activated, 
c-Src phosphorylates 
p190RhoGAP and in-
duces association with 
p120RasGAP which is 
followed by the in-
activation of Rho and a 
reduction of cytoskeletal 
contractility. Downstream 

of FAK/Src a second pathway is stimulated that signals to Rac. FAK/Src phosphorylates p130Cas thereby 
creating binding sites for the adaptor protein Crk that recruits Dock180/ELMO and supports GTP-loading of 
Rac and membrane ruffling or lamellipodia formation. Finally, FAK/Src recruits and phosphorylates the 
adaptor protein paxillin which can interact with Crk, but also induces activation of PKL and PIX proteins that 
regulate membrane protrusions by activating Cdc42 and Rac. 
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Lowering RhoA activity upon integrin 
engagement occurred through c-Src-
dependent phosphorylation of p190RhoGAP 
(Arthur et al., 2000), which may explain why 
c-Src-deficient cells display impaired 
spreading capabilities (Felsenfeld et al., 
1999; Kaplan et al., 1995). Also, FAK-/- 
fibroblasts are unable to transiently 
downregulate RhoA activity when plated on 
fibronectin (Ren et al., 2000). It was indeed 
demonstrated that the downregulation of 
RhoA activity through Src-mediated 
phosphorylation of p190RhoGAP, and its 
association with p120RasGAP, controls the 
organization of the actin cytoskeleton during 
cell spreading and migration (Arthur and 
Burridge, 2001; Fincham et al., 1999). 
 
2c. FAK/Src complex in integrin-regulation of 
Rac1 and Cdc42 
Activation of the FAK/Src signaling complex 
provides a second important pathway 
towards regulation of Rac1 activity through 
the recruitment and phosphorylation of the 
scaffolding protein p130Cas (Figure 4). 
Interestingly, p130Cas can directly interact 
with both FAK and c-Src through different 
binding domains, and it is proposed that 
phosphorylation of p130Cas is dependent on 
synergy between FAK and c-Src signaling 
(Chodniewicz and Klemke, 2004; Vuori et al., 
1996). Phosphorylation of p130Cas creates 
binding sites for the adaptor protein Crk 
(Klemke et al., 1998), and thereby forms a 
platform to which the RacGEF Dock180 and 
“engulfment and cell motility” (ELMO) are 
recruited. The Dock180/ELMO complex 
functions as unconventional GEF for Rac1 
(Brugnera et al., 2002) and mediates Rac1-
GTP loading at lamellipodia (Grimsley et al., 
2004; Kiyokawa et al., 1998). A different 
mechanism towards controling Rac1 and 
Cdc42 activities upon integrin-mediated 
adhesion may occur through the recruitment 
and tyrosine phosphorylation of the c-Src 
substrate paxillin (Figure 4). Besides being 

yet another binding partner for Crk, paxillin 
interacts with paxillin kinase linker (PKL; also 
known as GIT) (West et al., 2001) and Pak-
interacting exchange factors (PIX; also 
known as Cool) (Turner, 2000). PIX proteins 
are conventional GEFs for Rac1 and Cdc42 
and activation of a paxillin-PKL-PIX pathway 
induces GTP-loading of Rac1 and Cdc42 and 
coordinates cell spreading and motility. The 
exchange factor β-PIX was demonstrated to 
be able to recruit and activate Rac1 through 
a direct interaction that takes place in focal 
adhesions and membrane ruffles of 
spreading cells (ten Klooster et al., 2006). 
Interestingly, PKL and PIX proteins can be 
phosphorylated by c-Src which might further 
modulate their localization and GEF activity 
(Feng et al., 2006; Hoefen and Berk, 2006). 
 
2d. Integrin/SFK complex regulates Rho-
GTPases 
In hematopoietic cell lineages c-Src is an 
essential intermediate for signaling directly 
downstream of integrins that controls 
activation of the RacGEF Vav1. A selective 
direct interaction of the c-Src SH3 domain 
and the C-terminus of the integrin β3 
cytoplasmic domain was demonstrated in 
platelets (Arias-Salgado et al., 2003). The 
SFKs c-Yes, Hck and Lyn also bound to 
integrins, but in a non-selective manner. 
Engagement of αIIbβ3 and αvβ3 integrins 
promotes the release of Csk from the 
inhibitory Tyr530 of c-Src, and induces 
phosphorylation of Tyr419 in the activation 
loop of the kinase domain through integrin 
clustering (Arias-Salgado et al., 2003; 
Huveneers et al., 2007b) (Figure 5). In 
contrast to the assembly of a FAK/Src 
complex, the direct interaction of β3 and c-
Src occurs within seconds of integrin ligation 
and even precedes actin polymerization 
(Shattil, 2005). Subsequently, the β3/c-Src 
complex recruits the Syk kinase which gets 
activated through phosphorylation by c-Src 
(Berton et al., 2005). Activation of Syk by 
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Figure 5. Regulation of Rac activity by direct interactions of β3 integrins and SFKs. The αIIbβ3 and αvβ3 
integrins can directly and selectively interact with the SH3 domain of c-Src via their β3 cytoplasmic domain. 
These interactions result in a release of Csk from Tyr 530 and induces priming of c-Src. Clustering of β3 
integrin promotes trans-phosphorylation in the kinase domain of c-Src which is followed by the recruitment 
and phosphorylation of Syk kinase, which may occur in concert with signaling downstream from growth 
factor receptors. Activated Syk phosphorylates Vav proteins which act as GEFs for Rac. Alternatively, 
activated c-Src may phosphorylate and regulate activation of the RacGEF Tiam1.  
 
β3/c-Src requires integrin engagement, 
presence of the β3 cytoplasmic domain and 
c-Src kinase activity (Woodside et al., 2001). 
Activated Syk, in turn, phosphorylates 
several substrates including Vav1, thereby 
increasing GTP-loading on Rac1 and 
stimulating lamellipodia formation and cell 
spreading (Miranti et al., 1998; Obergfell et 
al., 2002). Although expression of Vav1 is 
primarily restricted to hematopoietic cells 
lineages, Vav2 is a closely related RacGEF 
which is widely expressed. Phosphorylation 
of Vav2 might predominantly be dependent 
on growth factor receptor-mediated signaling 
(Liu and Burridge, 2000), but in the presence 
of Syk, integrins were shown to be able to 
activate Vav2 (Moores et al., 2000). 
Phosphorylation of Vav2 is dependent on c-
Src and mediates Rac1 activation and cell 
spreading on fibronectin (Marignani and 
Carpenter, 2001; Servitja et al., 2003). 

Moreover, Src phosphorylates the RacGEF 
Tiam1 (Servitja et al., 2003), which was 
recently implicated in integrin α3β1-mediated 
signaling to cell spreading (Hamelers et al., 
2005). 
 Integrins can be coupled to the SFK 
member Fyn through association with the 
membrane adaptor protein Caveolin1, an 
interaction which takes place outside the lipid 
raft membrane fraction. Upon integrin 
ligation, Caveolin1 associates with Fyn 
leading to activation of a Shc-Ras-ERK 
signaling pathway (Wary et al., 1998). 
Moreover, during oligodendrocyte differen-
tiation integrins activate Fyn, which then 
binds and phosphorylates p190RhoGAP 
leading to decreased RhoA-GTP levels 
(Brouns et al., 2001; Wolf et al., 2001), and 
an increase of Rac- and Cdc42-GTP levels 
(Liang et al., 2004). Possibly, phos-
phorylation of the p250RhoGAP by Fyn may 
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further contribute to the downregulation of 
RhoA activity (Taniguchi et al., 2003). 
 
2e. Cross-talk between integrins, SFKs, and 
growth factor receptors in control of Rho-
GTPases 
There are multiple mechanisms through 
which adhesion and growth factor receptors 
cooperate to control cell behavior 
(Huveneers et al., 2007a). Cooperative 
signaling by integrins and growth factor 
receptors critically depends on cross-talk with 
SFKs and Rho-GTPases. Integrin-mediated 
adhesion co-clusters growth factor receptors 
such as the epidermal growth factor receptor 
(EGF-R), fibroblast growth factor receptor 
(FGF-R), platelet-derived growth factor 
(PDGF-R) and vascular endothelial growth 
factor receptor (VEGF-R) and their 
downstream signaling intermediates 
(Yamada and Even-Ram, 2002). 
Simultaneous binding of extracellular matrix 
components and growth factors thereby 

facilitates receptor dimerization and 
autophosphorylation of the kinase domains of 
growth factor receptors that provides binding 
sites for the SFKs Src, Fyn and Yes 
(Bromann et al., 2004). Moreover, active 
SFKs can enhance growth factor receptor 
signaling by phosphorylating other Tyr 
residues in the kinase domain. Subsequently, 
phosphorylated growth factor receptors 
control activation of Rho-GTPases either 
through direct interactions with GEFs or 
GAPs, or through indirect mechanisms such 
as via activation of phosphatidylinositol 3-
kinase (PI3-K) (Burridge and Wennerberg, 
2004; Schiller, 2006). Notably, an analogous 
process, but involving a different class of 
adhesion receptors takes place in cell-cell 
junctions: here cadherins regulate the activity 
of Rho-GTPases through cross-talk with 
growth factor receptors which is important for 
the stability of cell-cell adhesions (Braga, 
2002; Wheelock and Johnson, 2003).

 
 
 
 
 
Figure 6. Cross-
talk between 
integrins and the 
EGFR in control of 
Rho GTPases. In-
tegrins can directly 
promote Src me-
diated phosphor-
ylation of the 
EGFR in the ab-
sence of growth 
factors, which 
occurs through a 
signaling complex 
involving c-Src, 
p130Cas and Crk. 
Unengaged but 
activated EGFR 
signals through 
PI3-K and Vav2 to 
support Rac GTP-

loading. When the EGFR binds to EGF it activates c-Src directly, which may be enhanced in the presence 
of integrin-FAK/Src complexes. Src activation as such leads to activation of DIP, which in turn interacts with 
p190RhoGAP and Vav leading to inactivation of Rho and activation of Rac respectively. 
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Independent of growth factor binding, 
integrin-mediated adhesion can promote 
direct activation of growth factor receptors via 
c-Src (Yamada and Even-Ram, 2002). In the 
absence of serum, cells plated on fibronectin 
assemble a transient integrin-based protein 
complex, containing the EGFR, c-Src, 
p130Cas and Crk, that induces a tyrosine 
phosphorylation pattern in the EGFR kinase 
domain, that is different from EGF-induced 
phosphorylation (Moro et al., 2002) (Figure 
6). This signaling complex can not be formed 
in c-Src-/- fibroblasts and requires c-Src 
kinase acitivity as well as the presence of 
p130Cas, but it occurs independent of FAK. 
Importantly, such activation of EGFRs by 
integrin engagement leads to GTP-loading of 
Rac1 through PI3-K and Vav2 and promotes 
lamellipodia formation and cell spreading 
(Marcoux and Vuori, 2003). 

The EGFR might further cooperate 
with integrins in the regulation of Rho-
GTPase activities in an EGF-dependent 
manner through a pathway involving the Rho 
target proteins mouse diaphanous-related 
formins (mDias). Following EGF treatment 
and Rho signaling, c-Src phosphorylates the 
mDia-interacting protein (DIP) which in turn 
binds to two Src substrates: p190RhoGAP 
and Vav2 (see also sections above), leading 
to suppression of RhoA activity and 
enhanced Rac1 activity (Meng et al., 2004). It 
seems likely that this pathway requires the 
assembly of a FAK/Src scaffold through 
integrin-mediated adhesion to bring c-Src 
and its substrates in close proximity.  

Ligand binding to the EGFR also 
induces tyrosine phosphorylation of the β4 
subunit of integrin α6β4 through an 
association of the EGFR, α6β4 and Fyn 
(Mariotti et al., 2001). It is proposed that 
phosphorylation of β4 by Fyn disrupts 
hemidesmosomes, which might also require 
additional phosphorylation at serines 
residues, and subsequently promotes cell 
migration (Mariotti et al., 2001; Wilhelmsen et 
al., 2007). In addition, chemotactic migration 

may be further supported by ligation of 
integrin α6β4 which augments EGF-induced 
activation of Rac1 (Russell et al., 2003; Zahir 
et al., 2003). 
 
3. CROSS-TALK IN CELL MIGRATION 
Cell motility underlies important events 
during embryogenesis, inflammation, wound 
healing, and cancer metastasis. Similar actin-
driven processes as described for cell 
adhesion and spreading (paragraph 2) 
underlie cell migration. Importantly, in a 
moving cell protrusion, contraction, and 
(dis)assembly of cell-matrix adhesions are 
spatio-temporally coordinated. This allows 
directionality along gradients of cytokines, 
growth factors, or ECM components. First, a 
membrane protrusion forms at the front 
(“leading edge”). Next, new cell matrix 
adhesions are made that stabilize the 
protrusion (a “lamellipodium” is formed) and 
promote local contractility. This generates the 
traction force that pulls the cell body forward. 
Lastly, adhesive sites at the rear (“trailing 
edge”) of the migrating cell are disassembled 
allowing local cell detachment (Ridley et al., 
2003). Rho-GTPases are pivotal for each of 
these steps with for instance Rac1 promoting 
membrane protrusion and RhoA promoting 
contractility (Etienne-Manneville and Hall, 
2002). In general, the key role of integrins 
during migration is to stabilize newly formed 
membrane protrusions at the leading edge 
and to sense mechanical forces and ECM 
components that are in contact with the cell 
surface (Ridley et al., 2003). SFKs are 
predominantly important for efficient 
disassembly of focal adhesions in motile cells 
(Frame, 2002). 
 
3a. Integrin specific regulation of Rho-
GTPases 
Motile strategy is controlled by the balance 
between Rac1 and RhoA activities and 
modulated by expression of distinct integrins 
(Danen et al., 2005; Gaggioli et al., 2007; 
Pankov et al., 2005). Cells adhering to 
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fibronectin through αvβ3, contain high levels 
of Rac1, but low RhoA activity, resulting in 
static cell-matrix adhesions at the leading 
front and a persistent mode of migration 
(Danen et al., 2005). By contrast, adhesion 
through α5β1 promotes sustained RhoA 
activity, highly dynamic focal adhesions and 
a random mode of migration. Moreover, 
activated αvβ3 gets recruited to the leading 
edge of migrating cells in a Rac-dependent 
manner (Kiosses et al., 2001), which may 
also explain why cell-matrix adhesions at the 
leading edge are relatively static, and 
adhesions at the retracting rear are very 
dynamic (Ballestrem et al., 2001). It has been 
reported that α5β1 and αvβ3 use distinct 
endosomal recycling routes and αvβ3 
supports persistent migration by antagonizing 
the α5β1 recycling pathway that is coupled to 
activity of ROCK, an effector of RhoA (White 
et al., 2007). Interestingly, c-Src also 
localizes in these endosomes (Sandilands et 
al., 2004), but it remains unclear if c-Src is 
actively involved in such regulation of integrin 
and Rho signaling during migration. 
 
3b. The FAK/Src complex in control of 
adhesion turnover during cell migration 
As described above (paragraph 2, Figure 4), 
the FAK/Src complex acts as an important 
inhibitor of RhoA downstream of integrin 
ligation. Not surprisingly, both Src-/- and 
FAK-/- fibroblasts, which are unable to 
suppress RhoA activity, also display impaired 
migration. These cells have an increase in 
the number peripheral focal adhesion 
because of a decrease in focal adhesion 
disassembly (Hall et al., 1996; Ilic et al., 
1995; Klinghoffer et al., 1999; Ren et al., 
2000; Webb et al., 2004). Tight regulation of 
phosphorylation of p190RhoGAP by the 
FAK/Src complex maintains Rho activity at 
levels that are favorable for cell migration 
(Schober et al., 2007). Dominant negative 
variants of p190RhoGAP enhance RhoA 
activation and counteract motility, whereas 

overexpression of wild type p190RhoGAP 
decreases RhoA-GTP levels and enhances 
motility (Arthur and Burridge, 2001). There is 
evidence that Rho-mDia1 signaling mobilizes 
active c-Src to focal adhesions leading to 
enhanced adhesion disassembly in migrating 
cells (Yamana et al., 2006). This could mean 
that a negative feedback loop exists between 
activation of c-Src and Rho, which modulates 
focal adhesion disassembly during migration. 
In addition to Rho-mediated effects 
downstream of FAK and Src, regulation of 
calpain activity is yet another pathway 
through which the FAK/Src complex can 
enhance focal adhesion disassembly in 
support of cell migration (Frame et al., 2002). 
Finally, recruitment of paxillin to the FAK/Src 
complex can further modulate motility 
through affecting signaling towards Rho-
GTPases (see paragraph 2) or through 
activation of a paxillin-ERK-MLCK pathway 
that regulates adhesion turnover at the front 
of migrating cells (Hagel et al., 2002; Klemke 
et al., 1997; Webb et al., 2004). 
 
3c. The FAK/Src complex in control of 
membrane protrusion during cell migration 
Besides controlling focal contact turnover 
through multiple pathways, the FAK/Src 
complex also forms a molecular complex with 
the adaptor protein, p130Cas (Cas). Like 
FAK and Src, Cas-/- cells display a defect in 
spreading and migration (Honda et al., 1999). 
In this case, the effect may be on Rac-
mediated membrane protrusion rather than 
on Rho-mediated contractility or focal contact 
turnover. Integrin ligation stimulates tyrosine 
phosphorylation of Cas by FAK/Src, followed 
by the association of Cas with the adaptor 
proteins Crk or Nck (Klemke et al., 1998). 
This complex induces membrane protrusions 
through recruiting Dock180 and ELMO that 
together bind and activate Rac at 
lamellipodia of migrating cells (Grimsley et 
al., 2004; Kiyokawa et al., 1998). Ephrin-B1-
mediated migration is also supported by such 
signaling through Crk-Dock180 and Rac-
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dependent membrane ruffling (Nagashima et 
al., 2002). Alternatively, Crk associates with 
and supports phosphorylation of paxillin, 
which subsequently recruits PKL and PIX 
proteins that locally activate Rac, promoting 
lamellipodia formation and migration 
(Lamorte et al., 2003; Petit et al., 2000). 
 
4. CROSS-TALK IN ECM ORGANIZATION 
4a. Fibronectin matrix assembly 
Fibronectin is essential for embryonic 
development and is abundantly present in 
the ECM associated with wound healing, 
angiogenesis, and cancer progression 
(Hynes and Zhao, 2000). Fibronectin is 
synthesized as a soluble dimer, which can be 
assembled into an insoluble fibrillar matrix 
upon binding to cell surface receptors of the 
integrin and syndecan families (Mao and 
Schwarzbauer, 2005). The α5β1 integrin is a 
particular efficient stimulator of fibrillogenesis 
through its ability to convert soluble 
fibronectin binding into sustained Rho 
activation, contractility and redistribution of 
cell matrix adhesions (Huveneers et al., 
2008b). Rho-mediated actomyosin con-
tractility and translocation of ligated α5β1 
integrins from focal adhesions to fibrillar 
adhesions promotes matrix assembly 
through the stretching of soluble fibronectin 
dimers (Pankov et al., 2000; Zamir et al., 
2000; Zhong et al., 1998). Further 
remodeling of cell matrix adhesions by the 
integrin-activated FAK/Src complex is 
required for fibronectin fibrillogenesis as 
illustrated by the findings that FAK-/- as well 
as SYF-/- cells are unable to efficiently 
organize fibrillogenesis (Ilic et al., 2004; 
Wierzbicka-Patynowski and Schwarzbauer, 
2002). To date it remains unknown if the 
FAK/Src complex also modulates activation 
of Rho-GTPases in order to support 
fibronectin matrix assembly. Transformation 
mediated by activated Src (v-Src or SrcY530F) 
suppresses integrin-mediated adhesion, 
RhoA activity and fibronectin matrix 
assembly suggesting that a functional 

interaction exists (Huveneers et al., 2008a; 
Wierzbicka-Patynowski and Schwarzbauer, 
2003; Yeatman, 2004).  
 
4b. Collagen matrix assembly 
Collagen and fibronectin molecules are direct 
binding partners, and their fibrils often 
colocalize in the ECM (Furcht et al., 1980). In 
contrast to fibronectin fibrillogenesis, soluble 
collagen can self-assemble into insoluble 
fibrils in vitro without cellular involvement 
(Khoshnoodi et al., 2006). However, in vivo 
the organization and formation of collagen 
fibrils strictly depends on interactions with 
other ECM components and integrins 
(Larsen et al., 2006). Collagen-binding 
integrins promote the organization of 
collagen matrix, but initiation of collagen 
fibrillogenesis is preceded by fibronectin 
matrix assembly (Li et al., 2003; Sottile and 
Hocking, 2002; Velling et al., 2002). This 
implies that collagen matrix assembly is 
controlled by complex of signals from 
integrins and SFKs that stimulate Rho-
mediated contractility to drive fibronectin 
fibrillogenesis. 
 
5. HEMOSTASIS 
Adhesion to ECM components at sites of 
vascular damage induces the activation of 
resting platelets. During hemostasis, 
activated platelets have to adhere and 
spread to the damaged vessel wall in order 
to initiate platelet aggregation and thrombus 
formation. Adhesion of platelets occurs 
through its most abundantly expressed 
integrin αIIbβ3, and engagement of αIIbβ3 
stimulates cell spreading, platelet 
aggregation and clot retraction (Varga-Szabo 
et al., 2008). Outside-in signaling by αIIbβ3 
leads to a very rapid activation of c-Src, 
through a direct interaction of the β3 
cytoplasmic tail and Src’s SH3 domain, which 
is followed by phosphorylation of its 
substrates (Shattil, 2005). αIIbβ3 and 
activated c-Src localize at membrane 
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protrusions (de Virgilio M. et al., 2004), 
where they subsequently activate a Syk-Vav 
pathway to stimulate Cdc42/Rac1 activation 
that drives lamellipodia formation and platelet 
spreading (Obergfell et al., 2002; Vidal et al., 
2002). Surprisingly little is known about the 
role of RhoA during platelet activation, 
however there is evidence that activation of 
RhoA is required to maintain stable 
interactions of αIIbβ3 with the ECM under 
conditions of shear stress (Schoenwaelder et 
al., 2002). Mutations in the Itgb3 gene that 
result in dysfunctional β3 integrins in 
humans, or deletion of the β3 gene in mice 
strongly affects hemostasis and can lead to 
severe bleeding disorders (Hodivala-Dilke et 
al., 1999). Moreover, deletion of multiple SFK 
genes in mice impairs platelet spreading 
(Obergfell et al., 2002), emphasizing the 
importance of cross-talk between αIIbβ3 and 
c-Src towards Rho-GTPases in platelet 
function. 
    
6. BONE REMODELING 
Analogous to the functional cooperation 
between αIIbβ3 and c-Src in platelets, 
integrin αvβ3 and c-Src activation underlies 
the function of osteoclasts during bone 
resorption, and β3- or c-Src-deficient mice 
display partially overlapping abnormalities of 
the bone caused by defects during bone 
remodeling (McHugh et al., 2000; Soriano et 
al., 1991). Osteoclasts that lack αvβ3 have 
an abnormal organized F-actin cytoskeleton, 
they fail to activate c-Src, cell spreading and 
membrane ruffling which altogether leads to 
a dysfunctional sealing zone (Feng et al., 
2001; McHugh et al., 2000). Osteoclasts 
derived from c-Src-deficient mice have 
similar deficiencies, and in addition contain 
mislocalized αvβ3 clusters (Lakkakorpi et al., 
2001; Lowe et al., 1993). The organization of 
the F-actin cytoskeleton in osteoclasts is 
under tight control by activation of Rho-
GTPases, and expression of dominant 
inhibitory mutants of Rac1 and RhoA inhibits 

the bone resorptive capabilities (Chellaiah et 
al., 2000; Fukuda et al., 2005; Ory et al., 
2000; Zhang et al., 1995). The complex of 
αvβ3 and activated c-Src is required for 
downstream signaling by the macrophage 
colony stimulating factor (M-CSF) towards 
phosphorylation of Syk. In turn, activated 
Syk, via the RacGEF Vav3, mediates GTP-
loading on Rac1, cytoskeletal re-organization 
and spreading (Faccio et al., 2003; Faccio et 
al., 2005). Moreover, the disrupted function 
of osteoclasts derived from Vav3-/- mice is 
reminiscent of those derived from β3-/- mice 
(Faccio et al., 2005). Although it is still 
unclear which Rho GEFs or GAPs are 
involved, RhoA plays an important role in 
osteoclast function downstream of M-CSF 
and αvβ3/Src signaling. RhoA acts as an 
upstream activator of phosphatidylinositol 4-
phosphate 5 kinase (PI4P5-K) and PI3-K that 
regulate levels of phosphatidylinositol 4,5 
bisphosphate (PIP2) and phosphatidylinositol 
3,4,5 trisphosphate (PIP3). PIP2 and PIP3 
can subsequently bind to the actin 
cytoskeleton remodellers WASP and gelsolin 
which is critical for the organization and 
formation of podosomes and for osteoclast 
function (Chellaiah, 2006). 
 
7. PHAGOCYTOSIS 
Phagocytosis, the process by which cells 
internalize large particles such as cell debris, 
apoptotic cells and bacteria, plays an 
essential role in development, immune 
response, and pathogen-host interactions in 
mammals. The signaling events during 
particle recognition and uptake are 
reminiscent of signaling involved in cell 
adhesion and spreading, but take place only 
at a relatively small portion of the cell surface 
(Cougoule et al., 2004). Extensive peripheral 
actin polymerization occurs during 
phagocytosis and these cytoskeletal 
dynamics critically involve regulation of the 
different Rho-GTPases (Chimini and 
Chavrier, 2000). 
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7a. Macrophage-mediated phagocytosis 
Macrophages recognize opsonized particles 
through interactions with Fcγ-receptors and 
αmβ2 integrins (also known as complement 
receptor 3). Binding of IgG opsonized 
particles ligates Fcγ-receptors, and 
subsequently leads to the phosphorylation of 
tyrosine residues in the immunoreceptor 
tyrosine-based motif (ITAM) by SFKs. The 
essential role of SFKs for phagocytosis was 
demonstrated in triple knockout (Hck-/-, Fgr-
/-, Lyn-/-) macrophages which were unable to 
efficiently remodel the actin cytoskeleton and 
displayed impaired particle uptake in the 
absence of Src kinase activity (Fitzer-Attas et 
al., 2000; Majeed et al., 2001). 
Phosphorylated ITAMs of Fcγ-receptors 
recruit and activate Syk (Crowley et al., 1997; 
Kiefer et al., 1998; Kwiatkowska et al., 2003), 
which in turn promotes Vav-mediated GTP-
loading of Rac1 and cytoskeletal remodeling 
in order to induce pseudopodia formation that 
will surround the bound particle and mediate 
its uptake (Chimini and Chavrier, 2000; Patel 
et al., 2002). 

A distinct signaling pathway towards 
regulating Rho-GTPase activity and 
cytoskeletal remodeling in macrophages can 
be initiated through interactions of integrin 
αmβ2 with particles opsonized with the 
complement factor C3bi. Particle uptake 
through αmβ2 occurs without pseudopod 
formation but it does not require Rac1/Cdc42 
activities or tyrosine kinase activity, instead it 
depends on increased activation of RhoA 
(Allen and Aderem, 1996; Caron and Hall, 
1998; Wiedemann et al., 2006). To date it is 
poorly understood how αmβ2 engagement 
leads to activation of RhoA, moreover it 
remains unknown whether there is cross-talk 
between macrophage integrins and SFKs 
during IgG- or C3bi-mediated phagocytosis. 

 
7b. Invasin-promoted bacterial uptake 
The enteropathogenic Yersinia pseudo-
tuberculosis expresses an outer membrane 

protein called invasin that enables uptake of 
these bacteria by non-phagocytotic cells in 
the host intestine. Related protein family 
members of invasin are also expressed by Y. 
enterocolitica and Escherichia coli (Rottner et 
al., 2005; Wong and Isberg, 2005). Invasin 
tightly binds to a variety of β1 integrins on the 
surface of target cells. Intriguingly, binding of 
invasin to β1 integrins can exceed the affinity 
of its natural ligands by a 100-times, for 
instance when compared to the interaction of 
fibronectin with α5β1 (Tran Van Nhieu G. and 
Isberg, 1991; Tran Van Nhieu G. and Isberg, 
1993). Upon engagement, invasin efficiently 
clusters and stimulates signaling of β1 
integrins leading to rapid activation of Rac1 
(Alrutz et al., 2001; Wong and Isberg, 2005). 
Expression of dominant negative Rac1 
mutants in target cells interferes with invasin-
integrin initiated membrane ruffling at the site 
of bacterial contact and prevents uptake of 
Yersinia bacteria by target cells (Alrutz et al., 
2001; McGee et al., 2001). During such 
pathogen-host interaction the FAK/Src 
complex most likely transmits signaling from 
β1 to Rac1 GTP-loading. Invasin-mediated 
uptake is impaired in FAK-/- cells, and 
expression of a FAKY397F mutant, which does 
not bind to SFKs, is unable to restore 
bacterial uptake (Alrutz and Isberg, 1998; 
Bruce-Staskal et al., 2002). Moreover, 
pathogenic Yersinia inject virulent Yop 
proteins into the host cell that modulate the 
normal organization of the actin cytoskeleton. 
YopH, a protein tyrosine phosphatase, 
dephosphorylates FAK, p130Cas and paxillin 
and blocks further invasin-induced bacterial 
uptake (Black et al., 1998; Black and Bliska, 
1997; Persson et al., 1997). Other Yop 
proteins regulate actin cytoskeletal 
remodeling by directly affecting the function 
of Rho-GTPases (Aepfelbacher and 
Heesemann, 2001). 
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7c. Uptake of bacteria that bind ECM 
components 
Various bacteria (e.g. Staphylococcus 
aureus, Streptococcus pyogenes) express 
receptors that are able to bind ECM 
components (Patti et al., 1994). In this way 
bacteria can coat their membrane surface 
with ECM proteins in order to interact with 
integrins or syndecans expressed on 
nonphagocytotic target cells and to initiate 
engulfment. Invasion of S. pyogenes was 
demonstrated to require the presence of 
fibronectin and integrins on the host surface 
(Fowler et al., 2000; Molinari et al., 1997; 
Sinha et al., 1999), which strongly suggests 
that bacteria mimick adhesion signaling to 
enter the host cell. In agreement with this 
theory, ECM protein-induced engulfment of 
S. aureus and Y. pseudotuberculosis was 
inhibited in SYF-/- or FAK-/- cells (Agerer et 
al., 2003; Eitel et al., 2005; Fowler et al., 
2003). Further experiments should clarify 
how SFKs and FAK are connected to the 
regulation of Rho-GTPases, which is also 
required for the engulfment ECM-coated 
bacteria (Rottner et al., 2005). 
 
8. CANCER 
Overexpression and activation of oncogenes, 
or downregulation of tumor suppressor genes 
induces oncogenic transformation of cells in 
human cancer, which is characterized by 
uncontrolled cell growth. Subsequent cancer 
progression involves tumor cell invasion, 
intravasation into the bloodstream, 
extravasation, and outgrowth at sites of 
distant metastasis. Thus, in order to 
metastasize tumor cells need to detach from 
the primary tumor, invade and migrate 
through the surrounding stroma to a nearby 
blood vessel. Here, they transmigrate 
through the endothelium to reach the 
bloodstream. At a different place in the body, 
the tumor cells adhere to endothelial cells, 
and again they transmigrate through the 
blood vessel wall to invade and migrate into 
the tissue reached.  

8a. Alterations in integrin expression 
Upon malignant transformation, cells often 
undergo specific changes in the expression 
levels of integrins (Mizejewski, 1999). 
Increased levels of αvβ3 positively correlate 
with tumor growth and progression of 
melanoma (Albelda et al., 1990; Hsu et al., 
1998), neuroblastoma (Gladson et al., 1996) 
and multiple different carcinomas 
(Chattopadhyay and Chatterjee, 2001; Liapis 
et al., 1997; Pignatelli et al., 1992; Sengupta 
et al., 2001; Vonlaufen et al., 2001). 
Moreover, individuals homozygous for the 
β3L33P polymorphism that enhances the 
affinity of β3 integrins, have an increased risk 
to develop breast cancer, ovarian cancer, 
and melanoma (Bojesen et al., 2003). Also 
enhanced expression of α6β4 is associated 
with carcinomas of the breast and skin 
(Mizejewski, 1999; Rabinovitz and Mercurio, 
1996). On the other hand expression of some 
integrins, such as α5β1, on tumor cells seem 
to suppress oncogenic transformation and 
are inversely correlated with tumor 
progression (Brakebusch et al., 1999; 
Giancotti and Ruoslahti, 1990; Plantefaber 
and Hynes, 1989). Loss of α2β1 expression 
is observed in different carcinomas (Koretz et 
al., 1991; Pignatelli et al., 1991) whereas its 
overexpression correlates with metastasis of 
malignant sarcoma (Chan et al., 1991), 
indicating that the function of integrins could 
be tumor type specific. In addition, several 
vascular integrins including αvβ3, αvβ5, and 
α5β1 are important for regulating tumor 
angiogenesis (Alghisi and Ruegg, 2006). 
 
8b. Alteration in expression and activity of 
SFKs 
Of the SFKs, the role of c-Src is most 
extensively studied in human cancer. c-Src is 
frequently found to be overexpressed and 
highly activated in various types of cancer 
(Irby and Yeatman, 2000). There is 
particularly strong evidence for a correlation 
between elevated c-Src kinase acitivity and 
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tumor progression (Summy and Gallick, 
2003). Genetic mutations in the Src gene 
have been found in an advanced subset of 
colon and endometrial cancer that prevent 
autoinhibition of the c-Src protein and 
promotes an primed or activated 
conformation (Irby et al., 1999; Sugimura et 
al., 2000). However, such activating 
mutations have not been found in other 
studies and thus appear to occur only rarely 
(Daigo et al., 1999; Nilbert and Fernebro, 
2000). Alternatively, overexpression of 
growth factor receptors may already promote 
priming of c-Src in human malignancies (Irby 
and Yeatman, 2000; Thomas and Brugge, 
1997). A selective interaction with integrin 
αvβ3 can promote the activation and 
oncogenic potential of primed c-Src during 
tumorigenesis (Huveneers et al., 2007b). 
Expression of c-Src also plays a critical role 
in the development of cancer in mice (Guy et 
al., 1994; Matsumoto et al., 2003; Trevino et 
al., 2006). Compared to v-Src expressed by 
Rous sarcoma virus, expression of c-Src is 
only weakly oncogenic and it seems more 
likely that c-Src is an important facilitator of 
oncogenic signaling pathways, rather than 
being a dominant primary oncogene. 
Although less well studied, other members of 
the family of Src kinases are also putatively 
linked to cancer development. For instance, 
biopsies from high grade glioblastomas 
displayed specific increased activity of Lyn 
kinase, but not that of Fyn or c-Src (Stettner 
et al., 2005). 
 
8c. Alterations in Rho-GTPases 
Strong evidence for a direct role of Rho-
GTPases in cancer development is limited 
and is mostly based on in vitro studies. 
Increased expression of various Rho and 
Rac isoforms is frequently observed in 
human cancer, but not much is known about 
their activation state (Ellenbroek and Collard, 
2007; Ridley, 2004). Overexpression of the 
RhoC isoform was correlated selectively with 
metastatic melanomas and it was 

subsequently shown that overexpression of 
RhoC was sufficient to enhance metastasis 
of melanoma cells by promoting tumor cell 
invasion (Clark et al., 2000). Interestingly, 
selective hyperactivation of Rac3 was 
correlated with increased proliferation of 
breast cancer cells, whereas the activity of 
Rac1 remained unaltered (Mira et al., 2000). 
Rac3 was also shown to be required for 
BCR-ABL-induced lymphoblastic leukaemia 
in Rac3-null mice (Cho et al., 2005). 
Moreover, deficiency of Tiam1, a GEF 
specific for Rac, promotes the invasiveness 
of skin and intestinal tumors (Malliri et al., 
2002; Malliri et al., 2006). 
 
8d. ECM rigidity and tumor growth 
The stiffness of the stroma differs in various 
tissues and has been found to be strongly 
increased in tumors. Such differences in 
ECM rigidity lead to changes in integrin 
expression, conformation, and clustering, as 
well as integrin-mediated signaling (Katsumi 
et al., 2004; Larsen et al., 2006). Via 
integrins, increased ECM rigidity stimulates 
RhoA GTP-loading and cytoskeletal 
contractility which promotes ERK activation 
and cell growth (Roovers and Assoian, 2003; 
Wozniak et al., 2003). Moreover, a positive 
feedback loop from Rho-mediated 
contractility towards ECM remodeling further 
contributes to the sustained proliferation of 
tumor cells in rigid tumor stroma (Paszek et 
al., 2005). When cells sense increased 
matrix rigidity, integrins are able to recruit 
and activate Fyn, whereas the activities of 
Src, Lyn and Lck are significantly reduced in 
cells embedded in stiff matrix (Kostic and 
Sheetz, 2006; Paszek et al., 2005). Thus, in 
response to changes of extracellular tension, 
integrins can selectively regulate the activity 
of SFKs, which may connect them to the 
regulation of Rho-GTPases and cytoskeletal 
contractility. 
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8e. Mesenchymal versus amoeboid invasion 
To invade into the surrounding tissue, tumor 
cells first need to overcome a barrier of 
dense ECM (see previous subparagraph). 
During cancer invasion, tumor cells remodel 
the surrounding ECM or deform their shape 
in order to fit through the limited space that is 
provided by tumor stroma (Makale, 2007). 
Thus, invading tumor cells can switch 
between different migratory strategies that 
depend on a delicate balance between 
activation of Rho-GTPases and SFKs, and 
integrin expression (Friedl and Wolf, 2003). 
Invasion in a 3D ECM environment occurs 
through protease-dependent mesenchymal 
migration or through protease-independent 
amoeboid movement (Sahai and Marshall, 
2003; Wolf et al., 2003). Protease-mediated 
turnover of β1 integrin interactions with 
collagen controls realignment of collagen 
fibers and mediates a mesenchymal mode of 
invasion (Carragher et al., 2006; Wolf et al., 
2007). Src kinase activity is essential for 
such mesenchymal invasion since it controls 
turnover of integrin-based adhesions. By 
contrast, protease-independent amoeboid 
invasion is much less dependent on Src 
kinase activity and this mode of invasion is 
also associated with suppression of β1 
integrin expression and function (Carragher 
et al., 2006). Regulation of Rho-GTPase 
activities controls the transition between 
mesenchymal (Rac-associated) and 
amoeboid (Rho-associated) invasion 
strategies and inhibition of Rho-ROCK 
signaling in amoeboid invading cells is 
sufficient to restore β1 integrin expression 
and the transition to mesenchymal invasion 
(Carragher et al., 2006; Sahai and Marshall, 
2003). Moreover, silencing of the 
transcription factor Fra-1 inhibited 3D 
invasion of colon carcinoma cells, because of 
a release from Fra-1-mediated suppression 
of the β1-RhoA-Rock pathway (Vial et al., 
2003). Interestingly, it was recently proposed 
that invasion of carcinoma cells and 
cocultered fibroblasts depended on α5β1-

controlled activation of Rho specifically in the 
preceding fibroblasts that create tracks 
through protease- and force-mediated 
remodeling of the ECM for invading 
carcinoma cells (Gaggioli et al., 2007). Thus, 
as described above for 2D cell migration, the 
integrin profile – through regulation of Rho-
GTPases – also controls the mode of 
migration in 3D.  
 
8f. Podosome/invadopodia formation 
Proteolytic degradation of ECM components 
during tumor invasion can take place at 
highly dynamic actin-rich adhesion 
structures, termed podosomes or 
invadopodia, that are in very close contact 
with the substratum (Yamaguchi et al., 2006). 
Podosomes can be found in monocytes 
including macrophages and osteoclasts, and 
invadopodia are typical for carcinoma cells. 
Although there are predominantly similarities 
between these two structures, podosomes 
seem to degrade fairly shallow across a 
broad region into the ECM, whereas 
invadopodial degradation penetrates much 
deeper in focussed spots (Linder, 2007). 
Podosomal adhesions can only be found in 
adherent cells and contain an F-actin core 
surrounded by a multitude of signaling and 
adaptor molecules that include integrins, 
Rho-GTPases and c-Src. Src-mediated 
regulation of Rho-GTPases at these sites 
may be crucial for the dynamic properties of 
podosomes and invadopodia. Introducing 
dominant active or negative mutants of 
Cdc42, Rac1 and RhoA either disrupt or 
stimulate formation of podosomes depending 
on the cell type tested (Linder and 
Aepfelbacher, 2003). Expression of activated 
Src leads to a dramatic remodeling of the 
actin cytoskeleton and promotes the 
formation of podosomes that are highly 
proteolytically active and contribute to the 
invasiveness of Src-transformed cells (Frame 
et al., 2002). We recently discovered that 
distinct integrins can differently organize 
podosome distribution in Src-transformed 
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cells, and podosome assembly required Src-
induced phosphorylation of β1 integrins to 
suppress Rho-mediated cytoskeletal con-
tractility (Huveneers et al., 2008a). 
 
9. CONCLUDING REMARKS 
Signaling by adhesion receptors is a highly 
dynamic and complex process, and many 
different molecules have been implicated in 
integrin signaling. Among all these molecules 
the activation of SFKs and Rho-GTPases 
continuously seems to play a central role in 
the transmittance of integrin signals. Here, 
we have described most of the currently 

known interactions between these three 
protein families and their implications for 
cellular behaviour. Future research using 
high resolution microscopy might further 
clarify how such dynamic cross-talk is spatio-
temporally regulated within living cells that 
are cultured under different conditions or 
challenged with extracellular cues. Also, a lot 
of current research is focussed on identifying 
new GEFs and GAPs that may link integrins 
with Rho-GTPases. Perhaps that SFKs again 
may be connected to such Rho-GTPase 
regulators.
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SCOPE OF THIS THESIS 
 
The aim of this study is to understand how 
cell adhesion regulates the behaviour of 
normal and cancer cells. We address the role 
of β1 and β3 integrins in regulating cell-
matrix adhesions, actin cytoskeletal 
organization, extracellular matrix assembly, 
oncogenic signaling, and drug resistance. As 
discussed in the general introduction, 
adhesion signaling involves extensive cross-
talk of integrins with Rho-GTPases and Src 
family kinases. We therefore hypothesize 
that distinct integrins might differently affect 
signaling by these proteins. For the 
experiments performed in this thesis, we use 
knockout, gene silencing and ectopic 
expression approaches to modulate the 
function of different integrins, and to create 
tools that enable analysis of adhesion 
signaling through distinct integrin hetero-
dimers. In chapter 2, we investigate the 
particular efficiency of integrin α5β1 to 
support fibronectin matrix assembly. Cells 
expressing integrins αvβ3 or α5β1 can both 
adhere to surfaces coated with the 
extracellular matrix component fibronectin, 
but our experiments indicate that in contrast 
to αvβ3, only integrin α5β1 is able to bind to 
soluble fibronectin molecules. The binding of 
soluble fibronectin to α5β1 induces pro-
longed activation of RhoA and supports a 
typical fibroblast focal adhesion distribution 
and actin cytoskeletal organization that is 
required for the assembly of a fibronectin 
matrix. In chapter 3, we investigate the role 
of integrins during tumor formation. Mutations 

of the SRC gene, or overexpression of 
receptor tyrosine kinases can induce priming 
of the proto-oncogene c-Src in human 
cancer. We find that integrin αvβ3 controls 
the oncogenic potential of primed c-Src 
through a selective interaction of the β3 
cytoplasmic domain and c-Src’s SH3 domain. 
This interaction supports full activation of c-
Src and stimulates c-Src-mediated pro-
liferation, survival and tumor formation. In 
addition to such oncogenic transformation, 
primed c-Src induces morphological 
alterations that affect adhesion, spreading 
and actin cytoskeletal organization. In 
chapter 4, we describe that β1 and β3 
integrins separate Src-mediated oncogenic 
transformation from these morphological 
alterations. While the β3 cytoplasmic domain 
supports oncogenic transformation, we find 
that the β3 extracellular domain protects 
against Src-induced loss of adhesion and cell 
rounding. In addition, the formation of 
podosomes (actin-rich invasive structures 
that are typical for Src transformed cells) 
requires phosphorylation of β1 integrins to 
suppress the stimulatory function of α5β1 in 
RhoA activation, whereas phosphorylation of 
β3 is not involved. Lastly, in chapter 5 we 
investigate to what extent the integrin 
expression profile and active oncogenic 
pathways modulate sensitivity to chemo-
therapeutic agents. The results point to a 
remarkable sensitization in the presence of 
primed c-Src and β1 integrins (but not other 
integrins or oncogenes) that involves 
elevated endoplasmic-stress response and 
caspase-3 activity. 
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Focal adhesions are randomly distributed across the ventral surface or along the edge of 
epithelial cells. In fibroblasts they orient centripetally and concentrate at a few peripheral 
sites connecting long F-actin stress fibers, causing a typical elongated, contractile 
morphology. Extensive remodeling of adhesions in fibroblasts also takes part in 
fibronectin (FN) fibrillogenesis, a process that depends on Rho-mediated contractility 
and results in the formation of a FN matrix. Our current study implicates that all these 
fibroblast characteristics are controlled by the ability of integrin α5β1 to bind soluble FN 
molecules in their compact inactive conformation. The hypervariable region of the 
ligand-binding I-like domain of α5β1 supports binding of soluble FN. This supports the 
distribution of centripetally orientated focal adhesions in distinct peripheral sites, Rho 
activation, and FN fibrillogenesis through a mechanism that does not depend on 
Syndecan-4. Integrin αvβ3, even when locked in high affinity conformations for the RGD 
recognition motif shows no appreciable binding of soluble FN and, consequently, fails to 
support the typical fibroblast focal adhesion distribution, Rho activity, and FN 
fibrillogenesis in the absence of α5β1. The ability of α5β1 to interact with soluble FN may 
thus drive the cell-matrix adhesion/cytoskeletal organization required for a contractile, 
fibroblast-like morphology, perhaps explaining why α5β1, like FN, is essential for 
development. 
 
INTRODUCTION 
 
Integrins consist of non-covalently linked α 
and β subunits. Ligands, including 
extracellular matrix (ECM) components such 
as fibronectin (FN), are bound to their 
extracellular globular head domain while 
integrins interact via their cytoplasmic tails 
with a multitude of cytoskeletal adaptor 
proteins. Thus, integrins create a link 
between the ECM and the actin cytoskeleton. 
Ligand-binding can be modulated at the level 
of integrin clustering (avidity) or by activation 
of integrins through conformational changes 
in the extracellular ligand-binding domains 
(affinity) (Calderwood, 2004; Takagi and 
Springer, 2002). For instance, binding to 

soluble ligands through integrins α5β1, αvβ3, 
or αIIbβ3 can be enhanced >20 fold by 
divalent cations or stimulatory antibodies, 
leading to firm adhesion of cells that show no 
appreciable adhesion to immobilized ligands 
in the absence of such stimuli (Danen et al., 
1995; Mould et al., 1995; Smith et al., 1994). 
In turn, integrin-mediated adhesion can 
modulate various intracellular signaling 
cascades (Hynes, 2002). Following cell 
adhesion to the ECM, integrins and 
associated proteins assemble in cell-matrix 
adhesions, which organize the actin 
cytoskeleton. In epithelial cells, “focal 
adhesions” are randomly distributed across 
the ventral surface or along the cell border. In 
mesenchymal cells such as fibroblasts they 
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orient centripetally and concentrate in a few 
peripheral sites connecting long F-actin 
stress fibers, causing a typical elongated, 
contractile morphology. 
 FN is essential for embryonic 
development and is abundantly present in 
the ECM associated with wound healing and 
angiogenesis (Hynes and Zhao, 2000). 
Mesenchymal cells secrete compact and 
inactive soluble FN dimers which are 
assembled into insoluble FN fibrils following 
their interaction with cell surface receptors of 
the integrin and syndecan families 
(Wierzbicka-Patynowski and Schwarzbauer, 
2003). FN fibrils are assembled into a matrix 
that is important for anchorage of cells and 
guides cell migration during embryonic 
development and wound healing (Hynes and 
Zhao, 2000). Integrins α5β1, α8β1, αvβ1, 
αvβ3, αIIbβ3, αvβ5, αvβ6, and αvβ8 
recognize the common integrin-binding motif 
Arg-Gly-Asp (RGD) that is found in many 
ECM components, including FN (Danen and 
Sonnenberg, 2003). Of these integrins, α5β1 
is particularly efficient in mediating FN matrix 
assembly, although others can compensate 
for its absence to some extent (Wennerberg 
et al., 1996; Wu et al., 1996; Yang and 
Hynes, 1996). FN fibrillogenesis requires 
extensive remodeling of cell-matrix 
adhesions (Pankov et al., 2000), and 
contractility of the actin-myosin cytoskeleton, 
which is stimulated by the small GTPase Rho 
through activation of myosin-II. Contractility 
drives FN fibrillogenesis by creating sufficient 
tension to stretch the compact FN dimers 
and expose intermolecular FN-binding sites 
(Zhong et al., 1998). 
 Integrin-mediated cell adhesion 
triggers a rapid inactivation of the small 
GTPase RhoA (Ren et al., 1999), which is 
important to relieve contractility and allow cell 
spreading. As cell spreading ends, Rho-
mediated cytoskeletal contractility gradually 
increases, which coincides with maturation of 
focal adhesions and initiation of FN 
fibrillogenesis. We previously reported that 
β1 integrins are dispensable for cell 
spreading but required to support this second 
phase (Danen et al., 2002; Danen et al., 
2005). In the studies reported here, we have 

expressed different wild type-, chimeric-, and 
mutant integrin subunits in cells lacking the 
Itgb1, Itgb3, or Itga5 integrin genes, or 
silenced expression of integrin β1 or 
Syndecan-4 to study how they organize cell-
matrix adhesions, cytoskeletal contractility 
and FN matrix assembly. Our findings point 
to extensive reciprocal signaling between FN 
and the actin cytoskeleton selectively through 
integrin α5β1 that couples binding of soluble 
FN dimers to a fibroblast-like distribution of 
focal adhesions, Rho-mediated contractility, 
and FN fibrillogenesis.  
 
MATERIALS AND METHODS 
 
Cell lines and plasmids 
The β1-deficient GE11 cell line was described 
previously (Danen et al., 2002; Gimond et al., 
1999). EA5 cells were derived from murine Itga5 
KO embryonic stem cells (provided by Prof. 
Richard Hynes, MIT, Boston, MA) were 
differentiated in DMEM supplemented with 10% 
fetal calf serum and immortalized with SV40 Large 
T. Integrin β3-deficient MEFs were isolated from 
Itgb3 KO FVB mice (mice were provided by Prof. 
Richard Hynes, MIT, Boston, MA) and 
immortalized with the SV40 large T antigen. All 
cells were cultured in DMEM supplemented with 
10% fetal calf serum and antibiotics. LZRS 
bicistronic retroviral expression plasmids encoding 
human integrin β1 and β3 were described before 
(Danen et al., 2002). cDNA encoding human α5 
(provided by Dr. Erkki Ruoslahti, Cancer Research 
Center, The Burnham Institute, La Jolla, CA) was 
cloned into LZRS-neo. To generate a cDNA 
encoding a chimeric human α5αv subunit, a 
fragment containing the extracellular and 
transmembrane domain of α5 was digested from 
LZRS-α5 as a SwaI/HindIII fragment using the 
internal HindIII site immediately downstream of the 
transmembrane region. This was ligated to a 
HindIII/SnaBI cDNA fragment derived from LZRS-
αv by PCR amplification of the αv cytoplasmic 
domain in which the aggatg sequence immediately 
upstream of the cytoplasmic tail of αv was changed 
to aagctt, creating a HindIII site. To generate a 
cDNA encoding a chimeric human β1e3t+i subunit, 
the Itgb1 sequence downstream of the internal 
SnaBI site (70 nucleotides upstream of the 
transmembrane region) was replaced by the 
corresponding sequence derived from LZRS-αv by 
PCR amplification in which the ccagta sequence 
was changed to tacgta, creating a SnaBI site. 
These cDNAs, as well as cDNAs encoding 
β3[N305T], β3[T329C;A347C] and 
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β3[V332C;M335C] (provided by Dr. Bing-Hao Luo 
and Prof. Timothy A Springer, CBR Institute for 
Biomedical Research, Boston, MA) and cDNA 
encoding β1[D130A] (provided by Dr. Yoshikazu 
Takada (University of California Davis Medical 
Center, Sacramento, CA)) were recloned into 
LZRS-neo. The β1-3-1 expression plasmid was 
provided by Dr. Yoshikazu Takada. Retroviral 
constructs were transfected into ecotrophic 
packaging cells to generate virus-containing 
culture supernatants. β3 KO MEFs, EA5, and 
GE11 cells were transfected with cDNA using 
effectene (Qiagen) or transduction with retroviral 
supernatants and positive cells were bulk sorted at 
least twice by FACS for the human integrin 
expressed. 
 
Antibodies and other materials 
Monoclonal antibodies that have been used were 
anti-human α5 NKI-Sam1 (provided by Dr. Carl 
Figdor, Nijmegen Centre for Molecular Life 
Sciences, Nijmegen, the Netherlands), anti-human 
β1 TS/2/16, clone 18 (Transduction Laboratories), 
anti-human β3 C17 (provided by Dr. Ellen van der 
Schoot, Sanquin, Amsterdam, the Netherlands), 
anti-mouse β3 (clone 2C9.G2, Pharmingen), anti-
paxillin (clone 349, BD Transduction Laboratories), 
anti-RhoA (clone 26C4, Santa Cruz), anti-
Syndecan-4 (clone KY/8.2, Pharmingen), anti-
vimentin (clone K36, provided by Dr. F. 
Ramaekers, University of Maastricht, Maastricht, 
The Netherlands). Texas Red-conjugated 
phalloidin and TOPRO-3 were purchased from 
Molecular Probes. Texas Red-conjugated 
streptavidin was purchased from Pierce Chemical 
Co. Human plasma FN and biotinylated-FN were 
prepared as described previously (Danen et al., 
2002). GRGDSP-peptide was generated at the 
Netherlands Cancer Institute and biotinylated using 
EZ-link Sulfo-NHS-Biotin (Pierce Chemical Co.) 
according to the manufacturer’s protocol. Y27632 
and blebbistatin were obtained from Calbiochem.  
 
RhoA activity assays 
Cells were plated overnight to subconfluency 
before lysis in Nonidet P-40 lysis buffer (0.5% 
Nonidet P-40, 50 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 5 mM MgCl2, 10% glycerol, supplemented 
with a protease inhibitor mix (Sigma-Aldrich)), and 
lysates were clarified by centrifugation at 14,000 
rpm for 20 min at 4°C. A 1% aliquot was removed 
for determination of total quantities of RhoA. 
Clarified lysates were then incubated for 45 min at 
4°C with a GST fusion protein of the Rho-binding 
domain of the Rho effector protein Rhotekin (Ren 
et al., 1999). Complexes were bound to 
glutathione-conjugated beads, and washed three 
times in Nonidet P-40 lysis buffer. The samples 

were analyzed by SDS-PAGE and Western 
blotting. 
 
Immunofluorescence and flow cytometry  
For immunofluorescence, cells were fixed in 2% 
paraformaldehyde, permeabilized in 0.4% TritonX-
100, blocked with 2% BSA, and incubated with 
anti-paxillin antibody, followed by FITC-labeled 
secondary antibody, phalloidin-Texas Red and 
TOPRO-3 staining. To visualize FN fibrillogenesis 
cells were plated on FN-coated coverslips for 4 h 
and subsequently incubated for an additional 20 h 
in medium containing 10% FN-depleted serum 
supplemented with 10 µg/ml biotinylated FN. Cells 
were fixed in 2% paraformaldehyde, blocked with 
2% BSA and stained with streptavidin-Texas Red. 
Subsequently, coverslips were permeabilized in 
0.4% TritonX-100 and stained with TOPRO-3. 
Preparations were mounted in MOWIOL 4-88 
solution supplemented with DABCO (Calbiochem) 
and analyzed using a confocal Leica TCS-NT 
microscope. Images were obtained using a 40x or 
63x oil objective and imported in Adobe 
Photoshop. 
 
For flow cytometry of integrin expression and cell 
sorting, cells were trypsinized, collected in culture 
medium, washed with PBS, and incubated with 
primary antibodies in PBS containing 2% serum for 
1 h at 4°C. For flow cytometry of Syndecan-4 
expression cells were harvested using enzyme-
free Dissociaton buffer (Gibco), washed with 0.1% 
BSA/0.1% sodium azide followed by primary 
antibody incubation. Cells were then washed in 
PBS, incubated with FITC-, PE- or APC-
conjugated secondary antibodies for 1 h at 4°C, 
washed in PBS, and analyzed on a FACSCalibur 
or sorted on a FACStar plus® (Becton Dickinson).  
 
DOC insolubility assays 
Cells were labeled with biotinylated FN as 
described above and lysed in DOC buffer (1% 
sodium deoxycholate (DOC), 20 mM Tris-HCl pH 
8.5, 2 mM N-ethylmaleimide, 2 mM iodoacetic acid, 
2 mM EDTA and 2 mM PMSF). Lysates were 
passed through a 23 GA needle and DOC-
insoluble material was collected by centrifugation 
at 14,000 rpm for 20 min at 4°C. The pellet was 
washed once with DOC buffer, resolved in reduced 
sample buffer and analyzed by SDS-PAGE and 
Western blotting. 
 
RGD and FN binding assays 
Cells were harvested, resuspended in DMEM 
supplemented with 0.5% BSA and 2 mM MnCl2, 
and incubated with 10 µM biotinylated GRGDSP-
peptide or 10 μg/ml biotinlylated human plasma FN 
for 1 h at 4°C in the absence or presence of 
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increasing concentrations unlabeled FN. The cell 
pellet was washed in 0.9% NaCl and 2 mM MnCl2 
and subsequently labeled with PE-conjugated 
streptavidin for 30 min at 4°C. To monitor dose-
responsive FN binding, cells were incubated with 
different concentrations of FITC-conjugated human 
plasma FN for 1h at 4°C. Binding of the RGD-
peptide or FN was determined by flow cytometry. 
 
siRNA transfections 
Cells were plated at 40% confluency and were 
transfected the following day using DharmaFECT 1 
reagent and a final concentration of 100 nM of 
integrin β1 SMARTpool siRNA (M-040783-00), 
Syndecan-4 ON-TARGET plus SMARTpool siRNA 
(L-044221-00), or siCONTROL non-targeting 
siRNA#2 (D-001210-02) purchased from 
Dharmacon. After replating, the cells were 
analyzed at 48 h post-transfection for integrin β1 or 
Syndecan-4 surface expression, and used for 
immunofluorescence, RhoA activity- and FN 
binding-assays. 
 
RESULTS 
 
Integrin α5β1 promotes fibroblast-like 
organization of cell-matrix adhesions, 
Rho activity, and fibrillogenesis 
We have previously shown that β1 integrins 
promote a fibroblast-like distribution of cell-
matrix adhesions and contractile, elongated 
cell shape that is associated with high levels 
of RhoA activity, focal adhesion turnover, and 
FN matrix assembly whereas αvβ3 fails to do 
so in the absence of β1 (Danen et al., 2002; 
Danen et al., 2005) (see Figure 1A). There is 
also evidence that overexpression of αvβ3 
can stimulate RhoA activity and cytoskeletal 
contractility in leukocytes and CHO cells 
(Butler et al., 2003; Miao et al., 2002). Here, 
we determined the importance of αvβ3 in 

these processes using mouse embryonic 
fibroblasts (MEFs) isolated from Itgb3 KO 
mice. The levels of GTP-RhoA in β3 null 
MEFs were similar to those in MEFs isolated 
from wild type littermates, indicating that 
RhoA activation does not require αvβ3 
(Figure 1B, Supplemental Figure A). 
Similarly, FN matrix assembly mediated by 
β3 null MEFs occurred equally efficient as by 
wild type MEFs (Figure 1C). Ectopic 
expression of β3 did not further stimulate 
RhoA activity, whereas increased expression 
of β1 led to enhanced activation of RhoA 
(Figure 1B). Increased expression of β1 
integrins in β3 null MEFs also led to a more 
elongated, contractile cytoskeletal or-
ganization, whereas the presence or 
absence of β3 did not affect morphology 
(Figure 1D). Moreover, suppression of 
endogenous β1 integrins using Itgb1 specific 
siRNAs caused a phenotypic switch in wild 
type MEFs characterized by increased cell 
spreading, more random distribution of focal 
adhesions, and formation of cell-cell 
adhesions (Figure 1E,F). We were unable to 
completely silence β1 expression in MEFs 
and the level of suppression reached did not 
lead to detectable reduction of RhoA-GTP 
levels (not shown). Nevertheless, the con-
version to a more epithelial morphology 
(strongly resembling that of β1-deficient 
GEβ3 cells; Figure 1A) upon β1 silencing 
was in complete agreement with our previous 
findings using β1 null cells. Silencing 
expression of β1 integrins in Itgb3 KO MEFs 
caused cell rounding but the cells that 
remained attached resembled GE11 β1 KO 
cells, growing in islands with extensive cell- 

 
Figure 1. Integrin β3 is dispensable for RhoA activity and contractility. (A) Schematic representation of 
previous results: Itgb1 null cells (GE11) have very low levels of GTP-bound RhoA and FN matrix assembly. 
Re-expression of β1, but not overexpression of β3 induces highly dynamic cell-matrix adhesions, a 
mesenchymal cell morphology and restores RhoA activity and FN matrix assembly. Images show GEβ1 and 
GEβ3 cells stained for paxillin (green) and F-actin (red). (B) Western blot analysis of RhoA activity assay on 
lysates of Itgb3 KO and WT MEFs overexpressing indicated integrins. Quantification shows relative RhoA 
activation ± standard deviation (SD) compared to WT MEFs of two independent experiments. (C) Images of 
assembled FN-biotin on Itgb3 KO and WT MEFs; FN (red) and nucleus (blue). Scale bar, 50 µm. (D) 
Images of Itgb3 KO and WT MEFs overexpressing indicated integrins stained for paxillin (green), F-actin 
(red) and nucleus (blue). Arrows indicate long actin fibers. Scale bar, 10 µm. (E) Flow cytometry analysis of 
integrin β1 surface expression on Itgb3 KO and WT MEFs transfected with integrin β1 or control siRNA. (F) 
Images of WT and Itgb3 KO MEFs transfected with integrin β1 or control siRNA stained for paxillin (green) 
and F-actin (red). Two representative examples of integrin β1 siRNA transfected WT MEFs are shown.
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Figure 2. Integrin α5 is required for efficient RhoA activation and FN fibrillogenesis. (A) Western blot 
analysis of RhoA activity assay on lysates of EA5 cells expressing indicated integrins. Quantification shows 
relative RhoA activation ± SD compared to EA5 cells of two independent experiments. (B) Images of EA5 
cells expressing indicated constructs stained for paxillin (green), F-actin (red) and nucleus (blue). Scale bar, 
10 µm. (C) Western blot analysis of assembled FN-biotin and vimentin (loading control) in DOC insoluble 
lysates of EA5 cells expressing indicated constructs. The different kDa bands from the protein marker on 
the Western blot are indicated. 
 
cell contacts (Figure 1E,F; compare with 
Figure 3A, left image). 
Of the β1 integrins, α5β1 most efficiently 
supports FN matrix assembly but integrins 
α8β1, α4β1 and αvβ1 can also mediate cell 
adhesion to immobilized FN. To determine if 
α5β1 is the β1 integrin responsible for the 
typical fibroblast-like characteristics de-
scribed above, we used differentiated Itga5 
KO ES cells (EA5). RhoA-GTP levels were 
very low in EA5 cells and restoring 
expression of α5 induced efficient RhoA-GTP 
loading (Figure 2A, Supplemental Figure B). 
Expression of an α5αv chimera, consisting of 
the α5 extracellular and transmembrane 
domains and the αv cytoplasmic domain 
similarly induced RhoA-GTP loading, 
indicating that α5 specific sequences in the 
cytoplasmic tail are not required for 

enhancing RhoA activation (Figure 2A). The 
very low RhoA-GTP levels in EA5 cells were 
accompanied by a flat circular cell shape with 
dispersed focal adhesions. Expression of α5 
or α5αv induced a reorganization of the 
cytoskeleton with long F-actin stress fibers 
connecting peripheral focal adhesions 
(Figure 2B). Likewise, FN fibrillogenesis was 
strongly enhanced in the presence of α5 or 
α5αv in EA5 cells (Figure 2C), consistent 
with previous findings (Sechler et al., 1997; 
Wu et al., 1993). 
Together, these results demonstrate that the 
typical fibroblast-like elongated, contractile 
morphology that is associated with high 
levels of Rho-GTP and FN matrix assembly 
do not require αvβ3 and are primarily 
stimulated by α5β1. 
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Figure 3. Ligand-binding to the extracellular domain of β1 is required for RhoA activation and FN 
fibrillogenesis. (A) Images of GE11 cells expressing indicated β1 subunits stained for paxillin (green), F-
actin (red) and nucleus (blue). Scale bar, 10 µm. (B) Western blot analysis of RhoA activity assay on lysates 
of GE11 cells expressing indicated β1 subunits. Quantification shows relative RhoA activation ± SD 
compared to GEβ1 cells of two independent experiments. (C) Images of assembled FN-biotin on GE11 cells 
expressing indicated β1 subunits; FN (red) and nucleus (blue). Scale bar, 50 µm. (D) Mean fluorescence 
analyzed by flow cytometry, demonstrating binding of indicated integrins to different concentrations of 
soluble FITC-FN. 
 



Chapter 2 

 - 52 -

Figure 4. High affinity mutants of β3 fail to stimulate RhoA activity and FN fibrillogenesis. (A) Images 
of β1-deficient GE11 cells expressing indicated β3 affinity mutants stained for paxillin (green), F-actin (red) 
and the nucleus (blue). Scale bar, 10 µm. (B) Western blot analysis of RhoA activity assay on lysates of 
GE11 cells expressing indicated constructs. Quantification shows relative RhoA activation ± SD compared 
to GEβ1 cells of two independent experiments. (C) Western blot analysis of assembled FN-biotin and 
vimentin (loading control) in DOC insoluble lysates of GE11 cells expressing indicated constructs. 
 
The extracellular ligand-binding domain 
of α5β1 specifies fibroblast morphology, 
RhoA activation, and FN fibrillogenesis 
Besides the obvious essential role of the 
extracellular domain in ligand binding, the 
integrin transmembrane and cytoplasmic 
domains regulate ligand affinity and avidity 
by controlling integrin conformation and 
clustering (Calderwood, 2004; Li et al., 2003; 
Luo et al., 2007). The β1 cytoplasmic domain 
is exchangeable with that of β3 without 
affecting Rho activation, FN fibrillogenesis or 
fibroblast morphology when expressed in β1-
deficient GE11 cells (Danen et al., 2002). To 
test if specific amino acid residues in the 
transmembrane domain of β1 are required 
for α5β1-mediated support of fibroblast 
morphology, Rho activity, and FN 
fibrillogenesis, we generated a chimeric 
β1e3t+i subunit, consisting of a β1 extra-

cellular domain and β3 transmembrane and 
cytoplasmic domains. When expressed in β1-
deficient GE11 cells (Supplemental Figure 
C), this chimera promoted focal adhesion 
distribution and enhanced RhoA activity 
similar to wild type β1 (Figure 3A,B). 
Moreover like wild type β1, β1e3t+i efficiently 
supported FN matrix assembly (Figure 3C), 
arguing against a specific role of the 
transmembrane and cytoplasmic domains of 
β1 in these processes. By contrast, 
expression of a β1[D130A] subunit, con-
taining a mutation in the extracellular I-like 
domain that abrogates ligand binding 
(Takada et al., 1992), failed to induce RhoA 
activation, a mesenchymal morphology, or 
FN fibrillogenesis (Figure 3, Supplemental 
Figure C). 
 These findings indicate that the 
support of a fibroblast-like, contractile 
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morphology associated with Rho activity and 
FN fibillogenesis by α5β1 is strictly 
dependent on ligand binding to its 
extracellular domain. Other regions of this 
integrin can be exchanged with 
corresponding regions of αvβ3 without 
consequence and surface expression of 
α5β1 without ligand interaction, which could 
affect (expression of) other surface 
receptors, is insufficient to support these 
processes. 
 
The ability to bind to soluble FN dimers 
correlates with RhoA activity and FN 
fibrillogenesis 
Many different integrins (including α5β1 and 
αvβ3) can recognize the RGD motif and 
mediate cell adhesion to immobilized 
(stretched) FN. However, we observed that 
all integrin β subunits that supported a 
fibroblast-like cytoskeletal organization, Rho 
activity, and FN fibrillogenesis (β1, β1e+t3i, 
and β1e3t+i) efficiently bound to soluble 
(compact and inactive) FN dimers whereas 
the other β subunits tested (β3, β1[D130A]) 
did not (Figure 3D). This suggested that 
differences in binding to soluble FN between 
α5β1 and αvβ3 could explain not only the 
particular efficiency with which α5β1 
mediates FN matrix assembly but also the 
different abilities of these integrins to support 
a fibroblast-like, contractile cytoskeletal 
organization and Rho activation. 
 We used mutants of β3, which, in 
the context of αIIbβ3, are locked in a low- or 
high affinity conformation for the RGD 
sequence in fibrinogen, (Luo et al., 2003; Luo 
et al., 2004), the integrin recognition 
sequence that is also present in the central 
cell-binding domain of FN. Expression of a 
low affinity β3[T329C; A347C] did not affect 
the poorly spread GE11 cell morphology 
(Figure 4A center image; compare with 
Figure 3A left image). Expression of the high 
affinity β3[N305T] and β3[V332C; M335C] 
mutants stimulated cell spreading but 
distribution of focal adhesions in these cells 
was similar to those expressing wild type β3 
(Figure 4A; compare with Figure 1A right 
image). In line with these morphological 
similarities, like wild type αvβ3 the high 

Figure 5. Integrin-binding of soluble GRGDSP 
and FN. (A) Mean fluorescence ± SD de-
monstrating GRGDSP-biotin binding (10µM) to 
indicated integrins expressed on GE11 cells 
analyzed by flow cytometry. (B) Mean 
fluorescence analyzed by flow cytometry, 
demonstrating binding of indicated integrins to 
different concentrations of soluble FITC-FN. 
Binding to integrin β3 was shown previously in 
figure 3D. (C) Mean fluorescence demonstrating 
binding of soluble FN-biotin (10µg/ml) to indicated 
integrins upon competition with increasing 
concentrations of unlabeled FN analyzed by flow 
cytometry.
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affinity mutants failed to enhance RhoA-GTP 
levels or FN fibrillogenesis in the absence of 
β1 (Figure 4B,C). As expected based on 
findings in CHO cells (Luo et al., 2003; Luo et 
al., 2004) the β3[N305T] and β3[V332C; 
M335C] mutations strongly increased αvβ3-
mediated binding of GE11 cells to soluble 
RGD (Figure 5A). However, even in the 
presence of the activating divalent cation, 
manganese, locking αvβ3 in a high affinity 
state for RGD failed to induce binding to 
soluble FN (Figure 5B,C). Again, α5β1 
efficiently bound soluble FN in these 
experiments which could be competed with 
unlabeled FN (Figure 5B,C). 

 These results demonstrate that 
while RGD is a common recognition motif, 
affinity for RGD does not necessarily indicate 
binding to all RGD-containing ligands. The 
central cell-binding domain of compact 
soluble FN dimers appears only available for 
binding to α5β1 integrins and not to αvβ3. 
Notably, this indicates that efficient binding to 
soluble FN dimers might in fact underlie the 
efficiency with which α5β1 supports a 
fibroblast-like distribution of focal adhesions, 
contractile cell shape, and Rho-mediated 
cytoskeletal contractility that drives FN 
fibrillogenesis.

 
Figure 6. High affinity binding to the hypervariable region of the β1 I-like domain controls signaling 
to FN fibrillogenesis. (A) Mean fluorescence analyzed by flow cytometry, demonstrating binding of integrin 
β1 and β1-3-1 to different concentrations of soluble FITC-FN. (B) Images of assembled FN-biotin on GE11 
cells expressing β1 or β1-3-1; FN (red) and nucleus (blue). Scale bar, 50 µm. (C) Western blot analysis of 
RhoA activity assay on lysates of GE11 cells expressing indicated integrins. Quantification shows relative 
RhoA activation ± SD compared to GEβ1 cells of two independent experiments. (D) Images of GE11 cells 
expressing β1 or β1-3-1 stained for paxillin (green) and F-actin (red). Scale bar, 10 µm.  
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Specificity in the I-like domain controls 
binding of soluble FN, focal adhesion 
distribution, Rho-mediated contractility, 
and FN matrix assembly independent of 
Syndecan-4 
Since ligand-binding is required for α5β1 to 
support a contractile, fibroblast-like morph-
ology and Rho activity (β1[D130A]; Figure 3) 
and since its ability to efficiently bind soluble 
FN dimers appeared to underlie the 
difference between α5β1 and αvβ3 in this 
respect (Figure 5), we analyzed a more 
subtle mutation in the I-like domain that 
participates in ligand binding. Exchanging the 
CTSEQNC hypervariable sequence in the I-
like domain of β1 with the corresponding 
region of β3 has been shown to cause a shift 
in ligand specificity that leads to adhesion to 
vitronectin, von Willebrand factor and 
fibrinogen without affecting adhesion to 
immobilized (stretched) FN (Takagi et al., 
1997). We expressed such a β1-3-1 integrin 
subunit in β1-deficient GE11 cells 
(Supplemental Figure D). Although adhesion 
to immobilized FN was similar, cells 
expressing this chimera displayed strongly 
reduced binding of soluble FN compared to 
cells expressing wild type α5β1 (Figure 6A). 
Importantly, besides causing a marked 
inhibition of FN matrix assembly, this was 
accompanied by a strong reduction in RhoA-
GTP levels and by a random (epithelial-like) 
distribution of focal adhesions (Figure 
6B,C,D). 

Rho-mediated contractility is 
required for FN-fibrillogenesis (Zhang et al., 
1997; Zhong et al., 1998) and RhoA-GTP 
levels and FN matrix assembly correlated for 
all integrin constructs tested by us. High 
RhoA-GTP levels were also associated with 
soluble FN-binding and fibroblast-like 
distribution of focal adhesions. We wondered 
i) if the high levels of RhoA-GTP were up- or 
downstream of soluble FN binding to α5β1 
and the typical fibroblast-like distribution of 
focal adhesions and ii) if FN fibrillogenesis 
couples back to Rho activation in a positive 
feedback loop. To investigate these 
possibilities, binding of soluble FN, FN 
fibrillogenesis, and RhoA activity were 
analyzed in cells expressing α5β1 under 

Figure 7. Soluble FN-binding to α5β1 supports 
Rho GTP-loading independent of ROCK, 
myosin-II activity or FN fibrillogenesis. (A) 
Images of assembled FN-biotin on GEβ1 cells 
treated with inhibitors of ROCK (Y-27632, 10 µM) 
or myosin-II (Blebbistatin, 50 µM) or with DMSO 
(control); fibronectin (red) and nucleus (blue). 
Scale bar, 50 µm. (B) Western blot analysis of 
RhoA activity assay on lysates of GE11 cells 
treated with the indicated inhibitors. Quantification 
shows relative RhoA activation ± SD compared to 
GEβ1 cells of three independent experiments. (C) 
Graph indicates binding of soluble FN-biotin 
(10µg/ml) to GEβ1 cells treated with the indicated 
inhibitors.  
 
conditions where actomyosin contractility 
was blocked using ROCK or Myosin-II 
inhibitors. In the presence of these inhibitors, 
FN-fibrillogenesis was strongly suppressed 
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(ROCK) or even completely blocked (myosin-
II), but binding of soluble FN and RhoA-GTP 
levels were not affected (if anything slightly 
enhanced) (Figure 7). These findings 
suggest that RhoA activity is downstream of 
FN-binding and they argue against a positive 
feedback loop from actomyosin contractility 
or FN-fibrillogenesis back to the regulation of 
Rho activity. Furthermore, the fact that the 
inhibitors ultimately led to disruption of focal 
adhesions (not shown) combined with the 
finding that silencing β1 in MEFs leads to a 
more epithelial distribution of focal adhesions 
(Figure 1F) while in both cases RhoA levels 
remain high, argues against the possibility 
that the fibroblast-like cytoskeletal or-
ganization acts upstream of RhoA. 
It has been reported that the transmembrane 
proteoglycan Syndecan-4 acts in concert with 
integrins to mediate FN matrix assembly 
(Chung and Erickson, 1997) and can 
modulate the formation of cell-matrix 
adhesions and the activities of Rho-
GTPases, including Rac1 (Bass et al., 2007) 
and RhoA (Dovas et al., 2006; Saoncella et 
al., 1999). We investigated if Syndecan-4 
played a role in the support of fibroblast-like 
cytoskeletal organization, Rho activity, or FN 
fibrillogenesis by α5β1. For this purpose, we 
silenced Syndecan-4 expression in GEβ1 
cells using Syndecan-4 specific siRNAs. A 
complete knockdown of surface expression 
of Syndecan-4 was achieved within 48 hrs, 
whereas Syndecan-4 expression was 
unaffected in control siRNA transfected 
GEβ1 cells (Figure 8A). The formation and 
distribution of cell-matrix adhesions and 
organization of the actin cytoskeleton 
remained unaltered in cells without 
Syndecan-4 (Figure 8B). Similarly, FN matrix 
assembly and binding of soluble FN by α5β1 
was still intact in GEβ1 cells lacking 
Syndecan-4 (Figure 8C, D). Finally, α5β1-
supported RhoA activation was also 
unaffected by Syndecan-4 silencing (Figure 
8E) although for this assay cells had to be 
expanded to obtain sufficient lysate resulting 
in incomplete Syndecan-4 downregulation 
(not shown). Notably, a knockdown of 
Syndecan-4 expression levels in GEβ3 cells 
induced a dramatic morphological change, 

and GEβ3 cells lacking Syndecan-4 were 
unable to form their typical flattened circular 
shape but instead formed an irregular cell 
border containing several cytoskeletal 
extensions (Figure 8F,G). These experiments 
indicate that Syndecan-4 can act in concert 
with αvβ3 to regulate cell-matrix adhesion 
distribution when α5β1 is absent but 
Syndecan-4 is not required for cytoskeletal 
organization, focal adhesion formation or 
distribution, Rho activity, or FN matrix 
assembly in the presence of α5β1. 
Taken together, our data demonstrate that 
following the initial drop in RhoA activity 
during cell adhesion, the ability of α5β1 to 
bind compact soluble FN dimers drives the 
typical fibroblast-like distribution of focal 
adhesions and the accumulation of Rho 
activity, which, in turn, stimulates FN 
fibrillogenesis (Figure 9). Interactions of FN 
with αvβ3 or Syndecan-4 are dispensable for 
all these processes. 
 
DISCUSSION 
FN fibrillogenesis requires integrin-mediated 
binding of soluble FN dimers and depends on 
Rho-mediated cytoskeletal contractility to 
stretch integrin-bound FN molecules 
exposing cryptic FN-binding sites (Geiger et 
al., 2001; Mao and Schwarzbauer, 2005; 
Zhong et al., 1998). The α5β1 integrin 
mediates FN matrix assembly with particular 
efficiency although other integrins can 
substitute for α5β1 to some extent 
(Wennerberg et al., 1996; Wu et al., 1996; 
Yang and Hynes, 1996). Our current study 
indicates that α5β1 not only promotes FN 
matrix assembly, but also stimulates the 
contractile, fibroblast-like morphology. The 
ability of α5β1 to efficiently bind compact 
soluble FN dimers appears to drive the 
appropriate redistribution of focal adhesions 
to support this cell shape that is associated 
with increased RhoA activity, which, in turn, 
stimulates FN fibrillogenesis. Such dynamic 
behavior of α5β1 was previously implicated 
directly in FN-fibrillogenesis (Pankov et al., 
2000). Our findings indicate that an 
analogous process underlies the distribution 
of focal adhesions leading to the typical 
contractile cell shape observed in fibroblasts. 
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Figure 8. Syndecan-4 is not required for α5β1 supported RhoA signaling. (A) Flow cytometry analysis 
of endogenous Syndecan-4 surface expression on GEβ1 cells transfected with Syndecan-4 or control 
siRNA. (B) Images of GEβ1 cells transfected with Syndecan-4 or control siRNA stained for paxillin (green), 
F-actin (red) and the nucleus (blue). (C) Flow cytometry analysis of soluble FITC-FN (10 µg/ml) binding to 
GEβ1 cells with or without Syndecan-4 knockdown. (D) Images of assembled FN-biotin on GEβ1 
transfected with Syndecan-4 or control siRNA; FN (red) and nucleus (blue). Scale bar, 50 µm. (E) Western 
blot analysis of RhoA activity assay on lysates of Syndecan-4 knockdown and control GEβ1 cells. (F) Flow 
cytometry analysis of endogenous Syndecan-4 surface expression on GEβ3 cells transfected with 
Syndecan-4 or control siRNA. (G) Images of GEβ3 cells transfected with Syndecan-4 or control siRNA 
stained for paxillin (green) and F-actin (red). 
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Integrins that cannot bind soluble FN 
stimulate cell spreading and focal contact 
formation but these adhesions distribute 
randomly and are connected by short F-actin 
fibers, leading to an overall non-contractile, 
flat, epithelial-like cell shape. These findings 
point to a critical role for α5β1 as an efficient 
mechano-transducer that couples binding of 
soluble FN dimers to a cytoskeletal 
organization that supports the assembly of a 
FN matrix (Figure 9). 
 In agreement with our findings, 
α5β1 has recently been demonstrated to 
support ROCK-mediated contractility in 
fibroblasts (Gaggioli et al., 2007; White et al., 
2007). However, others have shown that 
overexpression of αvβ3 can stimulate RhoA 
activity in leukocytes (Butler et al., 2003) and 
CHO cells (Miao et al., 2002). Notably, these 
cells express endogenous β1 integrins 
making it difficult to compare these studies 
with our own. In addition, multiple different 
cell surface receptors can regulate the 
activity of Rho-GTPases and may contribute 
to the difference between these studies. 
Nevertheless, in our previous studies we 
were unable to observe any stimulation of 
RhoA activity by αvβ3 in the absence of β1 
integrins (Danen et al., 2002; Danen et al., 
2005). In our current study we use Itgb3 KO 
MEFs to demonstrate directly, and to our 
knowledge for the first time, that αvβ3 is 
dispensable for RhoA activation. Wild type 
and β3 null MEFs also display the same 
fibroblast-like cytoskeletal organization. 
Moreover, a strong RNAi-mediated reduction 
in the expression of β1 integrins in MEFs 
produces a cytoskeletal organization that is 
very similar to that in β1-deficient cells 
expressing high levels of αvβ3 (GEβ3). Thus, 
while expression of β1 induces a 
morphological switch that resembles an 
“epithelial-to-mesenchymal transition” in β1 
null cells (Danen 2002), silencing β1 in MEFs 
induces what appears like a “mesenchymal-
to-epithelial transition”. 
 We observe a tight correlation 
between high RhoA-GTP levels and focal 
adhesion dynamics, contractile morphology, 
and FN matrix assembly (Danen 2002, 2005, 
and this study). Experiments using inhibitors  

 
Figure 9. A model for the role of α5β1 in 
reorganization of focal adhesions, contractility, 
cell morphology and FN-matrix assembly. (A) 
Adhesion to immobilized (stretched) RGD-
containing ECM components such as vitronectin 
(VN) or fibronectin (FN) through αvβ3 in the 
absence of α5β1 promotes the formation of 
randomly distributed cell-matrix adhesions leading 
to an epithelial-like, flat, circular morphology. (B) In 
the presence of α5β1, binding of compact soluble 
FN dimers to this integrin promotes the dynamic 
centripetal redistribution of focal adhesions. 
Together with the high activity of RhoA that is 
supported in the presence of α5β1, this allows the 
cytoskeletal organization that drives FN 
fibrillogenesis. 
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argue against a positive feedback loop from 
cytoskeletal organization to RhoA GTP-
loading but we do not know at present how 
the ability of α5β1 to bind soluble FN 
supports the activity of RhoA. Recently, the 
guanine nucleotide exchange factors (GEFs) 
Lsc and LARG were shown to link cell 
adhesion on FN to RhoA GTP-loading and 
focal adhesion and stress fiber formation 
(Dubash et al., 2007). However, the integrins 
tested in our study that do not bind soluble 
FN and do not stimulate RhoA activity do in 
fact efficiently support the formation of focal 
adhesions and short stress fibers. RhoA-
mediated contractility appears to be more 
important for the distribution of focal 
adhesions and orientation of stress fibers. If 
regulation of GEFs and GAPs (GTPase 
activating proteins) is involved, our 
experiments using chimeric integrins indicate 
that obligate interactions of such proteins or 
their regulators with α5β1-specific residues in 
the cytoplasmic domains do not underlie 
α5β1-stimulated RhoA activation. It is 
possible though that binding of soluble FN to 
α5β1 induces conformational alterations 
and/or clustering of the integrin that affects 
the localization and/or activity of such 
regulatory proteins. 
 Syndecan-4 can act in concert with 
integrins to regulate cytoskeletal organization 
during cell adhesion to FN through 
interactions at the HepII domain in FN. Using 
an siRNA approach we rule out that cross-
talk with Syndecan-4 is involved in the 
fibroblast-like cytoskeletal organization, Rho 
activity, and FN matrix assembly that is 
supported by α5β1. Our findings do not seem 
to support the previously reported role of 
Syndecan-4 in stimulation of RhoA-mediated 
processes (Saoncella et al., 1999). However, 
others have recently shown that during 
adhesion to FN, Syndecan-4 is required for 
regulation of Rac1, but not RhoA (Bass et al., 
2007). This might also explain why a 
Syndecan-4 knockdown strongly affected 
cytoskeletal organization in GEβ3 cells in 
which Rac1, but not RhoA, is highly active 
(Danen et al., 2002). 
 FN serves as a ligand for numerous 
integrins that bind to the central cell binding 

domain of FN. Both α5β1 and αvβ3 bind to 
FN through the RGD sequence in the FN 
type III10 repeat, whereas only α5β1 also 
requires an interaction with the synergy site 
located in the adjacent FN type III9 repeat 
(Aota et al., 1994; Bowditch et al., 1994; 
Danen et al., 1995). Although α5β1 and αvβ3 
mediate adhesion of GE11 cells to 
immobilized (stretched) FN with similar 
efficiency (Danen et al., 2002), only α5β1 
efficiently binds compact soluble FN dimers 
(this report). We find that this marked 
difference in FN-binding affinity of the two 
integrins can be explained at least in part by 
the different hypervariable sequences in the 
ligand-binding I-like domain of the β subunits. 
In agreement with Takada and colleagues, 
we observed that replacing this region of β1 
with that of β3 did not affect adhesion to 
immobilized (stretched) FN. However, we 
find that this swap in fact leads to a marked 
reduction in binding soluble FN, implicating 
the hypervariable sequence in the regulation 
of FN binding. 
 It has been demonstrated by others 
that integrins can be locked in low or high 
affinity states by disulfide bonds or glycan 
wedges in the integrin I-like domain. 
However, our findings demonstrate that 
binding to FN is an intriguingly complex 
process: despite the fact that αvβ3 only binds 
to RGD in FN, when it is locked in a high 
affinity state for RGD it fails to bind soluble 
and compact FN dimers. This indicates that 
the RGD sequence in soluble FN is not 
exposed for binding to integrins. 
Conformational changes upon binding of 
α5β1 (but not αvβ3) to the synergy site in FN 
might induce the exposure of the RGD 
sequence. Indeed, the tilt angle of the 
interdomain between FN type III9 and III10 of 
FN was shown to determine accessibility to 
the RGD sequence indicating that integrin-
binding to the synergy site may act as a 
modulator for RGD binding (Altroff et al., 
2004).  
 Of the different FN-binding integrins, 
only deletion of α5β1 leads to a similar, 
although less severe phenotype in mice as 
deletion of FN resulting in mesodermal 
and/or vascular defects causing embryonic 
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lethality (Yang et al., 1993). The phenotype 
of FN[RGE/RGE] mice is identical to that of 
the α5 knockout (Takahashi et al., 2007) 
demonstrating the importance of the 
interaction of α5β1 with the RGD motif in FN. 
However, FN matrix assembly can still occur 
in the absence of α5β1 or the FN RGD motif 
(Takahashi et al., 2007; Yang et al., 1993). In 
vivo and in vitro, αv integrins can 
compensate for the absence of α5β1 or 
RGD, which can involve an interaction of 
αvβ3 with FN type I repeats (Takahashi et 
al., 2007; Yang et al., 1999; Yang and 
Hynes, 1996). On the other hand, 
differentiated α5-deficient CHO-B2 or ES 
cells and β1-deficient GD25 and GE11 cells 
poorly assemble a FN matrix even in the 
presence of overexpressed αv integrins 
((Danen et al., 2002; Zhang et al., 1993) and 
this study). Also, the suppression of FN 
fibrillogenesis observed in many transformed 
cells is often associated with loss or 
inactivation of α5β1 function (Giancotti and 
Ruoslahti, 1990; Plantefaber and Hynes, 
1989). Our findings suggest that even under 

conditions where compensatory mechanisms 
involving αv integrins and/or Syndecans 
support FN matrix assembly in its absence, 
α5β1 may still be required for the typical 
contractile fibroblast cell shape. Such a 
function could explain its crucial role in 
mesoderm development even when FN-
matrices appear intact. The very high 
efficiency with which α5β1 supports Rho-
mediated contractility may also be important 
during processes such as angiogenesis: 
activated endothelial cells induce expression 
of α5β1 and RhoA activity is required for 
angiogenesis to occur (Hoang et al., 2004; 
Kim et al., 2000).  
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Supplemental Figure. (A) Flow cytometry of murine integrin β3 expression on Itgb3 KO and WT MEFs. (B) 
Flow cytometry analysis of human integrin α5 expression on EA5 cells expressing indicated constructs. cIg, 
control immunoglobulin; mAb, monoclonal antibody. (C,D) Flow cytometry of human integrin β1 expression 
on GE11 cells expressing β1, β1[D130A], β1e3t+i or β1-3-1 subunits. MF, mean fluorescence. 
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Increased activity of the proto-oncogene c-Src and elevated levels of integrin αvβ3 are 
found in melanomas and multiple carcinomas. Regulation of c-Src involves ‘‘priming’’ 
through disruption of intramolecular interactions followed by ‘‘activation’’ through 
phosphorylation in the kinase domain. Interactions with overexpressed receptor tyrosine 
kinases or mutations in the SRC gene can induce priming of c-Src in cancer. Here, we 
show that αvβ3 promotes activation of primed c-Src, causing enhanced phosphorylation 
of established Src substrates, survival, proliferation, and tumor growth. The β3 
cytoplasmic tail is required and sufficient for integrin-mediated stimulation of all these 
events through a mechanism that is independent of β3 tyrosine phosphorylation. 
Instead, experiments using Src variants containing the v-Src Src homology 3 (SH3) 
domain and using mutant β3 subunits indicate that a functional interaction of the β3 
cytoplasmic tail with the c-Src SH3 domain is required. These findings delineate a novel 
integrin-controlled oncogenic signaling cascade and suggest that the interaction of αvβ3 
with c-Src may represent a novel target for therapeutic intervention. 
 
INTRODUCTION 
 
Interactions of tumor cells with their 
microenvironment are important for cancer 
development and progression (Bissell and 
Radisky, 2001). Tumor cells connect with the 
extracellular matrix (ECM) through various 
members of the integrin family of adhesion 
receptors and upon malignant transformation 
cells often undergo specific changes in the 
expression levels of integrins. High levels of 
integrin αvβ3 correlate with growth and/or 
progression of melanoma (Albelda et al., 
1990; Hsu et al., 1998), neuroblastoma 
(Gladson et al., 1996) and multiple different 
carcinomas (Chattopadhyay and Chatterjee, 
2001; Liapis et al., 1997; Pignatelli et al., 
1992; Sengupta et al., 2001; Vonlaufen et al., 
2001). Moreover, individuals homozygous for 
the β3L33P polymorphism that enhances the 
affinity of β3 integrins, have an increased risk 
to develop breast cancer, ovarian cancer, 

and melanoma (Bojesen et al., 2003). 
Despite the fact that αvβ3 in the tumor 
vasculature has been identified as a valuable 
drug target, endothelial αvβ3 is dispensable 
for tumorigenesis (Reynolds et al., 2002; 
Taverna et al., 2005). It remains unclear if 
and how increased levels of αvβ3 on tumor 
cells contribute to cancer development. 
 Following ligand binding, integrins 
cluster and organize into multi-protein 
complexes termed cell-matrix adhesions that 
connect to the actin cytoskeleton through a 
variety of cytoskeletal linker proteins. Cell-
matrix adhesions also contain various 
signaling intermediates, including non-
receptor tyrosine kinases such as focal 
adhesion kinase (FAK) and c-Src (Geiger et 
al., 2001). Integrin-mediated adhesion 
stimulates FAK and c-Src activities and, in 
turn, c-Src modulates the stability of cell-
matrix adhesions through phosphorylation of 
several components, including integrin 
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cytoplasmic tails (Arias-Salgado et al., 2003; 
Haimovich et al., 1991; Sakai et al., 2001). In 
addition, the FAK/c-Src complex is involved 
in the transmission of information from the 
ECM into the cell to regulate cellular 
signaling cascades in control of apoptosis 
and proliferation (Danen and Yamada, 2001). 
 In unstimulated cells, c-Src is folded 
into a closed, autoinhibitory conformation. Its 
activation requires dephosphorylation of the 
C-terminal Tyr530 residue (amino acid 
numbering used in this paper is for human c-
Src) to disrupt intramolecular binding of this 
residue to the SH2 domain. A disruption of 
the interaction between the SH3 domain and 
prolines in the linker region further 
contributes to the formation of an unfolded or 
“primed” conformation. Finally, for full 
enzymatic activity, primed c-Src must be 
phosphorylated in its kinase domain at 
residue Tyr419 by transphosphorylation 
(Martin, 2001; Thomas and Brugge, 1997). 
The oncogenic product of Rous sarcoma 
virus, v-Src, is constitutively activated 
through amino acid substitutions in the SH3 
domain and the kinase domain as well as a 
deletion of the regulatory C-terminal tyrosine 
(Jove and Hanafusa, 1987; Martin, 2001). 
While Rous sarcoma virus is avian specific, 
c-Src plays a critical role in cancer 
development (Guy et al., 1994). Indeed, 
levels of c-Src activity are frequently 
increased in human melanoma and 
carcinomas of the breast, colon, and other 
epithelia (Irby and Yeatman, 2000; Ishizawar 
and Parsons, 2004; Niu et al., 2002). It is 
incompletely understood how c-Src activity is 
enhanced in tumors. Increased levels of c-
Src and binding of overexpressed receptor 
tyrosine kinases (RTKs) to the c-Src SH2 
domain may enhance c-Src priming. In 
addition, mutations in the SRC gene 
stabilizing a primed conformation of c-Src 
through truncation of the regulatory C-
terminus, have been detected in colon and 
endometrial cancer though such mutations 
appear to be rare (Daigo et al., 1999; Irby et 
al., 1999; Nilbert and Fernebro, 2000; 
Sugimura et al., 2000). 
 Since i) c-Src selectively mediates 
signaling by β3 integrins (Felsenfeld et al., 

1999), ii) null mutations in the Src or the 
Itgb3 gene give rise to partially overlapping 
abnormalities (McHugh et al., 2000; Soriano 
et al., 1991), and iii) increased expression or 
activity of αvβ3 or c-Src has been associated 
with growth, progression, or poor prognosis 
of the same types of cancer (Albelda et al., 
1990; Chattopadhyay and Chatterjee, 2001; 
Gladson et al., 1996; Hsu et al., 1998; Irby 
and Yeatman, 2000; Ishizawar and Parsons, 
2004; Liapis et al., 1997; Niu et al., 2002; 
Pignatelli et al., 1992; Sengupta et al., 2001; 
Vonlaufen et al., 2001), we hypothesized that 
a functional interaction of αvβ3 with c-Src 
may contribute to cancer development. In 
this report we show that the activity and 
oncogenic potential of primed c-Src is in fact 
subject to a remarkably tight regulation by 
integrin αvβ3. Our findings identify the β3 
cytoplasmic domain as a critical regulator of 
c-Src-mediated oncogenic signaling. 
 
MATERIALS AND METHODS 
 
Cell lines and plasmids 
The HBL100 cell line was obtained from ATCC. 
The β1 integrin-deficient cell lines GD25 and GE11 
were provided by Dr. Reinhard Fässler (Max 
Planck Institute, Martinsried, Germany) and have 
been described previously (Danen et al., 2002; 
Gimond et al., 1999). All cell lines were cultured in 
DMEM supplemented with 10% fetal calf serum, 
penicillin and streptomycin. A Myc tag was added 
at the 3’ end of the cDNA encoding c-SrcY530F (the 
plasmid encoding mouse-chicken c-Src in which 
the C-terminal regulatory Tyr was replaced by Phe 
was purchased from Upstate Biotechnology), an 
HA tag was added at the 3’ end of the cDNA 
encoding mouse c-Src (Upstate Biotechnology), 
and the tagged constructs were cloned into the 
LZRS retroviral vector. Retroviral expression 
plasmids encoding integrin β1 or β3 subunits, 
β1exβ3in and β3exβ1in chimeras, and those encoding 
the extracellular and transmembrance region of the 
non-signaling IL2 receptor (IL2R) α subunit alone 
or fused to the integrin β1 cytoplasmic domain 
were described before (Danen et al., 2002; 
Gimond et al., 1999). To generate the LZRS-
IL2Rβ3 plasmid, the β1 cytoplasmic domain in 
IL2Rβ1 was replaced with the β3 cytoplasmic 
domain. The retroviral expression plasmid 
encoding ts72v-Src (Moissoglu and Gelman, 2003) 
was provided by Dr. Irwin H. Gelman (Roswell 
Park Cancer Institute, Buffalo, NY, USA). The 
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LZRS retroviral construct expressing chimeric 
vSrc/SrcYF was generated by substituting the first 
131 amino acids of SrcYF (containing an N-terminal 
Myc tag) with the same region from ts72v-Src. The 
cDNA encoding human EGFR was provided by Dr. 
Frank Furnari (Ludwig Institute for Cancer 
Research, La Jolla, CA, USA) and cloned into the 
pMSCV retroviral expression plasmid by Ms. 
Sophia Bruggeman (The Netherlands Cancer 
Institute, Amsterdam, The Netherlands). The 
retroviral H-RasG12V expression plasmid (RasGV) 

was provided by Dr. John Collard (The 
Netherlands Cancer Institute, Amsterdam, The 
Netherlands). The β3Y747A, β3Y759A and β3Δ759 
mutants were provided by Dr. Jari Ylänne 
(University of Oulu, Finland) and subcloned into 
the LZRS retroviral vector (Ylanne et al., 1995). All 
cDNAs were transfected into amphotrophic or 
ecotrophic packaging cells to generate virus-
containing culture supernatants that were used for 
retroviral transduction of HBL100, GD25, and 
GE11 cells.  

Figure 1. Integrin αvβ3 supports oncogenic transformation by SrcYF. (A, C) Western blot analysis of 
SrcYF (Myc-tag antibody), total Src (c-Src antibody), and β-actin in lysates of GD25 (A) or GE11 cells (C) 
expressing the indicated constructs. Note that lysates were separated on a 10% polyacrylamide gel in (C), 
allowing the visualization of c-Src and the Myc-tagged SrcYF as separate bands (middle panel), whereas 4-
20% gels were used in all other cases. (B, D) Colony formation and tumorigenicity of GD25 (B) or GE11 
cells (D) expressing SrcYF and β1 or β3 integrins as indicated. Phase-contrast images of soft agar assays 
were taken 14 days after plating; quantification shows average number of colonies larger than 5 cells per 
image ± SEM (standard error of the mean) of at least two independent experiments. The small clusters of 
GDSrcYFβ1 cells (smaller than 5 cells) did not grow out with time. Tumor growth curves show average tumor 
volume ± SEM of 1×106 injected cells; n≥4 for GD25 lines, n=11 for GE11 lines obtained from two 
independent experiments. 
 



Chapter 3 

 - 70 -

Subsequently, SrcYF, c-Src, ts72v-Src, vSrc/SrcYF, 
or RasGV expressing clones were transduced with 
retroviral constructs encoding wild-type, mutant, 
and chimeric integrin subunits or EGFR. Positive 
cells were bulk sorted at least twice by FACS for 
human integrin, IL2Rα, or EGFR surface 
expression.  
 
Antibodies and other materials 
Anti-human β1 monoclonal antibodies were 
TS2/16, clone 18 (BD Transduction Laboratories), 
and K20 (Biomeda). Anti-human β3 monoclonal 
antibodies were C17 (provided by Dr. Ellen van der 
Schoot, Sanquin, Amsterdam, The Netherlands), 
23C6 (provided by Dr. Michael Horton, University 
College London, UK), and SSA6 (provided by Dr. 
Sanford Shattil, University of California San Diego, 
CA, USA). Other monoclonal antibodies were anti-
c-Src (B-12, Santa Cruz), anti-α-tubulin (B-5-1-2, 
Sigma), anti-β-actin (AC-15, Sigma), anti-EGFR 
(Ab-1 clone 528, Calbiochem), anti-Stat3[pY705] 
(3E2, Cell Signalling Technology) and anti-BrdU 
(Bu20a, DAKO). The following rabbit polyclonal 
antibodies were used: anti-Src[pY419] (Biosource), 
anti-c-Src (SRC 2, Santa Cruz), anti-myc (A-14, 
Santa Cruz), anti-HA (GeneTex Inc.), anti-FAK (C-
20, Santa Cruz), anti-FAK[pY925] (Biosource), anti-
human β1 (provided by Dr. Ulrike Mayer, University 
of Manchester, UK), anti-Stat3 (K-15, Santa Cruz), 
anti-human IL2Rα (N-19, Santa Cruz) and 
polyclonal goat anti-human β3 (N-20, Santa Cruz). 
Texas Red-conjugated phalloidin was purchased 
from Molecular Probes. Human plasma fibronectin 
was prepared as described previously (Danen et 
al., 2002). 
 
Flow cytometry, immunofluorescence, and 
Western blot analysis 
These experiments were performed as described 
previously (Danen et al., 2002). 
 
Immunoprecipitations  
For immunoprecipitations cells were lysed for 15 
minutes at 4°C in lysis buffer (1% Nonidet P-40, 50 
mM Tris-HCl (pH7.4), 150 mM NaCl, 1 mM sodium 
vanadate, 0.5 mM sodium fluoride and protease 
inhibitor cocktail (Sigma-Aldrich)). Lysates were 
clarified by centrifugation at 14,000 rpm for 15 
minutes at 4°C and precleared with protein A-
sepharose (Amersham Pharmacia Biotech AB) for 
2 hours at 4°C. Proteins were immunoprecipitated 
o/n at 4°C with antibodies to c-Src (B-12), β1 
(K20), or β3 (SSA6), coupled to protein A-
Sepharose. 
 For in vitro Src kinase assays cells were 
lysed for 15 minutes at 4°C in lysis buffer (0.5% 
Nonidet P-40, 50 mM Tris-HCl (pH7.4), 150 mM 

NaCl, 5 mM MgCl2, 1 mM sodium vanadate, 
protease inhibitor cocktail (Sigma-Aldrich)). 
Lysates were clarified by centrifugation at 14,000 
rpm for 15 minutes at 4°C. SrcYF protein was 
isolated from the clarified lysates by 
immunoprecipation with 5 μg anti-myc antibody for 
two hours at 4°C, and immune complexes were 
collected with protein A-Sepharose. Kinase activity 
of isolated SrcYF protein was determined by use of 
a Src kinase assay kit (Upstate Cell Signaling 
Solutions). 
 
Soft-agar and tumorigenicity assays 
For soft agar assays, six-well plates were first 
coated with 0.6% low melting point (LMP) agarose 
(Roche). Subsequently, 100,000 cells were 
suspended in culture medium containing 0.35% 
LMP agarose and seeded on top of the 0.6% LMP 
agarose layer. For tumorigenicity assays, cells 
were harvested, washed and resuspended in 0.2 
ml sterile PBS per injection. Female 6-weeks-old  
athymic Balb/c mice were then subcutaneously 
injected into the left and right flanks. After cell 
inoculation, tumor volumes were measured using 
calipers at the indicated times. All animal 
experiments were approved by the animal welfare 
committee of the Netherlands Cancer Institute. 
 
TUNEL staining and BrdU incorporation assays 
75,000 cells were plated in culture medium on 
fibronectin coated coverslips and after 4 hours the 
cells were either kept in culture medium or 
switched to serum-free medium for 24 or 48 hours. 
The cells were labeled with 15 μM BrdU (Sigma) 
for 4 hours before fixation in 2% para-
formaldehyde. For BrdU staining, cells 
werepermeabilized in 0.5% Triton X-100, DNA was 
denatured with 2M HCl and neutralized with 0.1M 
sodium borate, and coverslips were labeled with 
anti-BrdU antibody followed by FITC-conjugated 
secondary antibody. For TUNEL staining, cells 
were permeabilized in 0.1% Triton X-100 with 
0.1% sodium citrate in PBS and stained with an in 
situ cell death detection kit (Roche). For both 
procedures, nuclei were visualized with TOPRO-3 
(Molecular Probes) and preparations were 
mounted in MOWIOL 4-88 solution supplemented 
with DABCO (Calbiochem). 
 
RESULTS 
 
Integrin αvβ3 supports primed c-Src-
mediated tumor growth 
A c-Src mutant in which a primed 
conformation is induced by the substitution of 
Tyr530 by Phe (SrcYF) was introduced alone or
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Figure 2. Specific cooperation of αvβ3 and primed c-Src stimulates tumor growth in a cell-
autonomous fashion. (A) Growth curves showing average tumor volume ± SEM of GESrcYFβ3 cells 
lacking (filled circles) or expressing β1 (open squares); n=8 obtained from two independent experiments 
where 1×106 cells were injected. (B) Quantification of integrin expression on cells isolated from 4 tumors of 
a 1:1 mix of 5×105 GESrcYFβ1 and GESrcYFβ3 cells ± SEM. Expression of human β1 (open bars) and human 
β3 integrins (filled bars) was determined by FACS before injection (“input”) or after one month of tumor 
growth (“tumors”). The fact that the percentage of GESrcYFβ1 and GESrcYFβ3 cells does not add up to 100% 
can be explained by the presence of stromal cells (lacking human β1 and β3 integrins). (C) Growth curves 
showing average tumor volume ± SEM of GERasGVβ1 (open squares) and GERasGVβ3 cells (filled circles); 
n≥7 obtained from two independent experiments where 1×106 cells were injected. (D) Average tumor 
volume ± SEM at 33 days post injection of GEβ1 (open bars) and GEβ3 cells (filled bars) containing the 
indicated expression constructs. n≥12 obtained from two independent experiments where 1×106 cells were 
injected. Asterisk indicates significant difference between the mean values (Student’s T test, P<0.01). 
 
in combination with the β3 integrin subunit in 
HBL100, GD25, and GE11 cells. While SrcYF-
transformed HBL100 cells were tumorigenic, 
tumors grew much faster when the surface 
expression levels of αvβ3 were increased 
(Supplementary Figure 1). The cooperation 
between αvβ3 and SrcYF was even more 
striking in GD25 and GE11: while cells 
expressing β1 integrins (GDSrcYFβ1 and 
GESrcYFβ1) were virtually unable to grow in 
soft-agar or form tumors in mice, cells lacking 
β1 integrins but expressing high levels of 

αvβ3 (GDSrcYFβ3 and GESrcYFβ3) were 
highly tumorigenic (Figure 1; Supplementary 
Figure 2A and see (Danen et al., 2002)). 
Expression of β1 integrins in GESrcYFβ3 cells 
did not affect tumor growth indicating that 
αvβ3 supports SrcYF-mediated tumor 
formation, irrespective of the expression of 
β1 integrins (Figure 2A). Moreover, when a 
1:1 mixture of GESrcYFβ1 and GESrcYFβ3 
cells was injected subcutaneously, 
GESrcYFβ3 cells (recognized by an antibody 
directed against human β3) were readily
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Figure 3. The β3 cytoplasmic tail supports SrcYF activation and SrcYF-mediated tumor growth. (A) 
Western blot analysis of p-Stat3(Y705), total Stat3 (α and β isoforms), and tubulin loading control in lysates of 
GEβ1 and GEβ3 cells expressing or lacking SrcYF. Dotted lines in A and B separate different regions from a 
single film placed together. (B) Western blot analysis of p-Src(Y419) and total Src in lysates of GEβ1 and 
GEβ3 cells expressing or lacking SrcYF. (C) Western blot analysis of p-Src(Y419), total Src, p-FAK(Y925), total 
FAK, p-Stat3(Y705), total Stat3 and loading control in lysates of GE11 cells expressing the indicated 
constructs and grown in the absence of serum. Quantification shows mean ± SEM of relative p-Src(Y419), p-
FAK(Y925) and p-Stat3(Y705) levels compared to GESrcYFβ1 in serum-starved cultures of GE11 cells 
expressing the indicated constructs obtained from at least two independent experiments. (D) Activity of 
SrcYF immunoprecipitated from GE11 (--), GESrcYFβ1 or GESrcYFβ3 cells in an in vitro Src kinase assay. (E) 
Growth curves showing average tumor volume ± SEM of GESrcYFβ1ex3in (filled circles) or GESrcYFβ3ex1in 
cells (open squares); n≥8 obtained from two independent experiments where 1×106 cells were injected.  
 
detectable in the resulting tumors whereas 
GESrcYFβ1 cells (recognized by an antibody 
directed against human β1) were virtually 
absent, indicating that αvβ3 supports Src-
mediated tumor formation in a cell-
autonomous fashion (Figure 2B). 
 In contrast to SrcYF, RasGV-mediated 
tumor growth was not affected by the 
expression of αvβ3, indicating that this 
integrin is specifically required for Src-

mediated tumorigenesis (Figure 2C). In 
several human cancers, overexpressed 
and/or activated EGF receptors (EGFRs) can 
stimulate priming of c-Src through (in)direct 
interactions with its SH2 domain (Irby and 
Yeatman, 2000; Thomas and Brugge, 1997). 
We analyzed if αvβ3 can also support c-Src-
mediated tumor growth under such 
conditions. Moderate overexpression of c-Src 
was not sufficient by itself to induce tumor 
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formation even in the presence of αvβ3 
(Figure 2D; Supplementary Figure 2B). 
However, even though tumors grew slow 
compared to those induced by SrcYF, αvβ3 
significantly increased tumor growth when c-
Src and EGFR were co-expressed (Figure 
2D; Supplementary Figure 2C). 
 Together, these findings indicate 
that αvβ3 specifically cooperates with primed 
c-Src in a cell-autonomous fashion to 
stimulate the formation of tumors by 
fibroblasts and epithelial cells. 
 
αvβ3 supports SrcYF-mediated survival, 
proliferation, and tumor formation 
upstream of FAK and Stat3 by enhancing 
SrcYF activation 
The activation of the transcription factor Stat3 
by phosphorylation at Tyr705 is strongly 
enhanced in cells transformed by v-Src 
(Bromberg et al., 1998; Turkson et al., 1998). 
SrcYF only moderately increased Stat3 
activity in the presence of β1 integrins 
whereas phosphorylation was clearly 
enhanced in the presence of αvβ3 (Figure 
3A). This suggested that αvβ3 may enhance 
SrcYF activity, which, like wild-type c-Src, 
requires transphosphorylation of Tyr419 in its 
catalytic domain to acquire full enzymatic 

activity. Indeed, while expression of SrcYF led 
to increased levels of Src[pY419] in the 
presence of either β1 or β3 integrins, 
phosphorylation was much stronger in 
GESrcYFβ3 than in GESrcYFβ1 cells (Figure 
3B). Stimulation of the levels of Src[pY419] 
and of two known Src substrates, FAK[pY925] 
and Stat3[pY705] in the presence of αvβ3 was 
also observed when cells were cultured 
under conditions that may mimic the tumor 
environment (serum-free or non-adherent) 
(Figure 3C and data not shown). On the 
other hand, equal levels of Src activity were 
detected in in vitro Src kinase assays on 
SrcYF immunoprecipitates from GESrcYFβ1 
and GESrcYFβ3 lysates (Figure 3D). These 
data raise the possibility that in vivo 
activation of SrcYF is regulated by αvβ3, 
possibly by enhanced clustering and 
subsequent transphosphorylation in the 
kinase domain. Concentration of SrcYF on the 
beads in the in vitro Src kinase assays might 
result in activation of SrcYF in a similar way.

 
 
 
Figure 4. The β3 cytoplasmic tail supports SrcYF 
signaling to survival and proliferation. (A) 
TUNEL assays on GE11 cells expressing the 
indicated constructs under standard culture 
conditions and after 24 and 48 hours of serum 
starvation. Graph shows mean percentage of 
TUNEL positive cells ± SEM of two independent 
experiments. (B) BrdU incorporation under 
conditions described for (A). Graph shows mean 
percentage of BrdU positive cells ± SEM of three 
independent experiments. Asterisks indicate 
significant difference between the mean values 
(Student’s T test, P<0.05). 
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 To investigate the role of the β3 
cytoplasmic tail in SrcYF activation and 
oncogenic potential, we expressed a 
chimeric integrin subunit consisting of the β3 
extracellular and transmembrane regions 
fused to the β1 cytoplasmic region (β3exβ1in) 
in GESrcYF cells (Supplementary Figure 2A, 
left panel). Unlike wild type β3, β3exβ1in did 
not enhance the levels of Src[pY419], 
Stat3[pY705] and FAK[pY925] (Figure 3C). On 
the other hand, an inverse chimeric β1exβ3in 
integrin subunit, unlike wild type β1, strongly 
increased the degree of phosphorylation of 
Src, Stat3 and FAK (Figure 3C; 
Supplementary Figure 2A, right panel). 
Moreover, surface expression of β1exβ3in 
supported SrcYF-mediated tumor formation 
whereas expression of β3exβ1in did not 
(Figure 3E). 
We next investigated if increased levels of 
αvβ3 promote survival and proliferation of 
SrcYF transformed cells. After 24 and 48 
hours of serum deprivation there were 
significantly fewer TUNEL-positive 
GESrcYFβ3 than GESrcYFβ1 cells (Figure 4A, 
Supplementary Figure 3A, P<0.05 in 
Student’s T test). In agreement with the role 
of the β3 cytoplasmic tail in tumor formation 
induced by SrcYF, the sensitivity to serum 
starvation was suppressed in the presence of 
the β1exβ3in but not the β3exβ1in chimeric 
integrin subunit (P<0.05). Furthermore, 
following serum deprivation the expression of 
β3 or β1exβ3in correlated with high 
proliferation rates whereas a large proportion 
of the cells expressing β1 or β3exβ1in 
underwent cell cycle arrest (P<0.05) (Figure 
4B, Supplementary Figure 3B). 
 From these findings we conclude 
that: i) the primed SrcYF mutant is in fact 
subject to tight regulation in vivo, ii) as part of 
a functional integrin the β3 cytoplasmic tail is 
required and sufficient to support the activity 
of SrcYF under conditions that mimic the 
tumor environment, and iii) the ability of the 
β3 cytoplasmic tail to support SrcYF activation 
is correlated with its ability to support SrcYF-
mediated survival, proliferation, and tumor 
formation. 
 

Functional, spatial, and molecular 
association of the β3 cytoplasmic tail with 
SrcYF 

Having demonstrated that the β3 cytoplasmic 
tail controls the activity and oncogenic 
potential of SrcYF, we asked two questions: is 
SrcYF-mediated phosphorylation of the β3 tail 
involved and can the β3 tail on its own 
support oncogenic signaling by primed Src? 
Both β3Y747A and β3Y759A mutants stimulated 
tumor growth of GESrcYF cells to the same 
extent as wild type β3 indicating that 
recruitment of signaling and adaptor proteins 
such as Shc and Grb2 to phosphorylated 
tyrosine residues in the β3 cytoplasmic tail is 
not required (Figure 5A; Supplementary 
Figure 4A). On the other hand an IL2R fusion 
construct containing the β3 cytoplasmic tail 
did not enhance tumor growth of GESrcYF 
cells compared to IL2R- or IL2Rβ1, indicating 
that the cooperation between the β3 
cytoplasmic tail and SrcYF requires the 
context of a functional integrin (Figure 5B; 
Supplementary Figure 4B). 
 We next investigated if SrcYF formed 
a complex with the β3 subunit but did not 
detect an interaction using co-immuno-
precipitations while an interaction of SrcYF 
with endogenous FAK was readily detectable 
(Figure 5C; Supplementary Figure 4C; data 
not shown). To investigate if a possible weak 
interaction may occur we analyzed the 
subcellular localization of SrcYF and β3 
integrins. Irrespective of the type of integrins 
expressed, SrcYF induced the formation of 
podosomes, adhesive structures that are 
characteristic for Src transformed cells. 
Notably, this indicates that the activity of 
SrcYF in cells lacking high amounts of αvβ3 is 
sufficient to cause morphological, but not 
oncogenic transformation. β1 and β3 
integrins were partially co-localized with 
SrcYF in podosomes (Figure 5D, left and 
middle panels) making it possible that the β3 
cytoplasmic tail locally interacts with SrcYF 
and enhances SrcYF-mediated oncogenic 
signaling. In line with this idea, IL2Rβ3 did 
not co-localize with SrcYF in podosomes, 
which may explain its inability to support 
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Figure 5. Functional and spatial association of the β3 cytoplasmic tail and SrcYF. (A) Growth curves 
showing average tumor volume ± SEM of GESrcYF cells expressing integrin β3 (filled circles), β3Y747A (open 
squares), or β3Y759A (filled squares); n=12 obtained from two independent experiments where 1×106 cells 
were injected. (B) Growth curves showing average tumor volume ± SEM of GESrcYF cells expressing 
integrin β3 (filled circles), IL2R- (filled triangles), IL2Rβ1 (open circles) or IL2Rβ3 (open squares); n≥5 
obtained from at least two independent experiments where 1×106 cells were injected. (C) Western blot 
analysis of the indicated proteins in immunoprecipitations of β3 (upper panel) or β1 integrin (lower panel), or 
in total lysates of GESrcYFβ1 and GESrcYFβ3 cells (WCL; whole cell lysate). (D) Localization of SrcYF (anti-
Myc antibody; green), integrin β1, β3 or IL2Rβ3 (K20, 23C6, anti-IL2Rα antibodies respectively, Texas red) 
in GE11 cells expressing the indicated constructs. Arrows indicate co-localization. Bars, 5 μm. 
 
SrcYF-mediated oncogenic transformation 
(Figure 5D, right panel). 
 The last four amino acids of the 
integrin β3 tail have been reported to mediate 

binding of αIIbβ3 to the SH3 domain of c-Src 
(Arias-Salgado et al., 2003). A similar 
interaction may explain αvβ3-mediated 
control of the oncogenic potential of primed 
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c-Src. Experiments using v-Src, which 
contains multiple mutations in its SH3 
domain (Martin, 2001) showed efficient 
phosphorylation on Tyr419 and colony 
outgrowth in soft-agar irrespective of αvβ3 
expression levels (Figure 6A,B). However, v-
Src also contains activating mutations in its 
kinase domain (Martin, 2001) that may make 
the interaction with the β3 cytoplasmic 
domain redundant. Therefore, we generated 
a v-Src/SrcYF chimera  in which only the N-
terminal region including the SH3 domain 
was derived from v-Src. This construct failed 

to induce oncogenic transformation even in 
the presence of high levels of αvβ3 (Figure 
6C; Supplementary Figure 4D). Moreover, 
expression of a β3Δ759 mutant that lacks the 
four most C-terminal amino-acids required for 
binding the c-Src SH3 domain (Arias-
Salgado et al., 2003) failed to support SrcYF-
mediated tumor formation (Figure 6D). 
 Together, these data support the 
idea that oncogenic activity of primed Src 
variants containing a wild type kinase domain 
depends on SH3-mediated interactions with 
the β3 cytoplasmic domain. 

Figure 6. Cooperation between SrcYF and αvβ3 involves integrin interaction with the Src SH3 domain. 
(A) Western blot analysis of p-Src(Y419), total Src, and actin loading control in lysates of GEβ1 and GEβ3 
cells expressing ts72v-Src at non-permissive (NPT) and permissive temperature (PT). (B) Colony formation 
of GEts72v-Srcβ1 and GEts72v-Srcβ3 cells. Phase-contrast images of soft agar assays were taken 10 days 
after plating at PT; quantification shows average number of colonies larger than 5 cells per image ± SEM of 
two independent experiments. (C) Growth curves showing average tumor volume ± SEM of GE11 cells 
expressing the indicated constructs; n=10 obtained from two independent experiments where 1×106 cells 
were injected. (D) Growth curves showing average tumor volume ± SEM of GESrcYFβ3 (filled circles) or 
GESrcYFβ3�759 cells (open squares); n≥5 obtained from two independent experiments where 1×106 cells 
were injected. 
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DISCUSSION 
 
In human melanomas and carcinomas of the 
breast, colon, pancreas, and other organs 
the activity of c-Src is frequently increased 
compared to that in surrounding tissue (Irby 
and Yeatman, 2000; Ishizawar and Parsons, 
2004; Niu et al., 2002). It is not fully 
understood how high levels of c-Src activity 
contribute to human cancer. The fact that 
activating mutations in the SRC gene appear 
to be rare argues against a role in tumor 
initiation. Increased c-Src activity may 
contribute to invasion and metastasis by 
promoting tumor cell scattering, migration, 
proteolytic activity, and anoikis-resistance 
(Frame, 2004; Summy and Gallick, 2003). 
For colon cancer, increased c-Src activity 
may also contribute to tumor growth (Irby et 
al., 1997), perhaps by stimulating VEGF-
mediated angiogenesis (Ellis et al., 1998). 
Our findings clearly demonstrate that 
elevated c-Src activity promotes tumori-
genicity of immortalized cells where the p53 
and Rb tumor suppressor pathways are 
suppressed, as is almost invariably the case 
in human cancer. We find that elevated c-Src 
activity promotes tumor growth in a cell-
autonomous fashion by stimulating survival 
and proliferation. This may be especially 
important during early stages of cancer 
development. The contribution of elevated 
levels of c-Src activity to tumor growth may 
decrease as tumors progress and acquire 
additional mutations, e.g. those activating 
Ras. 
 The molecular mechanism 
responsible for the increased activity of c-Src 
in human cancers is incompletely 
understood. Overexpression of RTKs has 
been proposed to induce a primed 
conformation of c-Src by disrupting the 
intramolecular binding of the SH2 domain to 
phosphorylated Tyr530 (Irby and Yeatman, 
2000; Thomas and Brugge, 1997). In 
addition, mutations in the C-terminal region 
of the SRC gene that lead to a primed 
conformation of c-Src have been detected in 
a small subset of carcinomas of the colon 
and the endometrium (Irby et al., 1999; 

Sugimura et al., 2000). Whatever the 
mechanism of priming, our findings 
demonstrate that the oncogenic potential of 
primed c-Src can be strongly enhanced by 
integrin αvβ3. The notion that αvβ3 and c-Src 
may cooperate in human cancer is supported 
by a number of reports showing that an 
increase in the expression of αvβ3 is 
associated with growth and/or progression of 
various cancers in which c-Src activity is 
frequently enhanced (Albelda et al., 1990; 
Chattopadhyay and Chatterjee, 2001; 
Gladson et al., 1996; Hsu et al., 1998; Irby 
and Yeatman, 2000; Ishizawar and Parsons, 
2004; Liapis et al., 1997; Niu et al., 2002; 
Pignatelli et al., 1992; Sengupta et al., 2001; 
Vonlaufen et al., 2001). The loss of α5β1 or 
other β1 integrins has also been associated 
with oncogenic transformation and tumor 
growth (Brakebusch et al., 1999; Giancotti 
and Ruoslahti, 1990). We observed that β1-
deficient SrcYF transformed cells were slightly 
more tumorigenic than their β1-expressing 
derivatives (data not shown). However, 
expression of β1 in SrcYFβ3 cells did not 
reduce their tumorigenic capacity, indicating 
that αvβ3 supports oncogenic signaling by 
primed Src irrespective of the expression of 
β1 integrins. The expression of αvβ3 will be 
important for Src-mediated aspects of cancer 
development while αvβ3 may be dispensable 
for those aspects that are driven by 
oncogenic Ras (our findings) or other 
oncogenes such as c-Neu (Taverna et al., 
2005). 
 The interaction between the β3 
cytoplasmic tail and the c-Src SH3 domain 
has been demonstrated by others (Arias-
Salgado et al., 2003) but we were unable to 
detect the interaction of the β3 tail and 
primed c-Src by co-immunopreciption 
(possibly due to the much lower levels of 
expression). Nevertheless, several lines of 
evidence support a model in which this 
interaction controls the oncogenic potential of 
primed c-Src: i) only those integrins and 
integrin chimeras that contain the β3 
cytoplasmic tail promote oncogenic signaling 
by primed c-Src; ii) in contrast to full length 
β3 an IL2R-β3 fusion construct fails to co-
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localize with primed Src in podosomes and 
fails to support tumor growth,  iii) the YRGT 
motif in the β3 cytoplasmic domain that was 
reported to interact with the SH3 domain of c-
Src (Arias-Salgado et al., 2003) is required 
for the functional interaction of αvβ3 with 
primed c-Src; iv) αvβ3 cannot stimulate 
primed c-Src variants containing the SH3 
domain of v-Src despite the fact that both 
SH2- and SH3-mediated autoinhibition is 
prevented. The β3 subunit has a tendency to 
form homo-oligomers and clustering of αvβ3 
in the plane of the membrane may co-cluster 
primed c-Src leading to enhanced activation 
through cross-phosphorylation in the kinase 
domain (Li et al., 2003; Shattil, 2005). 
Indeed, such intermolecular auto-
phosphorylation is considered to be the 
major mechanism underlying c-Src activation 
(Cooper and MacAuley, 1988). In addition to 
clustering, αvβ3 may support conformational 
alterations in the Src protein or recruit 
additional proteins that contribute to 
oncogenic signaling. In this respect, our 
results using Tyr to Ala mutants argue 
against a role for the recruitment of signaling 
or adaptor proteins to the conserved 
NpxY/NxxY motifs in the β3 cytoplasmic tail. 
 In conclusion, a functional 
interaction with the β3 cytoplasmic tail 
augments the activity and oncogenic 
potential of primed c-Src. Phosphorylation of 
FAK and Stat3 are enhanced in the presence 
of αvβ3 but it remains to be investigated if 

these or other downstream pathways 
underlie the synergistic effect of primed c-Src 
and αvβ3 on survival, proliferation, and tumor 
growth. As overexpression of αvβ3 and 
elevated levels of c-Src activity occur in the 
same types of tumors, the interaction of 
these two proteins may be an important 
event in cancer development and/or 
progression. Interfering with their interaction 
might therefore be a valuable therapeutic 
approach in melanomas and carcinomas of 
the breast, colon, and several other tissues. 
Moreover, a combinatorial analysis of the 
levels of integrin αvβ3 and c-Src may be 
useful to predict cancer development and/or 
progression. 
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SUPPLEMENTARY FIGURES 
 

Supplementary Figure 1. (A) FACS analysis of integrin αvβ3 on HBL100SrcYF and HBL100SrcYFβ3 cells 
(cIg, control immunoglobulin; Ab, antibody). (B) Western blot analysis of SrcYF (Myc-tag antibody) and total 
Src (c-Src antibody) in lysates of HBL100 cells containing the indicated expression constructs. (C) Growth 
curves showing tumor volume of 1×106 (upper panel) or 5×106 (lower panel) subcutaneously injected 
HBL100SrcYF (open squares) and HBL100SrcYFβ3 (filled circles) cells. Average tumor volume ± SEM of 4 
injections is shown. 



Chapter 3 

 - 82 -

Supplementary Figure 2. (A) FACS analysis of human β3 (left) and β1 (right) integrins on GE11 cells 
expressing the indicated constructs. (B) Western blot analysis of exogenous c-Src (HA-tag antibody), SrcYF 
(Myc-tag antibody), total Src (c-Src antibody), and β-actin loading control in lysates of GE11 cells 
expressing the indicated constructs. (C) FACS analysis of human EGFR on GE11 cells expressing the 
indicated constructs. 
 

Supplementary Figure 3. Representative images of TUNEL assays (A) and BrdU incorporation (B) in 
GE11 cells expressing the indicated constructs under standard culture conditions and after 24 and 48 hours 
of serum starvation. TUNEL or BrdU positive cells are stained in green; nuclei are visualized with TOPRO-3 
(red). Bars, 50 μm. 
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Supplementary Figure 4. (A) FACS analysis of human β3 integrins on GE11 cells expressing the indicated 
constructs. (B) FACS analysis of human IL2Rα on GE11 cells expressing the indicated constructs. (C) 
Western blot analysis of the indicated proteins in total lysates and SrcYF immunoprecipitations from 
GESrcYFβ1 and GESrcYFβ3 cells (asterisk indicates signal from previous incubation with anti-β3 antibody). 
(D) Western blot analysis of SrcYF and vSrc/SrcYF (Myc-tag antibody), total Src (c-Src antibody), and β-actin 
loading control in lysates of GE11 cells expressing the indicated constructs. 
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Transformation 
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Expression of activated mutants of c-Src in epithelial cells can induce tumorigenicity. In 
addition to such oncogenic transformation, the cells undergo a dramatic morphological 
transformation: cell-cell contacts are disrupted, spreading on extracellular matrix 
proteins is suppressed, actin stress fibers and focal contacts are lost, and podosomes 
are formed. We have previously shown that integrin αvβ3 strongly supports Src-
mediated oncogenic transformation through an interaction at the β3 cytoplasmic tail. Our 
current findings demonstrate that this interaction does not affect Src-mediated 
morphological alterations, thus separating oncogenic from morphological trans-
formation. Moreover, β1 and β3 integrins differently affect the various aspects of Src-
induced morphological transformation. High levels of β3, but not β1, integrins can 
prevent Src-induced cell rounding although stress fiber disassembly and podosome 
formation still occur. Studies using chimeric integrin subunits demonstrate that this 
protection requires the β3 extracellular domain. Finally, like tumor formation, podosome 
assembly occurs independent of β3 phosphorylation. Instead, phosphorylation of β1 is 
required to suppress Rho-mediated contractility in order to assemble podosomes. Thus, 
integrins regulate Src-mediated oncogenic transformation and various aspects of 
morphological transformation through dissociable pathways. 
 
INTRODUCTION 
 
The ubiquitously expressed Src family kinase 
(SFK) c-Src is involved in pro-survival and 
mitogenic signaling cascades (Bromann et 
al., 2004). Activated mutants of Src, including 
the oncogenic product of Rous sarcoma virus 
(v-Src) can induce anchorage- and growth 
factor-independent growth of cell lines in vitro 
and tumor formation in vivo (Irby and 
Yeatman, 2000; Jove and Hanafusa, 1987; 
Martin, 2001). c-Src has been found to play a 
critical role in the development of cancer in 
mice (Guy et al., 1994; Matsumoto et al., 
2003) and expression and/or activity of c-Src 
is frequently increased in human melanoma 
and carcinomas of the breast, colon, and 
other epithelia (Irby and Yeatman, 2000; 
Ishizawar and Parsons, 2004; Niu et al., 
2002). Activation of Ras, PI3K, and Stat3 has 

been implicated in Src-mediated oncogenic 
transformation (Martin, 2001). 

In addition to its role in mitogenic 
signaling, c-Src is a critical regulator of both 
cadherin- and integrin-mediated adhesion 
structures (Frame et al., 2002; Thomas and 
Brugge, 1997). While low levels of c-Src 
kinase activity or kinase-independent 
functions of c-Src can support the formation 
of cell-cell or cell-matrix adhesions (Calautti 
et al., 1998; Kaplan et al., 1995; McLachlan 
et al., 2007), c-Src kinase activation typically 
stimulates the disassembly of these 
structures (Avizienyte et al., 2002; Webb et 
al., 2004). Indeed, expression of activated 
mutants of Src in epithelial cells induces 
scattering, loss of cytoskeletal contractility, 
weak adhesion, cell rounding, and the 
formation of highly dynamic cell-matrix 
adhesions termed podosomes, which are 
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considered to be hotspots for invasion and 
matrix remodeling (Frame et al., 2002; Linder 
and Aepfelbacher, 2003; Yamaguchi et al., 
2005; Yeatman, 2004).  

It is not clear to what extent the 
signaling pathways activated by Src that are 
involved in oncogenic transformation overlap 
with those involved in the morphological 
transformation. Moreover, the different 
aspects of Src-induced morphological 
transformation may be connected (e.g. they 
may all be explained to some extent by loss 
of actomyosin contractility) or may involve 
activation of distinct signaling processes (e.g. 
separable alterations at cell-cell junctions, 
within the cytoskeletal contractility 
machinery, and at cell-matrix adhesions). In 
cell-matrix adhesions, integrins can serve as 
direct phosphorylation substrates of v-Src, 
which suppresses integrin function and 
weakens cell-matrix adhesion. Phos-
phorylation of the cytoplasmic domain of β1 
integrins was shown to be critical for v-Src-
mediated morphological transformation 
(Sakai et al., 2001). Others have found that 
v-Src phosphorylates and reduces the affinity 
of β3, but not of β1 integrins and, instead, an 
indirect mechanism that disrupts β1 integrin-
mediated cell adhesion was proposed (Datta 
et al., 2001; Datta et al., 2002). 

To clarify how different integrins 
regulate the various aspects of Src-mediated 
morphological transformation and how this 
relates to oncogenic transformation, we have 
expressed a c-Src mutant that is consti-
tutively in an open, primed conformation (c-
Src[Y530F]; here referred to as SrcYF) in the 
context of wild type, chimeric, and mutant β1 
and β3 integrin subunits in two independent 
β1-deficient cell lines. While overexpression 
of αvβ3 augments SrcYF-mediated tumor 
growth through an interaction at the β3 
cytoplasmic tail (Huveneers et al., 2007), the 
αvβ3 extracellular domain protects against 
SrcYF-induced cell rounding. Moreover, like 
tumor formation SrcYF-induced podosome 
assembly occurs independent of β3 phos-
phorylation. Instead phosphorylation of β1 is 
required to suppress Rho-mediated 
contractility in order to assemble podosomes. 
Thus, integrins uncouple SrcYF-mediated 

oncogenic transformation and various 
aspects of morphological transformation. 
 
MATERIAL AND METHODS 
 
Cell lines, plasmids, antibodies and other 
materials. 
The β1-deficient GE11 and GD25 cells were 
previously described (Gimond et al., 1999). Cells 
were cultured in DMEM supplemented with 10% 
fetal calf serum and antibiotics. To ensure identical 
expression of SrcYF in all cell lines we first 
generated GESrcYF and GDSrcYF single cell clones 
and subsequently expressed the wild type, mutant, 
and chimeric integrin subunits using retroviral 
transduction and bulk sorting (Huveneers et al., 
2007). Retroviral expression constructs for β1, β3, 
β1ex3in, β3ex1in, β3Y747A, and β3Y759A were described 
(Danen et al., 2002; Huveneers et al., 2007) and 
the LZRS-zeo-β1Y783F,Y795F cDNA was provided by 
Dr. Ed Roos, Netherlands Cancer Institute, 
Amsterdam, The Netherlands. To compare wild 
type β3 and β3YYFF, pcDNA3-β3 (Danen et al., 
1996) and pRC/RSV-β3Y747F,Y759F (provided by Dr. 
Scott Blystone, SUNY Upstate Medical University, 
Syracuse, NY) plasmids were transiently 
transfected in parallel using Effectene (Qiagen) 
and analyzed by immunofluorescence. The 
following integrin specific antibodies have been 
used: anti-human β1 clones TS2/16, 18 (BD 
Transduction Laboratories) and K20 (Biomeda), 
anti-human β3 SSA6 (provided by Dr. Sanford 
Shattil, University of California, San Diego, CA), 
23C6 (provided by Dr. Michael Horton, University 
College London, United Kingdom), C20  and N20 
(Santa Cruz), anti-murine β1 and α5 (clones MB1.2 
and BMA5 respectively; provided by Dr. Bosco 
Chan, Robarts Research Institute, London, 
Canada). Other antibodies were anti-paxillin clone 
349 (BD Transduction Laboratories), anti-RhoA 
clone 26C4 (Santa Cruz), anti-vimentin clone K36 
(provided by Dr. Frans Ramaekers, University of 
Maastricht, the Netherlands), polyclonal anti-myc 
(A-14 Santa Cruz), anti-phospho tyrosine (pY99 
Santa Cruz), and anti-tubulin clone B-5-1-2 
(Sigma). Src-selective inhibitor PP2 and the 
inactive PP3 analogue were purchased from 
Calbiochem. Human plasma fibronectin (FN) was 
prepared as described previously (Danen et al., 
2002). Fluorescein isothiocyanate (FITC; Sigma) 
was conjugated to human plasma FN using borate 
buffer (Na2B4O7 pH 9.3, 40 mM NaCl) to generate 
FITC-FN. 
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Short-term adhesion assays. 
Adhesion assays were performed in 96-well tissue 
culture plates that were coated with 5 µg/ml FN in 
PBS overnight at 4°C, blocked with 2% heat-
denatured BSA for 2 h at 37°C, and washed once 
with PBS. Cells were trypsinized, collected in 
culture medium, washed once with PBS, 
resuspended in DMEM/0.5% BSA, and added to 
the plate at 2x104 cells per well. After 15 min of 
incubation at 37°C unattached cells were removed 
by rinsing the wells with PBS, the remaining 
attached cells were lysed and stained overnight at 
37°C in 3.75 mM p-nitrophenyl N-acetyl-β-D-
glucosamide / 0.05 M sodium citrate / 0.25% Triton 
X-100. Stopbuffer (50 mM Glycine pH 10.4, 5 mM 
EDTA) was added, and the OD405 was determined 
in triplicate wells and related to the OD405 
measured in wells in which all 2x104 cells were 
stained to calculate the percentage of adhered 
cells. 
 
Immunofluorescence and flow cytometry. 
For immunofluorescence, cells were fixed in 4% 
formaldehyde, permeabilized in 0.4% TritonX-100, 
blocked with 2% BSA, and incubated with anti-
paxillin antibody or anti-human β3 (23C6), followed 
by Alexa-488 conjugated secondary antibody, 
rhodamin-phalloidin or TOPRO-3 staining 
(Molecular Probes). Preparations were mounted in 
Poly Aquamount (Polysciences, Inc.) and analyzed 
using a Bio-Rad Radiance 2100 confocal system. 
Images were obtained using a 40x or 60x oil 
objective and imported in Adobe Photoshop. For 
flow cytometry and cell sorting, cells were 
trypsinized, collected in culture medium, washed 
with PBS, and incubated with primary antibodies in 
PBS containing 2% serum for 1 h at 4°C. Cells 
were then washed in PBS, incubated with PE- or 
APC-conjugated secondary antibodies for 1 h at 
4°C, washed in PBS, and analyzed on a 
FACSCalibur or sorted on a FACStar plus® 
(Becton Dickinson).  
 
Rho activity assays. 
Cells were plated overnight to subconfluency 
before lysis in Nonidet P-40 lysis buffer (0.5% 
Nonidet P-40, 50 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 5 mM MgCl2, 10% glycerol, supplemented 
with a protease inhibitor mix (Sigma-Aldrich)), and 
lysates were clarified by centrifugation at 14,000 
rpm for 20 min at 4°C. A 1% aliquot was removed 
for determination of total quantities of RhoA. 
Clarified lysates were then incubated for 45 min at 
4°C with a GST fusion protein of the Rho-binding 
domain of the Rho effector protein Rhotekin. 
Complexes were bound to glutathione-conjugated 
beads, and washed three times in Nonidet P-40 

lysis buffer. The samples were analyzed by SDS-
PAGE and Western blotting. 
 
FN matrix assembly assays. 
To visualize FN matrix assembly cells were plated 
on FN-coated coverslips for 4 h and subsequently 
incubated for an additional 20 h in medium 
containing 10% FN-depleted serum supplemented 
with 10 µg/ml biotinylated FN. Cells were fixed in 
4% formaldehyde, blocked with 2% BSA and 
stained with streptavidin-Texas Red. 
Subsequently, coverslips were permeabilized in 
0.4% TritonX-100 and stained with TOPRO-3. For 
biochemical analysis of FN matrix assembly cells 
were labeled with biotinylated FN as described 
above and lysed in DOC buffer (1% sodium 
deoxycholate (DOC), 20 mM Tris-HCl pH 8.5, 2 
mM N-ethylmaleimide, 2 mM iodoacetic acid, 2 mM 
EDTA and 2 mM PMSF). Lysates were passed 
through a 23 GA needle and DOC-insoluble 
material was collected by centrifugation at 14,000 
rpm for 20 min at 4°C. The pellet was washed 
once with DOC buffer, resolved in reduced sample 
buffer and analyzed by SDS-PAGE and Western 
blotting. 
 
Integrin immunoprecipitations. 
Prior to immuno-precipitation some cells were 
stimulated with 3 mM H2O2 and 1 mM sodium 
orthovanadate for 20 min to maximize 
phosphorylation. Cells were lysed for 15 minutes at 
4°C in lysis buffer (1% Nonidet P-40, 50 mM Tris-
HCl (pH7.4), 150 mM NaCl, 1 mM sodium 
vanadate, 0.5 mM sodium fluoride and protease 
inhibitor cocktail (Sigma-Aldrich)). Lysates were 
clarified by centrifugation at 14,000 rpm for 15 
minutes at 4°C and precleared with protein A-
sepharose (Amersham Pharmacia Biotech AB) for 
2 h at 4°C. Proteins were immunoprecipitated 
overnight at 4°C with antibodies to β1 (K20), or β3 
(SSA6) coupled to protein A-Sepharose. The 
beads were resolved in reduced sample buffer and 
analyzed by SDS-PAGE and Western blotting. 
 
RESULTS 
 
Morphological transformation by SrcYF 
does not require β1 integrins. 
Src activation causes a dramatic change in 
cellular morphology by interfering with 
adhesion and cytoskeletal organization; 
processes in which integrin signaling plays a 
critical role. To investigate the role of β1 
integrins in Src-mediated morphological 
transformation we expressed SrcYF in two 
independent β1-deficient cell lines. As 
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Figure 1. Morphological transformation by 
SrcYF does not require β1 integrins. (A) Phase-
contrast images of integrin β1-deficient GE11 and 
GD25 cells with or without stable expression of 
SrcYF. Cells were cultured on a FN coated 
coverslip for 2 days to allow cell-cell contact 
formation. (B) Immunofluorescent images of GE11 
and GD25 cells that were plated overnight on a FN 
coated coverslip and subsequently stained with 
phalloidin to visualize the F-actin cytoskeleton. 
Podosomes indicated by white arrows are shown 
enlarged in the inset. Scale bar indicates 25 µm, or 
5 µm (inset). 
 
 
described for Src activation in other cell types 
(Frame et al., 2002; Yeatman, 2004), 
expression of SrcYF in GE11 and GD25 cells 
caused disruption of cell-cell contacts and 
cell scattering (Figure 1A). Expression of 
SrcYF also caused a dramatic reorganization 

of the actin cytoskeleton: F-actin bundles and 
ruffles disappeared and instead actin clusters 
were formed that resemble podosomes 
(Figure 1B). Initial adhesion (e.g. 15’) of 
GE11 and GD25 cells to fibronectin (FN) is 
weak (Figure 2A), but at later time points (1h) 
they do fully adhere and spread (Figure 2B). 
Expression of SrcYF interfered with this 
spreading, causing a rounded or fusiform 
phenotype, which was maintained after 
overnight culture (Figure 1B,2B). These 
experiments show that all aspects of SrcYF-
induced morphological transformation can 
occur in β1 null cells, arguing against a 
requirement for β1 integrins per se. 
 
Different aspects of SrcYF-mediated 
morphological transformation can be 
separated – distinct roles for β1 and β3 
integrins. 
Expression of β1 in GE11 and GD25 cells led 
to a strong increase in cell adhesion to FN 
(~70% of the cells attached at 15 min after 
plating) that was suppressed by SrcYF (Figure 
2A). At later times (e.g. 1h after plating) 
GEβ1 and GDβ1 cells had all adhered 
regardless of the absence or presence of 
SrcYF, but in the presence of SrcYF cells 
remained rounded (Figure 2B). In complete 
contrast, overexpression of β3 in the β1 null 
cells led to a similar increase in adhesion and 
spreading to FN as expression of β1 but this 
was only minimally affected by SrcYF (Figure 
2A,B). Notably, after overnight culture 
SrcYFβ1 expressing cells retained a fusiform 
or even rounded shape whereas SrcYFβ3 
expressing cells remained well-spread 
(Figure 4A). This indicates that SrcYF did not 
simply delay β1-integrin-mediated spreading 
but caused a permanent morphological 
alteration that was not seen in the context of 
αvβ3. Finally, expression of β1 in GESrcYFβ3 
cells did not alter the well spread morphology 
of these cells, indicating that αvβ3-mediated 
protection against SrcYF-induced cell 
rounding was dominant (Supplemental 
Figure A,B). 

We have reported that expression of 
β1 integrins in GE11 and GD25 cells 
stimulates Rho-mediated cytoskeletal 
contractility and FN matrix assembly, 
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Figure 2. β3 integrin protects against SrcYF-induced loss of adhesion and spreading. (A) Graphs 
indicate the average percentage ±SD of adherent cells 15 minutes after plating from 2 independent FN 
adhesion assays performed in triplicate wells. Asterisks indicate significant difference between average 
values (t test, P < 0.01). Expression of various constructs is shown at the bottom of the graph. (B) Phase 
contrast images of GE11 and GD25 cells expressing indicated constructs that were plated on a FN coated 
surface for 1 h. 
 
whereas overexpression of β3 in β1 null cells 
is unable to do so (Danen et al., 2002). We 
wondered if higher levels of Rho-mediated 
cytoskeletal contractility could also explain 
the inhibition of cell spreading in the SrcYF- 
transformed cells expressing β1 integrins. 
However, in the presence of SrcYF, RhoA-
GTP levels in β1 expressing cells were 
dramatically suppressed to levels that were 
comparable to those in cells lacking β1 
(Figure 3A). Moreover, FN matrix assembly, 
a process that requires Rho-mediated 
contractility, was strongly reduced upon 
introduction of SrcYF (Figure 3B,C). 

Subsequently, we investigated 
whether β1 and β3 integrins affected SrcYF-
mediated podosome assembly. Despite the 
marked different sensitivities of β1- and β3-
mediated adhesion and spreading to 
suppression by SrcYF (Figure 2), loss of F-
actin stress fibers and conversion of focal 
adhesions into podosomes was seen in each 
case (Figure 4A). Podosomes of SrcYFβ1 
cells were often consistent of F-actin dots 
that were tightly sealed together, whereas 
more dispersed, individual, small F-actin dots 
were present in SrcYFβ3 cells, which may be 
explained by increased cell spreading (see 
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Figure 3. SrcYF suppresses RhoA activation and 
FN matrix assembly (A) Western blot analysis of 
RhoA activity assay on lysates of GE11 cells 
expressing indicated constructs. (B) Western blot 
analysis of assembled FN-biotin and vimentin 
(loading control) in DOC insoluble lysates of GE11 
cells expressing indicated constructs. (C) Images 
of assembled FN-biotin on GE11 cells expressing 
indicated constructs. TOPRO staining was used to 
visualize nuclei, scale bar indicates 25 µm. 
 
 
insets Figure 4A). The podosomes that were 
formed in each of the SrcYF-transformed cell 
types were dependent on SrcYF kinase 
activity, because treatment with the Src-

selective kinase inhibitor PP2 led to their 
disassembly (Figure 4B,C). 

Taken together, these results 
demonstrate that i) high levels of β3, but not 
β1 integrins protect SrcYF transformed cells 
from rounding up and ii) two typical aspects 
of SrcYF-induced morphological trans-
formation; cell rounding and podosome 
formation, are distinct processes and are 
differently affected by the integrin expression 
profile. 
 
SrcYF-induced podosomes are proteo-
lytically active irrespective of the integrin 
type. 
Formation of podosomes is a morphological 
hallmark of Src-transformation and these 
adhesions are thought to be hotspots for 
invasion and proteolytic remodeling of the 
extracellular matrix (Linder and 
Aepfelbacher, 2003; Yamaguchi et al., 2005). 
We next tested if the integrin expression 
profile affected the proteolytic activity of 
these podosomes. No matrix degradation 
was observed to be associated with focal 
contacts in GEβ1 and GEβ3 cells in the 
absence of SrcYF when plated on immobilized 
FITC-labeled FN (Figure 5). By contrast, 
podosomes formed in GESrcYFβ1 and 
GESrcYFβ3 cells were both able to degrade 
FITC-FN. Proteolytic activity was often 
evident at sites outside cell borders, 
indicating that cells had moved along these 
sites (see arrowheads in Figure 5). Thus, 
podosomes in SrcYF-transformed cells are 
proteolytically active, irrespective of the 
integrin composition. 
 
Oncogenic and morphological trans-
formation are separated by distinct 
integrin domains. 
We have previously shown that αvβ3 strongly 
supports SrcYF-mediated tumorigenesis 
through an interaction between the β3 
cytoplasmic domain and the Src SH3 domain 
(Huveneers et al., 2007). We examined if this 
was related to the capacity of αvβ3 to protect 
cells against SrcYF-induced rounding (Figure 
2,4). Therefore, we expressed a chimeric 
β1ex3in subunit, consisting of a β1 
extracellular and transmembrane region 
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Figure 4. SrcYF-induced podosome formation in cells expressing either β1 or β3 integrins. (A) 
Immunofluorescent images of GE11 and GD25 cells expressing indicated constructs, plated overnight on 
FN coated coverslips, stained with phalloidin. Scale bar indicates 25 µm. Inset shows enlargements of the 
regions indicated by dotted squares. Scale bar indicates 25 µm, or 5 µm (inset). (B) Immunofluorescent 
images of GE11 and GD25 cells expressing indicated constructs stained with phalloidin. Before fixation 
adherent cells were treated with 10 µM PP2 or PP3 (control) for 6 h in complete culture medium. Scale bar 
indicates 25 µm. (C) Graph shows a quantification of the percentage of podosome-containing cells in at 
least 5 different fields of two independent experiments as in B. Asterisks indicate significant difference 
between average values (t test, P < 0.01). 
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Figure 5. SrcYF-induced podosomes are proteolytically active irrespective of the integrin type. (A) 
Immunofluorescent images of indicated GE11 cells that were plated overnight on coverslips coated with 
FITC-labelled FN and stained for paxillin (red). Arrows indicate spots were degradation of FITC-FN 
occurred. Dotted squares indicate regions that are zoomed in and depicted in the right panel. Scale bars 
indicate 25 µm, or 10 µm (Zoom). 
 
fused to the cytoplasmic tail of β3, or an 
inverse β3ex1in integrin in GESrcYF cells 
(Supplemental Figure C). Using these 
chimeric integrins we demonstrated that the 
β3 cytoplasmic domain was required and 
sufficient for the stimulation of SrcYF-
mediated tumor growth (Figure 6C left graph 
and (Huveneers et al., 2007)). In complete 
contrast, αvβ3-mediated protection against 
SrcYF-induced cell rounding required the β3 
extracellular domain: β3ex1in failed to support 
tumor growth but effectively rescued short 
term cell adhesion and subsequent 
spreading while the opposite was the case 
for a β1ex3in chimera (Figure 6A,C). Like 
adhesion and spreading, the appearance of 
podosomes was unaffected by the integrin 
cytoplasmic tail swap: podosomes in the 
presence of β1ex3in resembled those of β1 
expressing cells and were often sealed 
together, whereas podosomes of β3ex1in 
expressing cells were comparable to those 
expressing β3, consisting mainly of dispersed 
small F-actin dots (Figure 6B). 

These results demonstrate that i) 
high levels of αvβ3 support SrcYF-mediated 

tumor formation and protect against SrcYF-
induced loss of adhesion and spreading 
through distinct mechanisms and ii) SrcYF-
mediated oncogenic and morphological 
transformation can be separated. 
 
Podosome formation requires SrcYF-
mediated phosphorylation of the β1 
cytoplasmic tail to suppress cytoskeletal 
contractility. 
Integrin cytoplasmic tails serve as direct 
phosphorylation substrates of v-Src, which 
impairs their adhesive function (Datta et al., 
2002; Sakai et al., 2001). Analysis of 
immunoprecipitated integrin β subunits 
demonstrated that β1 and β3 can both be 
tyrosine phosphorylated by SrcYF (Figure 7A) 
although phosphorylation was very low 
compared to maximal levels reached with 
pervanadate (Figure 7B). Using single 
tyrosine point mutants we have found that 
phosphorylation of either of the 2 tyrosines in 
the β3 cytoplasmic tail is not required for 
αvβ3-mediated support of tumor growth 
(Huveneers et al., 2007). We observed that 
these mutations also did not affect 
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Figure 6. Oncogenic and morphological 
transformation are separated by distinct 
integrin domains. (A) Phase contrast images of 
GE11 cells expressing indicated constructs that 
were plated on a FN coated surface for 1 h to 
visualize spreading. (B) Immunofluorescent images 
of GE11 cells expressing indicated constructs that 
were plated overnight on FN coated coverslips and 
stained with phalloidin. Scale bar indicates 25 µm, 
or 5 µm (inset). (C) Left graph illustrates average 
tumor volume ±SD from the indicated number of 
tumors of at least two independent experiments at 
20 days post subcutaneous injection of cells 
expressing indicated constructs; right graph shows 
average percentage ±SD of adherent cells 15 
minutes after plating from 3 independent FN 
adhesion assays performed in triplicate wells. 
Please note that the percentage of adhesion of 
GESrcYFβ1 and GESrcYFβ3 cells was already 
presented in figure 2A and is shown here for direct 
comparison with cells expressing chimeric 
integrins. Asterisks indicate significant difference 
between average values (t test, P < 0.01). 
 
 
morphological transformation by SrcYF (data 
not shown). Moreover, expression of a non-
phosphorylatable β3Y747F,Y759F (β3YYFF) 
subunit did not change SrcYF-mediated 
morphological transformation when 

compared to wild type β3: actin stress fibers 
were absent and podosomes were formed in 
the presence of SrcYF and β3YYFF (Figure 
7C). By contrast, in cells expressing β1, 
integrin phosphorylation was crucial for 
SrcYF-mediated morphological trans-
formation. When a non-phosphorylatable 
β1Y783F,Y795F (β1YYFF) subunit was expressed 
in GESrcYF and GDSrcYF cells (Supplemental 
Figure D,E), SrcYF-induced podosome 
formation was completely abolished (Figure 
7D,E,F). Instead of podosomes that were 
formed in SrcYFβ1 cells, F-actin stress fibers 
and focal contacts were restored in 
SrcYFβ1YYFF cells and eventually these cells 
became considerably more spread. These 
results indicate that phosphorylation of β1 but 
not β3 cytoplasmic tails is important for 
SrcYF-mediated morphological trans-
formation. Most likely, phosphorylation is 
required to suppress Rho-mediated 
cytoskeletal contractility that is promoted by 
β1 but not by β3 integrins and would interfere 
with podosome formation (Figure 3). 
 
DISCUSSION 
 
In summary (see Figure 8), we show that (i) 
Src-mediated oncogenic and morphological 
transformation are distinct processes; (ii) 
podosome formation and cell rounding are 
independent aspects of Src-mediated 
morphological transformation (e.g. all cells 
expressing high levels of integrin subunits 
containing β3 extracellular domain contain 
podosomes but remain well spread); (iii) 
αvβ3 supports SrcYF-mediated tumor 
formation and protects against SrcYF-induced 
loss of adhesion and spreading through 
distinct mechanisms (e.g. experiments using 
β1ex3in and β3ex1in chimeras indicate that the 
β3 cytoplasmic domain supports Src-
mediated tumor growth whereas the β3 
extracellular domain protects against Src-
induced cell rounding); and (iv) Src-induced 
podosome assembly in the presence of β1 
requires phosphorylation of the integrin 
cytoplasmic domain to reduce cytoskeletal 
contractility (e.g. β1YYFF). In the absence of 
β1 integrins, β3 does not promote Rho-
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Figure 7. Effect of phosphorylation of β1 and β3 integrins by SrcYF. (A) Western blot analysis of 
tyrosine phosphorylated or total amounts of immunoprecipitated β1 (left) or β3 (right) integrins from GE11 
cells expressing indicated constructs (B) Western blot analysis of tyrosine phosphorylated or total amounts 
of immunoprecipitated β1 (left) or β3 (right) integrins from GE11 cells expressing indicated constructs. Prior 
to lysis, cells were left untreated or stimulated with pervanadate for 15 minutes. (C) Immunofluorescent 
images of GESrcYF cells transiently transfected with human β3 or β3YYFF cDNAs. Cells were stained for 
human β3 integrin (green) and phalloidin (red), arrows indicate transfected cells. (D) Immunofluorescent 
images of GE11 and GD25 cells stably expressing indicated β1 constructs stained with phalloidin (red) and 
paxillin (green) at different time points of spreading on FN.  (E) Higher magnifications of the 1h and 
overnight time points of D are depicted. Scale bar indicates 25 µm. (F) Graph shows a quantification of the 
percentage of podosome-containing cells after overnight spreading in at least 5 different fields of two 
independent experiments as in D. Asterisks indicate significant difference between average values (t test, P 
< 0.01). 
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mediated cytoskeletal contractility (Danen et 
al., 2002), and podosomes can be formed 
without Src-mediated phosphorylation of 
integrin tails (e.g. β3YYFF).  

Disruption of cytoskeletal con-
tractility is one of the key events during Src-
induced morphological transformation, which 
enables reorganization of the actin 
cytoskeleton in order to assemble 
podosomes. Relaxation of the actin 
cytoskeleton requires inactivation of RhoA, 
and indeed expression of constitutive 
activate RhoA suppresses loss of stress 
fibers and podosome formation induced by v-
Src (Fincham et al., 1999). On the other 
hand, complete inhibition of RhoA also 
perturbs podosomes, indicating that local 
RhoA activity might still be required 
(Berdeaux et al., 2004). We find that SrcYF 
inhibits the ability of β1-integrins to support 
RhoA-mediated contractility. The kinase 
activity of SrcYF is required for podosome 
formation in SrcYFβ1 and SrcYFβ3 expressing 
cells and SrcYF phosphorylates β1 and β3 
cytoplasmic domains. However, phos-
phorylation of β1, but not β3 is important for 
SrcYF-mediated morphological trans-
formation. In line with a previous report 
(Sakai et al., 1998), mutation of the tyrosines 
in the β1 cytoplasmic tail restored focal 
adhesions and cell spreading. Our findings 
suggest that this is due to restored 
cytoskeletal contractility that prevents the 
transformation from focal contacts to 
podosomes in presence of SrcYF. Indeed, 
overexpression of αvβ3 fails to promote Rho-
mediated cytoskeletal contractility in β1-null 
cells (Danen et al., 2002) explaining why 
corresponding mutations in the β3 subunit do 
not affect Src-mediated morphological 
transformation. Notably, in osteosarcoma 
cells phosphorylation of β3 by v-Src reduces 
the binding strength of αvβ3 to FN (Datta et 
al., 2002). In our studies, αvβ3-mediated 
adhesion to FN was not affected by the 
expression of SrcYF which may be related to 
differences between v-Src (which contains 
multiple additional mutations) and SrcYF 
(which may closely resemble c-Src in human 
cancer cells where its interaction with 

overexpressed receptor tyrosine kinases or 
mutations in the C-terminus can lead to 
enhanced priming) or to the moderate SrcYF 
expression and integrin phosphorylation 
levels that we reach in GE11 and GD25 cells. 
Nevertheless, these levels are sufficient to 
cause all the aspects of morphological 
transformation and lead to rounding of β1 
expressing cells. 

Our study dissociates SrcYF-
mediated oncogenic- from morphological 
transformation and shows that different 
aspects of morphological transformation (e.g. 
podosome formation and cell rounding) 
involve separable, independent pathways. 
These findings are corroborated by studies 
where mitogenic activity, morphological 
alterations, and anchorage independency of 
cells expressing mutants of v-Src was 
compared. It was shown that the amino-
terminal domain of v-Src is important for 
determining cell morphology, whereas the 
kinase domain is essential for all three 
parameters (Jove et al., 1986). Also, when 
expressed at very low levels in MDCK cells, 
v-Src elicited disruption of zonula 
adherences, which was dissociable from 
oncogenic transformation, as determined by 
anchorage-independent growth capacity and 
proliferation (Warren and Nelson, 1987). 
Attempts to transform c-myc-deficient 
fibroblasts with v-Src, resulted in 
morphological transformation, but failed to 
induce DNA synthesis and proliferation 
(Prathapam et al., 2006). All together, these 
studies show that signaling downstream of 
Src can occur through multiple independent 
pathways. Our current work indicates that the 
integrin expression profile differentially 
modulates all these aspects of Src-
transformation.  

In human cancer increased 
expression and activity of c-Src contributes to 
tumor development through stimulation of 
mitogenic signaling pathways in which c-Src 
normally plays a regulatory role (Brown and 
Cooper, 1996; Thomas and Brugge, 1997). 
In addition, reorganization of the actin 
cytoskeleton, cell-cell, and cell-matrix 
adhesions upon Src activation may 
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contribute to tumor invasion and metastasis 
(Frame et al., 2002; Irby and Yeatman, 
2000). Interestingly, changes in the 
expression profile of integrins often occur 
with tumor formation and during later steps of 
tumor progression. Increased expression 
levels of αvβ3 are associated with growth 
and progression of various cancers 
(Mizejewski, 1999). For example, high levels 
of αvβ3 promote the conversion from radial 
to vertical growth fase in human melanoma 
(Albelda et al., 1990; Hsu et al., 1998), a 
cancer type where c-Src activity is frequently 
increased (Irby and Yeatman, 2000). Our 
findings suggest that such changes in 
integrin expression can have a dramatic 

impact on Src-mediated effects on growth 
and/or invasion of tumors. Cooperation 
between integrin αvβ3 and c-Src may be 
important for tumor growth, whereas shifts in 
the relative expression of β1 and β3 integrins 
might be important to control tumor cell 
adhesion and spreading during cancer 
progression. 
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Figure 8. Cross-talk between SrcYF signaling 
and integrins. (A) Overview of the different 
morphological and oncogenic properties of cells 
expressing SrcYF and the indicated integrin 
subunits used in this study and previous work 
(Huveneers et al., 2007). (B) Model illustrating 
how integrins modulate three separable apects 
of Src-transformation: tumor growth, podosome 
formation, and cell rounding. There is cross-talk 
of integrins with Src signaling through different 
mechanisms: a functional interaction of the β3 
cytoplasmic domain with the Src SH3 domain 
supports tumor growth through activation of 
SrcYF, Stat3, FAK and increased proliferation 
and survival (Huveneers et al., 2007), whereas 
the extracellular domain of β3 protects against 
Src-induced cell rounding. Src-induced podo-
some formation occurs independent of the 
expression of either β1 or β3 integrins, but the 
β1 cytoplasmic tail must be phosphorylated by 
SrcYF to inhibit Rho-mediated cytoskeletal 
contractility that is promoted by α5β1 (Danen et 
al., 2002), which is a prerequisite for podosome 
assembly. 
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SUPPLEMENTARY FIGURE 
 

 
 
Supplementary Figure. (A) Phase contrast images of GE11 cells expressing indicated constructs that were 
plated on a FN coated surface for 1 h to visualize spreading. (B) Immunofluorescent images of GE11 cells 
expressing indicated constructs that were plated overnight on FN coated coverslips and stained with 
phalloidin. Scale bar indicates 25 µm. (C) Western blot analysis of integrin β1, integrin β3, Myc-tagged SrcYF 
and tubulin (loading control) of lysates from GE11 expressing indicated constructs. For FACS analysis of 
surface expression of these constructs see reference (Huveneers et al., 2007). (D) Western blot analysis of 
integrin β1, Myc-tagged SrcYF and and β-actin (loading control) of lysates from GE11 and GD25 cells 
expressing indicated constructs. (E) FACS analysis of human integrin β1 (TS2/16), murine integrin β1 
(mB1.2) and integrin α5 (BMA5) expression on GE11 and GD25. 
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Chemotherapy often relies on cancer cell death resulting from DNA-damage. The p53 
tumor suppressor pathway that is an important player in DNA-damage response is 
frequently inactivated in cancer. Genotoxicants also activate DNA-damage-independent 
stress pathways and activity of oncogenic signaling and adhesive interactions with the 
cancer microenvironment can have a strong impact on chemosensitivity. Here, we have 
investigated how two different oncogenes modulate the response to genotoxicants in the 
context of two classes of integrin adhesion receptors. Epithelial cells expressing either 
β1 or β3 integrins, in which p53 activity is suppressed, undergo G2 arrest but show very 
little apoptosis following treatment with cisplatin and several other genotoxicants. The 
apoptotic response is strongly enhanced by the c-Src[Y530F] oncogene in cells 
expressing β1 integrins. However, when these cells are engineered to express β3 
integrins instead, no such sensitization occurs. The H-Ras[G12V] oncogene fails to 
sensitize, regardless of the integrin expression profile. The enhanced sensitivity induced 
by c-Src[Y530F] in the context of β1 integrins is p53-independent, but instead, occurs 
through increased endoplasmic-reticulum-stress and caspase-3 activation. Our data 
implicate that the expression profiles of oncogenes and integrins strongly affect the 
response to chemotherapeutics and may thus determine the efficacy of chemotherapy.

INTRODUCTION 
Most chemotherapeutic treatments rely on 
cancer cell death in response to DNA-
damage, although many genotoxic 
compounds also activate stress pathways 
independent of DNA-damage, for instance by 
inducing reactive oxygen species or binding 
to proteins within cells. Normally, the 
induction of DNA-damage by genotoxic 
agents triggers apoptosis initiated by DNA 
checkpoint proteins such as ATM, ATR and 
p53 (Roos and Kaina, 2006). However, the 
vast majority of cancers harbor (epi)genetic 
changes that inactivate the Rb and p53 
tumor suppressor pathways. Loss of p53 
may suppress the apoptotic response to 
DNA-damage and cause resistance to 
therapy. Conversely, accelerated cell cycle 

progression and compromised repair in the 
absence of Rb and p53 may lead to 
accumulation of DNA damage, causing 
sensitization to therapy. The final outcome of 
treatment with genotoxicants will also be 
determined to a large extent by other 
oncogenic pathways present in the tumor 
cells as well as by interactions with the 
cancer microenvironment. 

The cancer microenvironment, 
including the extracellular matrix (ECM), is 
known to critically modulate the apoptotic 
response to treatment with genotoxic 
compounds (Bissell and Radisky, 2001; 
Morin, 2003). For instance, ovarian cancer 
cells were shown to be able to remodel the 
ECM thereby favoring survival in the 
presence of the genotoxic compound 
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cisplatin (Sherman-Baust et al., 2003). Also, 
increased deposition of the ECM proteins 
fibronectin, collagen IV, and laminin was 
shown to confer resistance of small cell lung 
cancer to chemotherapeutic agents (Sethi et 
al., 1999). (Cancer) cells interact with the 
ECM through a family of receptors called 
integrins. These heterodimeric 
transmembrane receptors couple the ECM 
microenvironment to the cytoskeleton and 
are able to recruit multiple adaptor and 
signaling proteins to sites of adhesion 
(Hynes, 2002). Besides their essential role in 
cell adhesion, integrins are important for 
providing survival and proliferative signals 
through extensive cross-talk with growth 
factor receptors (Yamada and Even-Ram, 
2002). 

Changes in integrin expression 
levels are frequently associated with tumor 
growth and progression (Mizejewski, 1999), 
and it has been suggested that the tumor 
microenvironment directly modulates integrin 
signaling thereby promoting malignancy 
(Paszek et al., 2005). Interestingly, changes 
in expression levels of certain integrins have 
also been reported to either promote or 
reduce sensitivity to genotoxic compounds 
(Cordes, 2006). Indeed, drugs targeting 
integrin function are considered promising 
adjuvants to sensitize tumor cells to 
chemotherapeutics (Damiano, 2002; 
Huveneers et al., 2007a). However, it 
remains largely unclear how such 
perturbations modulate drug sensitivity and 
how the pattern of mutations in tumor 
suppressors and oncogenes modulates 
these effects. 

To address these issues, we made 
use of a panel of cell lines derived from 
poorly adhesive, integrin β1 KO cells that 
were immortalized using SV40 Large T 
(inactivation of p53 and Rb pathways). In the 
absence or presence of oncogenes 
(activated H-Ras or c-Src) we restored 
adhesion by either re-expressing β1 or by 
enhancing β3 expression to compensate for 
the absence of β1. When this panel of cell 
lines was subjected to treatment with a 
variety of DNA-damaging and non-DNA-
damaging cytotoxicants, the apoptotic 

response to these compounds revealed a 
remarkably strong dependency on both the 
oncogene and the integrin profile. Our data 
indicate that activated c-Src but not H-Ras 
sensitizes cells to p53-independent, caspase 
3-dependent, endoplasmic reticulum (ER) 
stress-related apoptosis only in the context of 
β1 integrins. These results delineate a novel 
oncogene- and integrin-controlled signaling 
pathway that determines (cancer) cell 
sensitivity to chemotherapeutic agents. 
 
MATERIAL AND METHODS 
 
Cell lines, plasmids, antibodies and 
compounds 
The β1-deficient GE11 cells were previously 
described (Gimond et al., 1999). Cells were 
cultured in Dulbecco’s modified Eagle’s medium 
supplemented with 10% fetal calf serum and 
antibiotics. LZRS bicistronic retroviral expression 
plasmids encoding SrcYF, RasGV, human integrin 
β1 and β3 were described before (Danen et al., 
2002; Huveneers et al., 2007b). To ensure 
identical expression of SrcYF (c-Src[Y530F]) or 
RasGV (H-RasG12V]) in cell lines, we first 
generated GESrcYF and GERasGV single cell 
clones and subsequently expressed β1 or β3 
integrin subunits using retroviral transduction and 
bulk sorting by FACS. 
 The following antibodies were used: 
mouse monoclonal anti-p53 (Pab240, Santa Cruz 
Biotechnology) and anti-α-tubulin (DM1A, Sigma); 
rabbit polyclonal anti-p21 (C-19, Santa Cruz 
Biotechnology), anti-phospho-p53 (Ser15, Cell 
Signaling), anti-caspase-3 (Cell Signaling), and 
anti-phospho-eIF2α (Ser51, Cell Signaling). 
Cisplatin, etoposide, menadione, mitomycin C, and 
thapsigargin were all purchased from Sigma. 
Salubrinal came from Calbiochem, vincristine from 
TEVA Pharmachemie, and z-Val-Ala-DL-Asp-
fluoromethylketone (z-VAD-fmk) from Bachem. S-
(1,2-dichlorovinyl)-L-cysteine (DCVC) was 
synthesized as previously described (Hayden and 
Stevens, 1990). Compounds were diluted in 
complete medium and supplied to the cells as 
indicated in the text. 
 
siRNA transfections 
Cells were plated at approximately 40% confluency 
and were transfected the following day using 
DharmaFECT 1 reagent and a final concentration 
of 50 nM of p53 SMARTpool siRNA (M-040642-00) 
or siCONTROL non-targeting siRNA#2 (D-001210-
02) purchased from Dharmacon. 24 hours post-
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Figure 1. β1 integrins sensitize cells to DNA-damaging compounds in presence of the Src oncogene. 
(A) Graphs indicate the percentage of GE11 cell types in G1/G0, S or G2/M phase of the cell cycle after 
treatment with DNA-damaging compounds. Ectopic expression of integrin β1, integrin β3, c-Src[Y530F] or 
Ras[G12V] is indicated. Treatments were performed during 8 hours in complete culture medium supplied 
with cisplatin (5 µM), mitomycin C (1 µM) or etoposide (10 µM). Control indicates treatment with DMSO. Cell 
cycle was determined by flow cytometry analysis of DNA content. (B) Graphs indicate the percentage of 
apoptosis of GE11 cell types induced by DNA-damaging compounds. Treatments were performed during 8, 
16 or 24 hours in complete culture medium supplied with DNA-damaging compounds used at  different 
concentrations: cisplatin (5, 10, 20 µM; indicated by +, ++, +++, respectively), mitomycin C (1, 5, 10 µg/ml), 
or etoposide (10, 20, 40 µM). Apoptosis was determined by flow cytometry analysis of DNA content.  
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transfection, cells were replated and used for 
subsequent experiments.  
 
Cell cycle analysis and apoptosis assay 
Floating and trypsinized adherent cells were 
pooled and fixed in 80% ethanol overnight at -
20oC. Cell pellets were subsequently washed with 
PBS-EDTA (1 mM) twice, resuspended in PBS-
EDTA containing 7.5 µM propidium iodide and 40 
µg/ml RNase A. After 45-min incubation at room 
temperature, the cell cycle was analyzed by flow 
cytometry on a FACSCalibur (BD Biosciences). 
Cell cycle analysis and the percentage of apoptotic 
cells were determined using CellQuest software 
(BD Biosciences). 
 
Western blot analysis 
For Westerns total cell lysates were prepared in 
ice cold TSE (10 mM Tris-HCL, 250 mM Sucrose, 
1 mM EGTA pH 7.4 and protease inhibitors), 
sonicated, separated by SDS-PAGE, transferred to 
polyvinylidene difluoride membranes (Millipore). 
Blots were blocked in 5% BSA TBS-T, incubated 
with primary and secondary antibodies, followed by 
ECL or ECLplus reaction (GE Healthcare). ECL 
signal was detected using films or a Typhoon 9400 
(Molecular Dynamics). 
 
RESULTS 
β1 integrin-deficient GE11 cells were used to 
investigate the role of integrins in the cellular 
response to genotoxic agents. These cells 
adhere weakly and we used retroviral 
transduction to restore adhesion by re-
expressing β1 (GEβ1) or compensate for the 
absence of β1 by enhancing β3 expression 
(GEβ3) (Danen et al., 2002). Exposure of 
GEβ1 and GEβ3 cells to the DNA-damaging 
agents cisplatin, mitomycin C, etoposide, or 
doxorubicin caused a cell cycle arrest at the 
G2 phase in both β1 and β3 expressing cell 
types (Figure 1A top two panels and data not 
shown). Induction of apoptosis was minimal 
after treatment with these genotoxic agents, 
which can be explained by Large T-mediated 
inactivation of the p53 tumor suppressor 
pathway, mimicking the situation in cancer 
cells (Figure 1B top two panels). We next 
generated the following cell types by 
retroviral transduction: GESrcYFβ1 and 
GESrcYFβ3 cells, that express a constitutively 
primed form of the proto-oncogene c-
Src[Y530F] together with β1 or β3 integrins; 
and GERasGVβ1 and GERasGVβ3 cells that 

express oncogenic H-Ras[G12V] in the 
context of these integrin classes (Huveneers 
et al., 2007b). Regardless of the integrin 
expression profile, genotoxic treatment of 
these oncogene-transformed cells led to a 
similar G2 cell cycle arrest as observed in the 
absence of oncogenes (Figure 1A). However, 
a remarkabe strong induction of apoptosis 
was observed specifically in GESrcYFβ1 cells 
(Figure 1B). By contrast, SrcYF did not 
promote apoptosis in β3 expressing cells. 
Importantly, these differences could not be 
explained by different levels of SrcYF 
expression; the GESrcYF variant was made 
first, followed by expression and bulk FACS 
sorting for the integrin subunits, ensuring 
identical expression levels of SrcYF in the 
GESrcYFβ1 and GESrcYFβ3 lines (Huveneers 
et al., 2007b). Moreover, this effect was 
specific for SrcYF: transformation by RasGV 
only weakly affected the response to DNA-
damaging agents, regardless of the integrin 
expression profile (Figure 1). Taken together, 
these results indicate that expression of an 
oncogenic c-Src mutant, but not of H-Ras, 
leads to a strong sensitization to genotoxic 
compounds in the context of β1, but not β3 
integrins. 

For further studies we focused on 
cisplatin as a marker compound that induces 
prominent apoptosis in GESrcYFβ1 cells, but 
not in other oncogene/integrin combinations 
(Figure 2A). The amount of apoptotic 
GESrcYFβ1 cells after cisplatin exposure was 
concentration dependent, reaching a 
maximum level of cell death at a 
concentration of 25 µM, whereas no evident 
increase of apoptosis was observed in the 
other cell types (Figure 2B,C).We 
investigated if the enhanced apoptosis in the 
presence of SrcYF in combination with β1 
integrins occurred at the level of caspase-3 
activation. Indeed, cisplatin readily induced 
caspase-3 cleavage in GESrcYFβ1 cells 
whereas caspase-3 cleavage in cells lacking 
SrcYF or in cells expressing SrcYF in the 
context of β3 was much weaker (Figure 3A). 
In line with the activation of caspase-3 in 
cisplatin-induced apoptosis, a pan-caspase 
inhibitor, z-VAD-fmk strongly reduced 
cisplatin-induced apoptosis of GESrcYFβ1 
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Figure 2. Cisplatin induces apoptosis of SrcYF-transformed cells expressing β1 integrins. (A) Analysis 
of DNA content by flow cytometry demonstrating the amount of GE11 cells expressing indicated constructs 
in apoptosis and in different phases of the cell cycle after treatment with 10 µM cisplatin for 24 hours. 
Control indicates treatment with DMSO. (B) Dose-response curves indicating the increase in percentage of 
apoptosis, induced by treatment with various concentrations of cisplatin for 24 hours (C) Graphs indicate the 
average percentage of apoptotic cells ± standard deviation (SD) of three independent experiments (n=3) 
induced by treatment with 25 µM cisplatin for 24 hours. 
 
cells (Figure 3B). These results indicate that 
the increased sensitivity of GESrcYFβ1 cells 
to cisplatin occurs through a caspase-
mediated apoptosis program. 

DNA-damage caused by chemo-
therapeutics such as cisplatin induces an 
apoptotic response, which can be mediated 
through several signaling pathways. Of 
these, signaling to the transcription factor 
p53 is one of the major pathways mediating 
DNA-damage induced apoptosis (Jordan and 
Carmo-Fonseca, 2000; Roos and Kaina, 
2006). Large T expression in GE11 cells 
mimics inactivation of the p53 pathway seen 
in the majority of cancers, but we examined if 
there was a potential residual role for p53 in 
cisplatin-induced apoptosis of GESrcYFβ1 
cells. Irrespective of the integrin/oncogene 
expression status, cisplatin treatment 
induced phosphorylation of p53 on Ser15 
and induced an increase in the expression of 

the p53 target gene, p21 thus revealing a 
fraction of p53 that is not sequestered by 
Large T (Figure 4A). To directly test if p53-
mediated effects were involved in cisplatin-
induced apoptosis of GESrcYFβ1 cells, we 
silenced p53 gene expression. Introduction of 
si-p53 only weakly reduced total p53 protein 
expression after 72 hours (presumably due to 
the high stability of the major fraction of 
Large T-sequestered, inactive p53), but it 
abolished the induction of phosphorylated 
(active and presumably less stable) p53 and 
its target, p21 upon cisplatin treatment 
(Figure 4B). However, despite this 
elimination of the p53 response, si-p53 failed 
to inhibit cisplatin-induced apoptosis in 
GESrcYFβ1 cells (Figure 4C). These results 
indicate that SrcYF sensitizes cells to cisplatin 
in the context of β1 integrins, through a p53-
independent pathway. 
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Figure 3. Increased caspase activity mediates 
cisplatin-induced apoptosis of GESrcYFβ1 cells. 
(A) Western blot analysis of caspase-3 cleavage in 
lysates of GE11 cells expressing indicated 
constructs treated with 10 µM cisplatin for 
indicated exposure times. (B) Graphs indicate the 
average percentage of apoptosis ± SD of two 
independent experiments performed in duplo after 
10 µM cisplatin treatment (24 hours exposure) of 
GESrcYFβ1 cells with or without z-VAD-fmk 
caspase inhibitor preincubation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. β1 integrins sensitize SrcYF-
transformed cells to cisplatin independently of 
p53 signaling. (A) Western blot analysis of total 
p53, p-p53 (phospho Ser15), p21 and tubulin 
(loading control), in lysates from GE11 cells 
expressing indicated constructs with or without 25 
µM cisplatin treatment (24 hours exposure). (B) 
Western blot analysis of lysates from GESrcYFβ1 
cells treated with 25 µM cisplatin (24 hours 
exposure) transfected with p53 or control siRNAs. 
(C) Graphs indicate the average percentage of 
apoptosis induced by cisplatin (25 µM; 24 hours 
exposure) in GESrcYFβ1 cells transfected with p53 
or control siRNAs ± SD of three independent 
experiments (n=3). 
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Besides causing DNA-damage, 
genotoxic agents can induce other cytotoxic 
stresses such as oxidative-, mitochondrial- or 
ER-stress that may contribute to the 
clearance of tumor cells (Asakura and 
Ohkawa, 2004; Chen et al., 2007; Linder and 
Shoshan, 2005). Since we ruled out a role for 
the classical p53-mediated DNA-damage 
response pathway, we wondered if activation 
of any of the DNA-damage-independent 
pathways could underlie the enhanced 
sensitivity to cisplatin upon SrcYF expression 
in the context of β1 integrins. We first tested 
if the response to a variety of different 
cytotoxic agents mimicked the pattern of 
reponse to cisplatin in our panel of cell lines. 
Oxidative-stress inducers (H2O2 and mena-
dione) readily induced cell death as judged 
by cell rounding or detachment, but this 
response was not related to integrin 
expression profiles or SrcYF expression 
(Figure 5A). Vincristine, a disruptor of the 
microtubule network only weakly affected 
viability of these cells and DCVC, a 
nephrotoxicant inducing oxidative- and 
mitochondrial-stress (van de Water B. et al., 
1999), caused cell death in β1-expressing 
cells, irrespective of the expression of SrcYF. 
On the other hand, the response to treatment 
with thapsigargin, a specific inducer of ER-
stress (Linder and Shoshan, 2005), mimicked 
the response to cisplatin: thapsigargin readily 
triggered cell death of GESrcYFβ1 cells while 
it did not or only weakly affected GEβ1 or 
GESrcYFβ3 cell survival (Figure 5A). FACS 
analysis of DNA content confirmed this effect 
and indicated that thapsigargin, like cisplatin, 
selectively induced apoptosis of GESrcYFβ1 
cells (Figure 5B). These findings suggested 
that increased ER-stress-related pathways 
could underlie the enhanced sensitivity to 
cisplatin upon SrcYF expression in the context 
of β1 integrins. 

To substantiate the involvement of 
ER-stress, we made use of a phosphatase 
inhibitor, salubrinal that has been shown to 
specifically prevent ER-stress-induced 
apoptosis at the level of eIF2α (Boyce et al., 
2005). As expected, thapsigargin-induced 
apoptosis was reduced to a level that was 
close to that observed in the much less-

sensitive GESrcYFβ3 cells (Figure 5B). We 
next tested if enhanced ER-stress could 
underlie cisplatin-induced apoptosis in 
GESrcYFβ1 cells. Indeed cisplatin-treatment 
led to an increase in phosphorylation of 
eIF2α, pointing to an induction of ER-stress 
(Figure 5C). Moreover, in agreement with the 
notion that ER-stress was involved in the 
increased sensitivity of GESrcYFβ1 cells to 
cisplatin, salubrinal readily suppressed 
apoptosis of GESrcYFβ1 cells treated with 
cisplatin (Figure 5D). Altogether, these 
findings demonstrate that depending on the 
integrin expression profile, oncogenic c-Src 
but not H-Ras can sensitize cells to cisplatin-
induced ER-stress-mediated apoptosis.  
 
DISCUSSION 
The development and application of specific 
integrin-blocking strategies as treatment 
against cancer is promising. Interactions with 
the extracellular matrix have been described 
to provide survival and proliferation signals 
and integrins can mediate resistance of 
tumor cells to genotoxic injury caused by 
chemotherapeutic agents, a process referred 
to as cell adhesion-mediated drug resistance 
(Damiano et al., 1999). Little is known about 
roles for distinct integrins in these processes 
or how the genetic make-up of the tumor 
influences the impact that integrins can have. 
Previous experiments using β1-deficient 
cells, indicate that in the absence of 
oncogenic mutations, the loss of β1 integrins 
sensitizes to radiation-induced genotoxic 
injury (Cordes et al., 2006). In our current 
study we have compensated for the weak 
adhesion in the absence of β1 by enhancing 
the expression of β3, and we rule out a 
specific requirement for β1 integrins in 
protection against genotoxicants. We have 
investigated how two different classes of 
integrins affect chemosensitivity in the 
absence or presence of two different 
oncogenes. Our results reveal extensive 
cross-talk between the integrin expression 
profile and active oncogenic pathways in 
determining chemosensitivity. Moreover, we 
find that it is not the classical DNA-damage 
response that is controlled by these 
parameters but rather, the ability of genotoxic  
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Figure 5. Cisplatin induces apoptosis of GESrcYFβ1 cells through an elevated ER-stress response. 
(A) Table summarizes the approximate amount of cell death (judged by cell rounding and detachment) 
induced by various cytotoxic compounds. GE11 cells expressing indicated constructs were treated with 100 
µM H202 (oxidative stress inducer), 250 µM S-(1,2-dichlorovinyl)-L-cysteine (DCVC; nephrotoxicant inducing 
oxidative- and mitochondrial-stress), 100 µM menadione (oxidative stress inducer), 20 nM vincristine 
(disrupts microtubules) or 5 µM thapsigargin (ER-stress inducer). (B) Graphs indicate the percentage of 
apoptosis (n=3) of GE11 cells expressing indicated constructs induced by treatment of the ER-stress 
inducer thapsigargin at indicated concentrations (24 hours exposure). Salubrinal was used to inhibit ER-
stress induced in GESrcYFβ1 cells. (C) Western blot analysis of phosphorylated eIF2α and tubulin in lysates 
of cisplatin treated GESrcYFβ1 cells (8 hours exposure). (D) Graphs indicate the average percentage of 
apoptosis ± SD of two independent experiments performed in duplo after cisplatin treatment of GESrcYFβ1 
cells in the presence or absence of the ER-stress inhibitor salubrinal. 
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compounds to induce ER-stress-mediated 
apoptosis. 

Our findings indicate that the 
increased levels of Src activity that are often 
seen in various types of cancer may enhance 
their chemosensitivity. However, the role of 
Src in regulating the balance between 
survival and apoptosis in cancer cells is 
complex. Cisplatin-induced elevation of the 
activities of epidermal growth factor receptor 
(EGFR) and c-Src in cancer cells has been 
reported to act as a survival response, and 
inhibition of these activities increased 
cisplatin-induced cell death (Benhar et al., 
2002; Pengetnze et al., 2003). On the other 
hand, cisplatin-induced apoptosis has been 
shown to depend on EGFR and c-Src activity 
in other systems and expression of v-Src can 
induce sensitivity to cisplatin analogues, 
pointing to a pro-apoptotic and drug-
sensitizing effect of enhanced Src activity 
(Arany et al., 2004; Turkson et al., 2004; 
Webb et al., 2000). Our current findings 
indicate that integrin-mediated interactions 
with the microenvironent can determine how 
Src affects chemosensitivity. 

Rather than the classical DNA-
damage response, we identify Src as a 
regulator of the ER-stress response that can 
also be induced by genotoxic compounds. It 
has been previously observed that cisplatin 
can induce apoptosis by stimulating ER-
stress (Mandic et al., 2003). Moreover, Src 
activation has also been implicated in p53-
independent pathways, including those 
leading to apoptosis (Ulianich et al., 2008; 
Webb et al., 2000). Our results extend these 
findings and indicate that Src activity can 
enhance cisplatin-induced apoptosis under 
conditions where p53-dependent pathways 
are suppressed by inducing ER-stress. 

Given the strong attention that αvβ3 
currently receives as a potential target for 

cancer therapy in combination with chemo- 
or radiotherapy (Huveneers et al, 2007a), it is 
intriguing that enhanced Src activity indeed 
fails to sensitize cells to cisplatin in the 
context of αvβ3. Previously, we have shown 
that Src-mediated tumor growth is strongly 
supported by an interaction with αvβ3 
(Huveneers et al., 2007b). Our current study 
extends these findings and demonstrates 
that survival/apoptosis signaling by Src in the 
presence of chemotherapeutic compounds is 
similarly subject to tight regulation by the 
integrin expression profile. To some extent, 
differential regulation of Src-induced 
cytoskeletal organization and effects on 
adhesion/spreading may underlie the strong 
effect of the integrin expression profile: high 
levels of αvβ3 protect against the inhibition of 
cell spreading that is a hallmark of Src-
transformed cells (Huveneers et al., 2008). 
Nevertheless, no differences in proliferation 
are observed between GESrcYFβ1 cells and 
any of the other cell lines tested in the 
absence of drugs, indicating that potential 
effects through adhesion signaling only 
become evident upon drug-exposure.  

Altogether, our findings indicate that 
cross-talk between integrins and oncogenes 
can have dramatic effects on chemo-
sensitivity of cancer cells. Expanding studies 
along these lines could provide the 
information that will enable us to predict for 
which tumors integrin antagonists may be 
successfully used in combination with 
classical chemotherapy to stop cancer 
growth and progression. 
 
ACKNOWLEGDEMENTS 
This work was supported by grant UL 2003-
2858 from the Dutch Cancer Society and a 
Netherlands Genomics Initiative Booster 
grant from the Netherlands Toxicogenomics 
Center. 



Chapter 5 

 - 114 -

REFERENCES 
 
Arany,I., Megyesi,J.K., Kaneto,H., Price,P.M., 
and Safirstein,R.L. (2004). Cisplatin-induced cell 
death is EGFR/src/ERK signaling dependent in 
mouse proximal tubule cells. Am. J. Physiol Renal 
Physiol 287, F543-F549. 

Asakura,T. and Ohkawa,K. (2004). 
Chemotherapeutic agents that induce 
mitochondrial apoptosis. Curr. Cancer Drug 
Targets. 4, 577-590. 

Benhar,M., Engelberg,D., and Levitzki,A. (2002). 
Cisplatin-induced activation of the EGF receptor. 
Oncogene 21, 8723-8731. 

Bissell,M.J. and Radisky,D. (2001). Putting 
tumours in context. Nat. Rev. Cancer 1, 46-54. 

Boyce,M., Bryant,K.F., Jousse,C., Long,K., 
Harding,H.P., Scheuner,D., Kaufman,R.J., 
Ma,D., Coen,D.M., Ron,D. et al. (2005). A 
selective inhibitor of eIF2alpha dephosphorylation 
protects cells from ER stress. Science 307, 935-
939. 

Chen,Y., Jungsuwadee,P., Vore,M., 
Butterfield,D.A., and St Clair,D.K. (2007). 
Collateral damage in cancer chemotherapy: 
oxidative stress in nontargeted tissues. Mol. Interv. 
7, 147-156. 

Cordes,N. (2006). Integrin-mediated cell-matrix 
interactions for prosurvival and antiapoptotic 
signaling after genotoxic injury. Cancer Lett. 242, 
11-19. 

Cordes,N., Seidler,J., Durzok,R., Geinitz,H., and 
Brakebusch,C. (2006). beta1-integrin-mediated 
signaling essentially contributes to cell survival 
after radiation-induced genotoxic injury. Oncogene 
25, 1378-1390. 

Damiano,J.S. (2002). Integrins as novel drug 
targets for overcoming innate drug resistance. 
Curr. Cancer Drug Targets. 2, 37-43. 

Damiano,J.S., Cress,A.E., Hazlehurst,L.A., 
Shtil,A.A., and Dalton,W.S. (1999). Cell adhesion 
mediated drug resistance (CAM-DR): role of 
integrins and resistance to apoptosis in human 
myeloma cell lines. Blood 93, 1658-1667. 

Danen,E.H., Sonneveld,P., Brakebusch,C., 
Fassler,R., and Sonnenberg,A. (2002). The 
fibronectin-binding integrins alpha5beta1 and 
alphavbeta3 differentially modulate RhoA-GTP 
loading, organization of cell matrix adhesions, and 
fibronectin fibrillogenesis. J. Cell Biol. 159, 1071-
1086. 

Gimond,C., van der Flier,A., van Delft,S., 
Brakebusch,C., Kuikman,I., Collard,J.G., 
Fassler,R., and Sonnenberg,A. (1999). Induction 
of cell scattering by expression of beta1 integrins 
in beta1-deficient epithelial cells requires activation 
of members of the rho family of GTPases and 
downregulation of cadherin and catenin function. J. 
Cell Biol. 147, 1325-1340. 

Hayden,P.J. and Stevens,J.L. (1990). Cysteine 
conjugate toxicity, metabolism, and binding to 
macromolecules in isolated rat kidney 
mitochondria. Mol. Pharmacol. 37, 468-476. 

Huveneers,S., Arslan,S., van de Water,B., 
Sonnenberg,A., and Danen,E.H. (2008). Integrins 
uncouple Src-induced morphological and 
oncogenic transformation. J. Biol. Chem. 283, 
13243-13251. 

Huveneers,S., Truong,H., and Danen,E.H. 
(2007a). Integrins: signaling, disease, and therapy. 
Int. J. Radiat. Biol. 83, 743-751. 

Huveneers,S., van den Bout,I., Sonneveld,P., 
Sancho,A., Sonnenberg,A., and Danen,E.H. 
(2007b). Integrin alpha v beta 3 controls activity 
and oncogenic potential of primed c-Src. Cancer 
Res. 67, 2693-2700. 

Hynes,R.O. (2002). Integrins: bidirectional, 
allosteric signaling machines. Cell 110, 673-687. 

Jordan,P. and Carmo-Fonseca,M. (2000). 
Molecular mechanisms involved in cisplatin 
cytotoxicity. Cell Mol. Life Sci. 57, 1229-1235. 

Linder,S. and Shoshan,M.C. (2005). Lysosomes 
and endoplasmic reticulum: targets for improved, 
selective anticancer therapy. Drug Resist. Updat. 
8, 199-204. 

Mandic,A., Hansson,J., Linder,S., and 
Shoshan,M.C. (2003). Cisplatin induces 
endoplasmic reticulum stress and nucleus-



Integrins and oncogenes modulate chemosensitivity 

 - 115 -

independent apoptotic signaling. J. Biol. Chem. 
278, 9100-9106. 

Mizejewski,G.J. (1999). Role of integrins in 
cancer: survey of expression patterns. Proc. Soc. 
Exp. Biol. Med. 222, 124-138. 

Morin,P.J. (2003). Drug resistance and the 
microenvironment: nature and nurture. Drug 
Resist. Updat. 6, 169-172. 

Paszek,M.J., Zahir,N., Johnson,K.R., 
Lakins,J.N., Rozenberg,G.I., Gefen,A., Reinhart-
King,C.A., Margulies,S.S., Dembo,M., 
Boettiger,D. et al. (2005). Tensional homeostasis 
and the malignant phenotype. Cancer Cell 8, 241-
254. 

Pengetnze,Y., Steed,M., Roby,K.F., 
Terranova,P.F., and Taylor,C.C. (2003). Src 
tyrosine kinase promotes survival and resistance 
to chemotherapeutics in a mouse ovarian cancer 
cell line. Biochem. Biophys. Res. Commun. 309, 
377-383. 

Roos,W.P. and Kaina,B. (2006). DNA damage-
induced cell death by apoptosis. Trends Mol. Med. 
12, 440-450. 

Sethi,T., Rintoul,R.C., Moore,S.M., 
Mackinnon,A.C., Salter,D., Choo,C., 
Chilvers,E.R., Dransfield,I., Donnelly,S.C., 
Strieter,R. et al. (1999). Extracellular matrix 
proteins protect small cell lung cancer cells against 
apoptosis: a mechanism for small cell lung cancer 
growth and drug resistance in vivo. Nat. Med. 5, 
662-668. 

Sherman-Baust,C.A., Weeraratna,A.T., 
Rangel,L.B., Pizer,E.S., Cho,K.R., 
Schwartz,D.R., Shock,T., and Morin,P.J. (2003). 
Remodeling of the extracellular matrix through 
overexpression of collagen VI contributes to 
cisplatin resistance in ovarian cancer cells. Cancer 
Cell 3, 377-386. 

Turkson,J., Zhang,S., Palmer,J., Kay,H., 
Stanko,J., Mora,L.B., Sebti,S., Yu,H., and 
Jove,R. (2004). Inhibition of constitutive signal 
transducer and activator of transcription 3 
activation by novel platinum complexes with potent 
antitumor activity. Mol. Cancer Ther. 3, 1533-1542. 

Ulianich,L., Garbi,C., Treglia,A.S., Punzi,D., 
Miele,C., Raciti,G.A., Beguinot,F., Consiglio,E., 
and Di,J.B. (2008). ER stress is associated with 
dedifferentiation and an epithelial-to-mesenchymal 
transition-like phenotype in PC Cl3 thyroid cells. J. 
Cell Sci. 121, 477-486. 

van de Water B., Nagelkerke,J.F., and 
Stevens,J.L. (1999). Dephosphorylation of focal 
adhesion kinase (FAK) and loss of focal contacts 
precede caspase-mediated cleavage of FAK 
during apoptosis in renal epithelial cells. J. Biol. 
Chem. 274, 13328-13337. 

Webb,B.L., Jimenez,E., and Martin,G.S. (2000). 
v-Src generates a p53-independent apoptotic 
signal. Mol. Cell Biol. 20, 9271-9280. 

Yamada,K.M. and Even-Ram,S. (2002). Integrin 
regulation of growth factor receptors. Nat. Cell Biol. 
4, E75-E76. 
 
 
 



 

 - 116 -



Summary and Discussion 

 - 117 -

SUMMARY AND DISCUSSION 
 
Interactions of cells with the extracellular 
matrix are predominantly mediated through 
binding of integrin receptors, and these 
interactions are important for cell adhesion, 
migration, survival, proliferation, and 
differentiation. Changes in expression levels 
of integrins and extracellular matrix proteins 
often occur during dynamic processes such 
as angiogenesis, wound healing, 
development, and cancer as well as several 
other diseases. In this thesis I describe our 
recent studies of different integrin-
extracellular matrix interactions and how they 
coordinate cellular signaling pathways and 
cell behaviour. We mainly address the role of 
β1 and β3 fibronectin-binding integrins. As 
there are many known connections of 
integrins with Rho-GTPase and Src family 
kinase signaling, we test the hypothesis that 
distinct integrins might differently regulate 
processes driven by Rho and/or Src. 
 
Integrins in control of Rho signaling 
Previous results from our group demonstrate 
that restoration of β1 integrin expression in 
β1-/- cells supports sustained RhoA GTP-
loading and fibronectin matrix assembly 
(Danen et al., 2002). By contrast, increased 
expression of β3 integrins in the same 
cellular background does not activate RhoA 
or stimulate fibronectin matrix assembly. 
Later, we discovered that the differential 
regulation of Rho-GTPases by β1 and β3 
integrins also dictates the dynamics of cell-
matrix adhesions and controls migratory 
stategy (Danen et al., 2005). In chapter 2 of 
this thesis we investigate the mechanisms 
that could underly the efficient activation of 
RhoA and fibronectin fibrillogenesis by β1 
integrins. Mesenchymal cells secrete 
fibronectin molecules as compact soluble 
dimers, that are assembled into a (insoluble) 
fibronectin fibrillar matrix upon interactions 
with integrins and syndecans. The generation 
of fibronectin fibrils requires remodeling of 
cell-matrix adhesions and contractility of the 
actomyosin cytoskeleton, which together 
mediates the stretching of soluble FN dimers 
that exposes intermolecular fibronectin-

binding sites. Although both α5β1 and αvβ3 
integrins recognise the common RGD-
binding motif in fibronectin, by using several 
integrin specific knockout cell lines, we 
unexpectedly find that of these integrins only 
α5β1 efficiently bound soluble fibronectin 
molecules. The ability of α5β1 to bind soluble 
fibronectin determines not only the efficiency 
with which it activates RhoA, but is also 
supports the redistribution of focal adhesions 
to a few peripheral sites causing a contractile 
fibroblast-like morphology. Moreover, binding 
of soluble fibronectin by α5β1 is required for 
fibronectin matrix assembly downstream of 
the Rho-contractility pathway. The trans-
membrane proteoglycan Syndecan-4 has 
been reported to be able to regulate Rho-
GTPases (Dovas et al., 2006; Saoncella et 
al., 1999) and to support fibronectin matrix 
assembly (Chung and Erickson, 1997) in 
concert with integrins. However, knockdown 
studies in our experimental system rule out a 
role for Syndecan-4 in α5β1-mediated 
support of RhoA activity, cytoskeletal re-
organization, and fibrillogenesis. 

During the past two decades the 
regulation of RhoA activity by integrin-
mediated adhesion has been studied by 
many different groups. It is generally 
accepted that integrins rapidly suppress 
RhoA activity during initial cell spreading on 
fibronectin. At later stages the activity of 
RhoA gradually increases and supports 
maturation of focal adhesions and cyto-
skeletal contractility. Integrins recruit a 
FAK/Src complex at sites of adhesion and 
phosphorylate p190RhoGAP, which in turn 
mediates the initial inhibition of RhoA activity. 
Intriguingly, it is still unclear which Rho GAPs 
or GEFs are involved in the activation of 
RhoA at later stages of cell spreading. It was 
recently showed that the Rho GEFs Lsc and 
LARG are activated in cells plated on 
fibronectin (Dubash et al., 2007). Moreover, a 
simultaneous knockdown of expression of 
both GEFs strongly decreases the activity of 
RhoA, indicating that these two GEFs may 
specifically link integrins with sustained RhoA 
activation. Although we still do not know 
which GEFs are involved in the activation of 
RhoA by integrins α5β1, a simultaneous 
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knockdown of Lsc and LARG in GEβ1 cells 
does not affect RhoA activity or the typical 
fibroblast-like morphology (data not shown), 
indicating that the regulation of GEFs might 
be cell type dependent. The data presented 
in chapter 2 at least indicate that the ability of 
α5β1 to activate RhoA is not dependent on 
specific interactions with amino acids at its 
integrin cytoplasmic domain, as they are 
replaceable with that of the αvβ3 cytoplasmic 
domain without interfering with RhoA GTP-
loading. Upon binding of soluble fibronectin 
molecules to the extracellular domain of 
integrin α5β1, conformational changes and/or 
clustering at the cytoplasmic domain might 
affect regulatory proteins upstream of RhoA. 

Activation of RhoA by integrin α5β1 
regulates several important processes: 
cytoskeletal contractility, focal adhesion 
dynamics, fibronectin matrix assembly, and it 
promotes a random mode of migration. In 
complete agreement with our findings, it has 
recently been demonstrated in fibroblasts 
expressing both α5β1 and αvβ3, that 
interfering with αvβ3 recycling enhances 
α5β1 recycling to the cell surface causing 
increased ROCK activity and a more random 
mode of migration (White et al., 2007). Just 
like fibronectin, integrin α5β1 is essential for 
embryonic development. Our findings 
demonstrate that the binding of soluble 
fibronectin to α5β1 regulates a mesenchymal 
morphology by redistributing focal adhesions 
and Rho-mediated cytoskeletal contractility 
and this might actually explain why α5β1 is 
so important for development, a process 
during which epithelial-to-mesenchymal and 
mesenchymal-to-epithelial transitions freq-
uently occur. The support of Rho-mediated 
contractility by α5β1 in activated endothelial 
cells may also play an important role in 
angiogenesis (Hoang et al., 2004; Kim et al., 
2000). Moreover, it was recently found that 
invasion of carcinoma cells is preceded by 
invading fibroblasts using α5β1 adhesions 
(Gaggioli et al., 2007). To invade and 
remodel the extracellular matrix, these 
leading fibroblasts require adhesion through 
integrin α5β1 and Rho-mediated actomyosin 
contractility. These results together with our 

own suggest that the selective interaction of 
α5β1 and soluble fibronectin might be a very 
valuable target for therapeutic intervention to 
prevent cancer progression.  
 
Integrins in control of Src signaling 
Increased activity of c-Src is frequently found 
in melanoma’s and multiple carcinoma’s, and 
correlates with increased tumor growth 
and/or progression. Although in rare cases 
mutations may induce activation of c-Src, it 
remains largely unknown what mechanism is 
responsible for activation of c-Src in human 
cancer. Interestingly, elevated expression 
levels of integrin αvβ3 are also observed in 
similar cancer types as which increased c-
Src activity has been reported. Moreover, 
knockout studies indicate that a functional 
connection of αvβ3 and c-Src may exist, as 
the phenotypes of Src-/- and Itgb3-/- 
knockout mice are partially overlapping. In 
chapter 3 we test the hypothesis that integrin 
αvβ3 and c-Src may cooperate during tumor 
development. To investigate the role of 
integrins in tumor formation driven by c-Src, 
we express a SrcY530F mutant, which is no 
longer inactive but instead adopts a primed 
conformation, in β1-/- cells. Subsequently, 
we analyze Src-mediated oncogenic trans-
formation in presence of reconstituted levels 
of β1 integrins or in the absence of β1 and 
increased expression levels β3 integrins. 
Colony formation in soft-agar and sub-
cutaneous tumor formation are not supported 
by β1 integrins, however, integrin αvβ3 
appears a strong enhancer of primed c-Src-
mediated oncogenic transformation in these 
experiments. Oncogenic transformation 
driven by the activated Ras oncogene is 
unaffected by integrin expression levels, 
indicating that a specific cooperation exists 
between αvβ3 and primed c-Src during tumor 
formation. We subsequently find that the 
cytoplasmic domain of β3 is required and 
sufficient for promoting SrcY530F-driven tumor 
formation, because expression of the β3 
cytoplasmic domain stimulates full kinase 
activity of SrcY530F, phosphorylation of 
established Src substrates, and enhances 
survival and proliferation. At that time, Arias-
Salgado and colleagues reported a direct 
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interaction of the last four amino acids of the 
β3 cytoplasmic domain with the c-Src SH3 
domain that supports activation of c-Src in 
platelets (Arias-Salgado et al., 2003). Our 
results actually suggest that this interaction 
can also support Src-mediated oncogenic 
transformation and may be highly relevant for 
tumorigenesis. Expression of mutated β3 or 
Src variants, that interfere with the putative 
binding interface of β3 and c-Src indicate that 
this direct interaction is probably responsible 
for full kinase activity of primed c-Src and for 
tumor formation. We propose that integrin 
αvβ3 clusters primed c-Src molecules, 
thereby supporting autophosphorylation in 
Src’s kinase domain. Alternatively, clustered 
αvβ3 integrins may already induce 
conformational changes in the kinase domain 
of c-Src and they may recruit additional 
downstream signaling intermediates that 
contribute to oncogenic signaling. 
 Activated c-Src not only induces 
oncogenic transformation, it also triggers 
dramatic morphological alterations that lead 
to an inhibition of cell-matrix and cell-cell 
adhesions and suppresses cell spreading. 
The actin cytoskeleton completely changes 
as stress fibers and focal contacts disappear 
and are replaced by invasive podosome 
structures. In chapter 4 we investigate to 
what extent the signaling pathways triggered 
by activated c-Src during oncogenic 
transformation overlap with those involved in 
morphological transformation. Expression of 
SrcY530F in β1-/- cells readily inhibits cell 
adhesion and spreading, and efficiently 
induces the formation of podosomes. When 
we analyze these morphological alterations 
in presence of β1 or β3 integrins, we observe 
that αvβ3 in fact protects against Src-induced 
loss of adhesion and cell spreading whereas 
podosome formation still occurs. Expression 
of chimeric integrin subunits of which the 
cytoplasmic domains of β1 and β3 integrins 
are swapped further demonstrates that the 
protection against loss of adhesion and 
spreading by αvβ3 is mediated by the 
integrin extracellular domain. These results 
illustrate two major novel findings regarding 
signaling by activated Src: because the 
cooperation of αvβ3 and SrcY530F during 

tumor formation is dependent on the β3 
cytoplasmic domain, whereas morphological 
alterations are dependent on the extracellular 
domain of αvβ3 we are able to show that 
oncogenic and morphological transformation 
by SrcY530F are regulated by separate 
pathways. Secondly, since αvβ3 protects 
against the inhibition of adhesion and 
spreading induced by SrcY530F, but 
podosomes are still formed, we conclude that 
these morphological alterations are 
independent aspects. Lastly, the introduction 
of non-phosphorylatable β1 or β3 mutants in 
SrcY530F expressing cells demonstrate that 
phosphorylation of β3 by SrcY530F is not 
involved in any of the aspects of oncogenic 
or morphological transformation. Instead, 
phosphorylation of β1 by SrcY530F is required 
for podosome assembly, probably to 
suppress Rho-mediated contractility. 
 When taking the results of  chapters 
3 and 4 together we propose a following 
working model for the cross-talk between Src 
transformation and integrins (see figure 8 of 
chapter 4). Clustering of integrin αvβ3 
increases activation of primed c-Src (perhaps 
αvβ3 also binds to inactive c-Src in tumor 
cells) by interacting with the SH3 domain of 
c-Src. Once fully activated c-Src 
phosphorylates its substrates, including Stat3 
and FAK, that will contribute to increased 
proliferation and survival signaling in tumor 
cells and supports tumor growth. Secondly, 
activated c-Src will change the morphology of 
tumor cells. Although in normal cells α5β1 
would induce strong activation of RhoA and 
cytoskeletal contractility, phosphorylation of 
β1 by activated c-Src inhibits RhoA-mediated 
contractility enabling the formation of 
invasive podosomes. When expressing high 
levels of αvβ3 these tumor cells will be 
protected against Src-induced rounding 
(inhibition of adhesion and spreading), which 
may also promote survival of these cells. In 
presence of high levels of β1 integrins no 
such protection occurs. Because of 
differences in controling adhesive and 
spreading properties, the distribution of 
podosomes will be different in cells 
expressing β3 or β1 integrins. Therefore 
changes in relative expression levels of β3 
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and β1 integrins may contribute to different 
invasive strategies during Src-driven tumor 
progression. Future studies should clarify 
how integrin interactions contributes to Src-
driven tumorigenesis in vivo.  
 In this regard, the fact that 
mutations in the Src gene occur only rarely in 
cancer, argues against a role for c-Src in 
tumor initiation. Nevertheless, we do find that 
elevated c-Src activity promotes tumor 
growth in a cell autonomous fashion in vitro. 
We have attempted to set up an in vivo 
model to study the role of primed c-Src in 
mammary tumorigenesis. Transgenic 
expression of SrcY530F under the MMTV-
promotor in mice already interferred with 
early mammary gland development, and 
subsequently female mice expressing 
MMTV-SrcY530F have problems with lactation. 
However, we did not observe an induction of 
mammary epithelial hyperplasias as was 
reported earlier by Webster and colleagues 
(Webster et al., 1995). This could be due to 
the low levels of expression of the transgene 
and, in fact, may allow us to address the 
cooperation between αvβ3 and SrcY530F in 
breast cancer in vivo in future studies. For 
this purpose we have also initiated a 
transplantation model for breast cancer using 
primary mouse mammary epithelial cells 
(MECs). These MECs were isolated from the 
mammary gland of adult female mice and 
expanded in vitro during which we retrovirally 
introduced SrcY530F. Transplantation of MECs 
into cleared mammary fat pads enables us to 
investigate in vivo tumor development. The 
studies for SrcY530F are still ongoing, but 
preliminary results indicate that SrcY530F can 
in fact induce hyperplasias and tumor 
formation in the mammary glands of 
transplanted mice. This promising in vivo 
model can thus be employed to investigate 
the cross-talk between αvβ3 and SrcY530F in 
breast cancer focussing on tumor growth and 
progression. 
 
Integrins and Src in control of sensitivity to 
chemotherapeutics 
The sensitivity of tumor cells to treatment 
with chemotherapeutic agents is modulated 
by interactions with the tumor 

microenvironment. Lastly, in chapter 5 we 
describe how β1 and β3 integrins affect the 
induction of apoptosis by DNA-damaging 
agents of cells expressing oncogenes. 
Expression of SrcY530F in the context of β1 
integrins strongly increases sensitivity to 
DNA-damaging agents through eliciting a 
p53-independent apoptosis program. Cells 
expressing β3 integrins do not display such 
an increase in sensitivity, and the sensitizing 
effect of integrin β1 does not occur in the 
absence of oncogenes, or in the presence of 
oncogenic Ras. Our data suggest that 
expression of SrcY530F in the context of β1 
integrins involves an elevated endoplasmic-
reticulum-stress response and caspase-3 
cleavage. We propose that profiling of 
integrin expression levels together with 
analyzing c-Src activity might be a valuble 
predictor of drug sensitivity in cancer. 
 
In conclusion, we have discovered that 
interactions of cells with the extracellular 
matrix through distinct integrins leads to very 
different patterns of signaling through Rho-
GTPases and Src family kinases. Thus, 
switching between different types of integrins 
can control various aspects of cellular 
behaviour and may play important roles 
during development and cancer. 
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SAMENVATTING 
 
Interacties van cellen met de extracellulaire 
matrix (hun omgeving) worden voornamelijk 
gemaakt door integrine receptoren. Deze 
interacties zijn erg belangrijk voor de 
hechting, beweging, overleving, differentiatie, 
groei en celdeling van cellen. Tijdens 
dynamische processen zoals bloedvat-
vorming, wondgenezing, embryonale 
ontwikkeling, kanker en verschillende andere 
ziektebeelden, treden vaak veranderingen op 
in de expressie (dit bepaalt de hoeveelheid) 
van integrines en extracellulaire eiwitten. In 
dit proefschrift beschrijf ik wat de resultaten 
zijn van ons onderzoek naar de effecten van 
verschillende interacties tussen integrines en 
de extracellulaire matrix op signalen die 
plaatsvinden in de cel. We kijken vooral naar 
de rol van β1 en β3 integrines en hun 
interactie met het extracellulaire eiwit 
fibronectine. Omdat er al vaker is beschreven 
dat integrines samenwerken met Rho-
GTPases en Src eiwitten, testen we de 
hypothese dat processen die aangestuurd 
worden door Rho en/of Src op verschillende 
manieren kunnen worden beïnvloed door 
integrines. 
 
Integrines controleren signalering van Rho 
Onze groep heeft eerder al aangetoond dat 
het tot expressie brengen van β1 integrines 
in β1 knock-out cellen leidt tot de activatie 
van RhoA en de productie van een 
fibronectine matrix. Aan de andere kant, de 
expressie van β3 integrines in deze cellen 
stimuleert geen RhoA activatie of fibronectine 
matrix productie. Vervolgens ontdekten we 
dat dit verschil in regulatie van RhoA activiteit 
door β1 en β3 integrines de dynamiek van 
cel-matrix adhesies, en daardoor ook de 
manier van bewegen, bepaalt. In hoofdstuk 2 
van dit proefschrift onderzoeken we het 
mechanisme dat verantwoordelijk is voor de 
efficiënte activatie van RhoA en het maken 
van een fibronectine matrix door β1 
integrines. Fibronectine wordt door 
mesenchymale cellen uitgescheiden als een 
oplosbaar en compact gevouwen dimeer. 
Door te binden aan integrine- en syndecan-
receptoren kunnen deze dimeren worden 

ingebouwd in onoplosbare strengen, de 
fibronectine matrix. De productie van 
fibronectine strengen vereist dynamische cel-
matrix adhesies en contractie van het 
actomyosine cytoskelet zodat de fibronectine 
dimeren kunnen ontvouwen en inter-
moleculaire bindingsplaatsen beschikbaar 
worden. Hoewel α5β1 en αvβ3 allebei het 
RGD-motief van (onoplosbaar) fibronectine 
gebruiken om te binden, vinden we dat alleen 
α5β1 oplosbare fibronectine dimeren kan 
binden. Bovendien blijkt dat deze eigenschap 
van α5β1 niet alleen de activatie van RhoA 
regelt, maar ook de herverdeling van cel-
matrix adhesies naar beperkte plaatsen in de 
cel periferie, wat tot gevolg heeft dat de cel 
een contractiel- en fibroblast-achtige 
morfologie aanneemt. De productie van 
fibronectine matrix is afhankelijk van de 
activatie van deze Rho-contractiliteit 
signaleringsroute na binding van oplosbaar 
fibronectine aan α5β1. Een mogelijke rol van 
de transmembraan receptor Syndecan-4 
tijdens α5β1-gemedieerde Rho activatie en 
fibronectine matrix productie sluiten  we uit 
door Syndecan-4 expressie te remmen met 
siRNAs. Deze nieuwe resultaten zouden een 
verklaring kunnen geven voor het feit 
waarom α5β1 net als fibronectine, essentieel 
is voor embryonale ontwikkeling. 
 
Integrines controleren signalering van Src 
Een verhoogde activiteit van c-Src wordt 
vaak gevonden in melanoma en 
verschillende soorten carcinoma’s, en 
correleert bovendien met een toename in 
tumor groei en/of progressie. Hoewel in zeer 
zeldzame gevallen een mutatie in het SRC 
gen tot een verhoogde c-Src activiteit kan 
leiden, is het nog onduidelijk wat normaal 
gesproken deze verhoging veroorzaakt. Een 
toename in expressie van het αvβ3 integrine 
wordt ook regelmatig gevonden in dezelfde 
type tumoren als waarin c-Src activiteit hoog 
is. Knock-out studies geven bovendien aan 
dat er een functioneel verband zou kunnen 
bestaan tussen c-Src en αvβ3, omdat de 
fenotypes van Src-/- en Itgb3-/- muizen voor 
een groot gedeelte vergelijkbaar zijn. In 
hoofdstuk 3 testen we de hypothese dat er 
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samenwerking is tussen αvβ3 en c-Src 
tijdens de ontwikkeling van tumoren. Om te 
onderzoeken of er een rol voor integrines 
tijdens c-Src gemedieerde tumor vorming is 
weggelegd, introduceren we SrcY530F, een 
variant van c-Src dat niet meer inactief is 
maar tot expressie komt in een ‘primed’ 
conformatie, in β1-/- cellen. Vervolgens 
kijken we naar Src-gemedieerde oncogene 
transformatie in aanwezigheid van β1 of β3 
integrines. Integrine β1 heeft geen effect op 
kolonie-formatie in soft-agar of op subcutane 
tumor formatie in aanwezigheid van het 
SrcY530F oncogen, terwijl expressie van β3 tot 
een sterke toename leidt van Src-
gemedieerde oncogene transformatie in deze 
experimenten. Oncogene transformatie 
geïnduceerd door  geactiveerd Ras wordt 
helemaal niet beïnvloed door de expressie 
van β1 of β3 integrines, wat aangeeft dat er 
een specifieke samenwerking plaatsvindt 
tussen c-Src en αvβ3 tijdens tumor formatie. 
Vervolgens vinden we dat de aanwezigheid 
van het cytoplasmatische domein van β3 
Src-gemedieerde tumor formatie stimuleert, 
omdat het de activiteit van SrcY530F en zijn 
substraten verhoogt en de overleving en 
proliferatie van cellen ondersteund. Anderen 
hadden net op dat moment aangetoond dat 
de activatie van wild type c-Src in 
bloedplaatjes wordt bepaald door een directe 
interactie tussen het β3 cytoplasmatische 
domein en het SH3 domein van c-Src. Door 
mutaties aan te brengen in β3 en SrcY530F, 
vinden we dat een directe interactie tussen 
αvβ3 en SrcY530F hoogstwaarschijnlijk ook 
verantwoordelijk is voor de activatie van 
SrcY530F tijdens tumor formatie. We denken 
dat in tumoren integrine αvβ3 ‘primed’ c-Src 
eiwitten kan samenbrengen, en daarmee de 
autophosphorylering in het kinase domein 
van c-Src stimuleert. Een andere 
mogelijkheid is dat de interactie tussen β3 en 
c-Src al direct een verandering van 
conformatie van c-Src veroorzaakt of andere 
eiwitten dichtbij brengt die betrokken zijn bij 
oncogene signalering van c-Src. 
 Geactiveerd c-Src induceert niet 
alleen oncogene transformatie, maar het 
veroorzaakt ook morfologische ver-
anderingen die leiden tot een remming van 

cel-matrix- en cel-cel-adhesies, en cel 
spreiding. Het actine cytoskelet ondergaat 
een grote verandering doordat stress fibers 
en focale adhesies verdwijnen en worden 
vervangen door invasieve podosoom 
structuren. In hoofdstuk 4 onderzoeken we in 
hoeverre er overlap is tussen de door Src 
geïnduceerde signaleringsroutes naar 
oncogene en morfologische transformatie. 
Expressie van SrcY530F in β1-/- cellen remt 
cel-adhesie en spreiding, en stimuleert de 
vorming van podosomen. Door te kijken naar 
deze morfologische veranderingen in 
aanwezigheid van ofwel β1 of β3 integrines, 
tonen we aan dat expressie van β3 
beschermt tegen de remming van adhesie en 
spreiding door SrcY530F, terwijl de formatie 
van podosomen nog steeds kan 
plaatsvinden. Het tot expressie brengen van 
β integrine chimeren waarin de 
cytoplasmatische domeinen van β1 en β3 
zijn verwisseld laat zien dat het 
beschermende effect van β3 afhankelijk is 
van het extracellulaire domein van het 
integrine, en dus niet van het 
cytoplasmatische domein zoals tijdens tumor 
formatie. Deze resultaten tonen aan dat 
oncogene en morfologische transformatie 
worden gereguleerd door verschillende 
signaleringsroutes. Bovendien omvat 
morfologische transformatie onafhankelijke 
processen, omdat β3 een beschermend 
effect heeft op adhesie en spreiding, terwijl 
het vormen van podosomen nog steeds 
plaatsvindt. De laatste experimenten van dit 
hoofdstuk laten zien dat phosphorylering van 
β3 door SrcY530F niet van belang is voor 
morfologische veranderingen, terwijl voor 
podosoom formatie de phosphorylering van 
β1 absoluut nodig is. Op grond van de 
bevindingen in hoofdstuk 2 veronderstellen 
wij dat phosphorylering van β1 met name 
belangrijk is om de signalering naar Rho-
gemedieerde contractiliteit te onderdrukken.  
 
Integrines en Src controleren de gevoeligheid 
voor chemotherapie 
De gevoeligheid van tumor cellen voor de 
behandeling met chemotherapie wordt mede 
bepaald door interacties met de omgeving 
waarin de tumor zich bevindt. In hoofdstuk 5 
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beschrijven we hoe β1 en β3 integrines de 
inductie van apoptose door DNA-
beschadigende stoffen beïnvloeden in de 
context van verschillende oncogenen. In 
aanwezigheid van β1 integrines verhoogt 
SrcY530F de gevoeligheid voor genotoxische 
stoffen door inductie van p53-onafhankelijke 
signalering die leidt tot apoptose. Cellen die 
integrine β3 tot expressie brengen in plaats 
van β1 vertonen geen Src-gemedieerde 
sensitisatie en de inductie van apoptose in 
aanwezigheid van β1 vindt niet plaats in de 
afwezigheid van oncogenen, of in de 
aanwezigheid van het geactiveerd Ras 
oncogen. Hoewel het nog onduidelijk is hoe 
de expressie van SrcY530F in de context van 
β1 integrines resulteert in een hogere 
gevoeligheid voor genotoxische stoffen, 
geven onze resultaten aan dat het afhankelijk 
is van een toename van endoplasmatisch-

reticulum stress en caspase-3 activiteit. Het 
analyseren van expressie profielen van 
integrines samen met de activiteit van c-Src 
kan dus eventueel een waardevolle 
voorspelling geven voor de gevoeligheid van 
tumor cellen voor chemotherapie. 
 
Samenvattend hebben we gevonden dat 
signalering door Rho-GTPases en Src 
eiwitten sterk wordt beïnvloed door het type 
integrines dat de cellulaire interacties met de 
extracellulaire matrix medieert. Ons werk 
geeft aan dat de verschuivingen in integrine 
expressie-patronen die vaak worden 
waargenomen tijdens processen zoals 
embryonale ontwikkeling, bloedvatvorming, 
wondgenezing, en tumor progressie grote 
consequenties kunnen hebben voor het 
gedrag van cellen. 
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DANKWOORD 
 
Op het moment dat ik dit schrijf is het proefschrift bijna af. Het enige dat ontbreekt is een afsluitend 
hoofdstuk. Als ik terug denk aan al die tijd die voorbij is gegaan tijdens het promoveren besef ik dat 
deze periode mij vooral een hoop mooie dingen heeft opgeleverd, waaronder de ontmoetingen met 
veel leuke mensen. Dit is het moment om een aantal van hen te bedanken voor hun bijdrage. 

Laat ik beginnen met het bedanken van mijn co-promotor die mij de afgelopen 5 jaar als 
wetenschapper heeft gevormd. Erik, jouw rol bij het tot stand komen van dit proefschrift is 
vanzelfsprekend een erg belangrijke geweest. Toen ik begon op het NKI was je een veelbelovende 
(senior) postdoc met een ongelooflijk enthousiasme voor de wetenschap en had je duidelijk de 
ambitie om een eigen groep te starten. Het is fijn om te zien dat dankzij jouw eigen inspanningen dat 
inmiddels ook echt is gelukt. Bovendien heeft jouw enthousiasme mij behoorlijk aangestoken en dat 
heeft ertoe geleid dat ik zeker verder ga in de wetenschap. In het begin stond je bijna net zo vaak als 
ik in het lab en kon ik veel lab-truc’s van je leren. Daarna heb je veel tijd gestoken in het 
optimaliseren van mijn presentaties en teksten. Ik vind het jouw grootste kracht om creatief vooruit te 
blijven denken, en om resultaten en ideeën duidelijk te kunnen verwoorden, wat je tot een goede 
begeleider maakt. Ik hoop dan ook dat er nog genoeg andere AIO’s komen die daarvan gaan 
profiteren. Altijd kon ik bij je terecht, zonder uitzondering, voor vragen, advies of gewoon een gesprek 
over iets onbelangrijks. Andersom gebeurde dat ook regelmatig en kwam je spieken hoe het bij mij 
ervoor stond met het laatste experiment of manuscript. Gelukkig konden we ook buiten werktijd 
gezellig een biertje drinken, en de herinneringen aan de nachten in Paradiso, waar je maar door bleef 
dansen terwijl de OIO’s al lang afhaakten, staan nog vers in mijn geheugen. Kort samengevat: ik had 
mezelf geen betere begeleider kunnen wensen. Heel veel succes en plezier in de toekomst, maar ik 
weet eigenlijk wel zeker dat we nog goed contact zullen houden. 

Daarnaast was er nog een tweede persoon die mij tijdens het hele project heeft 
geadviseerd. Arnoud, in de eerste jaren waren we nog onderdeel van jouw dynamische en ontzettend 
leuke lab. Ik heb veel geleerd van jouw ongelooflijke hoeveelheid kennis (serieus, hoe onthoud je dat 
allemaal?), en ik ben tijdens congressen vaak via jou in contact gekomen met de juiste mensen in het 
integrine veld. Ook heel erg bedankt voor het feit dat je altijd meteen tijd vrij maakte om onze papers 
kritisch door te nemen, ook toen we het NKI al hadden verlaten en in Leiden onderzoek deden. 
Tijdens werkbesprekingen kon ik altijd rekenen op de interesse en het kritisch commentaar van 
andere groepsleiders. Daar wil ik Bob, Ed, John en Kees voor bedanken, ook voor jullie adviezen wat 
betreft de manuscripten. Graag bedank ik mijn promotor, Anton Berns en de commissieleden voor het 
beoordelen van mijn proefschrift. Marie Anne bedankt voor al het geweldige regelwerk dat vooral in 
de laatste periode bij het promoveren kwam kijken. 

Het mooie van promoveren is dat je terecht komt tussen meerdere lotgenoten, die ook altijd 
aanwezig zijn op het lab. In het Sonnenberg lab werd ik meteen opgevangen door Iman en Maaike. 
Even een korte herinnering aan onze dagelijkse dilemma’s: ijsje of cappuccino?; radio 538 of 3fm?; 
wie van ons kan eigenlijk het snelst een doosje met blauwe puntjes vullen?; en de gele dan?; nog 
een cappuccinootje doen...?; en natuurlijk tijdens de lunch vechten om het laatste yoghurtje met 
appel/kaneel. Nu lijkt het voor anderen misschien zo dat wanneer ik jullie niet had leren kennen dit 
proefschrift wat dikker zou zijn, maar het tegendeel is waar. Ik heb veel kunnen leren van jullie 
wetenschappelijke kwaliteiten, en ben echt heel blij geweest met zulke unieke sfeermakers op het 
lab. Zelfs nu we al twee jaar niet meer samenwerken zoeken we elkaar nog regelmatig op, dat zegt 
denk ik genoeg.  

De Sonnenbergjes (continued): Petra, jij bent ooit begonnen met het Src en β3 project, 
mede dankzij jou heeft het geleid tot een prachtige publicatie. Norman, thanks for taking over the 
rookie status in the lab and department (by now I believe you’re actually one of the most senior 
scientists there), I wish you all the best with the preparation of your own beautiful thesis! Johan, ook jij 
bedankt voor je input in ons werk, belangrijker nog ben ik erg blij dat ik nu onderdeel ben van jouw 
lab op het Hubrecht, en dat je me daar de tijd hebt gegeven om dit proefschrift op een mooie manier 
te kunnen afronden. Coert, balen dat we maar zo kort hebben samengewerkt, toch was het erg leuk 
(en het is hier inderdaad erg warm). Naast al die anderen die in de loop der tijd in dit lab hebben 
gewerkt wil ik Sandy, Karine, Ingrid, Jan en Sandra nog bedanken voor hun hulp. 
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Om de gezellige drukte op het lab af en toe een beetje te ontvluchten, ging ik naar ons 
kantoor voor wat rust. Daar kwam natuurlijk niet veel van terecht, en dankzij het senseo apparaat heb 
ik de rest van H1 ook goed leren kennen. Ik heb me altijd erg welkom gevoeld op deze afdeling waar 
zo ontzettend veel verschillende mensen rondliepen. Ik wil hiervan toch een speciaal groepje noemen 
die voor mij erg belangrijk is geweest op het NKI, maar zeker ook daar buiten. Het fundament van de 
mannenavonden: Sander, Jacco, en Tomek (+Iman en Norman), wat moet ik nog vaak terugdenken 
aan deze tijd. Het begon gewoon met een biertje in Amsterdam, maar daarna volgden Texel, 
Lunteren, Praag, Polen, New York, Manchester en nu dus Utrecht. Ik ben blij jullie mijn vrienden te 
mogen noemen! Gelukkig was er nog een vrouwelijke tegenhanger van dit clubje en van hen wil ik 
mijn ex-kamergenootjes Rosalie, Kristin en Saskia nog noemen als fantastische collega’s! Ook alle 
nog niet genoemde, maar onmisbare personen/meubelstukken die bij H1 hoorden en mij op één of 
andere manier hebben geholpen, hartelijk dank. Het mooie van een instituut als het NKI zijn de korte 
lijnen tussen de afdelingen en de goede faciliteiten. Anita en Frank, ik weet niet precies meer hoeveel 
cel types jullie voor me hebben gesorteerd, maar reken er maar op dat in elk hoofdstuk van dit 
proefschrift er gebruik van is gemaakt. Hetzelfde geldt voor Lauran en Lenny, die ervoor zorgden dat 
de confocal het gewoon altijd goed deed. Ook de proefdierverzorgers waren bijzonder behulpzaam. 
Verder wil ik nog mijn generatie OIO’s noemen, dankzij de vele onnavolgbare momenten op Texel 
hebben we elkaar leren kennen en eenmaal terug op het NKI hebben jullie me regelmatig geholpen 
bij het opzetten van experimenten, bedankt daarvoor. 

De laatste twee jaar had ik een totaal nieuwe werkomgeving. Eenmaal gewend in Leiden, 
kon ik hier goed mijn draai vinden en heeft die periode flink bijgedragen aan de inhoud van dit boekje. 
Bovendien heb ik tijdens de wekelijkse Pubquiz’en veel algemene kennis opgedaan (wist je 
bijvoorbeeld dat de tandenborstel is uitgevonden in China?). First, I want to acknowledge the 
founding members of team Danen. Dear Jordi, Hoa and Ella, thank you for all your contributions! It 
was great fun working with you. Especially, I express my gratitude to Jordi (dude...!) who spend quite 
some time on the experiments described in chapter 5. Het uitvoeren van in vivo experimenten deed ik 
bijna nooit alleen, en ik wil Martine, Chantal, Sylvia, Reshma en Ine heel erg bedanken voor hun hulp 
hierbij. Er waren nog enkele anderen waarmee ik de beperkte hoeveelheid zuurstof in onze kamer 
moest delen, en ik wil Marjo, Maaike en Joëlle nog even noemen voor hun vrolijke deelname hieraan. 
Natuurlijk bedank ik alle andere Tox-members, en dat zijn er best veel, voor een gezellige tijd. Op 
meerdere momenten tijdens het promotieonderzoek heb ik studenten mogen begeleiden. Het was 
bijzonder om te zien hoe snel zij zich ontwikkelden, en ik heb er zelf ook veel van kunnen leren. Van 
hen wil ik Ana, Abadir, Lisa en Serdar nog bedanken voor hun ongelooflijke goede inzet. 

Dan volgt er nu nog een, voor mij persoonlijk, erg belangrijke paragraaf. Mijn vrienden, ook 
al hadden jullie af en toe geen flauw idee waar ik me nou precies mee bezig hield (“toevallig, ik ken 
iemand die ook onderzoek doet aan AIDS...” of “ben jij nou zo’n figuur uit CSI?”), ik vond het altijd 
bijzonder om te merken dat jullie zo geïnteresseerd zijn gebleven en natuurlijk voor de broodnodige 
afleiding zorgden naast het promoveren. Na werktijd, kwam mijn familie vaak bij elkaar tijdens 
heerlijke borrelavonden waarin we ieders (werk)ervaringen bespraken. Arjan, Bas, Hans en Christine 
ontzettend bedankt voor alles en dat er nog veel van deze momenten mogen volgen! Lieve pap en 
mam, jullie hebben me van jongs af aan in alles gesteund en mijn verrichtingen altijd op de voet 
gevolgd. Misschien vinden jullie dat vanzelfsprekend, maar om te laten merken dat jullie echt een 
unieke bijdrage hebben geleverd, die eigenlijk met geen woorden is te omschrijven, kan ik nu iets 
bijzonders terug doen: dit boek draag ik op aan jullie. Tot slot, heel veel dankjes voor Lisette. Jij hebt 
alles van heel dichtbij meegemaakt, als ik weer eens opgefokt of gestrest thuis kwam omdat een 
experiment voor de tiende keer niet lukte, of wanneer er een paper werd afgewezen, zorgde jij er 
onder andere voor dat ik de volgende dag toch gemotiveerd de draad kon oppakken. Jij bent dus de 
stille (nou ja stil...) kracht achter dit succes geweest. Ik ben er trots op om zo’n ongelooflijke prachtige 
vrouw naast me te hebben staan. We gaan samen nog een hele mooie toekomst tegemoet! 
 
 
Stephan 
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