Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

REVIEW

Genetic and cell biological analysis
of integrin outside-in signaling

Kyle R. Legate,' Sara A. Wickstrom,' and Reinhard Fissler>

Department of Molecular Medicine, Max Planck Institute of Biochemistry, Martinsried 82152, Germany

Integrins are cell surface transmembrane receptors that
recognize and bind to extracellular matrix proteins and
counter receptors. Binding of activated integrins to their
ligands induces a vast number of structural and signaling
changes within the cell. Large, multimolecular com-
plexes assemble onto the cytoplasmic tails of activated
integrins to engage and organize the cytoskeleton, and
activate signaling pathways that ultimately lead to changes
in gene expression. Additionally, integrin-mediated sig-
naling intersects with growth factor-mediated signaling
through various levels of cross-talk. This review dis-
cusses recent work that has tremendously broadened our
understanding of the complexity of integrin-mediated
signaling.

The organization of multicellular organisms is a tightly
controlled series of events. Tissues and organs have
distinct characteristics and architecture, which result
from specific interactions between cells and their envi-
ronment, and with each other. Cells create their environ-
ment by secreting and manipulating extracellular matrix
(ECM) components into the correct configuration to
support the development of all structures that comprise
a functioning organism. The major cell surface receptors
that cells use to assemble and recognize a functional
ECM are integrins. Integrins are heterodimers composed
of a and B subunits. Eighteen a subunits and eight B sub-
units can assemble in 24 different combinations that have
overlapping substrate specificity and cell-type-specific
expression patterns (Hynes 2002; Humphries et al. 2006).
The composition of integrins expressed by a cell deter-
mines to which ECM components that cell can bind.
Gene deletion studies in higher eukaryotes assigned
important functions to integrin classes for a vast number
of developmental processes. Since higher eukaryotes
encode a large number of integrin subunits, analysis of
individual knockout phenotypes is often complicated due
to redundancy of function (Bouvard et al. 2001), but lower
eukaryotes expressing fewer integrin subunits confirm the
developmental importance of integrins. Caenorhabditis
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elegans possesses a single B subunit, BPat-3, and two «
subunits, ina-1 and pat-2 (Cox et al. 2004). Disruption of
BPat-3 or Pat-2 expression results in a paralyzed, arrested
elongation at twofold (Pat) phenotype, characterized by
detachment of muscles from the body wall upon their
first contractions (Williams and Waterston 1994; Gettner
et al. 1995), whereas disruption of ina-1 results in a
milder defect, characterized by aberrant muscle cell
migration and a “notched head,” reminiscent of a dorsal
closure defect (Baum and Garriga 1997; Tucker and Han
2008). Disruption of the 81 ortholog in Drosophila, BPS,
also results in muscle attachment and dorsal closure
defects (Brown 1994). Chimeric adult flies develop wing
blisters in regions lacking BPS, illustrating the impor-
tance of integrins to attach cells to the ECM. Null
mutations in two Drosophila « integrin subunits, aPS1
and aPS2, have less severe phenotypes but still display
characteristics of defective cell attachment and disrupted
midgut morphogenesis (Brabant and Brower 1993; Brown
1994; Brower et al. 1995).

Taken together, integrin deletions in several organisms
point to a crucial role for integrins in attaching cells to the
ECM, and thereby facilitating tissue morphogenesis dur-
ing development. Integrin-mediated adhesion regulates
cell migration, survival, cell cycle progression, and can
modulate differentiation pathways. Therefore, signals
that regulate these events must emanate from integrins;
they are clearly more than just simple receptors mediating
physical attachment of cells to their environment.

Integrins signal bidirectionally

Integrins are unusual among transmembrane receptors in
that they signal bidirectionally—that is, not only can
information flow from extracellular stimuli to induce
intracellular changes (outside-in signaling), but intracel-
lular stimuli can also cause extracellular changes (inside-
out signaling). The best studied example of inside-out
signaling is the activation of integrins themselves. Integ-
rins are normally expressed on the cell surface in an inac-
tive conformation, unable to productively bind to ECM or
counter receptors. This is particularly important for im-
mune cells, which circulate through the bloodstream with
minimal interactions with the vessel wall, and platelets, in
which inappropriate integrin activation can lead to po-
tentially life threatening thrombosis. Integrin-independent
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signals such as T-cell receptor activation (Burbach et al.
2007), ligation of selectins on neutrophils (Green et al.
2004), and glycoprotein VI on platelets binding to exposed
collagen (Varga-Szabo et al. 2008) initiate signaling cas-
cades that lead to integrin activation by promoting the
translocation of talin and kindlin to 8 integrin cytoplas-
mic tails. Talin binding is believed to represent the final
common step in integrin activation (Tadokoro et al.
2003). Abrogation of talin-1 expression results in im-
paired integrin activation in a variety of cell types
(Simonson et al. 2006; Lim et al. 2007; Nieswandt et al.
2007; Petrich et al. 2007). Recently, kindlin has also been
found to be essential for integrin activation, but the
pathways leading to its recruitment to integrin tails
remain to be studied (Ma et al. 2008; Montanez et al.
2008; Moser et al. 2008; Ussar et al. 2008).

Integrin activation increases the affinity of individual
integrins for ECM ligands, but for a cell to bind strongly to
ECM requires increasing the avidity of the interaction by
clustering integrins so that hundreds, or thousands, of
weak interactions sum into a tightly bound adhesive unit.
Ligand-bound integrins cluster first into unstable struc-
tures called nascent adhesions (Choi et al. 2008). A subset
of nascent adhesions progresses to dot-like focal com-
plexes, which can mature into larger focal adhesions (FAs)
and finally into streak-like fibrillar adhesions (Geiger
et al. 2001). Once integrins are activated and clustered
they are able to transmit the vast array of intracellular
changes collectively referred to as “outside-in” signaling.

Immediate intracellular changes arising from integrin
activation are increased tyrosine phosphorylation of spe-
cific substrates and an increase in the concentrations of
lipid second messengers such as phosphatidylinositol
(PtdIns)-4,5-bisphosphate (PtdIns-4,5-P,) and PtdIns-3,4,5-
P; (Ferrell and Martin 1989; Golden et al. 1990; McNamee
et al. 1993; Chen and Guan 1994). Short-term changes
consist of cytoskeletal rearrangements that allow cells to
adopt their characteristic shape and initiate migration via
dynamic connections between integrins and filamentous
(F-) actin. Long-term attachment to ECM results in changes
in signaling pathways and gene expression that influence
the survival, growth, and differentiation of cells (Fig. 1).
Interestingly, these developmental programs are strongly
influenced by mechanical properties of the matrix such as
rigidity and tensile strength, implying that the major
contribution of integrins to intracellular signaling results
from changes in cytoskeletal organization and the applica-
tion and modulation of intracellular force (Engler et al.
2006; Even-Ram et al. 2006; Ingber 2006). This review
focuses on our current understanding of how integrin-
mediated outside-in signaling organizes the cytoskeleton
and influences signal transduction pathways in response to
ECM-attachment, and how integrins cross-talk with other
signaling hubs with overlapping functions, to achieve an
integrated response to extracellular stimuli.

Assembly of the signaling platform

Integrin activation is accomplished by large conforma-
tional changes in integrins, which has been proposed to
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Figure 1. Consequences of integrin activation. Integrin activa-
tion leads to downstream signaling events that can be divided
into three temporal stages. The immediate effects of integrin
activation are the up-regulation of lipid kinase activity that
increases the concentrations of the phosphoinositide second
messengers PtdIns-4,5-P, and PtdIns-3,4,5-P;, and the rapid
phosphorylation of specific protein substrates, particularly at
the nascent adhesion itself. Within several minutes these
immediate effects then lead to the activation of signaling path-
ways and the activation of Rho family GTPases and other actin
regulatory proteins, which drive the reorganization of the actin
cytoskeleton. Long-term consequences of integrin activation
ultimately lead to the activation of proliferation and survival
pathways, and the induction of genetic programs to control cell
morphology.

include the swinging-out of the hybrid domain in the
extracellular region to expose the ligand-binding site
(Xiao et al. 2004; Luo et al. 2007). Due to a lack of high
resolution structural data the fate of the transmembrane
and intracellular domains is still largely theoretical, but it
is widely recognized that activation is achieved by
separating the a and B cytoplasmic tails as a consequence
of talin binding to B integrin membrane proximal sequen-
ces (Wegener et al. 2007; Wegener and Campbell 2008). As
integrin tails have no catalytic activity of their own, they
must bind accessory molecules that contribute cytoskel-
etal reorganizing and catalytic activity to the FA. Data-
base mining combined with an extensive literature
search recently identified 156 signaling, structural, and
adaptor molecules that comprise the “integrin adhe-
some” (Zaidel-Bar et al. 2007), and more have since been
discovered.

Many molecules have been shown to bind to isolated
integrin tails directly (Legate and Fissler 2009). The com-
position of integrin-bound proteins can have profound
effects on the signaling properties of integrins since they
provide binding sites for additional members of the adhe-
some. Whether a given protein can bind to integrin tails
is often determined by post-translational modification of
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the tails themselves. Phosphotyrosine-binding (PTB)
domain-containing proteins recognize two NXXY motifs
within a subset of B tails (Calderwood et al. 2003);
phosphorylation of these motifs by Src controls the
binding pattern of proteins (Oxley et al. 2008; Legate
and Fissler 2009). Phosphorylation of the membrane
distal NXXY motif also inhibits cleavage of the Src-
binding site on the B3 tail by the protease calpain (Xi
et al. 2006). Additionally, phosphorylation of Ser/Thr
residues on integrin tails by protein kinase C isoforms
(Freed et al. 1989; Hibbs et al. 1991), Akt and PDK1 (Kirk
et al. 2000), and ERK2 (Lerea et al. 2007) regulates the
binding of adaptors such as filamin and 14-3-3 isoforms
(Takala et al. 2008), which has significant effects on cell
migration (Calderwood et al. 2001; Han et al. 2001;
Fagerholm et al. 2005).

Phosphorylation of integrin-associated molecules is
extremely robust; antibodies against phosphotyrosine
can clearly distinguish adhesion complexes in their early
stages when used as immunofluorescence probes (Maher
et al. 1985). Phosphorylation of integrin-bound molecules
can create binding sites for additional proteins that can
significantly affect cell behavior. The recruitment of the
adaptor molecule Crk to FAs serves as an interesting
illustrative example. Early in adhesion, the integrin adap-
tor paxillin is tyrosine-phosphorylated by Src and FA
kinase (FAK) (Bellis et al. 1995; Schaller and Parsons
1995), which creates a binding site for Crk (Turner 2000).
pl30 Crk-associated substrate (pl130Cas) can be phos-
phorylated within FAs in response to mechanical stretch,
which in turn creates docking sites for binding partners
including Crk (Tamada et al. 2004; Defilippi et al. 2006;
Sawada et al. 2006). Although both phosphoproteins bind
to Crk, phosphorylation of paxillin and pl130Cas has
an antagonistic effect on haptotactic cell migration such
that phosphorylated paxillin suppresses migration whereas
phosphorylated p130Cas enhances migration (Yano et al.
2000). This probably results from Rac activation down-
stream from a pl30Cas-Crk complex (Klemke et al.
1998), which has not been reported for a paxillin-Crk
complex. In addition to controlling the assembly of
signaling platforms within the FA, tyrosine phosphoryla-
tion also activates adhesion-associated kinases, such as
FAK and Src (Boerner et al. 1996; Mitra et al. 2005).
However, the roles of many phosphorylation events at
adhesion sites are still mysterious. For example, mass
spectroscopic analysis of talin isolated from activated
platelets identified 30 different phosphorylation sites,
three with high stochiometry (Ratnikov et al. 2005}, but
a biological role for talin phosphorylation has yet to be
shown.

The incorporation of some proteins into the signaling
platform is regulated by binding to phosphoinositides.
The lipid kinase phosphatidylinositol 4-phosphate
5-kinase type Iy (PIPKIy) localizes to FAs via an interaction
with talin (Di Paolo et al. 2002; Ling et al. 2002), and
may generate a local elevation in PtdIns-4,5-P, concen-
tration at adhesion sites. Several FA-localized PTB domain-
containing proteins bind to PtdIns-4,5-P,, including
Numb, She, tensin, and talin (Ravichandran et al. 1997;
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Dho et al. 1999; Goksoy et al. 2008; Leone et al. 2008);
talin binding to B1 integrin is enhanced upon binding
PtdIns-4,5-P, (Martel et al. 2001). PI-3-kinase is also
localized to FAs, and PI-3-kinase activity is increased in
response to integrin activation (Chen and Guan 1994).
PtdIns-3,4,5-P3 has a restructuring role in FAs by binding
to a-actinin and stimulating the dissociation of a-actinin
and vinculin from FAs (Greenwood et al. 2000). Although
both PtdIns-4,5-P, and PtdIns-3,4,5-P5 disrupt actin bun-
dling activity of a-actinin, only PtdIns-3,4,5-P3 disrupts
the a-actinin-B integrin interaction (Greenwood et al.
2000; Corgan et al. 2004). The above study elicited
a-actinin redistribution by treating cells with platelet-
derived growth factor (PDGF). Since increased PI-3-
kinase activity is a common consequence of growth fac-
tor receptor (GFR) activation, rearrangement of FA com-
position may represent a common approach by which
GFRs influence cell adhesion and migration.

Connections to the cytoskeleton and regulation
of FA growth

The integrin-cytoskeleton linkage is a network of tran-
sient, highly dynamic interactions between FA proteins
and F-actin, which facilitates the connection of the
relatively static, ECM-bound integrins to the constantly
rearward treadmilling F-actin network. FA proteins in-
volved in establishing and maintaining the integrin—
cytoskeleton linkage can roughly be divided into four
classes: (1) integrin-bound proteins that directly bind
actin, such as talin, a-actinin, and filamin; (2) integrin-
bound proteins that indirectly associate with/regulate
the cytoskeleton such as kindlin, integrin-linked kinase
(ILK), paxillin, and FAK; (3) non-integrin-bound actin-
binding proteins, such as vinculin; and (4) adaptor and
signaling molecules that regulate the interactions of the
proteins from the above-mentioned groups. Experiments
utilizing novel imaging technologies such as total in-
ternal reflection fluorescence (TIRF) microscopy and
fluorescent speckle microscopy, in combination with
structural, biochemical, and in vivo data, point to talin,
vinculin, a-actinin, and ILK as the crucial structural
elements of the integrin-actin linkage, as well as the
main components regulating FA growth. Other proteins
such as FAK and paxillin play a more modulatory role
through their enzymatic or scaffolding activities. The
exact position of kindlin in this hierarchy is yet to be
established.

Talin: the initial contact to the cytoskeleton

The initial integrin—cytoskeleton linkage following fibro-
nectin binding involves the recruitment of talin to 8
integrins and the establishment of a 2-pN slip bond,
which provides the initial force applied by the cytoskel-
eton to the extracellular ligand (Jiang et al. 2003). Conse-
quently, undifferentiated embryonic stem cells lacking
talin-1 or fibroblasts lacking both talin-1 and talin-2 are
unable to link integrins to the cytoskeleton (Priddle et al.
1998; Zhang et al. 2008). This effect cannot be explained
solely by the integrin activating function of talin, since
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reintroduction of the talin head domain, sufficient for
integrin activation, does not rescue the cytoskeletal
linkage in talin-null cells. The requirement of the talin
rod domain responsible for the majority of talin’s actin-
binding activity, together with the inability of talin-null
cells to spread, collectively suggests that talin functions
as a direct mechanical linkage between integrins and the
actin cytoskeleton (Tanentzapf and Brown 2006; Zhang
et al. 2008). The importance of talin in connecting
integrins to the actin cytoskeleton is underlined by
in vivo studies in various organisms. Mice lacking talin-
1 die during gastrulation due to a defect in cytoskeletal
organization and cell migration (Monkley et al. 2000). In
flies lacking talin, integrins are able to associate with the
ECM but are unable to connect to the cytoskeleton,
leading to muscle detachment (Brown et al. 2002). Loss-
of-function studies in C. elegans have confirmed the role
of talin in stabilizing strong adhesive contacts in muscle
as well as in regulating dynamic integrin-actin interac-
tions during cell migration (Cram et al. 2003).

Vinculin: reinforcing the linkage

Talin binding is rapidly followed by the recruitment of
proteins such as vinculin to the nascent adhesion. Vincu-
lin may be the major player in the growth and maturation
of FAs. Vinculin binds to several sites in the talin rod
(Critchley and Gingras 2008) that are normally buried in
helical bundles but may become exposed upon mechan-
ical stretch (Papagrigoriou et al. 2004; Fillingham et al.
2005; Lee et al. 2007). Further stretching could expose
additional cryptic sites to recruit more vinculin to adhe-
sions (Gingras et al. 2005). Expressing the talin head
domain, which does not bind vinculin, in talin-null cells
activates integrins but fails to form detectable focal
contacts (Zhang et al. 2008). Vinculin /" fibroblasts make
fewer, smaller, and more unstable adhesions compared
with cells expressing vinculin (Saunders et al. 2006),
perhaps due to the ability of full-length talin to cross-link
activated integrins and provide a few direct linkages to
actin (Critchley and Gingras 2008). However, these adhe-
sions are unable to mature in the absence of vinculin.
Thus, it is evident that talin makes the initial contacts
between integrins and actin, but it is not sufficient to
maintain this connection on its own. Vinculin is required
to strengthen the linkage by acting as a cross-linker and
stabilizing the talin-actin interaction by binding directly
to both proteins (Gallant et al. 2005; Humphries et al.
2007). Disrupting the actin inhibitory PtdIns-4,5-P,-binding
site on vinculin results in extraordinarily stable FAs,
suggesting that the connection between vinculin and
actin is required for FA stability (Saunders et al. 2006).
However, expressing only the vinculin head domain,
which binds to talin but uncouples FAs from actin
filaments, results in larger-than-average FAs, suggesting
that the vinculin—talin interaction alone is responsible for
FA growth (Humpbhries et al. 2007). The mechanism for
this is unknown, but it is possible that the bound vinculin
head domain stabilizes the open, active conformation of
talin, allowing it to cluster integrins more efficiently.
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a-Actinin: actin cross-linking and adhesion
strengthening

Recent studies have highlighted the importance of -
actinin, a binding partner of both talin and vinculin, in
linking integrins to the cytoskeleton. Despite its ability
to directly bind B integrins (Otey et al. 1990; Pavalko and
LaRoche 1993), it is more likely that a-actinin operates as
a close partner of actin in modulating the strength and
stability of the integrin-actin linkage (Brown et al. 2006;
Choi et al. 2008). Consequently, the force-dependent
strengthening of integrin-cytoskeleton linkages corre-
lates with the incorporation of a-actinin into integrin
adhesion sites (Laukaitis et al. 2001; von Wichert et al.
2003a). a-actinin has been shown to have an essential
role in adhesion strengthening in vivo. In Drosophila,
a-actinin-null mutations are lethal due to defects in muscle
structure and function (Fyrberg et al. 1998). Mammals
express four isoforms of a-actinin: the striated muscle-
specific a-actinin-2 and a-actinin-3, and the more widely
expressed a-actinin-1 and a-actinin-4. «-Actinin-2 and
a-actinin-3 cross-link actin filaments in the region of
Z discs in striated muscles where they regulate force
coupling of muscle fibers (MacArthur et al. 2007, 2008),
whereas a-actinin-4 is essential for kidney function both
in mice and in humans by strengthening the adhesion
of podocytes to the glomerular basement membrane
(Kaplan et al. 2000; Kos et al. 2003; Dandapani et al.
2007). a-actinin-4 also localizes to the slit diaphragm
where it binds to nephrin (Lehtonen et al. 2005; Dai et al.
2006), which might explain why a-actinin-1, despite being
expressed in the kidney, is unable to compensate for
a-actinin-4 in this tissue.

ILK: a core scaffold

ILK is a multidomain adaptor protein that binds directly
to Bl and B3 integrins, and associates indirectly with
actin through its main binding partner parvin. Additional
connections between ILK and the cytoskeleton can also
form through paxillin, which in turn binds to parvin and
vinculin (Legate et al. 2006). ILK-deficient fibroblasts
display a severe delay in the formation of FAs, resulting
in a defect in cell spreading. Once established, the FAs are
smaller in size and poorly linked to a disorganized actin
cytoskeleton (Sakai et al. 2003). The essential role of ILK
in stabilizing the integrin-actin interaction in vivo
becomes particularly evident in the myotendinous junc-
tion of nonvertebrate muscle tissue, where muscle
contraction creates stringent requirements for a stable
adhesion—cytoskeleton linkage. Deletion of ILK in C.
elegans, Drosophila, or zebrafish leads to muscle de-
tachment from the body wall due to the detachment of
actin from the plasma membrane (Zervas et al. 2001;
Mackinnon et al. 2002; Postel et al. 2008). In ILK-deficient
mice, muscle detachment occurs at the level of the
integrin-ECM interaction (Wang et al. 2008), suggesting
that ILK regulates adhesion strength by reinforcing the
integrin—actin connection and thus stabilizing the clus-
tered state of integrins.
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FAK is a signaling protein shown to bind to B integrins via
its N-terminal FERM domain in vitro (Schaller et al.
1995), but the association of FAK with integrins in vivo is
currently believed to be indirect occurring most likely
through paxillin (Hayashi et al. 2002; G. Liu et al. 2002).
FAK is dispensable for the formation of nascent FAs or
their initial connection to the actin cytoskeleton but is
required to stabilize the linkage (Ilic et al. 1995). Mech-
anistically, this might occur via FAK-mediated phosphor-
ylation of a-actinin, which has been shown to modulate
its affinity to actin (Izaguirre et al. 2001). FAK, however,
seems to play an essential role in promoting FA turnover.
Cells deficient in FAK have enlarged FAs and migrate
with reduced speed, consistent with the requirement for
FA turnover to promote cell motility (Mitra et al. 2005).

Recent work has revealed an essential role for kindlins
in activating integrins and linking them to actin. Kindlins
have been shown to directly bind 81 and B3 integrins and
to connect to the actin cytoskeleton via a migfilin—filamin
interaction as well as through the ILK—parvin complex (Tu
et al. 2003). Deletion of UNC-112, the nematode ortholog
of the mammalian kindlins, leads to a Pat phenotype
identical to that seen when PAT-3/p integrin or PAT-4/ILK
are deleted (Rogalski et al. 2000). In mice, platelets lacking
Kindlin-3 expression are unable to organize their cyto-
skeleton or establish stable lamellipodia upon Mn>-triggered
integrin ligation (Moser et al. 2008). In addition, loss of
Kindlin-2 results in early embryonic lethality and im-
paired actin organization and FA formation in endoderm
cells, most likely through impaired recruitment of pro-
teins such as ILK to the adhesion plaque (Montanez et al.
2008), while loss of Kindlin-1 results in shear-induced
detachment of intestinal epithelial cells (IEC) in the distal
colon, leading to death ~3 d after birth (Ussar et al. 2008).
Cell biological assays on isolated IECs indicate that
integrin activation is impaired in these cells.

Other important integrin—actin regulatory proteins in-
clude paxillin and tensin. Paxillin is one of the earliest
proteins to be detected in nascent adhesions at the
leading edge of the cell. Its structure allows numerous
simultaneous interactions, which are further modified by
phosphorylation, facilitating the function of paxillin as
a molecular platform regulating the integrin-actin link-
age through the modulation of FA composition (Laukaitis
et al. 2001; Digman et al. 2008). Interestingly, paxillin
might also link talin to the cytoplasmic tail of « integrins,
thereby increasing the stability of the integrin-talin—
actin interaction (Alon et al. 2005).

In contrast to paxillin, tensin is recruited to FAs rather
late in several cell types (Zamir et al. 1999). Tensin
couples integrins to actin via two N-terminal actin-
binding domains and acts as a cross-linker between these
two proteins (Lo et al. 1994). Its C-terminal SH2 domain
on the other hand interfaces with signaling pathways
through binding tyrosine-phosphorylated FAK, p130Cas,
epidermal growth factor receptor (EGFR) (Cui et al. 2008),
the Akt kinase PDK1 (Wavreille and Pei 2007), and the
RhoGAPs deleted in liver cancer-1 (DLC-1) and DLC-3

Integrin signaling

(Liao et al. 2007; Qian et al. 2007). Cten is a tensin family
member lacking the actin-binding domains (Lo and Lo
2002). Recent work has uncovered an EGF-regulated
transcriptional switch involving tensin-3 and cten that
regulates breast cancer cell migration in response to
epidermal growth factor (EGF) treatment. Exposure of
HeLa cells or MCF10A normal breast epithelia to EGF
results in down-regulated tensin-3 expression and up-
regulation of cten expression, which is accompanied by
the disassembly of actin stress fibers and increased cell
migration. The contribution of this tensin-3-cten switch
to actin reorganization and altered migratory behavior
was confirmed by experiments in which knockdown of
cten induced the enhanced formation of stress fibers
and reduced migratory behavior, whereas knockdown of
tensin-3 resulted in disintegration of stress fibers and
increased cell migration. In contrast to these results,
tensin-1-null and tensin-3-null mouse cells (fibroblasts
and intestinal epithelia, respectively) exhibit migration
defects, which can be restored in tensin-1-null cells by
overexpressing either tensin-1 or tensin-2 (Chen et al.
2002; Chen and Lo 2003; Chiang et al. 2005). The reason for
these differences is unknown but could reflect cell-type-
specific requirements for tensin-mediated migration.

Analysis of the dynamic interactions between various
FA components and F-actin using TIRF and fluorescent
speckle microscopy has revealed a hierarchical correla-
tion between the velocity of rearward movement of these
proteins and their degree of connection to the ECM.
Matrix-bound integrins have the slowest velocity, and
proteins closely associated with integrins move at a sim-
ilar speed. In contrast, proteins with a more indirect link
to integrins but a tight connection to actin move with
a higher velocity only slightly below that of the treadmil-
ling actin. Talin and vinculin seem to exist at the in-
terface of these two possibilities, suggesting that they
undergo constant switching between F-actin- and integrin-
bound states, establishing a “slippage clutch” between
the static matrix adhesions and the treadmilling actin
(Hu et al. 2007). In this scenario, actin is constantly pulled
by myosin, and strong association of integrins with
F-actin will transmit the pulling forces to the ECM,
whereas a weaker linkage leads to detachment of actin
from integrins, allowing the cell body to slide over the
adhesion. This would allow the precise, local regulation
of cell motility on the level of the integrin-actin connec-
tion. Alternatively, the clutch has been proposed to
represent a mechanism by which the cell can locally
modulate the strength of the integrin-actin linkage in
response to changes in the attachment strength to the
ECM, either on the level of integrins, through talin and
vinculin, or on the level of actin through «-actinin (Brown
et al. 2006). This would allow the cells to fine-tune the
integrin-actin interaction in response to extracellular
cues such as changes in ligand concentration.

Actin bundling vs. force-mediated FA growth

a-actinin, in collaboration with myosin II, plays a critical
role in the growth and maturation of FAs. The formation
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of nascent adhesions under the narrow, actin-rich lamel-
lipodium does not require mechanical tension, but these
adhesions are unstable and tend to disintegrate. However,
a few mature into focal complexes and FAs dependent on
the actin cross-linking activity of a-actinin and myosin II
(Choi et al. 2008). Surprisingly, maturation is not de-
pendent on the contractile activity of myosin II, as
a mutant version of myosin II lacking motor activity is
sufficient to restore FA maturation in cells devoid of
either endogenous myosin II or a-actinin. According to
this model, actin cross-linking by a-actinin and myosin I
is sufficient to induce the growth of FAs, but it is clear
that externally applied force achieves the same result.
Fluorescence microscopy has revealed that focal com-
plexes mature into FAs in response to mechanical tension
on an elastic micropatterened substrate (Balaban et al.
2001). Also, studies examining the incorporation of
cytosolic proteins into Triton-solubilized cytoskeletons
showed that FA components paxillin, FAK, p130Cas, and
Akt were recruited to the cytoskeletal fraction in re-
sponse to externally applied stretch (Sawada and Sheetz
2002). The application of external force to cells resulted
in FA growth in several other studies (Riveline et al. 2001;
Galbraith et al. 2002; Paul et al. 2008) and microscopic
analysis found that adhesion formation was initiated
during periodic contraction of actin in the lamellipodium
(Giannone et al. 2007).

A general model to explain these findings begins to
emerge. Actin stress fibers align and thicken in response
to shear flow or cyclic mechanical stretch in an integrin-
dependent fashion (Galbraith et al. 1998; Hayakawa et al.
2001). The effect of external force on FA growth may not
be the force per se, but the actin cross-linking that is
induced in response to force. This cross-linking is de-
pendent on a-actinin and myosin II but is not dependent
on contractile activity of myosin II. The myosin IIA
isoform is solely responsible for this activity under
normal conditions in fibroblasts, as genetic ablation or
siRNA knockdown of myosin IIA results in the loss of
stress fibers and vinculin-containing FAs (Even-Ram et al.
2007). Cross-linking and bundling of actin filaments may
promote the clustering of integrins within the mem-
brane via adhesion components that connect integrins
to F-actin. This clustering induces the accumulation of
additional signaling partners that leads to the further
growth of the adhesion plaque. The disintegration of FAs
that commonly follows myosin II inhibition may not
result from relieving the tension on the cytoskeleton, but
rather from the concomitant actin unbundling that occurs.

Regulation of actin dynamics

In addition to regulating the growth of FAs, attachment of
integrins to F-actin is critical for the precise spatiotem-
poral control of cell protrusion and retraction during cell
migration, in the regulation of cell shape as well as during
muscle contraction. At the leading edge of the cell actin
forms the lamellipodium, a dendritic network within
a thin leaflet of plasma membrane, which functions to
initiate cell adhesion and to generate cell protrusion by de
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novo F-actin polymerization. Behind the lamellipodium
the fast retrograde flow of polymerizing actin acquires
contractile properties through the interaction of actin
with myosin II in a structure called the lamellum (Small
and Resch 2005). The boundary between the lamellum
and lamellipodium is defined by the establishment of
nascent adhesions; within seconds of nascent adhe-
sion formation in the lamellipodium, actin flow behind
the adhesion slows and the lamellar border advances
(Alexandrova et al. 2008). It is these incremental advances
in the lamellar border that lead to spreading and migra-
tion of cells.

The physical link between integrins and actin allows
both local regulation of actin polymerization as well as
global control of cytoskeletal dynamics. The molecular
mechanisms by which integrins regulate local actin
polymerization are beginning to emerge. It was recently
shown that isolated integrin adhesions contain the com-
plete machinery necessary for actin polymerization
(Butler et al. 2006). A central molecular machine in this
process is the Arp2/3 complex, which controls the as-
sembly of a branched actin filament network in the
lamellipodium through its actin nucleation function.
However, the isolated Arp2/3 complex has no endoge-
nous actin nucleating activity and must be activated by
the Wiskott-Aldrich Syndrome protein (WASP)/Scar fam-
ily of activator proteins (Pollard 2007). WASP binds and
induces a conformational change in the Arp2/3 complex
that permits the formation of a template for actin
filament elongation (Robinson et al. 2001). Arp2/3 is
recruited to nascent integrin adhesions through interac-
tions with FAK as well as vinculin to promote actin
polymerization, which in turn generates the protrusive
force for the lamellipodium. FAK-deficient cells or cells
in which the FAK-Arp2/3 complex has been disrupted
display impaired lamellipodium formation and a spread-
ing defect (Serrels et al. 2007). Vinculin binding appears to
be more transient and is not required for cell motility or
spreading, but might be necessary for the relocation of
Arp2/3 to nascent adhesions (DeMali et al. 2002).

In the lamellum, actin is organized into bundles to
establish directional persistence of cell motility. Here
actin assembly is mediated by the diaphanous-related
formin (DRF) protein family, which was shown to be
essential for organization and dynamics of lamellar
F-actin as well as for the turnover of FAs (Pruyne et al.
2002). DRFs localize to integrin adhesions and are
indispensable for local actin assembly at these sites
(Riveline et al. 2001; Butler et al. 2006). They are also
responsible for generating dorsal stress fibers, contractile
actomyosin bundles directly anchored to FAs. These
structures are essential for cell adhesion and for changes
in cell shape, particularly retraction of the trailing edge
during migration (Cramer et al. 1997; Hotulainen and
Lappalainen 2006).

Local actin polymerization is coupled to global regula-
tion of actin dynamics by the Rho GTPases, which
control the spatiotemporal regulation of the processes
discussed in the previous paragraph. Mammalian Rho
GTPases are a family of 20 signaling proteins, which cycle
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between an active GTP-bound form and an inactive GDP-
bound form. This cycling is regulated by three sets of
proteins, guanine nucleotide exchange factors (GEFs),
GTPase-activating proteins (GAPs), and guanine nucleo-
tide dissociation inhibitors (GDIs) (Table 1). The recruit-
ment and activation of GEFs and GAPs at FAs regulate
the activities of the Rho GTPases to establish cell polarity
and directional migration (Jaffe and Hall 2005). The most
important GTPases for the regulation of actin dynamics
at FAs are Rac, Cdc42, and RhoA.

Rac: regulator of lamellipodium formation

Integrin ligation and clustering lead to membrane target-
ing of Rac as well as recruitment of multiple GEFs
via signaling modules such as the FAK-p130Cas—Crk-
DOCK180 pathway and the paxillin-GIT-PIX pathway
(Fig. 2; Cary et al. 1998; Kiyokawa et al. 1998; del Pozo
et al. 2004; Nayal et al. 2006), so new adhesions formed at
the leading edge contain high levels of active Rac, which
promotes lamellipodial protrusion. There are several
ways by which Rac can regulate actin polymerization. It

Table 1. GTPases, GAPs, and GEFs found in FAs

Integrin signaling

can activate the Arp2/3 complex via the Scar/WAVE
proteins, activate DRFs, increase the availability of free
actin barbed ends by the removal of capping proteins, or
increase the availability of actin monomers by regulating
cofilin (Jaffe and Hall 2005). Rac also feeds back to the
integrins by promoting recruitment and clustering of
activated integrins at the edge of the lamellipodium
(Kiosses et al. 2001). The importance of the B1 integrin—
Rac axis for lamellipodia formation in vivo is demon-
strated by the conditional knockouts of these molecules
in Schwann cells. Cells from mice lacking 81 integrin in
Schwann cells show decreased Racl activity and are
deficient in the extension of radial membranes required
for axonal sorting and myelination. This defect can be
partly rescued by expressing active Rac (Nodari et al.
2007) and is phenocopied by the conditional ablation of
Racl in these cells (Benninger et al. 2007).

Cdc42: regulator of cell polarity

Genetic ablation studies have demonstrated that Cdc42
regulates cell polarity in hepatocytes (van Hengel et al.

References
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Dynamin-2 Actin remodeling
Racl Lamellipodial extension
Rapl RacGEF recruitment
RhoA Cytoskeletal retraction
GAPs
AMAPI1 (ASAP2) Arf
AMAP2 (PAG3) Arf
APAP1 (Gitl) Arf
APAP2 (PKL/Git2) Arf
ArhGAP5 Rho
ASAP3 Arf
CdGAP Cdc42, Rac
DLC-1 Rho
DLC-3 Cdc42, Rho
DOCK180 Rac
ELMO Rac
FilGAP Rac
Graf Rho
pl120RasGAP Ras
p190RhoGAP Rho
RC-GAP72 Cdc42, Racl
GEFs
oPIX Cdc42, Rac
BPIX Cdc42, Rac
AND-34 R-Ras, Rapl, Ral
LARG Rho
Lsc/P115RhoGEF Rho
p190RhoGEF Rho
RapGEF1 (C3G) Rap
Sos Ras
Tiam1 Rac
Trio Rho
Vav Rho
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Figure 2. Examples of signaling pathways located downstream
from integrin activation. The composition of the extracellular
matrix, its mechanical properties, and the growth factor envi-
ronment regulate the outside-in signaling by integrins in co-
operation with growth factor receptors (GFR). Growth factor
signaling interacts with integrin-mediated signaling on multiple
levels: by regulating integrin affinity for ligands (I), by regulating
the activity of the integrin-associated signaling proteins such as
FAK, Src, and PI3K (II), and by regulating the activity of the
downstream effectors such as ERK, Akt, JNK, and the Rho
GTPases (IMI). The central signaling module downstream from
integrins is the Src/FAK complex, which activates ERK and JNK
to regulate cell survival, proliferation, and differentiation. In
addition, through activation of Crk/Dockl180 or alternatively
PIX/GIT pathways, the Src/FAK complex regulates Rho GTPase
activity, resulting in cytoskeletal reorganization and regulation
of migration, adhesion, and polarity. Integrins also activate PI3K,
which in collaboration with ILK and mTOR regulates cell
survival through Akt. Cross-talk between the various pathways
as well as alternative activation pathways are not depicted.
(GFR) Growth factor receptor; (PI3K) PI-3-kinase; (ILK) integrin
linked kinase; (TORC) mammalian target of rapamycin com-
plex; (FAK) FA kinase; (ERK) extracellular signal-regulated
kinase; (Cas) Crk-associated substrate; (JNK) Janus kinase;
(DOCK180) dedicator of cytokinesis 1; (PIX) PAK interactive
exchange factor; (GIT) G protein-coupled receptor kinase-inter-
acting protein.

2008), neurons (Garvalov et al. 2007), and epithelia (Wu
et al. 2006, 2007) but not in fibroblastoid cells, where
other GTPases are also involved (Czuchra et al. 2005).
Blocking integrins by using Arg-Gly-Asp (RGD) peptides
or blocking downstream signaling by inhibiting Src
activity leads to loss of Cdc42 activation and inhibition
of cell polarity (Etienne-Manneville and Hall 2001).
Integrin ligation has also been shown to activate Cdc42
via the ILK-B-parvin-oPIX pathway (Filipenko et al.
2005). Cdc42 regulates polarity by activating Arp2/3 via
WASP, which establishes sites for lamellipodium forma-
tion, as well as by orienting the microtubule-organizing
center and Golgi apparatus in front of the nucleus, toward
the leading edge (Jaffe and Hall 2005). As both Rac and
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Cdc42 activate Arp2/3, it is not entirely clear why their
activation leads to such morphologically distinct struc-
tures, lamellipodia and filopodia, respectively. However,
recent studies on the morphogenesis of these structures
have revealed that Cdc42-induced filopodia act as pre-
cursors for Rac-induced lamellipodia, establishing a tem-
poral hierarchy of integrin-dependent Rho GTPase
activation in the regulation of cell spreading and migra-
tion (Guillou et al. 2008).

RhoA: regulator of cell contractility

The RhoA GTPase promotes cell contractility through
two key effector pathways: the Rho kinase, which pro-
motes contractility by increasing phosphorylation of the
regulatory light chain of myosin II, and the DRFs, which
regulate actin bundling and microtubule stability (Fukata
et al. 2003). Initial phases of cell adhesion or lamellipodial
protrusion thus require suppression of RhoA activity.
This can be achieved via integrin-mediated activation of
c-Src or the kinase AbIII/Arg, which in turn activate
p190RhoGAP, or alternatively through activation of Racl,
which suppresses RhoA activity (Sander et al. 1999;
Arthur et al. 2000; Arthur and Burridge 2001; Nimnual
et al. 2003; Bradley et al. 2006). RhoA is later activated to
induce the contraction necessary for retracting the trail-
ing edge as well as for maturation of FAs.

A recent study suggests that RhoA activating and
inactivating signals are regulated via a B3 integrin cleav-
age switch mediated by calpain. A calpain-cleaved form
of B3 promotes contractility, whereas the full-length form
promotes spreading due to the interaction of c-Src with
the extreme C terminus of the full-length B3 integrin,
which inhibits RhoA-dependent contractile signals. Thus,
B3 tail cleavage relieves c-Src-mediated RhoA inhibition
and induces a transition from spreading to contraction
(Flevaris et al. 2007). Whether an analogous mechanism
applies for other B integrins as well needs to be analyzed.
Studies demonstrating that integrins avB3 and o581
differentially regulate RhoA activity in response to fibro-
nectin binding suggest, however, that g subunits do not
employ identical strategies to regulate RhoA (Danen et al.
2002), perhaps due to different abilities of B1 and B3 to
bind c-Src (Arias-Salgado et al. 2005). Another possibility
is that the integrin a subunit plays a coregulatory role in
the signaling from integrins to RhoA. It was shown in
epithelial cells that collagen-a2B1 integrin binding acti-
vates RhoA, whereas laminin322-a3B1 integrin binding
inhibits RhoA and activates PAK1, leading to opposing
effects on cell motility (Zhou and Kramer 2005). Differ-
ential recycling of avp3 and o581 to the cell surface can
also influence Rho signaling, as increased a5p1 surface
expression in response to impaired avB3 trafficking
results in enhanced Rho—-ROCK-—cofilin pathway activity
and increased random migration (White et al. 2007).
Taken together it seems that the pattern of integrin re-
ceptors expressed on a cell dictates the level and kinetics
of RhoA activation. The generation of RhoA knockout
mice will be required to assess the in vivo relevance of
these findings.
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Regulation of signal transduction

Regulation of ligand-binding affinity by inside-out signal-
ing, the localized nature of integrin signaling, and in-
tegration of mechanical and chemical signals through
direct association with the cytoskeleton make integrins
unique signaling machines. However, cross-talk between
GFRs and integrins was demonstrated over a decade ago,
suggesting that these two classes of signaling hubs often
function together to achieve a desired outcome. Growth
factor stimulation and integrin-mediated adhesion to-
gether increase the intensity (Miyamoto et al. 1996) and
duration (Roovers et al. 1999) of extracellular signal-
regulated kinase (ERK) activation; in the absence of
adhesion cues, growth factor-mediated ERK activation
is transient (Roovers et al. 1999). While one report
demonstrated that phosphorylation of EGFR and PDGF
receptor (PDGFR) is enhanced when cells were treated
with both growth factors and integrin ligands (Miyamoto
et al. 1996), other reports have shown that integrin
activation alone is sufficient to stimulate EGFR and
PDGFR phosphorylation (Sundberg and Rubin 1996;
Moro et al. 1998). Studies in fibroblasts showed that,
upon integrin engagement, transient complexes contain-
ing EGFR, av3 integrin, p130Cas, and c-Src are assem-
bled, resulting in EGFR phosphorylation in a ¢c-Src- and
endogenous EGFR kinase activity-dependent manner
(Moro et al. 2002). Interestingly, the phosphorylation
pattern on EGFR induced by this complex was distinct
from the pattern induced by EGF binding. Mass spectro-
metric analysis of EGFR peptides from ECV304 endothe-
lial cells revealed that adhesion-dependent phosphorylation
sites on EGFR differ from growth factor-dependent phos-
phorylation sites (Boeri Erba et al. 2005), suggesting that
GFRs have functions independent of growth factor bind-
ing but dependent on integrin-mediated adhesion. The
dependence on endogenous kinase activity implies that
integrin activation induces clustering of GFRs; indeed,
such clustering has been observed for EGFR, PDGFR, and
FGFR (Plopper et al. 1995; Miyamoto et al. 1996; Sundberg
and Rubin 1996). The fact that GFRs can be activated in
response to matrix binding suggests that the contribution
of GFR-mediated signaling to what is thought to
be primarily integrin-mediated signaling may be vastly
underestimated. Adhesion-dependent Rac activation lead-
ing to cell spreading, for example, was shown to be
dependent on intact EGFR signaling in COS cells, even
in the absence of EGF (Marcoux and Vuori 2003).

Src—-FAK complex: switching on integrin signaling

Assembling the current knowledge of integrin signaling
pathways into a network connections map highlights the
Src-FAK complex as the major hub for integrin signaling
(Fig. 2; Martin et al. 2002; http://stke.sciencemag.org/cgi/
cm/stkecm;CMP_6880). Src is a nonreceptor tyrosine
kinase constitutively associated with the cytoplasmic
tail of B3 integrins via its SH3 domains (de Virgilio
et al. 2004; Arias-Salgado et al. 2005). It is the proto-
type Src family kinase (SFK), a family consisting of nine
members, of which Src, Fyn, and Yes are ubiquitously
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expressed. All SFKs are regulated by a C-terminal tyro-
sine residue that, when phosphorylated, binds to the SH2
domain to autoinhibit kinase activity.

SFK activation, which is one of the earliest events
following integrin ligation and clustering, can be achieved
via several mechanisms. In case of the platelet alIf3
integrin, integrin ligation causes the dissociation of the
Src inhibitory kinase Csk from the integrin, leading to Src
dephosphorylation at the inhibitory tyrosine 529. This
induces a conformational change to allow autophosphor-
ylation of the activating tyrosine 418 (Obergfell et al.
2002). Alternatively, the inhibitory tyrosine can be de-
phosphorylated by integrin-associated phosphatases such
as RPTPa in response to avB3 ligation (den Hertog et al.
1993; von Wichert et al. 2003b) or PTP1B (Liang et al.
2005). The activation of f1-, 2-, and B3-bound SFKs has
also been shown to occur through transactivation of Src
by itself or by competition from FAK for binding to the
Src SH2 domain (Arias-Salgado et al. 2003; Mitra et al.
2005).

FAK is activated by autophosphorylation on tyrosine
residue 397 in response to integrin ligation. This induces
an interaction with Src that stabilizes the active confor-
mation of Src, leading to increased catalytic activity. Sub-
sequently, additional tyrosines on FAK are phosphorylated,
resulting in full activation of both kinases (Schlaepfer
et al. 1994; Calalb et al. 1995, 1996; Thomas et al. 1998).
FAK represents an intersection point for GFR cross-talk,
as the phosphorylation of FAK, and therefore its activa-
tion status, can be regulated by EGF (Kim and Kim 2008),
and dephosphorylation of FAK in tumors that overexpress
EGFR/HER2 has been proposed to be a contributing event
in invasion and metastasis (Kim and Kim 2008). By using
cells expressing a chimeric receptor consisting of the
cytoplasmic domain of B1 combined with the transmem-
brane and extracellular domains of the Tac subunit of
human interleukin-2 receptor (Tac-Bl), Src-mediated
phosphorylation of specific substrates was shown to be
dependent on FAK activation. In these cells, FAK auto-
phosphorylation at Y397 is suppressed, but phosphoryla-
tion of Src is unaffected. Despite normal Src activation,
phosphorylation of the downstream targets paxillin and
p130Cas was strongly impaired (Berrier et al. 2008). In
contrast, a study on the role of Bl integrin in the de-
velopment of mammary carcinomas in mice revealed
that tumors lacking g1 display defects in FAK but not
in Src signaling, suggesting that these two molecules
can function independently downstream from integrins
(White et al. 2004). Whether this is true in other tu-
mor types as well as in normal tissue requires further
investigation.

The major signaling pathway downstream from the
Src-FAK complex is the Ras-MEK-MAPK pathway,
which is activated by integrated signals from integrins
and growth factors. ERK2 phosphorylation downstream
from integrins modulates both FA dynamics through
myosin light chain kinase, as well as cell proliferation,
cell cycle progression, and survival through regulating
cyclin D1 and PI-3-kinase activity (Chen et al. 1996;
Webb et al. 2004; Walker et al. 2005). Integrin signaling
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can influence MAPK activation on multiple levels. The
Src-FAK complex activates PAK1, which in turn phos-
phorylates MEK1 on S$298, which is critical for the
assembly and localization of the activated signaling
complex. Although growth factors can activate Ras in-
dependently of adhesion, activation of MEK1 by adhesion-
mediated signaling through Src-FAK is necessary for
the signal to proceed to MAPK activation. Thus, MEK1
is a critical convergence point between growth factor and
integrin signaling (Slack-Davis et al. 2003). Another in-
tersection point of these two pathways occurs at the level
of Rafl. In adherent cells, Rafl is phosphorylated on
a permissive S338, which is required for downstream
activation of ERK. This phosphorylation is lost in sus-
pended cells, rendering EGF unable to induce phosphor-
ylation of ERK in nonadherent cells (Edin and Juliano
2005).

In summary, there are multiple ways by which the Src—
FAK complex regulates ERK. This regulation seems to be
cell-type-specific since deletion of FAK leads to prolifer-
ation defects in mammary epithelial cells (Nagy et al.
2007) and cardiomyocytes (Peng et al. 2006) but not in
keratinocytes (Schober et al. 2007) or endothelial cells
(Braren et al. 2006). These differences might be due to
a tissue-specific compensation by the FAK family mem-
ber Proline-rich tyrosine kinase 2 (Pyk2), or possible
inhibitory effects of unphosphorylated FAK on cell pro-
liferation (Pirone et al. 2006), which are relieved in the
keratinocyte and endothelial cell models.

Multiple roads to Akt activation

FAK activation leads also to the recruitment of PI-3-
kinase to FAs. The resulting elevation of local PtdIns-
3,4,5-P3 serves to catalyze various signaling reactions, as
well as to localize PH domain-containing proteins to the
FAs. A central consequence of PI-3-kinase activation is
activation of Akt, a ubiquitously expressed serine/threo-
nine kinase that regulates integrin-mediated cell sur-
vival. Akt is activated by phosphorylation of Thr308 in
the activation loop. This phosphorylation is carried out
by PDK1, which is recruited to the plasma membrane by
binding to PtdIns-3,4,5-P; (Vanhaesebroeck and Alessi
2000). Akt is also phosphorylated at Ser473, which has
been shown to regulate the specificity of Akt toward its
substrates, and/or to stabilize its active conformation
(Guertin et al. 2006; Ikenoue et al. 2008). Phosphorylation
of Ser473 can be executed by mammalian target of
rapamycin (mTOR) or ILK, depending on the cellular
context. Genetic evidence suggests that mTOR is the
predominant kinase under physiological conditions, whereas
ILK could be required for Akt phosphorylation in certain
tumor cells, particularly in cases where mTOR function
is compromised (Guertin et al. 2006; Jacinto et al. 2006;
Tkenoue et al. 2008; McDonald et al. 2008). However,
mTOR is localized mainly to the endoplasmic reticulum
and the Golgi, whereas Akt phosphorylation occurs
primarily at the plasma membrane. Therefore it will be
important to determine how integrin ligation can locally
regulate Ser473 phosphorylation of Akt. One possibility
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is that this occurs indirectly; for example, through the
phosphatase PP2A, which can dephosphorylate and thus
inactivate Akt. The ability of B1 integrin to directly bind
and activate PP2A, which on the other hand is inactivated
by mTOR, could provide a mechanism by which integrins
locally switch on and off Akt signaling (Peterson et al.
1999; Ivaska et al. 2002; Pankov et al. 2003). Another
possibility is that ILK acts as a scaffold to localize mTOR
activity to FAs, as ILK was recently shown to bind rictor,
an essential component of mTOR complex 2 (mTORC?2)
(McDonald et al. 2008). On the other hand it is possible
that both mTOR and ILK act upstream of a yet-uniden-
tified kinase that is responsible for the phosphorylation of
ALkt at Ser473. In addition to its role upstream of Akt, ILK
represents another potential intersection point for GFR
cross-talk as ILK is connected to GFRs via a Nck2-
PINCH-ILK interaction (Velyvis et al. 2003; Vaynberg
et al. 2005). The relevant mTOR complex for Akt
phosphorylation, mTORC2, is minimally affected by
growth factor signaling (Woo et al. 2007), so other
functions of ILK such as cytoskeleton reorganization
may be the relevant targets of ILK-GFR cross-talk.

Signaling through compartmentalization

In addition to directly activating signaling pathways,
integrins influence intracellular signaling by regulating
plasma membrane order. Recent data suggest that integ-
rin clustering induces the plasma membrane to organize
into tightly packed, highly ordered lipid rafts locally in
FAs (Gaus et al. 2006). A key property of these rafts is
their ability to concentrate signaling proteins such as
SFKs, H-Ras, and heterotrimeric G proteins, while selec-
tively excluding proteins such as phosphatases. Even
a small increase in local concentration of signaling
molecules as a result of partitioning into a lipid raft can,
through amplification, initiate signaling cascades
(Simons and Toomre 2000). It has been shown that B1
integrins depend on caveolae, a specific subclass of lipid
rafts, to associate with Src and to activate FAK (Wei et al.
1999). This dependence on caveolae for Src-integrin
association may explain why the Tac-pl hybrid, de-
scribed above, is unable to support Src-mediated phos-
phorylation of FA-localized substrates. On the other
hand, rapid internalization of rafts in response to changes
in integrin ligand occupancy can effectively turn off
entire signaling modules (del Pozo et al. 2004). GFRs are
also constantly internalized, and this has a profound
effect on the regulation of the signal: not merely as
a mechanism to turn off the signal, but rather to regulate
the kinetics of signaling as well as the activation profile of
downstream kinases (Teis and Huber 2003).

In summary, integrin ligation leads to the activation of
multiple signaling cascades with well characterized out-
puts. There are, however, multiple ways by which these
cascades are activated and spatiotemporally regulated,
both through the assembly of signaling modules as well as
through regulation of plasma membrane order and endo-
cytosis. The question of how these processes are regu-
lated in three-dimensional environments as well as
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in vivo requires detailed exploration. The use of real time
imaging to study the assembly, activity, and targeting of
signaling complexes might provide valuable insights.

Integrin-mediated control of insulin-like growth factor
(IGF-1) receptor (IGF1R) signaling

IGF-1 and IGFIR play important roles in growth and
development; mutations in IGF-1 or IGFIR result in
growth retardation in both mice and humans (Liu et al.
1993; Arends et al. 2002; Abuzzahab et al. 2003). Over-
expression of IGF-1 in mice or administration of exoge-
nous IGF-1 slows the age-related decline in skeletal
muscle performance (Gonzalez et al. 2003; Moreno et al.
2006; Payne et al. 2006, 2007) and induces skeletal mus-
cle hypertrophy in vitro (Musaro et al. 1999; Semsarian
et al. 1999) and in vivo (Barton-Davis et al. 1998). IGF-1
expression or treatment also attenuates contraction
defects and contraction-related injuries in a mouse model
of Duchenne muscular dystrophy (Lynch et al. 2001;
Schertzer et al. 2006, 2008; Gehrig et al. 2008), and speeds
muscle regeneration following injury (Schertzer et al.
2006). Therefore, there is great interest in manipulating
IGF1-mediated signaling pathways to treat muscular and
aging-related disorders. Significant advances have been
made in the last few years toward understanding the
mechanism of IGFIR signaling, and reveal a significant
degree of cross-talk with integrins that provides a good
example of the intimate relationship between integrin-
and GFR-mediated signaling.

Skeletal muscle-specific deletion of ILK in mice results
in a progressive muscular dystrophy characterized by
abnormalities at the myotendinous junction (MT]J), in-
creased fibrosis, and increased contraction-related injury
(Wang et al. 2008). Normal muscles respond to exercise
with increased phosphorylation of IGF1IR and Akt, but
both responses are attenuated in ILK /~ muscle, although
Akt phosphorylation is not different in untrained muscle
from both genotypes. Autocrine secretion of IGF-1 in
muscles lacking ILK is greatly increased following exer-
cise, presumably as a failed attempt to compensate for
attenuated IGFIR activation. a7f1 integrin, which is
normally located at the MT]J, is mislocalized in muscles
lacking ILK, so it is possible that the attenuated IGFIR
response in these mice results from an impaired interac-
tion between Bl integrin and IGF1R. An interaction
between Bl and IGF1R was previously reported to be
important for full IGFIR activity in prostate cancer cells
(Goel et al. 2004, 2005) and multiple myeloma (Tai et al.
2003). An interaction between g1 and IGFIR is enhanced
following IGF-1 treatment in mouse C2C12 myoblast
cells (Wang et al. 2008), implying that a functional in-
teraction may also occur within untransformed skeletal
muscle cells.

In human intestinal smooth muscle, IGF1R activity
following IGF-1 treatment is augmented when cells are
plated on fibronectin, and abrogated when cells were
treated with the disintegrin echistatin, demonstrating
that avB3-mediated binding to the RGD sequence within
fibronectin is required for full IGF1R activity in these
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cells (Kuemmerle 2006). Likewise, treatment of porcine
vascular smooth muscle cells (VSMCs|) with vitronectin
enhances IGF-1-mediated migration and proliferation,
and increases pShe and pERK levels (Maile et al. 2006a,b).
In this case the heparin-binding domain of vitronectin,
which binds to the C-loop of B3 and not to the RGD-
binding domain, is sufficient for enhanced IGF1R activ-
ity. Mouse B3 contains differences within the C-loop
sequence that render mouse cells insensitive to vitronec-
tin-enhanced IGF1R activity, in contrast to human and
porcine B3. Transfecting mouse VSMCs with human g3
allows them to respond robustly to IGF-1 treatment when
plated on vitronectin (Xi et al. 2008). Together, these
results demonstrate that fibronectin and vitronectin have
different stimulatory effects on IGFIR signaling through
the same integrin. Why the RGD sequence in vitronectin
is not sufficient to augment IGF1R signaling via avp3, but
the RGD sequence in fibronectin is sufficient, will re-
quire further study.

There are at least two mechanisms by which avp3
enhances IGFIR signaling. The first involves FAK-
dependent phosphorylation of IGFIR. FAK interacts
with IGFIR in cell lysates; in FAK™/~ mouse embryonic
fibroblasts, IGF1IR phosphorylation is impaired in re-
sponse to IGF-1, and IGF-1-dependent cell proliferation
is blocked (Liu et al. 2008). The second mode of regulation
involves the tyrosine phosphatase SHP-2 (Fig. 3A,B). In
the absence of avB3 activation SHP-2 binds to and de-
phosphorylates IGF1R within minutes of IGF-1 stimulation,
down-regulating IGF1R signaling (Maile and Clemmons
2002a,b). Ligation of avB3 by fibronectin or vitronectin
induces a B3-SHP-2 interaction, which sequesters the
phosphatase and prolongs IGF1R signaling (Clemmons
and Maile 2005). Interestingly, dephosphorylation of
IGF1R in human pancreatic cancer cells is prevented by
fibronectin, but not by vitronectin (Edderkaoui et al.
2007). SHP-2 is subsequently transferred from B3 to
SHP-2 substrate-1 (SHPS-1), a transmembrane protein
that is phosphorylated by IGFIR in a manner dependent
on integrin-associated protein, a binding partner of B3
integrins (Maile et al. 2003, 2008). Finally, SHP-2 bind-
ing to SHPS-1 induces the assembly of a signaling module
to activate MAPK and PI-3-kinase signaling pathways
(Clemmons and Maile 2005).

Bl integrins are involved in an alternative signaling
module centered on the scaffolding protein RACK (Fig.
3C,D). RACK is a 7-WD repeat-containing adaptor protein
that connects IGFIR, PKC isoforms, and Bl integrin in
response to IGF-1 treatment in transformed cells (Her-
manto et al. 2002). In unstimulated adherent fibroblasts
IGF1R binds RACK1, which in turn binds the phosphatase
PP2A. IGF-1 treatment induces the displacement of PP2A
by B1 and the recruitment to RACK of a signaling complex
that ultimately results in increased cell migration toward
IGF-1 (Kiely et al. 2005, 2006). Recent work using un-
transformed cardiomyocytes failed to detect a RACK-
IGFIR interaction in this cell type under any circum-
stances (O’Donovan et al. 2007). IGF-1 treatment caused
the recruitment of Src and PKC isoforms to RACK in these
cells; this does not occur when the RACKI-IGFIR in-
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teraction is disrupted in transformed cells (Kiely et al.
2005). Taken together, these data suggest that different
RACK-mediated signaling complexes may assemble in
untransformed and transformed cells, and possibly in
a cell-type-specific manner. Further investigation is re-
quired to determine whether such differences could be
exploited to control migration and metastasis in cancers
that display aberrant IGF-1 signaling.

Work from two groups (Rusnati et al. 1997; Mori et al.
2008) has revealed an interaction between FGFs and avp3
integrin. The binding sites on FGFI1 for FGFR and integrin
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are distinct, and it has been proposed that FGF can bind to
both FGFR and integrin in cis (Mori et al. 2008). A mutant
form of FGF1 that does not bind to integrin retains early
functions of FGF signaling, such as Akt and ERK phos-
phorylation, but later events such as DNA synthesis, cell
proliferation, and migration are impaired. The integrin-
binding site on FGF lies within the heparin-binding
domain, resembling IGF1R regulation by vitronectin, at
first glance. Future study will surely reveal whether
mechanisms of integrin—-FGFR cross-talk bear additional
parallels to integrin—-IGF1R cross-talk.

Taken together, these data demonstrate that cross-talk
between GFRs and integrins occurs at multiple levels,
from the sequestering and activation of growth factors by
integrins (for example, TGF-B) (Sheppard 2005), to the
regulation of transcriptional programs and PI-3-kinase
activity that alter the composition of the integrin adhe-
some, and subsequent cellular behavior. GFR and integrin
signaling operate both in conjunction with one another,
as illustrated by integrin regulation of IGF1R signaling via
SHP-1 and RACK discussed above, as well as in parallel
pathways, illustrated by the observation that dual in-
hibition of FAK and IGFR1 is required to inhibit growth
and induce apoptosis of pancreatic cancer cells and
glioma cells in vitro (Liu et al. 2007, 2008). By manipu-
lating the signaling pathways leading from integrins and
GFRs and integrating them through cross-talk at every
conceivable level, an appropriate response to complex
extracellular inputs is assured.

Perspectives

Much of the work done to elucidate integrin inside-out
signaling pathways has used tissue culture plastic as

Figure 3. Cross-talk between IGF-1 receptor and integrins.
(A,B) IGF1R and avB3 integrin cross-talk through a transmem-
brane mediator SHPS-1. In the absence of integrin activation the
tyrosine phosphatase Shp2 rapidly binds and inactivates IGF1R,
inhibiting downstream signaling. (A) Activated 3 integrin binds
to Shp2 via the adaptor molecule Dok1, and prevents Shp2 from
interacting with IGF1R. (B) Activation of IGFIR leads to the
phosphorylation of SHPS-1 in an IAP-dependent manner. Shp2 is
transferred to phosphorylated SHPS-1, and this interaction is
required for the subsequent recruitment and phosphorylation of
the adaptor molecule She. Shp2 and She can bind to Src and Grb-
2 (not depicted), respectively, to promote downstream ERK and
PI-3-kinase activation. (C,D) 1 integrins and IGF1R cross-talk
in transformed cells through a RACKI-mediated signaling
complex. In the unstimulated state, RACK1 binds the phospha-
tase PP2A and Src, sequestering Src activity and enhancing
PP2A activity. Activation of IGF1R leads to the displacement of
PP2A by the B1 tail, and the release of Src activity. A new
signaling complex assembles onto RACKI, consisting of the
phophatase Shpl, PKC, IRS-1, and Shc. Association of RACK
with IGFIR is dependent on cell adhesion and RACKI1 that
cannot bind to IGFIR does not form this signaling complex.
Molecules are not drawn to scale. (IGF1R) Insulin-like growth
factor-1 receptor; (SHPS-1) Shp substrate 1; (IAP) integrin-asso-
ciated protein; (Dok1) docking protein 1; (RACKI1) receptor for
activated C kinase 1; (PP2A) protein phosphatase type 2A; (PKC)
protein kinase C; (IRS-1) insulin receptor substrate-1.
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a support, which is a rigid material not representative of
the natural environment in which cells find themselves.
Recent work has elegantly shown that matrix stiffness
has profound effects on cell fate and behavior. Mesenchy-
mal stem cells (MSCs) differentiate into neurons, myo-
cytes, or osteoblasts in response to being cultured on
collagen matrices of the appropriate physiological stiff-
ness (Engler et al. 2006), and myotubes differentiate into
striated muscle only on substrates approximating the
stiffness of muscle (Engler et al. 2004). Matrix stiffness
also has effects on cell migration, proliferation, and
survival (Wells 2008). However, the mechanisms leading
to such drastic changes in response to matrix stiffness are
less well studied than the effects of soluble factors on
these same properties. It is known that growth on soft
substrates leads to smaller FAs containing less phospho-
tyrosine, and reduced cytoskeletal organization (Pelham
and Wang 1997; Engler et al. 2006). Given the proof of
principle from Engler et al. (2006) that matrix stiffness
plays the predominant role in cell fate decisions in MSCs,
more attention should be devoted to how changes in FA
size and composition, and integrin-mediated changes in
cytoskeletal organization, as well as other tension-de-
pendent mechanisms such as stretch-activated cation
channels (Copland and Post 2007), drive the genetic
programs responsible for differentiation.

Many studies of integrin signaling have, for simplicity’s
sake, treated integrins as cell surface receptors function-
ing as isolated units but, as we are aware, integrin
signaling is significantly influenced by GFRs. In addition,
other transmembrane proteins such as tetraspanins and
cell surface heparin sulfate proteoglycans such as synde-
cans have modulatory roles that affect integrin-mediated
functions such as adhesion and migration. To gain a more
thorough understanding of outside-in signaling it will be
necessary to dissect the relative contributions of integrins
and other cell surface receptors by revisiting what we
think we know about integrin signaling and examining
post-adhesion molecular events in the absence of func-
tional modulators. For GFRs this can be achieved by
expressing dimerization defective mutants or using in-
hibitory molecules, and for tetraspanins and syndecans
this is being accomplished through the use of genetic
knockout models and siRNA knockdown studies in cells.
Taken together these investigations paint a picture of
a complex, membrane-bound environmental sensor cen-
tered on integrins that parses extracellular physical and
chemical cues into an appropriate intracellular response.
Future studies will continue to build on and refine this
current knowledge and will surely reveal many surprises
in the years to come.
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