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Abstract
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The integrin family of cell surface receptors is evolutionary conserved and found in all
multicellular animals. In humans 8-alpha and 18-beta integrins are non-covalently associated
into 24 dimers. Integrins mediate cell-extracellular matrix and cell-cell interactions and
participate in cell signalling. This ideally places integrins to regulate vital processes such
as cell adhesion, migration, differentiation and cytoskeleton dynamics. Integrins also play a
fundamental role in regulating cell survival and anoikis. In this thesis molecular mechanisms
employed by integrins to induce signal transduction, independently or through crosstalk with
other receptors, were characterised.

Rictor-mTOR (mTORC2) was required for Akt Ser473 phosphorylation in response to β1
integrin-mediated adhesion as well as EGF-, PDGF- or LPA-stimulation of MCF7 cells. ILK
and PAK were dispensable for Akt Ser473 phosphorylation upon β1 integrin-engagement or
EGF-stimulation. PAK was needed when this phosphorylation was induced by PDGF or LPA.
β1 integrin-promoted cell survival during serum starvation conditions was mTORC2 dependent,
indicating the importance of Akt Ser473 phosphorylation.

mTORC2 was also required for Akt Ser473 phosphorylation induced upon heparanase
treatment of cells. Heparanase preferred PI3K catalytic subunit p110α for the upstream lipid
phosphorylation required for Akt activation. Interaction between this subunit and Ras was
needed for optimal Akt phosphorylation upon heparanase exposure. Cell adhesion strongly
promoted heparanase signalling, which was more efficient in β1 integrin-expressing fibroblasts
compared to cells lacking this subunit. The cooperative signalling between integrins and
heparanase involved FAK and PYK2 since simultaneous silencing of these kinases suppressed
heparanase-triggered Akt activation. Furthermore, the resistance of cells to apoptosis induced
by H2O2 or serum starvation was promoted by heparanase.

Integrin stimulation by adhesion or cyclic stretching showed divergent downstream signalling
responses. Cell attachment on integrin-specific ligands lead to robust phosphorylation of several
intracellular integrin-effectors, e.g. p130CAS, FAK, Akt and ERK 1/2. However, mechanical
cell stretching only triggered prominent phosphorylation of ERK 1/2. Signalling induced at early
stages of integrin-mediated cell adhesion occurred independently of intracellular contraction.
Reactive oxygen species (ROS) generated during adhesion and cell stretching influenced
integrin signalling. Inhibition of mitochondrial ROS production blocked adhesion-induced Akt
phosphorylation. In contrast, stretch-induced ERK 1/2 phosphorylation was elevated when
extracellular ROS was scavenged. These results indicate that the two types of integrin stimuli
generate signals by different mechanisms.  
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The world stands aside to let anyone pass who knows where 
he is going.  
 
David Starr Jordan 
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Abbreviations 

ADMIDAS Adjacent metal-ion-dependent adhesion site 
Arp 2/3 Actin-related protein 2/3 
CASP-8 Caspase-8 
DISC Death-inducing signalling complex 
ECM Extracellular matrix 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
Ena/VASP Enabled/Vasodilator-stimulated phosphoprotein 
ERK Extracellular signal regulated kinase 
FAK Focal adhesion kinase 
FASS Fas-associated death domain protein 
FAT Focal adhesion targeting 
FERM Band four point one, ezrin, radixin and moesin 
GFR Growth factor receptor 
GSK3 Glycogen synthase kinase 3 
HIF Hypoxia-inducible factor 
ILK Integrin-linked kinase 
MAPK Mitogen-activated protein kinase 
MDM2 Mouse double minute 2 
MEK1 MAPK ERK-activating kinase 1 
MIDAS Metal-ion-dependent adhesion site 
mTORC2 Mammalian target of rapamycin complex 2 
NF-κB Nuclear factor kappa-light-chain-enhancer of 

activated B cells 
N-WASP Neural-Wiscott-Aldrich syndrome protein 
PAK p21-activated kinase 
PDGF Platelet-derived growth factor 
PIP3 Phosphatidylinositol-3,4,5-triphosphate 
PKC Protein kinase C 
PTB Phosphotyrosine binding 
PTEN Phosphatase and tensin homologue deleted on 

chromosome 10 
PYK2 Proline-rich tyrosine kinase 2 
RIAM Rap-1-GTP-interacting adaptor molecule 
ROCK Rho-associated coil-coiled containing protein kinase 
ROS Reactive oxygen species 



 

RSK-1 p90 ribosomal S6kinase-1 
STAT Signal transducer and activator of transcription 
TM Transmembrane 
TSC1/TSC2 Tuberous sclerosis complex 1/2 
WASP Wiscott-Aldrich syndrome protein 
WAVE WASP-family verprolin-homologous protein 
YAP Yes-associated protein 
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Introduction 

Cells must always be aware of their surrounding environment and are 
required to respond, in coherence with their neighbours, to the changes that 
take place around them. One feature, which enables cells to do this, is the 
presence of a large number of receptor proteins on their surface. These 
receptors sense the presence of specific substances, known as their ligands, 
near them and then respond by generating chemical events inside the cells, 
called as cell signalling pathways. Initially considered a prerogative of 
growth factor or cytokine receptors, signal transduction is now known to be 
mediated by other cell surface residents as well, such as integrins and 
syndecans.  

Integrins appeared early during the evolution of multicellular animals, 
providing them means to form functional contacts between intracellular and 
extracellular components. Extensive research on integrins has broadened the 
horizon of their function. Today it is known that cells depend on integrin-
mediated processes, right from the moment of their birth to their death. Thus, 
it would not be an overstatement to say that life of a cell revolves around 
integrins. 
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Background 

Integrins 
The identity of a large family of cell surface proteins involved in interactions 
with the extracellular matrix (ECM) was revealed in the 1980s when 
integrins were discovered. Evolutionary, integrins are found in all 
metazoans, and in different numbers (1,2). While C. elegans have only two 
integrins, humans and other mammals have 24 different integrins (3). 
Integrins are heterodimers that arise from a non-covalent combination of one 
α- and one β-subunit. In vertebrates, there are 18 α-subunits and 8 β-
subunits, which implies that some subunits can associate with more than one 
partner (2). Since their identification, integrins have attracted attention from 
scientists working in all fields of biology. This has generated a huge amount 
of literature during the past 25 years and expanded our knowledge about 
integrin functions. It is now known that integrins do not just provide cell-
matrix contacts but also take part in cell-cell adhesion, induce signal 
transduction pathways and regulate complex processes like tissue 
organization, cell-cycle progression and wound healing (2,4,5). Important 
information about physiological functions of integrins has come from 
knockout studies in mice. Some integrin knockouts are lethal, e.g. α4, α5 
and β1, whereas others result in mild to severe phenotypes (6). In this 
context, knockout of the β2-subunit in mice results in a disorder closely 
resembling leukocyte adhesion deficiency syndrome (LDA-I) in humans 
(7,8). 

The structure of integrin subunits 
Integrin subunits are synthesised and associate into heterodimers in the 
endoplasmic reticulum, and are then transferred to the golgi for further 
carbohydrate modifications before they can reach the cell surface. The 
subunits consist of large extracellular domains, single-pass transmembrane 
(TM) domains that traverse the membrane as α-helices, and rather short and 
unstructured cytoplasmic tails (except integrin β4 cytoplasmic domain, 
which is composed of >1000 amino acid residues). The α- and β-subunits 
are not homologous to each other. However, there are conserved regions in 
different subunits. An example is the αI-motif (also referred as αA), which 
is found in 9 out of 18 α-subunits (2,6). 
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As mentioned above, integrin extracellular domains are large structures 
approximately 80-150 kDa in size. X-ray crystallography studies have 
provided important insight into integrin extracellular domain structure. This 
has led to a better understanding of the conformational changes, which occur 
during integrin activation. The first crystal structure reported for any integrin 
motif was of the I-domain of αM (9). In 2001, Xiong et al. (10) provided the 
first structure of a complete αVβ3 extracellular domain. The α-subunits are 
comprised of an N-terminal head domain, folded as a seven-bladed β-
propeller and a stalk region made up by other domains (10,11). Half of the 
integrin α-chains have an I-domain, which is inserted in the β-propeller 
(hence given the name I for inserted). The αI-domain, if present, carries the 
ligand-binding site as well as a conserved “metal-ion-dependent adhesion 
site” (MIDAS) coordinating a Mg+2 (12,13). The extracellular part of the β-
subunits is composed of seven domains. The βI-domain is similar to αI and 
in integrins that lack αI, the interface between βI and β-propeller of the α-
subunit constitutes the ligand-binding site (6,9). Three metal-ion binding 
sites exist in βI: a central Mg+2-coordinating MIDAS and two Ca+2-bound 
ADMIDAS (adjacent metal-ion-dependent adhesive site). One of these Ca+2 
is inhibitory, which when replaced with Mn+2 results in integrin activation 
(14,15). βI is followed by a stalk region composed of several domains.  

Crystal structures of α- and β-subunit TM domains are not available. The 
current information about their structure comes from NMR analysis, electron 
microscopy and computer simulations (16-20). The TM domains are made 
up of up to 30 amino acids and form α-helical coiled coils. In the NMR 
structure of αIIbβ3 TM domains, the αIIb chain is a membrane 
perpendicular α-helix composed of 24 amino acids followed by a unique 
backward loop of the peptide backbone (21). The β3 TM domain is a helix 
of 30 amino acids and positioned tilted in the membrane (19). The two TM 
domains in the heterodimer interact with each other at both ends, forming the 
so-called outer and inner clasps (18). Interactions between α and β TM 
domains are present in inactive integrins and these clasps are broken when 
integrins are activated (21).  

The cytoplasmic domains of both α- and β-subunits are comparatively 
short, made up of 10 to 70 amino acids. The α-subunit cytoplasmic tails are 
highly divergent. The conserved GFFKR sequence previously thought to be 
located at the membrane proximal region of the cytoplasmic domain, is now 
known to be a part of the TM domain as the backward loop (22,23). The 
interaction of paxillin with α4 cytoplasmic tail is one example of α-tail 
interacting proteins, which are otherwise relatively uncharacterised. The β-
subunit cytoplasmic tails exhibit extensive sequence homology and most of 
them contain one NPXY/F and one NXXY motif. Both motifs can bind 
cellular proteins containing a phosphotyrosine-binding (PTB) domain (24). 
A salt bridge can form between α- and β-tails, e.g. between Asp723 and 
Arg995 in β3 and αIIb integrin cytoplasmic domain membrane proximal 



 

 14 

regions, respectively. The salt bridge is important for the regulation of 
integrin conformations (25) (see below).  

 

Figure 1. Integrin structure. (A) Schematic drawing of integrin α- and β-subunit 
extracellular domains. (B) Bent and extended conformation of integrin extracellular 
domains. Adapted from (26)  

Integrin activation, conformational changes and activating 
proteins 
At least three distinct conformations have been identified for integrins, 
referred to as inactive, active (i.e. competent for ligand-binding), and ligand-
bound states (26). Integrin activation is accompanied and accomplished by 
conformational changes in the extracellular domains and separation of the 
TM regions (15,21,27). It is generally accepted that inactive integrins are in 
a bent (V-shaped) conformation, where the ligand-binding site is directed 
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towards the plasma membrane. Active integrins are thought to be extended 
in an upright position (28). In the ligand-bound state a downward movement 
of the α7 helix, triggered by the ligand, induces a “swing-out” movement of 
β-hybrid and PSI domains and separation of the stalk regions of α- and β-
chains (13,17,29,30). According to the “switch blade” model for integrin 
conformational changes, only the extended integrins can bind physiological 
ligands (15,27). Some small ligand-mimetic peptides as well as some 
microbial proteins can bind bent integrins, but they represent special cases 
(26,31). Dissociation of the TM domains by disruption of the inner and outer 
membrane clasps facilitates extracellular domain conformational changes 
(18,27,32). The cytoplasmic tails are also crucial for integrin “inside-out” 
activation. As mentioned above, several proteins can bind to the two 
NXXY/F motifs of β integrin cytoplasmic tail. The two most important are 
talin and kindlins, which are critical for integrin activation (21).  

Talin links integrins with the actin cytoskeleton as it has binding sites for 
actin, vinculin and β integrin cytoplasmic domain. The importance of talin 
for integrin activation was realised from overexpression, silencing and 
mutational studies that altered integrin activation (13,33). Talin is a large 
homodimer of two 270 kDa subunits, each one composed of an integrin-
binding 50 kDa N-terminal globular FERM (band 4.1, ezrin, radixin, 
moesin) domain and a 220 kDa C-terminal rod domain that can interact with 
actin. The FERM domain is made up of F0, F1, F2 and F3 subdomains. The 
F3 subdomain, which resembles PTB domains, binds the membrane-
proximal NPXY motif on β-integrin tail (34). Additional binding of F3 to a 
binding site closer to the α-helical region of β-cytoplasmic tail disrupts the 
salt bridge between α- and β-chains (34-37). Interactions between the 
plasma membrane phospholipids and the F3 subdomain occur through a 
patch of basic residues found on F3 (36,38,39).  

The interaction of talin with integrins is tightly regulated, most clearly 
seen in resting cells, for example platelets that have not received any 
activation signals. This control involves blocking the PTB-like domain with 
the C-terminal region in the talin homodimer (40). Exactly how talin is 
activated is unclear, but it has been proposed that phosphatidylinositol-4, 5-
bisphosphate regulates its activation (41). The small GTPase Rap-1 has also 
been implicated in integrin activation (13,42). One of several downstream 
effectors of Rap-1 is the Rap-1-GTP-interacting adaptor molecule (RIAM). 
RIAM can simultaneously bind Rap-1 and talin, and since Rap-1 is 
associated with the plasma membrane via its lipid modifications, this 
complex would target talin to the membrane, thus promoting integrin 
activation (43-45). RIAM belongs to the Mig-10/RIAM/Lamellipodin family 
of proteins, and while RIAM is mostly found in hematopoietic cells, 
lamellipodin is widely expressed. However, it is not known yet if it is 
involved in talin activation (44,46). 
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The membrane-distal NXXY motif on β integrin cytoplasmic tail is 
recognised by kindlins. Kindlins 1-3 are found in mammals. Kindlin-1 is 
epithelial-specific and expression of kindlin-3 is restricted to the 
hematopoietic cells. However, kindlin-2 is widely expressed (47-49). Like 
talin, the evidence for involvement of kindlins in integrin activation comes 
from kindlin-depleted cells as well as mutational studies (47,50,51). These 
proteins also carry a FERM domain comprised of F1, F2 and F3 
subdomains. Additionally there is a pleckstrin homology (PH) domain in the 
F2 subdomain (52). The mechanisms by which kindlins activate integrins are 
still unclear and kindlin overexpression does not activate integrins on its own 
(50,51). In endothelial cells kindlin-1 and -2 do not localise in the same cell 
compartment and may perform different functions (13,48). Another feature 
of kindlins is their ability to interact with proteins other than talin. In this 
context, kindlins can bind integrin-linked kinase (ILK) and migfilin, both of 
which are also involved in integrin activation (53).  

For a long time ILK was considered an integrin-associated kinase, but 
recent work has shown that ILK is a pseudokinase (54). ILK acts as an 
adaptor downstream integrins and can bind pinch and parvin (55,56). ILK 
can also bind paxillin and its interaction with widely expressed kindlin-2 has 
also been reported (53). 

Another integrin activation regulator is filamin A. It can interact with β 
cytoplasmic tail and binds to the same region as talin. Thus, filamin A can 
disrupt integrin-talin association and interfere with integrin activation 
(57,58). Migfilin can bind numerous cellular proteins, one of which is 
filamin A. Formation of Migfilin-filamin A complex prevents filamin A 
binding to β-tail, allowing the region to be occupied by talin (13).  

Integrin-based cell adhesions 
Although integrins are major receptors for the ECM components, non-
integrin cell surface receptors, for example syndecans and CD44, also play 
important roles in cell adhesion (59). Syndecans can interact with integrins 
and modulate integrin-mediated functions (60). Since this thesis focuses on 
integrins, only integrin-based cell adhesions will be discussed further.  

These are complex structures and may involve over 180 different proteins 
collectively referred to as “integrin-adhesome”. Other than the proteins 
directly involved in matrix-binding (integrin heterodimers and syndecans), 
the integrin adhesome contains actin-associated proteins e.g. talin, vinculin 
and α-actinin; kinases like focal adhesion kinase (FAK) and Src; other 
cytoskeleton regulators like ILK, paxillin and kindlins; and a large number 
of regulatory proteins that enter and leave the adhesion complex depending 
upon intracellular and extracellular cues (59,61).  

Integrin-based adhesions can be broadly divided into four subclasses 
based on complexity, protein composition and location in the cell. Nascent 
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adhesions are very small structures, which are difficult to observe through 
conventional light microscopy, and may rapidly disassemble or mature into 
focal complexes. Focal complexes are small dot-like structures up to 100 nm 
in diameter and may be short-lived or develop into focal adhesions. Focal 
adhesions are large complexes made up of integrin clusters, structural 
proteins, signalling molecules and are linked with the actin cytoskeleton. 
Fibrillar adhesions are located in the central region of a cell associated with 
matrix fibres (59,62).  

Podosomes and invadopodia are cell-matrix contacts, different from 
aforementioned adhesions. Podosome are found mainly in cells of monocytic 
lineage, while invadopodia are usually seen in transformed cells. They are 
associated with an actin core, surrounded by a ring-like plaque of proteins 
such as talin or vinculin. Functionally, these are thought to be involved in 
matrix degradation (63,64).   

Nascent adhesions and focal complexes form near the leading edge of 
membrane protrusions in the lamellipodia. A lamellipodium is a thin and flat 
cellular structure, enriched with actin-related protein (Arp2/3) complex. In 
the lamellipodia, actin rapidly polymerises and flows centripetally, referred 
to as “retrograde actin flow”. Force generated by this actin flow and its 
brushing against the newly formed adhesions, facilitates forward movement 
of the membrane protrusion (59). At the boundary between the 
lamellipodium and lamella proper, protein composition and actin network 
density changes. In particular, Arp2/3 disappears and myosin II and 
tropomyosin become prominent. The velocity of retrograde actin flow is 
strongly reduced and is dependent upon myosin II (65,66).  

Focal adhesions (FAs) are elongated structures bound to actin-stress 
fibres and are the best-characterised sub-type of cell adhesions. Maturation 
of focal complexes into larger focal adhesions depends upon further actin 
polymerisation, association of actin filaments with integrins and 
strengthening of these links by several proteins. The molecular basis of this 
transition is not completely known, but certain differences between the two 
adhesion types have been noted. An example is zyxin, a LIM-domain 
containing mechanosensitive protein that is found in focal adhesions but not 
in focal complexes (67,68). The formation of focal adhesions is myosin II 
dependent (67,69,70). Myosin II is responsible for the contractile nature of 
actin-stress fibers and this contraction force may be transmitted from focal 
adhesions to the ECM (71). 

The integrin-cytoskeleton connections are known to be diverse, and cell 
type and cell region dependent. Numerous integrin cytoplasmic tail-
associated proteins are implicated in these connections (39). As previously 
described, talin binds β integrin cytoplasmic tail through its head domain 
and provides the initial integrin-cytoskeleton connection (33). Talin’s rod 
domain is needed for its actin binding activity. Vinculin follows talin, binds 
to sites on its rod domain and also interacts with actin. Thus, vinculin 
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stabilises the interaction between talin and actin (70,72). Both vinculin and 
talin contain cryptic protein binding sites that may get exposed upon further 
stimulation, for example, by external force. α-actinin provides additional 
strength to integrin-actin contacts. It can bind β integrins directly, but more 
importantly, it cooperates with actin and stabilises its linkage with integrins 
(39,73). The scaffolding protein ILK is a large adaptor, which can bind β1 
and β3 integrins (74). ILK is recruited to the plasma membrane by PIP3 and 
can interact with pinch, parvin and paxillin (55,56). Tensin, kindlins, filamin 
A and zyxin are some more proteins, which regulate integrin-actin 
interactions (67).  

As mentioned above, integrin-mediated adhesions can also influence actin 
polymerisation and the assembly of actin networks. The discussion presented 
here is a highly simplified description of elaborate and extensive interactions 
of integrins with proteins involved in actin polymerising activity. Cell 
signals that regulate integrin-based adhesions and actin dynamics converge 
on Rho GTPases. The formation of branched actin filaments close to the 
plasma membrane is dependent upon actin nucleator Arp2/3 and its 
collaborators e.g. WASP and N-WASP, and WAVE family proteins. Rac-1 
and Cdc-42 regulate WASP or WAVE family proteins and promote Arp2/3-
mediated actin branching. Diaphanous-related formin (DRF) protein family 
members are major regulators of nucleation and elongation of unbranched 
actin filaments (75-77). Actin polymerisation activity of DRFs, e.g. mDia1, 
is inhibited by diaphanous autoregulatory and inhibitory domain interactions 
(DAD-DID). RhoA can bind to mDia1 GTPase-binding domain, relieving its 
autoinhibition and can partially activate mDia1 in vitro. Cellular activation 
of DRFs likely involves other factors in addition to RhoA (77,78). 
Additionally, cofilin is an “actin-severing” protein, which creates free 
barbed-ends and depending upon context may promote actin polymerisation 
or actin monomer formation. Cofilin activity is blocked by an inhibitory 
phosphorylation at Ser3 or through its interaction with membrane lipids 
(79,80). Rho GTPases and their downstream effectors, for example, 
RhoA/ROCK or Rac-1/PAK, or phosphatases like the slingshot family, can 
alter actin dynamics by influencing cofilin activation (79,81). 
 

 

Integrin signalling  
Ligand-binding to integrin extracellular domains, and the subsequent 
clustering and/or conformational changes of the receptors, trigger several 
signal transduction pathways. This is termed as integrin “outside-in” 
signalling. Unlike receptor tyrosine kinases, integrins do not possess 
catalytic activity. Thus, integrin signalling depends upon proteins associated 
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with their cytoplasmic domains, where a large number of downstream 
effectors can assemble as explained in the previous sections. Furthermore, 
integrins can also interact with growth factor receptors resulting in a more 
complex signalling machinery discussed later (see integrins and growth 
factor receptors crosstalk). Some of the major pathways placed downstream 
integrin signalling and the processes these regulate are shown in Figure 2. 
Mechanisms employed by integrins to regulate FAK/Src, p42 and p44 
MAPK/ERK and PI3K/Akt will be discussed here. 

 

Figure 2. Major signalling pathways triggered by integrins 

Integrins and FAK/Src interplay 
FAK carries a FERM domain at its N-terminal, which in resting FAK blocks 
access to its kinase domain. This prevents phosphorylation of key tyrosine 
residues required for FAK activation and maximal kinase activity (82,83). 
FAK is recruited to the adhesion sites through its interactions with integrin-
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associated proteins such as paxillin. FAK also binds talin and it is widely 
believed that talin promotes FAK’s localisation to focal adhesions (82,84). 
However, recently Lawson et al. (85) have proposed an alternative model, 
which suggests that it is FAK that recruits talin to the adhesion sites. Ligand-
binding to integrins stimulates FAK autophosphorylation at Tyr397, which 
creates a high affinity binding site for the SH2 domain of non-receptor 
tyrosine kinase Src (83). Thereby Src is activated and can now 
phosphorylate FAK tyrosines 576/577 in the kinase domain and 861 and 925 
in the C-terminal region. These phosphorylations enable FAK to perform its 
kinase and adaptor functions. Src itself is further stabilised in fully active 
form through de-phosphorylation of the inhibitory phospho-Tyr527, and 
stimulatory phosphorylation of Tyr416 in the kinase domain (83,86). 
Additionally, FAK-independent activation of Src by integrins has also been 
proposed (87).  

The FAK/Src complex directly phosphorylates and activates several 
proteins, including p130CAS. Crk binds to phosphorylated p130CAS and 
can facilitate Rac-1 activation and lamellipodia formation (88). Furthermore, 
FAK through its phosphorylated Tyr397 can interact with other kinases e.g. 
PI3K and adaptor proteins such as Shc, Grb-7 and Nck-2 (83,89). These 
trigger additional signalling cascades and help FAK regulate diverse cellular 
processes like cell survival, proliferation, adhesion and migration (90).  

Proline-rich tyrosine kinase 2 (PYK2) is a FAK-related protein and the 
two share around 60% homology at the protein level. While the C-terminal 
FAT domain of FAK recruits it to the focal adhesions, PYK2 despite 
carrying a FAT domain, is mostly localised to the perinuclear region (91). 
There is ample evidence to suggest that intracellular Ca+2 levels regulate its 
activation. Nevertheless, PYK2 is autophosphorylated at Tyr402 and 
activated in response to integrin-stimulation and at least in FAK-null cells, 
PYK2 can compensate for some FAK-attributed functions (92-96 and Paper 
II in this thesis).  

Integrins and the ERK pathway 
Integrins can activate the ERK pathway independently or in collaboration 
with growth factor receptors (discussed later). The FAK/Src complex 
discussed above can influence ERK activation at several levels. p21-
activated kinase (PAK1) is a downstream target of FAK/Src (probably via 
Rac-1 and and/or Cdc-42) and activated PAK1 can in turn phosphorylate 
MEK1 at Ser298, which facilitates its activation by Raf-1 (97). MEK1 is the 
upstream kinase for threonine and tyrosine phosphorylation sites on ERK 
(98). At another level, PAK1 can also regulate Raf-1 activity by a Ser338 
phosphorylation. The importance of adhesion in ERK activation is evident 
from the fact that EGF stimulation fails to induce efficient ERK 
phosphorylation in suspended cells. In adherent cells, Raf-1 is 
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phosphorylated at Ser338 by PAK1 and at Tyr341 by Src, and thus upon 
growth factor stimulation of Ras, can trigger activation of MEK1 and 
subsequently ERK (99-101). Additionally, phosphorylation of FAK at 
Tyr925 promotes binding of Grb-2, which induces the Ras/Raf/MEK/ERK 
pathway (102). ERK has many downstream targets that control complex 
processes like cell proliferation and cell cycle (103). 

Integrins and the PI3K/Akt pathway 
Another key pathway activated by integrin “outside-in” signalling is the 
PI3K/Akt pathway. Several proteins, e.g. FAK, Src family kinases or ILK, 
known to interact with integrin cytoplasmic domains directly or via adaptor 
proteins, have been implicated in the regulation of this pathway. FAK can 
activate PI3K and recruit it to focal adhesions (89). PI3K activity generates 
phosphatidylinositol 3,4,5-triphosphate (PIP3) in the inner leaflet of plasma 
membrane. This enables localisation of Akt (also known as protein kinase B, 
PKB), via its PH domain, to the cell membrane and its subsequent activation 
(104,105). At another level, some β1 integrins may directly bind and activate 
phosphatase PP2A, which can deactivate Akt, providing a mechanism for 
locally regulating Akt activity (106,107). β1 integrins can induce Akt 
activation independently of EGF receptor. Moreover, the two receptors 
likely use different pathways to activate Akt (108). The PI3K/Akt pathway is 
also efficiently induced downstream of several growth factor receptors 
(GFRs) as well as G-protein coupled receptors. Recently, emphasis has been 
placed on the role of adaptor proteins in growth factor-induced Akt 
activation. PAK has been shown to act as a scaffold, which brings different 
players needed for Akt activation in close proximity (109). Similarly, 
Nakamura and co-workers have reported that EGF-, but not PDGF-
stimulation, requires a scaffolding protein Freud1/Aki1 to phosphorylate Akt 
at Thr308 in HEK293 cells (110). Akt is the primary determinant of cell 
survival and some of its diverse downstream targets are described later. 

PI3K and its effectors 
The PI3K family, divided into classes I, II and III, are enzymes involved 
mainly in lipid phosphorylation. Once induced e.g. by growth factor 
stimulation of cells, class I PI3Ks convert their preferred substrate PtdIns 
(4,5) P2 (PIP2) to PtdIns (3,4,5) P3 (PIP3), a reaction that increases the local 
concentration of otherwise scarce PIP3 in the cytosolic face of the cell 
membrane. Several proteins can then bind specifically to these lipids and 
become activated to generate a cascade of signalling events in the cell. These 
events regulate key cell processes such as cytoskeleton organisation, glucose 
metabolism, cell cycle, activation and inactivation of transcription factors 
etc. Class I PI3Ks are heterodimeric proteins, consisting of a regulatory and 
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a catalytic subunit. Class IA PI3Ks consist of the catalytic subunits p110α, 
p110β and p110δ, which can associate with the regulatory subunits p85α, 
p55α and p50α encoded by the same gene or p85β and p55γ encoded by 
different genes. Class IB PI3Ks consist of the p110γ catalytic subunit and the 
p101 (or the p84 splice variant) regulatory subunit. There is considerable 
structural homology and functional redundancy between the different PI3K 
regulatory and catalytic subunits, and their isoform-specific roles are still 
only partially understood (111-113). PDK1, Akt isoforms and PKC isoforms 
are some important kinases activated downstream PI3K. Most of the PI3K 
targets are activated indirectly (by binding to the phosphorylated 
phospholipids), but PI3K may also directly tyrosine-phosphorylate some 
proteins. Insulin receptor substrate (IRS-I) is one such example (114). 
Uncontrolled PI3K activation has been associated with several diseases, 
including cancer. In particular, activating mutations in the PI3K p110α gene 
(PIK3CA) are found in many human cancers (115). 

Akt and its isoforms 
Akt was identified and cloned in 1991 (116-118) and mammalian Akt is the 
homologue of a retro-viral protein encoded by a gene called v-akt. Three Akt 
isoforms (Akt1, Akt2 and Akt3) exist in mammals. Although encoded by 
different genes, the three isoforms share extensive structural homology. At 
their N-terminal, all Akt isoforms carry a PH domain through which Akt can 
interact with membrane phospholipids and PDK1. The C-terminal is the 
regulatory part and contains a characteristic hydrophobic motif (HM), found 
in all members of the so-called AGC kinase family (protein kinases A, G, C 
and their homologues). Akt catalytic function comes from a central kinase 
domain (119). 

A number of phosphorylation sites have been identified on Akt, and the 
importance and physiological relevance of these sites has been a subject of 
extensive research (119). Among these, Thr308 in the activation loop of the 
catalytic domain and Ser473 in the HM of the regulatory domain are most 
important, and for full Akt activity, both these sites must be phosphorylated. 
Other key phosphorylation sites include Tyr315, Tyr328 and Tyr474. These 
phosphorylations contribute towards Akt regulation, but their exact structural 
and functional impacts on Akt are less clear (120,121). 

PDK1: Akt activation loop kinase 
The kinase responsible for activating phosphorylation at Thr308 of Akt is the 
serine/threonine kinase PDK1. This enzyme phosphorylates a key threonine 
residue in the activation (T-loop) of many AGC kinase family members 
(104). A widely accepted model for PDK1-catalysed Akt Thr308 
phosphorylation, suggests that this reaction is regulated by the conformation 
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of Akt. In un-stimulated cells, Akt PH domain blocks access to the its 
activation loop. Upon PI3K activation, PIP3 concentration increases, Akt 
binds these lipids through its PH domain and is recruited to the plasma 
membrane. These interactions bring Akt into a favourable conformation that 
allows PDK1 to phosphorylate it at Thr308 (105,122). A new model 
proposed by Cajella et al. (123) suggests that PDK1 and Akt can associate 
with each other in un-stimulated cells and form complexes. However, in 
these complexes the PH domain of Akt interacts with its kinase domain. This 
prevents Thr308 phosphorylation by PDK1. Upon stimulation by growth 
factors, PIP3 concentration increases in the cell. This brings the PDK1-Akt 
complex to the plasma membrane, where Akt binds PIP3 through its PH 
domain. Now, the Thr308 residue becomes available for phosphorylation by 
PDK1. This stabilises Akt so-called “PH-out” conformation and allows ATP 
binding at its catalytic site. Eventually, after Ser473 phosphorylation, 
activated Akt dissociates from the plasma membrane and phosphorylates its 
substrates.  

Akt hydrophobic motif Ser473 kinase 
The active “PH-out” Akt conformation is stabilised by a phosphorylation in 
its hydrophobic motif at Ser473. This event is necessary to achieve full Akt 
kinase function and, as suggested by structural analysis of active and 
inactive enzyme, promotes interaction between the phosphorylated 
hydrophobic motif and N-terminal lobe of the kinase domain (124). The 
identity of this Ser473 kinase has been a subject of intense work and debate 
among Akt researchers. Initial models suggested that, once it had carried out 
the Thr308 phosphorylation, PDK1 could phosphorylate Akt at Ser473 
(125). Akt autophosphorylation was also hypothesised, where Thr308-
activated Akt could phosphorylate itself at Ser473 (126). However, 
convincing biochemical, molecular and genetic evidence later gathered, 
suggested that Akt Ser473 phosphorylation was catalysed by a heterologous 
kinase. Still, the identity of this kinase remained highly controversial until 
2005, when Sarbassov et al. (127) reported Rictor-mTOR as the 
physiological Akt hydrophobic motif kinase in many cell types. Now, this 
complex is widely accepted as the primary Ser473 kinase, but around 12 
other proteins are also reported to catalyse this phosphorylation. It is likely 
that under different stimuli, in different cellular compartments or cell types, 
these proteins take over this function from Rictor-mTOR. This hypothesis is 
supported by studies focusing on DNA-damage-induced Akt activation, 
where DNA-PK, ATM or ATR carry out Akt Ser473 phosphorylation (128-
130). Other enzymes that generated some interest as potential Akt 
hydrophobic motif kinases include PKC, p38 MAPK and ILK (131-133). 
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Figure 3. A schematic model for mechanism of activation of Akt. Adapted from 
(134) 

Akt isoform-specific functions 
The first evidence that points towards specific functions of Akt isoforms 
comes from their expression pattern in various cell types and tissues (135). 
Akt1 is abundantly expressed in different cells, tissues and organs. Akt2 is 
mostly found in adipose tissue, skeletal muscle and in liver. The third 
isoform, Akt3, occurs mostly in brain cells and to a lower extent in muscles 
(136). These results are consistent with information about their functions 
during development provided by mouse knockout models of the three 
isoforms. Akt1 regulates foetal growth and development. Knockout of Akt2 
results in defects in glucose metabolism and Akt3 deficient mice have 
reduced brains (134,136,137).  

Alterations in the PI3K/Akt pathway have been implicated in a number of 
human cancers. The activity of PTEN, the phosphatase that inhibits Akt 
activity by de-phosphorylating PI3K products, is very commonly silenced in 
tumours (138). Akt1 is amplified in gastric cancer. Akt2 amplification has 
been reported in ovarian, pancreatic and breast tumours (115). Furthermore, 
mutations in the three Akt isoforms have been also reported. Akt2 and Akt3 
mutations are more frequent in cancers compared to Akt1 mutations (139). 
However, one mutation in Akt1, which is found in several types of cancers, 
is an activating mutation in the PH domain (140). A glutamic acid at position 
17 is replaced by lysine, which results in increased Akt1 recruitment to the 
plasma membrane.  
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Akt substrates  
Activated Akt regulates diverse cellular functions. These include regulation 
of metabolism e.g. glucose transport and glycolysis, control of cell cycle 
events, regulation of protein synthesis and cellular growth, and protection 
from apoptosis. A sequence of amino acids, called Akt consensus motif 
(RXRXXS/T) was derived by Alessi et al. (141) and its presence in a protein 
qualifies it as a potential Akt substrate. So far, around 100 proteins have 
been characterised as Akt substrates (142). Some of these are exclusive Akt 
targets; others can be phosphorylated by more than one kinase. It is not 
possible to cover all the Akt substrates and their cellular functions here, but 
some important proteins involved in cell survival will be discussed in the 
next section. Others include p21, p27 and cyclin D1, which control cell-
cycle; TSC1/TSC2, S6K, mTOR and HIF1 proteins with important roles in 
the control of cell growth and angiogenesis, and GSK3 and Glut1 both of 
which regulate cell metabolism. 

Integrins and PI3K/Akt interplay in cell survival 
The importance of correct programming of life and death of cells is vital in 
normal physiological processes like tissue remodelling and prevention of 
diseases like cancer. Cell survival is collectively regulated by several factors, 
such as cell-ECM adhesion, growth factor receptor signalling and death 
receptor activation. The Bcl family of proteins (Bcl-2 and its homologues) 
includes critical regulators of both pro-apoptotic and anti-apoptotic 
signalling pathways. In normal cells the decisions of life and death are 
balanced by the activity of anti-apoptotic members, for example Bcl-2 and 
Bcl-XL, and pro-apoptotic proteins like Bad, Bmf and Bak (143). In 
response to death signals, the pro-apoptotic proteins cause mitochondrial 
membrane permeabilisation, release of cytochrome c into the cytosol, 
activation of caspases and ultimately degradation of DNA (144). 
Alternatively, death ligands like TNFα or FasL may bind to specific death 
receptors and trigger the “extrinsic pathway”, which leads to apoptosis 
through FASS, CASP-8 and DISC (145). 

Although growth factor signalling is very important in regulating cell 
survival, the discussion in this section will be limited to the functions of 
integrins in the promotion of cell survival, with special emphasis on the role 
of Akt in this context. Integrin-induced kinases FAK and Src can directly 
promote cell-survival as CASP-8 is a downstream substrate of Src, and FAK 
can interfere with DISC formation. However, the major pro-survival 
function of the FAK/Src complex comes from downstream activation of the 
MAPK/ERK and PI3K/Akt signalling pathways. ERK has direct targets that 
are involved in the regulation of apoptosis including Bcl-2, Mcl-1, Bim and 
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procaspase-9. ERK also regulates RSK-1 (p90 ribosomal S6 kinase1), which 
in turn phosphorylates Bad, promoting its sequestering by 14-3-3 (146).  

The PI3K/Akt pathway has a central role in promoting cell survival. Once 
activated by integrins or cytokines, Akt can directly or indirectly regulate a 
large number of proteins, which protect cells from apoptosis. Only some of 
the most important ones will be discussed here. Bad was the first identified 
anti-apoptotic Akt target. It is phosphorylated at Ser136 by Akt, which 
prevents its interaction with Bcl-xL and allows 14-3-3 to bind Bad (147). 
Caspase-9 is another key apoptosis initiator that is inactivated by Akt 
through an inhibitory phosphorylation at Ser196 (148). Acinus is a nuclear 
protein and once activated by caspase-cleavage, it takes part in chromatin 
condensation. Akt phosphorylates acinus on Ser422 and Ser573, which 
blocks its activation. The stress-induced protein kinase (SAPK) pathway is 
stimulated in response to various types of stress and can lead to cell death. 
Akt phosphorylates and inactivates three upstream kinases in this pathway, 
thus hindering their activation. GSK3 promotes apoptosis by inhibiting anti-
apoptotic Mcl-1. Akt-mediated inhibitory phosphorylation of GSK3 blocks 
its activity towards Mcl-1. Another important Akt target group are the 
Forkhead (FoxO 1-4) transcription factors. These proteins regulate 
transcription of pro-apoptotic genes, but phosphorylation by Akt promotes 
their sequestering in the cytoplasm. NF-κB, MDM2 and YAP are some more 
cell survival regulators influenced by Akt activity (146,149-152). 

Integrins and growth factor receptors crosstalk 
A characteristic feature of integrins is their ability to collaborate with other 
cell surface receptors. In the context of signalling, integrins and growth 
factor receptors (GFRs) team up to regulate pathways which control cell 
survival, proliferation and differentiation (153). Direct physical interaction 
between integrins and growth factor receptors has been described and in 
some cases bridging proteins may link the two (154). There are many modes 
of integrins and GFRs crosstalk. Both integrin and growth factor receptor 
activation can trigger same signalling pathways and lead to similar cellular 
responses. In this context independent activation of a pathway, for example 
PI3K/Akt, by integrins and GFRs may produce an amplified net response. 
Alternatively, common downstream effectors, for example FAK/Src 
complex, may facilitate mutual regulation of cellular events such as 
migration (154-156). Integrins can also create conditions that are conducive 
for proper interaction of GFRs with their downstream targets. An example of 
this manner of cooperation is the dependence of EGF-induced ERK 
phosphorylation on adhesion-mediated signalling as explained earlier (see 
section Integrins and the ERK pathway and (99). Ligand-independent 
activation of GFRs requires co-clustering with integrins. In this mechanism 
of collaboration, different GFRs may form complexes with specific integrin 
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heterodimers. Interaction of αVβ3 with IGFR1 and PDGFR, and β1 or β3 
integrins with EGFR are some examples (156). GFRs can also influence 
integrin function. Growth factor stimulation can lead to increased expression 
of specific integrin subunits leading to changes in integrin functions (154). 

ROS and integrin signalling 
The physiological importance of controlled generation and release of 
reactive oxygen species (ROS) can be appreciated from neutrophil 
“oxidative burst”, which is a vital anti-microbial mechanism. People 
suffering from chronic granulomatous disease (CGD) have genetic defects in 
ROS producing enzymes and suffer from recurrent bacterial infections 
(157,158). However, excessive ROS may have negative impacts on cellular 
constituents for example oxidative damage to lipids, proteins and DNA 
(157). Normally, organisms are able to control ROS production and prevent 
its damaging effects, by scavenging excess ROS or allowing irreversibly 
damaged cells to undergo apoptosis (157). Loss of this control contributes 
towards development of health problems including severe diseases like 
cardiovascular disorders and cancer (159,160). Hydrogen peroxide, hydroxyl 
radicals and superoxide are commonly produced ROS. Hydrogen peroxide 
can pass the cell membrane through aquaporin channels (161). Major sites of 
ROS production are mitochondria and enzymes like NADPH oxidases 
(NOXes) and 5-lipoxygenase (LOX). Controlled generation of low levels of 
ROS can be employed by cells to modulate different functions (158,162).  

In the context of cell signalling, ROS production has been observed in 
response to stimulation of cells by several growth factors, including EGF, 
PDGF and LPA (163). Links between integrins and ROS production came 
into focus from studies, which showed that optimal neutrophil activation and 
sustained oxidative burst was adhesion-dependent (164,165). It is now 
known that integrins trigger ROS production and ROS in turn affect integrin 
functions (166,167). During cell adhesion, ROS produced from mitochondria 
facilitate early phases of cell attachment to fibronectin, while enzyme-
generated ROS affect cell-spreading dynamics (168). ROS can influence 
integrin signalling at many levels including activation or deactivation of 
phosphatases or kinases and modulation of actin dynamics. ROS may also 
affect transcription factors and interfere with mRNA translation (159,160).  

Integrins in mechanosignalling 
Cells regularly experience various types of forces originating from inside or 
outside of the cells. Intracellular contractile forces generated by actomyosin 
motors, and fluid shear stress and pressure experienced by endothelial cells 
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due to blood flow are some examples. Appropriate sensing and response to 
these forces is vital for proper cellular functions. For example, physical 
stimuli received by the embryo must be correctly converted into biological 
information for proper development and morphogenesis (169). Describing 
all the forces acting on cells and their biological impacts is beyond the scope 
of this work. Thus the discussion that follows will focus largely on cellular 
responses to mechanical stretching on elastic surfaces, which was studied in 
this thesis (see Paper III). 

Cells react to mechanical forces in various ways; some examples include 
increase in the size of focal adhesions, recruitment of new proteins to 
adhesions, strengthening of integrin-actin contacts and activation of 
signalling proteins (170). One level of cellular reply to mechanical stretching 
is remodelling of the ECM. It has been shown that stretched cells upregulate 
genes involved in assembly and modification of the ECM (171,172). 
Furthermore, mechanical forces affect fibronectin assembly. Myosin-
dependent pulling on integrin-associated fibronectin exposes hidden binding 
sites on it and promotes the formation of fibronectin fibrils (173). There is 
also some evidence for regulation of basement membrane assembly by 
mechanical forces (170,174).  

It is very attractive to propose that the mechanosensing ability of cells is 
mediated by integrin conformational changes in response to force. However, 
it must be noted that there is no direct evidence that this actually happens. 
But, integrin adhesions are strengthened and stabilised in reaction to changes 
in force (170,175,176). In this context, a well-characterised event is the 
exposure of cryptic binding sites in talin, which leads to increased vinculin 
recruitment to the adhesion sites. Vinculin can link to actin and thus plays an 
important role in integrin-actin connections (70,72). Another stretch-
sensitive focal adhesion adaptor protein is p130CAS. Stretching cells on 
elastic surfaces or stretching isolated p130CAS molecules in-vitro enhances 
phosphorylation of p130CAS by Src family kinases (177). Once 
phosphorylated, p130CAS recruits SH2 domain-containing Crk, which can 
lead to the activation of GTPases Rap-1 and Rac-1 (88).  

The downstream signalling pathways, activated in response to cell 
stretching may vary depending upon cell type and context. Major signalling 
reactions reported to be activated by stretching in different cells include 
MAPK/ERK pathway, PI3K/Akt pathway and Rho GTPases. Additionally, 
ROS generation and intracellular Ca+2 levels are also affected by stretching, 
resulting in ROS- or calcium-regulated signalling (167,178).  

Mechanistically, as mentioned earlier, stretching exposes binding sites on 
proteins, leading to recruitment or activation of additional proteins, which 
may trigger downstream signalling. For example, stretch-induced FAK/Src 
activation may lead to the activation of PI3K/Akt and MAPK/ERK pathways 
and alter gene expression. Zyxin appears to be an important force responsive 
protein localised to focal adhesions (179). It binds Ena/VASP proteins, 
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which then interact with actin filaments at barbed ends and this complex 
promotes force-dependent actin polymerisation (180). Localisation of zyxin 
to focal adhesions appears to be contraction-dependent. It poorly localises to 
smaller focal complexes and quickly dissociates from focal adhesions if 
contractile forces are reduced (68).  

Matrix stiffness can also influence the same signalling pathways as 
activated by stretching and there is also evidence that matrix rigidity 
modulates cancer cell behaviour (181,182). Breast cancer cells, for example, 
tend to show more aggressive behaviour when grown in a stiff matrix 
compared to a soft one (183). The basis for these effects is that the rigidity of 
the ECM affects cellular response to force. On a stiff matrix, cells exert 
higher tension and form well-developed focal adhesions and actin stress 
fibres. Conversely, on a softer matrix, FA and stress fibre formation is less 
pronounced (170). 

Heparanase and its signalling functions 
ECM is a dynamic structure and the ability to modify it is a tightly 
controlled fundamental necessity for an organism during, for example, 
embryogenesis and wound healing. Heparanase is an endo-β-glucuronidase, 
which catalyses heparan sulphate side chain cleavage and can alter the ECM 
dynamics (184). Such cleavage may also release cytokines deposited in the 
ECM. Heparanase can also collaborate with other cell surface proteins and 
modulate their functions. In this context, heparanase can trigger syndecan 
clustering and influence cell adhesion and spreading (185). Increased 
heparanase activity has been reported in several human cancers (186-190).  

Notably, enzyme independent heparanase functions are also being 
recognised. Signalling activity of heparanase was first reported in 2004 when 
it was shown that the inactive latent enzyme could trigger the PI3K/Akt 
pathway in a heparan sulphate independent manner (191). Later studies 
employing overexpresssion or exogenous addition of latent heparanase, as 
well as enzyme inactive mutant, confirmed this signalling in several cell 
lines and mapped it to the C-terminal region of the protein (192). Further 
research in this area has expanded the heparanase signalling field and the 
number of heparanase downstream targets is increasing. Src, EGFR, p38 
MAPK, STAT3 and STAT5b are some examples (193-195). However, it is 
largely unclear how heparanase induces these signalling pathways. It is 
believed that the signalling comes from a cell surface receptor(s), but the 
identity of this receptor(s) remains unknown. Several proteins were 
suggested and later ruled out as heparanase receptor(s) (184). There is also 
some evidence of collaboration between heparanase and other cell surface 
receptors. Heparanase can induce syndecan clustering, which facilitates cell 
adhesion through PKCα and Rac-1(184). Notably, heparanase exposure also 
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increases activated cell surface β1 integrin levels in U87 glioma cells (196). 
Our work on heparanase signalling (see Paper II in this thesis) shows that 
heparanase-induced PI3K/Akt pathway is integrin-dependent. Complete 
understanding of heparanase signalling mechanisms is possible only after 
identification of the heparanase receptor(s). 
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Present investigations 

Aims 
In this study attempts were made to answer some important, but yet unclear 
questions about the mechanisms of signal transduction by integrins. With a 
focus on β1 integrins, we investigated the regulation of phosphorylation of 
Akt at Ser473. Collaborative signalling by integrins and another agonist-
receptor system, and questions concerning mechanisms regulating signals 
generated by two types of integrin activations i.e. adhesion and external 
mechanical stress were also taken up. Additionally, in Papers I and II 
integrin- and Akt-enhanced resistance to cell death, during apoptosis-
inducing conditions, was studied. Our aim was to understand how β1 
integrins promote cell survival by mediating Akt Ser473 phosphorylation in 
response to integrin-ligand binding or in collaboration with a pro-
tumourigenic factor, heparanase.  

Paper I 

Receptor-specific mechanisms regulate phosphorylation of AKT at 
Ser473: Role of RICTOR in β1 integrin-mediated cell survival 
Activation of Akt is regulated by two important phosphorylations, Thr308 in 
the catalytic loop and Ser473 in the hydrophobic motif. The identity of the 
enzyme catalysing Thr308 phosphorylation was revealed in 1997, when 
PDK1 was shown to perform this reaction (104). The enzyme carrying out 
Ser473 phosphorylation remained unknown for a long time and many 
proteins were suggested to catalyse this reaction, such as PDK1, PKBα, Akt, 
ILK to name a few (197). This controversy was largely settled by a study 
from Sabatini’s lab that identified Rictor-mTOR complex (mTORC2) as the 
major Akt Ser473 kinase (127). Later studies have shown that mTORC2 is 
essential for Akt hydrophobic motif phosphorylation downstream several 
growth factor and cytokine receptors (198-200). Still, some recent papers 
have reported mTORC2-independent phosphorylation of Akt at Ser473 
(201,202). Therefore, this reaction may be regulated also by kinases other 
than mTORC2 in a context-dependent manner.  
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Ligand-binding to β1 integrins induces efficient phosphorylation of Akt at 
Thr308 and Ser473. Like growth factor receptors, β1 integrin-mediated 
Thr308 phosphorylation is catalysed by PDK1. The Ser473 phosphorylation 
was reported to be under the regulation of an important integrin associated 
protein called integrin-linked kinase (ILK). Several studies originating 
mostly from one lab not only showed ILK as the Ser473 kinase downstream 
integrin-engagement, but also claimed that ILK regulated Akt downstream 
growth factor receptors in vitro and in vivo (74,203-205). The whole picture 
became highly controversial when, using molecular, biochemical and 
structural approaches, ILK was proven as a pseudokinase (54,55). These data 
and the identification of mTORC2 as the Ser473 kinase downstream of 
growth factor receptors left an open unanswered question about the role of 
ILK and mTORC2 downstream of integrins. Additionally, a detailed study 
analysing PAK and its role in Akt activation suggested that PAK serves as a 
scaffolding protein in PDGF- and serum-induced PI3K/Akt pathway (109). 
The finding raised the question whether this was a general mechanism for 
Akt activation or not. 

In this paper we attempted to clarify the role of mTORC2, ILK and PAK 
in Akt Ser473 phosphorylation in response to integrin-stimulation. 
Knockdown of these proteins using siRNAs showed that mTORC2 was 
essential, while ILK and PAK 1/2 were dispensable for integrin-induced Akt 
phospho-Ser473. Akt occurs as three isoforms in humans and studies have 
shown that they localise to different compartments in the cell (135). 
Moreover, data is also accumulating about different physiological and 
pathological functions of these isoforms. We immunoprecipitated Akt 
isoforms after integrin-stimulation and found that phosphorylation at Ser473 
was induced to a higher extent in Akt2 than Akt1. This indicated that 
integrins preferentially phosphorylated Akt2 over Akt1. However, a more 
detailed study is needed to confirm this initial finding. Akt Ser473 
phosphorylation is a part of Akt regulation, but it is unclear how this affects 
Akt’s cellular functions. In this context, we studied the role of mTORC2 in 
integrin-mediated cell survival. Cells in which Rictor was knocked down by 
siRNA were more prone to serum starvation-induced apoptosis as revealed 
by TUNEL assay, DAPI staining of pyknotic nuclei and Trypan blue dye 
uptake by dead cells.  

Next, we examined the role of mTORC2, ILK and PAK 1/2 in Akt 
phospho-Ser473 regulation downstream G-protein coupled (LPA) and 
growth factor (EGF, PDGF) receptors. Availability of mTORC2 was 
essential for all of them except LPA-mediated Akt Ser473 phosphorylation 
in HeLa cells. PAK 1/2 were efficiently silenced in MCF7 and HeLa cells, 
but it did not affect EGF-induced Akt Ser473 phosphorylation. PAK 1/2 
knockdown or inhibition by a chemical inhibitor negatively affected LPA or 
PDGF-mediated Akt phosphorylation at Ser473. ILK silencing did not 
interfere with any of the above-mentioned signalling reactions.  
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It is apparent from the data presented in this paper that Akt Ser473 
phosphorylation promotes cell survival and the kinases regulating this 
phosphorylation function in a manner more complex than presented in 
current models. 
 

Paper II 

Characterisation of Heparanase-Induced PI3K-AKT Activation and Its 
Integrin Dependence 
Heparanase carries two activities, a conventional ECM-modifying enzyme 
function and an independent signalling property. One of the pathways 
induced by heparanase is the PI3K/Akt pathway (191). Although recent 
studies have expanded the heparanase-signalling function by identifying an 
increasing number of its downstream targets, mechanisms by which 
heparanase regulates these proteins are largely unknown. In this paper we 
have shown that heparanase-stimulated Akt activation is integrin-dependent. 

Integrins and heparanase were found to utilise similar mechanisms to 
induce Akt activation in MCF7 cells. As shown for β1 integrins in Paper I, 
heparanase also required mTORC2 for Akt Ser473 phosphorylation. ILK or 
PAK 1/2 depletion by siRNAs did not suppress Akt phospho-Ser473 in 
response to heparanase exposure. A previous publication from our lab has 
shown that PI3K catalytic isoform p110α is preferred by β1 integrins for Akt 
activation and early cell spreading (206). Inhibition of this isoform with a 
chemical inhibitor YM024 suppressed Akt Ser473 phosphorylation and cell 
proliferation as efficiently as the general PI3K inhibitor LY294002. Like 
integrins, heparanase-mediated phosphorylation of Akt was significantly 
impaired in RAS-p110α interaction defective cells. Noting the similarities 
between heparanase- and integrin-mediated Akt activation, we looked into 
the possibility of collaboration between them. Heparanase strongly activated 
Akt in adherent cells, where ligand-bound integrins were present. In 
suspended cells heparanase-mediated Akt Ser473 phosphorylation was 
weak. When both β1 and β3 integrins were available, heparanase-induced 
Akt phosphorylation was higher compared to when only one of them was 
present. FAK and its related protein PYK2 are widely implicated in integrin 
functions (82). Heparanase induced strong PYK2 autophosphorylation in 
MCF7 and U87 cells while FAK activation was induced to a lesser extent. In 
Tet-FAK mouse embryonic fibroblasts (MEFs), heparanase exposure 
strongly induced both PYK2 and FAK autophosphorylation. Inhibition of 
PKY2 and FAK by a chemical inhibitor PF562271 or PYK2 knockdown in 
FAK deficient cells suppressed heparanase-mediated Akt activation in these 
cells. Simultaneous suppression of both these proteins was needed to see an 
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affect on the PI3K/Akt pathway. Exposing GD25Tβ1A cells to heparanase 
increased their resistance to H2O2-induced apoptosis. Similarly, U87 cells 
overexpressing heparanase maintained better mitochondrial integrity in 
serum-starvation conditions, compared to control U87 cells.  
 

Paper III 

The role of mechanical force and ROS in integrin-dependent signals 
Three known types of integrin stimulations are cell adhesion; contraction 
forces acting on integrins from within the cells, and externally applied 
forces. For a comprehensive understanding of integrin signalling, it is 
important to understand the mechanisms governing signal transduction upon 
these integrin engagements. Integrin signalling can be directly or indirectly 
influenced by reactive oxygen species (ROS) (166). Extensive efforts have 
been made to study the role of ROS in the context of integrin activation 
(168). But the interpretation of results obtained from many of these is 
complicated due to the study design, for example, the use of high 
concentrations of ROS-generating and scavenging compounds, non-specific 
inhibitors and erroneous ROS measurement methods. Here, we studied 
integrin signals generated upon ligand-binding or mechanical stretching and 
attempted to clarify the affects of ROS on these integrin-stimuli and their 
downstream signalling. 
αVβ3- and α5β1-mediated early cell adhesion to fibronectin efficiently 

induced signalling as determined by increased phosphorylation of several 
proteins, including ERK 1/2, Akt Ser473 and p130CAS in GD25β1, GD25 
and BJhTERT cells. The signalling was not dependent on myosin II 
generated contraction, since myosin II inhibitor blebbistatin and ROCK 
inhibitor Y27632 did not suppress the phosphorylation of above-mentioned 
proteins. Next, we compared integrin signals generated by cell attachment 
and signals induced in response to externally applied cyclic stretch. 
Stretching GD25β1 cells for 10 min resulted in efficient ERK 1/2 
phosphorylation. However, the phosphorylation of Akt Ser473, p130CAS, 
FAK Tyr397, cofilin Ser3 and MYPT1 Thr853 remained unaffected or were 
weakly induced. These results were reproducible in GD25 and BJhTERT 
cells. Both αVβ3 and α5β1 showed similar signalling behaviour in response 
to stretching. Integrin signals from cell attachment were strongly affected by 
rotenone, which inhibits mitochondrial ROS production. Akt Ser473 
phosphorylation was abolished in both GD25β1 and BJhTERT cells treated 
with 1 µM rotenone, while ERK 1/2 was elevated in GD25β1 and inhibited 
in BJhTERT. The observed effects of rotenone were likely not due to 
changes in intracellular ATP levels as rotenone treatment only moderately 
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affected them. Next, we utilised a stable ascorbate derivative, L-ascorbic 
acid 2-phosphate sesquimagnesium hydrate (Asc-2P), to study the effects of 
its antioxidant activity on integrin signalling. Intracellular and extracellular 
phosphatases can convert Asc-2P to ascorbate and in our experimental 
settings, Asc-2P showed no scavenging activity of its own. Asp-2P exposure 
did not affect attachment-induced integrin signalling and led to only a minor 
increase in spreading of GD25β1 cells on fibronectin. However, 
phosphorylation levels of ERK 1/2 were elevated in Asp-2P treated GD25β1 
cell subjected to cyclic stretching for 10 min. Exposure of cells to catalase, 
showed similar results. These two experiments suggested that the origin of 
ROS, influencing ERK 1/2 phosphorylation after cyclic stretching, was most 
likely the plasma membrane residing NADPH oxidases (NOXes).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 36 

Future perspectives  

The results generated during this thesis studies have answered some 
questions concerning integrin signalling, but also raised a number of new 
ones. Some of the main questions deserving further investigations are 
described below. 

An interesting result presented in Paper I was that β1 integrin activation 
led to preferential phosphorylation of Akt2 at Ser473 in MCF7 cells. This 
preliminary finding must be confirmed in more cell lines. Akt isoforms 
phosphorylation, in response to activation of other integrin subunits, should 
also be studied. Data from these experiments will determine if preference for 
Akt isoform 2 is broadly exhibited by integrins or not.  

In Paper II, it was shown that heparanase-induced Akt activation was 
integrin dependent. However, the link between integrins and heparanase is 
not completely characterised. Our results show that FAK or PYK2 are 
involved in this crosstalk. But, we do not know the mechanistic details of 
heparanase-induced activation of FAK/PYK2. It is pertinent to mention here 
that since the heparanase receptor(s) is unknown, the initial steps of all 
known heparanase-promoted signal transduction pathways are unclear. 
Therefore, it is obviously important to identify this receptor. In our lab we 
attempted to crosslink heparanase with its receptor, using a biotin-containing 
UV-activated crosslinker (Sulfo-SBED, Thermo Scientific). Subsequently, 
the crosslinked complexes were pulled down with avidin beads and analysed 
by mass spectrometry. However, our approach was complicated by the 
presence of biotin-containing proteins in the cell lysates, and our initial 
attempts were unsuccessful. Therefore, protocol optimisation should first be 
carried-out with this crosslinker before re-attempting heparanase receptor(s) 
pulldown. Alternatively, other types of crosslinkers or different experimental 
approaches can also be considered. 

The data presented in Paper III also raises several questions for further 
investigations. Stretch-induced ERK phosphorylation was affected by 
extracellular ROS, most likely generated by NOXes. p22PHOX is a common 
regulatory subunit of NOX enzymes. This subunit could be knocked-down 
with siRNA to investigate how integrin signalling is affected by blocking 
ROS production from one major site. Our preliminary efforts to study 
p22PHOX in GD25β1 cells were unsuccessful due to poor reactivity of 
commercially available antibodies with mouse p22PHOX. However, human 
cell lines could be used for these investigations. Furthermore, since there are 
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five NOX enzymes (NOXes 1-5), expressed in a cell type specific manner, it 
would be interesting to identify which one(s) is the major contributor of 
ROS during stretching. The protein knockdown approach using specific 
siRNAs could again be tried. Subsequently, the signalling pathway from β1 
integrins to the NOX should be clarified.  
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