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Abbreviations 

ADMIDAS adjacent metal ion-binding site 
AKT AKR mouse T-cell lymphoma-derived oncogene 

product, also protein kinase B (PKB) 
ARP2/3 actin-related protein 2/3 
BAD Bcl-2-associated death promoter 
DRF diaphanous family of formins 
DUOX dual oxidase 
ECM extracellular matrix 
EGF(R) epidermal growth factor (receptor) 
ENA/VASP enabled/vasodilator-stimulated phosphoprotein (fami-

ly) 
ERK extracellular signal regulated kinase 
FA focal adhesion 
FAK focal adhesion kinase 
FAT focal adhesion targeting (domain) 
FERM band four point one, ezrin, radixin, and moesin 

(domain) 
FN fibronectin 
GAP GTPase activating protein 
GDI guanine dissociation inhibitor 
GDP guanosine diphosphate 
GEF guanine nucleotide exchange factor 
GRB2 growth factor receptor-bound protein 2 
GSK3 glycogen synthase kinase 3 
GTP guanosine triphosphate 
ILK integrin-linked kinase 
JNK c-JUN N-terminal kinase 
LIM kinase LIM (Lin11, Isl-1 & Mec-3) domain kinase 
LIMBS ligand-induced metal ion-binding site 
LOX 5-lipogygenase 
LPA lysophosphatidic acid 
MAPK mitogen-activated protein kinase 
MEF mouse embryonic fibroblast 
MIDAS metal-ion dependent adhesion site 
mTOR mammalian target of rapamycin 
  



 

NF-κB nuclear factor kappa-light-chain-enhancer of activated 
B cells 

NOX NADPH (nicotinamide adenine dinucleotide phos-
phate) oxidase 

p130CAS p130-CRK-associated substrate 
PAK p21-activated kinase 
PDGF platelet-derived growth factor  
PDK 3-phosphoinositide-dependent kinase 
PDZ post synaptic density protein, drosophila disc large 

tumor suppressor, zonula occludens-1 protein 
(domain) 

PH pleckstrin homology (domain) 
PI3K phosphatidylinositol 3-kinase 
β-PIX p21-activated kinase interacting exchange factor-β  
PKB protein kinase B (=AKT) 
PKC protein kinase C 
PSI plexin-semaphorin-integrin (domain) 
PTB phosphotyrosine binding (domain) 
PtdIns-3,4,5-P3 phosphatidylinositol-3,4,5-triphosphate 
PtdIns-4,5-P2 phosphatidylinositol-4,5-bisphosphate 
PTEN phosphatase and tensin homolog deleted on chromo-

some 10 
PTP phosphotyrosine phosphatase 
PYK2 proline-rich kinase 2 
RAC1 RAS-related C3 botulinum toxin substrate 1 
RAP RAS-related protein 
RGD L-arginine, glycine, L-aspartic acid (Arg-Gly-Asp) 

(peptide) 
RHOA RAS homolog gene family, member A 
RIAM RAP1-GTP-interacting adaptor molecule 
ROCK RHO-associated coil-coiled containing protein kinase 
ROS reactive oxygen species 
RT-PCR reverse transcription polymerase chain reaction   
SFK SRC family kinases 
SH SRC homology (domain) 
SOD superoxide dismutase 
SRC c-SRC (short for cellular SRC), rous sarcoma virus 

oncogene 
TGF-β transforming growth factor β 
TM transmembrane (domain) 
VN vitronectin 
WASP Wiscott-Aldrich syndrome protein (family)  
WAVE WASP verprolin-homologous protein (family) 
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Introduction 

Every organism has to understand its environment and to access whether the 
surroundings are suited to stay and to propagate. This ability is also crucial 
for every cell within that organism and if it is missing things go wrong. One 
such example of things going wrong is the uncontrolled proliferation of cells 
during tumor formation and metastasis.  

Animals have thus evolved control mechanisms that tightly regulate 
critical processes such as cell survival, differentiation, proliferation, and 
migration. The information that cells receive through their adhesion sites to 
the extracellular matrix and through cell-cell contacts is of great importance 
for these processes. Integrins are highly conserved receptor molecules that 
can transmit such information. They connect (“integrate”, hence the name) 
the extracellular matrix outside the cell with the cytoskeleton inside the cell, 
which provides mechanical anchorage and is also part of their signaling 
function. The fact that integrins are expressed in animals from sponges to 
humans, and that they can be found in all cells of our body except for red 
blood cells, illustrates their importance and gives an idea of the variety of 
reactions that integrins can participate in.  



 12 

 



 13 

Background 

Integrin structure and activation 
Integrins are transmembrane, glycosylated cell surface receptors. They are 
heterodimers composed of subunits from two different, highly conserved 
protein families. In mammals, 18 α - and 8 β-subunits can together form at 
least 24 distinct heterodimers (1,2). Most of them link cells to the 
extracellular matrix (ECM), and some are part of cell-cell contacts. 

The extracellular domains are rather large, made up of around 800 amino 
acids. β4 is an exceptional integrin subunit in various aspects and is 
comprised of almost 1100 extracellular amino acids. The 20 to 30 amino 
acid long transmembrane (TM) domains form α-helices and are longer than 
necessary to span the membrane, which allows for the structural 
arrangements involved in affinity state changes. The cytoplasmic tails are in 
general a maximum of 70 amino acids in length, which is surprisingly short 
considering all described interacting proteins, especially with regard to the β-
tails. β4 is an exception again – its cytoplasmic part is made up of more than 
1000 amino acids. 

Although α- and β-subunits do not show any homology, there are several 
common motifs shared by the members of each subunit type. I domains are 
for example present in 9 of the α-subunits, in which they mediate ligand 
binding. Also a conserved metal-ion dependent adhesion site (MIDAS) 
containing a coordinating Mg2+ ion is located in the I domain (3). The β -
subunit comprises a βI domain, which contains a MIDAS and two adjacent 
Ca2+-binding sites, called ADMIDAS (adjacent metal ion-binding site) and 
LIMBS (ligand-induced metal ion-binding site). A schematic picture of the 
α- and β-integrin subunit domain structure is presented in Figure 1. Ligand 
binding of a heterodimer without αI domain occurs in a cleft in the α- and β-
subunit interface involving the MIDAS in the activated β-subunit and the so-
called propeller domain in the α-subunit (4). 

Several conserved motifs are present in the cytoplasmic tails. Close to the 
membrane, the α-chains contain the GFFKR motif, which together with the 
HDR(R/K)E motif in the membrane-proximal part of the β-subunit is 
important for the regulation of integrin conformation. Furthermore, at least 
one NxxY/F motif is expressed in the majority of β-tails, which is the 
canonical recognition sequence for phosphotyrosine binding (PTB) domains. 
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Most β -subunits contain two NxxY/F motifs, one membrane-proximal and 
one membrane-distal.  

 
Figure 1. Integrin domain structure. The plexin, semaphorin, and integrin (PSI) 
domain is actually located at the N-terminus of the β-subunit, but disulphide bonds 
link it to more C-terminal residues. The β-subunit contains furthermore four 
epidermal growth factor (EGF) repeats that are not depicted here. Reprinted by 
permission from Macmillan Publishers Ltd: Nature Reviews, Molecular Cell 
Biology (Shattil et al., 11(4):288-300). Copyright (2010) 

Integrins can be present in different activation states on the cell surface and 
the activation process needs to be tightly controlled. This is most obvious in 
blood cells, where inappropriate integrin activation would lead to thrombus 
formation. How the transition from an inactive to an active integrin occurs 
and how this is regulated, is a field of intense research and certain 
controversies. However, a general concept is that integrins can adopt at least 
two conformations: an inactive (closed, bent) and an active (open, extended, 
ligand-binding). In addition, “primed” or intermediate states of certain 
integrins have been described (5-8). 
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The activation process is characterized by a pronounced conformational 
change involving the separation of the previously associated TM regions of 
the α- and β-subunit (see Fig.1). The inactive integrin conformation is 
mediated by an “inner clasp” in the cytosolic, membrane-proximal part and 
an “outer clasp” in the TM domain (9). Hydrogen-bonding occurs in the TM 
membrane-proximal part between a conserved lysine in the β-subunit and the 
oxygen of carbonyl residues in the α-chain. Additionally, the inactive 
ectodomain seems to stabilize the dimer association. The TM separation then 
leads to the extension of the ectodomains, involving a large conformational 
change allowing ligand binding and subsequent intracellular signaling 
events. The conformational change includes downward displacement of the 
α7 helix in the β I domain and a “swing-out” of the hybrid domain. These 
movements are possibly ligand-induced, although the exact timing is not yet 
clear (7,8,10).  

Depending on the circumstances, the activation process could be triggered 
“outside-in” induced by ligand binding or “inside-out” by integrin-activating 
proteins regulated through intracellular signals. Some reports claim, that TM 
domain separation does not always take place in outside-in activation events 
(11,12), and there are doubts, if pure outside-in activation actually occurs in 
a physiological context. Many studies about outside-in activation employed 
high-affinity ligands derived from e.g. bacteria, or artificial ligands such as 
activating antibodies or manganese ions that cause integrin activation by 
binding to the ADMIDAS site (13). Additionally, numerous studies have 
focused on αIIbβ3 integrins. Due to high homology, the results obtained with 
this heterodimer can most likely be transferred to other integrin dimers, but 
certain differences remain.  

Integrin activating proteins 
Several proteins have been shown to bind to integrin cytoplasmic tails and to 
contribute to the regulation of their activity (7,14-16). Two proteins seem to 
be crucial for the activation: talin and kindlin.  

Talin, which has two isoforms in vertebrates, consists of a rod and a 
globular head domain. The head domain contains a band four point one, 
ezrin, radixin, and moesin (FERM) domain with three typical subdomains 
(F1, F2, and F3) and an additional F0 subdomain. The FERM domain is 
commonly found in proteins linking the cytoskeleton with the cell 
membrane. The PTB-like domain in F3 binds to the membrane-proximal 
NPxY motif in the β-tail and an additional site in F3 binds to the part of the 
β-cytoplasmic tail involved in the inner membrane clasp, thereby competing 
with the α-tail to form a salt bridge. A positively charged “membrane 
orientation patch” provides further interactions with the membrane (17,18). 
The talin head domain alone has been suggested to be sufficient to activate 



 16 

αIIbβ3 integrins (19), but the full-length protein, which forms homodimers, 
seems to be needed for integrin clustering and focal adhesion (FA) assembly 
(20,21). A recent publication provides evidence though, that talin is 
dispensable in nascent adhesions (22), which is contradictory to previous 
results. Talin’s rod domain links integrins directly to F-actin.  

Talin itself is a tightly regulated molecule. Its activation from the 
autoinhibited state in which it resides in the cell is likely to involve locally 
produced lipid second messengers such as phosphatidylinositol-4,5-
bisphosphate (PtdIns-4,5-P2) (23).  

An additional molecule involved in integrin activation and other aspects 
of cell adhesion is the small GTPase RAP1 (24-27). It cycles between the 
active GTP-bound and the inactive GDP-loaded state, which is controlled by 
guanine nucleotide exchange factors (GEFs) and GTPase activating proteins 
(GAPs). One known RAP1 effector is RAP1-GTP-interacting adaptor 
molecule (RIAM) in hematopoietic cells or its paralog lamellipodin in other 
cells such as fibroblasts (28). An appealing model has been presented, where 
RIAM (and possibly lamellipodin) recruits talin to the membrane by binding 
both RAP1 that contains membrane-targeting sequences and talin, which 
together lead to integrin activation (29,30). However, so far no direct 
interaction between lamellipodin and RAP1 has been shown (28). Both 
lamellipodin and RIAM promote actin polymerization probably though 
interactions with proteins of the enabled/vasodilator-stimulated 
phosphoprotein (ENA/VASP) family.  

Kindlins are a conserved protein family with three homologs in humans 
(31), and they have a unique structure. Their centrally located FERM domain 
is disrupted by a pleckstrin homology (PH) domain, and a PTB domain 
resembling talin’s PTB domain binds β-integrin cytoplasmic tails at their 
membrane-distal NxxY motif (32,33). Other conserved residues also 
contribute to the binding of kindlins to the β-tails (34). 

Kindlins are involved in both integrin activation and integrin downstream 
functions. For integrin activation however, kindlin seems to depend on talin. 
Also talin cooperates with kindlin and both proteins have to be expressed at 
a balanced level in order to synergize as shown for αIIbβ3 activation (21). 
There might be integrin-specific differences though, since the coexpression 
of kindlin-1 or kindlin-2 with talin head fails to activate α5β1 (33). Kindlins 
are recruited to the membrane by PtdIns-3,4,5-P3 and they are also part of 
FAs binding the adaptor migfilin and integrin-linked kinase (ILK), which 
points to a role of kindlins in spreading. Since kindlin-2 is found in cell-cell 
contacts and at least kindlin-1 and kindlin-2 have been detected in the 
nucleus (35), they might carry out functions outside cellular matrix adhesion 
sites as well (34). 

Several proteins can interfere with integrin activation, for example 
sharpin (36), ICAP1 (37), DOK1 (38), and filamin A. Filamin A binds to the 
membrane-proximal NPxY motif in β-integrin subunits and thus blocks talin 
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binding (39). Interestingly, the kindlin-binding protein migfilin can in turn 
associate with filamin A and it has been suggested that it is recruited by 
kindlin in order to prevent filamin A binding to the β-tail (40). A recent 
publication supports the view of migfilin and filamin A as proteins 
regulating integrin activation (41).  

In summary, integrin activation is complex and tightly regulated, and still 
the whole complexity of this process is not yet discovered, especially with 
regard to heterodimer-specific differences that are likely to exist. 

Integrin signaling  
Integrins are key components of newly formed cell adhesion structures 
termed nascent adhesions that link the extracellular matrix to the 
cytoskeleton. Around these connections, many additional molecules 
assemble and they can mature into focal complexes and in a 
mechanosensitive manner into larger FAs. Integrins do not only 
mechanically link outside and inside of the cell but also transfer signals into 
both directions. 

A few years ago, an “integrin adhesome interaction map” was published 
(42), which contained 156 components at that time and more have emerged 
since then. Thus, integrins are involved in a multitude of molecular 
interactions and intracellular pathways that are translated into complex 
responses beginning with adhesion and migration, proceeding with 
differentiation, cell survival and proliferation to just name a few. Which 
components actually join to build up the adhesome, depends for example on 
cell and ECM type, the involved integrin heterodimers, matrix compliance, 
and mechanical forces. 

Furthermore, integrins are not the only receptors transmitting signals. 
Several classes of receptors exist in a cell that signal in response to certain 
stimuli and these can be soluble or insoluble, such as secreted or matrix-
bound growth factors. Importantly, numerous signaling pathways are utilized 
both by integrins and by other receptor types and many of these pathways 
can converge. Integrins and other receptors also posses the ability to “cross-
talk” with each other by modulating each other’s signaling responses or by 
activating each other. Integrins can for example activate platelet-derived 
growth factor (PDGF) receptors in the absence of PDGF (43) and 
chemokines are capable of activating integrins. Integrins also cooperate with 
proteoglycans, such as syndecans (44,45). 

In the following section, a few central integrin signaling pathways and 
modulating molecules will be presented. 
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The classics – The FAK-SRC-MAPK and PI3K-AKT pathways  

The FAK-SRC-MAPK pathway 
So far, it is not known in which order FA components assemble. It is clear 
though that clustering of integrins, an increase in tyrosine phosphorylation 
and elevated levels of lipid second messengers are early events upon integrin 
ligation (20,46). Integrin clustering can be induced by multivalent 
extracellular ligands or ligands in close proximity to each other, or by 
multivalent intracellular proteins recruited to the cytoplasmic tails of 
integrins. The integrins are indirectly connected to actin and various 
signaling pathways are triggered and modulated, resulting eventually in 
changes of gene expression.  

Activation of the focal adhesion kinase (FAK)/SRC complex is a central 
event following integrin ligation. FAK, a protein expressed in most cells, 
contains a FERM domain, a C-terminal focal adhesion targeting (FAT) 
domain, a central kinase domain and proline-rich regions. It 
autophosphorylates itself at Tyr397 upon activation, probably by 
transphosphorylation. This can occur not only downstream of integrins, but 
also downstream of growth factors (47). The triggering event is still 
unknown, but FAK activation is initiated by unfolding, breaking the 
interaction between the FERM and the kinase domain of the molecule. For 
integrin-induced FAK activation, the two conserved NxxY motifs in the β -
subunit have been shown to be required for autophosphorylation (48). The 
phosphorylated Tyr397 is recognized by SRC-homology 2 (SH2) domain-
containing proteins such as SRC family kinases (SFK) e.g. cellular SRC (c-
SRC, hereafter termed SRC). These proteins are non-receptor tyrosine 
kinases, of which SRC binds constitutively to β3 integrin cytoplasmic tails, 
whereas other SFKs coimmunoprecipitate e.g. with β1 and β2 subunits 
(49,50).  

SFKs are autoinhibited by a phosphorylated tyrosine in the C-terminal 
part and in response to integrin ligation, the autoinhibitory site (Tyr527) gets 
dephosphorylated and an activating autophosphorylation at Tyr416 occurs. 
The SRC-FAK interaction stabilizes SRC’s active conformation and allows 
SRC to phosphorylate more sites on FAK. SFK’s SH3 domain is critical for 
the localization of activated SRC to FA. It binds to a region between FAK’s 
FERM and kinase domain (the “linker” region) (51-53), whereas the FAT 
domain in FAK can bind paxillin, another important FA protein. The 
catalytically fully active FAK/SRC complex provides then docking sites for 
further adaptor and signaling molecules at FA sites. It should be noted that 
functional FAs form even in the absence of FAK or SFK family proteins, but 
as a result cell motility is impaired, which implies a crucial role for the 
FAK/SRC complex in resolving and turnover of focal adhesions (47,54). 
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Active FAK/SRC allows p130CAS to bind FAK with its SH3 domain and to 
get phosphorylated. Binding of the adaptor protein CRK to phosphorylated 
p130CAS can via DOCK180 activate the RHO-GTPase RAC1 (55), which 
then may induce lamellipodia formation. Also the interaction between 
phosphorylated paxillin and CRK downstream of the active FAK/SRC 
complex can lead to RAC1 activation. Furthermore, the phosphorylation of 
FAK Tyr925 enables binding of growth factor receptor-bound protein 2 
(GRB2), which in turn can activate RAS leading to the activation of a 
serine/threonine kinase cascade, namely the RAF-MEK-ERK pathway (56).  

The extracellular signal regulated kinase (ERK) pathway is also activated 
downstream of several growth factors integrating adhesion and growth factor 
signals. Integrin-dependent adhesion signaling has a strong impact on 
several cellular growth factor responses (57), and the here mentioned ERK 
pathway together with the phosphatidylinositol 3-kinase (PI3K)-AKT 
pathway described in the next section are two main examples.  

The FAK/SRC complex can furthermore activate the c-JUN N-terminal 
kinase (JNK) pathway and in summary, the complex regulates cell survival, 
differentiation and proliferation. On another regulation level, activated FAK 
can translocate to the nucleus and directly bind to p53, thereby inhibiting the 
p53 functions as an inducer of apoptosis and cell cycle arrest (58,59). 

Proline-rich kinase 2 (PYK2) is a kinase resembling FAK in domain 
architecture and they can activate common signaling pathways, although 
there are differences (60). PYK2 is for example predominantly found 
perinuclearly (61) and although it has been proposed that PYK2 can 
compensate at least partly for FAK deficiencies (62,63), it is not currently 
apparent how this would work considering the different subcellular 
localization of these two proteins.  

The PI3K-AKT pathway 
Another important pathway activated downstream of integrin ligation is the 
PI3K-AKT pathway. This pathway has a strong impact on cell growth and 
survival and has experienced most attention downstream of other types of 
membrane receptors, such as receptor tyrosine kinases and G-protein-
coupled receptors. However, not so much work has been performed on PI3K 
signaling downstream of integrins in cell adhesion and spreading, though its 
role in (directed) cell motility has been appreciated (64). Importantly, PI3K 
signaling can also act upstream of integrins and cause their activation e.g. in 
blood cells experiencing inflammation- or coagulation-related stimuli (65-
68). An important function of PI3K is to regulate GEFs and GAPs and to 
thereby control small GTPase protein activity. In turn, RAS can activate 
several PI3K isoforms, which may indicate the existence of a feedback loop 
(69). Other small GTPases have been suggested to regulate PI3K as well. 

The PI3K proteins can be divided into three classes. Class I contains 
PI3Ks primarily associated with cell membrane receptors and these PI3Ks 
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are made up by one of four 110 kDa catalytic subunits associating with one 
of several regulatory subunits. This association negatively regulates PI3K. 
The inhibition can be released for example by binding of the regulatory 
subunit to pTyr in a receptor or to an adaptor protein. Concurrently, this 
brings the catalytic subunits close to the membrane, where they generate 
PtdIns-3,4,5-P3, preferentially by phosphorylating PtdIns-4,5-P2 (for review 
see (70)). One possible mechanism for how integrins recruit PI3K is via 
FAK. The SH2 domain of the PI3K regulatory subunit p85 can bind to 
phosphorylated Tyr397 in FAK (71).  

PtdIns-3,4,5-P3 affects numerous molecules and those are often recruited 
to and activated at the membrane via their PH domains. Upon PI3K 
activation, 3-phosphoinositide-dependent kinase 1 (PDK1) phosphorylates 
Thr308 in the activation loop of protein kinase B (PKB, also named AKT) 
(72-74). This reaction is dependent on an unfolding of AKT mediated by 
AKT binding to PtdIns-3,4,5-P3. The so-called PDK2 additionally 
phosphorylates Ser473 in the hydrophobic motif in the AKT C-terminus, 
which allows full activation and substrate specificity of AKT (72,75,76). The 
identity of this PDK2 downstream of integrins has been controversial, but 
our studies have recently shed some more light on the mechanisms 
regulating Ser473 phosphorylation ((77), see Paper 2 in this thesis).  

The activity of PI3K can be counteracted by lipid phosphatases of the 
PTEN (phosphatase and tensin homolog deleted on chromosome 10) family 
(78,79). Since AKT has many downstream effectors such as mTOR, BAD, 
NF-κB, and GSK3, regulating cell proliferation, survival and metabolism, 
deregulation of this pathway is associated with diseases. In cancer, activating 
mutations of PI3K and/or inactivating mutations of PTEN are frequently 
found (80,81). 

We hypothesize that there is an alternative, FAK-independent way of 
integrin-induced PI3K activation. This is based on the observations that 
Ser473 AKT phosphorylation can occur in response to β1 integrin ligation 
even in FAK-/- cell lines. It can also be detected in cells expressing and 
engaging only a mutant β1 integrin devoid of the two NxxY motifs needed 
for FAK activation (48). This reaction could involve a yet unidentified 
tyrosine kinase, which is neither a SFK member nor a PDGF- or EGF-
receptor, upstream of PI3K (82). 

RHO GTPases  
RHO GTPases constitute a subgroup within the family of small GTPases and 
regulate a variety of cellular processes. Their activity can be regulated on at 
least four levels. They cycle between an active GTP-loaded state, promoted 
by GEFs and an inactive GDP-bound state, promoted by GAPs at the plasma 
membrane. Furthermore, they can be sequestered by guanine nucleotide 
dissociation inhibiting factors (GDIs) in the cytosol (83). The subcellular 
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localization of the GTPases is crucial for their function as well and it is 
regulated by several interactions and posttranslational modifications. 
An early event upon integrin ligation is the inactivation of RHOA, which 
reduces contractility and at the same time increases the activity of RAC1 and 
CDC42 promoting nascent adhesion and lamellipodia formation, and 
spreading. The inhibition of RHOA can be mediated by the active FAK/SRC 
complex. SRC can increase p190RHO-GAP activity directly by 
phosphorylation (84) and FAK forms a complex with p120RAS-GAP and 
p190RHO-GAP, which antagonizes RHOA activity (85). Downstream of 
paxillin, p21-activated kinase (PAK)-interacting exchange factor-β (β-PIX) 
can recruit and activate RAC1. PAK1 controls this reaction by competing 
with RAC1 for β-PIX binding (86). In a second spreading phase or in 
migration, a complex of FAK with RGNEF (p190RHO-GEF) is involved in 
integrin-mediated RHOA reactivation in order to allow FA formation, 
maturation, and stabilization (87).  

Interestingly, RHOA activity inhibits RAC1 activity and vice versa. 
RHOA suppresses RAC1 by RHO-associated coil-coiled containing protein 
kinase (ROCK)-mediated activation of a RAC-GAP, named FIL-GAP (88). 
RAC1 on the other hand leads to reactive oxygen species-mediated 
inhibition of phosphatases that inhibit p190RHO-GAP. This leads to 
increased GAP activity and thereby suppresses RHOA activity (89).  

Furthermore, lipids generated by PI3K can also target GEFs and GAPs, 
which all contain at least one PH domain, to the plasma membrane where 
they in turn regulate RAC1 and other RHO-GTPases (90). As mentioned 
previously, PI3K itself is regulated by RHO-GTPases possibly creating a 
feedback loop for protrusion formation (70). 

RHO guanine dissociation inhibitors (RHO-GDIs) provide another level 
of regulation. They usually bind RHO-GTPases in their GDP-loaded state 
preventing activation by GEFs, although it is likely that they can also 
sequester GTP-loaded RHO-GTPases, which inhibits effector binding as e.g. 
shown for RAC1 (91). GDIs can also interact with several cytoskeletal 
proteins, possibly localizing RHO-GTPase activity within the cell (92), 
while GDIs themselves can be regulated e.g. through phosphorylation. RHO-
GDI phosphorylation by for example PAK reduces GDI affinity for RAC1 
(93,94). Additionally, protein kinase Cα (PKCα) has been shown to 
phosphorylate RHO-GDIα on Ser34 in a PtdIns4,5-P2-dependent 
mechanism, resulting in the release of RHOA, its GTP loading and 
subsequent exertion of its functions (95). 

Adhesion, focal adhesion dynamics and spreading 
Cell adhesion and spreading are crucial processes in development and tissue 
homeostasis (96). Although much work has been performed in the 2D 
environment, FA formation also occurs in a 3D matrix (97). One central 
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process is the connection of the cytoskeleton with the ECM. Talin is able to 
create this linkage by binding integrins and actin. It contains cryptic binding 
sites for vinculin, another filamentous (F)-actin-binding protein involved in 
FA growth and maturation (98). Vinculin itself possesses cryptic actin and 
talin binding sites (99). Actin crosslinking can be carried out by several 
proteins, including α-actinin (100), which is involved in FA maturation 
together with myosin II, and also by filamins. 

An important regulator of integrin-actin interactions is integrin-linked 
kinase (ILK), which is recruited to the membrane by PtdIns-3,4,5-P3 

(101,102). The pseudo-kinase ILK binds PINCH and the actin-binding 
proteins parvin and paxillin (103). It stabilizes integrin clustering and 
thereby influences adhesion strength. Paxillin is found already early in 
adhesions and acts as a “molecular platform” (20), whereas tensin, another 
actin cross-linker, is recruited rather late to FAs. Together with the ILK-
pinch-parvin complex, tensin is involved in the formation of even larger 
fibrillar adhesions (104). Another scaffold protein, zyxin, can remodel actin 
stress fibers in a force-dependent manner (105,106). 

The formation and maturation of FA is closely associated with several 
forces acting on the involved molecules during cell adhesion and spreading. 
For example, the so-called retrograde actin flow in a cell from the periphery 
to the cell center, is much faster in the lamellipodium, a thin protruding 
membrane extension, than in the zone right adjacent to it, the lamellum. In 
the lamellum, the retrograde flow is driven by myosin II, whereas it is 
powered by the actin polymerization in the lamellipodium. Nascent 
adhesions form in the lamellipodium, which, simplified, slows down the 
actin flow by friction and moves the boundary between lamellum and 
lamellipodium forward (105). Subsequently, the adhesions (linked to actin 
via talin) grow and elongate in the direction of applied tension in a 
myosin II-dependent process (107).  

The ability of adhesions to grow and strengthen in response to force, and 
to even transmit force at the same time as the components are constantly 
turned over, is difficult to understand. Quite recent work shows that nascent 
adhesions move for a few seconds towards the center of the cell before they 
start to grow (108). The softer the substrate, the more the adhesions move, 
and on a glass substrate, there is no visible displacement. It is suggested, that 
this corresponds to a “frictional slip” of integrin molecules on compliant 
surfaces (108). Integrins are connected both with the ECM and the 
cytoskeleton in nascent adhesions, but cannot yet bear the contractile forces. 
Therefore, integrin-ligand bonds may break and reform during this phase. 
Tension seems to build up during the slipping and leads by a yet unknown 
mechanism to a more stable linkage to the ECM. 

After this, integrins in the FAs are stable in relation to the ECM in a 
mature adhesion. However, other cytosolic FA components still move with 
the actin filaments in relation to the ECM, although with lower speed 
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(109,110). This “clutch” mechanism could influence signaling by controlling 
the time the FA components have to interact with each other in relation to 
the experienced substrate compliance and forces. 

Interestingly, the composition and density of the actin network differs in 
lamellipodia and lamella (111). In lamellipodia, high concentrations of the 
actin-related protein 2/3 (ARP2/3) complex can be found, where it may 
nucleate actin polymerization after activation by Wiscott-Aldrich syndrome 
protein (WASP/Scar) or WASP-family verprolin-homologous protein 
(WAVE) family proteins. In contrast, the nucleation in lamella is probably 
mediated by the diaphanous family of formins (DRFs) (112). The actin 
network is less dense in the lamella and they contain myosin II, whereas 
lamellipodia do not (112-114). Local actin polymerization at FAs is also 
regulated by the ENA/VASP actin-regulating protein family (106) and can 
be facilitated by zyxin, probably in concert with ENA/VASP. 

Another protein involved in actin polymerization is the actin-severing 
protein cofilin (115). It produces free barbed ends by “cutting” the filaments, 
which may allow actin polymerization. It is also reported to depolymerize 
actin (116), and which process is actually dominating seems to vary 
dependent on the concentration of free cofilin and free globular (G)-actin 
monomers (117).  

Two main mechanisms regulating cofilin activity have been described: 
cofilin phosphorylation at Ser3 (118) and binding of cofilin to PtdIns(4,5)P2 
or cortactin (117,119). Notably, both mechanisms lead to inactive cofilin by 
inhibiting cofilin binding to F- or G-actin. Dephosphorylation of cofilin can 
be triggered by several surface receptors, and various kinases and 
phosphatases have been shown to act on cofilin. The LIM kinase family 
(activated for example downstream of RHOA/ROCK and 
RAC1/CDC42/PAK) and the phosphatases slingshot, PP1, and PP2A/PP2B 
are prominent examples (117,120). Phospholipase C on the other hand 
hydrolyzes PtdIns(4,5)P2 e.g. downstream of EGF and releases the probably 
dephosphorylated (active) cofilin. Interestingly, the total amount of 
phosphorylated cofilin increases in response to EGF in the investigated 
carcinoma cells (121), though cofilin still seems to sever actin filaments. 
This illustrates the complex regulation of cofilin activity, especially with 
regard to possibly differentially regulated separate subcellular pools. 
Additionally, cofilin acts in concert with other actin polymerization-
regulating proteins. 

Syndecans, another type of transmembrane adhesion receptors, are also 
involved in cellular adhesion (recently reviewed e.g. in (44,122)). Syndecans 
are proteoglycans consisting of a core protein and covalently bound heparan 
sulfate chains, and they can bind ECM proteins such as fibronectin, 
vitronectin, and laminin. In mammals, the family consists of four members 
(syndecan 1-4). Syndecans act as coreceptors for growth factor signaling and 
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they are involved in numerous signaling pathways, although they, as 
integrins, lack intrinsic kinase activity. 

The divergent syndecan ectodomains are able to interact with a multitude 
of extracellular molecules including ECM proteins via their heparan sulfate 
chains, but they also regulate other cell surface receptors including integrins, 
for example the activation of αvβ3 and αvβ5 (123,124). The ectodomain of 
syndecan 1 together with these integrins were shown to recruit insulin-like 
growth factor 1 receptor (IGF1R) into a complex, which leads to 
autophosphorylation of IGF1R and inside-out activation of the integrins 
(125). Notably, syndecan ectodomains are trypsin-sensitive, which is 
important when performing and interpreting adhesion experiments. 

The intracellular domains of syndecans are conserved and can bind PDZ 
domain-containing proteins via their C2 region. The cytoplasmic parts can 
also interact with kinases such as FAK, with cytoskeletal proteins (for 
example α-actinin (126)) and various other signaling molecules. Syndecan 4 
for example has been implicated in focal adhesion formation and in the 
activation of PKCα (127,128).  

Mechanosignaling 
As discussed earlier, cells may experience several types of forces. Apart 
from the contractile force generated inside the cell, there are external 
mechanical stimuli such as shear stress, stretching, and pressure. Research 
on how different, specialized cell types sense and respond to these stimuli is 
a field of growing interest. Since work presented in this thesis (Paper III) 
deals with signals induced by stretching of fibroblasts, this part of the 
introduction focuses mostly on stretch-induced signaling. 

Substrate stiffness 
Mechanosensing starts with cells reacting to the compliance of their 
substrate. Loose connective tissue is an example for a compliant and bone 
tissue for a stiff substrate. The substrate compliance can determine basic 
cellular behavior. Mesenchymal stem cells for example differentiate into 
different lineages according to the ridigity of their matrix, as elegantly 
shown by Engler et al. (129).  

The compliance influences also the cytoskeletal organization: a stiff 
substrate leads to pronounced FAs and stress-fiber formation, whereas these 
structures are less distinct when the substrate is more compliant (130). 
Similarly, FAs and stress fibers are less pronounced if the area available for 
cell spreading is restricted (131,132). This implies that cells adjust their own 
force generation according to the conditions they experience, and this in turn 
influences the already described signaling pathways downstream of integrins 
(133,134). 
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Mechanosensitive extracellular proteins 
Several proteins residing in the extracellular matrix can “react” to 
mechanical stimuli. Soluble fibronectin dimers for example are assembled 
into insoluble fibrils through interactions with syndecans and integrins 
(α5β1) on the cell surface (135). Myosin-dependent cell contraction leads to 
the exposure of cryptic binding sites of fibronectin that are necessary for its 
polymerization (fibrillogenesis) (136). Cells also remodel collagen fibrils in 
an active force-dependent manner (137).  

Another example is the potent and multifaceted cytokine transforming 
growth factor β (TGF-β), which is secreted to and stored in the ECM in form 
of the so-called large latent complex. The dissociation of TGF-β from this 
complex can be controlled by several mechanisms involving integrins and 
proteases (138). All αv integrins and α8β1 can bind latent TGF-β1 and TGF-
β3 in vitro via their RGD motif; notably this motif is not present in latent 
TGF-β2. Only αvβ6, αvβ5, αvβ3, and αvβ8 have been actually shown to 
release the cytokine, and for αvβ6 and αvβ5 integrins this seems to be 
mediated by cellular contractility in combination with resistance from the 
ECM (139). Integrin αvβ8 does not link to the actin cytoskeleton and 
metalloproteinase MT1-MMP activity is required to create active TGF-β 
together with αvβ 8 (140). In turn, TGF-β is able to modulate ECM 
production in addition to carrying out a multitude of other important 
functions.  

TGF-β, being activated by force and regulating ECM production, 
illustrates one principle of how cells can adjust their matrix according to the 
mechanical burden. Cells sense and exert force and these forces in turn 
regulate ECM-associated gene expression. The following changes in matrix 
composition and compliance are again detected by the cells; they react 
accordingly and so keep the forces in balance (134). 

(Intra)-cellular mechanosensitive proteins 
It has become clear that cell stretching can trigger a multitude of signaling 
pathways. Depending on the cell type, these could comprise the PI3K/AKT 
and the MAPK and JNK pathways, responses mediated by reactive oxygen 
species (ROS), by mechanosensitive ion channels and Ca2+-dependent 
signaling.  

Mechanosensitive ion channels can be classified by their ion selectivity 
and sensitivity and if they are stretch-activated or -inactivated (141). Force 
transmission via certain cytoskeletal or cytoskeleton-associated proteins 
(142) as well as direct responses to tension in the membrane lipid bilayer 
have been suggested as “gating” mechanism. Most data describing the latter 
mechanism has been generated in prokaryotes (141). In non-sensory cell 
types, research focuses mainly on specialized cell types such as cardiac, 
smooth muscle, bladder, and endothelial cells. 
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In a way surprising, there is no formal proof so far that integrin 
conformations are directly regulated by a force-sensitive mechanism. It has 
been suggested though, that forces could induce or stabilize the active 
conformation of integrins (143,144). Figure 2 summarizes schematically a 
few suggested mechanosensitive components in and outside a cell that could 
react to internal or external mechanical force.  

 
Figure 2. Overview about compartments and molecules possibly involved in 
mechanosignaling triggered by internal forces (exerted by the cell) or external forces 
such as mechanical stretching. 

While there is no clear evidence for direct force-regulated integrin 
conformational changes, stretch-sensitive intracellular molecules have been 
described that seem able to translate force at adhesion sites and adherence 
junctions into biochemical signaling events. Two examples are talin and 
p130CAS. p130CAS has been shown to be extended by force, thereby 
providing better access for SRC to phosphorylate p130CAS, which 
subsequently leads to the activation of RAP1 (145,146).  

Similarly, as described above, it has been shown that force recruits 
vinculin to focal complexes (147,148) and that talin’s buried vinculin 
binding sites in the rod need to be in an active conformation to allow 
vinculin binding (149). Later, it was described that stretching of talin rods 
could expose the vinculin binding sites (150). The recruitment and 
integration of vinculin into focal complexes is likely to be important for 
reinforcing the connection of (integrin-)talin-actin, since vinculin can link 
talin to actin, and thereby it contributes to the stability and strengthening of 
focal adhesions (151). 
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Zyxin is another protein that might respond to force directly since it is found 
in contractile focal adhesions but not in focal complexes lacking connection 
to myosin II. When contractility is reduced, zyxin’s dissociation from the 
focal adhesion increases rapidly (152,153) and it has been implicated in 
stretch-induced actin polymerization at focal adhesions (106). Zyxin 
contains α-actinin and ENA/VASP binding sites and it is necessary to recruit 
ENA/VASP to FAs (154). 

Reactive oxygen species 
Reactive oxygen species (ROS) are important molecules involved in 
numerous processes from host defense (“the oxidative burst”) to activation 
and regulation of cellular signaling pathways. In addition, ROS are part of 
the “oxidative stress” response and can exert toxic effects by non-specific 
reaction with molecules in our body. This implies, that both too high and too 
low concentrations of ROS can lead to disease depending on the context.  

ROS molecules comprise a range of molecules with different chemical 
properties, for example superoxide that can be converted enzymatically and 
non-enzymatically into hydrogen peroxide, the hydroxyl radical, and singlet 
oxygen (1O2). Hydrogen peroxide and 1O2 can give rise to radical species, 
and hydrogen peroxide, in contrast to most other ROS, is able to pass cell 
membranes due to its neutral nature (155).  

Mitochondria are claimed to be the major source of ROS in a cell, where 
superoxide is created as a byproduct of ATP production. Most relevant for 
this ROS production seem to be complex I and complex III in the 
mitochondrial respiratory chain, although other sites in mitochondria may 
also produce superoxide (156). When the respiratory complexes leak 
electrons to oxygen, the resulting superoxide and its reaction products can 
reside in the mitochondrial matrix or in the intermembrane space. 
Mitochondrial superoxide dismutase (SOD) can convert superoxide into 
hydrogen peroxide. Since different cell types seem to vary with regard to 
their “equipment” with antioxidant defense systems (e.g. ROS converting 
enzymes such as SOD, catalase, glutathione peroxidase and additional 
scavengers), the exact consequences of mitochondrial ROS production are 
difficult to predict (156,157).   

Even other sources such as the mostly plasma membrane-bound NADPH 
oxidase (NOX)/dual oxidase (DUOX) family, and 5-lipogygenase (LOX) at 
intracellular membranes contribute to ROS production. How much they 
contribute to the overall ROS generation probably depends substantially on 
specific triggers and localization.  

The family of NOX enzymes comprises 7 members, NOX1 to NOX5 and 
DUOX1 and DUOX2. Whereas the latter are regulated by calcium (158), 
NOX1 to NOX4 require the regulatory subunit p22PHOX and further 
supportive molecules such as NOX organizers, NOX activators, and RAC1 
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or RAC2 in order to function (158,159). gp91PHOX is the catalytic subunit 
of NOX2, which was first found in phagocytic cells. All cell membrane-
bound NOXes secrete superoxide into the extracellular space. There it is 
rapidly converted to hydrogen peroxide, which can then enter the cell via 
aquaporins (160) or by diffusion and exert signaling functions. The DUOX 
enzymes and NOX3 and NOX5 show rather restricted expression patterns, 
whereas NOX4 can be found in various tissues and cells, and also on 
intracellular membranes (161,162). NOX1 is highly expressed in colon, but 
also in certain other tissues (163,164).  

It has been shown that integrins are able to trigger ROS production and 
appropriate ROS levels affect many signaling pathways downstream of 
growth factors, cytokines and integrins in order to regulate e.g. cell survival 
and differentiation. ROS are promiscuous molecules, and in particular they 
react with several phosphatases (165), certain kinases and matrix 
metalloproteinases (155,166), transcription factors (155,167) and even actin 
(168,169) and actin-associated molecules (170-172). This often involves 
redox-sensitive residues such as cysteines. A classical example for the 
influence of ROS on a signaling pathway is the inhibition of phosphatases, 
e.g. PTEN, which allows sustained phosphorylation and activity of the 
signaling pathway, in this case PI3K (165). 

Integrin-induced ROS production has been proposed to derive mainly 
from mitochondria (173,174), NOXes, and LOX (175,176). Mitochondria 
are likely to be the dominant source during early cell spreading and LOX 
during the later spreading phase (173). Also downstream of mechanical cell 
stretching, NOXes (177) and mitochondria (178,179) have been proposed as 
ROS sources.   

Intriguingly, ROS can regulate RHO-GTPases in two directions. They can 
on one hand directly activate RHOA independently of GEFs by oxidation of 
a certain cysteine residue (180). On the other hand, RAC1-induced ROS 
production indirectly down-regulates RHOA activity by inhibiting a 
phosphatase responsible for the dephosphorylation of p190RHO-GAP, 
which leads to increased hydrolysis of GTP-bound active RHOA (89).  
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Present investigations 

Aim 
The overall aim of this work was to understand in more detail how integrins 
signal and which downstream effectors are involved in their signaling. We 
focused particularly on adherent, often fibroblast-like cells and β1 integrins, 
since it is increasingly acknowledged that the different integrin heterodimers 
differ not only in their ligand binding specificity but also in their signaling 
functions.  

An important response triggered by integrins and several other receptors 
is the activation of the PI3K/AKT pathway, which was studied in Paper I 
and II. We aimed to identify the isoforms of the two enzymes activated by 
β1 integrins and some of the downstream reactions. In Paper III, we 
investigated the contribution of reactive oxygen species to integrin signaling 
under various conditions in order to find out if these molecules can explain 
some missing pieces of the integrin signaling puzzle. 

Paper I 
PI3-kinase p110α mediates β1 integrin-induced AKT activation and 
membrane protrusion during cell attachment and initial spreading 
 
The main aim of this study was to identify the PI3K isoform involved in 
early cell spreading and AKT activation downstream of integrins.  

We investigated the early spreading reaction using total internal reflection 
fluorescence (TIRF) microscopy, which allows visualization of the 
membrane close to the substrate. We showed that β1 integrins alone, 
(without growth factor contribution), can induce spreading on a β1 integrin-
selective ligand, and that the spreading was indeed triggered by the β1 
integrin subunit, since cells with a truncated β1 integrin tail could attach, but 
remained round. The spreading process also required actin polymerization 
and similar results were obtained with primary mouse embryonic fibroblasts 
(MEFs) and the GD25β1 cell line. 

Recording the cell spreading in the presence of general PI3K inhibitors 
revealed that the spreading reaction was dependent on PI3K. After 
determining the PI3K catalytic isoforms expressed by GD25β1 cells with 
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RT-PCR, we used isoform-selective inhibitors in order to identify the 
catalytic subunit responsible for spreading. The p110α inhibitor YM024 
reduced the spreading rate significantly, while the other inhibitors had no 
effect. YM024 also slowed down spreading of the primary MEF cells, even 
when seeded on fibronectin, which is able to bind several integrin 
heterodimers. This points to a role of p110α downstream of β1 and possibly 
of additional integrins. 

Inhibiting p110α also reduced the activation of AKT measured by the 
phosphorylation of AKT-Ser473 in response to adhesion mediated by β1 
integrins. We confirmed this using another p110α inhibitor (PIK75), but 
failed to do so with isoform-specific siRNA; however, the complications 
with knock-down approaches targeting these enzymes are known and 
discussed in the literature (69,181,182). Briefly, compensatory mechanisms 
could arise since in mammals theoretically 15 PI3K class I isoforms could 
form (69). Although certain isoforms are likely activated preferentially by 
distinct receptors (183-185), it is still not well understood what determines 
this specificity. Other unexpected effects might occur due to altered ratios of 
regulatory to catalytic subunits after knock-down or knock-out 
(182,186,187).  

In SYF cells, which lack the SRC family kinases SRC, YES, and FYN, 
spreading proceeded almost identically to SYF cells transfected to reexpress 
SRC. Also the use of an SFK inhibitor (SU6656) had little effect on the 
spreading rate of GD25β1 cells. Another SFK inhibitor (PP2) strongly 
slowed down spreading; however, it had a similar inhibitory effect on SYF 
cells, indicating that it targets additional (non-SFK). 

Similarly, FAK knock-out cells and FAK-expressing cells displayed very 
similar spreading rates and the phosphorylation of AKT Ser473 was not 
impaired in the FAK knock-out cells. FAK seems therefore dispensable in 
the early spreading reaction and for the activation of PI3K. It has previously 
been reported by our group that SRC and FAK are not necessary for the 
activation of AKT downstream of β1 integrins (82).  

It is known that PI3K/p110α-mediated functions are influenced by RAS, 
therefore we were interested in investigating the role of p110 α-RAS 
interactions downstream of integrins. Gupta et al. (188) generated transgenic 
mice, which carry a double mutation targeting two amino acids in p110α that 
are critical for p110α interaction with RAS. These mice were surprisingly 
resistant to oncogenic RAS-induced tumor formation. Furthermore, MEFs 
derived from these mice show reduced or almost abrogated AKT activation 
downstream of EGF and FGF2 respectively, whereas PDGF-induced AKT 
phosphorylation is not affected (188). Interestingly, we found that AKT 
activation downstream of β1 integrins was strongly impaired in the mutant 
MEFs although the early spreading rates of wild-type and p110α-mutant 
cells were indistinguishable. Considering the high frequency p110α  
mutations in cancer, we suggest that these mutations could underlie the 
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ability of cancer cells to survive independent of integrin- and adhesion-
induced signaling. 

Paper II 
Receptor-specific mechanisms regulate phosphorylation of AKT at 
Ser473: Role of RICTOR in β1 integrin-mediated cell survival 
 
In this project our central question was, which kinase is responsible for 
phosphorylating the hydrophobic motif of AKT (Ser473 in AKT1) 
downstream of β1 integrins and the PI3K subunit p110α. The identity of this 
so-called phosphoinositide-dependent protein kinase 2 (PDK2) has been 
debated for long and it has been particularly controversial for integrins. A 
large body of literature has implicated ILK as the integrin-activated PDK2 
(189,190), while more recent reports argue that ILK is actually not a kinase 
(191,192). Even the function of the Ser473 phosphorylation site is not 
entirely clear (193), but most likely, it contributes to full activation (194) and 
the stabilization of the active conformation of AKT (195). Notably, the 
regulatory phosphorylations of Thr308 in the catalytic domain and of Ser473 
may occur independently of each other (196), or alternatively, the 
phosphorylation of Thr308 may depend on prior phosphorylation of Ser473 
(197) rather than the other way around. It has also been suggested that 
phosphorylation of the hydrophobic motif could give rise to AKT substrate 
specificity. 

Furthermore, we set out to identify, which isoform(s) of AKT do β1 
integrins activate and if the phosphorylation of Ser473 is functionally linked 
to survival. Additionally, we were interested in the role of PAK downstream 
of β 1 integrins, since PAK has been shown to be required as a scaffold 
downstream of growth factor-induced AKT phosphorylation.  

Immunoprecipitations using MCF7 cells on the β1 integrin-selective 
ligand invasin revealed that in these cells both AKT1 and AKT2 were 
activated downstream of β1 integrin-mediated adhesion. Although western 
blotting can only be regarded as a semi-quantitative approach, in MCF7 cells 
AKT2 seemed to be the preferred activated isoform. This is interesting since 
AKT2 is reported to localize to the mitochondrial membrane, which is 
further discussed in this chapter during the presentation of Paper III.  

In addition we showed that the RICTOR-mTOR complex (TORC2) is the 
principal kinase phosphorylating AKT Ser473 downstream of β1 integrin-
mediated adhesion. RICTOR knock-down by siRNA clearly impaired this 
reaction and also the phosphorylation of targets downstream of AKT 
including FOXO Thr24 and BAD Ser136. The phosphorylation of AKT 
Ser473 was shown to promote cell survival since less viable (Trypan blue 
exclusion method) and more apoptotic cells (TUNEL staining) were detected 
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after RICTOR knock-down than in control siRNA-treated cell cultures. 
Adhesion and spreading in general were not influenced by RICTOR siRNA 
treatment, indicating that RICTOR knock-down did not influence basic 
integrin functions and signaling; therefore, it selectively interfered with the 
generation of survival signals. 

Furthermore, ILK was dispensable for the phosphorylation of AKT 
Ser473 after β1 integrin stimulation, although ILK is clearly required for 
several other integrin functions. PAK1 and PAK2 could also be efficiently 
knocked-down without impairing the phosphorylation of the hydrophobic 
motif of AKT downstream of β1 integrins. 

We also investigated the importance of the mentioned kinases and 
adaptors for AKT Ser473 phosphorylation following stimulation of certain 
growth factor receptor types. In HeLa cells, the TORC2 complex was 
necessary for this reaction downstream of the tyrosine kinase receptors 
EGFR and PDGFR, but not downstream of the G-protein coupled 
lysophosphatidic acid (LPA) receptor. However, in MCF7 cells knock-down 
of RICTOR decreased the phosphorylation of AKT Ser473 in response to 
LPA, which might be explained by differences in the LPA receptor subtypes 
expressed by these cells. This is in line with our finding that the LPA-
induced response in HeLa cells follows slower kinetics compared with the 
response in MCF7 cells. Thus, certain LPA receptors may engage an 
alternative PDK2 apart from TORC2, which would be consistent with the 
observation that even in RICTOR knock-out mouse embryos, a certain level 
of AKT Ser473 phosphorylation remains (198). 

Interestingly, ILK knock-down did not affect AKT Ser473 
phosphorylation by any of these receptor types in HeLa or MCF7 cells. In 
contrast, PAK1 and PAK2 knock-down reduced AKT Ser473 
phosphorylation stimulated by LPA and PGDF, but not by EGF as tested in 
both HeLa and MCF7 cells. These results were confirmed using the PAK 
inhibitor IPA3. 

Paper III  
The role of mechanical force and ROS on integrin-dependent signals 

 
Our aim in this study was to compare the integrin signaling induced by 
uniaxial, cyclic stretching with early adhesion-induced signaling. We chose 
to focus on AKT, ERK, cofilin, and p130CAS phosphorylation levels as 
read-outs, because these proteins have been reported to be prototype integrin 
signaling molecules, or their phosphorylation is indicative of actin dynamics 
or mechanosensitivity. Furthermore, we used subconfluent cell layers in 
order to minimize cell-cell contact-induced signaling, since some of our 
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experiments (data not shown) indicated that less dense cell layers reacted 
differently than confluent cell layers.  

When we compared 30 minutes adhesion to ECM protein-coated cell 
culture plastic with 10 minutes stretching on ECM protein-coated silicon, 
ERK phosphorylation was the only event that occurred for both stimuli, and 
was more pronounced after stretching. Increased phosphorylation levels for 
the other proteins were only clearly observed in response to adhesion. 
Notably, an increase in phosphorylation of cofilin indicates that it is less 
active, although its regulation is more complicated than that.  

The comparisons were performed using two different fibroblast-like cell 
lines (GD25β1 and BJ hTERT cells) and vitronectin (VN) or fibronectin 
(FN) as ligands. VN should primarily engage αvβ3 and FN should bind α5β1 
integrin in the presence of the αvβ3-blocking RGD peptide. Not many cell 
line- or integrin-specific differences were seen, although in general AKT 
was weakly activated in BJ hTERT cells and AKT phosphorylation was even 
decreased following stretching. Interestingly, most of the signals detected 
after 30 minutes of spreading were not dependent on intracellular 
contraction, because neither the presence of a ROCK inhibitor nor of an 
inhibitor of myosin II influenced them. The FAK phosphorylation level was 
an exception, since it was reduced by the myosin II inhibitor.  

Another question we wanted to answer was if ROS were involved both in 
adhesion- and mechanical stretch-induced integrin signaling and if so, what 
their origin was. Since the administration of Rotenone, an inhibitor of 
complex I in the mitochondrial electron transport chain, efficiently reduced 
the spreading rate of GD25β1 cells on the β1-selective ligand invasin and 
inhibited AKT phosphorylation in response to spreading in BJ hTERT and 
GD25β1cells, we concluded, that mitochondrial ROS were involved in 
mediating these reactions. In Paper II we described that β1 integrins may 
preferentially activate AKT2, and AKT2 is known to colocalize with 
mitochondria (162). We speculate that β1 (and possibly other) integrins 
specifically activate an AKT2 pool that upon phosphorylation translocates 
from the plasma membrane to the mitochondria. Alternatively, AKT2 could 
be phosphorylated at the mitochondrial membrane. In contrast to the 
dramatic inhibition of AKT phosphorylation by Rotenone during cell 
spreading, the drug did not have any marked effect on stretch-induced 
signals. These results suggest that integrin ligand binding affects 
mitochondria. Furthermore, Rotenone affected phospho-ERK levels 
differently in the two cell lines: during spreading, phospho-ERK was 
essentially abolished in BJ hTERT while it was strongly elevated in GD25β1 
cells. Possibly, these results relate to the more complex regulation of the 
ERK pathway compared to the AKT pathway. These cell line-specific 
observations illustrate the challenges that are associated with elucidating the 
roles of ROS in biological systems.  



 34 

Knocking-down p22PHOX, a necessary subunit of several NOXes, in 
BJ hTERT cells, impaired ERK phosphorylation both after spreading and 
stretching on VN. Interestingly, the same experiments on FN+RGD did not 
reveal any consistent effect of p22PHOX knock-down. This could point to 
integrin subunit-specific signaling to NOXes but more experiments are 
needed to confirm and explain this finding.  

NOX4 was previously found to colocalize with intracellular membranes, 
e.g. mitochondrial membranes (162), which could be consistent with a model 
where superoxide (leaking from mitochondria or produced by NOX) acts 
locally and inhibits the activity of certain phosphatases, possibly after being 
converted into hydrogen peroxide. Decreased ROS amounts would lead to 
more phosphatase activity and thus to less phosphorylation of target proteins, 
e.g. AKT and ERK. 

Surprisingly, the presence of the antioxidant vitamin C, which we added 
in the form of a stable derivative (Asc-2P) in order to avoid reported 
problems resulting from the short half-life and possible prooxidant effects of 
“normal” vitamin C, had no clear effect on any integrin-induced signaling in 
BJ hTERT cells. However, Asc-2P markedly enhanced ERK 
phosphorylation in GD25β1 cells in response to stretching, albeit with a 
certain degree of variation. As mentioned, Rotenone present during adhesion 
had a similar effect on ERK phosphorylation in these cells. When we 
selectively removed extracellular ROS (i.e. hydrogen peroxide and/or 
superoxide) by adding catalase with or without SOD to the culture medium, 
we saw a similar pronounced increase in stretch-induced ERK 
phosphorylation as with Asc-2P, but no effect on the other protein 
phosphorylation levels we investigated. Although the mechanisms are far 
from clear, this is opposite to the results we obtained by p22PHOX knock-
down. The addition of Asc-2P and the removal of extracellular hydrogen 
peroxide by catalase would both affect a variety of intracellular, and 
spatially not restricted reactions, which could increase the number of 
possible interactions and downstream effects. The ERK pathway for 
example is known to be triggered and regulated at many levels. As described 
above, ROS from mitochondria and the possibly mitochondria-associated 
NOX4 may in contrast exert local effects.  

Additionally, although we used Asc-2P instead of vitamin C, we can still 
not exclude the possibility that the ascorbate generated from Asc-2P causes 
prooxidant effects, e.g. by producing hydrogen peroxide. The similar effect 
of catalase administration, which has been also seen by others (199), argues 
against this explanation, unless the enzyme contains contaminants that could 
cause the observed ERK stimulation. Since we did not see any effect of Asc-
2P when we stretched BJ hTERT cells, the results could also be explained by 
differences in cell and antioxidant systems.  
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Future plans 

In Paper I, we identified the catalytic PI3K subunit downstream of β1 
integrins. The next objective would be to identify the regulatory subunit but 
attempts to do so using specific siRNA have so far failed, probably for 
reasons similar to those cited for the siRNA experiments which attempted to 
confirm the identity of the catalytic subunits (discussed above). In addition 
to the described complications, free catalytic class IA PI3K subunits in cells 
will be degraded, which of course will interfere with the interpretation of the 
knock-down effects of their dimerization partner. We are also still interested 
in the alternative signaling route from integrins to PI3K that is independent 
of FAK, SRC, YES, or FYN. Our published and unpublished results using 
siRNA knock-down and inhibitors leave a few possible candidates, which 
will be interesting to investigate further. 

Furthermore, the TIRF-based assay we have established and used in 
Paper I and Paper III could be used to study the mechanism of integrin-
induced actin polymerization. It could be worthwhile to e.g. knock-down 
RIAM, lamellipodin, and/or different GEFs with siRNA and investigate their 
detailed roles in spreading. 

Also the preference of β1 integrins to activate AKT2, which we describe 
in Paper II, would be interesting to follow up. First it should be checked, if 
other cell lines or cell types show the same AKT activation pattern 
downstream of β1 integrins as MCF7 cells. The subcellular localization of 
AKT2 should be confirmed, both before and after integrin stimulation to 
determine where AKT phosphorylation takes place. As we discuss in Paper 
III, the widely expressed NOX4 can be found at mitochondrial membranes, 
which could possibly be linked to integrin signaling through a direct 
mechanical connection (200), or via the “cross-talk” with mitochondrial 
ROS or other messenger molecules.  

The results in Paper III add several questions to an already complicated 
research area. To give a few examples of possible further investigations, we 
would like to confirm the p22PHOX knock-down data in another cell line 
and additionally identify the involved NOX enzyme(s), e.g. by knock-down 
of the respective catalytic subunits. Certain useful inhibitors might exist as 
well that could be worthwhile testing after careful evaluation. We hope that 
we could then better distinguish which signals are induced downstream of 
integrin ligation and which are downstream of a mechanical stimulus, be it 
cellular tension or externally applied stretch.  
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