1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Nat Rev Mol Cell Biol. 2010 September ; 11(9): 633-643. doi:10.1038/nrm2957.

Cell adhesion: integrating cytoskeletal dynamics and cellular
tension

J. Thomas Parsons*, Alan Rick Horwitzi, and Martin A. Schwartz”

*Department of Microbiology School of Medicine, University of Virginia, Charlottesville, Virginia
22908, USA

*Department of Cell Biology, School of Medicine, University of Virginia, Charlottesville, Virginia
22908, USA

Abstract

Cell migration affects all morphogenetic processes and contributes to numerous diseases,
including cancer and cardiovascular disease. For most cells in most environments, movement
begins with protrusion of the cell membrane followed by the formation of new adhesions at the
cell front that link the actin cytoskeleton to the substratum, generation of traction forces that move
the cell forwards and disassembly of adhesions at the cell rear. Adhesion formation and
disassembly drive the migration cycle by activating Rho GTPases, which in turn regulate actin
polymerization and myosin Il activity, and therefore adhesion dynamics.

The morphological features of migrating cells can vary considerably. Round, highly
protrusive or blebbing cells (for example, lymphocytes and cancer cells in some
environments) are at one extreme and seem to migrate using weak adhesions. Highly spread
cells (for example, fibroblasts and endothelial cells) are at the other extreme and have many
large adhesions; their migration is often referred to as being mesenchymal. In reality, there
is a continuum of migration modes that seem to be determined by several factors, among the
most important being substrate compliance (and perhaps dimensionality) and the intrinsic
contractility of the cells.

Directional migration is initiated by extracellular cues such as a gradient of growth factors
or chemokines. However, directional cues can also include mechanical forces (for example,
cell stretching or fluid flow), extracellular matrix (ECM) proteins (for example, collagen and
fibronectin), the topography and mechanics of the ECM376 and electrochemical gradients7.
Cells initiate the migration cycle by polarizing and extending protrusions of the cell
membrane towards the cuell. These protrusions comprise large, broad lamellipodia, spike-
like filopodia or both and are driven by the polymerization of actin filaments!2. Protrusions
are then stabilized by adhesions that link the actin cytoskeleton to the underlying ECM
proteins, and actomyosin contraction generates traction forces on the substratum.
Contractility also promotes the disassembly of adhesions at the cell rear to allow the cell to
move forwards!8. Signals from both newly formed and more stable adhesions influence
cytoskeletal organization and actin polymerization, and cytoskeletal structures in turn
influence the formation and disassembly of the adhesions'8. These bidirectional interactions
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coordinate adhesion, signalling, mechanical stresses and the spatial dynamics of cytoskeletal
organization, leading to directional cell movement. The spatially segregated migration
machinery and the signalling processes that regulate them are integrated by the cytoskeleton
and vesicle trafficking, which span the entire cell.

Although cells express various cell surface adhesion receptors (including integrins,
syndecans and other proteoglycans, cadherins and cell adhesion molecules), the integrin
family of transmembrane heterodimeric receptors is the best studied and plays a prominent
part in cell migration20. Integrin extracellular domains bind to specific sequence motifs
present in proteins such as fibronectin, collagen and other ECM proteins. The binding of
integrins to their extracellular ligands induces a conformational change that unmasks their
short cytoplasmic tails, which promotes their linkage to the actin cytoskeleton through
multiprotein complexes4:5:20. The integrin—actin linkage is mediated by several proteins,
some of which bind directly to actin (BOX 1). The best studied are talin, which transitions
integrins to an active state by binding to their cytoplasmic domain through its “head domain’
and to filamentous actin (F-actin) and vinculin through sites in the “tail domain'l, vinculin,
which also binds F-actin directly, and the actin cross-linking protein a-actinin10:14.
Although the linkage of integrins to actin has been recognized for many years, the hierarchal
structure of the linkage is probably complex. The network of protein interactions that
potentially link integrins to the actin cytoskeleton has been intensely studied and globally
organized into a structure termed the adhesome21. The most recent version of the adhesome
includes 180 protein—protein interaction nodes, defining a network that is rich in complexity
and connectivity?2.

Box 1 | Key proteins linking integrins to actin
Talin

Talin is an actin-binding protein that forms antiparallel homodimers. The amino-terminal
FERM (protein 4.1, ezrin, radixin and moesin) domain binds B-integrin tails and is
sufficient to activate integrins. The carboxy-terminal rod domain interacts with vinculin
and filamentous actin’.

Vinculin

Vinculin is an actin-binding protein that is associated with cell-cell and cell-extracellular
matrix junctions. It is comprised of a globular head domain linked to a tail domain by a
short Pro-rich sequence. The intramolecular interaction between the head and tail masks
binding sites for talin, actin and other effectors0.

a-actinin

a-actinin is an actin cross-linking protein that belongs to the spectrin superfamily. It
forms antiparallel homodimers in a rod-like structure, with one actin-binding domain on
each side of the rod. It can therefore cross link two filaments of actinl?,

Kindlins

The kindlins are members of a family of conserved FERM domain—containing proteins
named after the gene mutated in Kindler syndrome, a rare skin blistering disease.
Although it is not clear exactly how kindlins activate integrins, they seem to act
synergistically with talins to do so!6:17,

The integrins also recruit, indirectly, scaffold and signalling proteins such as paxillin?3 and
the protein Tyr kinase focal adhesion kinase (FAK)24, respectively, which in turn associate
with additional molecules that regulate signalling to Rho GTPases. The Rho GTPases act as
a regulatory convergence node that dictates cytoskeletal and adhesion assembly and
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organization. Importantly, integrin signalling networks regulate the activation state of the
Rho-family small GTPases — Rac, Rho and CDC42 — by recruiting guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPS) to adhesion complexes. In
turn, Rho GTPases regulate adhesion assembly and disassembly by activating pathways that
lead to contraction and actin polymerization.

The main objective of this Review is to describe the importance of the interplay between
actin, contraction and adhesion dynamics (the formation and disassembly of adhesions), and
how the dynamics of this process orchestrate the reiterative cycle of membrane protrusion,
cell adhesion, forward movement and rear retraction — the canonical steps in cell migration.
we review the evidence linking adhesion assembly and disassembly to the process of
integrin binding to extracellular ligands and how adhesion dynamics are coupled to actin
polymerization and myosin Il-generated tension — processes that are in turn regulated by
the activation of Rho GTPases and protein Tyr phosphorylation.

a dynamic structural continuum

Historically, integrin-dependent adhesions have been classified based on size, stability and
location in the cell. However, the relative cellular distribution of the different types of
adhesions is in fact dependent on the cell type and the composition and mechanical
properties of the ECM substrate>18 (FIG. 1; see Supplementary information S1 (movie)).
Indeed, as we describe below, adhesion formation, maturation and disassembly is a
continuous process driven by the balance of actin polymerization and actomyosin
contraction.

Focal complexes, focal adhesions and fibrillar adhesions

Fibroblasts migrating on fibronectin- or collagen-coated surfaces exhibit small, short-lived
adhesions (hereafter referred to as nascent adhesions) in the lamellipodium, which form
immediately behind the leading edge. Nascent adhesions (which are optimally visualized
using TIRF microscopy) can either turn over rapidly, in ~60 seconds, or mature to larger,
dot-like adhesions referred to as focal complexes. Focal complexes reside slightly further
back from the leading edge, at the lamellipodium—-lamellum interface, are slightly larger in
size (approximately 1 um in diameter) and persist for several minutes (FIG. 1). As the
migration cycle continues, focal complexes can continue to mature into larger, elongated
focal adhesions, which are typically 2 um wide and 3-10 um long and reside at the ends of
large actin bundles or stress fibres?® that extend from near the front of the cell along the
sides to the cell centre or the rear. As traction forces move the cell forwards, focal adhesions
at the rear of the cell disassemble. Fibroblasts grown in fibronectin-rich environments for
extended times form fibrillar adhesions, which are characterized by long lifetimes and a
highly elongated structure. These specialized adhesions are involved in fibronectin matrix
assembly and reorganization of the ECM and are not prominent in rapidly migrating cells.

Although focal complexes, focal adhesions and fibrillar adhesions show quantitative
differences in the levels of protein components such as phosphotyrosine, zyxin and tensinZ®,
they seem to be in a continuum of structures rather than distinct classes. Furthermore, not all
cells exhibit the full range of adhesion structures. For example, cells of the myeloid lineage,
such as neutrophils and macrophages, have small, highly dynamic adhesions (nascent
adhesions and focal complexes) that facilitate their rapid movement on ECM substrates,
whereas more contractile cells, such as migrating fibroblasts, endothelial and smooth muscle
cells, have more prominent, stable adhesions (focal complexes and focal adhesions).

The contractile nature of many cells combined with the mechanical properties of the matrix
(such as compliance, dimensionality and fibre orientation) plays an important part in
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determining the nature of the adhesions3:27. For example, fibroblasts or epithelial cells can
be grown in or on materials of variable mechanical stiffness28:29. Cells propagated on
softer substrates contain smaller and more dynamic adhesions, whereas cells on stiffer
substrates exhibit larger and more stable adhesions that are typical of cells on matrix-coated
glass or plastic. Thus, adhesion size and distribution reflect the contractile state of the cell,
which emphasizes the importance of the interaction between pliability and contraction in
shaping adhesion dynamics. The size of adhesions in cells in three-dimensional matrices
resembles those formed by cells on more pliable substrates; however, it is likely that the
dimensionality of the matrix also contributes to adhesion organization. The adhesions of
cells attached to large collagen fibres are large and oriented along the fibres in a two-
dimensional (2D)-like organization39. These observations underscore how the composition,
organization and mechanical properties of the matrix combine to regulate adhesion.

and invadopodia

Podosomes and invadapodia are yet another class of adhesions and arecharacteristically
found in leukocytes of the monocytic lineage, endothelial and smooth muscle cells, and in
tumour cells, respectively31:32. Podosomes are small, circular, highly dynamic adhesions
comprised of a central actin core, with integrins and other adhesion-associated proteins
arranged in a ring around the centre. In osteoclasts, and sometimes in other cells, podosomes
reside in clusters that form circular rings at the cell periphery. Although each podosome is
highly transient, with a typical lifetime of 2-10 minutes, the rings can be quite stable33,
Invadapodia resemble podosomes, but they do not arrange into rings, are much more stable
and can protrude further into the ECM34. Both podosomes and invadapodia contact the
substratum and function as sites of localized protease secretion and ECM degradation3®.
Localized ECM degradation is thought to contribute to the invasiveness of normal
leukocytes and cancer cells, as well as to bone resorption31. Although it is likely that the
formation and disassembly of podosomes and invadapodia share many features with the
other classes of integrin-dependent adhesions described above, we will not consider them
further in this Review (for recent reviews see REFS 32:35:36).

Processes coupled to adhesion dynamics

The formation and disassembly of the different types of adhesions have been studied mainly
in 2D culture systems using spreading or migrating fibroblasts or fibroblast-like cells plated
on fibronectin, collagen or other purified ECM proteins3/:38, The mechanistic insights
derived from these studies, however, seem to apply to a wide range of other cell types
including mesenchymal, epithelial and endothelial cells, as well as leukocytes and neuronal
cells. There is abundant evidence that adhesion assembly and disassembly is closely coupled
with two fundamental cellular processes: actin polymerization and myosin 11-generated
tension.

Actin polymerization in adhesion dynamics

The initial step in the migration cycle, protrusion of a leading edge, is driven by actin
polymerization in filaments organized into two distinct zones, the lamellipodium and the
lamellum39. In the lamellipodium, actin is arranged in a dendritic, or branched, structure
that is localized beneath the membranel2. Polymerization of lamellipodial actin is catalysed
by the ARP2/3 complex, the activity of which is regulated by the Rho GTPases Rac and
CDC42 through downstream effectors belonging to the Wiskott—Aldrich syndrome protein
(WASP) and WASP-family verprolin homologue (WAVE; also known as SCAR) families
of proteins12:40. Lamellipodial actin undergoes rapid retrograde flow driven by the
resistance of the membrane to actin polymerization at the leading edge41. In the lamellum,
actin filaments reside in parallel bundles that undergo a slower retrograde movement largely
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owing to myosin Il contraction (see below). In the region of convergence between the
lamellipodium and the lamellum, known as the transition zone, dendritic actin
depolymerizes and reorganizes into bundles42~44.

Actin filaments in the central and rear regions of migrating cells are often organized into
thick bundles called stress fibres# (FIG. 1). Dorsal stress fibres connect to the substrate
through focal adhesions at one end. Transverse arcs, which are not directly anchored to the
substrate, are generated by the annealing of myosin-Il-actin bundles and ARP2/3-nucleated
actin bundles at the lamella. Finally, ventral stress fibres arise from dorsal stress fibres and
transverse arcs and are anchored to focal adhesions at both ends*4. Each of these structures
depend on the activity of Rho and its effectors Rho-associated protein kinase (ROCK) and
the formin mouse diaphanous 1 (mDial), contain myosin Il and a-actinin and are
contractile18:44:46,

Myosin ll-generated tension in adhesion dynamics

Contraction of actin stress fibres is mediated by myosin 11, which moves antiparallel actin
filaments past each other and thereby provides the force that rearranges the actin
cytoskeleton (FIG. 2). Myosin |1 also bundles actin filaments owing to its oligomeric nature
and actin-binding properties8+47. Myosin Il is comprised of two heavy chains, two
regulatory light chains (RLCs) and two essential light chains and has three isoforms (myosin
I1A, myosin 1B and myosin 11C), which are specified by the different heavy chains that they
contain. Myosin I1A and myosin 1B are present in most cells, whereas myosin 11C is not
widely expressed and may have a role in cancer8. Myosin I activity (ATP hydrolysis and
actin filament formation) is regulated by the reversible phosphorylation of Thr18 and Ser19
of the RLC of the myosin Il molecule. This phosphorylation is controlled by several protein
kinases and phosphatases, many of which are regulated by Rho GTPases. Although myaosin
I1 is not present in the lamelli podium, its activity influences membrane protrusion at the
leading edge. For example, knockdown of myosin Il with small interfering RNAs or
treatment of cells with blebbistatin (a small molecule inhibitor of myosin II) reduces actin
bundling in the protrusion, increases the protrusion rate and decreases the size of
adhesions43:47, underscoring the requirement for myosin Il activity in maintaining these
structures.

Adhesion dynamics

In motile cells, the earliest detectable adhesions (nascent adhesions) form in the
lamellipodium just behind the leading edge (FIG. 1). Their assembly is independent of
myosin |l activity but is proportional to the protrusion rate of the leading edge and requires
ARP2/3 complex-mediated actin polymerization48:49. These adhesions contain integrins,
talin, vinculin, a-actinin, paxillin and FAK, among other proteins, and are enriched in
phosphotyrosine??, an indication that these adhesions are active signalling complexes (see
below). As the leading edge of a migrating cell moves forwards, nascent adhesions either
elongate and grow or disassemble, depending on the cell type. Disassembly occurs when the
nascent adhesions encounter the zone of depolymerizing actin at the juncture of the
lamellipodium and lamellum. Adhesion turnover in this region is therefore coincident with
actin severing and the disassembly of branched actin structures. Nascent adhesions can also
mature into focal complexes coincident with periodic or occasional pauses of the forward
movement of the leading edge. These pauses correlate with, and depend on, myosin 1l-
dependent contractile events?/~49. The actin cross-linking protein a-actinin has also been
implicated as a crucial component of adhesion maturation as it is the earliest component
detected in maturing adhesions and it accumulates with actin filaments before other
adhesion components49. Either new actin polymerization or the reorganization of existing
actin filaments at the junction of the lamellipodium and lamellum creates templates for
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maturation49. The time of appearance and spatial organization of a-actinin suggests that it is
crucial for orienting these actin templates and linking the actin filaments to the adhesions.

Although tension is clearly important for adhesion maturation, different adhesion
components show differential sensitivity to tension®. For example, the incorporation of
paxillin, talin and integrin are independent of myosin Il activity, whereas FAK, zyxin and o-
actinin are dependent on it. Paxillin phosphorylation seems to be tension-sensitive and a key
regulator of maturation, in part through its effect on vinculin binding®0.

Models of nascent adhesion nucleation

The mechanisms by which nascent adhesions are nucleated, elongate and disassemble are
not yet clear. Two possible models for nascent adhesion nucleation have been proposed
(FIG. 3). In the first model, nucleation of adhesions is initiated by the binding of integrins to
ECM proteins, their ligand-mediated clustering and the subsequent assembly of new
adhesion complexes on their clustered cytoplasmic domains (FIG. 3a). In the second model,
the assembly is initiated by actin polymerization and uses dendritic actin as a template for
the nucleation of adhesion complexes (FIG. 3b). Evidence for the first model comes from
the presence of activated integrins near the leading edge of protrusions in migrating cells
and the juxtaposition of nascent adhesions forming beneath the lamellipodium in contact
with the ECM. Ligand-bound, clustered integrins would then form a “multivalent' scaffold
that binds other adhesion components (such as vinculin and talin) and recruits additional
integrins, all of which ultimately link to actin filaments. This general model also gains
strong support from studies using ligand or anti-integrin antibodies coupled to beads, which
induce the clustering of adhesion components around the bead>!. The second model is
suggested by evidence that adhesion formation is coupled to actin polymerization, and that
vinculin and FAK bind directly to ARP2/3 complexes and colocalize with ARP2/3 before
adhesion formation47~49. These complexes could therefore nucleate integrin-containing
complexes before integrin binds to the ECM. In reality, these models are not mutually
exclusive; there is likely to be some degree of integrin clustering before ligation, with
ligation increasing the clustering and signalling. Detailed molecular studies are needed to
fully understand the possible mechanisms.

Myosin Il promotes adhesion maturation and stability

The activity of myosin Il and the resulting tension exerted on adhesions seem to be
important factors in determining the balance between adhesion disassembly and
maturation3+4:47:52, In Chinese hamster ovary (CHO) cells, in which myosin Il activity is
low, nascent adhesions are readily seen in the lamellipodium, whereas in more contractile
cells, nascent adhesions are scarce and most rapidly mature to focal complexes®/:49.
Inhibiting myosin 11 with blebbistatin prevents adhesion maturation and greatly increases
nascent adhesions. Conversely, myosin 1A overexpression in CHO cells inhibits leading
edge protrusion and increases nascent adhesion maturation to focal complexes47. Thus,
initial adhesion assembly is mechanistically and kinetically linked to actin polymerization in
the lamellipodium, whereas myosin 11 activity and tension exerted on actin in the lamellum
contribute to the maturation of newly formed adhesions to focal complexes and focal
adhesions.

How does myaosin Il promote adhesion maturation and stability? One way is through the
generation of tension, which directly perturbs the conformation of proteins in the adhesion
complex. For example, the application of forces in vitro to single talin rods exposes cryptic
binding sites for vinculin. Because the talin head domain interacts with integrins while its
tail binds actin filaments, talin bears the force transmitted from the actin cytoskeleton to the
matrix. Thus, actomyasin contraction would trigger force-dependent talin unfolding and
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increase talin-vinculin binding to reinforce the adhesion®3. The vinculin tail domain also
provides a linkage to actin®*. In cells, recruitment of vinculin to adhesions is driven by
changes in tension®®. This recruitment is probably controlled at the molecular level, at least
in part, by tension-induced conformation changes that result in the perturbation of the
interaction between its amino- and carboxy-terminal domains'9. Other adhesion-associated
molecules, such as paxillin and CRK-associated SRC substrate (CAS; also known as
p130cas), may also change conformation under tension (or tension-induced signals) to

reveal new protein-binding and/or phosphorylation sites21:56:57. The ensuing protein—
protein interactions and/or phosphorylation would activate these scaffold proteins to recruit
additional signalling proteins (see below). Recently, a5B1 integrin was reported to undergo a
conformational change in response to myosin I1-generated cytoskeletal force, suggesting that
this force, combined with ECM stiffness, triggers an integrin switch that is required to
generate signals through the adhesion complex58.

A second action of myosin Il on adhesion maturation occurs through its cross-linking
properties. Phosphorylation of myosin 11 RLCs increases myosin Il's assembly into bipolar
myosin filaments, which bundle actin. Indeed, myosin Il mutants that assemble into
filaments and bind actin but lack the motor activity required to produce tension, still induce
focal adhesions#’, indicating that both contractility and actin bundling probably contribute to
the maturation and stabilization of adhesions.

Adhesion linkages: the clutch

The tension exerted on adhesions depends on the efficiency of the linkage between actin and
the ECM, namely the efficiency of the adhesion “clutch'>:59761_ Actin in the lamellipodium
undergoes retrograde flow from two sources. One is the force from membrane resistance at
the leading edge, which is created by actin polymerization itself and causes rearward actin
flow. The other is from myosin I1-mediated contraction of actin filaments in the lamellum.
Thus, the net rate of forward protrusion of the leading edge is determined by the rate of actin
polymerization minus these rearward forces. Adhesions function as traction points that resist
the force arising from the rearward flow of actin filaments and shunt the force to the
substratum, resulting in increased protrusion. However, the efficiency of this shunting, or
resistance, seems to be variable, as some adhesion components move in a retrograde
direction with the actin but not at the same rate, pointing to a “slippage' in the actin-adhesion
linkage. This has led to the idea that the link between adhesions and actin is regulated by a
clutch-like mechanism. When the clutch between adhesions and rearward flowing actin is
engaged, rates of forward protrusion of the leading edge increase while the adhesions
undergo force-dependent maturation61:62, The efficiency of this clutch seems to differ
among cells, suggesting that it is regulated; this idea has important implications for the
efficiency of tension-induced adhesive signalling®®:60, Interestingly, myosin 11 localizes on
actin filaments several micrometres away from the adhesions, suggesting that the contractile
forces generated by myosin Il are transmitted down the filament to the adhesions; that is,
myosin Il acts at a distance?’.

Adhesion disassembly at the cell front and rear

Finally, tension and other factors contribute to adhesion disassembly at both the front and
the rear of the cell®3. At the front, disassembly occurs most prominently at the lamellum—
lamellipodium interface, presumably owing to actin depolymerization and reorganization.
Disassembly also occurs in regions undergoing retraction at both the cell front (as a part of
the extension and retraction cycle of a protrusion) and the rear. Disassembly associated with
retraction is usually accompanied by an apparent “sliding' of adhesions, which accompanies
the inward movement of the cell edge, and then the “dispersal’ of adhesion structures.
Although not fully understood, adhesion sliding seems to be a Rho GTPase- and myosin Il1-
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dependent form of treadmilling, in which the peripheral edge of the adhesion disassembles
while the central edge assembles®4:65. Thus, although the whole adhesion moves, individual
components exchange in and out of it but otherwise remain stationary. Interestingly,
integrins, but not the cytoplasmic components of adhesions, are sometimes seen on the
substratum behind migrating cells, indicating a severing between integrin and the
cytoplasmic components of the adhesion during release66. This effect is blocked by a
myosin Il inhibitor67, suggesting that it is also tension-dependent.

Box 2 | Key regulators of adhesion dynamics: Rho GEFs and Rho GAPs
PIX proteins

PAK-interacting exchange factor (P1X) proteins were originally identified as binding
partners for the CDC42 and Rac target and effector, p21-activated kinase (PAK). PIX
proteins (PIXa and PIX) contain a DBL homology (DH) domain, but only PIXa has
significant guanine nucleotide exchange factor (GEF) activity for Rac, which is under
tight control through intramolecular interactions involving several binding partners?.

DOCK180

180 kDa protein downstream of CRK (DOCK180; also known as DOCK1) is a GEF that,
following integrin receptor activation, forms a complex with CRK-associated SRC
substrate (CAS; also known as p130cas) and CRK which is targeted to focal adhesions.
DOCK180 interacts with the small GTPase RACL1, but not with Rho or CDC42, and
functions as a GEF to activate Rac. The CRKII-DOCK180-Rac cascade promotes the
reorganization of the actin network, membrane ruffling, lamellipodial protrusion and
phagocytosis of apoptotic cells®.

GIT

G protein-coupled receptor (GPCR) kinase-interacting protein (GIT) is a member of a
family of ADP-ribosylation factor GTPase activating proteins (ARFGAPS). Members of
this family share common binding partners, including paxillin, PIX, GPCR kinase (GRK)
and focal adhesion kinase (FAK)Z2. The role of their association with focal adhesion
proteins is still poorly understood but it may be a point of convergence for ARF and
integrin signalling.

ARHGAP22
ARHGAP22 (also known as RHOGAP?2) is a Rho GAP that converts RACL1 to an

inactive GDP-bound state. Expression of ARHGAP22 inhibits RAC1-dependent
lamellipodium formation13.

p190RhoGEF

p190RhoGEF (also known as RGNEF) is a brain-enriched, RHOA-specific GEF, the
highly interactive carboxy-terminal domain of which provides potential linkage to
multiple pathways in a cell1>,

p190RhoGAPS

p190RhoGAPs exist in two isoforms, A and B. p190RhoGAPSs regulate actin
cytoskeleton dynamics, membrane ruffling, neurite retraction, smooth muscle
contraction, cytokinesis, cellular morphology, cellular motility and invasion, embryonic
neuronal development and vascular permeabilityl®.

The Ca?*-activated protease calpain has also emerged as an important mediator of adhesion
disassembly in retracting regions58. Calpain inhibition by chemical inhibitors, biological
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agents (such as calpastatin) and genetic deletion block disassembly. Both talin 1 and the
integrin B3 cytoplasmic domain have been identified as key calpain substrates in adhesion
disassembly, although there are many others with a functional significance that is less well
investigated®9—71,

Regulation of adhesion dynamics

The Rho GTPases Rac, Rho and CDCA42 together regulate adhesion by directly controlling
the balance between actin-mediated protrusion and myosin I1-mediated contraction’2=75,

Rac, Rho and CDC42 activity in adhesion dynamics

As expected, Rac and CDC42 are activated at the front of migrating cells, but with distinct
spatial and temporal characteristics’6. RHOA is prominently activated at the cell rear and
also, unexpectedly, at the front’’=89, Current evidence indicates that Rac and CDC42
probably have partially overlapping functions in mediating the formation of actin-rich
protrusions at the leading edge81. Whereas the expression of activated CDC42 alone
produces filopodia, and expression of activated Rac stimulates broad lamellipodia, leading-
edge protrusion in most cells probably involves both. The activation of Rho at the leading
edge was surprising, as Rho was thought mainly to activate myosin Il in the rear of the
cell80. However, colocalization data suggest that Rho in this region couples selectively to
the formin mDial (REFS 77779), which binds actin barbed ends, and promotes
polymerization82 through mDial rather than through myosin Il activation.

Rac and CDC42 induce protrusions in most cells by activating the WASP homologue (WH)
domain-containing proteins neural WASP (NWASP) and WAVE, which in turn induce actin
polymerization by directly activating the ARP2/3 complex. Rac and CDC42 also bind and
activate the PAK Ser/Thr kinases (PAK1, PAK2 and PAK3). PAKs have multiple
cytoskeletal targets, including LIM kinase, which is activated by PAK and enhances actin
polymerization by inactivating cofilin — a protein that disassembles actin filaments83:84.
PAK also activates myosin Il by phosphorylating its RLCs. RHOA activation leads to the
maturation of focal adhesions through its ability to activate myosin Il, which promotes
adhesion maturation and stability, as discussed above. Rho activates myosin through
ROCK1 and ROCK2, which act mainly by inactivating a subunit of myosin phosphatases
(myosin phosphatase-targeting subunit 1 (MYPT1; also known as PPP1R12A)), thus
sustaining myosin Il RLC phosphorylation. As mentioned above, Rho also activates the
formin mDial to promote actin polymerization. Both of these effector pathways contribute
to actin polymerization, bundling and adhesion formation46.

Adhesion dynamics are regulated by complex feedback loops with the Rho proteins and a
poorly understood reciprocity between Rac and Rho activation that is presumably mediated
through the action of GEFs and GAPs (BOX 2). Recently, it was shown that the activation
of a novel photoactivatable RAC1 (PA-RAC1) was sufficient to produce cell motility and
control the direction of cell movement. Importantly, local activation of PA-RAC1 inhibited
RHOA activation in protrusions of migrating fibroblasts8. The molecular basis for the
reciprocal regulation of Rac and Rho is not understood. On the one hand, Rac can inhibit
Rho through the activation of p190RhoGAP (also known as GRLF1) to adhesions86, which
can reduce tension at the leading edge to allow more continuous forward protrusion87. On
the other hand, maturation of focal complexes into focal adhesions involves activation of
Rho downstream of Rac, perhaps through the recruitment of a Rho GEF to adhesions88.
Conversely, Rho can inhibit Rac through a pathway that involves ROCK, possibly through
mechanical tension stimulating a Rac GAP such as ARHGAP22 (REFS 13:89).
Understanding this reciprocity and these feedback loops is an important issue that needs to
be addressed.
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The spatial and temporal activation of Rac, Rho and CDCA42 at the leading edge of migrating
cells has been examined recently using the simultaneous visualization of two GTPase
biosensors paired with computational multiplexing approaches80. Surprisingly, RHOA is
activated near the cell edge concomitant with leading-edge advancement. In contrast,
CDC42 and RAC1 are activated distal to the leading edge with a delay of ~ 40 seconds.
Thus, both the timing and spatial characteristics of RAC1, CDC42 and RHOA activation are
distinct. The spatial localization of RAC1 and CDCA42 activation are consistent with the fact
that these GTPases stimulate dendritic actin polymerization, which is essential for the
leading edge. The role of RHOA is less clear but, as mentioned above, mDial activation is
an attractive pathway as it promotes polymerization of the initial actin filaments needed for
ARP2/3-mediated dendritic polymerization. mDial also attaches an actin barbed end to the
membrane and allows the insertion of actin monomers at the end of the filament. However,
active Rac or CDC42 can induce protrusions when RHOA is inhibited; thus, cooperation
between these GTPases is not essential. Overall, much remains to be learned about how
these proteins regulate dynamics at the leading edge.

Regulation of Rho GTPases in adhesion dynamics

Various scaffold proteins organize signalling complexes that regulate Rho GTPases. Protein
Tyr kinases (PTKSs), such as SRC, FAK, Abelson kinase 1 (ABL1) and ABL2, and their
adhesion-associated substrates, function as scaffolds to differentially organize the regulatory
proteins that control the activity of the Rho GTPases and, therefore, actin and adhesion
dynamics and organization24:88:90:91. For example, PTKs phosphorylate adhesion proteins
such as paxillin and CAS, which then bind and localize activated forms of GEFs and GAPs
for Rho GTPases, as well as SH2-containing adaptor proteins such as CRK and NCK%2,
These SH2-containing adaptor proteins recruit additional regulators of downstream kinases,
including extracellular signal-regulated kinases (ERKs) and PAKs®2-94. Thus, paxillin,
FAK and CAS are examples of adhesion-associated proteins that function as “switchable'
scaffolds, in which phosphorylation of their Tyr residues leads to the recruitment of
functional regulators of Rho GTPases and other signalling proteins. Other adhesion proteins
such as zyxin and tensin may also be switchable scaffolds, although their role in regulating
adhesion dynamics is less clear95-97

Adhesion assembly seems to be a key regulator of scaffold phosphorylation. For example,
the catalytic activity of both FAK and SRC is stimulated by recruitment to newly formed
adhesions®. Adhesion-dependent autophosphorylation of FAK leads to the recruitment and
activation of SRC, which mediates Tyr phosphorylation of FAK itself, paxillin and other
adhesion molecules®®100. Notably, paxillin and CAS undergo conformational changes
concomitant with phosphorylation on their Tyr residues and recruitment into adhesion
structures23:56. The importance of Tyr phosphorylation in the activation of the paxillin
scaffold was revealed by the observations that phosphorylation of paxillin on Tyr31 and
Tyr118 regulates the coordinated formation of lamellipodia or the induction of myosin I1-
dependent contraction2!. Overexpression of phosphomimetic paxillin (Tyr31Glu and
Tyr118Glu) enhances lamellipodial protrusion and the formation of nascent adhesions,
whereas overexpression of non-phosphorylatable paxillin (Tyr31Phe and Tyr118Phe)
induces large focal adhesions, prominent fibrillar adhesions and fibronectin fibrillogenesis,
which are characteristic of highly contractile cells. These observations are consistent with
Tyr-phosphorylated paxillin being a scaffold for the recruitment of positive regulators of
Rac and CDC42. Similarly, Tyr phosphorylation of CAS recruits the SH2-containing
adaptor protein CRK, which in turn recruits or activates the Rac GEF DOCK180 (180 kDa
protein downstream of CRK; also known as DOCK1) and the RAP1 GEF C3G (also known
as RAPGEF1)?2. Ser phosphorylation of paxillin has also been reported to regulate adhesion
turnover and protrusion dynamics in migrating cells101.
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The scaffold functions of FAK seem to be important in the recruitment of Rho GAPs and
Rho GEFs15:88. The association of FAK with p190RhoGAP seems to be important for
RHOA inhibition during fibronectin-stimulated cell spreading, which facilitates
lamellipodial protrusion19:102. Less clearly understood is the interaction of FAK with
p190RhoGEF (also known as RGNEF). In cells plated on fibronectin for long periods of
time, FAK seems to selectively associate with p190RhoGEF, suggesting that as cells
become more contractile, positive regulation of RHOA is the dominant activity in more
mature adhesions88. Additional scaffold proteins, other kinases and protein phosphatases
(for example, tensin, zxyin, integrin-linked kinase (ILK), particularly interesting new Cys-
His protein 1 (PINCH; also known as LIMS1), parvin, Abl, FYN and SH2 domain-
containing Tyr phosphatase 2) are reported to associate with focal adhesions91:95:96:103~
106 Numerous studies have shown that knock down, knock out or overexpression of these
proteins modulate adhesion structures and dynamics in complex ways; however, the
mechanisms and regulation are poorly understood.

Unifying the principles of adhesion

As discussed above, the adhesive steps in the migration cycle — assembly, maturation and
disassembly — are tightly coupled to actin polymerization and organization and to actin—
myosin contraction, which are in turn regulated by Rho GTPases and PTKs® (FIG. 4). The
first step in the cycle is formation of nascent adhesions beneath the lamellipodium near the
leading edge. These adhesions not only stabilize the leading edge through contact of the cell
with the ECM, but their formation leads to the generation of signals that activate Rac and
CDC42, reinforcing the actin polymerization at the leading edge and subsequent membrane
protrusion.

Nascent adhesions disassemble as the lamellipodium moves forwards, unless they connect
with actomyosin in the lamellum, in which case they mature and become larger. Adhesion
maturation is probably accompanied by localized activation of Rho, perhaps through FAK-
dependent recruitment of Rho GEFs. Rho activation sustains the activation of myosin 11
through the action of ROCK on the kinases and phosphatases that regulate myosin Il RLC
phosphorylation. Myosin l11-generated tension sustains adhesion maturation through cross-
linking and tension-induced conformational changes in various adhesion proteins. Although
myosin 11 controls adhesion maturation and disassembly, the extent to which these processes
occur probably reflects the efficiency of the linkage between actin and the ECM by the
adhesion clutch and/or pliability of the matrix, two factors that contribute to myosin Il
activity and intracellular tension. Cells on rigid surfaces coated with high densities of ECM
proteins exhibit large, myosin 11-dependent focal adhesions, whereas cells on pliable
substrates coated with low densities of adhesion molecules tend to have smaller adhesions®.
Indeed, artificially increasing integrin clustering can make cells behave on soft substrates as
if adhered to rigid ones107. These data suggest that cells sense the mechanical properties of
the substratum and subsequently modulate myosin 11 activity, integrin clustering, adhesion
size and composition, and downstream signalling. However, the model also implies that
myosin 11 is regulated through changes in integrin signalling. Indeed, the feedback loop that
connects adhesion, contractility and signalling almost certainly involves Rho GTPases and/
or the regulation of myosin Il activity and actomyosin tension.

Cell adhesion, contractility and signalling play central parts in the front—back polarization of
migrating cells and hence in regulating directional motility. In fibro blasts, adhesions at the
leading edge generate signals that activate Rac, which in turn leads to dendritic actin poly
merization and establishment of the cell front. Conversely, actomyosin bundles and stable
adhesions are crucial for generating the cell rearl98:109, An attractive hypothesis is that the
cross-linking and bundling by myosin I1b generates large, stable actin filaments and
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adhesions, which inhibits adhesion signalling to Rac (FIG. 3). Recent studies have shown
that actin filament bundles in the cell rear contain activated myosin Ilb, which is crucial for
the formation and stabilization of the rear47:119, The partitioning defective 3 (PAR3)- or
PAR6-protein kinase Ca (PKCa) complex is also implicated in cell polarityl1l; however,
the role of adhesion in this process remains to be clarified.

Migration in disease

Migration is a prominent feature of many diseases, including cancer and chronic
inflammation. It is also important in stem cell transplantation strategies, where injected cells
may need to migrate into target tissues, and in wound repair, where enhanced cell migration
contributes to wound closure. Although adhesion receptors and ECM ligands have been
studied as potential targets for therapeutic strategies, differences in adhesion dynamics and
maturation may also play a part in disease and therefore offer targets for intervention and
diagnosis. For example, myosin Il activity regulates migration through its effects on
adhesion maturation and signalling. Thus, strategies directed at specific regulators of myosin
I1, such as Rho kinase and myosin light chain kinase (MICK), provide another route to the
regulation of migration. In addition, the activation (phosphorylation) status of key effectors
of the Rho kinases might be a parameter for predicting invasive potential; that is, whether
the cells are primed for migration. The feasibility of this strategy derives from the relatively
small number of molecules downstream of Rac and Rho that regulate adhesion dynamics
and signalling for migration. Thus, there are provocative new opportunities for both
therapeutic and diagnostic techniques that may play an important part in clinical medicine.

Some remaining questions

The model for adhesion dynamics described here supports contemporary views of directed
cell migrationl8, in which the compartmentalization of Rac and/or CDC42 and Rho activity
maintains the direction of cell movement109. The balance of actin polymerization and
myosin ll-generated contractility provide both feedforward and feedback loops that regulate
adhesion formation and disassembly. In the framework of this model, several important
questions remain. what regulates the efficiency of coupling between adhesions and rearward
flowing actin? what determines whether an adhesion strengthens under force, as occurs in
the front of migrating cells, versus disassembles, as occurs in the rear? How do cells sense
the rigidity of the ECM to control myosin Il activation and how does this feed back to
regulate signalling by adhesions? Do different adhesions generate distinct signals and, if so,
how, when and where? what is the role of Rho at the leading edge? How do changes in
adhesion and migration pathways underlie immune disorders, developmental defects and
cancer cell invasion and metastasis? Clearly, understanding the fundamental mechanisms
that govern adhesion signalling offers unique opportunities to design and implement
therapeutic interventions that may have a considerable impact on the treatment of human
disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Blebbing cell

Substrate
compliance

Extracellular
matrix

Lamellipodium

Filopodium

Actomyosin

Guanine
nucleotide
exchange factor

GTPase-activating
protein

TIRF

Lamellum
Three-dimensional
matrix

Osteoclast

ARP2/3

Retrograde flow

Transverse arc
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A cell that extends a round, dynamic process from the its
membrane.

A measure of the elasticity of the material to which cells adhere and
is related to the distance a material deforms under force. It is the
inverse of stiffness and is given in units of 1 per Pascal.

The fibrillar material made of collagens, laminin, fibronectin or
other glycoproteins, and proteoglycans, which forms a solid
substratum under or around cells in vivo and in culture.

A broad, flat protrusion at the leading edge of a cell that moves
owing to actin polymerization that is generally induced by Rac
activation.

A long, thin protrusion at the periphery of cells and growth cones.
Filopodia are composed of F-actin bundles and are often induced
by the activation of CDC42.

A complex of myosin and actin filaments. Activation of the myosin
motor leads to shortening of the filaments and subsequent cellular
movements.

A protein that activates specific small GTPases by catalysing the
exchange of bound GDP for GTP.

A protein that inactivates small GTP-binding proteins, including
Ras and Rho family members, by increasing their rate of GTP
hydrolysis.

(Total internal reflection fluorescence). A microscope exploiting
evanescent wave excitation of the thin region (~100 nm) at the
contact area between a specimen and the glass coverslip (of a
distinct refractive index). It provides improved signal to noise ratios
for the observation of events near the coverslip—water interface.

A distinct region of dense actin behind the lamellipodium.

(3D matrix). Cells that migrate on top of a thin layer of ECM are
considered to be in 2D, whereas cells that are inside and surrounded
by ECM on all sides are considered to be in 3D.

A mesenchymal cell with the capacity to differentiate into bone
tissue.

A complex consisting of seven subunits, including the actin-related
proteins ARP2 and ARP3, that, on activation by WASP-family
proteins, binds to the sides of existing actin filaments and nucleates
the growth of new filaments to form a dendritic network.

The movement of actin filaments or other cell components from the
cell edge towards the centre, generally driven by actin
polymerization at the leading edge.

A bundle of actin filaments that forms parallel to the leading edge
and undergoes retrograde movement towards the cell centre.
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Barbed end The fast-polymerizing end of an actin filament, which is defined by

the arrowhead-shaped decoration of actin filaments with myaosin
fragments.

Computational A mathematical method to correlate multiple time-dependent
multiplexing variables obtained during time-lapse imaging of cells.
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Figure 1. Structural elements of a migrating cell

a | Adhesion is closely coupled with the protrusions of the leading edge of the cell (filopodia
and lamellipodia). Adhesions (nascent adhesions) initially form in the lamellipodium
(although adhesions may also be associated with filopodia) and the rate of nascent adhesion
assembly correlates with the rate of protrusion. Nascent adhesions either disassemble or
elongate at the convergence of the lamellipodium and lamellum (the transition zone).
Adhesion maturation to focal complexes and focal adhesions is accompanied by the
bundling and cross-bridging of actin filaments, and actomyosin-induced contractility
stabilizes adhesion formation and increases adhesion size. b | TIRF micrographs of a
Chinese hamster ovary (CHO) cell expressing paxillin—-mEGFP (monomeric enhanced green
fluorescent protein) on glass coated with fibronectin (5 ug mi~1). Images were acquired
every 5 seconds, and representative images from 0, 3, 8 and 14 minutes are shown (see REF.
49). Closed arrow heads denote nascent adhesions assembling and turning over in
protrusions. Open arrow heads indicate maturing adhesions that begin to elongate
centripetally (that is, towards the cell centre) when protrusion pauses or halts. For a movie of
this experiment see supplementary information S1 (movie).
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Figure 2. Myosin ii and adhesion maturation and turnover

a | Adhesions elongate along actin filaments that contain myosin I1A, which cross links the
actin filaments and exerts tension on them. This leads to tension on the conformational
sensitivity, and clustering of, adhesion molecules that are directly or indirectly associated
with actin. Myosin Il activity is regulated by phosphorylation on the regulatory light chain at
Thr18 and Ser19, although other regulatory sites in the heavy chain are also implicated in its
activities. For a more complete discussion of myosin I structure and function see REF. 8. b |
In a migrating cell, myosin 11 A acts at a distance to regulate adhesion maturation and
turnover as it is juxtaposed to, but not directly associated with, the maturing adhesion at the
cell front. a-actinin cross links actin filaments. Adhesions at the rear are associated with
large actin filament bundles that contain both myosin I1A and myosin 1IB. Their activity
mediates rear retraction and adhesion disassembly.
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Figure 3. Models for the assembly of nascent adhesions

a | In one model, adhesion nucleation is initiated by the binding of integrins to extracellular
matrix (ECM) proteins, their ligand-mediated clustering and the coordinate assembly of new
adhesion complexes on the clustered integrin cytoplasmic domains, which are depicted here
as a complex with talin, vinculin, a-actinin and dendritic actin (middle panel). Maturation of
the adhesions is mediated by increased tension on them and the bundling and cross-bridging
of the actin filaments (right panel). b | A second model posits that adhesion formation is
coupled to actin polymerization and that vinculin (and perhaps focal adhesion kinase (FAK))
bind directly to actin-related protein 2/3 (ARP2/3) complexes and colocalize before
adhesion formation (left panel). These complexes then bind integrins (depicted here in
association with talin), stabilizing the nascent adhesion (right panel). As in part a,
maturation of the adhesions is mediated by increased tension on the adhesions and the
bundling and cross-bridging of the actin filaments.
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Figure 4. adhesion maturation and rho gTPase activation

Nascent adhesion formation and disassembly are coupled with the forward movement of the
lamellipodium. Maturation of adhesions is dependent on actomyosin in the lamellum, where
adhesions become larger. Adhesion formation and disassembly in the lamellipodium is
driven by the activation of Rac (and perhaps the localized suppression of Rho activity),
which involves activation of the Tyr-phosphorylated scaffolds, paxillin and focal adhesion
kinase (FAK). In the lamellum, adhesion maturation is accompanied by localized activation
of Rho, perhaps through FAK-dependent recruitment of Rho guanine nucleotide exchange
factors (GEFs) and Rho GTPase-activating proteins (GAPs). Rho activation sustains the
activation of myosin Il through the action of Rho-associated protein kinase (ROCK), which
controls the kinases and phosphatases that regulate its regulatory light chain (RLC)
phosphorylation. Myosin 11-generated tension sustains adhesion maturation by cross linking-
and tension-induced conformational changes in various adhesion proteins (see main text).
Disassembly of adhesions at the cell rear is Rho GTPase- and myosin I1-dependent, and may
also involve the action of proteases, such as calpains, on adhesion-linked proteins. ECM,
extracellular matrix.
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