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ABSTRACT
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Integrins are heterodimeric cell surface receptors, composed of an α and a β subunit, mainly
for binding extracellular matrix proteins. Integrin subunit β1 can combine with at least 12 α
subunits and thus form the biggest subfamily within the integrin family. In this thesis,
functional properties of the splice variant β1B, and the effects of several mutations in the
cytoplasmic tail of integrin subunit β1A were studied. In addition, the border between the
transmembrane and cytoplasmic domains of several integrin subunits was determined.

The β1B splice variant has been reported to have a dominant negative effect on
functions of β1A integrins. In this study, it was studied if the expression of β1B had similar
negative effects on the αvβ3 integrin functions since the β3 subunit is structurally similar to
β1A. The β1B subunit was expressed in an integrin β1-deficient cell line and it was found that
the presence of β1B does not interfere with adhesion or signaling of endogenous αvβ3.

The border between the cytoplasmic domain and the C-terminal end of the
transmembrane domain of integrin α and β subunits has been unclear. This question was
experimentally addressed for integrin subunits β1, β2, α2 and α5. It was found that integrin
subunits contain a positively charged lysine, which is embedded in the membrane in the
absence of interacting proteins.

The functional importance of the lysine in integrin transmembrane domains was
investigated by mutating this amino acid to leucine in β1A. The mutation affected cell
spreading and tyrosine phosphorylation of the adapter protein CAS. The activation of focal
adhesion kinase and tyrosine phosphorylation of paxillin was not affected. Furthermore, the
mutation of two tyrosines to phenylalanines in the β1A cytoplasmic tail was found to reduce
the capability of β1A integrins to mediate cell spreading and migration. Activation of focal
adhesion kinase in response to the later β1A mutant was shown to be impaired as well as
tyrosine phosphorylation of adapter proteins paxillin and tensin, whereas overall tyrosine
phosphorylation of CAS was unaffected. These data suggest the presence of focal adhesion
kinase-dependent and -independent pathways for tyrosine phosphorylation of CAS after
integrin β1A-mediated adhesion.
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ABBREVIATIONS

a.a. amino acid
ACK activated Cdc42-associated tyrosine kinase
Arf ADP ribosylation factor
CaMKII calcium- and calmodulin-dependent kinase II
CAS Crk-associated substrate
Cat Cool-associated, tyrosine-phosphorylated
Cbp Csk binding protein
Csk C-terminal Src kinase
DAG diacylglycerol
ECM extracellular matrix
ER endoplasmatic reticulum
ERK extracellular-regulated kinase
FAK focal adhesion kinase
FRNK FAK-related non-kinase
CIB calcium- and integrin binding protein
GAP GTPase-activating proteins
GEF guanine-nucleotide exchange factor
GDI GDP dissociation inhibitor
ICAP integrin cytoplasmic domain-associated protein
ILK integrin linked kinase
JNK c-Jun N-terminal kinase
MAPK mitogen-activated protein kinase
MIDAS metal ion-dependent adhesion site
MLC myosin light chain
PAK p21-activated kinase
PIP phosphatidyl inositol phosphate
PI3K phosphatidyl inositol 3 kinase
PKL paxillin kinase linker
PKC protein kinase C
PLC phospholipase C
PTEN phosphatase and tensin homologue deleted on chromosome ten
PTP protein tyrosine phosphatase
Pyk proline rich tyrosine kinase
RACK receptor for activated C-kinase
SH Src homology
STICK substrates that interact with C-kinase
T M transmembrane
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INTRODUCTION

Recently, while thinking about my son, I bought a book titled “ How do things work”. From
this book one can read about working principles of many inventions that are part of our
everyday life. Today’s medical science, even though it often only describes and observes
biological processes, tries to answer questions why and how. This curiosity carries a noble
philanthropic goal, to fight against diseases. But if the “Master of Life” would publish a book
that gave us all the answers, tells us everything about everything, would we read it? Or would
we continue to seek for answers ourselves even though such a book based on our search would
most likely be entitled “How things might work”.

INTEGRINS

Most cells in multicellular organisms are in contact with each other and/or with a protein
network called extracellular matrix (ECM). Extracellular matrices are highly ordered structures
of proteins (e.g. collagens, laminins, fibronectin) and glycosaminoglycans which are secreted
and assembled by cells and have a remarkable control over cells (212). Cell-matrix and cell-cell
contacts are critical for tissue integrity and homeostasis. Most of the cell surface receptors
that mediate these interactions can be grouped into four protein families: cadherins,
immunoglobilin superfamiliy members, selectins and integrins. The term “integrin” was
introduced by Richard Hynes’ group in 1986 and designates cell surface receptors that mainly
bind extracellular matrix proteins. The fact that integrins are found in species from corals and
sponges (the most primitive representatives of metazoan) to mammals indicates their
importance in evolution of multicellular organisms (69). Since the publication of the full-length
cDNAs of the fibronectin receptor (current name α5β1) in 1986 -1987 (16, 557), 18 α and 8 β
subunits are now described. The known combinations of different α and β subunits give rise to
24 different integrin heterodimers (Fig. 1).

Roughly, integrins fall into three subfamilies dependent on their subunit composition and
ligand specificity. (i) The β1 subunit can combine with 12 α subunits and forms the biggest
subfamily of the integrin family. The β1 integrins are widely expressed and mediate cell
adhesion mainly to ECM proteins. (ii) The β2 and β7 integrins are expressed exclusively on
blood cells and mediate interactions to ICAM-s, E-cadherin and fibrinogen. (iii) Integrins
containing the αv subunit are expressed by blood cells, endothelial cells, epithelial cells and
osteoclasts. This group of receptors recognizes a broad range of ligands containing an RGD
motif. Two integrins with highly specialized functions fall outside these groups. The αIIbβ3
integrin, expressed by platelets, has an important role in blood coagulation. The α6β4 integrin
is an essential component of hemidesmosomes in keratinocytes.

Integrins not only connect cells mechanically to the surrounding environment but also
mediate signals from it that regulate growth, death, differentiation, and movement of cells. The
short cytoplasmic tails of integrins are required for integrin signaling. Since integrins do not
possess any known intrinsic kinase activity they transduce signals by spatially
compartmentalizing docking and adapter proteins that link integrins to cytoplasmic kinases.
Ligand bound integrins are clustered into aggregates that are connected to actin filaments, or
intermediate filaments in the case of the α6β4 integrin. So, integrins not only act as molecular
bridges that link intracellular filament systems with ECM but are also important for signal
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Figure 1. The integrin family. All presently known α and β subunits are shown as circles.
Lines between α and β subunits show known associations.

transduction from ECM by assembling cytoplasmic signaling molecules (outside-in signaling).
Importantly, integrin-mediated cell adhesion is dynamically regulated by cells

themselves (inside-out signaling). On the cell surface integrins acquire several conformations,
corresponding to low or high affinity states for ligand binding. Modulation of integrin affinity
by intracellular factors results in extensive conformational changes in the receptor that also
affect the ligand-binding interface.

A common theme in integrin signaling is “clustering”. What is the function of receptor
clustering in integrin signaling? Why are integrins clustered at focal contacts? Many integrin
mediated cell-matrix adhesion sites over the entire area would give a better “grip” for cells.
Some likely reasons are: integrin clustering increases the avidity of the interactions with
immoblized ligands (such as extracellular matrix). The tension emanating from strong and
distinct connection sites with extracellular matrix has an important role in assembly of
extracellular matrix. Integrin clustering promotes interaction between signaling molecules and
thereby increases the efficacy of integrin signals. This may lead to a synergistic response
and/or to a unique outcome of ramifying signaling pathways from clustered structures.

What happens when integrins do not work properly? Integrin malfunction is linked to
several genetic diseases. Leukocyte adhesion deficiency (LAD)-1 syndrome is an autosomal
recessive disorder caused by mutations in the β2 gene that leads to absent /aberrant
biosynthesis of the β2 subunit or to an integrin unable to bind ligands (9, 229, 230). These
patients typically suffer from frequent infections due to the inability of neutrophils to
extravasate and kill microorganisms. Glanzmann thrombasthenia is an inherited bleeding
disorder that is caused by decreased expression of functional integrin αIIbβ3 (37, 139, 552).

Mutations causing this disease lie in the genes encoding either the α or the β3 subunit, leading
to impaired platelet aggregation with fibrinogen. Some forms of epidermolysis bullosa
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(blistering diseases) are caused by mutations in the β4 gene (182, 587). In these patients,
hemidesmosomes are unstable and keratinocytes easily detach from the underlying basement
membrane.

Integrin structure

Integrins are heterodimers, composed of non-covalently associated α and β subunits. Each
subunit consists of a large extracellular domain, a single transmembrane domain and a short
cytoplasmic domain of usually less than 50 a.a. (Fig. 2). The only exception to this well
conserved structure is the β4 subunit, which has a large cytoplasmic domain (more than 1000
a.a.). Even though the association between an α and a β subunit is mainly mediated by the N-
terminal regions - expression of the extracellular domains of integrins results in formation of
dimers that retain ligand binding activity (121, 358, 361) - the transmembrane and cytoplasmic
domains also contribute to the receptor dimerization and/or stabilization (68, 425, 535).

+ Putative Me2+ binding site

Figure 2. Schematic representation of a generic integrin α and β subunit. The positions
of the conserved domains in integrin subunits are shown (not to scale).

Extracellular domain

Extracellular domains of integrin α subunits contain seven homologous repeats at their N-
terminus, each about 60 amino acid residues in length (Fig. 2). The four or three last repeats
(depending on the integrin) contain potential divalent cation binding sites of the general
structure DxDxDGxxD, where x represents any a.a. (EF-hand loops). The N-terminal repeats
are predicted to fold into a seven-bladed β-propeller (424). The β-propeller is a cyclic
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structure where each of the seven blades contains four β-strands that are tilted in a manner that
brings the connecting loops either to the upper or the lower surface of the propeller.

Nine α subunits (α1, α2, α10, α11, αD, αE, αL, αM, and αX) contain an additional
domain that is inserted between the second and the third N-terminal repeats (Fig. 2). This
domain is referred to as the I domain (from inserted) or the A domain (after the sequence
homology to the A domain of von Willebrand factor). Although the tertiary structure of
integrins has not yet been determined, the crystal structure of I domains of αM, αL, α1, α2
subunits has been solved (153, 302, 403, 450). I domains form a so-called “Rossman fold”
where five parallel and one-anti-parallel β strands are surrounded by seven α helices (302).
Integrin I domains contain a metal ion-dependent adhesion site (MIDAS motif) that
participates in integrin ligand binding (302, 574, 622). The insertion of the I domain does not
interfere with the predicted folding of the seven N-terminal repeats; it will be located on the
upper side of the propeller (338).

Another group of α subunits (α3, α5, α6, α7, α8, αv) are proteolytically cleaved close
to the transmembrane domain and the two chains are bridged by a disulfide bond. The
functional significance of this cleavage is not known.

Integrin β subunits contain a highly conserved sequence of about 200 a.a. in their N-
terminal part which has been predicted to have a tertiary fold similar to that of the A domain
in von Willebrand factor (Fig. 2). This domain contains a MIDAS motif which is part of the
ligand binding pocket (324, 570). By reason of its structural similarity to the I domain of α
subunit, this domain in β subunits has been denoted as a putative β I domain. Based on the
data obtained by using a monoclonal antibody that recognizes an epitope comprising of
regions from both α and β subunits, it was proposed that the putative β I domain associates
with the side of the β-propeller domain at β-sheets 2 and 3 in α subunits (639). The C-
terminal part of the extracellular domain of β subunits contains a cysteine rich region
composed of four epidermal growth factor (EGF)-like repeats (stalk-like structure). Many
growth factors and adhesion molecules contain EGF-like domains, which often participate in
protein-protein interactions. The EGF-like repeats of integrin β subunits and the secreted
protein TIED (ten β integrin epidermal growth factor-like repeat domains) share particular
features not found in other EGF-like domains (49). This raises the interesting possibility that
DNA encoding an ancestral TIED-like molecule might have integrated into the ancestor gene of
β integrins and endowed integrins with novel features.

For more then ten years it has been believed that integrins do not possess any
enzymatic activity. A recent report by O’Neil et al. refutes this by showing that integrin
subunit β3 possesses an endogenous thiol isomerase activity that is located in the cysteine
repeats (408). Possibly, thiol bonding within the integrin stalk-like structure could be modified
during integrin activation and thus contribute to the stabilization of an active conformation
(408).

Transmembrane domain

Our present knowledge about the structure of the integrin transmembrane (TM) domains and
their contribution to integrin signaling is very limited. In general, it has become clear that T M
domains do not only passively anchor proteins to lipid bilayers but also serve important
biological roles, e.g. in proteins such as the T-cell receptor and MH (major histocompatibility)
complexes (113). For example, the T-cell receptor complex depends on charged amino acids in
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the TM domains for assembly and cell surface expression (113). Alignment of the T M
domains of integrin α and β subunits reveals some interesting conserved features. Firstly, they
all are rather conserved in length. The transmembrane domain of the β2 and the β7 subunit
seems to be 3-4 amino acids shorter than the TM domain of other β subunits (except for β4).
Interestingly, these subunits are exclusively expressed in blood cells and acquire an inactive
conformation until they are triggered. However, the exact length of the TM domain for integrin
subunits is not known, primarily because the question of where the interface is between the
extracellular and TM domain has not yet been experimentally addressed at all. Secondly,
almost all transmembrane domains of α and β subunits contain small amino acids at three
positions (Fig. 3). Notably, glycine is invariably found at the position no. 2 and no. 3 in α
chains and in β chains, respectively (see Fig. 3). The functional importance of such an

β1 GPDIIPIVAGVVAGIVLIGLALLLIWKLLMIIHDR

β2 GPNIAAIVGGTVAGIVLIGILLLVIWKALIHLS

β3 GPDILVVLLSVMGAILLIGLAALLIWKLLITIHDR

β5 TPNAMTILLAVVGSILLVGLALLAIWKLLVTIHDR

β6 PPNIPMIMLGVSLATLLIGVVLLCIWKLLVSFHDR
β7 DHTGQAIVLGCVGGIVAVGLGLVLAYRLSVEIV

α2 EVPTGVIIGSIIAGILLLLALVAILWKLGFFKRK

α3 EIELWLVLVAVGAGLLLLGLIILLLWKCGFFKRA

α4 YFTIVIISSSLLLGLIVLLLISYVMWKAGFFKRG
α5 GVPLWIIILAILFGLLLLGLLIYILYKLGFFKRS

α6 GVPWWIILVAILAGILMLALLVFILWKCGFFKRN

αv PVPVWVIILAVLAGLLLLAVLVFVMYRMGFFKRV

transmembrane cytoplasmic

1 2 3

extracellular

Figure 3. Amino acid alignment of the transmembrane domains of selected integrin
subunits. Three boxes girdle the positions (marked as 1, 2, 3) of small amino acids in the T M
domain. The conserved transmembrane lysine is indicated in bold. Three amino acids adjacent
to the proposed TM domain are indicated in italics.

arrangement has not been studied. The spacing between these small amino acids suggests that
they are located at one side of the TM helix. Speculatively, they could form a flat surface on
each integrin subunit, which could face the other subunit of the heterodimer or other
interacting membrane proteins. Thirdly, the C-terminal segments of most integrin T M
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domains exhibit a conserved pattern; one amino acid with a basic side chain is located in the
continuous stretch of hydrophobic amino acids (Fig. 3). Generally, it has been suggested that
the single lysine or arginine stops the TM domain whereas some investigators have proposed
an alternative stop point 4-5 amino acids more distal from the lysine (Fig. 3). By applying the
glycosylation mapping technique for determination of the border between the TM and
cytoplasmic domains of different human α and β subunits, it was shown that the TM domains
extend roughly to the second alternative startpoint leaving the conserved lysine in the
membrane (paper III) (17). Interestingly, this kind of delineation places the highly conserved
motif KXGFFKR in α subunits and the facing region in β subunits in the plasma membrane.
These regions have been shown to be important for integrin dimerization and activation (127,
240, 339, 425, 542). They have also been reported to interact with different intracellular
proteins such as skelemin, Rack1, WAIT-1, cytohesin-1 and calreticulin (Table 2). While most
of the interactions characterized between integrins and other proteins occur via the
extracellular or intracellular domain of an integrin, the association between the 16-kDa subunit
of a protein called vacuolar H+-ATPase and integrin β1 subunit is mediated via TM domains
of both proteins (531). The functional importance of this interaction is unclear but it might
have a role in integrin internalization and receptor recycling (531).

Cytoplasmic domain

The cytoplasmic domains of integrins connect to the actin filament system and are required for
integrin mediated signaling (outside-in signaling). In addition, through the interaction of
specific intracellular proteins the cytoplasmic domains regulate the conformation of the
extracellular domain (inside-out signaling).

Cytoplasmic tails of β subunits (except β4) contain all the information necessary for
integrin localization to focal contacts; a chimeric receptor, containing the extracellular and the
transmembrane domain of the interleukin-2 receptor and the cytoplasmic tail of the β1
subunit, localizes to focal adhesions formed by endogenous integrins in fibroblasts (296). High
levels of expression of the β subunit cytoplasmic tails inhibit functions mediated by
endogenous intact integrins such as spreading, migration, and activation of FAK (99, 297,
342). In contrast to the β subunits, the cytoplasmic tail of integrin α subunits suppresses the
localization to focal contacts of unoccupied integrins; deletion of the α tail results in ligand-
independent recruitment to focal adhesions of the integrin (269, 296, 636).

Cytoplasmic tails of integrin α and β subunits participate in intracellular signaling by
recruiting structural and adapter proteins that link integrins to intracellular kinase cascades.
Both the cytoplasmic tails of α and β subunits have in some cases been shown to activate
pathways that lead to integrin specific cellular responses (255, 428, 603, 606, 621).

The activation of integrins also involves the cytoplasmic domains of both α and β
subunits (270, 341, 633). While deletion of the KXGFFKR motif in α TM domains results in
constitutive high affinity conformation of the integrin (270, 409), deletion of the cytoplasmic
tail of several α subunits results in defective ligand binding (265, 269, 270, 513). On the other
hand, αIIb tail is not needed for ligand binding nor spreading (up to the KXGFFKR sequence)
(309). Deletion of cytoplasmic domains of β2 and β3 abolishes the ligand binding of αLβ2 and
αIIbβ3 integrins, respectively (218, 409).

Cytoplasmic tails of α subunits differ in both length and amino acid sequence (Fig. 4). In
marked contrast, six out of eight β subunits show a considerable degree of homology in length
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β1 WKKLLMIIHDRREFAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK

WKKALIHLSDLREYRRFEKEKLKSQWN-NDNPLFKSATTTVMNPKFAESβ2
β3
β5

β7

α2
α5
α10

WKKLLITIHDRKEFAKFEEERARAKWDTANNPLYKEATSTFTNITYRGT

WKKLLVTIHDRREFAKFQSERSRARYEMASNPLYRKPISTHTVDFTTNKFNKSYNGTTVDEGK

β6 WKKLLVSFHDRKEVAKFEAERSKAKWQTGTNPLYRGSTSTFKNVTYKHREKQKVDLSTDC

YRRLSVEIYDRREYSRFEKEQQQLNWKQDSNPLYKSAITTTINPRFQEADSPTL

WKKLGFFKRKYEKMTKNPDEIDETTELSS

YKKLGFFKRSLPYGTAMEKAQLKPPATSDA

WKKLGFFAHKKIPEEEKREEKLEQ

cyto-1 cyto-2 cyto-3T/S

Figure 4. Amino acid alignment of the cytoplasmic domains of selected integrin
subunits. The cyto-2, -3 and the T/S rich sequences in β subunits are boxed. The cyto-1 in
β subunits and the KXGFFK motif in α subunits are indicated by arrows. The conserved
transmembrane lysine is marked in bold. Vertical lines indicate the start sites for the
cytoplasmic domains.

and amino acid composition (Fig. 4). Great efforts have been made to identify residues in the
cytoplasmic tail of β required for specific aspects of integrin function. In particular, the
cytoplasmic domains of β1, β2, and β3 have been subjects for extensive studies regarding the
effects of deletions and amino acid substitutions. Briefly, four conserved regions have been
identified as having central roles in integrin β tail mediated functions (Fig. 4). The importance
of these regions in integrin signaling is discussed under the section “Modulation of integrin
ligand binding”. In addition, a sorting signal in β2 (YRRF) is required for recycling of
spontaneously internalized receptors and for β2-integrin mediated cell migration (156). It is
not known whether the related sequences in other β subunits have similar functions.

In spite of somewhat clear knowledge of which regions in the cytoplasmic tails are
essential for integrin functions, information on tertiary structures of integrin cytoplasmic
domains is very limited. Recently, a first crystal structure of the two fibronectin type III
domains from the cytoplasmic domain of integrin subunit β4 was resolved (129). The nuclear
magnetic resonance structure for a myristoylated peptide corresponding to the cytoplasmic
tail of αIIb has been resolved (589), and molecular models for cytoplasmic tails of the αIIbβ3
integrin have been presented (199).
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SPLICE-VARIANTS OF β1

Identification of integrin splice-variants, both for extra- and intracellular domains has added an
additional level of complexity in integrin signaling. Cytoplasmic splice-variants are described
for β1, β3, β4, and for several α subunits (reviewed in 164). For human β1, five different
splice-variants are characterized (Fig. 5) (11, 39, 299, 547, 582, 649). The cytoplasmic splice-
variants do not change the ligand specificity for a given heterodimer, but they can modulate
receptor affinity towards the ligand (paper I) (18, 43). All splice-variants of β1 share the
common N-terminal part until the sequence WDT777 that corresponds to the 3’ end of exon 6
in the β1 gene (Fig. 5). The splice-variant A, mostly referred to as β1 only, is very conserved
at the amino acid level amongst different species from sponge to human, particularly in the
transmembrane and cytoplasmic domains (69). In mammals, all cells, except mature
erythrocytes and myotubes express β1A. The expression of other splice-variants is more
restricted.

β1A WKLLMIIHDRREFKAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK

β1C-1

β1B WKLLMIIHDRREFKAKFEKEKMNAKWDTVSYKTSKKQSGL

β1C-2 WKLLMIIHDRREFKAKFEKEKMNAKWDTSLSVAQPGVQWCDISSLQPLTRSRFQQFSCLSLPSTWDYRVKILFIVRP

752 777

WKLLMIIHDRREFKAKFEKEKMNAKWDTQENPIYKSPINNFKNPNYGRKAGLβ1D

transmembrane cytoplasmic

Figure 5. The amino acid sequences of the cytoplasmic splice-variants of human
integrin β1. The variant specific regions are shown in italics. The conserved transmembrane
lysine is marked in bold. The NPXY motifs in β1A and β1D are underlined. A double lysine
motif in β1B is in bold. The six amino acids absent in β1C-2 are underlined.

The β1B isoform was isolated from a human placenta library probed with a synthetic
oligonucleotide corresponding to the cytoplasmic domain of β1A. The last 12 amino acids of
β1B that are different from β1A are derived from the intronic sequence that follows
immediately downstream of exon 6 (Fig. 5) (11). Analysis of the nucleotide sequence of the
mouse β1 gene has revealed that mice have no homologue to human β1B. The mouse intronic
sequence after exon 6 could potentially code for 15 amino acids (VSYETLLRAVGWFLK)
that show no significant homology to human β1B, except for first three amino acids (39). The
β1B specific transcript was detected at low levels in all human tissues and cell lines tested by
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RT-PCR, but the protein was only detectable in skin (keratinocytes) and liver (hepatocytes)
(11, 33). Expression of human β1B in CHO cells showed that β1B can dimerize with α
subunits and bind to a fibronectin affinity matrix in an RGD-dependent manner in the
presence of Mn2+. In contrast to β1A, the β1B integrins did not localize to focal contacts
when cells were plated on fibronectin (33). Further analysis revealed that the human β1B
isoform does not mediate cell spreading and activation of focal adhesion kinase in cells plated
on anti-human β1 mAb (TS2/16) (34). In addition, expression of β1B in CHO cells reduced
cell spreading on fibronectin and laminin-1 but not on vitronectin. The cell attachment to
fibronectin and laminin-1 was only affected in clones expressing high levels of β1B (50% of
that of endogenous β1A). The migration on gelatin of CHO cells expressing the β1B was
similar to that of CHO cells expressing β1A when vitronectin, but not fibronectin, was used as
a chemoattractant. Again, higher β1B expression levels caused stronger inhibition. The so-
called dominant negative effect of β1B on endogenous integrins was suggested to be caused by
the competition of β1B with endogenous β1A for available α subunits (34) and subsequently a
failure of β1B to activate intracellular signaling pathways.

β1B expressed in β1-deficient cell line GD25, similar to β1A, dimerizes with α5, α3 and
α6 subunits (464). GD25 cells do not adhere to laminin-1 but expression of β1A in GD25 cells
restored the ability of these cells to attach to laminin-1 via α6β1A (613); however, the
expression of β1B subunit did not promote cell adhesion unless Mn2+ was present in the
medium (464). Analysis using antibodies recognizing epitopes exposed only in the ligand-
competent/occupied integrins revealed that the extracellular domain of β1B integrins possesses
an inactive conformation (paper I) (18, 464). The inactive ectodomain conformation could be
changed to active by addition of Mn2+ or the GRGDS peptide (paper I) (18, 464). The
spreading and organization of actin stress fibers of GD25-β1B cells on fibronectin was found
to be impaired compared to GD25 cells (464). This indicated that β1B has a dominant negative
effect not only on β1A integrins but also on αvβ3 integrin, since the attachment of GD25 to
fibronectin is mediated via this latter integrin (613). However, the vitronectin substrate was
not tested in the former report. In contrast to this finding (464) we have shown that β1B does
not have a dominant-negative effect over the αv integrins (paper I) (18). The β1B integrins
were found not only to be unable to mediate the assembly of fibronectin matrix but could also
actually inhibit this process in CHO, GD25 and FRT cells (84, 464). Overexpression of
constitutively active RhoA in FRT cells abrogated the negative effect of β1B on matrix
assembly (83). Studies on human keratinocytes (one of the few cell types that reported to
express the β1B variant at a detectable protein level) showed that overexpression of β1B in
keratinocytes results in intracellular accumulation of the protein, which could be overcome by
deleting the KK sequence (Fig. 5) (272).

β1B has been suggested to have a regulatory role of adhesion-mediated signaling.
However, the modulating effects of β1B over β1A have only been observed at expression
levels many-fold higher than what occurs in vivo. Thus, the physiological relevance (if any) of
human β1B remains to be established.

Similar to β1B, the splice-variants β1C-1 and β1C-2 are only found in human (299,
547). The C-specific exon is part of an Alu element, and such DNA sequences are primate
specific retrotransposable elements (547). The β1C-1 differs from β1C-2 by six amino acids
(Fig. 5) that in β1C-2 are missing as a result of the utilization of a more distal 3’ splice
acceptor site (547). Low levels of β1C-1 and β1C-2 transcripts have been identified by RT-
PCR in many human cell lines and tissues (299, 353, 547). At the protein level β1C has been
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detected in some cell lines (HEL, HUVEC) and in vivo in epithelial cells from tissues like
breast, lung, gallbladder and prostate (168, 299). Immunohistological studies on prostate and
breast cancer samples have shown that down-regulation of β1C expression correlates with
invasive phenotype of these carcinomas (166, 353). Expression of β1C-1 in several cell lines
has an inhibitory effect on cell proliferation but not on cell adhesion or organization of actin
cytoskeleton (168, 363). The cell-cycle inhibitor p27kip1 has been shown to be a potential
downstream effector of β1C (167). The β1C-1 has an inhibitory effect on activation of ERK2
by fibronectin but not on activation of FAK or Akt. Moreover, ligation of β1C integrins leads
to the activation of the Akt pathway (165). However, studies on β1C splice-variants
expressed in β1-deficient GD25 cells showed that these subunits are retained in the cell and
degraded rather than localized to the cell surface (548).

The isoform β1D is the only splice-variant that shares significant homology with β1A
(Fig. 5). The β1D specific part (the C-terminal 24 amino acids) is encoded by exon D, which is
localized between exons 6 and 7 (582, 649). In vivo, the β1D isoform is only expressed in
skeletal and cardiac muscles, and it completely displaces β1A in terminally differentiated
muscle, where it associates with α7 (44). When expressed in non-muscle CHO and GD25
cells, β1D localizes at focal adhesions, and clustering of β1D triggers activation of FAK and
MAPK pathways (43, 44). Cells expressing the β1D isoform showed reduced spreading and
migration. It has been suggested that β1D integrins do not sense mechanical signals as
efficiently as β1A integrins and therefore can not mediate cell migration as efficiently as β1A
integrins (38). It is interesting that β1D integrins display an increased affinity for fibronectin
and enhanced association with the actin cytoskeleton (43). In vitro binding studies have shown
that the cytoplasmic domain of β1D binds the cytoskeletal proteins α-actinin, talin and filamin
with higher affinity than β1A (43, 438). It has been suggested that replacement of the β1A
isoform in muscles with β1D might be necessary to strengthen the cytoskeletal-matrix link in
muscle cells (43). However, the lack of β1D isoform in the mouse strain (due to the exon D
knockout) did not affect muscle formation and did not cause muscular degeneration. In the
converse situation, mice which express only the β1D variant (knock-in) were not viable and
died in uteri because of a wide range of developmental defects (38). Embryonic β1D knock-in
stem cells displayed reduced migratory activity. Expression levels of the β1D subunit were
reduced when compared to β1A in wt ES cells; this could indicate that, when associated with
other subunits than muscle-specific α7, the β1D protein is less stable (38).

BIOSYNTHESIS OF INTEGRINS

Expression of integrins is dynamically regulated during embryonic development (42). During
cell differentiation a change in integrin repertoire takes place; for example, the splice-variant D
of integrin subunit β1 replaces the variant β1A in mature muscle (44). However, only very
limited information is presently available on the regulation of integrin genes. Promoter regions
for several integrin subunits, including β1, β4, β2, α4, α5, are published (52, 92, 126, 481,
554). These promoter regions do not contain a TATA and CAAT-boxes and are very G+C
rich, features that are common for housekeeping genes. Integrin β1 has two promoter regions
and the distal promoter is highly active during development (92, 225).
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The integrin αIIbβ3 is found exclusively in developing megakaryocytes and platelets.
This is due to the cell-specific expression of the αIIb subunit. Studies on the promoter region
of the αIIb subunit have revealed that the binding of the transcription factor Sp1 to a silencer
element in the promoter inhibits the transcription of the αIIb gene (524). This inhibition can
be overcome only in megakaryotic-like cell lines (524). Myeloid-specific expression of the αL
gene is due to the activity of transcription factors Sp1 and Ap1 (406).

Integrins are type-I transmembrane glycoproteins. During the protein synthesis in the
ER individual integrin subunits are translocated through the ER membrane such that the C-
terminus is located in the cytosol. Integrin α and β subunits dimerize in the ER and integrin
dimers are transported from the ER via the Golgi compartment to the cell surface (213).
Normally, a single integrin subunit can not leave the ER, but it has been shown that a single α
or β subunit can occasionally escape from the ER, mostly localizing in the pre-Golgi
compartment, when expressed in a cell type that does not express the right subunit for it to
dimerize with (425). It seems that factors responsible for retention of unassembled β2 are
displaced in α/β heterodimer (425). The retention signal of improperly paired α subunits has
been shown to reside in the extracellular domain (68, 425). What determines that a given β
subunit associates with a certain α subunit is not known. A chimeric β subunit possessing the
extracellular part of β1, and the transmembrane and cytoplasmic parts of β3 did not associate
with αIIb, the β3 specific α chain, indicating that α subunit selection is mostly determined by
the extracellular domain (535). It is conceivable that other cellular proteins (chaperones or
integrin-associated proteins) might have a regulatory role in this process. T cell lines deficient
in αL or β2 do not express β2 or αL subunit, respectively, on the cell surface. Northern blot
analysis revealed an absence of the corresponding mRNA in each case (604). In contrast, both
the αL and β2 subunits can be expressed on COS cells independently (143). Before the
transport to cell surface takes place, integrin subunits, like all other synthesized proteins,
must pass the “quality control” in the ER (reviewed in 152). Calnexin and calreticulin, together
with glycosidases and glycosyltransferases, discern misfolded N-linked glycosylated proteins
(reviewed in 214) in the ER as a part of the quality control. Indeed, calnexin interacts with
immature integrin subunits before they are heterodimerized (308, 472). Immature β1 associates
also with tetraspanin CD9 (482). Interestingly, recent data indicate that the cytoskeletal actin-
binding protein talin is needed for the transfer of β1 integrins from ER to Golgi (8, 354). The
authors suggest that the KXGFFKR motif in α chains may act as an export signal and that
binding of talin to the β subunit unveils it (354). The finding that talin -/- embryonic stem cells
show reduced levels of β1 integrin further demonstrates that talin is required at least for β1
integrin expression (447). In this case the amount of β1 subunit was reduced in whole cell
lysates, possibly due to increased degradation.

Some α chains (e.g. α3, α6) are endoproteolytically cleaved in extracellular domain close
to the transmembrane domain. These subunits are therefore constituted by the transmembrane
25-30 kDa C-terminal light chain that is disulfide bonded to the N-terminal extracellular heavy
chain. The endoproteolytic cleavage occurs after α/β subunit dimerization downstream of ER
(305, 472). The protein convertase furin, mainly located in the trans-Golgi, processes proteins
possessing the consensus sequence (RXR/KR), and this tetrabasic sequence is also found in
α3 and α6 subunits. Endoproteolytic cleavage of α3, αv and α6 subunits was found not to
occur in furin-deficient LoVo cells indicating that furin could be the convertase cleaving α
subunits. The defective cleavage of these α subunits did not interfere with the integrin
dimerization (305).
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In the Golgi compartment terminal glycosylation of N-linked sugars takes place
(reviewed in 427). The glycosylation has been reported to be unnecessary for integrin
dimerization or endocytosis (304, 647). Studies on baby hamster kidney cells, which lack N-
acetylglycosaminyl transferase I and hence are unable to complete the terminal processing of
N-linked sugar chains, have shown that terminal sugars are not needed for α5β1 dimerization,
surface expression or fibronectin binding (291). On the other hand, alterations in N-linked
glycosylation have in some cases been shown to affect integrin ligand binding and cell
spreading (304).

The fact that cytoplasmic domains of integrin subunits are exposed to potentially
interacting cytoplasmic proteins already when they reside in the ER raises the question of
how these interactions are regulated. Are there specific escort proteins that mask integrin
cytoplasmic tails and therefore prevent inappropriate binding of intracellular proteins to the
cytoplasmic tails of integrin subunits until they have reached the plasma membrane? Taken all
together, integrin biosynthesis is not well investigated yet, and further studies are needed to
understand the regulation of the cell surface expression of integrins.

INTEGRIN LIGAND BINDING

Ligands recognized by integrins include a large number of ECM proteins (e.g. fibronectin,
collagens, laminins, vitronectin, bone matrix proteins), cell-surface receptors belonging to the
immunoglobulin superfamily (e.g. ICAMs, VCAMs), and the ADAM protein family (Table
1). Many pathogens use integrins to gain entry into the cell (275). The discovery that
extracellular latent TGFβ (tumor growth factor) serves as a ligand for several integrins, and
that binding of the avβ6 integrin to latent TGFβ induces its activity, augments the paradigm of
integrin function (383, 384).

In most cases an individual integrin can bind to multiple ligands and vice versa (Table 1).
Interestingly, despite the variety of integrin ligands many of them possess similar short motifs
as a recognition sequences for integrins. For example, the RGD sequence is present in many
integrin ligands. However the flanking sequences and overall structure of the ligand, and also
the individual features of the integrin ligand binding pockets, determine whether the interaction
takes place or not. Our understanding of integrin tertiary structure as well as structures of
their ligands is currently very limited. A combinational approach using different methods such
as monoclonal antibody epitope mapping, analysis of integrin and ligand mutants has shed
some light on these issues.

Fibronectin is one of the most well studied integrin ligands. The major integrin binding
sequence (RGD) is located in the tenth type III repeat in the fibronectin molecule. Although
fibronectin can be recognized by at least eight integrins, formation of a stable interaction with
fibronectin in some cases often requires other sites in the molecule, called synergy sites. For
example, while integrin αvβ3 seems to bind exclusively to the RGD sequence in fibronectin,
other integrins such as α5β1 and αIIbβ3 require also binding to the sequence PHSRN (the
synergy site) for stable interactions (122). The crystal structure of a recombinant fibronectin
fragment (type III repeats 7-10) revealed that the RGD and PHSRN sites are on the same side
of the fibronectin molecule and could be reached by a single integrin (301). For the α5β1
integrin its has been proposed that the RGD sequence on fibronectin makes contacts with
both subunits whereas the synergy site binds primarily to the α chain (380, 457).
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Table 1. Integrins and their extracellular ligands

Integrin Matrix molecules Other ligands
α1β1 Col I, IV, VI;  Ln
α2β1 Col I, II, III, IV, VII, XI;  Ln
α3β1 Ln 2/4, 5, 10/11 In
α4β1 Fn,  CSGAG VCAM-1,  In,  Im
α5β1 Fn,  Fg disintegrins,  Im,  In
α6β1 Ln In,  sperm fertilin β
α7β1 Ln 1, 2/4
α8β1 Fn,  Vn,  Tn
α9β1 Col I,  Ln,  Tn,  OP VCAM-1
α10β1 Col II
α11β1 Col I
αvβ1 Fn,  Vn TGFβ LAR
αDβ2 ICAM-3
αLβ2 ICAM-1, 2, 3, 4, 5
αMβ2 Fg ICAM-1,  iC3b,  FX
αXβ2 Fg iC3b
αIIbβ3 Fg,  Fn,  Vn,  TP,  dCol vWF,  Pl,  disintegrins,  L1-

CAM
αvβ3 Vn,  Fg,  Fn,  bSp,  Tn,  TP,

OP,  MAGP-2,  fibrillins,
Del1

vWF,  disintegrins,  L1-CAM

α6β4 Ln
αvβ5 Vn,  bSp,
αvβ6 Fn,  Tn TGFβ LAR
α4β7 Fn MadCAM-1,  VCAM-1,

disintegrins
αEβ7 E-cadherin
αvβ8 Col I,  Fn,  Ln

Abbreviations: bSp, bone sialoprotein; Del1, developmental endothelial locus-1; (d)Col,
(denaturated) collagen; CSGAG, chondroitin sulfate glycosaminoglycan; Fg, fibrinogen; Fn,
fibronectin; FX, Factor X; iC3b, inactivated fragment of complement factor C3; ICAM,
intracellular adhesion molecule; Im, intimin; In, invasin; Ln, laminin; L1-CAM, neural cell
adhesion molecule L1; MAGP, microfibril-associated glycoprotein; MadCAM, mucosal addressin
cell adhesion molecule; OP, osteopontin; Pl, plasminogen; TGFβ LAR, transforming growth
factor β latency-associated peptide; Tn, tenascin-C; TP, trombospondin; VCAM, vascular cell
adhesion molecule; vWF, von Willebrand factor

It should be emphasized that divalent cations are essential for integrin ligand binding;
integrin function is completely inhibited in the presence of chelating agents (41, 378).
Different divalent cations have distinct effects on ligand recognition. Under physiological
conditions Mg2+ stimulates ligand binding, whereas Ca2+ generally has an inhibitory effect.
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Mn2+ is a potent artificial promoter of ligand binding (40, 237, 378, 381, 393, 431, 533). Thus,
divalent cations may induce a conformational change in the receptor that either favors or
inhibits ligand binding. Divalent cations bind to two structurally different motifs within
integrins. EF-hand motifs lie in the integrin α chain (Fig. 2). Although they lack a glutamic acid
that is present at the twelfth position in other EF-hand motifs they do bind ions (35). Another
ion binding region, the MIDAS motif, is located in integrin I domains (in α and β chains).

Those integrins that contain the I domain in the α subunit bind ligands mainly via this
domain (81). However, the importance of the I domain in integrin ligand binding relative to
other integrin domains seems to be dependent on the ligand. A mutant integrin αLβ2 lacking
the I domain does not recognize its ligands, whereas the I domain in αMβ2 is essential for
binding to fibrinogen but not to other ligands, including Factor X and iC3b (307, 624). The
binding of αMβ2 to Factor X and iC3b can be blocked by monoclonal antibodies to the β-
propeller domain in α chain, indicating that multiple ligand binding sites are present in αMβ2
(624). The MIDAS motif and the exposed side chains in the surrounding surface in the I
domain likely form major ligand contact sites (262). The first crystal structure of a complex
ever between an integrin and a ligand, i.e. between the I domain of subunit α2 and a collagen
peptide (GFOGER), further demonstrated a central role of the MIDAS motif in ligand binding
(154). Comparison of the crystal structures of the unligated and collagen bound α2 I domain
showed that changes in metal coordination are linked to conformational changes that result in
formation of a collagen binding surface (154).

The mechanism of ligand binding of those integrins that do not contain the I domain in
their α chain is less clear. Nevertheless, the ligand-binding pocket seems to be formed by both
subunits. The MIDAS motif on the top face of the putative I domain of β subunit, as well as
putative loops on the upper side of the β-propeller of α chain, have been suggested to mediate
ligand binding (244, 324, 379, 448). Although the ligand specificity is mostly determined by α
chains (136, 219), β chains contribute also (553). A recent report by Mould et. al showed that
ligand specificity for α5β1 is determined by the second and the third N-terminal repeat in the
α chain (379).

MODULATION OF INTEGRIN LIGAND BINDING

Integrins are conformationally regulated proteins, existing in different conformational states
(inactive, active and ligand occupied) (98, 626). The activation status of an integrin is largely
dependent on cellular background. For example, T-cell β1 integrins bind their ligands only
upon T-cell activation whereas in other cells ligand binding activity is constitutive (520). The
activation state of different integrins is often regulated differently by the same stimuli. This is
best exemplified by transendothelial migration of leukocytes into sites of inflammation, during
which the affinity of β1 and β2 integrins is a dynamically regulated. For example, during the
cytokine CC induced transendothelial chemotaxis of monocytes, the avidity of α4β1 for
VCAM-1 was transiently up-regulated at the initial stage of migration whereas the avidity
increase of α5β1 for fibronectin occurred at later stage and was prolonged (444, 602). Since
these integrins share the same β subunit the α chains are most likely responsible for the
different outcome. Activation of platelet integrin αIIbβ3 has also been subject to extensive
investigation due to its critical role in blood clotting. The glycoprotein Ib-IX (GPIb-IX)-
mediated adhesion to von Willebrand factor at site of blood vessel injury activates the αIIbβ3



22

integrin via pathways where elevation of cytosolic Ca2+ levels is important. Studies on CHO
cells expressing both receptors (GPIb-IX and αIIbβ3) have shown that the binding of a
signaling molecule called 14-3-3, to GPIb-IX may have an important role in activation of
integrin αIIbβ3 (194). The activation state of platelet integrin α2β1 was found to be dependent
on the concentration of the stimuli. For example, low concentrations of ADP (an agonist to a
G-protein coupled receptor) converted the non-active form of the α2β1 to an activated form
able to bind soluble collagen, most likely as a result of a small increase of [Ca2+]i. The collagen
binding affinity could be further increased by high concentrations of ADP. This step involved
the activation of several signaling pathways (PKC, PI3K, tyrosine kinase) (260).

The mechanism for integrin activation is not known. Several models have been suggested
(17, 439, 589, 615). The transition of conformational changes from the cytoplasmic part to the
extracellular ligand-binding sites in the integrin molecule is believed to contribute the activation
of integrins in response to cellular signals. The altered conformation of the cytoplasmic
domain could be triggered by interaction with intracellular proteins or by enzymatic
modification (e.g. phosphorylation). This topic will be discussed further below.

The conserved sequences in the transmembrane/cytoplasmic domains of α and β
subunits appear to have a central role in the control of integrin affinity-state. Deletion of the
KXGFFKR motif in the α subunit or the KLLXXXHDR in the β subunit leads to constitutive
activation of the receptor (241, 409, 410). Based on data obtained from the mutational
analysis of the arginine in the KXGFFKR motif and aspartate in the KLLXXXHDR sequence
it was suggested that the interactions mediated by these amino acids lock integrins in a low
affinity conformation (240). Further support to this view comes from work by Haas and Plow
who have shown that the cytoplasmic domains of αIIb and β3 form a ternary complex
together with cations (199). Molecular modeling data indicated that the KLLVTI region in β3
(a.a. 716-721) is very labile. The KVGFFKR sequence in αIIb is positioned in parallel with
this region and the interaction between these two sequences may be critical for maintaining a
low affinity state (199). Regulation of the release of such a constraint can be part of integrin
affinity modulation and/or outside-in signaling. Studies on the αIIb cytoplasmic domain using
the NMR technique and monoclonal antibody mapping have provided experimental evidence
that the spatial position of the cytoplasmic tails of αIIbβ3 changes upon ligand binding (306,
589).

Phosphorylation of integrin cytoplasmic tails

The cytoplasmic tails of integrin β subunits contain several potential phosphorylation sites,
(Fig. 3) and phosphorylation of β subunits, as well as of some α subunits, has indeed been
demonstrated (56, 79, 426). Calcylin A, a serine/threonine phosphatase inhibitor, decreases
platelet adhesion and aggregation (310). Phosphoamino acid analysis of the cytoplasmic tail of
β3 revealed that threonine 753 was phosphorylated after calcylin A treatment (310). A recent
study has shown that kinases PDK1 and Akt (whose activity in platelets is stimulated by
calcylin A) phosphorylated threonine 753 in the β3 tail and the presence of phosphorylated
threonine inhibited the binding of Shc to tyrosyl phosphorylated β3 peptide (279). It is not
clear if phosphorylation of threonine 753 affected the ligand binding ability of the receptor. A
cluster of three threonines in β2 and two threonines in β1 are important for regulation of
integrin adhesivness (217, 434, 612), which in the case of β1 was found to be due to effects on
the extracellular conformation (612). In β2, phosphorylation of these threonines can be
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detected in the presence of ocadaic acid (579). It is apparent that phosphorylation of integrin
cytoplasmic domains occurs and that this can potentially regulate integrin function. Further
studies are awaited to clarify the exact impact of phosphorylation/dephosphorylation of
integrin cytoplasmic tails on integrin activation.

Lateral associations

In addition to the regulation of activation states by inside-out signaling, lateral associations
with other cell surface molecules can also modulate ligand binding properties of a given
integrin. Integrin-associated protein (IAP) or CD47 is a transmembrane glycoprotein
consisting of an IgV-like amino terminal extracellular domain, a domain containing multiple
membrane spanning segments and a short cytoplasmic tail. IAP is required for αvβ3 integrin
binding to vitronectin (326). Furthermore, IAP is a receptor for thrombospondin (174,173)
and binding of IAP to thrombospondin stimulates αvβ3 integrin-mediated cell spreading on
vitronectin (173). IAP associates also with α2β1 integrin (596) and stimulates α2β1-mediated
migration via Gi-mediated inhibition of ERK activity and suppression of cAMP levels (597).

GPI-linked uPAR was shown to form a complex with β1-integrins and to alter its ligand
binding ability. This association was promoted by caveolin (607), but it is also dependent on
the direct binding of uPAR to the β-propeller domain of α-subunits (528).

Integrin-mediated assembly of focal adhesions and stress fibers has, in some cell types,
been shown to require syndecan-4 as co-receptor (146, 336, 491). However, cells derived from
syndecan-4 -/- mice form focal adhesions and stress fibers (254). This unexpected finding may
indicate that other syndecans can compensate for the lack of syndecan-4. A considerable body
of data shows that cross talk between integrins and syndecans occurs (452).

Tissue transglutaminase has been shown to form a complex with several β1 and β3
integrins and act as a co-receptor for fibronectin (5).

Some integrins form complexes with several members of the transmembrane-4
superfamily proteins (TM4SF) or tetraspanins (46, 48, 510, 550). Integrin α3β1 has been
shown to associate tightly with tetraspanin CD151 (632, 634) and this association is required
for neutrophil motility on fibronectin in response to fMLP (632) and contributes to the α3β1-
dependent neurite outgrowth (47). CD151 was also shown to associate with integrin α6β4 and
play a role in formation of hemidesmosomes (543).

Co-operation between integrins and growth factor receptors is important for cell growth
and migration and a firm connection between growth factor receptors and integrins has been
demonstrated (197, 198, 372, 546). Some integrins have been shown to associate directly with
growth factor receptors. Integrin αvβ3 can be coprecipitated with activated PDGFRβ,
VEGFR-2, and the insulin receptor and potentiate the biological activity of these receptors
(60, 504, 534, 617).

Several reports have demonstrated cross talk between different integrins (55, 57, 243,
444, 529). For example, it has been shown that engagement of αLβ2 decreases α4β1-mediated
binding of T cells to fibronectin (444). The αvβ3 integrin has been shown to down-regulate
α5β1-mediated migration of K562 cells by suppressing Ca2+- and calmodulin-dependent
kinase (CaMKII) (57, 529).
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Affinity modulation by cytoplasmic proteins

Since cytoplasmic domains of an integrin most likely regulate the ligand binding by specific
protein interactions, an intensive search has been made to find such proteins. This has led to
identification of a number of proteins that interact with integrins (Table 2). The implication of
the majority of the listed proteins in integrin activity regulation is not clear. Nevertheless,
some of these proteins (e.g. cytohesin-1) have clearly stated their role in regulation of integrin
affinity whereas others seem to be required for integrin outside-in signaling.

Many of these proteins are structural and bind to several integrin subunits. Binding of
most cytoskeletal proteins to integrin cytoplasmic tails takes place after ligand binding and
these interactions can contribute to integrin ligand binding by stabilizing an active
conformation or by promoting increased avidity through the cooperative effect of clustered
integrins.

Talin

The cytoskeletal protein talin can bind to cytoplasmic tails of several integrin β subunits (234,
288, 438, 489). Talin is a homodimer, with each subunit consisting of an N-terminal head
domain and a C-terminal rod domain. Talin seems to have two integrin binding sites, one in the
head domain and one in the C-terminal rod domain (82, 234). Overexpression of the talin head
domain activates integrin αIIbβ3 in CHO cells (82). The mechanism of this activation is not
clear but the isolated fragment may break interactions between the β3 tail and intact talin that
possibly retain integrins in inactive state, or alternatively, the binding of talin head domain
may alter integrin affinity or avidity (82). The membrane proximal region of the β3
cytoplasmic tail has been shown to interact with the N-terminal head domain of talin (430) but
the binding of talin to the β tails also requires intact NPXY motifs (82, 261, 438). Talin
binding to integrins is required but not sufficient to recruit integrins to focal adhesions (261,
588). Constitutive binding of integrin αLβ2 to actin filament system via talin in resting
leukocytes was disrupted upon cell activation by proteolytic cleavage of talin, and
reattachment of actin filaments to β2 was mediated by α-actinin (489). Ca2+-dependent
activation of calpain, an intracellular protease that can cleave talin, increases the ligand binding
avidity of the αLβ2 integrin by releasing it from cytoskeletal constraint that prevents receptor
clustering (544). In agreement with this conclusion, deletion of cytoplasmic tails of integrin
αLβ2 that obliterate association with cytoskeleton resulted in increased ligand binding avidity
to ICAM-1. However, in this case, post-ligand binding events dependent on cytoskeletal
interactions were also severely impaired (583). On the other hand, deletions of the
cytoplasmic tail from other integrins generally result in loss of adhesion (217, 409). It is not
yet clear if the above-described observations on β2-integrins in leukocytes are valid for other
cells and/or integrins. It should be noted that reorganization of the actin cytoskeleton in
lymphocytes is not only required for integrin activation but also for lymphocyte activation in
general (reviewed in 432).

Nevertheless, changes in the organization of actin cytoskeleton as well as the nature of
the proteins that link integrin cytoplasmic tails to cytoskeleton can apparently modulate
integrin affinity, and the physiological outcome of these interactions is dependent on the given
integrin. Calpain has been suggested to cleave several focal adhesion proteins in addition to
talin (e.g. paxillin and FAK) and even integrin cytoplasmic tails (87, 145, 362, 437, 506).
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Table 2. Proteins interacting with the integrin cytoplasmic tails

Binding
protein

Cytoplas-
mic tail
bound

Size
kDa

Comments Ref.

β3-
endonexin

β3 13 Overexpression increases affinity of the αIIbβ3,
binds via NITY motif in β3

512

JAB1 β2 38 Transcriptional co-activator of AP-1, localizes to
nucleus and enhances AP-1 promoter
transcription after integrin αLβ2 cross-linking

51

α-actinin β1, β2,
β3

100 Cytoskeletal actin binding protein, homodimer 421
422

Calreticulin α tails 42
52/6

2

Could stabilize te high affinity state of an integrin
by binding to the KXGFFKR motif in ( tails

311

PI3K (p85) Tyr-P
β1

85 Tyrosine phosphorylated β1 cytoplasmic peptide
binds to the SH2 domain of the p85 in vitro

258

CIB αIIb 22 Ca2+ binding protein, function in integrin signaling
is not known

388

Cytohesin-1 β2 47 Overexpression induces activation of αLβ2 289
FAK β1, β2,

β3
125 Protein tyrosine kinase localized at focal

adhesions, implicated in cell migration and
survival

500

Filamin β1A,
β1D, β7

280 Cytoskeletal protein, part of cortical actin
network, homodimer

337
438

ICAP-1α β1A 20/2
7/31

Cell adhesion via β1 modulates phosphorylation
state of ICAP-1, binds via NPKY motif in β1

95

ILK β1, β2,
β3

59 Overexpression of ILK induces anchorage
independent growth

208

IRS-1 αvβ3 185 Associates with the αvβ3 (and not with the αvβ5
or β1 integrins) in insulin stimulated cells

593

Melusin β1 38 A cytosolic protein expressed in differentiated
myotubes

66

MIBP β1A, β1D 19 A cytosolic protein expressed in striated muscle
tissue, downregulated during muscle
differentiation

321

Mss4 α3 14 Possible GEF for Rab3, binds to the KXGFFKR
motif in the α3 tail, function in integrin signaling
is not known

616

Paxillin α4 68 Interaction with paxillin results in decreased cell
spreading and increased migration via integrin
α4β1

335
559

Paxillin β1 68 Paxillin binds to a synthetic peptide derived from
the β1 subunit

500
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Table 2. Continued

Rack1 β1, β2,
β5

α4, αv

36 WD repeat protein; interaction with integrins in
vivo requires phorbol ester stimulation of cells

323
643

Shc Tyr-P
β4

46/52
/66

An adapter protein that links integrins to the
MAPK cascade

348

Shc Tyr-P
β3

46/52
/66

An adapter protein that links integrins to the
MAPK cascade

116

BP180 β4 180 A transmembrane component of
hemidesmosomes

496

Plectin β4 >500 Stabilizes hemidesmosomes by bridging β4 to the
IF network

466

Skelemin β1, β3 210 Myosin and IF-associated protein, binds to a
membrane proximal region of β3

456

Talin β1A
β1D, β2,

β3, β7

235 Cytoskeletal actin binding protein, localizes at
focal adhesions

288
438
489

Nischarin α5
(αv,α2)

Overexpression of nischarin inhibits cell migration
on FN; nischarin is not localized at focal
adhesions

7

PAK4 β5 68 Phosphorylates β5 in vitro. Overexpression of
PAK4 induces αvβ5-dependent cell migration on
vitronectin

640

PICK1 β6 45 PICK1 is a PKCα binding protein 538

TAP20 β5 20 Overexpression of TAP20 reduces cell adhesion
and increases cell migration via integrin αvβ5

560

WAIT-1 β7 (α4
and αE)

49 Binds to a membrane proximal region in β7; a
mouse homologue EED is a transcriptional
regulator of homeobox genes

471

Abbreviations: BP180, bullous pemphigioid 180 antigen; CIB, calcium and integrin binding
protein; FAK- focal adhesion kinase; GEF, guanine nucleotide exchange factor; ICAP-1, integrin
cytoplasmic domain-associated protein-1; IF, intermediate filament; ILK, integrin linked kinase;
IRS-1, insulin receptor substrate-1; MIBP, muscle integrin binding protein; PAK, (p21- activated
kinase; Rack-1, receptor for activated C-kinase; TAP20, theta-associated protein; Tyr-P,
phospho-tyrosine; WAIT-1, WD protein associating with integrin cytoplasmic tails-1

There is an increasing body of evidence that the proteolytic activity of calpain is
involved in integrin activation and post-ligand binding events. Calpain activity is important for
platelet function and αIIbβ3 integrin-mediated platelet spreading (118, 638). In fibroblasts,
calpain has been shown to be involved in regulation of focal contacts and organization of the
actin cytoskeleton (248).

A number of regulatory enzymes implicated in integrin signaling (kinases/phosphatases)
are cleaved by calpain (109, 474). Cleavage of protein kinase C (PKC) by calpain generates a
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constitutively active form which does not require diacyl glycerol for activity (442, 443).
Calpain activity can also regulate PIP levels by inactivating phosphatidylinositol
phosphatases and activating phosphatidylinositol kinases (405, 641).

Calreticulin

The intracellular calcium-binding protein calreticulin localizes in the ER lumen where it
performs two major functions: chaperoning for glycoproteins and regulation of Ca2+

homeostasis (reviewed in 214, 365). In addition to these well-characterized functions,
calreticulin is implicated in regulation of cell adhesion, although it has not been detected in the
cytosol. Other observations suggest that calreticulin might regulate cell-substrate contacts
indirectly via modulating the expression of vinculin (157). The first indication that calreticulin
could be involved in cell adhesion came from affinity chromatography experiments where
calreticulin bound specifically to the synthetic peptide KXGFF(K/R)R, corresponding to the
conserved motif in α subunits, in a Ca2+-dependent manner (311). Further studies have shown
that the association between integrins and calreticulin occurs in cells shortly after integrin
ligand binding (110, 111). Furthermore, calreticulin-deficient embryonic stem cells were found
to be defective in cell adhesion and also in adhesion-mediated Ca2+ influx, which could
contribute to the impaired adhesion of these cells (112). Stimulation of calreticulin-deficient
cells with lysophospatidic acid restored their ability to bind to fibronectin, possibly through a
transient increase in cytosolic Ca2+ concentration (112). Studies on the E63 skeletal muscle
cells have shown that an initial intracellular Ca2+ release was a prerequisite for the integrin
α7β1 induced Ca2+ influx, and that calreticulin mediated the coupling between these processes
(295). Integrin α7β1, a cell surface form of calreticulin, and Ca2+ channel DHPR α1 were found
to form a complex on the cell surface (295). Ectocalreticulin has also been reported to
cooperate with the α6β1 integrin in triggering of cell spreading on laminin (652), possibly due
its lectin-binding properties (614). All of these studies indicate a role of calreticulin in integrin
mediated cell adhesion, but the mechanism by which calreticulin regulates integrin function
remains abstruse.

CIB

Calcium- and integrin binding protein (CIB) was found to interact specifically with the
cytoplasmic tail of αIIb (388). It is homologous to the Ca2+-binding proteins calcineurin B (a
regulatory subunit of phospho-protein phosphatase 2B) and calmodulin, and has also Ca2+

binding capacities. Indeed, the interaction between CIB and the cytoplasmic tail of αIIb was
found to be Ca2+-dependent. Furthermore, binding of CIB to integrin αIIbβ3 was not only
dependent on integrin activation and ligand occupancy but also on platelet aggregation (521).
When CIB was discovered it was suggested that CIB might have a role in inside-out signaling.
However, the finding that association of CIB to the αIIbβ3 integrin does not activate the
receptor indicates that it is not involved in inside-out signaling (578). The exact role of CIB in
αIIbβ3-mediated processes is not known but it has been suggested that CIB might regulate
signaling molecules associated with cytoskeleton (521). Interestingly, similar to CIB,
localization of tyrosine phosphorylated β3 in the detergent-insoluble cytoskeletal fraction did
not occur after ligand occupancy of αIIbβ3 unless platelet aggregation was allowed (257).
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ICAP-1α

Interaction between integrin cytoplasmic domain-associated protein (ICAP-1α) and the
cytoplasmic domain of β1 is highly specific and requires the NPXY motif in the C-terminus of
the β1 subunit (95). ICAP-1 binds only to integrin β1A and not to β1B or β1D subunits (563).
The major binding site in the β1A tail was actually mapped to the KSAVTTVV sequence
between the NPXY motifs (563). ICAP-1α is a widely expressed serine-rich protein, and has
no obvious protein domains implicated in cell signaling (95, 643). ICAP-1α becomes
phosphorylated after cell adhesion to fibronectin and may be required for β1-dependent cell
migration (95, 643). It has been shown that CaMKII can phosphorylate threonine 38 in
ICAP-1α that in turn results in decreased cell spreading (64). In this context, it is interesting
that the activation of CaMKII was needed for α5β1-mediated migration and phagocytosis
(57). Constitutively active CaMKII down-regulates adhesive properties of α5β1 (65). It is
conceivable that phosphorylation of ICAP-1α by CaMKII contributes to the fluctuations in
integrin affinity during cell migration. Interestingly, phosphorylation of ICAP-1α diminished
in the presence of active RhoA (94).

Cytohesin-1

Cytohesin-1 is a cytosolic protein belonging to a family of guanine-nucleotide exchange
factors (GEFs) for Arf (ADP ribosylation factor) GTPases. It consist of an N-terminal coiled-
coil domain, a central Sec7 (sec-7 homology) and a C-terminal PH (pleckstrin-homology)
domain. Cytohesin-1 binds specifically to the β2 cytoplasmic tail, and the binding appears to
be dependent on the WKA (723-725) sequence in β2 (180, 289). Interestingly, this region has
been shown to be buried in the plasma membrane in the absence of interacting proteins (paper
III) (17). Overexpression of cytohesin-1 induces αLβ2 integrin dependent adhesion and has no
effect on the affinity of β1 integrins (289). Ligand binding of αLβ2 is regulated directly by
PI3K activity, through intermediate membrane recruitment of cytohesin-1 via its PH domain
(226, 387). The ability of cytohesin-1 to activate β2 integrins is dependent on its GEF activity
and direct binding to β2 subunit (180). The downstream ARF target of cytohesin-1 has not
been identified yet. Although Arfs (reviewed in 377) have been mainly implicated in the
regulation of intracellular vesicle transport they have also been shown to participate in actin
remodeling. It is interesting that ARNO, related to cytohesin-1, induces cortical actin
rearrangements by an as yet unidentified mechanism via its downstream effector Arf6 (170).
Since the actin filament system modulates activity of β2 integrins, it is conceivable that
cytohesin-1-induced integrin activation involves changes in the actin cytoskeleton
implemented by a target Arf.

β3-endonexin

β3-endonexin, like many other proteins interacting with integrin cytoplasmic tails, was
found by a yeast two-hybrid screening system. Its interaction with the integrin β3
cytoplasmic tail is dependent on an intact tertiary structure of β3 cytoplasmic tail (512) and
on the cytoplasmic NITY motif (150). Overexpression of β3-endonexin activates the αIIbβ3
integrin in CHO cells, indicating that it is involved in affinity regulation of β3 integrins (264).
β3-endonexin occurs as a short (111 a.a.) and a long (170 a.a.) form. Only the short isoform of
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β3-endonexin binds to the β3 tail (512). β3-endonexin was shown to associate with cyclin A-
Cdk2 via the N-terminal RXL sequence and to inhibit its activity (415). However, further
studies are needed to understand the functional importance of this finding.

TAP20

TAP20 (theta-associated protein) shares a significant homology with human β3-endonexin at
the amino acid level but TAP20 associates only with the cytoplasmic tail of integrin β5
subunit. Overexpression of TAP20 in endothelial cells was found to down-regulate the αvβ5-
mediated cell adhesion whereas the migratory properties of the αvβ5 integrin were up-
regulated (560). TAP-20 was found by the mRNA display method as a protein whose
expression was dependent on the presence of active PKCθ (560). It has been shown
previously that VEGF-induced angiogenesis dependent on αvβ5 could be mediated by PKCθ
(561).

Ras family GTPases

Small GTPases of the Ras superfamily are important regulators of cell growth and death
(reviewed in 465, 519). Ras proteins have not been found to directly associate with integrins
but they can modulate integrin affinity by mechanisms that are currently unknown. They
function as molecular switches in intracellular signaling. In the GDP-bound form they are
turned off, and in the GTP-bound form they are switched on. The switch between these two
forms is controlled by the action of guanine-nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs).

The Ras family of the Ras superfamily consists of at least 14 members (reviewed in
465). Ras proteins can either suppress or promote integrin activation. Ha-Ras was shown to
inhibit integrin αIIbβ3 activation in CHO cells and this suppression activity correlated with
the activation of the MAPK pathway (242). Dominant negative mutants of Ha-Ras and the
downstream effector Raf-1 enhanced hematopoetic cell adhesion via the α4β1 and α5β1
integrins to fibronectin (518). In an apparent contradiction to these results, expression of a
constitutively active Ha-Ras has been shown to activate the α5β1 integrin in mast cells and the
αLβ2 integrin in T-cells in a PI3K-dependent manner (266, 276). Overexpression of
constitutively active R-Ras and Rap1 reportedly activates integrins (266, 645). However,
activated R-Ras stimulated cell adhesion on collagen but inhibited it on fibronectin, indicating
that different integrins are subjects of different regulation (273). Stimulation of CD31 in T-
cells propagates signals via Rap1 that induce cell adhesion through β1 integrins by stabilizing
the active conformation of β1 integrins (458). Involvement of Rap1 in cell adhesion is further
demonstrated by a study on SPA-1, a specific GAP for Rap1. Conditional overexpression of
SPA-1 in adherent HeLa cells resulted in the inhibition of Rap1 activity and detachment from
the matrix (571). In another study, the elevated Rap1 activity, in response to cell adhesion to
fibronectin, was accompanied by decreased Ras activity (445). Findings that Rap1 can bind to
Ras effectors but not activate them led to the conclusion that Rap1 antagonizes the Ras
signaling by trapping Ras effectors (465). The molecular mechanism of R-Ras action is not
known but it antagonizes the Raf-initiated integrin suppression pathway and seems to involve
PEA-15, a small death effector domain containing protein (454, 511). Another study
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demonstrated that R-Ras possesses a proline-rich motif that can bind the adapter protein Nck
and this interaction was required for R-Ras-induced integrin activation (595).

A tight bi-directional connection between the members of the Rho subfamily of Ras
proteins and integrins has been established and this will be discussed in more detail below.

INTEGRINS AND RHO FAMILY GTPases

The Rho family GTPases are important regulators of the actin cytoskeleton (reviewed in 203).
In addition to this they have been implicated in multiple cellular processes such as cell cycle
control, transcriptional regulation and induction of apoptosis (347, 419, 505). At present more
than 13 Rho GTPases are known in mammalian cells (reviewed in 24). The most studied
members of this family, with respect to integrins, are RhoA, Rac and Cdc42. The Rho
GTPases, like Ras GTPases, cycle between an active and an inactive state, the process being
controlled by GEFs and GAPs. In addition, the cycling between the two nucleotide-bound
states is accompanied by the cycling between the plasma membrane and cytosol (reviewed in
494). There are indications that the plasma membrane might contain receptors for GTP-bound
Rho proteins (181). ERM (erzin, radixin, moesin) proteins have been shown to dissociate
RhoGTPases from RhoGDI (GDP dissociation inhibitor) by direct binding to RhoGDI
(reviewed in 350). The importance of the controlled regulation of Rho GTPases is illustrated
by the fact that several Rho GTPase GEFs are oncogenes. Normal cells require anchorage to
the extracellular matrix and signals from growth factors in order to proliferate. In tumor cells,
signals from integrins and growth factors are constantly turned on even in the absence of
growth factors and cell adhesion. Integrin-mediated adhesion leads to an activation of
phosphatidyl-inositol 4-phosphate 5-kinase and accumulation of PI(4,5)P2. This effect is
mediated by RhoA. Oncogenic variants of RhoA GEFs (Dbl and Lbc) were found to induce
production of PI(4,5)P2 in suspended cells indicating that they transform cells by constitutive
activation of an adhesion-dependent pathway (508). Loss of the tumor-suppressor protein
hamartin is responsible for the development of benign tumors, namely hamartomas. Hamartin
was shown to be involved in regulation of cell adhesion and stress fiber formation via RhoA in
an ERM protein dependent manner (298).

Regulation of Rho family proteins

The mechanisms by which integrins and other plasma membrane receptors regulate activity of
Rho GTPases are not fully elucidated. The obvious targets are GEFs and GAPs that regulate
the activity of Rho GTPases. In order to become activated, Rho GTPases must be
translocated to the plasma membrane. Thus, it is conceivable that integrins might also generate
signals leading to a dissociation of Rho GTPases from GDI in the cytosol. Indeed, Rac
translocates to the plasma membrane after integrin-mediated adhesion and this is needed for
subsequent PAK activation (131). It is interesting that in vitro Rac bound only to cell
membranes prepared from adherent cells and not to those from suspended cells (131).
However, not all GDIs are cytosolic, GDIγ and GDI-3 are membrane bound (2, 639).
Activation of GEFs requires tyrosine phosphorylation events (507). Indeed, in hematopoetic
cells, Rac1 GEF Vav1 is phosphorylated and thereby activated by the tyrosine kinase Syk.
Syk is activated by integrin clustering independently of actin cytoskeleton (175). GEFs
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contain a pleckstrin homology domain (PH) and these domains are important for membrane
localization by interacting with phosphatidyl inositol lipids. Integrins have been shown to
induce PIK activity that leads to accumulation of PIPs (224, 360).

By inhibiting or promoting GAP activity integrins could control the amount of GTP-
bound Rho GTPases and therefore their signaling. The ligation of β1 (α6β1) in adherent
melanoma cells stimulates tyrosine phosporylation of p190RhoGAP. Tyrosine phosphorylated
p190RhoGAP localizes at membrane protrusions and is needed for matrix degradation (389).
P190RhoGAP has been shown to be phosphorylated and thereby activated in a Src kinase-
dependent manner after integrin engagement (22). Graf (GTPase regulator associated with
FAK) stimulates GTPase activity of RhoA and Rac. It is interesting that Graf associates in an
SH3 domain-dependent manner with the C-terminal domain of FAK (222). The functional
importance of this association is not known. Loss of Graf function due to the deletion or
mutations of the gene has been shown to be linked to the development of leukemias (61).
Since the Rho activity is needed for cell cycle progression (419) elevated levels of Rho-GTP
might contribute to tumor development.

Functions of RhoA

Integrin signaling and association with actin cytoskeleton are formation of stress fibers and
focal adhesions by bifurcating pathways (398). The Rho-dependent stress fiber assembly can
take place in the absence of integrin-matrix interactions and without formation of focal
adhesions (162, 235, 398). On the other hand, formation of focal adhesions also requires
integrin-mediated adhesion (36, 235). However, it should be pointed out that distribution of
individual proteins to focal adhesions may be regulated in different ways. For example,
constitutively active ARF1 induced paxillin recruitment to focal adhesions when Rho activity
was suppressed (404). RhoA induces the formation of actin stress fibers and focal adhesions
by stimulating actomyosin-based contractility via Rho kinase (103, 398) (Fig. 6). In addition,
activation of the ubiquitously expressed Na-H exchanger NHE1 by Rho kinase has been
shown to be important for focal adhesion assembly and integrin-mediated cell spreading.
Interestingly, NHE1 activity is required for integrin-mediated tyrosine phosphorylation of
FAK (568). The activity of the Na-H exchanger NHE3, which is expressed primarily in
epithelial cells, is also regulated by RhoA and Rho kinase (549). However, the pertinence of
this Na-H exchanger to integrin function has not been assessed.

Contractility in smooth muscle (and non-muscle cells) is under the control of two
independent mechanisms, one involves the RhoA activity and accumulation of
phosphorylated myosin light chain (MLC), the other way involves caldesmon (Fig. 6).
Binding of caldesmon to myosin blocks myosin ATPase activity necessary for actin-myosin
based contraction (reviewed in 239). Overexpression of nonmuscle caldesmon in fibroblasts
interferes in a Ca2+-sensitive manner with RhoA induced contractility. When the effect of
caldesmon is blocked by a rising the Ca2+ level the stress fibers appear again, albeit with
caldesmon is still associated (215). Besides the calcium-sensitivity, not much is known about
the regulation of caldesmon. Caldesmon can be phosphorylated by kinases like PAK, MAPK
(101, 169). Dominant-negative PAK increases stress fibers but decreases MLC
phosphorylation (278).
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Figure 6. RhoA mediated stressfiber and focal adhesion assembly. Activation of RhoA involves dissociation from the GDI in the cytoplasm and action
of GEF. Activation of RhoA GEFs requires tyrosine kinase activity. RhoA-GTP binds and activates several serine/threonine kinases that in turn inactivate
myosin phosphatase (MPP) by phosphorylation. Increased myosin light chain (MLC) phosphorylation promotes myosin filament assembly and actin-activated
myosin ATPase activity. Binding of PI(4,5)P2 to focal adhesion proteins such as vinculin causes a conformational change in the molecule such that actin and
talin binding sites are exposed. Activation of Rho results also in tyrosine phosphorylation of FAK, paxillin and p130CAS (not shown in the figure) in the
absence of cell adhesion.
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The assembly of fibronectin matrix is a multi-step process initiated by the binding of
fibronectin to the integrins. α5β1 integrin is the main receptor for fibronectin matrix
assembly, while integrin αvβ3 can support matrix assembly but not as efficiently as α5β1
(613). It has become clear that the increased cell contractility and tension emanating from
RhoA activity contributes to the assembly of fibronectin matrix. Tension exerted by cells
exposes cryptic self-assembly sites within the fibronectin molecule and therefore promotes
matrix assembly (650).

Functions of Cdc42 and Rac1

Cytoskeletal changes induced by Rac (membrane ruffling, lamellipodia) and Cdc42
(filopodia) are associated with integrin-based adhesion complexes (398), but Rac-induced
membrane ruffling, accompanied by rapid actin polymerization, can also occur in response to
other stimuli independently of integrin-mediated adhesion (346). Integrins might be required
for membrane ruffle stabilization and/or spatial regulation (346). Quite a number of
downstream targets for Cdc42 and Rac1 are identified (Fig. 7) (reviewed in 23, 24, 53).

WASP-family (Wiskott-Aldrich syndrome protein) proteins (WASP, N-WASP,
WAVE) have shown to mediate morphological changes of cells caused by active Cdc42 and
Rac (366, 367). WASP family proteins are regulators of the Arp2/3 complex (reviewed in
453) which in turn regulates actin polymerization by generating nucleation sites for rapid
elongation and branching of actin filaments (reviewed in 220, 608).

Binding of Rac and Cdc42 to another family of effector proteins, p21-activated kinase
(PAK), is needed for Rac induced lamellipodia formation (Fig. 7). PAK also has to associate
with PIX (PAK-interacting guanine nucleotide exchange factor) for this effect (411). GTP-
bound Rac1 or Cdc42 activates PAK1, which subsequently phosphorylates and thereby
activates LIM-kinase (147). LIM-kinase inactivates the F-actin depolymerizing activity of
cofilin by phosphorylating an N-terminal serine residue on cofilin (628). Integrin-mediated
directional cell motility promoted by constitutively active Rac and Cdc42 (274) is mediated
via PAK1 (509). In directed cell movement membrane protrusions at the leading edge of
lamellipodia have to get firmly attached via focal complexes in order to provide an anchorage
point for contractile forces to pull off the rear end of the cell. PAK activity at the leading
edge, which increases actin polymerization (via LIM kinase), could help to stabilize the
leading edge (147). During the cell migration integrin activity has to fluctuate. Studies on
living cells revealed that in stationary cell focal adhesions are highly motile whereas in the
motile cells focal adhesions are stationary (532). This indicates that when cells start to migrate
the integrin affinity to the matrix is regulated. Since increased integrin ligand-binding affinity
decreases the migration rate (247), it is likely that focal contacts are dissolved at the rear end
by down-regulating integrin activity. However, this has not yet been directly shown. It should
be noted that in tissues cell migration/invasion is accompanied by matrix degradation, and
several integrins have been shown to anchor protease activity at invapodia (382).

The Cdc42 specific downstream effectors ACK-1 and ACK-2 (activated Cdc42-
associated tyrosine kinase) have shown to be activated after cell adhesion as well as by EGF
treatment, but the physiological significance of their activation is not well understood yet
(151, 629, 630). ACK-2 has been shown to constitutively associate with β1 integrins and
become activated after integrin-mediated adhesion in a Cdc42 dependent-manner (630). The
activation of ACK-2 as well as Cdc42 occurs also in cells plated on poly-lysine indicating that 
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integrin-mediated adhesion is not a prerequisite for this event. Interestingly, clustering of
melanoma chondroitin sulfate proteoglycan in melanoma cells activates ACK-1 and promotes
melanoma cell spreading via α4β1. Downregulation of ACK-1 by an antisense construct
abolished cell spreading (151). Since proteoglycans are prime candidates for binding to poly-
lysine, these observations may indicate that proteoglycans in combination with integrins
activate ACKs.

During the initial phase of cell spreading, which is accompanied by appearance of
filopodia and extensive membrane ruffling, Cdc42 and Rac1 are activated (105), (120, 446)
whereas RhoA activity remains low (461). Formation of stress fibers and focal adhesions
takes place at later times corresponding to the period of high RhoA activity. Growth factor-
induced RhoA activity in suspended cells is down-regulated by integrin ligation, indicating that
during the initial phase of cell spreading on extracellular matrix the RhoA activity is kept low
by specific signals (461). Down-regulation of RhoA activity after integrin engagement was
shown to be Src kinase dependent (22). It is not known how, but Rac1 activity itself
antagonizes RhoA effects, and dwindles stress fibers and focal adhesions (397, 490). In
addition, integrins could activate the Rnd (“round”) GTPases (Rnd1, Rnd2, Rnd3/RhoE) that
also antagonize effects of RhoA (399).

The Cat proteins (Cat 1, Cat 2) (Cool-associated, tyrosine-phosphorylated) regulate the
association between Cool (cloned out of library) and PAK (30). Cool, PIX (PAK-interacting
guanine nucleotide exchange factor) and p85SPR (85 kDa SH3 domain-containing proline-rich
protein) all are same proteins found by different groups (31, 352, 413). (The present cell
biology nomenclature is in desperate need for order. The field is waiting for a modern Carl von
Linné who would organize the current, almost frantic, protein jargon). From here on I will use
the name PIX because it at least tells something about the function of the protein even though
it does not sound so “cool”. The Cat proteins are homologues to PKL (paxillin-kinase linker),
a paxillin binding protein that mediates association between paxillin and the PAK/PIX
complex (see further below) (576). Interestingly, the Cat proteins become tyrosine
phosphorylated upon cell adhesion and also during the exit of cells from mitosis (30), which
could possibly be a regulatory event in the assembly and/or activation of the
PIX/PAK/PKL/paxillin complex.

It is known that inhibition of microtubule polymerization inhibits cell spreading and
membrane ruffling (50, 192). Microtubule depolymerization induces formation of stress fibers
and focal adhesions via RhoA whereas microtubule growth activates Rac1 and promotes
membrane ruffling (330, 600). Targeting of microtubules to focal adhesions correlates with
instability of focal adhesions (267). Microtubules could therefore regulate cell motility and
polarity by modulating interactions between actin fibers and cellular proteins (267).
Interestingly, paxillin has been shown to colocalize with γ-tubulin at the cell microtubule
organizing center in T-cells (216). Paxillin might bring the ends of microtubuli to cortical actin
(216). However, how all these events are linked to integrin signaling remains elusive.

INTEGRINS AND CELLULAR SIGNALING PATHWAYS

Integrins activate common signaling pathways, which include activation of protein tyrosine
kinases, serine/threonine kinases, elevation of levels of intracellular ions and
phosphoinositides. These pathways are partially overlapping with pathways activated by
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receptor tyrosine kinases such as growth factors receptors and G-protein coupled receptors. It
has been known for some time that in order for a normal cell to proliferate it needs signals both
from matrix and growth factors, whereas efficacy of these signals is synergistic. Cross-talk
between integrins, growth factor receptors, G-protein coupled receptors, ephrin receptors,
cadherins etc. leads to a response that is largely dependent on cell type (19, 133, 249, 364,
523). In the context of a whole cell and, even more importantly, in the context of an organism
it is crucial that signals received and transmitted by cells are coordinately regulated. The
section below deals mostly with signals sent by integrins.

Focal adhesion kinase

Focal adhesion kinase (FAK) plays a central role in integrin-mediated signaling linking
integrins to a number of intercellular signaling pathways that lead to the reorganization of actin
cytoskeleton, induction of survival signals and cell migration (Fig. 8). Studies on FAK -/- cells
have shown that FAK activity is not needed for integrin activation and formation of focal
contacts but is needed for focal adhesion turnover and cell migration (253).

Structure

FAK is a widely expressed 125 kDa cytosolic tyrosine kinase colocalizing with integrins at
focal adhesions. FAK was originally identified as a protein with high phosphotyrosine content
in v-Src transformed cells (196, 263, 497). In addition to integrin-mediated activation FAK can
be activated by other receptor systems such as receptor tyrosine kinases and G protein
coupled receptors (475). FAK consists of a central catalytic domain and flanking regions.
Unlike many other tyrosine kinases, FAK is devoid of SH2 or SH3 domains, but it contains
phospho-tyrosines and proline-rich regions, which can bind to SH2 and SH3 domains. The
major autophosphorylation site in FAK, tyrosine 397 (Y397), serves as a binding site for the
SH2- domains of Src, Grb7, phospholipase C-γ-1 and PI3K (29, 97, 206, 499, 642). The
adapter protein Grb2 binds to phosphorylated Y925 in FAK. Proline-rich regions in FAK
mediate association with CAS, Src family kinases and Graf (GTPase regulator associated with
FAK) (222, 441, 565). The N-terminal region of FAK has been shown to bind to integrin β
subunits (β1, β3, β5) and the C-terminal region to paxillin and talin. The N-terminal domain
also contains a so-called FAT sequence (focal adhesion targeting) required for FAK
localization at focal contacts, and a domain with homology to band 4.1 (185). This region of
FAK was shown to interact directly with EGF receptor and this association was required for
EGF-stimulated cell motility (525). Thus, FAK seems to act as a unique scaffold molecule
with kinase activity, which can recruit several signaling molecules into close proximity of
integrins (Fig. 8). Although most integrins activate FAK in response to adhesion, activation of
FAK does not seem to be critical for outside-in signaling of β2 integrins (210).

FAK related proteins

Several other kinases such as Pyk2 and FRNK have been described as sharing certain
characteristics with FAK. FRNK (FAK-related non-kinase) consists only of the C-terminal
domain of FAK thus lacks the catalytic domain (469). FRNK expression is directed by an
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alternative intronic promoter residing between the exons encoding the catalytic domain and the
C-terminal domain of FAK (401). Pyk2 (proline-rich t yrosine kinase), also named as CAKβ,
RAFTK, CADTK, FAK2, is very homologous to FAK, sharing 60% amino acid sequence
identity in the catalytic domain (28, 493). Pyk2, like FAK, contains proline-rich sequences
capable of mediating interactions with SH3 domains and a putative focal adhesion-targeting
domain. The major autophosphorylation site is also conserved between FAK and Pyk2. Pyk2
is activated by a wide variety of agents such as hormones, chemokines, growth factors and
also by integrin ligation (25, 137, 148, 476, 562). In contrast to FAK, Pyk2 is a Ca2+-
dependent kinase (reviewed in 27). It has previously been shown that G protein-coupled
receptor (GPCR) signaling to MAP kinase is dependent on cell adhesion, intact focal contacts
and the actin filament system, and PKC activity (133, 522, 523). Recent data indicate that
Pyk2 is linking these two systems. In response to the GPCR agonist histamine, Pyk2
localizes to focal adhesions in a PKC-dependent manner. The translocation of Pyk2 to focal
adhesions is required for histamine-evoked ERK activation (329). Pyk2 activates MAP kinase
in a Src kinase-dependent manner via adapter proteins Shc and Grb2 (54).

Pyk2 expression is mainly restricted to the central nervous system and blood cells
(reviewed in 27). Despite the similarity to FAK, Pyk2 activities are regulated differently and
it does not seem to be a critical mediator of matrix signals (reviewed in 27). Pyk2 can
compensate for only some of the adhesion-induced signals mediated by FAK, e.g. activation of
ERK2 via Shc/Grb2 complex, but this was not sufficient to overcome the FAK-/- cell
migration defects (527).

The FAK/Src complex

Integrin clustering, either by ECM proteins or with antibodies, induces tyrosine
phosphorylation of FAK (207, 497). The first step in FAK activation is autophosphorylation
of the Y397 (149). The importance of the phosphorylation of Y397 for FAK function is
confirmed by mutational studies where the mutation of tyrosine to phenylalanine in FAK
disrupts activation of several integrin-mediated signaling pathways. Autophosphorylation of
the Y397 in FAK creates a binding site for the SH2 domain of Src tyrosine kinases. Binding of
Src kinases to FAK results in further tyrosine phosphorylation of FAK (tyrosines 407, 576,
577, 861, 925) (501). The phosphorylation of tyrosines 576 and 577 positively regulates
FAK catalytic activity. In addition to the SH2 domain-mediated binding, Src family tyrosine
kinases bind to FAK via their SH3 domain (565). Both the Src SH2- and SH3-binding sites of
FAK are required for maximal induction of tyrosine phosphorylation of downstream targets
by FAK/Src (565). Tyrosine 397 can be phosphorylated also by other unidentified kinases as
shown by Sieg et al. (525). Kinase-inactive FAK expressed in FAK-deficient cells is trans-
phosphorylated at Y397 after EGF treatment (525). Interestingly, although FAK is heavily
tyrosine phosphorylated in v-Src transformed cells it was shown that v-Src does not induce
phosphorylation of Y397 (359). The FAK/Src complex phosphorylates a number of FAK-
associated proteins, including paxillin, CAS, tensin (Fig. 8). Studies on cells derived from Src-/-
, FAK -/-, Csk-/-, and Src/Fyn/Yes-/- mice indicate that tyrosine phosphorylation of these
proteins is largely dependent on Src kinase activity whereas FAK acts as a docking protein by
activating and recruiting Src family kinases to their substrates (58, 253, 287, 498, 502, 591).
The docking function for SH2 domain proteins is dependent on Src family kinases since
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tyrosine phosphorylation of FAK in cells lacking Src, Fyn, and Yes is severely impaired
(287). The impact of paxillin and CAS on integrin-mediated signaling will be discussed later.

FAK activation

The mechanism by which integrins activate FAK is presently not understood. The activation
of FAK is dependent on cytoplasmic tails of integrin β subunits (6). Although synthetic
peptides derived from the membrane proximal part of the cytoplasmic tails of integrin β1
subunit bind to FAK in vitro (500) it is unlikely that direct binding of FAK to integrin β tails
is sufficient for FAK activation. Mutagenesis studies on the cytoplasmic tails of β subunits
have shown that deletion of the last 13 a.a. from the β1 tail abrogates FAK activation and this
site does not overlap with the FAK binding site mapped in the in vitro studies (317).
Moreover, mutation of the membrane proximal region in the β3 tail (DRKE to ARKA and
FAKF to AAEA) reduces formation of focal adhesions without affecting activation of FAK
(343). In contrast to this, activation of FAK was impaired in a β1 mutant which lacked a part
of the membrane proximal region (MIIHDR) (325). In some cell types constitutive association
between FAK and β1 integrin subunit has been reported but activation of FAK takes place
only when integrins are clustered on a solid support, e.g. when cells are plated on ECM or
integrin antibodies (124). It has been suggested that FAK could be linked to integrins via talin.
The talin binding sites in β tails partially overlap with the sites required for FAK activation
(82, 261). It is known that activation of FAK is dependent on intact cytoskeleton;
cytochalasin D treatment disrupts FAK activation, which could be due to impaired integrin
clustering. FAK mutants that fail to target to focal adhesions are defective in inducing tyrosine
phosphorylation of downstream substrates (515). The FAT sequence largely overlaps with
the paxillin-binding site in FAK. It is likely that binding to paxillin contributes to FAK
localization to focal adhesion, although probably not during the very early stages of focal
adhesion formation (370, 371).

Recent studies have shown that replacement of the two NPXY sequences with NPXF in
the β1 tail abrogates FAK activation (paper II) (611). The NPXY motifs could serve as
acceptor sites for PTB domains of an unknown FAK-regulating protein. The PTB domain can
recognize sequences NPXpY but phosphorylation of the tyrosine is not always required
(163).

Integrin-mediated FAK activation has been shown to involve activity of Rho GTPases.
The early phosphorylation of FAK after integrin ligation was shown to be Rho GTPase-
independent whereas the later phase required Rho activity (412).

Some studies have shown that inhibition of PKC activity inhibits also activation of
FAK, thus placing PKC upstream of FAK (138, 201, 618).

Cell survival

Normal epithelial and endothelial cells require integrin-mediated adhesion for survival;
detachment of cells from the matrix induces a form of apoptosis known as “anoikis” (171,
172). FAK activity is required for protecting cells from anoikis and expression of
constitutively active FAK in epithelial cells prevents anoikis (172). Both Y397 and kinase
activity of FAK were required to suppress anoikis (172). In addition to this, the necessity of
FAK for cell survival has been demonstrated in a number of other systems using injection of
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anti-FAK antibodies (245) and expression of dominant-negative FAK (252). During
apoptosis, FAK has been shown to be proteolytically cleaved by caspases that results in
disassembly of focal adhesions and detachment of cells (119, 312, 609). In renal epithelial
cells, loss of focal adhesions and dephosphorylation of FAK preceded caspase-mediated
cleavage of FAK during cell apoptosis (581). However, the mechanisms by which integrins
and FAK prevent cells from apoptosis are not entirely clear. Several studies have shown that
these pathways can differ between different integrins and different cell types (171, 252, 357,
537, 644). Adhesion-induced tyrosine phosphorylation of FAK promoted cell survival of
mammary epithelial cells and human glioblastoma cell line by activating the PI3K-Akt survival
pathway (184, 537), whereas in primary fibroblasts cell survival was dependent on activation
of the JNK pathway (10). Integrin α5β1-mediated adhesion has been shown to up-regulate
expression of Bcl-2, a protein that promotes cell survival, in CHO cells (644). In another
study it was demonstrated that cell adhesion on fibronectin (via α5β1), but not on collagen
(via α2β1), resulted in PI3K-dependent activation of Akt/PKB which protected cells from
apoptosis evoked by different cytotoxic stimuli (303). Integrin-mediated cell survival of
mammary epithelial cells is regulated via FAK by controlling the subcellular localization of an
apoptosis promoter protein Bax (184). It should be noted that individual integrins have
different capacities to protect cells from apoptosis (644). Some integrins (e.g. α6β4) can
promote cell apoptosis (106).

Migration

The involvement of FAK in integrin-mediated migration is firmly established. FAK knockout
cells display reduced migration (253). Re-expression of wt FAK in FAK -/- cells restores the
ability of these cells to migrate on ECM (423, 526). FAK-induced cell migration is utterly
dependent on the autophosphorylation site Y397 in FAK and its association with Src family
kinases (88, 287, 423, 467, 526). It has been shown that CAS association with FAK is
required for FAK-promoted cell migration (see below) (89). A FAK mutant selectively unable
to bind PI3K cannot promote CHO cell migration on fibronectin showing that binding solely
to Src and CAS is not sufficient for migration (460). Furthermore, overexpression of Grb7,
which also binds phosphorylated Y397 in FAK promotes NIH 3T3 cell migration (206). The
biochemical pathway downstream of Grb7 is not known yet. Even though a role for Grb2 in
FAK-regulated migration has been ruled out (89) it is worth mentioning that Grb2 promotes
actin assembly by enhancing the interaction between N-WASP and Arp2/3 complex (86).
Recently, FAK was shown to be required also for growth factor-stimulated cell migration by
acting as a molecular bridge between integrins and growth factor receptors (525).

Activity regulation

How is FAK activity regulated? In order to become active FAK must localize to focal
contacts. How this is achieved is still not completely clear (see above). Observations that
FAK requires intact actin stress-fibers for its activity and that FAK can be activated by
constitutively active RhoA points strongly to the involvement of actin filament system in the
regulation of FAK activity (78, 105, 470).

Since FAK activity is critically dependent on the phosphorylated tyrosines in the
molecule it is likely that FAK activity can be down-regulated by phosphatase activity. PTEN
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Figure 8. Intracellular signaling pathways activated by a generic integrin.

(phosphatase and tensin homologue deleted on chromosome ten) functions as a dual
specificity phosphatase acting both on proteins and lipids (reviewed in 569, 586). PTEN
dephosphorylates PI(3,4,5)P3, a product of PI3K, at the 3 position in the inositol ring.
Phosphoinositide phospholipids are ligands for PH domains. Such associations recruit PH
domain-containing proteins, such as Akt, to the plasma membrane which is important for their
activation (569, 586). It has been shown that PTEN, by negatively regulating FAK activity as
well as dephosphorylating PIP3, down-regulates the matrix-dependent PI3K/Akt cell survival
pathway (558). Loss of PTEN advances G1 cell-cycle progression by down-regulating p27KIP1

and promotes growth factor and adhesion-dependent cell survival by up-regulating PI3K/Akt
pathway (545).

In order for cells to move, the focal adhesions have to be dissolved and rebuilt again.
Accumulating evidence suggests that the tyrosine phosphatase SHP-2 has a role in regulating
cell adhesion and migration. Fibroblasts lacking a functional SHP-2 are impaired in their ability
to spread and migrate on fibronectin (637). A report by Yu et al. demonstrated that SHP-2
mutant cells show elevated FAK phosphorylation in suspension. They suggested that
impaired regulation of FAK phosphorylation causes these observed defects (637). On the
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other hand, a report by Oh et al. showed that SHP-2 -/- cells are defective in induction of
tyrosine phosphorylation of FAK and other focal adhesion proteins, e.g. CAS and paxillin
(412). SHP-2 has been demonstrated to be involved in growth factor-induced cell migration
(349, 449). IGF-1-induced FAK dephosphorylation is impaired in SHP-2 -/- cells and these
cells show reduced migration on vitronectin in response to insulin (349). Cells that express
mutant forms of PDGFR-β that are defective in SHP-2 binding cannot induce FAK activity
and do not migrate towards PDGF (449). In another study it was demonstrated that cell
adhesion to fibronectin enhances SHP-2 recruitment to wt PDGFR-β. This positively
correlated with PDGF stimulated ERK activation because SHP-2 dephosphorylated tyrosine
in PDGFR-β that is a binding site for RasGAP (134). These data demonstrate again a tight
interconnection between growth factor receptor and integrin signaling.

During mitosis cells round up from matrix in order to divide. This is accompanied with
dissociation of the FAK/Src/CAS complex (625). Mitosis-specific serine/threonine
phosphorylation of FAK was found to disrupt the binding between FAK and CAS. During
the mitosis FAK, CAS and paxillin were not only highly serine/threonine phosphorylated but
also tyrosine dephosphorylated (625). The identities of the kinases and phosphatases
responsible for such alterations in the phosphorylation states of these proteins are currently
not known.

It was recently shown that Pyk2 kinase activity is negatively regulated by a protein
called FIP200. Pyk2 activation, in response to several stimuli, correlated with the dissociation
of Pyk2/FIP200 complex (577). Interestingly, FIP200 could also associate with FAK and
inhibit its kinase activity in vitro (577). Whether FIP200 could regulate FAK activity in vivo
and how is this connected to integrin-mediated signaling remains to be investigated. One way
to regulate FAK activity is via FRNK. Overexpression of FRNK in chicken embryo cells
interferes with endogenous FAK function, possibly by competing for a common binding
partner(s) necessary for FAK signaling (468). The fact that FRNK expression is
developmentally regulated in tissue specific manners indicates that FRNK might play a role
regulating FAK activity during morphogenesis (401).

Crk-associated substrate and Crk

CAS (Crk-associated substrate) has an important role in integrin-mediated cell spreading and
migration (89). CAS was identified as a highly tyrosine phosphorylated 130 kDa protein in v-
Src- and v-Crk-transformed cells (484). The Cas family consists of at least three members:
CAS, HEF1/CAS-L, and Efs/Sin (embryonal Fyn substrate/Src-interacting). These structurally
very similar proteins have different expression patterns. CAS is widely expressed whereas
CAS-L and Efs show more restricted tissue distribution. The fact that CAS-/- embryos die in
utero possibly due to the defects in development of cardiovascular system shows that other
CAS family members can not fully compensate for CAS (233). CAS proteins contain multiple
interaction domains: an N-terminal SH3 domain, proline-rich regions, a substrate domain, a
serine-rich region and a C-terminal domain that mediates homo- and heterodimerization (407,
484). CAS possesses several potential SH2 domain-binding sites, 15 in the substrate domain
and one at the C-terminus.
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CAS interacting proteins

CAS has been shown to bind many cellular proteins. Although CAS becomes heavily tyrosine
phosphorylated upon various stimuli most of the interactions occur via the SH3 domain and
the proline rich-regions in CAS. The SH3 domain of CAS can bind to FAK, PTP-1B, PTP-
PEST, C3G, CMS (178, 211, 280, 281, 331, 248). The proline-rich regions of CAS have been
shown to mediate interactions with Src-family kinases and PI3K (319, 390, 484). Proteins that
have been shown to bind CAS via the phospho-tyrosines in vivo are Crk proteins, Grb2, and
Src (77, 202, 390, 407, 591). In addition, SH2 domains of the p85 subunit of PI3 kinase, PLC
γ, and Nck have shown to bind CAS from cell lysates prepared from adherent cells (591). CAS
associates with the tyrosine phosphatase SHP2 in myoeloma cells after integrin ligation but
the nature of this interaction is not known (351). It could be dependent on phosphotyrosines
on CAS, similarly to the association between SHP2 and CAS-L (368). The serine-rich region
of CAS interacts with the 14-3-3ζ protein in a phosphoserine-dependent manner (176). The
interaction between CAS and 14-3-3ζ is regulated by cell adhesion. These two proteins
colocalize at membrane ruffles in spreading cells and in the cytosol in stationary spread cells
(176).

During the last two years, several groups have identified new adapter proteins that
associate with CAS and could potentially connect CAS to several cellular signaling pathways.
One interesting class of adapter proteins (with no common name as yet) that bind to CAS is
composed of an SH2 domain, a proline-rich region and a GEF domain. (80, 340, 486). The
NSP (novel SH2-containing protein) proteins were found by searching EST databases for
sequences that share homology with SH2-containing adapter proteins (340). Three adapter
proteins (NSP1, 2, 3) from human fetal kidney library were cloned and further characterized.
Insulin or EGF treatment and cell attachment to fibronectin induced tyrosine phosphorylation
of NSP1, and NSP1 was found to associate with CAS in vivo. Overexpression of NSP1 in 293
cells was shown to result in an increased JNK kinase activity (340). NSP1 is also known as
BCAR3, a protein that gives resistance to cytotoxic agent tamoxifen (580). Approximately at
the same time a sequence of the mouse protein AND-34 was published (80) which turned out
to be the orthologue to human NSP2. AND-34 associates with several tyrosine
phosphorylated proteins, one of which is CAS, and cell attachment to fibronectin induces
tyrosine phosphorylation of AND-34. Recently a mouse orthologue to human NSP3, Chat
(CAS/HEF1-associated signal transducer) was shown to associate with CAS via the C-
terminus of both proteins (486). Chat becomes serine/threonine phosphorylated upon growth
factor treatment and this phosphorylation was abolished by a MEK inhibitor. Overexpression
of Chat induced elevated JNK activity. Chat and CAS colocalized in the cytoplasm in COS-7
cells and upon growth factor treatment they became localized at membrane ruffles (486). A
recent publication about AND-34 reveals some very interesting aspects of the functions of
these new adapter proteins. AND-34 was shown to display GEF activity towards RalA and
to a lesser extent towards Rap1A and R-Ras (190). Association between CAS and AND-34
occurs via the C-terminus of both proteins, similarly to that between Chat and CAS.
Furthermore, overexpression of CAS blocks the ability of AND-34 to increase levels of Ral-
GTP (190). The importance of the association between CAS proteins and the NSF/Chat
family members in integrin-mediated signaling remains to be explored.

The adapter molecule CMS, which consists of three SH3 domains, a proline-rich region
and a coiled-coil domain (CC), associates with CAS via its proline-rich region and colocalizes
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with CAS at membrane ruffles (281). Overexpression of CMS in COS-7 cells induces
membrane ruffling and vesicle formation. The SH3 domains of CMS are most related to those
in various myosins, PIX and POSH, and interact in vitro with Src family kinases and PI3
kinase. CMS also contains several putative actin binding sites (281). Again, the functional role
of CMS is yet not known but it could mediate assembly of signaling complexes that link CAS
to actin cytoskeleton.

The C-terminal tail of CAS was found to interact with the adapter protein nephrocystin
(141). Nephrocystin is an SH3 domain-containing protein whose absence correlates with a
cystic kidney disease (223).

Regulation of CAS

The regulation of CAS tyrosine phosphorylation is interesting. The generally accepted view is
that integrin-induced tyrosine phosphorylation of CAS is predominantly evoked by FAK.
Accordingly, FAK would phosphorylate the C-terminal tyrosine that would then be
recognized by the SH2 domain of Src kinase (551). Binding of Src to CAS could then augment
further CAS phosphorylation. However, CAS is tyrosine phosphorylated in FAK-/- cells,
Fyn-/- and Abl-/- cells but not in Src-/- cells. Enhanced tyrosine phosphorylation of CAS
occurs in Csk-/- cells (205, 591). These data indicate the importance of Src in CAS tyrosine
phosphorylation. CAS is also differently tyrosine and serine phosphorylated in v-Crk and v-
Src cells (63). CAS/14-3-3ζ complex can be observed only in lysates prepared from v-Crk
transformed cells but not from v-Src transformed cells (176). v-Crk, when overexpressed in
NIH 3T3 cells, coimmunoprecipitates with protein tyrosine kinase activity that
phosphorylates CAS (394). FAK was not detected in these immunoprecipitates. Several lines
of evidence suggests that CAS can be tyrosine phosphorylated in response to integrin-
mediated cell adhesion in both FAK-dependent and -independent ways (paper II, paper IV)
(611). A mutant of β1 integrin that is unable to activate FAK still induces tyrosine
phosphorylation of CAS (paper II) (611). Interestingly, CAS from these cell lysates did not
bind the SH2 domain of CrkII efficiently in vitro indicating that CrkII binding sites are
phosphorylated by the FAK/Src complex (paper II) (611). Another integrin mutant that
induces FAK tyrosine phosphorylation shows reduced tyrosine phosphorylation of CAS but
not reduced association with CrkII (paper IV). In addition to these data several other reports
indicate that CAS can be phosphorylated independently of FAK. Overexpression of the non-
receptor tyrosine kinase Fes in the macrophage cell line BAC1.2F5 resulted in tyrosine
phosphorylation of CAS (259). On the other hand, overexpression of Fer kinase, closely
related to Fes kinase, in Rat-2 fibroblasts resulted in hypophosphorylation of CAS and
subsequent cell detachment of cells. In this latter study the phosphorylation status of FAK
was not affected (479). Fer kinase has been shown to mediate cross-talk between cadherins
and β1 integrins, and accumulation of the Fer kinase in the integrin complex inhibits β1-integrin
function (19). Clustering of a melanoma chondroitin sulfate proteoglycan (MCSP) was shown
to induce melanoma cell spreading via α4β1, accompanied with activation of ACK-1 and
tyrosine phosphorylation of CAS. Downregulation of ACK-1 by an antisense construct
abolished tyrosine phosphorylation of CAS upon MCSP clustering, indicating that CAS may
be a downstream target of ACK-1 (151). Adenovirus entry via αvβ5 integrins induces tyrosine
phosphorylation of CAS in SW480 cells (319). Interestingly, adenovirus internalization
induces CAS phosphorylation also in the FAK-/- fibroblasts. In platelets, tyrosine
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phosphorylation of CAS occurs before FAK activation and seems to be dependent on
phosphoinositide turnover (414). In this context it is notable that PI3K activity has been
shown to be necessary for growth factor-induced tyrosine phosphorylation of CAS (90, 416),
and that Ret kinase mediated tyrosine phosphorylation of CAS is sensitive to PI3K inhibitors
(385). Whether integrin-induced CAS phosphorylation requires PI3K activity is not known.

Several phosphatases have been shown to dephosphorylate CAS (75, 178, 331, 610).
CAS has been demonstrated by many studies to be a target of PTP-PEST (114, 177-179).
Overexpression of PTP-PEST in Rat1 cells reduced CAS phosphorylation in response to
adhesion to fibronectin and reduced cell migration (179). PTP-PEST -/- fibroblasts also show
reduced migratory properties but in this case CAS was hyperphosphorylated (14). These data
show that CAS has to be continuously phosphorylated and dephosphorylated during cell
movement and that PTP-PEST is involved in this process. In addition to PTP-PEST, several
other phosphatases, such as PTPα, PTP1B, LAR have shown to dephosphorylate CAS (75,
331, 332, 610). An interesting possibility is that different PTPs may dephosphorylate
different phosphotyrosines in CAS, which may regulate separate signaling complexes formed
on CAS. It is also possible that some of these phosphatases do not dephosphorylate CAS
directly but instead regulate the activity of kinases phosphorylating CAS. Association of
PTP1B with CAS has been shown to be important for inhibiting transformation of rat 3Y1
fibroblasts by v-Crk and v-Src. Overexpression of PTP1B reduces formation of CAS/Crk
complex (332). On the other hand, loss of PTP1B activity down-regulates Src activity (20).

Tyrosine phosphorylated CAS localizes at focal contacts and at membrane ruffles (407,
440). In v-Crk transformed cells hyperphosphorylated CAS is predominantly localized at the
cytoskeletal fraction (394). It should be noted that localization of CAS-L varies during the cell
cycle. It gets cleaved and the N-terminal fragment migrates to the mitotic spindle (300). The
SH3 domain of CAS is required for its localization to focal adhesions (211). It is therefore
suggested that CAS is recruited to focal adhesions via FAK. It would be interesting to examine
whether intracellular localization of CAS proteins is at least partially regulated via Arfs
similarly to paxillin (look further below).

CAS-/- cells show reduced cell spreading and migration on fibronectin (232). CAS-/-
fibroblasts showed focal adhesions, indicating that CAS is not required for focal adhesion
formation. CAS-/- primary fibroblasts show thin irregularly assembled actin filaments at the
cell periphery whereas thick, long actin fibers traversing the cells are missing (233).

The CAS/Crk complex

Integrin-mediated cell adhesion or integrin clustering induces tyrosine phosphorylation of CAS
(400, 594) and its subsequent interaction with the adapter protein CrkII (591). The CrkII/CAS
complex has been implicated in integrin-mediated cell migration (286). In addition to this, the
CAS/Crk complex has been shown to be partially required for protecting cells from apoptosis
in a three-dimensional collagen matrix (102) (Fig. 8).

The Crk family has three members (CrkI, CrkII, CrkL) each of which consisting entirely
of SH2 and SH3 domains (reviewed in 160, 284). CrkI and CrkII are similar, generated by
alternative splicing. The C-terminus of CrkII has an extra SH3 domain and a tyrosine (Tyr
221) located between two SH3 domains that is an important autoregulatory site. CrkL plays a
more prominent role in hematopoetic cells than in other cell types. The phosphorylated
tyrosine 221 is recognized by the SH2 domain of CrkII itself. This intramolecular interaction
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inhibits CrkII binding to other proteins and therefore inhibits CrkII function. Regulated
phosphorylation/dephosphorylation of CrkII has been shown to be important for integrin-
mediated cell adhesion and migration. Mutation of tyrosine 221 in avian CrkII to
phenylalanine inhibits PC12 cell adhesion to collagen IV and NGF-induced neurite outgrowth.
CrkIIY221F was found to constitutively associate with paxillin at the perinuclear region (155).
A phosphatase that dephosphorylates tyrosine 221 in CrkII has not been identified. The N-
terminal SH3 domain of Crk can bind the GTPase regulators C3G, DOCK180, ASAP1 and
tyrosine kinases of the Abl-family (73, 159, 283, 355). The SH2 domain of Crk binds paxillin
and CAS (484). Thus, recruitment of Crk coupled to GEFs can link integrins to signaling
pathways that regulate actin reorganization and cell migration, and lead to the activation of the
JNK cascade.

The CAS/Crk complex localizes to membrane ruffles in migratory cells. CAS/Crk
induced COS cell migration on vitronectin was found to be blocked by a dominant negative
Rac (286). In another report it was shown that Rac activation alone in the absence of the
CAS/Crk complex is not sufficient to induce COS cell migration (102). This indicates that an
unknown downstream effector(s) of the CAS/Crk complex is needed for cell migration in
addition to Rac.

The N-terminal SH3 domain of Crk is indispensable for CAS/Crk-induced cell migration
(286). Overexpression of DOCK180 that binds to the SH3 domain of Crk up-regulates signals
from CAS/Crk complex (283) and later it was shown that DOCK180 activates Rac1 (282)
(Fig. 8). An understanding of the mechanism by which DOCK180 activates Rac1 is still
lacking. Since DOCK180 does not possess the Dbl-homology domain and binds only to
guanine nucleotide free Rac1, it has been suggested that DOCK180 may promote Rac activity
by stabilizing the nucleotide free intermediate of Rac during the guanine exchange reaction
catalyzed by GEFs (282). The CrkII/DOCK180/Rac1 pathway is evolutionarily conserved,
existing in C. elegans and Drosophila and is required for morphogenetic processes during
embryogenesis (402, 455). Surprisingly, expression of v-Crk in PC12 cells induces activation
of Rho kinase and not PAK (12).

The Crk/CAS complex seems also to mediate integrin-induced activation of the JNK
pathway (140). One way to activate JNK from CAS/Crk is via Rac, and another way could be
via C3G (Fig. 8). The substrate activity of the guanine nucleotide exchange factor C3G is
directed against Rap1 and R-Ras. In NIH 3T3 cells activation of JNK pathway by the v-
Crk/C3G complex was mediated via R-Ras and not via Rap (373). On the other hand,
expression of v-Crk in chicken embryo fibroblasts did not induce JNK activation but instead
induced activation of the PI3K/Akt pathway (3).

Paxillin and zyxin

Paxillin, like FAK and CAS was first identified as a protein with increased tyrosine
phosphorylation in v-Src transformed chicken embryo fibroblasts (187). Paxillin is an
important scaffold molecule that locates several kinase activities in close proximity to integrins
at focal adhesions. Paxillin is a member of a protein family that includes Hic-5 and leupaxin
(575). Human paxillin has been shown to exists in three isoforms (α, β, γ) resulting from
differential splicing (356). The α isoform is the most common. Paxillin isoforms exhibit
different binding properties toward cellular proteins and have different expression patterns
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(356). Leupaxin is expressed in hematopoetic cells that do not express FAK and can associate
with Pyk2 (328). Hic-5 is very similar to paxillin at the amino acid level and it also localizes to
focal contacts (200, 567). Furthermore, Hic-5 associates with the proteins FAK, vinculin, Src
family members, and Csk, as does paxillin (except for Crk) (567). It has been observed that
expression levels of Hic-5 correlate with cell senescence (567).

Tyrosine phosphorylation of paxillin

Paxillin becomes tyrosine phosphorylated upon integrin-mediated adhesion to extracellular
matrix and tyrosine phosphorylated paxillin preferentially locates to focal adhesions (91).
However, in v-Crk transformed NIH 3T3 cells most of the phosphorylated paxillin did not
localize in the cytoskeletal fraction (394). Tyrosine phosphorylation of paxillin occurs
concomitantly with activation of FAK. FAK activation is not essential for paxillin tyrosine
phosphorylation, but it does promote this process (205, 564). It has been suggested that
paxillin binding to FAK could be a mechanism bringing paxillin in close vicinity to Src family
tyrosine kinases that would implement paxillin tyrosine phosphorylation (467). This model is
supported by the observations that expression of FRNK inhibits cell spreading and paxillin
tyrosine phosphorylation, and these effects can be overcome by expression of Src or kinase-
inactive FAK (467). In addition to FAK and Src, paxillin has been shown to be a substrate for
the non-receptor tyrosine kinases Abl and Csk (488, 555). Integrin-mediated cell adhesion to
fibronectin has been shown to induce transient localization to focal contacts and activation of
Abl (314), and paxillin has been shown to co-precipitate with Abl in response to cell adhesion
and to be phosphorylated by Abl in in vitro assay (316). It has been suggested that tyrosine
phosphorylation of paxillin by Src is a critical step in mediating focal adhesion assembly
(467). However, overexpression of Csk in astrocytes, a negative regulator of Src activity,
abrogates cell attachment and spreading on ECM while tyrosine phosphorylation of paxillin is
not affected (555). As discussed later, reduced Src activity might affect intracellular trafficking
of paxillin and thereby inhibit focal adhesion formation even though paxillin is tyrosine
phosphorylated by Csk.

In addition to connecting integrins to kinase cascades that regulate organization of actin
filament system, paxillin could potentially link integrins to the JNK cascade. FAK-mediated
activation of JNK kinase pathway was shown to be dependent on paxillin localization to the
plasma membrane (251). Furthermore, recruitment of paxillin alone to the plasma membrane
was sufficient to induce JNK but not ERK activation (251).

The LIM domains of paxillin

Paxillin can be tentatively divided into two parts, the C-terminus and the N-terminus. The C-
terminus consists of four LIM (Lin-11, Isl-1, Mec-3) domains. The LIM domains are
cysteine/histidine-rich double zinc fingers that are found in transcription factors and in several
actin filament-associated proteins such as zyxin, CRP-1 (cysteine-rich protein), LPP (LIM-
containing lipoma-preferred partner). LIM domains 2 and 3 in paxillin determine its
localization at focal contacts (72). Localization to focal contacts was shown to be partially
dependent on serine and threonine phosphorylation of these LIM domains. Furthermore, this
was also required for efficient cell adhesion to fibronectin (72). The serine/threonine kinase(s)
that phosphorylate(s) these residues is not known, but there are indications that paxillin can
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be phosphorylated by ERK2 (292). Paxillin becomes serine/threonine phosphorylated in
response to cell adhesion (45, 128) and is heavily serine/threonine phosphorylated in mitotic
cells (324).

PTP-PEST was found to be in a complex with FAK and the formation of this complex
was mediated by paxillin (516). Later studies have revealed that the association between
paxillin and PTP-PEST is mediated via the LIM-domains 3 and 4 in paxillin and a proline-rich
sequence in PTP-PEST (115, 516). Overexpression of PTP-PEST in Rat1 cells was reported
not to cause reduction in paxillin phosphotyrosine content (179). On the other hand, a recent
report by Chen et al. demonstrates that PTP-PEST dephosphorylates paxillin in vivo and this
requires association between these two proteins (514). This result is supported by the fact
that paxillin is constitutively hyperphosphorylated in PTP-PEST -/- fibroblasts, as are FAK
and CAS (14).

The LD motifs of paxillin

Binding of paxillin to vinculin, talin, Csk, FAK, Pyk2, Src family kinases, PKL is mediated via
the N-terminal domain of paxillin which contains five leucine-rich LD motifs (LDXLLXXL)
and a proline-rich sequence (221, 322, 420, 487, 576).

The association between paxillin and kinases FAK and Pyk2 seems to be constitutive
and does not require protein phosphorylation (376, (420). Paxillin has two binding sites for
FAK and Pyk2 (71) with LD domains 2 and 3 being the principal determinants for binding
(564). The LD motif 4 of paxillin associates with the Arf GAP protein PKL (576). PKL has
binding sites also for PIX, Nck and PAK. The binding of paxillin to the complex
PKL/PIX/PAK could locate the PAK actin reorganization activity at focal adhesions (see
above) (Fig. 8). Microinjection of GST-LD4 into NIH3T3 cells decreases cell migration into a
wound in in vitro assays.

The cytoplasmic tail of integrin β1 subunit has been shown in vitro to interact with
paxillin but the binding site in paxillin has not been mapped (500). Unexpectedly, the
cytoplasmic tail of integrin α4 subunit was shown to associate specifically with paxillin (334,
335). The α4β1 integrin has an important role in several physiological processes, e.g. in
immune response (21, 231); it increases cell migration and reverses focal adhesion formation.
The cytoplasmic tail of integrin α4 subunit is indispensable for these functions. The
interaction between paxillin and α4 was shown to increase the rate of activation of FAK,
which in turn leads to increased cell migration and thus explains some of these specific features
of integrin α4 tail. The paxillin binding motif in α4 is conserved in all species tested so far
(334).

Cellular localization of paxillin

Tyrosine phosphorylation of tyrosines 118 and 31 in paxillin creates binding sites for the
adapter protein CrkII, and this association was shown to be required for migration of Nara
Bladder Tumor II cells on collagen but not for adhesion or spreading (436). In contrast, in
another study overexpression of paxillin inhibited cell hapotactic migration on collagen,
vitronectin and fibronectin (631). Overexpression of paxillin in which four N-terminal
phosphorylation sites, including 118 and 31, were mutated neither inhibited nor promoted cell
migration (631). Paxillin phosphorylated on tyrosines 31 and 118 has been shown to
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specifically localize at focal adhesions and at the cell periphery (391). This demonstrates that
tyrosine phosphorylation of paxillin can regulate localization of paxillin in the cell.

Work in recent years has revealed that the recruitment of paxillin to focal adhesions is
dependent on the activity of ADP-ribosylation factors, Arfs. Arf proteins are small GTPases
that regulate membrane traffic by controlling vesicle coat assembly and disassembly (reviewed
in 142). The Arf family of proteins can be divided into three classes. Class I proteins (Arf1, 2,
3) regulate mostly vesicle trafficking in the ER-Golgi and endosomal compartments. The class
III protein, Arf6, has been implicated in regulation of the endosomal-plasma membrane system
and the actin filament system. Arfs, like Ras family proteins, are regulated by GEFs and
GAPs.

Initial studies showed that recruitment of paxillin from the Golgi compartment to focal
adhesions in serum-starved Swiss 3T3 fibroblasts required the activity of Arf1 (404).
Recently, a protein named PAG3 (paxillin-associated protein with Arf GTPase-activating
protein activity, number 3) was shown to associate with paxillin (290). Expression of PAG3
was up-regulated concomitantly with appearance of the invasive phenotype during monocyte
maturation. PAG3 overexpression inhibits paxillin recruitment to focal contacts and cell
migration. PAG3 could mediate its effects via regulating the activity of Arf6. The fact that
PAG3 colocalized with paxillin in the cytoplasm but not in the focal adhesions in COS-7 cells
indicates that this association is regulated. The phosphotyrosine content of PAG3 was
elevated during monocyte maturation and so was binding to paxillin. The question of whether
phosphorylation regulates association between these two proteins was not addressed. Src has
been shown to bind and phosphorylate ASAP1, a PI(4,5)P2-dependent Arf GAP (73). By
phosphorylating GAPs, Src might down-regulate their activity and thereby increase membrane
trafficking and promote migration. In addition to PAG3, the same group identified several
other paxillin binding proteins sharing the conserved zinc finger motif. These were named
PAG1, PAG2 and PAG4 (290). PAG1 was reported to be active primarily towards Arf1.

The above mentioned-paxillin binding protein PKL is also a GAP for Arfs. In in vitro
kinase assays PKL is phosphorylated both on tyrosine and serine residues (576). Whether it
is phosphorylated upon cell attachment or during cell migration remains to be determined.
PKL homologues, the Cat proteins (see above), have been shown to become tyrosine
phosphorylated in response to cell adhesion to fibronectin (30). How phosphorylation
regulates the activity of these proteins remains to be determined.

It is conceivable that several Arfs and Arf GAPs (possibly also Arf GEFs) regulate the
subcellular localization of paxillin. Some could regulate the cycling from Golgi to focal
adhesions upon cell adhesion (like Arf1), whereas others could regulate the endocytotic cycle
during cell migration (like Arf6).

Zyxin

Other LIM domain-containing proteins have several interesting features. Zyxin is a focal
adhesion protein that is comprised of an N-terminal proline-rich region and C-terminal LIM
domains and possesses a nuclear import signal (117). An interaction between zyxin and α-
actinin seems to be required for its localization to focal contacts (459). α-Actinin is an actin
cross-linking protein that has been shown in in vitro assays to directly bind to the
cytoplasmic tail of integrin subunit β1 (421, 422). The N-terminal proline-rich region of zyxin
interacts directly with Ena/Vasp family members. Proteins of the Ena/Vasp family serve as
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ligands for profilin and can modulate actin reorganization (reviewed in 345). Inhibition of
zyxin function, by interfering with its cellular localization, inhibits cell migration and spreading
(144). Zyxin has also been reported to interact with Vav, a GEF for Rho GTPases (228).

Interestingly, zyxin has been shown to shuttle between the cytoplasm and nucleus
(396). LIM domains are often found in transcription factors and can mediate interactions with
DNA (reviewed in 125). Another LIM domain protein, LPP, has a very similar cellular
localization to zyxin (435). Transcriptional activation capacity contributed by both proline-
rich region and LIM domains has been demonstrated for LPP (435). Furthermore, LIM
domains of Hic-5 were found to recognize specific DNA fragments in vitro (395). Hic-5
accumulates in the nuclei in response to hydrogen peroxide and could stimulate gene
expression of c-Fos and p21 (517). The N-terminal half of Hic-5 was permissive for nuclear
localization. Nuclear localization of paxillin has not been observed.

Other non-receptor tyrosine kinases

In addition to FAK a number of other protein tyrosine kinases have been implicated in
integrin-mediated signaling. These include Src family kinases, Abl (314, 316), ACK (see
above), Syk (189, 492, 627). Below the role of Src kinases in integrin-mediated signaling is
summarized.

Src family protein kinases are activated not only by integrin engagement but also by
many other classes of cellular receptors (reviewed in 1, 566). Three members of the family,
Src, Fyn, Yes are ubiquitously expressed, whereas others are mainly expressed in
hematopoetic cells. They consist of an SH4 domain that contains signals for lipid
modification, an SH3 domain followed by an SH2 domain, a catalytic domain (SH1 homology
domain), and a C-terminal negative regulatory sequence. A large number of studies have
established that Src family kinase activity is required for most integrin-mediated processes,
including adhesion, migration, survival, and proliferation. Src, when activated, forms a complex
with FAK. However, as shown by several studies, Src family kinases can act without FAK
after integrin-mediated adhesion (348, 503, 598). How integrins activate Src family kinases
independently of FAK is not known. This is quite surprising considering the importance of
these kinases in integrin-mediated signaling. In general, the activity of Src kinases is regulated
by phosphorylation and dephosphorylation. In its inactive state the SH2 domain is interacting
with phosphorylated tyrosine 527 (in chicken Src) and the SH3 interacts with proline-rich
sequence in the linker region. Csk (C-terminal Src kinase) phosphorylates tyrosine 527 and
therefore inactivates Src kinases. Csk is a cytosolic protein and needs to be translocated to the
plasma membrane in order to phosphorylate Src. Csk is located to the membrane by binding
via its SH2 domain to the transmembrane protein Cbp (Csk-binding protein), also called PAG
(67, 268). Cbp is phosphorylated, possibly by Src kinases themselves. Phosphorylated Cbp
then serves as an anchor for Csk, which then can down-regulate Src activity (268).

Autophosphorylation of tyrosine 416 in Src is important for regulation of Src kinase
activity. Src activation involves displacement of intramolecular SH2 and SH3 domain
interactions and dephosphorylation of tyrosine 527. The membrane phosphatase PTPα and
cytosolic phosphatase SHP-1 have been shown to dephosphorylate Src (209), (536, 648). The
binding of the SH2 domain of Src to the C-terminal phosphotyrosine of PTPα displaces the
intramolecular bridging in Src and allows dephosphorylation of tyrosine 527 in Src (648).
PTP1B activity appears to be important for integrin-mediated cell adhesion and spreading.
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Loss of PTP1B resulted in reduced activity of Src showing that Src could be a physiological
PTP1B target (20). These data also indicate that PTP1B could be the phosphatase that
mediates activation of Src induced by integrins. CAS is not only a target for Src, it seems to be
an important regulator of Src function as well. CAS-/- fibroblasts are resistant to Src mediated
cellular transformation (233). Recently it was reported that overexpression of CAS activates
Src, and a mutation in the SH3 domain of Src that abolished binding to CAS inhibited also the
ability of Src to phosphorylate its downstream targets (76). CAS could possibly regulate Src
activity by displacing intramolecular interactions and by bringing phosphatases that could
activate Src.

Src activity has been shown to regulate the activity of small Rho proteins in response to
integrin engagement. Integrin stimulation with the soluble GRGDS peptide is sufficient to
suppress RhoA activity via a Src-dependent mechanism (22). Distribution of the tyrosine
kinases Syk, Lyn and Fgr to the Triton-X100 insoluble fraction after integrin β2 clustering was
independent of actin polymerization (627). These data indicate that integrin-mediated
activation of Src kinases does not require integrin clustering nor de novo actin polymerization,
which is different from FAK activation.

Mitogen-activated protein kinases

The mitogen-activated protein (MAP) kinases are important mediators in signal transduction
pathways from the plasma membrane to the cell nucleus. They are involved in many cellular
processes such as survival and proliferation, and they are activated by a range of diverse
stimuli. Three major MAPK family subgroups are: ERKs (1 and 2), JNKs (more then 10
splice-variants), and four isoforms of p38 (α, β, γ, δ) (reviewed in 318). ERK1 and ERK2 are
particularly linked to cell proliferation, while JNK and p38 kinases are often activated by
cellular stresses and also referred to as stress-activated protein kinases. MAPK cascades
consist of at least three protein kinases that work in sequence forming a “module”. ERK
kinase activation requires phosphorylation of two residues within the activation loop by
MEKK1/2. MEKK1/2 in turn is activated by Raf. The JNK and p38 kinases are activated in
the same manner but by different kinases. In addition to kinases, scaffold proteins are required
that bind all kinases in the module, plus additional regulatory factors that organize and
compartmentalize MAP kinase activity in the cell. Activated MAP kinases phosphorylate a
large number of downstream targets such as transcription factors (Elk-1, c-Jun) and kinases
(Mnk1, 2).

Activation of MAP kinases by integrins

The mechanisms by which integrins initiate signals that lead to activation of the ERK signaling
pathway are diverse (Fig. 8). Some studies have shown the involvement of FAK whereas
other exclude it. Binding of the adapter protein Grb2 via its SH2 domain to phosphorylated
tyrosine 925 in FAK could link integrins directly to Ras/ERK pathway. However, fibronectin-
stimulated activation of ERK2 in human 293 cells was dependent on FAK Y397 and not on
Y925, via a mechanism that required intact cytoskeleton and involved tyrosine
phosphorylation of Shc and its association with Grb2 (502, 503). Integrin-mediated activation
of MAP kinase can occur also in the absence of FAK activity; levels of FRNK expression in
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NIH 3T3 cells sufficient to block adhesion-dependent phosphorylation of FAK have no effect
on integrin-mediated activation of MAP kinase (503). The necessity of FAK in ERK
activation seems to be either integrin and/or cell type specific. However, FAK has been shown
to be required for growth factor activated ERK in stably adherent cells (462) indicating that
under “normal conditions” FAK activity is required.

Certain integrins (α4β6, α1β1, α5β1, αvβ3) are linked to the ERK pathway by the
adapter protein Shc apparently in an α subunit-dependent manner (Fig. 8) (348, 598). Ligation
of these integrins activates Fyn, which is associated with caveolin-1 in close proximity to
integrins, leading to tyrosine phosphorylation of Shc and formation of Shc/Grb2 complex
(599). It has also been shown that Src-mediated tyrosine phosphorylation of Shc promotes
Grb2 binding and signaling to ERK after cell adhesion to fibronectin (503). The involvement of
caveolin-1 in this study was not addressed. There are also indications that Shc can directly
bind to integrin β subunit. Binding of Shc to the phosphorylated tyrosine in the NPXY motif
in β4 directly links β4 to Ras signaling pathway (348). Phosphorylation of these tyrosines in
β3 tail has been shown to generate docking sites for signaling proteins Grb2 and Shc (116).
Tyrosine phosphorylation of the cytoplasmic domain of β1 has been detected only in v-Src
transformed fibroblasts (258) and it is still unclear whether Shc can bind to β1.

Integrin-mediated activation of ERK seems also to involve small GTPases from the Rho
family. Dominant negative Rho blocks integrin-induced activation of ERK whereas Lbc
enhances it (463). Cell attachment to fibronectin was shown to send a co-stimulatory signal
needed for Raf1 activation. Phosphorylation of serine 338 on Raf1 occurs upon cell adhesion
to fibronectin and is required for Raf-1 activation. Raf1 was found to be phosphorylated by
PAK1 in a PI3K-dependent manner (96). The involvement of the Rho family GTPases in
integrin-mediated Raf and ERK activation could explain why Raf and ERK could be activated
by integrins even when Ras activity is blocked.

Cell migration

The integrin-activated ERK pathway seems to have a role in hapotactic cell migration on ECM
(285). Elevated ERK activity increased MLCK activity leading to phosphorylation of MLC
and thereby promoted COS-7 cell motility (285) (Fig. 8). Dominant negative Shc inhibits cell
migration without affecting tyrosine phosphorylation of FAK and CAS (193). It was shown
that Shc-induced cell migration was random whereas FAK/CAS-induced cell motility was
directional (108, 193).

Both CAS/Crk complex and ERK have been shown to be important for cell migration
(100, 285, 286). In two reports it has been stated that blocking each of these pathways (ERK
or CAS/Crk) independently blocks cell migration even when the activity of the other pathway
is not affected (100, 102). These authors have said that in the presence of ERK inhibitors cell
migration is prevented, although by looking at the data, it seems that MEK inhibitor reduces
cell migration by 40-50% only. In their previous work, the CAS/Crk-induced cell migration
was not blocked by a dominant negative Ras (286). Similarly, FAK-promoted hapotactic cell
migration is not inhibited in the presence of MEK inhibitor PD98059 (89). Thus, these data
could point to the possibility that ERK activity is not absolutely required for FAK/CAS/Crk
complex promoted cell migration on ECM. All these reports are very confusing, and make it
difficult to judge whether the ERK activity is crucial for cell migration or not.



52

Cell cycle

In normal cells, signals from extracellular matrix and growth factors cooperatively regulate cell
cycle progression. Upon activation MAP kinases translocate to the nucleus and regulate the
activity of several transcriptor factors that direct the expression of cyclin-dependent kinases
and cyclins. Integrin-mediated cell adhesion appears to be important for certain events during
the cell cycle, such as the induction of the expression of cyclin D and cyclin E, and down-
regulation of the cell cycle inhibitors p21 and p27 (59),(158, 195). Furthermore, it has been
shown that integrin-mediated adhesion (via integrins α2β1 and α5β1) is required for epidermal
growth factor-induced ERK activation (15). Interestingly, Rap1 activity was up-regulated in
an integrin-dependent manner in suspended cells via the CrkII/C3G complex and this
correlated with downregulation of ERK activity in suspended cells (74). On the other hand,
insulin treatment dissociates the CrkII/C3G complex and down-regulates Rap1 activity, and
up-regulates ERK activity (417).

It appears as if different integrins have different capacities to activate ERK. Inhibition of
binding of integrin α5β1, but not α4β1, to fibronectin stimulated ERK activity and
upregulation of cyclin A/Cdk2 and cyclin E/Cdk2 complexes, which was accompanied with
increased cell proliferation. Interestingly the stimulation only occurred when α5β1 integrin
was inhibited in the early G1 phase (188). On the other hand, exogenous expression of the α5
subunit in myoblasts promotes cell proliferation (495). In epithelial cells integrin α5β1
mediates cell proliferation via activation of ERK by the EGFR (294). Integrin-induced
activation of EGFR has also previously been shown to be required for activation of ERK and
cell survival (376). Thus, integrin α5β1 might not be a potent ERK activator by itself and it
could use growth factor receptors for signal amplification. Integrin αIIbβ3 has been shown to
down-regulate ERK activity after fibrinogen binding (386). Integrin α7-deficient muscle cells
show elevated levels of activated ERKs, which then correlated with degeneration of muscle
fibers (483). This data shows that in normal muscles the presence of integrin α7β1D down-
regulates ERK activity, which is required to maintain tissue integrity. Furthermore, the
integrin splice variant α6A, and not α6B, α3A, α3B has been reported to activate ERK (74,
606). Regulation of ERK activity by different Ras family proteins, integrins and growth
factors is very complex and far from fully understood.

Although necessary for cell-cycle progression, integrin-mediated activation of ERK
seems to be relatively weak compared the response induced by growth factors. It has been
suggested that the JNK pathway is the main target for integrins. Adhesion-mediated activation
of the JNK pathway during the G1 phase of the cell cycle was needed for HUVEC cells to
enter the S phase. Activation of JNK was evoked by the FAK/Src complex and CAS/Crk
coupling (Fig. 8) (418). The signaling pathway(s), downstream of the CAS/Crk complex
leading to JNK activation, required for cell-cycle progression is/are not known. Fibronectin-
mediated activation of the JNK and not the PI3K/Akt pathway was shown to be necessary
for survival of primary rat synovial fibroblasts (10). In these cells activation of JNK involved
the Ras/Rac/Pak1/MKK4 pathway.

Both active ERK and JNK have been shown to colocalize with integrins at focal
contacts (10, 161). Targeting of active ERK to focal contacts in response to integrin
engagement or activation of v-Src is required MLCK activity. Since ERK activity promotes
MLCK activity this indicates a positive feedback loop in ERK regulation.
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Collagen receptor α2β1 has been shown to specifically activate p38α (255). The
activation was dependent on the cytoplasmic tail of α2. The mechanism by which integrin
α2β1 activates p38α is not clear but it appears to involve Cdc42, MKK3 and MKK4 (255).

Protein kinase C

PKC activity is required for several aspects of integrin function such as cell spreading,
activation of ERK and activation of FAK (104, 130, 138, 315, 369, 473). PKCs can modulate
integrin ligand binding to fibronectin (123). PKC activation upon integrin clustering is an early
event of adhesion-mediated signaling (592). It is not clear what the mechanisms are by which
PKC exerts its effect on cell spreading and integrin-activation.

PKC was originally identified as a phospholipid-dependent and diacylglycerol (DAG)-
stimulated protein kinase activity. Today we know that PKC is a family of kinases; the PKC
family can be divided into three subfamilies based on structural differences and on the
requirement for calcium and lipids for catalytic activity. Conventional PKCs (isoforms α, βI,
βII, γ) bind the co-activating factors Ca2+ and DAG (the pharmacological counterpart to DAG
is PMA - phorbol myristic acid). Novel PKCs (δ, ε, η, θ) do not require Ca2+ for activation
and atypical isoforms (ι/λ, ζ, µ) require neither Ca2+ nor DAG (256, 374). In addition to Ca2+

and DAG, PKC activity and localization is regulated by binding to intracellular proteins.
Specific inducers of cellular responses give rise to different localization of individual PKCs
within in the same cell and this is then due to the binding of PKC to different proteins.
Therefore, PKC binding proteins bring PKCs in close contact with substrate proteins. It is
also conceivable that in addition to directing PKC to the right substrates, PKC binding
proteins may prevent inappropriate phosphorylation of other proteins. This would appear to
be appropriate since PKCs are very promiscuous in in vitro assays (256, 374). Thus, in order
for integrins to use PKCs in downstream signaling it is important to regulate intracellular levels
Ca2+ and DAG and to be “friends” with PKC binding proteins.

Current knowledge about the biochemical mechanism that leads to integrin-mediated
activation of PKC has many gaps. This is largely due to the general limited knowledge about
PKC regulation. It has been shown that cell spreading on gelatin requires PKC activity, which
is dependent on arachidonic acid release and DAG production (104). The clustering of β1
integrins leads to activation of phospholipase A2 (PLA2) by unknown mechanisms (Fig. 8)
(26). PLA2 removes arachidonic acid from phospholipids. It has been suggested that
arachidonic acid could regulate the activity of phospholipase C, which then hydrolyses
PI(4,5)P2 to DAG and inositol trisphosphate (26). It is also known that integrin adhesion
causes a transient increase of intracellular [Ca2+] by influx of extracellular Ca2+ (295, 477, 530).
It is not known how integrins and Ca2+ channels in the plasma membrane are coupled but there
are indications that calreticulin might be involved (see above). A recent report by Zhang et al.
shows that the SH2-domain of PLCγ1 can bind to phosphorylated tyrosine 397 in FAK, and
that binding of PLCγ1 to FAK increases tyrosine phosphorylation of PLCγ1 and its
enzymatic activity (642). PLCγ activity would lead to a more general release of Ca2+ from
intracellular stores. The Ca2+-independent isoforms of PKC have been shown to be activated
by PI(3,4,5)P3 (135) which places PI3 kinase activity upstream of PKC.
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Studies on COS-7 cells have shown that in these cells three PKC isoforms (α, β, ε)
locate to the plasma membrane in response to cell adhesion. In these cells, inhibition of PKC
did not affect tyrosine phosphorylation of FAK upon cell adhesion, but instead was found to
affect activation of ERK2 via a Shc pathway (369). Vascular smooth muscle cell adhesion to
fibronectin induced integrin-dependent translocation of PKCα and PKCε to the focal
adhesions (204). Downregulation of these isozymes inhibited cell spreading (204).

Colocalization of talin and α-actinin with integrins αvβ3 and αvβ5 is inhibited by
blocking PKC activity with Calphostin C, suggesting that PKC may regulate the interaction of
these proteins with integrins (315).

Studies on Jurkat cells showed that PMA-stimulated leukocyte adhesion to fibronectin
via β1 integrins was dependent on protein geranylgeranylation (333). Ras family proteins are
not geranylgeranylated (they require prenylation for function) and because the authors
excluded the ERK pathway and PI3K they suggest that PKC stimulates geranylgeranylation
of Rho subfamily proteins (333).

PKCα has been shown to regulate β1 integrin endocytosis and thereby β1-mediated cell
migration (392). Both the regulatory and catalytic domain of PKCα were required for
promoting cell motility whereas only the regulatory domain was required to form a complex
with β1 integrins (392). In addition, overexpression of PKCα in MCF-7 cancer cells up-
regulates β3 levels and down-regulates β5 levels by post-transcriptional and transcriptional
mechanisms, respectively, which correlated with increased metastatic capacity of the cells
(85). Another study on MCF-7 cells demonstrated that TPA treatment up-regulates α2β1
expression and alters the avidity of α2β1 integrin by a Rho-dependent mechanism (480).

It is known that PKC-phosphorylated substrates are distinctly localized in the cell
(256). There are two types of proteins that mediate substrate targeting. The first group is
called STICKs (substrates that interact with C-kinase); they are phospholipid-binding
proteins that mostly are localized at membranes and are substrates that interact with PKC.
The second class includes non-substrate proteins that position PKC in the proximity of
substrates (256). Generally, phosphorylation of STICKs by PKC modulates their activity.
STICKs are implicated in various cellular processes such as spreading, vesicle trafficking etc.
It is conceivable that some of these proteins are required for integrin function. For example,
two focal adhesion proteins (vinculin and talin) and MARKCS (myristoylated alanine-rich C
kinase substrate) are STICKs for PKCα (250). However, how PKC affects the activities of
vinculin and talin is not known. Activation of β2 integrins involves release of a cytoskeletal
constraint (see above), and activation of PKC stimulates β2-diffusion in the membrane.
Recently it was shown that MacMARCKS (macrophage-enriched MARCKS) is required for
activation of β2 in a PKC-dependent manner (651). In cells deficient in MacMARCKS or
expressing a mutant form that can not be phosphorylated by PKC, the diffusion β2 integrins
in the plasma membrane does not occur in response to PMA. Adding cytochalasin D
bypasses the effect of MacMARKCS deficiency suggesting that MacMARCKS is required
for releasing the cytoskeletal constraint during the activation of β2 integrins. Since
PKC/STICK interactions in in vitro experiments do not show isozyme selectivity it is likely
that additional factors are required for specific responses in cells.

Unlike, STICKs, RACKs (receptor for activated C-kinase) bind PKC isoforms
specifically, and thus localize them at the place of action. Inhibition of the interactions
between RACKs and PKCs have shown to abrogate the cellular response that required the
activity of a given PKC (478, 635). It has been reported that Rack1 binds to the cytoplasmic
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tail of integrin subunits β1, β2, β5 via its WD repeats (323). Association of Rack1 with β1
integrins in cells required treatment with phorbol esters (323). Since Rack1 is the RACK for
PKCβ (375), the binding of Rack1 to integrins could locate the activity of PKCβ next to
integrins. Studies on Rack1 localization in CHO cells have shown that treatment of cells with
phorbol ester induced movement of PKCβII and Rack1 to the Golgi-apparatus. It was
demonstrated that association between Rack1 and PKCβII occurs before the transport and
PKC kinase activity was not needed for the transport (477). In order for integrins to associate
with Rack1 a specific signal from integrins, in addition to activation of PKC, is probably
needed to direct the Rack1/PKCβ complex to the integrins. What regulates the transport of
Rack1 in the cell is not known. Interestingly, Rack1 has been shown to bind Src kinases and to
inhibit their kinase activity and cell growth (93). A PDZ domain-containing protein PICK1
(protein interacting with C kinase 1) that binds PKCα (539, 540) interacts with the
cytoplasmic domain of integrin subunit β6 (538). The cytoplasmic tail of β6 can be
specifically phosphorylated by PKCα in in vitro assay, which potentially could modulate
functions of β6 integrins (538). PICK1 can bind to GTP-bound forms of Arf1 and Arf3 (556).

Syndecans are transmembrane heparan sulfate proteoglycans that are involved in cell
adhesion and/or migration. Syndecan-4 colocalizes with α5β1 and αvβ3 integrins on
fibronectin or vitronectin, respectively (146, 336, 619). The cytoplasmic tail of syndecan-4
can bind PKCα and thus locate PKC activity close to integrins. Binding of PKCα to
syndecan-4 potentates its activation by phospholipid PI(4,5)P2. Thus, syndecan-4 not only
can localize PKC at focal contacts but can also modulate the catalytic activity of PKC.

It is clear that studies on PKCs in integrin function deserve more attention and require
much more careful approaches than what we have seen so far. For example, the regulatory
domain of PKCs have been shown to interact with PH and LIM domains (293). It is highly
probable that several interactions between PKCs and LIM and/or PH domain-containing
proteins at focal contacts will be identified during the coming years.

Finally, is has become evident that phorbol esters do not only bind and activate classical
and novel PKC isozymes but also other cellular proteins. For example, some GEFs and GAPs
for Ras and Rac, and several Ras family proteins (e.g. Rap1) have been shown to bind and
become activated by DAG and PMA (62, 271).

Integrin-linked kinase

Integrin-linked kinase (ILK) was identified in a yeast two-hybrid screen as a protein that
interacted with the cytoplasmic domain of integrin β1 (208). ILK is a cytosolic
serine/threonine kinase that comprises three domains. The N-terminal part of ILK consists of
four ankyrin repeats, these repeats are followed by a PH-like domain and a C-terminal
catalytic domain that contains a sequence that binds to integrins. Overexpression of ILK in
epithelial cells results in a loss of cell-cell contacts and a decrease in cell-matrix adhesion, and
promotes anchorage-independent growth (208, 451, 620). Interestingly, ILK overexpressing
cells are tumorigenic despite the fact that assembly of FN matrix was increased (620). The
anchorage-independent growth was induced by expression of cyclin D1 and cyclin A in
suspended cells (451). ILK has been shown to phosphorylate in vitro a peptide derived from
the cytoplasmic tail of integrin β1 (208). Whether ILK phosphorylates β1 integrin in vivo is
not known. It is also not known which residues in the cytoplasmic tail of β1 interact with
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ILK. ILK has been demonstrated to localize at membrane ruffles and at focal contacts together
with α5β1 (320). Recently, a protein called PINCH was found to interact with ILK (572).
PINCH is an adapter protein built up from five LIM domains. The most N-terminal LIM
domain interacts with ILK, and LIM domain number 4 interacts with Nck-2 (572, 573).
Further studies revealed that ILK is targeted to focal contacts via PINCH. However, the C-
terminal integrin-binding site is also required (320).

It has been demonstrated that ILK becomes transiently activated upon cell adhesion to
fibronectin in a PI3K dependent manner (132). It is not clear whether the PH domain of ILK
binds PI(3,4,5)P3 in vivo, but PI(3,4,5)P3 stimulates the kinase activity of recombinant ILK in
vitro (132). ILK could be involved in integrin-mediated activation of Akt/PKB in a PI3K-
dependent manner. Akt/PKB is an intracellular serine/threonine kinase that has an anti-
apoptotic effect, which is accomplished by ways that involve quite a number of targets
(reviewed in 584). Full activation of Akt/PKB requires PI(3,4,5)P3 and phosphorylation of
two residues, Thr 308 and Ser 473. Threonine 308 in Akt/PKB is phosphorylated by the
cytosolic serine/threonine kinase PDK1. A kinase, which has been named PDK2, that could
phosphorylate serine 473 is less well characterized. Some data show that ILK is capable of
phosphorylating serine 473 in Akt/PKB (132). PTEN-mutant cells exhibit elevated kinase
activity of ILK and constitutive Akt/PKB serine 473 phosphorylation (433). Overexpression
of dominant-negative or kinase-deficient ILK in PTEN-mutant cells suppresses the
constitutive phosphorylation of serine 473 but not threonine 308 in Akt/PKB (433).
However, some investigators are questioning the view that ILK is a “real” kinase. Several
groups have failed to detect any kinase activity in ILK immunoprecipitates (32, 344). The
kinase domain of ILK lacks certain motifs present in other protein kinases such as the
conserved DFG motif and a catalytic aspartate residue. Instead it has been suggested that ILK
regulates phosphorylation of serine 473 in Akt/PKB by an indirect mechanism (344). ILK
from human, Drosophila, and C.elegans was found to possess a conserved FSF motif that
might regulate ILK activity. Mutation of the FSF motif to FAF abolished ILK induced serine
phosphorylation on Akt/PKB whereas FDF (mimicking FSpF) stimulated it even in dominant
negative ILK. The authors suggest that the sequence FS(p)F in ILK could be required for
inhibiting a serine 473 phosphatase activity rather than activating a kinase activity (PDK2)
(344).There are indications that ILK may have a role in integrin inside-out signaling. Genetic
studies in C.elegans have shown that loss of Unc-97 (PINCH homologue) results in
phenotypes that are very similar to those of integrin-null mutants (227). It has also been
shown that expression of ILK and PINCH is lost in keratinocytes that undergo terminal
differentiation (623). Interestingly, loss of integrin β1 ligand-binding ability occurs
concomitantly with terminal differentiation of keratinocytes (236, 601). Regions in the β1
cytoplasmic tail that are required for keratinocyte differentiation and proliferation have
recently been mapped (313). It would be interesting to test whether regions required for
proliferation are involved in binding of ILK to β1 cytoplasmic tail.

Phosphatidylinositol kinases

Phosphoinositides (PIs) have important roles in cell signaling, being required for many cellular
functions such as migration, survival, vesicle trafficking, and proliferation. The synthesis of
phosphoinositides is very complex, involving a number of different phosphoinositol kinases
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and phosphatases (reviewed in 585). Many cellular proteins require localization to the
membrane for their activation. These proteins (e.g. kinases, GTPases) often possess a PH-
domain that binds to PIs and can therefore be recruited to the membrane. Several proteins
controlling reorganization of the actin filament system also contain motifs that bind PIs.
Activation of PI kinases and phosphatases is required for integrin-mediated cell migration and
cell survival as discussed above in some detail (186, 303, 646). The importance of these
phospholipids in integrin-mediated signaling is clearly established. I will confine myself to
describing only some examples where PIs are regulating proteins involved in integrin function.

Vinculin is an actin binding protein present in focal adhesions. Vinculin is not required
for formation of focal adhesions but might strengthen the contact between actin filaments and
integrins (107, 590). Vinculin is composed of an N-terminal head domain that is followed by a
proline-rich region and a C-terminal region. Vinculin can bind to talin, F-actin, α-actinin, and
Vasp (vasodilator-stimulated phosphoprotein) but the binding sites in vinculin are blocked by
the intramolecular association of the N-terminal and the C-terminal domains. Binding of acidic
phospholipids to vinculin, in particular PI(4,5)P2, disrupts the intramolecular interaction and
therefore exposes binding sites in vinculin for Vasp and talin (183, 246). For the interaction
with F-actin the situation does not appear to be so simple and a recent report by Steimer et al.
shows that actin binding activity of vinculin requires steps other than binding to PI(4,5)P2

(541). PI(4,5)P2 binding to vinculin also promotes vinculin oligimerization (246). Another
important binding partner of vinculin is the SH3 domain-containing adapter protein vinexin
(277). Vinexin associates with Sos and can regulate JNK activity in response to epidermal
growth factor (4). Hence, the vinculin/vinexin/Sos complex could possibly be involved also in
integrin-mediated JNK activation.

Cortactin (EMS-1) is a cytosolic protein that colocalizes with cortical actin and becomes
tyrosine phosphorylated in response to integrin-mediated adhesion (594). Overexpression of
cortactin has been shown to lead to increased cell migration that appears to be dependent on
tyrosine phosphorylation of cortactin (238, 429). Localization of cortactin to membrane
ruffles and at cell periphery has been shown to be mediated by Rac and PAK (605). The F-
actin cross-linking activity of cortactin is inhibited in the presence of PI(4,5)P2.

Several tetraspanins that form complexes with integrins have shown to associate with
type II PI4 kinase (47, 543). It was noticed that integrin/tetraspanin/PI4K complexes were
localized at the cell periphery rather than at focal adhesions. It has been suggested that this
complex may direct membrane protrusions during cell migration (47).Integrin-mediated cell
migration requires PI3 kinase activity. Activation of PI3 kinases leads to increased levels of
PIs phosphorylated at position 3. PI(3,4,5)P3 has been shown to promote cell migration by
activating PKC (135). PI(3,4,5)P3 was also found to dissociate α-actinin and vinculin (not talin
or paxillin) from focal contacts (192). It was shown that PI(3,4,5)P3 disrupted the binding of
α-actinin to the cytoplasmic tail of integrin β1 (192). The authors suggest that binding of
PI(3,4,5)P3 also reduces the affinity of α-actinin for the actin filaments. Localization of zyxin
to focal adhesions is dependent on its association with α-actinin and is therefore indirectly
regulated by PI3K (459).
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INTEGRINS AND CAVEOLAE

Caveolae are plasma membrane structures (invaginations) that were first described in epithelial
cells (13). They exist in a variety of shapes (flat, vesicular, tubular). Caveolae are highly
enriched with glycosphingolipids, cholesterol, GPI-linked proteins, caveolins, and proteins
that associate with the plasma membrane through lipid modifications. In addition to these
molecules, caveolae contain many membrane receptors (e.g. receptor tyrosine kinases),
membrane transporters, kinases, and structural proteins (13). The caveolae membrane system
plays a specific role and is essential for normal cell behavior. The emerging understanding is
that caveolae at the plasma membrane are like signaling stations, they compartmentalize
enzymatic reactions and are places were signal integration takes place (13). There is still no
consensus how these specific plasma membrane domains should be called; in addition to
caveolae, names like detergent-insoluble glycolipid domains, glycosphingolipid-enriched
membranes or “rafts” are used. Integrin signaling and caveolae appear to be linked. Caveolin-1
binds to some integrin α subunits and links certain integrins to ERK activation via Shc (599).
As mentioned, caveolae are enriched with kinases, including the Src family, implicated in
integrin signaling. The recently described protein Cbp that has a central role in Src regulation is
particularly located in caveolae (268). Binding of Csk to Cbp brings Csk in close vicinity to
Src family kinases and allows phosphorylation and inactivation of Src. Integrin-associated
protein (IAP) forms a complex with αvβ3 integrins (70, 327). The formation of a functional
signaling complex between IAP and integrin αvβ3 requires cholesterol (191). Cholesterol
interacts with the multiple membrane spanning domain of IAP and is probably required for
maintaining a conformation necessary for binding to integrins (191). Depletion of caveolin in
293 cells disrupts β1 integrin signaling but not ligand binding or clustering (607). It was shown
that caveolin-deficient 293 cells had no tyrosine kinase activity associated with β1-integrins
(607).

Thus, the caveolae membrane system appears to be important for integrin signaling and
adds another level of complexity. The coming years will certainly improve our understanding
about the role of caveolae in integrin signaling.
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PRESENT INVESTIGATION

AIMS OF THE THESIS

The present project deals with aspects of structure and function of the integrin β1 subunit.
Integrins are a family of cell surface receptors for extracellular matrix proteins and cell surface
molecules. Each integrin consists of one α and one β subunit. The β1 subunit dimerizes with
12 different α subunits and thereby form the biggest integrin subfamily with broad ligand
specificity. The β1 integrins are essential for embryonic development and for many
physiological processes in an adult organism.

In the present study the following issues were addressed:
- The functional properties of a cytoplasmic splice-variant of the integrin β1, namely

β1B
- The role of the two cytoplasmic tyrosines in the cytoplasmic domain of integrin β1A

in integrin signaling
- The position of the border between the transmembrane and the cytoplasmic domains

of integrin subunits
- The importance of a single conserved lysine in the transmembrane domain of integrin

subunits in integrin signaling

RESULTS AND DISCUSSION

Paper I

Armulik, A., Svineng, G., Wennerberg, K., Fässler, R., and Johansson, S. (2000). Expression
of integrin subunit β1B in integrin β1-deficient GD25 cells does not interfere with αvβ3
functions. Exp. Cell Res.254, 55-63

In this paper, the functional properties of the integrin β1 splice-variant β1B were studied.
Human β1B was first described by Altruda et. al (11). Analysis of the genomic sequence of
the mouse β1 gene revealed that no homologue to the human β1B specific part can be
translated from mouse gene (39). Previous reports about β1B function showed that expression
of β1B results in a dominant negative effect on β1A functions, possibly as a result of
competition for interacting proteins for the common region (34).

In our study we investigated if expression of β1B had similar negative effects on αvβ3/5
integrin functions since the β3 and β5 subunits are structurally similar to the β1A subunit. The
β1B subunit was expressed in GD25 cells that are deficient in β1 expression due to the
knockout of the β1 gene. Endogenous expression of αvβ3 and αvβ5 integrins by GD25 cells
allows them to attach to fibronectin and vitronectin. As shown by others, we confirmed that
integrins containing the β1B subunit possess an inactive conformation of the extracellular
domain for ligand binding, and do not activate the focal adhesion kinase (FAK) pathway after
clustering evoked by monoclonal antibodies. GD25 cells expressing the integrin subunit β1B
exhibited a similar level of activation of FAK to that of parental cell line on the fibronectin and
vitronectin. Moreover, tyrosine phosphorylation of two focal adhesion proteins, paxillin and
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CAS, was found to be undisturbed by β1B, nor could we detect any negative effect of β1B on
the organization of actin cytoskeleton and on cell proliferation.

Thus, the function of αv integrins was found to be unaffected by the presence of β1B,
although the expression level of β1B was much greater than that detected in vivo.

Paper II

Wennerberg, K., Armulik, A., Sakai, T., Karlsson, M., Fässler, R., Schaefer, E. M., Mosher,
D. F., and Johansson, S. (2000) The cytoplasmic tyrosines of integrin subunit β1 are involved
in FAK activation. Mol. Cell. Biol. 20, 5758-5765

It has been shown that mutation of the two tyrosines in the cytoplasmic domain in integrin
subunit β1A (Y783, Y795) to phenylalanines markedly reduces the capability of β1A integrins
to mediate directed cell migration, but not the capability to support cell attachment, to form
focal contacts, and polymerize FN via β1A (485).

In this study we have identified that activation of focal adhesion kinase (FAK) is
severely impaired in response to β1-dependent adhesion in GD25-β1AY783/795F cells as
compared to wild type GD25-β1A or mutants where only a single tyrosine was altered
(β1AY783F or β1AY795F). Phosphorylation site-specific antibodies selective for FAK phospho-
tyrosine 397 indicated that the defect in FAK activation via β1AY783/795F lies at the level of the
initial autophosphorylation step. Although the GD25-β1AY783/795F cells have a defect in β1
integrin-dependent FAK activation, FAK is still present in focal adhesions. β1A dependent
tyrosine phosphorylation of FAK substrates tensin and paxillin was lost in the β1AY783/795F

cells, consistent with the defect in FAK activation. In contrast, overall tyrosine
phosphorylation of CAS was unaffected by the mutation (YY783,795FF) in β1.

These data strongly suggest that tyrosines Y783 and Y795 in the cytoplasmic tail of
integrin subunit β1A are critical mediators of FAK activation via β1A integrins.

Paper III

Armulik, A., Nilsson, I., von Heijne, G., and Johansson S. (1999) Determination of the border
between the transmembrane and cytoplasmic domains of human integrin subunits. J. Biol.
Chem. 274, 37030-37034

The border between the cytoplasmic domain and the C-terminal end of the transmembrane
domain of integrin α and β subunits has been unclear. The 26 presently known integrin
subunits (excluding two) exhibit a similar pattern at membrane/cytoplasm interface: a single
conserved, positively charged amino acid (Lys or Arg), a short stretch of hydrophobic amino
acids, and a highly polar sequence unlikely to be buried in the plasma membrane.

In this paper we have used a glycosylation mapping technique to determine the position
of the C-terminal end of the transmembrane helices (TMHs) of human integrin α (α2, α5) and
β (β1, β2) subunits in microsomal membranes. The TMHs were found to extend roughly to
Phe1129 in α2, to Phe1026 in α5, to Ile757 in β1, and to His728 in β2. Interestingly, the α-carbon
of the conserved lysine near the C-terminal end of the TMH (corresponding to Lys752 in β1) is
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buried in the plasma membrane, and the charged amino group most likely reaches into the
polar head-group region of the lipid bilayer.

Delineation of the margin between the transmembrane and cytoplasmic domains of
integrin subunits presented in this paper is the first based on experimental data.

Paper IV

Armulik, A. and Johansson, S. (2000) Lysine 756 in the transmembrane domain of integrin
subunit β1 is necessary for β1 integrin signaling. Manuscript

The studies on the transmembrane domain of human integrin subunits in paper III showed that
a single, positively charged amino acid (e.g. Lys1022 in human α5 and Lys752 in human β1) is
positioned in the plasma membrane in the absence of interacting proteins.

To investigate the functional importance of the transmembrane lysine 756 in the mouse
integrin β1 subunit (corresponding to human 752) this amino acid was replaced with leucine
(K756L), and the mutated β1 subunit was stably expressed in β1-deficient GD25 cells.
Metabolic labeling of GD25 expressing wt or mutated β1A subunit showed that the mutant β1
subunit was processed less efficiently to the mature form compared to wt β1. The
extracellular domain of β1AK756L integrins possesses a ligand competent conformation as defined
by the competence to mediate cell adhesion to laminin-1 and fibronectin and the presence of
the mAb 9EG7 epitope. However, the spreading of GD25-β1AK756L cells on fibronectin and
laminin-1 was impaired, and the rate of migration of GD25-β1AK756L cells was reduced
compared to GD25-β1A cells. Tyrosine phosphorylation of focal adhesion kinase and paxillin
in response to β1AK756L-mediated adhesion was similar to that induced by wt β1. Interestingly,
tyrosine phosphorylation of CAS was reduced after β1-mediated adhesion in GD25-β1AK756L

cells. Despite the reduced tyrosine phosphorylation of CAS, formation of the CrkII/CAS
complex also occurred in mutant cells, indicating that the K756 in β1 subunit is necessary for
FAK/Src independent tyrosine phosphorylation of CAS.

FUTURE PERSPECTIVES

This work has raised several questions, either directly or indirectly, that deserve further
investigation.

Very little is known about integrin structure. While crystal structures of a whole integrin
in different conformational/activation states appears to be a distant goal, high-resolution
structural information for the transmembrane and cytoplasmic domains may be within reach.
The issue is complicated by the heterodimeric nature of integrins but it should be possible to
overcome this problem by developing available protein expression techniques.

During the course of my studies it has become clear that integrin biosynthesis is not well
studied. There are many specific questions that are still not satisfactorily answered. What
determines the selectivity of the association between α and β subunits? If the subunits are held
together mainly via their extracellular domains (which is a common view) why then are
mutations in the transmembrane and cytoplasmic domains often affecting the assembly of α-β
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heterodimers? And which cytoplasmic and ER-located chaperons are involved in the folding,
dimerization and transportation processes?

What are the physiological functions of three conserved small amino acids in the
transmembrane domains of integrin subunits? Do these amino acids contribute to the integrin
heterodimer formation and/or propagation of conformational changes across the plasma
membrane?

The functional importance of the positive charge in the plasma membrane in integrin
subunits deserves further investigation. Mutational analysis of this amino acid in the β1
subunit showed that this amino acid has a role in integrin outside-in signaling. This should be
further explored and the corresponding (positively charged) amino acid in β subunits should be
mutated and the consequences of this investigated. Is there really a repositioning of the
transmembrane domain in the plasma membrane during integrin activation as we hypothesized
in the paper III? This question is experimentally difficult to address, although some
conventional/straight forward approaches are available. Introduction of an additional positive
charge would keep transmembrane domain “shorter” - will this result in a constitutively active
integrin? Will it affect integrin outside-in signaling?

Our studies have also indicated that integrin-mediated tyrosine phosphorylation of
several adapter protein could involve yet unidentified kinase pathways. What kinase(s) are
involved in CAS tyrosine phosphorylation and what could be the functional importance of
this? What is the identity of the 90 kDa tyrosine phosphorylated protein associated with the
CAS/Crk complex?

Mutational analysis of the NPXY motifs in the cytoplasmic tails of integrin β1 subunit
in paper II clearly shows that tyrosine residues are important in integrin-mediated FAK
activation. Is there a protein (containing PTP domains?) that binds to these tyrosine residues
(either phosphorylated or not phosphorylated) and mediates integrin-induced activation of
FAK?
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