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Integrin-based adhesion has served as a model for studying the central role of adhesion in
migration. In this article, we outline modes of migration, both integrin-dependent and -inde-
pendent in vitro and in vivo. We next discuss the roles of adhesion contacts as signaling
centers and linkages between the ECM and actin that allows adhesions to serve as traction
sites. This includes signaling complexes that regulate migration and the interplay among
adhesion, signaling, and pliability of the substratum. Finally, we address mechanisms of
adhesion assembly and disassembly and the role of adhesion in cellular polarity.

IMPORTANCE OF MIGRATION

he past two decades have witnessed enor-

mous progress in understanding integrin-
mediated cell migration. Integrins are implicated
in cellular migrations in many contexts. These
include leukocyte trafficking in immune sur-
veillance, movements that mediate tissue re-
generation and repair, and migration during
embryonic morphogenesis, e.g., the movement
of cell sheets during gastrulation and the migra-
tion of stem cells from epithelia in which they
are born to distant targets (Webb et al. 2002;
Ridley et al. 2003; Friedl and Wolf 2010). Many
human diseases including cancer and inherited
immunodeficiency disorders have been associ-
ated with altered integrin-mediated adhesion
and migration. There has therefore been strong
interest in understanding and potentially target-
ingintegrin-mediated migration to treat human
disease. However, understanding cell migration

is challenging because it is the result of tran-
sient, localized adhesion and signaling. In this
article, we focus on how integrins regulate
cell migration and how formation and disassem-
bly of integrin-mediated adhesions are regulated
temporally and spatially during directed cell
migration.

Modes of Migration

Cell migration requires the dynamic interaction
between a cell and the substratum on which it is
attached and over which it migrates. Distinct
modes of migration contribute to diverse types
of cell movements; they range from the move-
ment of single cells to collective cell migration,
where intercellular interactions are retained
and groups of cells move coordinately (Friedl
and Wolf 2010). The movement of individual
cells is increasingly described as either “mesen-
chymal” or “amoeboid.” However, these terms
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are poorly defined, seem to be extremes of a
continuum, and can be confusing because
nonmesenchymal cells can undergo mesenchy-
mal migration and an amoeba-like Dictyostel-
lium can undergo mesenchymal-like migration.

At one extreme, mesenchymal cell migration
is characterized by single cell motility and a mul-
tistep cycle of protrusion, adhesion formation,
and stabilization at the leading edge followed
by cell body translocation and release of adhe-
sions and detachment of the cell’s rear (Aber-
crombie et al. 1971; Heath and Dunn 1978;
Huttenlocher et al. 1995; Lauffenburger and
Horwitz 1996; Ridley et al. 2003). Motile fibro-
blasts and some cancer cells show organized
adhesion structures and can exert substantial
contractile forces on the ECM. Mesenchymal
migration in three-dimensional tissues is associ-
ated with the degradation of ECM and regulated
extracellular proteolysis (Friedl and Wolf 2010).
Amoeboid migration lies at the other extreme
and is characterized by gliding and rapid migra-
tion; it is the primary mode of migration for
highly motile cells including neutrophils, den-
dritic cells, and lymphocytes. These cells exert
relatively weak integrin-mediated traction forces
on the surrounding substrate and can even
be integrin-independent (Lammermann et al.
2009; Friedl and Wolf 2010). For example,
migration of dendritic cells in interstitial tissues
does not require integrins, which are used for
motility over some 2-D surfaces (Lammermann
et al. 2008). Amoeboid cells generally do not
form readily visualized adhesive structures; but
larger adhesion complexes can be induced by
inflammatory stimuli, such as TNFa that impair
cell motility and induce leukocyte stopping and
retention (Fuortes et al. 1994; Lokuta and Hut-
tenlocher 2005). Although integrin-induced
traction forces are generally weak during amoe-
boid cell motility, under many conditions weak
integrin-mediated adhesions likely modulate
the fast gliding motility of amoeboid cells.
An extreme kind of integrin-independent 3-D
migration can be shown by amoeboid cells
including dendritic cells; in this mode, the cells
move via a blebbing type of migration driven
by cortical actin cytoskeletal tension (Lammer-
mann et al. 2008).

Thus, cells can use both integrin-dependent
and independent mechanisms to orchestrate
their movement through changing environ-
ments until they reach their final destination.
The ability of cells to adapt and switch from
integrin-dependent to integrin-independent
modes of migration in the context of tumor
cell migration and invasion makes the thera-
peutic targeting of integrins to treat diseases
such as tumor invasion and metastasis challeng-
ing (Friedl and Wolf 2010).

Integrins

Integrins are the major and best-characterized
trans-membrane receptors that mediate dy-
namic interactions between the extracellular
matrix and the actin cytoskeleton during cell
motility (Fig. 1). Integrins are a3 heterodimers
with a large extracellular domain that binds
the extracellular matrix (ECM) and links to the
actin cytoskeleton through a short cytoplasmic
tail (Hynes 2002). Binding specificity is deter-
mined by the extracellular domain of integrins
that recognize diverse matrix ligands including
fibronectin (e.g., a5B1, avP3, a4f1), collagen
(e.g., alPl, a2B1), and laminin (e.g., a2B1,
a3B1, a6B1). Cell surface receptors including
the Ig superfamily members ICAM-1 (aLp2,
aMB2) or VCAM-1 (a4p1) are also recognized
by integrins. In general, integrins bind to
specific motifs within the matrix protein; for
example, nine different integrins can bind to
fibronectin and recognition is usually through
the central cell-binding domain (Arg-Gly-Asp
[RGD] motif). Therefore, cells adherent to
fibronectin have matrix-induced adhesions
that contain many different integrins that can
differentially affect adhesion dynamics and cell
motility. For example, on fibronectin a5B1-
integrin-mediated adhesions are more dynamic
than avpB3-mediated adhesions that are associ-
ated with more persistent migration (reviewed
in Truong and Danen 2009; Huveneers and
Danen 2009). Changing the integrin repertoire
can correlate with changes in migration includ-
ing more invasive phenotypes; for example,
expression of avf33 integrin on melanomas cor-
relates with tumor invasion (Seftor et al. 1992)
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Figure 1. Focal adhesions and invadopodia. Schematic showing some major compositional and structural differ-
ences between focal adhesions and invadopodia. The linkage from integrin to actin could occur through talin or
a-actinin in focal adhesions. A large number of signaling complexes are also implicated in adhesive signaling. In
general, they reside in large complexes, which are not shown. (Figure is courtesy of Christa Cortesio.)

and the o231 integrin with metastasis of rhab-
domyosarcoma (Chan et al. 1990).

To migrate, integrin-mediated adhesions
dynamically form and turn over, and the polar-
ized assembly and disassembly of adhesions are
essential for optimum cell speed and directional
persistence (Fig. 2). In 2-D systems, cell migra-
tion speed is maximum at intermediate levels
of cell-substratum adhesion where both
adhesion formation and release are efficient
(DiMilla et al. 1993). Density of ligand, recep-
tor concentration, ligand-binding affinity and
cytoskeletal associations are all key determi-
nants of cell migration speed (Huttenlocher
et al. 1996; Palecek et al. 1997). Optimum cell
speed occurs at intermediate levels of expression
of a5B1 or a2PB1 integrins or intermediate
concentrations of ligand, including fibronectin
or collagen. In general, in most cell types, there
is an intermediate cell-substratum adhesiveness
that supports maximum migration (reviewed in
Huttenlocher et al. 1995; Lauffenburger and
Horwitz 1996; Palecek et al. 1997; Gupton and
Waterman-Storer 2006). This optimum in
“adhesiveness” is also seen in 3-D migration as
well as contributions of matrix pliability for

some matrices (Zaman et al. 2005, 2006, 2007)
but not for others (Doyle et al. 2009).

INTEGRINS IN MIGRATION —THE BASICS
Traction

Adhesion serves two major functions in migra-
tion. It generates traction by linking the extrac-
ellular substratum to actomyosin filaments,
and it organizes the signaling networks that reg-
ulate migration and other cellular processes in-
cluding proliferation, gene expression, and cell
survival. The linkage between the extracellular
matrix and actin has been known for over 30
years based on electron microscopic and fluo-
rescence colocalization studies (Lazarides and
Burridge 1975; Izzard and Lochner 1976; Heath
and Dunn 1978). Although several molecules
are implicated, the precise molecular linkages
that form between integrin and the actin cyto-
skeleton remain unclear. The most likely candi-
dates include talin, vinculin, and «-actinin.
Cellular forces transmitted to the substratum
through the integrin-actin linkage system have
a profound effect on cell migration. On the
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Figure 2. Polarity in migrating cells. The schematic shows the localization and functions that establish
front-to-back polarity. In gradient sensing, local PIP3 is produced at the leading edge by polarized distributions
of PI3 kinase and PTEN (Kolsch et al. 2008; Swaney et al. 2010). At the cell front, adhesions form and turn over
and signal to Rho GTPases; these signals lead to actin polymerization via formins and Arp2/3 as well as assembly
of new adhesions. Myosin II and microtubules contribute to polarity, the latter occurring through aPKC/PAR
complexes. The rear retracts and adhesions release in response to force and other activities like calpain. (Figure is

courtesy of Miguel Vicente-Manzanares.)

one hand, they regulate the rate of protrusion.
In the absence of an adhesion, membrane re-
sistance to actin polymerization at the lead-
ing edge would lead to retrograde actin flow
(Mitchison and Cramer 1996). Likewise, con-
traction of actomyosin filaments in the cell front
also produces retrograde flow. Because the pro-
trusion rate is the difference between the rate of
actin polymerization and the retrograde flow
rate, adhesions produce more rapid protrusion
by inhibiting retrograde flow. In addition,
adhesion maturation and the signals generated
by the adhesion are likewise regulated by the
tension on the adhesion (Giannone et al.
2007; Choi et al. 2008).

The shunting of actin force to the substra-
tum via adhesions leads to the notion that

adhesions serve as a molecular clutch. It is
now clear that the molecules that comprise the
clutch do not efficiently transmit all of the force
to the substratum; but instead there is a molec-
ular slippage (Brown et al. 2006; Hu et al. 2007).
This is seen by the movement of adhesion
molecules with actin during retrograde flow
(Brown et al. 2006; Guo et al. 2007; Hu et al.
2007). Some adhesion components like -
actinin move with a velocity similar to actin,
integrin generally does not move, and other
components move at intermediate rates. Al-
though much of the slippage occurs within
adhesions, it is possible that the integrin—ligand
interaction could be weak as well and slip at that
level. Finally, a highly pliable substratum could
move under contractile forces. Thus, a complex
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feedback loop connects adhesion, contraction,
and pliability (Vicente-Manzanares et al. 2009).
Tension on adhesions results in their maturation
and is presumed to change the signaling proper-
ties, which in turn affect adhesion and tension.
The efficiency of the linkage, in turn, along
with pliability, dictates the effect of tension.

Integrin Signaling

Ligand binding induces integrin clustering that
forms multiprotein complexes comprised of
intracellular signaling and adaptor proteins
that connect to the actin cytoskeleton. The
affinity of integrin for its ligands is regulated
by intracellular signaling that leads to integrin
activation (reviewed in Shattil et al. 2010).
Activation of integrins is critical for leukocyte
transmigration and polarized cell motility,
where avB3 integrin activation is observed
at the leading edge of cells (Kiosses et al.
2001). Key regulators of activation include
talins and kindlins, two proteins that bind the
Bl and B2 integrin cytoplasmic domains
(Moser et al. 2008; Shattil et al. 2010). Talin,
in turn, is regulated by the small GTPase Rapl
through an interaction with the Rapl-GTP-
interacting adaptor molecule (RIAM) (Han
et al. 2006).

Integrin-containing adhesions function as
signaling centers orchestrating a network of
signaling pathways that mediate cell migration.
The Rho GTPases act as a convergence point
for these networks and function to regulate
actin polymerization and dynamics as well as
adhesion itself (for reviews see Ridley et al.
2003; Abram and Lowell 2009; Huveneers
and Danen 2009). Signaling by adhesions can
be highly localized and thereby drive the polar-
ized phenomena that comprise migration
(Fig. 2). For example, localized activation of
PKA induced by integrin ligation is an early
step in directed cell migration (Lim et al
2008). In addition, the adhesions in protrusions,
particularly near the leading edge, are thought
to regulate actin polymerization and thereby
localize protrusion (Galbraith et al. 2007; Choi
et al. 2008). In this way, the transient localized
activation of intracellular signaling regulated by

Integrins in Cell Migration

integrins contributes to temporal and spatial
activation that mediates polarized cell migration.
Dissecting these localized signaling changes in
highly motile cells, particularly in vivo, is a chal-
lenge that requires live cell imaging of appropri-
ate biosensors (Hodgson et al. 2008).

Adhesion Structures that Drive Cell
Migration

Integrin-based adhesions are highly complex
structures with over ~150 different associated
molecules (Fig. 1) (Geiger et al. 2009; Geiger
and Yamada 2011). Depending on the cell and
its environment, they appear in a variety of sizes,
morphologies, and locations. So far, a robust
categorization, based on composition or func-
tion, has not been described. Part of the
challenge is to identify stable intermediate
endpoints within a continuum of maturation.
Although all of these adhesions are often
lumped into a single class and categorized as
focal adhesions, definite subclasses can now be
identified, e.g., nascent adhesions, focal com-
plexes, focal adhesions, and fibrillar adhesions
(Zaidel-Bar et al. 2004; Vicente-Manzanares
et al. 2009; Geiger and Yamada 2011), the last
of which will not be discussed here because
they are not typically present in migrating cells.
Nascent adhesions and focal complexes lie at
one extreme and are small, dynamic, and dot-
like adhesions that reside near the leading
edge in protrusions and mediate signals that
promote actin polymerization (Alexandrova
et al. 2008; Choi et al. 2008). The nascent adhe-
sions reside in the lamellipodium and are hard
to visualize by conventional, wide field light
microscopy. Focal complexes, which can be
formed by expressing a constitutively activated
Rag, are larger than nascent adhesions and are
myosin II-dependent (Ridley et al. 1992; Rott-
ner et al. 1999). They are prominent in highly
motile cells like leukocytes that form less organ-
ized adhesions (reviewed in Huttenlocher et al.
1995; Lauffenburger and Horwitz 1996). There
is generally an inverse correlation between
the size and organization of focal adhesions
and cell migration speed (Lauffenburger and
Horwitz 1996). Podosomes and invadopodia
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are entirely different classes of migration-related
adhesions; they differ significantly in organiza-
tion and composition from focal adhesions
(Linder 2007).

Focal Adhesions

Focal adhesions, the best characterized of the
cell-matrix adhesions, are comprised of clusters
of integrin receptors associated with large
complexes of signaling and structural proteins
linked to the actin cytoskeleton (Burridge
et al. 1996; Yamada et al. 1997). Focal adhesions
were first identified by interference reflection
microscopy, as areas of close association with
the substratum (Curtis 1964; Izzard and Loch-
ner 1976), and then subsequently characterized
by electron microscopy as electron-dense
plaques associated with actin filament bundles
(Abercrombie et al. 1971; Heath and Dunn
1978). Focal adhesions are elongated in mor-
phology and reside in both central and periph-
eral regions of the cell, and are generally found
at the ends of actin filament bundles. Analogous
adhesion structures have been observed in vivo
in endothelial cells (Kano et al. 1996), skeletal
muscle myotendinous junctions (Turner et al.
1991), and neuronal growth cones (Cypher
and Letourneau 1991), and highly elongated
adhesions have also been reported in vivo
(Cukierman et al. 2001).

Focal adhesions serve both structural and
signaling functions. The structural function is
to connect actin stress fibers to the ECM by
the association of integrins with linking pro-
teins including talin, a-actinin, and vinculin.
This connection provides the traction forces
observed in motile fibroblast-like cells, and
thus alters cell migration. Talin depletion stud-
ies show its importance in transmitting force to
the substratum as well as its critical role in adhe-
sion formation and maturation (Zhang et al.
2008). Talin binds both integrin and actin,
and it also binds to vinculin, which, in turn,
binds to a-actinin and actin, and therefore talin
could link integrin and actin in multiple ways.
Depletion of a-actinin also inhibits adhesion
maturation; but its role in force transmission
has not been studied (Choi et al. 2008).

a-actinin depletion, however, has pleiotropic
effects because of its role in bundling actin
throughout the cell as well as its role in adhe-
sion. Vinculin depletion does not produce the
dramatic effects seen with talin and a-actinin
depletion and presumably is important for
adhesion strength but not critical for adhesion
formation (Xu et al. 1998).

More than 150 components have now been
identified as adhesion-associated (Zamir and
Geiger 2001; Hynes 2002; Wozniak 2004; Romer
et al. 2006; Zaidel-Bar and Geiger 2010). They
include integral membrane proteins (e.g., in-
tegrins, syndecans), proteins linked to actin
(e.g., talin, vinculin, a-actinin, zyxin), and sig-
naling and adaptor proteins (e.g., the Src tyro-
sine kinase, focal adhesion kinase [FAK],
paxillin, and the integrin-linked kinase [ILK])
(Turner 2000; Zamir and Geiger 2001; Frame
2004; Mitra et al. 2005; Legate et al. 2006). Focal
adhesions also contain proteins that likely tran-
siently associate with focal adhesions and regu-
late migration, e.g., p21-activated kinase (PAK),
the Rho family of GTPases (Ridley et al. 1994),
calcium-dependent protease calpain 2 (Beck-
erle et al. 1987), and the tyrosine phosphatase
SHP-2 (Yu et al. 1998).

Podosomes and Invadopodia

Highly migratory and invasive cells form spe-
cialized types of integrin-mediated adhesions,
referred to as a podosomes or invadopodia
(Fig. 1). Podosomes were identified in fibro-
blasts transformed by the v-Src oncogene (Ta-
rone et al. 1985). They have also been observed
in cells of monocytic lineage such as osteoclasts,
macrophages and dendritic cells (Linder et al.
1999). The related protrusive structures, inva-
dopodia, are generally found in invasive cancer
cells. Both podosomes and invadopodia are
actin-rich structures that have the capacity for
matrix degradation. The relationship between
podosomes and invadopodia is not clearly
defined in the literature; however, the actin-rich
protrusive structures seen in invasive cancer
cells are referred to as invadopodia, and the
ring structures that form in immune cells and
osteoclasts are termed podosomes. Invadopodia
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are also seen in vivo and appear to be important
for cancer cell invasion into blood vessels, an
early step in the metastatic process (Yamaguchi
and Condeelis 2007). Interestingly, breast can-
cer cells can form both invadopodia and focal
adhesions in vitro, and they are differentially
regulated by FAK/Src signaling (Chan et al.
2009).

Podosome and invadopodia architecture is
defined by an actin-rich core, in which the actin
polymerizing machinery and actin regulatory
proteins function to drive membrane protru-
sion. In podosomes, but not invadopodia, this
core is surrounded by a ring structure com-
prised of signaling and adaptor proteins in-
cluding focal adhesion proteins such as talin
and paxillin. In contrast to focal adhesions,
podosomes and invadopodia are not associated
with large actin filament bundles but are pri-
mary sites of rapid actin polymerization and
contain actin regulatory proteins, including
cortactin, gelsolin, WASP, Rho GTPases, and
the actin nucleating Arp 2/3 complex. B1, B2,
and B3 integrins localize to podosomes and
invadopodia and are found within both the
actin rich core and the surrounding ring struc-
ture. Src family kinases (Gavazzi et al. 1989)
and Pyk2 (Bruzzaniti et al. 2005) also associate
with the core.

Diseases that result in abnormal podosome
formation highlight their essential role in
normal immune responses in vivo. Macro-
phages and dendritic cells from patients with
Wiskott-Aldrich Syndrome and WASP muta-
tions lack podosomes, and have revealed a key
role for WASP in podosome function (Linder
etal. 1999). WASP plays a critical role in regulat-
ing podosome dynamics (Calle et al. 2008),
matrix degradation (Dovas et al. 2009), and
chemotaxis (Jones et al. 2002; Tsuboi 2006),
contributing to disease pathogenesis in patients
with Wiskott-Aldrich syndrome. Moreover,
macrophages from patients with the autoin-
flammatory disease, pyogenic sterile arthritis,
pyoderma gangrenosum, and acne (PAPA)
syndrome, also show impaired podosome for-
mation and decreased invasive migration (Cor-
tesio et al. 2010). There is, therefore, substantial
interest in understanding the mechanisms that

Integrins in Cell Migration

regulate podosome formation and turnover
and how these functions contribute to disease
pathogenesis.

Mechanisms of Adhesion Assembly

The adhesions that form in protrusions are
critical for cell migration. High traction forces
reside at the cell front, as the cell pushes forward
during protrusion and also pulls the central
region of the cell and the rear forward. Further-
more, the Rho GTPases, on which signals that
regulate actin organization and adhesion con-
verge, are regulated by signaling components
that reside in protrusions. The primary migra-
tion-related downstream effectors of the Rho
GTPases are molecules that regulate actin poly-
merization, myosin II contraction, or microtu-
bule dynamics and organization. It is no
surprise, therefore, that actin polymerization,
organization, and contraction drive adhesion
formation and turnover.

Recent evidence suggests that nascent adhe-
sions, precursors to focal adhesions, are formed
within the lamellipodium of migrating cells.
Their rate of formation is coupled to the rate
of actin polymerization and inhibitors of actin
polymerization impair the formation of nascent
adhesions (Alexandrova et al. 2008; Choi et al.
2008). These small adhesions are likely smaller
than the resolution of light microscopy and
have a short lifetime of ~1 min. They have two
fates: they can turn over at the rear of the
lamellipodial array of dendritic actin or proceed
to grow and elongate at the border of the lamel-
lipodium and lamellum, where actin tends to
be more bundled. Thus, their formation and
life cycle appears to be intimately linked to actin
polymerization and organization (Choi et al.
2008).

The mechanism by which the adhesions
are nucleated is unclear. Abundant activated
integrin in protrusions suggests a mechanism
in which preactivated integrins bind to a multi-
valent or clustered ECM ligand (Kiosses et al.
2001), like fibronectin, and this induces a
conformational change in the integrin and/or
clustering of receptors that leads to the incorpo-
ration of other components. Because nascent
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adhesions form in the lamellipodium, which is
rich in Arp2/3, the coupling with actin poly-
merization, and the observation that FAK and
vinculin bind to Arp2/3, point to one of these
interactions as a participant in adhesion nucle-
ation as well. All components enter these adhe-
sions at about the same time suggesting some
kind of concerted, rather than highly regulated
assembly mechanism. This is consistent with
assembly by preformed complexes but does
not show it directly or require it.

The origin of adhesion components has
been studied for decades with little resolution.
Two studies have visualized integrins under-
going directed movement in protrusions.
One tracks them to the leading edge (Schmidt
et al. 1993), and the other shows them associ-
ated with actin “comet tails” moving across
the leading edge (Galbraith et al. 2007). Al-
though there is evidence that integrins cycle
from the rear (Lawson and Maxfield 1995), it
is not clear that this is a general mechanism.
Recent studies suggest a more localized cycling
at least in fibroblasts or tumor cells (Caswell
et al. 2009).

The boundary between the lamellum and
the lamellipodium is a transition zone for actin
organization and initial adhesion maturation
(Choi et al. 2008). Adhesions that do not turn
over and disassemble in this region elongate
centripetally and grow in size. This elongation
differs from nascent adhesion formation in
many ways. It occurs along thin actin filament
bundles that contain «-actinin, which serves
to organize the bundles and restrain adhesions
to their termini. Unlike nascent adhesions, the
addition of components during elongation is
sequential. Paxillin, for example, enters early,
whereas vinculin enters later. Finally, the matu-
ration step also requires myosin II, in contrast to
the formation of nascent adhesions.

The mechanism by which myosin II medi-
ates maturation is an area of great interest and
activity. Both the bundling and contractile
activities of myosin II are required for matura-
tion (Vicente-Manzanares et al. 2009). Myosin
II mutants that bundle but do not contract,
promote partial maturation. However, the con-
tractile activity is required for maturation into

large adhesions. On the one hand, the bundling
would produce a clustering of integrins and
other adhesion components linked to actin.
The general notion is that contraction puts
tension on adhesion molecules and induces
changes in their conformation, thus opening
new sites for binding or posttranslational mod-
ification (Sawada et al. 2006). Tension-sensitive
molecules include Cas, talin, fibronectin, and
integrin (Zhong et al. 1998; Sawada et al
2006; del Rio et al. 2009; Friedland et al.
2009). Other molecules respond to tension by
entering or leaving adhesions. Zyxin, for exam-
ple, moves from adhesions to actin filaments
under force (Yoshigi et al. 2005), and vinculin
enters adhesions in response to force (Grashoff
et al. 2010).

Regulation of Adhesion Assembly

Adhesion assembly is regulated by Rho GTPases,
which in turn are regulated by adhesion-
generated signals. The migration-related effects
of the Rho GTPases include actin polymeri-
zation, by promoting monomer formation
(cofilin), nucleation/branching (Arp2/3) and
elongation (formins), and actomyosin contrac-
tion. Rac and Cdc42 act as regulators of Arp2/3
through Wave /Scar /Wasp, and Wash (Campel-
lone and Welsh 2010), which nucleate actin
branches; whereas Cdc42 and Rho regulate for-
mins, which lead to a processive elongation of
actin (Campellone and Welsh 2010). Rho also
regulates contractility by activating Rho kinase,
which phosphorylates the regulatory light chain
(RLC) of myosin II and inhibiting myosin
phosphatase. This leads to increased myosin
II-mediated contraction and bundling of actin.
Rac/Cdc42 may also regulate myosin activity
through PAK by inhibiting MLCK or phosphor-
ylating RLC directly (Vicente-Manzanares et al.
2009).

The Rho GTPases, in turn, are regulated
by signaling networks in adhesions. These net-
works couple integrin signaling with that initi-
ated by receptor tyrosine kinases, G-coupled
protein receptors, and other receptor-initiated
signaling pathways. The network of interactions
is complex and involves a very large number of
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kinases and adapters. The role of signaling com-
plexes is a major theme (Parsons et al. 2010).
Paxillin and FAK are the two best understood
in this regard. They contain binding domains
that associate, either directly or indirectly, with
one or more GEFs and GAPs that regulate the
Rho GTPases (Brown and Turner 2004). In
this regard, paxillin emerges as a “Rac hub.”
These associations, in turn, are regulated by
receptor-mediated phosphorylation. Clearly,
in polarized cells migrating directionally
(Fig. 2), the activation of the Rho GTPases is
polarized with Rac activity highest at the front
and weak at the rear (Kraynov et al. 2000).
This could occur by localized GEF/GAP or a
polarized GEF/GAP distribution.

Variations in Adhesion Formation

The size, morphology, and distribution of
adhesions seem to depend on the cell type and
nature of the ECM. Some cells show many small
adhesions near the leading edge and few large
adhesions in the central and rear areas; whereas,
others have large adhesions throughout the cell
with few smaller adhesions. Although many fac-
tors likely contribute, the intrinsic contractility
of the cell and pliability of the matrix likely con-
tribute, at least in some situations. Because
adhesion maturation is driven by myosin II con-
tractility (Pelham and Wang 1997), the nature of
the adhesions themselves and the pliability of
the surrounding matrix could affect the tension
sensed at the adhesion and thereby affect the
rate and/or extent of maturation. Inhibiting
myosin II, for example, leads to smaller adhe-
sions (Pelham and Wang 1997; Vicente-Manza-
nares et al. 2007). Furthermore, cells migrating
along collagen fibers, for example, show elon-
gated adhesions because of the geometry and
other properties of the collagen fibers. Finally,
large focal adhesions are seldom seen in three
dimensions (Cukierman et al. 2001; Kubow
and Horwitz 2011). One explanation is that
the dimensionality creates a different organiza-
tion of the cellular actin filaments by virtue of
the placement of adhesions and resulting intra-
cellular force field that they produce. Another
explanation could lie in the differences in

Integrins in Cell Migration

pliability of 3-D matrices that are not tethered
to rigid substrata, which is the case in 2-D. Plat-
ing cells on top of gels of varying pliability leads
to altered adhesion sizes (Pelham and Wang
1997).

Adhesion Disassembly and Turnover During
Cell Migration

Polarized cell migration is characterized by
asymmetric adhesion dynamics with formation
of nascent adhesions at the leading edge that
turn over rapidly and the disassembly of
integrin-mediated adhesions at the rear medi-
ating rear-end detachment (Fig. 2) (reviewed in
Webb et al. 2002; Broussard et al. 2008; Parsons
et al. 2010). As discussed above, near the lead-
ing edge, nascent adhesions are formed that
mediate traction forces; these adhesions can
either mature to form larger, stable adhesions,
or they can turn over as new adhesions and pro-
trusions form at the leading edge. In contrast, at
the rear of the cell, disassembly of adhesions is
associated with rear-end retraction and detach-
ment allowing for cell-body translocation.

Turnover of Adhesions in Protrusions

Nascent adhesions at the leading edge either
mature into stabilized adhesions or turn over.
Paxillin-containing adhesions near the leading
edge are highly dynamic and rapidly form and
turn over (Webb et al. 2004; Choi et al. 2008).
These adhesions turn over at the rear of the
lamellipodium—the Arp2/3-rich region of
active actin polymerization near the leading
edge. The turnover appears to be coupled to
actin organization in this region, because it is
where actin is severed and reorganized and
independent of myosin II contractility.

Instead of undergoing rapid turnover, some
of the nascent adhesions grow, elongate, and
show a differential increase in certain adhesion
components like vinculin and a-actinin. This
occurs when the protrusion pauses in response
to myosin II activity. The mechanisms that
regulate the decision to disassemble or to elon-
gate and grow are not understood. However,
these mechanisms are likely the regulators
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of the directed migration of mesenchymal
cells and may also contribute to directional
decision-making during pseudopod selection
by amoeboid cells migrating in vitro (Andrew
and Insall 2007) and in vivo (Cvejic et al.
2008; Yoo et al. 2010).

The turnover of focal adhesions in protru-
sions is regulated by focal adhesion kinase
(FAK) and Src tyrosine kinases. Fibroblasts or
cancer cells deficient in FAK have reduced
migration and form increased numbers of large
peripheral adhesions that have impaired turn-
over (Ilic et al. 1995; Sieg et al. 2000; Hsia
et al. 2003; Webb et al. 2004; Chan et al.
2009). The FAK autophosphorylation site and
its kinase activity are both important for
FAK-induced adhesion turnover and cell
migration. Fibroblasts from mice lacking the
Src kinases, c-Src, Fyn, and Yes, or ectopically
expressing kinase-dead c-Src also show im-
paired migration and large peripheral adhesions
with reduced turnover (Fincham and Frame
1998; Klinghoffer et al. 1999; Webb et al.
2004). On the other hand, infection of cells
with Rous sarcoma virus and activation of Src
induces disassembly of focal adhesions. These
studies support a critical role for FAK/Src sig-
naling in adhesion turnover. Although many
mechanisms likely contribute, these kinases
phosphorylate Rho GTPase signaling scaffolds
like paxillin, which in turn bind GEFs for Rac
(Brown and Turner 2004; Zaidel-Bar et al.
2007), regulate myosin activity, and actin
polymerization. Thus, both tyrosine kinases
and phosphatases play a role (Yu et al. 1998;
Angers-Lousteau et al. 1999; Sastry et al.
2002); it follows therefore that dynamic cycles
of phosphorylation-dephosphorylation at ad-
hesion sites are likely essential for adhesion
turnover and migration. In this regard, cells
deficient in the protein tyrosine phosphatase
(PTP)-PEST show an increase in focal adhesion
size and reduced migration rates (Angers-Lous-
teau et al. 1999; Sastry et al. 2002). Moreover,
SHP-2-deficient fibroblasts display phenotypes
similar to the FAK-knockout cells with large
peripheral adhesions and impaired migration
(Yu et al. 1998). It is likely that kinases and
phosphatases exert their effects on adhesion

turnover by targeting specific adaptor proteins.
For example, p130Cas is hyperphosphorylated
in (PTP)-PEST-deficient cells and Cas ™/~ fi-
broblasts show defects in adhesions, spreading,
and migration (Honda et al. 1998), suggesting
that Cas functions downstream from PTP-PEST
in adhesion dynamics. In addition, application
of tensile force to p130Cas changes its confor-
mation making it more susceptible to Src kinase
phosphorylation providing a link between ten-
sion, regulated phosphorylation, and the mod-
ulation of adhesion dynamics (Geiger 2006;
Sawada et al. 2006). Other downstream targets
of FAK/Src signaling include paxillin, a key
regulator of adhesion dynamics that associates
with downstream effectors including PKL,
GIT1, PIX, and PAK as well as Cas/Crk (Balles-
trem et al. 2006) to regulate adhesion dynamics
(Brown et al. 2005).

FAK/Src signaling lies upstream of the
Rho family GTPases, which regulate adhesion
and actin organization. For example, FAK /™
fibroblasts have constitutive activation of Rho
that stabilizes adhesions (Ilic et al. 1995). Con-
versely, FAK/Src signaling activates p190Rho-
GAP, which decreases Rho activity and recruits
a complex including Rac and PAK that induces
adhesion turnover (Schober et al. 2007). FAK
thereby induces a switch from Rho activation
to the activation of Rac that targets downstream
effectors including PAK. PAK may affect adhe-
sion turnover by modulating the activity of
myosin light-chain kinase (MLCK) and LIM
kinase. FAK therefore orchestrates adhesion
turnover in part by switching from Rho-
mediated adhesion maturation to Rac-induced
adhesion turnover. Reduced myosin II activity
leads to the loss of large adhesions and rapid
protrusion (Vicente-Manzanares et al. 2009).

Microtubules target to adhesion sites and
mediate the turnover of focal adhesions (Kaver-
ina 1999) potentially through the modulation
of Rho GTPase signaling (Broussard et al.
2008). Microtubule-induced disassembly of
adhesion sites can also occur through a FAK/
dynamin pathway independently of Rho and
Rac activation (Ezratty et al. 2005). This micro-
tubule-induced disassembly is characterized by
integrin endocytosis at adhesion sites regulated
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by clathrin and specific clathrin adaptor pro-
teins (Ezratty et al. 2009); however, this pathway
appears to be active on adhesions that reside in
central regions of the cell. A recent report sug-
gests that type I phosphatidylinositol kinase 3
(PIPKIB), which generates phosphatidylinosi-
tol-4,5-bisphosphate (PI4,5P,) can also regu-
late internalization of active 31 integrins and
focal adhesion turnover in motile cells (Chao
et al. 2010). Taken together, these studies sup-
port a key role for microtubule-mediated integ-
rin internalization in the turnover of some focal
adhesions.

Disassembly and Retraction of the Cell’s Rear

The regulation of adhesion disassembly at the
trailing edge of cells is less well understood
than adhesion turnover at the leading edge.
Adhesive release at the cell rear can involve
weakening or severing of the integrin-ECM or
integrin-cytoskeletal linkages and is driven, at
least in part, through contractile forces. As a
result, integrins can separate from the actin
cytoskeleton and remain associated with the
substratum as integrin “footprints,” while the
cytoskeleton-associated components translo-
cate toward the cell body and disperse as the
adhesion disassembles (Regen and Horwitz
1992; Smilenov et al. 1999). It is also likely
that integrin endocytosis and recycling contrib-
utes to adhesion release for neutrophils migrat-
ing on av@3 integrin ligands (Lawson and
Maxfield 1995), although it appears that this
does not contribute in all cell types (Caswell
et al. 2009). Inhibition of the Ca™ " /calmodu-
lin-activated protein phosphatase 2B, calci-
neurin, impairs integrin recycling, neutrophil
rear-end detachment, and directed migration
(Lawson and Maxfield 1995).

Rho/ROCK signaling mediates retraction
of the trailing edge of cells and has been im-
plicated in adhesion disassembly during cell
detachment (Webb et al. 2004). Inhibition of
Rho kinase or MLCK induces an elongated
morphology with impaired rear-end detach-
ment (Worthylake et al. 2001). Activation of
PAK has also been implicated in retraction of
the trailing edge of cells by affecting cell
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contraction (Chung and Firtel 1999; Kiosses
et al. 1999). Contractile forces at the cell’s rear
are likely key regulators of adhesive release by
weakening integrin-substrate or integrin-cyto-
skeletal interactions; however, in monocytes,
changes in avidity appear important as well
(Worthylake et al. 2001). Other modifications
such as change in phosphorylation or proteoly-
sis can contribute to the severing of linkages at
the cell’s rear.

The intracellular calcium-dependent pro-
teases calpains are also important for the ad-
hesion disassembly in migrating fibroblasts
(Huttenlocher et al. 1997; Dourdin et al. 2001)
and have been implicated in the destabilization
of focal adhesions downstream from microtu-
bules (Bhatt et al. 2002). Calpains cleave several
proteins found in focal adhesions including
FAK, paxillin, and talin (Carragher et al. 1999;
Glading et al. 2002; Franco et al. 2004, 2005),
and these proteolytic events mediate adhesion
disassembly. Specifically, calpain-mediated pro-
teolysis of talin and FAK can be rate-limiting
steps in focal adhesion turnover (Franco et al.
2004; Chan et al. 2010). Calpains have also
been implicated in the disassembly of podo-
somes in dendritic cells (Calle et al. 2006) and
invadopodia in cancer cells (Cortesio et al.
2008), suggesting that calpains regulate the
dynamics of diverse types of adhesions.

In addition to regulating adhesion turnover
at the leading edge, FAK, Src, Shp2, and other
regulators of phosphorylation likely play a key
role in adhesion disassembly at the rear. For
example, FAK-Src signaling may mediate
adhesion disassembly through the regulation
of myosin-light chain kinase (MLCK) and
ERK (Webb et al. 2004). FAK may also regulate
adhesion disassembly through its association
with calpain and ERK at focal adhesions (Carra-
gher et al. 2003).

Substantial evidence implicates a critical role
for the cellular contractile machinery in uropod
de-adhesion and retraction during amoeboid
cell motility in addition to focal adhesion dis-
assembly and detachment of the trailing edge
of fibroblast-like cells (reviewed in Sanchez-
Madrid and Serrador 2009). Fibroblasts defi-
cient in myosin IIA show impaired adhesion
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disassembly and rear detachment (Vicente-
Manzanares et al. 2007). In amoeboid cells
RhoA-induced activation of ROCK mediates
myosin light chain phosphorylation at the uro-
pod resulting in the activation of myosin II
(Eddy et al. 2000; Xu et al. 2003). Moreover,
down-regulation of myosin heavy chain Ila
using small interfering RNA (siRNA) inhibits
uropod formation and motility of T cells (Jaco-
belli et al. 2004). Although regulated uropod
detachment is likely important for leukocyte
motility, the precise function of the uropod
in regulating leukocyte motility remains un-
known. It is possible that the uropod enables
cells to migrate through constricted interstitial
tissues in 3-D in addition to affecting rear
detachment (reviewed in Sanchez-Madrid and
Serrador 2009). It has recently been proposed
that the rear of fibroblasts may provide the driv-
ing force for breaking cell symmetry during
fibroblast locomotion (Vicente-Manzanares
etal. 2008). This raises the intriguing possibility
that the trailing edge of the cell may drive cell
migration by forming a defined rear prior to
the formation of polarized cell protrusion
(Vicente-Manzanares et al. 2008 and reviewed
in Cramer 2010). There is, therefore, much
more to be learned about how adhesion regu-
lation at the cell’s rear drives the directed mi-
gration of both fibroblast and amoeboid cells
(Sanchez-Madrid and Serrador 2009; Cramer
2010).

SUMMARY

Significant progress has been made in under-
standing the molecular mechanisms that regu-
late the adhesion dynamics and signaling that
mediate cell migration. Many of the mechanisms
that govern adhesion formation and disassembly
also play roles in the regulation of podosome
dynamics, despite their large structural differ-
ences. For example, Src kinases are important
both for the turnover of focal adhesions and
podosomes. However, Src kinase activity is neces-
sary for podosome formation and expression of
the constitutively active vSrc kinase in cells that
normally form focal adhesions promotes a switch
to the formation of podosomes. It is likely that

differencesin the regulation of Src signaling deter-
mine focal adhesion and podosome formation. A
key question for future investigation concerns the
molecular determinants that promote this switch
between the formation of focal adhesions and the
generation of invasive, matrix-degrading adhe-
sion structures. It will also be important
to characterize the adhesions that reside in cells
migrating in 3-D, and how the microenvironment
influences cell signaling, and the temporal and
spatial dynamics of adhesions and the signals
they produce during different modes of migration
through 3-D tissues in vivo.
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