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Cover picture: Total internal reflection fluorecence (TIRF) microscopy image of a 
Lyn/CFP-expressing GD25 beta1 cell. 
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Abbreviations 

ADAMs A disintegrin and metalloproteinase 
BCR Breakpoint-cluster-region homolog 
ECM Extracellular matrix 
EGF Epithelial growth factor  
Erk Extracellullar signal-regulated kinase 
FAK Focal adhesion kinase 
GAP GTPase-activating protein 
GEF Guanine nucleotide exchange factor 
Grb2 Growth-factor receptor-bound protein 2 
HM Hydrophobic motif 
ICAM Intercellular adhesion molecule 
ILK Integrin-linked kinase 
IgCAM Immunoglobulin-like domain containing cell adhesion molecules 
MadCAM Mycosa addressin cell adhesion molecule 
MAPK Mitogen-activated protein kinase 
MEK MAPK Erk-activating kinase 
PDGF Platelet-derived growth factor 
PDK1/2 Phosphoinositide-dependent kinase 1 and 2 
PH Pleckstrin homology 
PI3K Phosphatidylinositol 3-kinase 
PKB Protein kinase B 
PTB Phosphotyrosine binding 
PtdIns Phosphoinositide 
PTEN Phosphatase and tensin homologue deleted on chromosome 10 
RTK Receptor tyrosine kinase 
SH2/3 Src homology 2 and 3 
SHIP1/2 SH2-containing inositol 5-phosphatase 1 and 2 
SOS Son of sevenless 
TIRF Total internal reflection fluorescence 
TM Transmembrane 
VCAM Vascular cell adhesion molecule 
WASP Wiskott-Aldrich syndrome protein 
WAVE WASP-family verprolin homologous protein 
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Introduction 

Multicellular organisms are composed of cells joined together, forming 
complex structures and organs, interacting and collaborating in an amazing 
fashion to form life. To accomplish this, the cells must be capable of adher-
ing to each other and/or to secrete proteins surrounding the cells, called the 
extracellular matrix. They also need to be able to interact and communicate 
with each other. The majority of the cells in adult tissues are normally sta-
tionary and it is critical that they remain stationary. But there are occasions 
when it is vital for the organism that the cells can migrate. For example, 
leukocytes have to leave the circulation and migrate through tissues in order 
to screen for intruders, fibroblasts need to migrate in order for proper tissue 
repair, and finally migration is crucial in embryonic development. 

Cell adhesion receptors are a group of proteins in the cell responsible for 
adhesion, and most of them are also skilled signalling mediators. Examples 
of cell adhesion receptors are the families of cadherins, selectins, and Ig-
CAMs, all important mediators of cell-cell contacts. Another major family of 
cell adhesion receptors is the integrins, mediating cell-matrix contacts but 
also in some cases cell-cell contacts. The integrin family mediates static 
adhesion as well as dynamic adhesion during migration. The integrin family 
is the focus of this thesis, where integrin signal transduction and some of its 
effects on cellular events have been studied. 
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Background 

The Integrin family 
Integrins are a family of cell surface receptors, most of which were identified 
during the 1980’s. The name integrin was introduced by Hynes’ group in 
1986 and refers to the ability of the family members to integrate extracellular 
and intracellular fibrillar networks [1]. All cell types in the human body, 
except the red blood cells, have integrins expressed on their surface, under-
lining the importance of this protein family. 

The integrins are involved in a variety of very important cellular and 
physiological events taking place throughout a lifetime, starting at the very 
beginning during embryonic development. One of the major duties of in-
tegrins is to form physical connections between the cells and the surrounding 
environment. Another major duty for the integrins is to mediate signals to 
the cell, signals controlling cell growth, cell proliferation and cell survival. A 
third function is the participation in cell migration, integrins functioning as 
“feet” of the cells during movement [2, 3]. 

Integrins are transmembrane proteins located in the plasma membrane of 
the cell. They are heterodimers composed of one �-subunit and one �-
subunit, non-covalently associated with each other. There are 18 different �-
subunits and 8 different �-subunits expressed in mammals and together they 
can form 24 different heterodimers (fig. 1). For the integrins to be able to 
reach the cell surface they must be in the form of a heterodimer, otherwise 
they are retained in the endoplasmatic reticulum. All integrin family mem-
bers have an N-terminal extracellular domain, a hydrophobic transmembrane 
domain and a C-terminal cytoplasmic domain [4]. (For more structural de-
tails see section: Integrin structure.) 

The 24 different integrins bind a range of extracellular ligands. Some 
members are very strict in their choice of ligand while others are more pro-
miscuous and can bind several different ligands. Several integrins have over-
lapping binding patterns and can probably compensate to some extent the 
loss of another integrin. Examples of naturally occurring ligands in matrix 
contacts are fibronectin, collagens, laminins, fibrinogen and vitronectin. 
Integrins also mediate cell-cell contacts. In this case they bind ligands or 
counter-receptors such as ADAMs, ICAMs, VCAM, MadCAM, E-Cadherin 
and complement factor C3bi [5]. Some microorganisms and viruses, for ex-
ample the Rotavirus and the bacteria Yersinia, have learned to take advan-
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tage of the ligand-binding function of integrins and can enter cells by bind-
ing to integrins, thereby spreading the infection [6, 7]. 

 
Figure 1. The integrin family. A map showing the 24 possible dimer combinations 
of the 18 different �-subunits and the 8 different �-subunits expressed in mammals. 
Adapted from Hynes [4]. 

The �-cytoplasmic domains, and in some cases also the �-cytoplasmic do-
mains, of the integrin, can bind a large number of various cytosolic proteins 
and new potential binding partners are still being found. Classical examples 
of integrin-binding cytoplasmic proteins are talin, �-actinin, paxillin, focal 
adhesion kinase (FAK), integrin-linked kinase (ILK) etc. Some of these are 
able to associate with the actin cytoskeleton, creating a connection between 
the integrins and the actin cytoskeleton [8]. 

Integrins are evolutionary well conserved. They are found in the most 
primitive animal phyla including the Cnidaria (coral) and the Porifera 
(sponge) and all the way up the evolutionary ladder, through the nematodes 
(e.g. Caenorhabditis elegans), the insects (e.g. Drosophila melanogaster) and 
up to higher vertebrates, including humans. So far no homologs have been 
found in plants, prokaryotes or fungi [4, 9]. 

Integrin knockouts and diseases 
Most integrin subunits have been knocked out in mouse models and the dif-
ferent phenotypes that have been observed are summarised in table 1.  
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Table 1. Integrin Gene Knockout Phenotypes 
Knockout  Phenotype References 

�1 
 

V, F 
 

No immediately obvious developmental defects, reduced 
tumour vascularisation. 

Gardner et al., 1996; Pozzi et al., 

2000, 2002 

�2 
 
 

V, F 
 
 

Few immediately obvious developmental defects, delayed 
platelet aggregation and reduced binding to monomeric 
collagen, reduced mammary gland branching. 

Holtkotter et al., 2002; Chen et 

al.,2002 

 

�3 
 
 

P 
 
 

Kidney tubule defects, reduced branching morphogenesis 
in lungs, mild skin blistering, lamination defects in neocor-
tex. 

Kriedberg et al.,1996; DiPersio 

et al., 1997; Anton et al., 1999 

 

�4 
 

E11/14 
 

Defects in placenta and heart. Chimeras show defects in 
hematopoiesis. 

Yang et al., 1995; Arroyo et al., 

1996, 1999 

�5 
 

E10-11 
 

Defects in mesoderm and vascular development, neural 
crest apoptosis. Chimeras show muscular dystrophy. 

Yang et al., 1993; Goh et al., 

1997, Taverna et al., 1998 

�6 
 

P 
 

Severe skin blistering, other epithelial tissues also defec-
tive. Lamination defects in cortex and retina. 

Georges-Labouesse et al., 1996, 

1998 

�7 V, F Muscular dystrophy, defective myotendinous junctions. Mayer et al., 1997 

�8 
 

P 
 

Small or absent kidneys, inner hair cell defects. 
 

Muller et al., 1997; Littlewood 

Evans et al., 2000 

�9 
 

V 
 

Die within 10 days of birth, chylothorax due to lymphatic 
duct defect. 

Huang et al., 2000 

 

�10 V, F Moderate dysfunction of growth plate chondrocytes. Bengtsson et al., 2004 

�11 V, F Dwarfism due to severely defective incisors. Popova et al., 2007 

�V 
 

E10/P 
 

Embryonic lethality due to placenta defects, perinatal 
lethality with cerebral vascular defects, cleft palate.  

Bader et al., 1998; McCarty et 

al., 2002 
�IIb V, F Hemorrhage, no platelet aggregation. Tronik-Le Roux et al., 2000 

�L V, F Impaired leukocyte recruitment. Schmits et al., 1996 

�M 
 

V, F 
 

Defective phagocytosis and apoptosis of neutrophils, mast 
cell development defects, adipose accumulation. 

Coxon et al., 1996; Tang et al., 

1997; Dong et al., 1997 

�X  Not reported  

�D  Not reported  

�E V, F Greatly reduced numbers of intraepithelial lymphocytes. Schon et al., 1999 

�1 
 

E6.5 
 

Peri-implantation lethality, ICM deteriorates, embryos fail 
to gastrulate. Extensive analyses of chimeras. 

Fässler et al., 1995; Stephens et 

al., 1995;Brakebusch et al., 1997 

�2 
 

V, F 
 

Leukocytosis, impaired inflammatory responses, skin 
infections, T cell proliferation defects. 

Scharffetter-Kochanek et al., 

1998 

�3 
 
 

V, F 
 
 

Hemorrhage, no platelet aggregation, osteosclerosis, 
hypervascularisation of tumours. 
 

Hodivala-Dilke et al., 1999; 

McHugh et al., 2000; Reynolds 

et al., 2002 

�4 
 

P 
 

Sever skin blistering, other epithelial tissues also defective. 
 

Van der Nuet et al., 1996; 

Dowling et al., 1996 

�5 V, F No immediately obvious developmental defects. Huang et al., 2000 

�6 
 

V, F 
 

Inflammation in skin and airways, impaired lung fibrosis. 
 

Huang et al., 1996; Munger et 

al., 1999 

�7 V Defect in gut-associated lymphocytes- no Peyer’s patches, 
reduced intraepithelial lymphocytes. 

Wanger et al., 1996 

�8 E10/P Embryonic lethality due to placental defects, perinatal 
lethality with cerebral vascular defects.  

Zhu et al., 2002 

V (viable), F (fertile), E (embryonic lethal), P (perinatal lethal). Reference citations are listed but not 
included in the reference list. This table is adapted from Hynes [4]. 



 15

Some of the knockouts are lethal, for example �1, which can form het-
erodimers with 12 different �-subunits, while many others are viable and 
fertile. Among the knockouts there are mice that exhibit phenotypes similar 
to human diseases. The �IIb knockout and the �3 knockout both have a phe-
notype similar to patients with Glanzmann thrombasthenia (GT). This is a 
bleeding disorder, where the platelets lack functional �IIb�3 integrins and 
thus cannot bind fibrinogen and form clots [10, 11]. Other examples are the 
�6 knockout mice and the �4 knockout mice phenotypes similar to patients 
with Epidermolysis bullosa, the “blistering disease”. Here the connection 
between the �6�4 integrin and the basement membrane is not intact, result-
ing in fragility and blistering of the skin [11, 12]. Moreover, the phenotype 
of the �2 knockout mice resemble Leukocyte adhesion deficiency type 1 
(LAD-1). �2 integrins are expressed on leukocytes and are involved in the 
immune response. They are for example needed when leukocytes migrate 
from the blood vessels to a site of inflammation due to injury or infection, 
and in the formation of immunological synapses. The LAD-patients have 
recurrent infections that are sometimes life threatening [11, 13]. 

Integrin structure 
The extracellular domain 
The extracellular region of all �-subunits has a domain called the seven-
bladed �-propeller in the N-terminal end. Each �-propeller “blade” is in the 
form of a �-sheet, consisting of four anti-parallel strands. This domain is 
followed by a stalk region composed of three segments (thigh domain, calf-1 
domain, calf-2 domain). The �-propeller, together with the �-subunit, con-
tains the ligand-binding site. Nine of the �-subunits have in addition an I-
domain (also called A-domain) inserted in the seven-bladed �-propeller. In 
these cases, the I-domain alone contains the ligand-binding site. A group of 
�-subunits display a proteolytic cleavage site in their extracellular domain 
close to the membrane. The functional significance of this is not yet known 
[4, 14, 15]. 

The extracellular domain of the �-subunits has an N-terminal head region 
and a stalk region. The head region is composed of a �A-domain and a hy-
brid domain, in which the �A-domain is inserted into a loop in the hybrid 
domain. The �A-domain is homologous to the I-domain of the nine �-
subunits and this is the ligand-binding region of the �-subunits. The �-
subunit stalk regions are composed of six segments (PSI, EGF-1, EGF-2, 
EGF-3, EGF-4, �TD) [4, 14]. 

In 2001 Xiong and colleagues solved the crystal structure of the unligated 
extracellular segment of integrin �V�3 [14]. Xiongs crystal structure 
showed a bent extracellular segment and later experiments have shown that 
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this bent form represents the inactive conformation of an integrin while a 
straight form corresponds to the active conformation (fig. 3) [4, 16-18]. 

 
Figure 2. Integrin structure. The bent, inactive conformation, and the straight, 
active conformation, are shown as based on crystal structure and NMR. �-subunit 
(red ), �-subunit (blue), the membrane (the two dashed lines in grey), and the pro-
posed salt bridge (- and +). Adapted from Luo et al. [18]. 

 

The transmembrane domain 
The extracellular domain in both �- and �-subunits is connected to the cyto-
plasmic part via one transmembrane-spanning region of 22-29 amino acids 
[19]. The transmembrane (TM) domain is in the form of an �-helix and the 
amino acid sequences contain well conserved motifs, especially the position-
ing of the amino acids with small side chains [20]. There are indications that 
the integrin TM domains can associate in both hetero- and homo-manner (for 
more details see section: Ligand induced signalling (inside-out signalling)). 

The cytoplasmic domain 
The C-terminal cytoplasmic domains of integrins are much smaller than the 
extracellular domains, containing approximately 40-60 amino acids (except 
in �4 where it is >1000aa). The cytoplasmic domains of �-subunits are strik-
ingly different from each other, but they are conserved between species. In 
contrast, the cytoplasmic domains of the different �-subunits show signifi-
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cant homology. About half of the �-subunits have one or two NPXY-motifs 
in their cytoplasmic tail [4, 21]. 

The region of the cytoplasmic tail close to the membrane and a few amino 
acids into the membrane is called the membrane-proximal part of the in-
tegrin. In this region a salt bridge between the �- and �-subunit is proposed 
to stabilize the heterodimer; interestingly, several cytoplasmic proteins are 
indicated to bind to this part, for example talin, cytohesin-1, paxillin, and 
nischarin [8, 22-25]. 

No crystal structure has been solved for the transmembrane and cyto-
plasmic region, leading to much uncertainty about what actually takes place 
during integrin signalling in these areas.  

Integrin signalling 
Integrins do not have any kinase activity of their own; instead they transfer 
signals across the plasma membrane by conformational changes. Signals can 
by this mechanism be transferred both inside-out and outside-in of the cell 
(see below). When integrins are activated and bind ligands they can aggre-
gate into clusters and form different supramolecular structures. Usually the 
smallest structures are called “focal complexes” and are typically found in 
membrane protrusions in spreading or migrating cells. These structures can 
grow into larger “focal adhesions” found in less mobile cells, and they have 
slower turnover than focal complexes. Another type of adhesion is “fibrillar 
adhesions”, were the cells are connected to extracellular fibrils via the in-
tegrins [2, 26]. The classification of the different structures is rather arbi-
trary, and so far little is known how they differ in molecular composition. 
Recently, with the help of new techniques, integrin complexes formed earlier 
than focal complexes have been described [27]. 

Integrin activation (inside-out signalling) 
Integrins are different from other cell surface receptors in a sense that the 
cell can, from within, regulate the conformation of the extracellular domain 
and its ligand binding capacity. As mentioned in section: Integrin structure, 
the extracellular domain can adapt a bent conformation, unfavourable for 
ligand binding. Through intracellular signals acting on the cytoplasmic do-
main of the integrin, a conformational change is propagated through the 
transmembrane region to the extracellular domain which results in a straight 
conformation with good ligand binding capacity, so called inside-out signal-
ling. 

Tissue cells mainly have active integrins on their surface anchoring the 
cells to the surrounding environment. In contrast, resting blood cells display 
inactive integrins on their surface, to allow these cells to circulate in the 
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blood stream without clogging of the vessels. However there are situations 
where it is vital that the integrins are activated, for example during leukocyte 
extravasations and platelet adhesion. The inside-out signal, leading to in-
tegrin activation, is a tightly regulated process but sometimes it does not 
work properly, leading to for example thrombosis, bleeding disorders and 
pore infection defence (For more information see section: Integrin knockouts 
and diseases) [28]. 

The membrane-proximal part has been shown to be important in integrin 
activation. Deletions of the membrane-proximal part in either the �- or the 
�-subunit lead to a constitutively active integrin [28, 29]. Fluorescence reso-
nance energy transfer (FRET) techniques have been used to shown that in-
tegrins are in an inactive state when the cytoplasmic domains of the two 
subunits are close together and their separation renders the integrin in an 
active state [30, 31]. These results have led to the conclusion that the mem-
brane-proximal region is involved in regulation of the association between 
transmembrane and cytoplasmic domains of the subunits. In contrast, trunca-
tion of the �-subunit tail C-terminal to the membrane-proximal part, or mu-
tations in that region, block activation of the integrin [4]. In this region cer-
tain �-subunits have one or two NPXY motifs and mutations in this motif 
also inhibits activation. The NPXY motif is a recognized protein-binding 
region for several signalling and cytoskeleton proteins, including talin, a 
protein involved in integrin activation [24, 28, 32, 33]. These results show 
that parts of the cytoplasmic domain are needed to allow proteins to bind and 
assist in the separation of the two integrin subunits, leading to integrin acti-
vation. 

Ligand induced signalling (outside-in signalling) 
After integrin activation the extracellular domain of the integrins has a high 
affinity for ligands. Upon ligand-binding, a signal is transferred into the cell 
by additional conformational changes, an outside-in signal. These changes 
are partly understood for the extracellular domain (fig. 3) but how they are 
propagated across the membrane is poorly characterized. Many ligands have 
multiple integrin binding sites, e.g. fibronectin and collagen fibrills. They 
can thereby bind several integrins and clusters of integrins will form. At the 
inside of the membrane, cytoplasmic proteins will be recruited to the recep-
tor cluster and assemble into large complexes [26, 34]. 
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Figure 3. Ligand binding. Conformational changes in the extracellular domains 
during ligand binding in (a) integrins lacking an I domain and (b) integrins contain-
ing an I domain. Adapted from Luo et al. [34]. 

Li and colleagues have reported some evidence that the outside-in signalling 
might involve homoassociation of integrin transmembrane domains (�-� or 
�-�), while the extracellular domain still is in the form of a heterodimer (�-
�) [35]. They and others have previously shown that peptides corresponding 
to the integrin transmembrane regions can form homodimers and trimers in 
both phospholipid micelles and cell membranes (E.coli) [36-38]. Li et al. 
showed that a mutation (G708N) in the transmembrane region of integrin �3 
enhanced homoassociation in the peptide-assay, promoted clustering of the 
full length integrin in CHO cells and also activated the integrin. These re-
sults indicate that the heterodimeric interactions at the transmembrane region 
were broken and homodimeric interactions of this region might have formed. 
They could also show that this mutant �3 caused constitutive phosphoryla-
tion of FAK in CHO cells kept in suspension without ligands [35]. Together 
the results suggest that homo-association of the transmembrane region might 
be involved in outside-in signalling. 

Upon ligand-binding, the integrins can trigger a variety of signalling 
pathways, including the extensively studied MAPK/Erk pathway, the 
FAK/Src pathway, and the PI3K/Akt pathway. The cellular response pre-
sumably depends on environmental circumstances, e.g. which ligand that is 
bound, signals via other receptors, cell type and so on [39, 40]. 
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The FAK/Src pathway  
Activation of the tyrosine kinases focal adhesion kinase (FAK) and Src is 
probably the best characterized integrin-induced signalling event. FAK is 
ubiquitously expressed in mammalian cells and has central roles for several 
downstream reactions triggered by integrins. A striking feature of FAK-/- 
cells is their very poor migration due to inability to turnover adhesion com-
plexes, but they are also defect in cell growth and survival [41]. FAK knock-
out mouse embryos die due to vascular defects [42]. 

In the inactive state FAK has a closed conformation in which the N-
terminal FERM domain blocks the catalytic domain and also makes the im-
portant tyrosines 397, 576, and 577 inaccessible for kinases. Upon integrin 
stimulation, the interaction between the FERM domain and the catalytic 
domain is displaced, probably due to competitive binding of an activating 
protein to the FERM domain (possibly the cytoplasmic domain of integrin � 
subunits) [43]. This induces autophosphorylation on Tyr397, which creates a 
high affinity binding site for the Src SH2 domain [44]. The FAK-Src interac-
tion is further stabilised by binding of the SH3 domain to a site exposed in 
the unfolded FAK. Src can then phosphorylate FAK on Tyr576 and Tyr577 
in the kinase domain, forming a highly active complex able to phosphorylate 
paxillin, p130Cas and a number of other signalling proteins [45].  

FAK is commonly considered to be the adaptor protein through which in-
tegrins activate the PI3K/Akt pathway (For more details see section: The 
PI3K/Akt pathway). Phosphorylated Tyr397 on FAK has been shown to bind 
also PI3K regulatory subunit p85 (which isoform is not clear), and mutating 
Tyr397 to alanine reduced the PI3K-dependent migration by approximately 
50% [46-48]. Our own results (paper II and III) show that integrins can me-
diate signals through the PI3K/Akt pathway independently of FAK. This 
leads us to the conclusion that there may exist both FAK-dependent and 
FAK-independent pathways from �1 integrins to PI3K, that possibly are 
involved in different cellular processes. 

The MAPK/Erk pathway 
Another major pathway stimulated by integrin activation is the MAPK/Erk 
pathway. The mitogen activated protein kinase (MAPK)/Erk pathway is 
commonly activated by ligand binding to receptor tyrosine kinases (RTK), 
for example the EGF receptor and the PDGF receptor. Ligand binding to the 
extracellular domains induces dimerisation of the receptors and results in 
autophosphorylaton of tyrosine residues in the cytoplasmic domains. The 
central steps subsequently leading to activation of Erk are; the Grb2/SOS 
complex binds to specific phosphotyrosines, Ras is activated by SOS (a gua-
nine exhange factor (GEF)), GTP-loaded Ras binds to and activates Raf 
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kinase, Raf phosphorylates and activates Mek 1 and 2, and Mek phosphory-
lates and activates Erk 1 and 2. Activated Erk then phosphorylates target 
proteins both in the cytosol and in the nucleus [49, 50]. This is, however, a 
strongly simplified description of the MAPK/Erk pathway, which has turned 
out to be much more complicated and is presently far from understood. 

A role for integrins in the regulation of the MAPK/Erk pathway is evident 
by the fact that cells have to be adherent in order for the growth factor signal 
to efficiently pass beyond the Raf checkpoint. Raf (cRaf) activation is regu-
lated by a number of reactions, and two of the reactions (in addition to Ras-
binding) are phosphorylation on Tyr341 by Src and on Ser338 by Pak. In-
tegrin-induced FAK activation has been reported to be a necessary upstream 
event for both these reactions. Furthermore, the Mek protein needs to be 
phosphorylated on Ser298 in order to bind to Raf, enabling Raf to phos-
phorylate Mek in the activation loop. This important phosphorylation of 
Ser298 on Mek by Pak is stimulated by integrins and is another example of 
integrated signalling from growth factor receptors and integrins [51, 52]. 

The PI3K/Akt pathway 
The PI3K/Akt pathway is one of the major pathways in the cell, promoting 
cell survival, cell proliferation, cell growth and migration. In many types of 
tumours, the cancer cells have highjacked this pathway to avoid apoptosis 
and to be able to grow, divide and metastasize. Since PI3K and Akt have 
been a major focus of this thesis, a more thorough background to these en-
zymes is given below. 

 
Phosphatidylinositol 3-Kinase (PI3K) 
Phosphatidylinositol 3-kinases (PI3Ks) are a family of cytoplasmic proteins 
that, when recruited to the plasma membrane, phosphorylate the 3-position 
of the inositol ring in inositol-containing lipids. There are eight inositol-
containing membrane lipids found in mammals, shown in figure 4. In theory, 
the following phosphoinositides (PtdIns) are potential PI3K substrates; 
PtdIns, PtdIns4P, PtdIns(4,5)P2, PtdIns5P [53].  

The PI3Ks are divided into three classes, I, II, and III, based on structural 
and functional homologies (fig. 5) [53-55]. Most knowledge has so far been 
gained about PI3K class I. 
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Figure 4. Structures of phosphoinositides. Schematic structures of the eight differ-
ent phosphoinositides found in mammalian cells are shown, together with the abbre-
viations for these molecules commonly found in the literature. Adapted from Haw-
kins el al. [53].  

 

 
 

Figure 5. The PI3Ks classes. A schematic overview of the three PI3K classes. Ma-
jor domain structures are indicated as follows; SH3 domain (purple), BCR domain 
(green), SH2 domain (blue), domains involved in the interaction between the regula-
tory and catalytic domain of class IA members (grey), Ras binding domain (yellow), 
and kinase domain (red). Adapted from Hawkins et al. [53]. 



 23

 Class I is further divided into subclass IA and IB; class IA members are 
often activated by tyrosine kinases and in some cases through interaction 
with heterotrimeric G-proteins [56], while class IB so far has only been 
found to be activated by G-coupled proteins [53]. PtdIns(4,5)P2 is the pre-
ferred in vivo substrate of class I PI3Ks, leading to generation of 
PtdIns(3,4,5)P3. Class I PI3Ks are heterodimers, consisting of one regulatory 
subunit and one catalytic subunit. Three genes encode the five class IA regu-
latory subunits expressed in mammals. The subunits called p85�, p55�, 
p50� are transcribed from gene PIK3R1, p85� from gene PIK3R2, and p55� 
from gene PIK3R3. The three class IA catalytic subunits p110�, p110� and 
p110� are encoded by separate genes (transcribed from genes PIK3CA, 
PIK3CB, and PIK3CD, respectively). Class IB have two regulatory subunits, 
p101 and p84, encoded by PIK3R5 and PIK3R6, respectively, and one cata-
lytic subunit, p110�, encoded by PIK3CG [53-55]. 

Class II differs from class I and III by being monomeric instead of het-
erodimeric. There are three mammalian class II proteins; PIK3C2�, 
PIK3C2�, PIK3C2� encoded by three genes (PIK3C2A, PIK3C2B, and 
PIK3C2G). Class II PI3Ks are believed to strongly prefer the PtdIns sub-
strate in vivo, turning it into PtdIns3P. However, in vitro class II proteins can 
also phosphorylate PtdIns4P and PtdIns(4,5)P2. Whether this can happen in 
vivo is debated [53-55]. The precise roles of class II PI3Ks are not clear but 
they may be involved in cell migration; they are found in lamellipodia of 
migrating cells, in the trans-Golgi network, and in clathrin-coated vesicles 
[57-60]. 

Only one regulatory subunit (p150, encoded by PIK3R4) and one cata-
lytic subunit (hVPS34, encoded by PIK3C3) are found in class III, these 
representing the most conserved PI3K family members. Homologues are 
found in low eukaryotes, plants and mammals. Class III PI3K phosphory-
lates specifically the PtdIns substrate in vivo, turning it into PtdIns3P. Class 
III PI3K has been shown to be involved in binding to Rab5, membrane traf-
ficking and the endocytic pathway [55, 61, 62]. 

Since my work concerns PI3K class I, I will now focus on this class of 
enzymes. 

PI3K class I isoform specificity 
An interesting field of PI3K research today concerns isoform specific func-
tions and evidence in support of this concept have started to accumulate. 

 
Catalytic isoforms 
The p110� and p110� catalytic isoforms have a broad tissue distribution, 
while p110� and p110� isoforms are predominantly found in leukocytes [55, 
63, 64]. 
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p110� is shown to be involved in neutrophil migration and respiratory 
burst [65-68] while p110� is important in B- and T-cell antigen receptor 
signalling [67, 69]. The p110� and p110� knockout mice are viable but have 
a dysfunctional immune system [64]. 

p110� has been shown to be involved in growth, metabolic regulation and 
platelet-derived growth factor (PDGF)-stimulated actin reorganisation [70, 
71]. More and more cancer specific mutations in p110� are also discovered 
indicating its involvement in proliferation and survival [72]. Our own results 
show that integrin-stimulated Akt phosphorylation and early cell spreading is 
mediated by the p110� isoform (paper IV). The p110� isoform has been 
shown to be involved in thrombosis [73] and insulin-induced actin reorgani-
sation [70]. The p110� and p110� knockout mice both die embryonically 
[74, 75]. 

Regulatory isoforms 
The regulatory isoform specificity is more elusive. No isoform specific in-
hibitors exist yet, but the RNAi technique should offer new possibilities to 
study the function of individual regulatory subunits. Most knowledge has 
instead been gained from knockout mice models. However, the results from 
the knockouts of PI3K regulatory subunits have been difficult to interpret, 
one problem being that it is not know if the catalytic domains have favourite 
regulatory binding partners or if they bind promiscuously. It is therefore 
unclear to what extent different regulatory subunits can compensate for each 
other. 

Knockout studies have been done on the PIK3R1 gene, encoding the 
regulatory isoforms p85�, p55�, and p50�. The p55� and p50� isoforms 
are identical with the p85� isoform, thus containing the two SH2 domains 
and the binding domain to p110 in the C-terminal end, but lacking the SH3 
domain and the BCR domain in the N-terminal end [64]. Instead the two 
smaller isoforms have short unique N-terminals ends, 34 amino acids and 6 
amino acids long, respectively [76]. The pan-p85�-/- (lacks p85�, p55� and 
p50�) mice die early during embryogenesis, while the p85�-only knockout 
mice (still expressing p55�+p50�) and the p55�+p50� knockout mice are 
viable. Thus, it is only when all the three gene products from the PIK3R1 
gene are abolished that the phenotype is lethal [64].  

Knocking out the PIK3R2 gene generated p85�-/- mice that were viable 
but had increased insulin sensitivity [77]. A common belief has been that 
p85� is the most abundant regulatory isoform, but recent findings show sur-
prisingly high levels of p85� isoform compared to p85� (e.g. mouse brain, 
WEHI-231 and NIH-3T3 cell lines) [63]. 

Knockout mice lacking the class I regulatory subunit p101 have impaired 
neutrophil function similar to mice which lack the p110� catalytic subunit 
[78].  
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PI3K activation 
Class IA PI3Ks are activated by a large number of cell surface receptors, for 
example different growth factor receptors, the insulin receptor, hormone 
receptors and integrins [79]. Upon stimulation, these receptors become tyro-
sine phosphorylated (e.g. growth factor receptors) or induce tyrosine phos-
phorylation of adaptor proteins (i.e. integrins) (fig. 6). All of the class IA 
regulatory subunits (hereafter called p85 for simplicity) contain two SH2 
domains able to bind phosphorylated tyrosines. These domains are responsi-
ble for the translocation of the PI3K p85-p110 heterodimer from the cytosol 
to the activated receptors at the plasma membrane [80, 81].  

It has been unclear if the p85 and p110 subunits always are in the form of 
a dimer or if the p85 and p110 subunits also can exist as monomers in the 
cytosol. It was discovered that overexpression of p85� inhibited PI3K de-
pendent activation of Akt [82]. This result was explained by the so called 
“free p85 model” [83], in which the free p85 monomers block binding of 
functional p85-p110 dimers to the receptors, thereby inhibiting phosphoryla-
tion of the lipids. However, p85 and p110 are most likely present in the form 
of a dimer in vivo [63], and “the free p85 model” is not a regulatory mecha-
nism used by the cell in vivo, but rather a phenomena occurring during over-
expression. 

The interaction between the p85 subunit and the receptor releases a con-
strain in the catalytic subunit, increasing the lipid kinase activity [84, 85]. 
The interaction also leads to localisation of the catalytic domain in close 
proximity of its substrate, PtdIns(4,5)P2, which becomes phosphorylated in 
an ATP dependent manner [53, 80]. 

All the class IA catalytic subunits contain a binding motif for Ras 
GTPases. It has been shown that H-Ras, K-Ras, N-Ras and R-Ras can acti-
vate the PI3K/Akt pathway by binding the catalytic subunits p110� and 
p110�, but interestingly not p110� [53, 80, 86, 87]. 

Class IB PI3Ks are activated by G-protein-coupled receptors. The 
p101/p110� dimer binds directly to the G�� subunits leading to membrane 
localisation and production of PtdIns(3,4,5)P3. The p110� subunit also has a 
Ras binding motif and can be activated by GTP-loaded Ras [53, 88]. 
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Figure 6. PI3K/Akt pathway. The schematic model of the PI3K/Akt pathway illus-
trates activation by growth factor receptors (left) and integrins (right). PI3K R (regu-
latory subunit), PI3K C (catalytic subunit), A (adaptor protein/s). 

PI3K product regulation 
PtdIns(3,4,5)P3 is normally found in very small amounts in unstimulated 
cells, only 0,005% of all PtdIns are PtdIns(3,4,5)P3, but upon PI3K activa-
tion the levels rapidly increase in the plasma membrane. Thereby, proteins 
containing pleckstrin homology (PH) domains can now become recruited to 
the membrane [81, 89, 90]. Besides the regulation of PI3K by upstream re-
ceptor stimulation, the level of the PI3K product, PtdIns(3,4,5)P3, is modu-
lated by phosphatases. PTEN, SHIP1 and SHIP2 are most frequently pointed 
out in the literature of being responsible for this level of regulation [80, 91]. 

PTEN (phosphatase and tensin homologue deleted on chromosome 10) 
dephosphorylates the 3-position of the inositol ring of PtdIns(3,4,5)P3 and 
produces PtdIns(4,5)P2, the reversed action of PI3K (fig. 7). PTEN is a tu-
mour suppressor protein and the loss of functional PTEN is one of the most 
common abnormalities in cancers, promoting uncontrolled cell survival, cell 
growth, and resistance to antitumour treatments. PTEN is mainly found in 
the cytosol and is believed to be constitutively active. No clear regulation 
has been identified but since its substrate is found at the plasma membrane it 
needs to move from the cytosol to the membrane. PTEN appears to preferen-
tially bind to membrane domains enriched in acidic phospholipids. Dephos-
phorylation, associating proteins and reactive oxygen species have been 
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shown to affect PTEN localisation to the plasma membrane and its lipid 
phosphatase activity. PTEN also shows weak protein tyrosine phosphatase 
activity [89, 91, 92]. 

 
 
 
 

 
 
 
 

Figure 7. The PTEN and SHIP1/2 phosphatases. PTEN dephosphorylates the 3-
position of the inositol ring of PtdIns(3,4,5)P3 and produces PtdIns(4,5)P2, while 
SHIP1/2 dephosphorylates the 5-position of the inositol ring of PtdIns(3,4,5)P3 and 
produces PtdIns(3,4)P2. 

SHIP1 and 2 (SH2-containing inositol phosphatase 1 and 2) dephosphory-
lates the 5-position of the inositol ring of PtdIns(3,4,5)P3 and produces 
PtdIns(3,4)P2 (fig. 7). SHIP1 is only expressed in hematopoietic cells, while 
SHIP2 has a broad distribution pattern. SHIP appears to be constitutively 
active and the regulation of the phosphatase action seems to be only through 
its location. For example Shc, a protein found in focal adhesions, can bind 
SHIP1/2 and target it to specific sites at the membrane [93]. 

Akt/protein kinase B (PKB)  
Akt, also called protein kinase B (PKB), is a serine/threonine kinase com-
monly thought of as the main effector of PI3K activation. It is a member of 
the large AGC superfamily of kinases, and it can be found all the way down 
to Drosophila melanogaster and Caenorhabditis elegans. In humans, there 
are three isoforms, Akt1, Akt2 and Akt3, encoded by separate genes. All 
have highly similar amino acid sequences (80%) and share the three charac-
teristic domains: the N-terminal PH-domain, the central catalytic domain and 
the C-terminal regulatory domain with a hydrophobic motif (HM). Akt iso-
form knockouts have been made, showing that Akt1 is important in placental 
development and growth metabolism, while Akt2 has a role in glucose me-
tabolism and Akt3 is needed for postnatal brain growth [80, 94-96]. 
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Akt activation 
Akt resides in the cytosol in an inactive conformation and to become acti-
vated it needs to travel to the membrane and be phosphorylated (fig. 6). The 
PH-domain is responsible for the translocation to the plasma membrane by 
binding PtdIns(3,4,5)P3 and localise Akt in vicinity of kinases needed for 
Akt activating phosphorylation [97-99].  

Thr308 and Ser473 are the two most important phosphorylation sites in 
Akt. Thr308 is situated in the activation loop of the catalytic domain and is 
phosphorylated by phosphoinositide-dependent kinase 1 (PDK1). PDK1 is 
also recruited to the plasma membrane by binding of its PH-domain to 
PtdIns(3,4,5)P3. Phosphorylation of Thr308 induces conformational changes 
making it easier for Akt to bind its substrates [94].  

Ser473 is located in the C-terminal regulatory domain of Akt. More than 
10 potential kinase candidates have been suggested to be responsible for the 
phosphorylation of this site [95, 100], including integrin-linked kinase (ILK) 
[101, 102], DNA-dependent protein kinase [103], rictor-mTOR complex 
(TORC2) [104, 105] etc. The reason why there are so many candidates for 
the elusive “PDK2” might be that different kinases can perform the reaction, 
operating in different cell types, under different developmental stages, in 
different compartments in the plasma membrane or activated differently 
depending on cell stimuli (e.g. integrin-, insulin- or growth factor- stimula-
tion).  

Akt also contains potential tyrosines phosphorylation sites, shown to be 
important for activation. If Tyr315 and Tyr326, located in the catalytic do-
main, are mutated to phenylalanine the kinase activity is negatively affected 
[94, 106] and our own results show that Tyr326 becomes phosphorylated 
upon EGF receptor stimulation but not after integrin stimulation (paper III). 
Another tyrosine, Tyr474, located in the regulatory domain, can also be 
phosphorylated, and a phenylalanine mutation of this site results in lower 
Akt activity [107]. 

Activated Akt is ready to carry on the signal cascade by phosphorylating 
its own substrates and can relocate to the cytosol or the nucleus [95]. 

Akt regulation 
Akt is mainly regulated by accessibility of PtdIns(3,4,5)P3 in the lipid mem-
brane. In addition to the key regulators of the PtdIns(3,4,5)P3 levels in the 
cell membrane (PTEN and SHIP1/2 phosphatases, see section: PI3K product 
regulation), there are other regulators acting directly on Akt. The carboxyl-
terminal modulator protein (CTMP) binds to the C-terminal regulatory do-
main of Akt and inhibits phosphorylation of Thr308 and Ser473 [108]. The 
protein phosphatase 2A (PP2A) is an abundant Ser/Thr phosphatase in the 
cell that can dephosphorylate several proteins. Akt has been shown to be one 
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of those. Interestingly, �1-integrins can bind directly to PP2A, thereby con-
trolling both Akt activation through PI3K activation (paper II and III) and 
inactivation via PP2A [109]. PHLPP� is another phosphatase able to 
dephosphorylate Akt and thereby decreasing its activity [110]. 

Akt substrates and the cellular response 
Akt phosphorylates various substrates in the cell leading to different cellular 
responses (fig. 6). PI3K/Akt signalling is for example involved in cell sur-
vival, proliferation and cell growth, but these major cell faiths are of course 
also controlled and regulated by other pathways, all being part of the very 
intricate signalling network in cells. 

Cell survival 
Akt is an important regulator of cell survival and apoptosis, by regulating 
several key proteins [111]. BAD is a pro-apoptotic protein that binds and 
inactivates the survival factor BCL-XL. Phosphorylation of BAD by Akt 
allows the 14-3-3 protein to bind BAD which blocks binding to BCL-XL, 
turning off the apoptotic signal [112]. 

Caspase-9 is another pro-apoptotic Akt substrate, that upon phosphoryla-
tion by Akt has reduced catalytic activity both in vitro and in vivo. Un-
phosphorylated caspase-9 participates in a proteolytic cascade leading to 
apoptosis. However, phosphorylation by Akt is probably not the most impor-
tant mechanism for controlling cell survival, indicated by the fact that the 
phosphorylation site in question is not well conserved in other mammalian 
species [111, 113]. 

Another way for Akt to regulate cell survival is through the Forkhead 
transcription factor (FKHR). FKHR is responsible for transcriptional activa-
tion of several pro-apoptotic genes in the nucleus, but when phosphorylated 
by Akt, FKHR binds the 14-3-3 protein and relocates from the nucleus to the 
cytosol, where it is unable to promote transcription. After dephosphoryla-
tion, FKHR can again enter the nucleus and promote transcription of, for 
example, the FasL gene that transcribes the ligand for the death receptor Fas 
[114]. 

Proliferation 
Besides cell survival, Akt can also support cell proliferation through inhibi-
tory phosphorylation of glycogen synthase kinase-3� (GSK3�). Active 
GSK3� phosphorylates cyclin D and induces it to translocate from the nu-
cleus to the cytosol where it is degraded. When GSK3� is phosphorylated by 
Akt, cyclin D will stay in the nucleus and contribute to cell cycle progression 
[115]. 

Akt has also been shown to support cell proliferation through other me-
diators like KIP1and WAF1 [80]. 
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Cell growth 
Akt also is an important regulator of cell growth. The mammalian target of 
rapamycin (mTOR) is an Akt substrate with increased activity after Akt 
phosphorylation. Activated mTOR promotes protein translation and in-
creased cell mass [116]. 

Akt independent PI3K signalling 
Akt is undisputedly a major downstream target of PI3K, but a large number 
of other mediators have also been shown to bind PtdIns(3,4,5)P3 [117]. Some 
results also indicate that the PI3K regulatory subunit may have signalling 
properties of its own besides mediating the localisation of the p85-p110 
complex to activated receptors at the membrane [118, 119]. 

Rac is a small GTPase, activated by guanine-nucleotide exchange factors 
(GEFs), and inactivated by dephosphorylation of GTP to GDP induced by 
GTPase-activating proteins (GAPs). Rac is involved in various cellular 
events, cell migration being one of them, and it has been shown that Rac can 
be activated in both PI3K-dependent and -independent manners. PI3K acti-
vation of Rac most likely occurs via binding to PtdIns(3,4,5)P3 of GEFs such 
as P-Rex1, SWAP-70 and Vav [120-122].  

Serum and glucocorticoid-inducible kinase (SGK) is another kinase acti-
vated by binding to PtdIns(3,4,5)P3. SGK shares high homology with Akt 
and is also phosphorylated by PDK1 and dephosphorylated by PP2A, but 
lacks the PH-domain [123].  

Integrins and the actin cytoskeleton 
The actin cytoskeleton is a highly dynamic structure in the cell with numer-
ous functions, including maintenance of cell shape and generation of cell 
migration and other types of movements. Actin is present in cells as globular 
monomers (G-actin), which can polymerise into filaments (F-actin) in re-
sponse to stimuli. These filaments are then organised in different ways in the 
cell depending on the context (stress fibers, lamellipodia, filopodia etc). 

The actin filaments are asymmetrical, with a fast growing end called the 
barbed end or plus(+) end, and a slow growing end called the pointed end or 
minus(–) end. In order to initiate polymerisation, a trimeric actin nucleus 
first has to be assembled. Nucleation can occur spontaneously, but rarely do 
so. Instead there are special proteins stimulating and regulating the nuclea-
tion process, Arp2/3 being the most studied. The Arp2/3 complex attaches 
laterally to an already existing actin filament and creates a trimeric actin 
nucleus for a new filament to grow out like a branch on the old filament; by 
this mechanism a branched actin network is yield. Other nucleators are the 
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formins and the spire proteins. These proteins do not need an already exist-
ing filament to start the actin polymerisation and therefore yield straight, 
non-branched structures. These proteins might for example be involved in 
formation of filopodia [124-126]. 

There are several ways for integrins to interact with actin filaments. Pro-
teins like talin, parvin, filamin, �-actinin and tensin can bind both integrins 
and actin filaments and may thus possibly serve as direct bridges. Then there 
are a number of proteins that have been shown to link integrins to actin via 
other proteins, for example integrin-linked kinase (ILK), FAK, Src, paxillin, 
p130Cas etc. In total, over 50 proteins have been described to be involved in 
connections between integrins and the actin cytoskeleton [2, 127, 128]. 
However, it is highly unlikely that they all participate at the same time and in 
the same cell.  

So far, little is known about mechanisms for actin polymerisation induced 
by integrins. However, formation of new actin filaments is known to be 
greatly influence by PtdIns(4,5)P2 and PtdIns(3,4,5)P3 in the plasma mem-
brane through their interactions with several actin-regulating proteins. For 
this thesis the PtdIns(3,4,5)P3 is most interesting since its production is 
stimulated by integrins. The levels of PtdIns(3,4,5)P3 is low in the plasma 
membrane of stationary cells, but after stimulation, the overall levels can 
increase by a factor of 40 [129, 130]. It has been shown in Dictyostelium 
discoideum and in mouse neutrophils that elevated levels of PtdIns(3,4,5)P3 
are found at the leading edge, and that it promotes directed cell migration by 
stimulating actin polymerisation. In Dictyostelium discoideum, PI3K is lo-
cated at the leading edge while PTEN is located at the sides and the rear, 
creating polarized cells [131, 132]. In mouse neutrophils, SHIP1 instead of 
PTEN inhibits the PtdIns(3,4,5)P3 production and maintains the polarization 
[133]. 

One mechanism by which PtdIns(3,4,5)P3 stimulates actin polymerisation 
is through the Rho family. Rac and GEFs for Rac are recruited to the leading 
edge by PtdIns(3,4,5)P3, leading to GTP loading and activation of Rac. Rac 
can activate Arp2/3 via the WASP protein family. Among the five members 
(N-WASP, WASP, WAVE1, WAVE2 and WAVE3), WAVE1-3 are be-
lieved to bind PtdIns(3,4,5)P3 and be activated by Rac, resulting in lamelli-
podia formation. N-WASP and WASP are believed to bind PtdIns(4,5)P2 and 
to be activated by Cdc42 (another Rho-family member), resulting in filopo-
dia formation and dorsal ruffles [134, 135].  

In summary, integrins are obviously central in cell migration by their 
roles as the physical linkers between extracellular matrix and actin filaments 
and as signal generators. The large number of different possible mechanisms 
by which they might interact with the driving-machinery of the cell, still 
make the big picture blurry. But with new techniques and open minds the 
future might clear things out. 
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Present Investigation 

Paper I – Determination of N- and C-terminal borders of 
the transmembrane domain of integrin subunits 
In a previous work from our group by Annika Armulik et al, the C-terminal 
borders of three integrin transmembrane domains were determined, i.e. �2, 
�5 and �1. In paper I, we continued this line of research and determined C-
terminal water/lipid interfaces also for �10 and �8 transmembrane domains, 
and the N-terminal transmembrane borders of �2, �5, �1, �10, and �8. The 
integrin subunits studied were selected because they either were representa-
tive for a group of similar subunits (�2, �5, �1) or because they differed 
significantly from other subunits (�10, �8). cDNA coding for a region con-
taining the transmembrane part and some adjacent amino acids of the se-
lected subunits were cloned into specifically designed vectors and analyzed 
in a glycosylation mapping technique by which the transmembrane borders 
could be determined. 

In addition to determining the transmembrane borders we also tested the 
possibility that the transmembrane region could move as a piston through the 
membrane, the so called piston-model, a proposed signalling mechanism for 
integrins. This was done by mutating a leucine to a lysine next to the con-
served Lys1022 in integrin subunits �5 and Lys752 in �1, thereby forcing 
the C-terminal end of the embedded transmembrane region out into the cyto-
sol. We then determined the N-terminal border of these constructs and saw 
that it did not change. Thus, although the C-terminal end of the transmem-
brane region moved, the N-terminal end did not. Therefore the piston-model 
seems unlikely; instead models involving changes in the tilting of the trans-
membrane regions are more probable. 

In paper I we presented two models out of many possible scenarios, the 
tilting-model and the coiled-model, that could explain such a change in tilt-
ing of the transmembrane region.  In a paper by Vinogradova et al. [136] the 
authors showed that the membrane-proximal region of the two integrin sub-
units �IIb and �3 moves apart and into the membrane upon activation by 
binding talin. This would rule out the coiled-model, since separation of the 
subunits in this model would rather lead to a movement of the transmem-
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brane C-terminal region out of the membrane into the cytosol. Instead, Vi-
nogradovas results fit very well with a variant of the tilting model. In figure 
6 (paper I) we left out the binding of talin and the following separation of the 
subunits, but if we take that into account together with Vinogradovas find-
ings and the possibility of homodimerisation of transmembrabe domains, we 
have a very nice model. 

Paper II – �1-integrins induce phosphorylation of Akt 
on serine 473 independently of Focal adhesion kinase 
and Src family kinases 
It had, in a previous study of our group, been shown that if the conserved 
Lys756 in the membrane-proximal part of the �1 integrin subunit was 
changed to a leucine, cell migration was impaired [137]. It was shown that 
�1 integrin-induced Akt phosphorylation in these mutants was lower, al-
though FAK phosphorylation levels were normal. This was noteworthy, 
since phosphorylation of FAK is considered to be the route by which in-
tegrins activate the PI3K/Akt pathway. Why was Akt phosphorylation re-
duced, though FAK phosphorylation was normal? In paper II, we studied 
two splice variants of �1 - variant A and B. The cytoplasmic tail of the 
common �1A form contains two NPXY motifs that have been shown to 
regulate FAK activation. �1B does not have these motifs and cannot activate 
FAK. The two variants had been transfected into GD25 cells that lack en-
dogenous �1 integrin expression. We could by this approach study the effect 
of integrins with an intact membrane-proximal part (containing the con-
served Lys756), but with no cytoplasmic part able to bind FAK. 

We measured phosphorylation of Akt at Ser473, which is an indirect 
measurement of PI3K activity. Unexpectedly, �1B integrins strongly in-
duced Akt Ser473 phosphorylation in the absence of activated FAK. We also 
studied FAK-/- cells and saw Akt Ser473 phosphorylation in response to 
�1A integrin-mediated adhesion. Our results show that there is a FAK-
independent signalling pathway from integrins to Akt besides the previously 
characterized FAK-dependent pathway. 

The activity level of the serine/threonine phosphatase PP2A, involved in 
dephosphorylation of Akt, was measured in �1A and �1B expressing GD25 
cells. The levels were found to be the same in both GD25 �1A and �1B cells 
and could not account for the high degree of phosphorylated Akt in GD25 
�1B cells. Wortmannin, a PI3K inhibitor, was found to inhibit all Akt phos-
phorylation, demonstrating that the adhesion-induced Akt phosphorylation in 
both GD25 �1A and �1B cells was PI3K-dependent rather than phosphatase-
dependent.  
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In order to investigate if the Src-family was involved in this FAK-
independent pathway, Src-family knockout (SYF-/-) cells were tested for 
Akt Ser473 phosphorylation. The results showed that SYF-/- cells do phos-
phorylate Akt upon integrin stimulation. Furthermore, the Src family inhibi-
tor SU6656 had no effect on Akt phosphorylation in GD25 �1A and �1B 
cells supporting the conclusion that this pathway is Src family independent. 
Interestingly, the tyrosine kinase inhibitor PP2 blocked Akt phosphorylation 
after integrin stimulation, indicating that an unidentified tyrosine kinase 
probably is involved upstream of PI3K.  

Paper III – EGF receptors and �1-integrins utilize 
different signalling pathways to activate Akt 
In paper III we continued to study the FAK-independent PI3K/Akt pathway 
discovered in paper II. We showed that not only phosphorylation of Ser473, 
but also phosphorylation of Thr307 and Akt kinase activity were induced by 
�1B integrins (i.e. independently of FAK). In order to test if the EGF recep-
tor was mediating the integrin signal (the transactivation model), the in-
tegrin-induced activation of Akt via PI3K was compared to EGF receptor-
induced activation of Akt. We found that the two pathways were separated 
and differed in three aspects. The integrin-pathway is sensitive to PP2 while 
the EGF receptor-pathway is not. PP2 is a tyrosine kinase inhibitor effective 
on the Src family, but we can from our results in paper II and paper III rule 
out the involvement of the Src members during integrin activation of Akt. 
Using Iressa, an inhibitor of the EGF receptor, we could block the EGF re-
ceptor pathway to Akt as expected, but not the integrin pathway to Akt, sup-
porting the evidence that integrins and EGF receptors use different mecha-
nisms to activate Akt. Furthermore we saw that integrin and EGF receptor 
signalling differed with regard to tyrosine phosphorylation of Akt; while 
Tyr326 on Akt was phosphorylated after EGF receptor stimulation, no tyro-
sine phosphorylation of Akt occurred after integrin stimulation. Since Akt 
activity was induced by integrin stimulation, one conclusion from this result 
is that it does not require tyrosine phosphorylation of the protein. 

The functional role of different Akt tyrosine modifications by different 
stimuli is presently not known. However, our unpublished results with an 
antibody recognizing phosphorylated consensus sequences from Akt sub-
strates shows stimuli-specific protein patterns in western blots. 
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Paper IV – Rapid integrin-induced cell spreading 
requires actin polymerisation mediated by PI3-kinase 
p110� 
In paper IV we studied mechanisms for integrin-induced cell spreading. In 
our assay cells were added to a chamber holding a ligand coated cover slip at 
the bottom, and the adhesion and spreading was monitored by using TIRF 
(total internal reflection fluorescence) microscopy. With this imaging tech-
nique we could view the contact between the coated cover slip (the integrin 
ligand) and the cell membrane in living cells, by labelling the membrane 
with a cyan fluorescent-tagged Lyn construct. We saw rapid cell spreading 
taking place during the first 5 minutes after initial surface contact, long be-
fore any spreading can be seen in regular light microscopy. Actin polymeri-
sation is known to be a driving force in lamellipodia formation during cell 
migration, but there might also be other means of driving migration. The 
driving force of cell spreading has also been suggested to be actin polymeri-
sation, but a recent paper by Cuveilier et al. [138] proposes that it is a power-
law behaviour. Using Cytochalasin D, an inhibitor of actin polymerisation, 
we saw strong inhibition of cell spreading, supporting the model of an actin-
based driving force.  

To investigate the mechanism underlying the rapid cell spreading we used 
inhibitors to major signaling pathways. Interestingly, two PI3K inhibitors 
significantly reduced the rate of the process. Also, a point mutation in the 
membrane proximal part of the integrin �1 subunit was inhibitory. This mu-
tation, K756L, has previously been shown to inhibit integrin-induced activa-
tion of Akt [137]. To further investigate the role of PI3K in initial cell 
spreading, we used specific inhibitors and siRNA for the different p110 cata-
lytic subunits. We could show that the p110� isoform is required for the 
rapid cell spreading and for phosphorylation of Akt induced by �1 integrins. 
Gleevec and Iressa, two inhibitors of growth factor receptors, had no effect 
showing that transactivation of EGF or PDGF receptors was not involved in 
these reactions.  

Among the proteins able to initiate actin polymerisation, the Arp2/3 com-
plex is the most studied. Arp2/3 is known to be regulated by Cdc42 via N-
WASP and WASP, and by Rac via WAVE1-3. To distinguish between these 
possibilities we used Wiskostatin, an inhibitor of N-WASP and WASP. This 
inhibitor had no effect on the spreading, indicating that a Cdc42-Arp2/3 
mechanism is not regulating the process. 

Our results also showed that rapid �1 integrin-induced cell spreading was 
dependent on a PP2 sensitive tyrosine kinase other then Src. This was shown 
using SYF-/- cells and the Src-family kinase inhibitor SU6656. 

In conclusion, �1 integrins can trigger a rapid cell spreading driven by ac-
tin polymeristaion, which is dependent on PI3K p110�, an intact �1 integrin 
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membrane proximal part, and an unknown PP2 sensitive tyrosine kinase. 
The process is not dependent on the Src-family and FAK.  

Conclusions 

Conclusions from paper I: 
� The length of the transmembrane domain of integrin subunits �2, 

�5, �10, �1 and �8 vary between 22-29 amino acids when the sub-
units are expressed separately, �8 being the shortest and �10 the 
longest. 

� The transmembrane domain of �5 and �1 cannot move through the 
membrane in a “piston-like” fashion. 

Conclusions from paper II: 
� The �1 integrin-induced Akt Ser473 phosphorylation can occur in-

dependently of phosphorylated FAK, shown both using �1B-
expressing cells and FAK-/- cells. 

� Adhesion-induced Akt Ser473 phosphorylation in �1B-expressing 
cells is not due to reduced activity of the phosphatase PP2A. 

� Both the FAK-independent and -dependent phosphorylation of Akt 
require PI3K activity. 

� A PP2 sensitive tyrosine kinase not belonging to the Src-family is 
involved in the phosphorylation of Akt. 

Conclusions from paper III: 
� The �1 integrin and EGF receptor utilise different signalling path-

ways to activate Akt. 
� �1 integrin and EGF receptor stimulation generate different phos-

phorylation patterns on Akt, e.g. EGF receptor stimulation but not 
integrin stimulation results in phosphorylation of Tyr326. 

� Tyrosine phosphorylation of Akt is not required for Akt kinase ac-
tivity. 

Conclusions from paper IV: 
� �1 integrin-induced cell spreading is dependent on actin polymerisa-

tion and is a rapid process occurring within 5-10 minutes after at-
tachment. 

� �1 integrin-induced cell spreading requires the PI3K p110� catalytic 
domain. 

� A conserved lysine (K756) in the membrane proximal part of the �1 
integrin is important for the �1 integrin-induced cell spreading. 
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� The rapid cell spreading is dependent on an unidentified tyrosine 
kinase, but not on Src or FAK. 
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Future Perspectives 

This thesis aims to clarify a few questions concerning integrin signal trans-
duction, but it also leads to interesting new issues to ponder upon. 

 
� What is the identity of the PP2 sensitive tyrosine kinase participating 

in the FAK-independent pathway utilized by �1 integrins to activate 
Akt shown in paper II and III? There are almost 100 tyrosine kinases 
expressed in human cells. However, we know that this kinase is sen-
sitive to PP2, but not to Iressa or Gleevec. Together with this profile 
and literature research the candidate list is, in our opinion, down to 
approximately 10 candidates. By using the RNAi technique we have 
already started a screening of these candidates; the genes encoding 
the kinases are knocked down and the effects on Akt phosphoryla-
tion is monitored after �1 integrin-stimulation. In paper IV we stud-
ied �1-induced cell spreading and also here a PP2 sensitive tyrosine 
kinase is involved. Could the unidentified PP2 sensitive tyrosine 
kinase upstream of PI3K and Akt activation in paper II and III be the 
same as the one involved in PI3K dependent �1 integrin-induced cell 
spreading in paper IV? A tempting speculation. 

 
� Which specific PI3K is signalling from �1 integrins? In paper IV we 

showed that the integrin-induced cell spreading was dependent on 
PI3K catalytic subunit p110�. The next step would be to determine 
which regulatory domain that is involved in the process. 

 
� Which proteins are phosphorylated differently by Akt dependent on 

stimuli? Our unpublished data with an antibody recognizing phos-
phorylated consensus sequences from Akt substrates shows stimuli 
specific protein patterns in western blots after integrin and EGF re-
ceptor stimulation. It would be nice to be able to identify these spe-
cific proteins, for example by 2D gel and mass spectrometry. 

 
� By which mechanism does �1 integrins induce actin polymerisation 

in the rapid cell spreading studied in paper IV? We showed that 
Cdc42 via WASP and N-WASP is not involved. The next step 
would be to test if Rac via WAVE-2 can regulate the rapid cell 
spreading studied. If Rac is not involved, the formins would be our 
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next focus. The challenge is to inhibit or block the specific protein of 
interest. Specific inhibitors do not always exists, instead RNAi could 
be a possible strategy or, alternatively, dominant negative constructs. 
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Populärvetenskaplig sammanfattning på 
svenska 

Våra kroppar är uppbyggda av en mängd olika sorters celler som tillsam-
mans bildar våra organ och vävnader, t.ex. muskelceller i musklerna, lever-
celler i levern och nervceller i nervsystemet. Varje cell har sin specifika 
uppgift och sin specifika plats i våra kroppar och för att kunna utföra sin 
uppgift måste cellen kunna binda till andra celler i sin omgivning och till den 
extracellulära matrisen, en sorts struktur som cellerna själva producerar och 
omger sig med. Utan denna förmåga hos celler att adherera till sin omvärld 
skulle vi helt enkelt falla isär.  

För att kunna adherera tillverkar cellen olika sorters adhesionsproteiner 
som placeras i cellmembranet som omger cellen. En grupp av adhesions 
proteiner är integrinfamiljen. Integrinerna är placerade tvärsigenom cell-
membranet som en nål instucken i en apelsin, där apelsinen är cellen och 
skalet är cellmembranet. En ände av integrinen sticker ut utanför cellen (nål-
huvudet) och binder för det mesta till den extracellulära matrisen men kan 
också binda till andra celler. Den andra änden (nålspetsen) sticker in i cellen 
och kan kommunicera med cellens insida. En speciell egenskap som integri-
nerna har, men inte de andra adhesionsproteinerna, är att cellen själv inifrån 
kan reglera om integrinerna ska vara ”på” och kunna bind till omgivningen 
eller ”av”. En smart funktion som t.ex våra cirkularande blodplättar använ-
der sig av. Normalt är integrinerna på våra blodplättar ”av” och de cirkulerar 
bara runt i blodet, men när ett blodkärl skadas, t.ex när jag skär mig i fingret, 
slås integrinerna ”på” och hjälper till att bilda en sårskorpa och stoppa blod-
flödet. 

Förutom sin viktiga funktion som ”klister” till sin omgivning kan integri-
nerna också förmedla signaler till cellen från omgivningen. Signaler som 
t.ex. talar om för cellen om den ska växa, dela sig och bli fler celler eller om 
den ska döda sig själv (apoptos). En annan viktigt uppgift för integrinfamil-
jen är att hjälpa till vid migration och ibland kallas de för cellens ”fötter”. 
Genom att fästa och skapa nya kontakter till matrisen i den delen av cellen 
som är i färdriktningen och samtidigt bryta gamla kontakter i den bakre de-
len kan cellen förflytta sig.  

I mitt första arbete (papper I) studerade jag den transmembrana delen av 
integrinen, den delen som sitter i cellmembranet. Jag bestämde vilka amino-
syror som var inuti cellmembranet och visade att om jag ”drog” lite i integri-
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nen inne från cellen åkte inte bitar av den yttre delen av integrinen in i apel-
sinen som man kunde tro, utan delen utanför såg ut precis som förut. Vi tror 
att den transmembrana delen av integrinen kan vara lutad inuti membranet 
och när jag ”drar” i den från insidan så ändras lutningen och den passerar 
lodrätt tvärs igenom membranet. Följden blir att ytterliggare några aminosy-
ror exponeras för cellens inre som tidigare var gömda i membranet. Detta 
tror vi skulle kunna vara en regleringsmekanism.  

I papper II och III har vi studerat signaleringsvägen från integrinen via ett 
protein som finns vid cellmembranet, PI3-kinaset, och vidare till ett viktigt 
signalprotein i cellen kallat Akt. Akt reglerar bl.a. cellens tillväxt, delning 
och överlevnad. Vi visar att integriner kan signalera till PI3-kinaset och Akt 
utan att gå via ett protein som heter ”focal adhesion kinase” som man tidiga-
re trott, men att det finns en annan väg för integrinen att signalera till PI3-
kinaset. Vi ser också att den delen av integrinen som ligger precis vid cell-
membranet på insidan och som i visa lägen eventuellt kan döljas inuti mem-
branet är oumbärlig för denna signalväg.  

I mitt fjärde arbete har vi tittat på celler som får fästa och sprida sig på en 
yta med hjälp av sina integriner. Cellspridning har studerats förut men vi har 
använt en mikroskoperingsteknik som kallas TIRF och som möjliggjort för 
oss att se att det sker en snabb cellspridning inom loppet av 5 minuter efter 
första kontakten med ytan. I celler finns det ett nätverk av proteiner som 
håller upp cellens tredimetionella struktur kallat för cytoskelettet. Men till 
skillnad från kroppens skelett är cellernas cytoskelett rörligt och kanske sna-
rare borde liknas med muskler. Ett sätt för en cell att förflytta sig åt ett visst 
håll är att bygga på cytoskelettet åt det hållet. Vi visar att den cellspridning 
vi ser sker genom att uppbyggnaden av cytoskelettet stimuleras av integri-
nerna. Aktiveringen sker specifikt via PI3-kinasets katalytiska enhet 
p110alfa och är beroende av en specifik aminosyra i integrinen precis vid 
membranet. 
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