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SUMMARY

Cell adhesions link cells to the extracellular matrix (ECM) and to each other and depend on
interactions with the actin cytoskeleton. Both cell-ECM and cell-cell adhesion sites contain
discrete, yet overlapping, functional modules. These modules establish physical associations
with the actin cytoskeleton, locally modulate actin organization and dynamics, and trigger
intracellular signaling pathways. Interplay between these modules generates distinct actin
architectures that underlie different stages, types, and functions of cell-ECM and cell—cell
adhesions. Actomyosin contractility is required to generate mature, stable adhesions, as well
as to sense and translate the mechanical properties of the cellular environment into changes in
cell organization and behavior. Here, we review the organization and function of different
adhesion modules and how they interact with the actin cytoskeleton. We highlight the mo-
lecular mechanisms of mechanotransduction in adhesions and how adhesion molecules me-
diate cross talk between cell-ECM and cell—cell adhesion sites.
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1 INTRODUCTION

Cell adhesion to the extracellular matrix (ECM) and to
neighboring cells is the hallmark of multicellularity and
underlies the organization and distinct physiological func-
tions of mammalian tissues (Gumbiner 1996). Aberrant
cell adhesion contributes to diverse pathologies, including
cancer metastasis, vascular disease, and inflammation
(Hynes 2007; Ley et al. 2007; Friedl and Gilmour 2009).

Discrete macromolecular complexes mediate cell adhe-
sions and form a link between the actin cytoskeleton and
either the ECM or adjacent cells. The organization of the
actin cytoskeleton at adhesion sites (e.g., filament nucle-
ation, cross-linking, bundling, and actomyosin contractil-
ity) is tightly regulated and driven by adhesion proteins that
are physically linked to the actin cytoskeleton (Schwarz and
Gardel 2012; Wehrle-Haller 2012). Adhesions serve as sig-
naling hubs; they trigger downstream pathways through a
plethora of effectors, including kinases and the Rho family
of GTPases, which regulate the organization and dynamics
of the actin cytoskeleton (Hynes 2002; Burridge and Wen-
nerberg 2004). In addition, these signaling pathways con-
trol cellular processes such as proliferation, survival, and
gene expression, although these pathways will not be cov-
ered in this review (Schwartz and Assoian 2001).

Here, we discuss the interplay between the organization
of the actin cytoskeleton and adhesions at cell-ECM and
cell—cell contacts. We first present an overview of how cell
adhesions were identified as sites of protein accumulation
and physical linkage to the actin cytoskeleton, and then we
discuss the distinct actin architectures that underlie these
different adhesions. Furthermore, we highlight the impor-
tant roles of actomyosin activity in force transmission
through adhesions and in sensing and translating the prop-
erties of the ECM and forces from neighboring cells
through specific cellular responses. Finally, we discuss the
significance of cross talk between cell-ECM and cell—cell
adhesions in cell behavior.

2 CELLADHESIONS LINKACTIN TO THE CELLULAR
MICROENVIRONMENT: A HISTORICAL
PERSPECTIVE

2.1 A Molecular Link between Actin Filaments
and the ECM

The first imaging studies of fibroblasts on planar substrates
in culture revealed discrete regions of close substratum
contact and physical linkage between the ECM and actin
filament bundles across the plasma membrane (Curtis
1964). Subsequent electron microscope (EM) images
showed dense cytoplasmic fibrillar structures (actin fila-
ment bundles) that terminated in discrete areas of electron

density and correlated with the “close contacts” that had
been observed by light microscopy (Izzard and Lochner
1976; Heath and Dunn 1978). These sites were proposed
to serve as traction points that supported the translocation
of the cell body during migration (Izzard and Lochner
1980). Concurrent studies showed that fibronectin—an
ECM protein secreted by cells and implicated in cell attach-
ment to the substratum—Iocalized adjacent to actin fila-
ment bundles and their termini (Hynes and Destree 1978;
Singer 1979). This suggested the presence of a transmem-
brane linker molecule that connected the actin cytoskeleton
and fibronectin and thereby served as an ECM adhesion
molecule.

Identification of the Molecules That Mediate
the Linkage between Actin and the ECM

2.2

In the late 1970s and early 1980s, a number of proteins were
identified that localized in regions of close contact between
cells and the ECM. These included a-actinin (Lazarides
and Burridge 1975), which also decorated actin filaments,
vinculin (Geiger 1979), talin (Burridge and Connell 1983),
and integrin, a receptor for fibronectin (Chen et al. 1985;
Damsky et al. 1985; Hynes 2002). These proteins interacted
with each other and with actin, suggesting that they func-
tioned as a protein complex mediating the fibronectin—
actin linkage (Horwitz et al. 1986). Thus, these discrete
regions of cell adhesion to the ECM, often termed focal
contacts or focal adhesions (FAs), acquired a distinct mo-
lecular identity.

2.3 E-Cadherin Mediates Cell-Cell Attachment
and Localizes with Actin

During the same period, electron microscopy studies of
polarized epithelia revealed the presence of three types of
intercellular junctions among adhering cells. They com-
prised the tight junction (TJ), adherens junction (A]),
and desmosomes (Farquhar and Palade 1963); the TJ and
AJlocalized at the juxta-lumenal region and are collectively
called the apical junction complex. The TJ regulates the
passage of ions and small solutes among epithelial cells,
whereas desmosomes provide mechanical strength to epi-
thelial sheets and connect with intermediate filaments.
Here, we focus on the AJ as it mediates cell—cell adhesion
through a linkage with actin and is the best characterized of
the intracellular junctions (Takeichi 1995; Takeichi 2014).

E-cadherin was identified as a key transmembrane
adhesion receptor involved in Ca®*-dependent cell—cell
adhesion (Takeichi 1977; Yoshida-Noro et al. 1984). Sub-
sequent immunocytochemical studies revealed that cad-
herin family proteins concentrate in the apical region of
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epithelial tissues where the AJ is primarily located. Today,
the term “cadherin” refers to a large family of related trans-
membrane receptors involved in cell—cell adhesion in var-
ious types of cell junctions (reviewed in detail elsewhere
[Takeichi 2014]). In addition to cadherins, members of the
Ca’"-independent IgG superfamily termed nectins were
also found at the AJ and are involved in the initial forma-
tion of cell—cell contacts (Rikitake et al. 2012). Cadherins
colocalized with cortical actin bundles, which suggested
that AJ linkage to the actin cytoskeleton is required for
cell—cell adhesion (Hirano et al. 1987; Geiger and Ginsberg
1991). Thus, E-cadherin, and other classical cadherins
(such as N-, P- and R-cadherin), emerged as the AJ trans-
membrane molecule that connected the actin cytoskeleton
between neighboring cells, an idea that was further sup-
ported by the finding that deletion of the E-cadherin cyto-
plasmic domain resulted in loss of cell-cell adhesion
(Nagafuchi and Takeichi 1988; Ozawa et al. 1989).

2.4 Catenins Mediate the Actin—Cadherin Linkage
in Cell-Cell Adhesion

As with FAs, the AJ contains cytoplasmic proteins that are
recruited to regions of cell—cell contacts. The amino acid
sequence of the cytoplasmic domain of classical cadherins
is highly conserved, indicating that different cadherins
bind to similar cytoplasmic proteins. These proteins were
identified as p120-catenin, which regulates cadherin turn-
over at the plasma membrane, and 3-catenin (termed ar-
madillo in Drosophila), which binds the actin-binding and
bundling protein a-catenin (Ozawa et al. 1989; Peifer and
Wieschaus 1990; McCrea and Gumbiner 1991; Nagafuchi
etal. 1991; Davis et al. 2003). As a-catenin can directly bind
actin (Rimm et al. 1995), it was originally thought to di-
rectly link the cadherin—catenin complex to the actin cy-
toskeleton. However, subsequent studies revealed that the
interaction between actin and the AJ is more complex, and
it involves many actin linkage and regulatory proteins that
are dynamically recruited to the AJ (see below).

3 CELL ADHESIONS ARE MODULAR AND
MULTIFUNCTIONAL STRUCTURES

The repertoire of molecules present at cell -ECM and cell -
cell adhesions has greatly expanded since the early discov-
eries of the core complexes. It is now clear that both adhe-
sions are highly complex, consisting of more than 150
proteins that can be categorized into common functional
modules (Fig. 1A) (Kanchanawong et al. 2010; Patla et al.
2010; Murray and Zaidel-Bar 2014; Toret et al. 2014). These
cytoplasmic modules perform three main functions: First,
they establish the structural linkage of adhesions to the
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actin cytoskeleton; second, they modulate actin organiza-
tion and dynamics; and, third, they trigger intracellular
signaling pathways. Together they form an intricate net-
work that facilitates the dynamic association of the actin
cytoskeleton to either the ECM or adjacent cells.

3.1 The Actin Linkage Module

At cell-ECM adhesions, linkages between the integrin ad-
hesion receptors and actin are mediated by talin (Critchley
2009) and/or a-actinin (Otey et al. 1990), both of which
can bind to vinculin (Ziegler et al. 2008), which itself also
binds to actin (Humphries et al. 2007). The actin-binding
and -cross-linking protein filamin can also link integrins to
the actin cytoskeleton (Loo et al. 1998), either directly
through binding to the B-integrin subunit or indirectly
through interactions with migfilin that, in turn, binds the
integrin-binding and -activating protein kindlin (Fig. 1B)
(Tu et al. 2003).

Some actin-binding proteins at cell-ECM adhesions
are also present in cell—cell adhesions, including vinculin
and a-actinin (Knudsen et al. 1995; Watabe-Uchida et al.
1998; Weiss et al. 1998), as well as the membrane-associated
actin-binding ERM proteins ezrin, radixin, and moesin
(Clucas and Valderrama 2014). That these different adhe-
sion complexes share some of the same proteins provides a
potential mechanism of cross talk and regulation (see Sec.
7). The AJ also contains specific proteins not found at cell—
ECM adhesions, including spectrin, ZO-1, Ajuba, afadin,
and EPLIN (epithelial protein lost in neoplasm), most of
which are recruited to the cadherin—catenin complex
through interaction with a-catenin (Fig. 1B) (for detailed
reviews, refer to Kobielak and Fuchs 2004; Maiden and
Hardin 2011). The linkage between core adhesion mole-
cules and the actin cytoskeleton at both adhesion sites can
vary in composition and likely reflects different require-
ments for cadherin and integrin transmembrane receptors,
different ECM molecules to which integrins bind (e.g.,
collagen, laminins, fibronectin), and different kinds or
stages of adhesion.

3.2 The Actin Regulatory Module

Besides a physical link to the actin cytoskeleton, local mod-
ulation of actin organization is also essential for the integ-
rity of adhesion. For example, inhibiting the activity of the
Arp2/3 complex, which induces the assembly of branched
actin arrays, impairs the formation of new cell-ECM ad-
hesions (Wu et al. 2012; Chorev et al. 2014) and cell—cell
contacts (Bailly et al. 2001; Beckham et al. 2014). Certain
members of the formin family of actin nucleators, which
promote the formation and elongation of linear actin bun-
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Figure 1. Organization of functional modules at cell adhesions. (A) Cell-ECM and cell—cell adhesions are com-
partmentalized in modules with distinct functional properties. Physical linkage between the actin cytoskeleton
(gray) and transmembrane adhesion receptors (orange) is mediated by the actin linkage module (cyan), which
contains actin-binding molecules. Regulation of this linkage and local actin organization is mediated by compo-
nents of the actin regulatory (blue) and signaling (yellow) modules. (B) Molecular interactions of proteins in the
different adhesion modules between the actin cytoskeleton (gray) and adhesion receptors (orange). Functional
modules at both adhesion sites are spatially segregated (with partial overlap) and, in cell-ECM adhesions (left), are
organized within vertical organizational strata between the plasma membrane and the actin cytoskeleton. Arp,
Actin-related protein; ECM, extracellular matrix; EPLIN, “epithelial protein lost in neoplasm” (LIMA1); FAK, focal
adhesion kinase; ILK, integrin-linked kinase; SFK, Src-family kinases.

dles, also localize and regulate actin assembly at dorsal
stress fibers (SFs) and FAs (Skau et al. 2015). Furthermore,
formin-1 and diaphanous-related formin-1 (Dial) localize
to AJs and are required for the integrity of cell—cell adhe-
sions (Sahai and Marshall 2002; Kobielak et al. 2004; Car-
ramusa et al. 2007). The ENA/Mena/VASP (vasodilator-
stimulated phosphoprotein) family of proteins is also im-
portant for regulating the actin network at adhesion sites.
They have G- and F-actin-binding domains and bind to the

barbed end of actin filaments to promote actin filament
elongation by acting as processive barbed-end actin-fila-
ment nucleators (Krause et al. 2003). VASP is recruited
to cell-ECM (Brindle et al. 1996) and cell—cell contacts
(Leerberg et al. 2014) through binding to vinculin and
likely contributes to actin stabilization at adhesion sites
(Bear et al. 2002; Scott et al. 2006). In summary, actin-
regulatory proteins organize the actin cytoskeleton at
cell-ECM and cell—cell adhesions, thus influencing the
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physical linkage of actin to adhesions, and they are them-
selves regulated by components of the adhesion signaling
modules.

3.3 The Signaling Module

Cell-ECM and cell—cell adhesions trigger diverse cytoplas-
mic signaling pathways. Numerous kinases, phosphatases,
and small GTPases comprise these signaling modules,
many of which are shared by both cell-ECM and cell-
cell adhesion complexes. These modules influence actin
polymerization and organization, as well as actomyosin
contractility, which in turn regulate adhesion organization
and strength. These pathways also affect a wide range of
cellular processes such as proliferation, survival, and gene
expression (Assoian and Schwartz 2001).

At cell-ECM adhesions, the FAK (focal adhesion ki-
nase)—paxillin signaling module regulates actin nucle-
ation, polymerization, and organization. This is a well-
described pathway that includes the tyrosine kinases FAK,
Src-family kinases, Abl, and phosphoinositide 3-kinase
(PI3K). Paxillin serves as a scaffold for numerous proteins
that regulate Rho-family GTPase activity; it also has bind-
ing activities for core adhesion components such as vincu-
lin, p130Cas, Pix, and the Ser/Thr-protein kinase PAK
(Turner 2000). FAK, in addition to its tyrosine kinase ac-
tivity, acts as a Rho-GTPase regulatory scaffold by binding
Rho GTPase-activating proteins (GAPs) such as p190Rho-
GAP. FAK also binds vinculin and talin (Fig. 1B) (Turner
etal. 1990; Lawson et al. 2012), which highlights the spatial
integration and interplay among different modules in ad-
hesions to promote protein recruitment, signaling, and
actin regulatory function.

The signaling modules in cell-cell adhesions are less
well defined, although Src-family kinases, PI-3 kinase, EGF
receptor kinase, and the Rho family of small GTPases
(Racl, RhoA, Cdc42) play an important role in regulating
different components of the adhesion modules. For exam-
ple, Src-mediated tyrosine phosphorylation of 3-catenin
dissociates it from E-cadherin and facilitates its entry
into the nucleus where B-catenin activates genes involved
in cell proliferation (Brembeck et al. 2004; Coluccia et al.
2006). In addition expression of “dominant-negative” or
constitutively active Rho-family GTPases results in dramat-
ic changes in cell—cell contacts through effects on actin
organization and dynamics (Braga et al. 1997; Takaishi
et al. 1997; Jou and Nelson 1998; Braga et al. 1999). The
activities of Rac and Rho are spatially restricted at cell —cell
contacts, as cadherin ligation results in transient Rac accu-
mulation and activation (Nakagawa et al. 2001; Noren
et al. 2001; Perez et al. 2008; Terry et al. 2011), whereas
activated Rho appears to be excluded from sites of cadherin
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engagement and is instead localized to the edges of the
expanding cell—cell contact (Yamada and Nelson 2007).
Rho activity is required for myosin-II-dependent actin
contractility, and inhibition of myosin light-chain kinase
(MLCK), a downstream target of Rho, stalls the extension
of cell—cell contact formation (Yamada and Nelson 2007).

Here, we have presented some examples of key integrin-
and cadherin-associated modules that are present in adhe-
sions and highlight the complexity of their interactions.
However, many more components and interactions exist
(for detailed reviews, see Harburger and Calderwood 2009;
McCormack et al. 2013).

3.4 Functional Modules Are Spatially
Compartmentalized in Cell Adhesions

Recent observations using cryo-electron microscopy and
superresolution fluorescence microscopy have provided
initial three-dimensional nanoscale snapshots of the archi-
tecture of adhesions (Kanchanawong et al. 2010; Patla et al.
2010). At cell-ECM adhesion sites, this ongoing work re-
veals a compartmentalized spatial organization of proteins
in which proteins are organized vertically into horizontal
layers of functional modules between the plasma mem-
brane and actin filaments (Fig. 1A,B). The FAK—paxillin
signaling module is at the integrin transmembrane receptor
layer, whereas actin-associated components such as a-acti-
nin, VASP, and zyxin are organized in a layer proximal to the
actin filaments. The central linkage layer comprises vincu-
lin and talin and has domains near both integrin and actin
filaments, thereby connecting them. Vinculin activation
coincides with an upward repositioning during FA matu-
ration, whereas inactive vinculin localizes to the lower in-
tegrin transmembrane receptor layer (Case et al. 2015).
Talin spans all the modules—the talin head and integrin-
binding domain localize with the signaling and integrin-
proximal region, whereas the talin rod and actin-binding
domain span both the central and actin filament linkage
layers (Kanchanawong et al. 2010). This spatial overlap is
supportive of a role for talin in mediating the spatial orga-
nization of functional modules in adhesions.

The nanoscale architecture of cell—cell adhesion sites is
less well defined. Recent superresolution imaging has re-
vealed that E-cadherin organizes into distinct nanoscale
precursor clusters that mature into adhesive contacts
(Truong Quang et al. 2013; Wu et al. 2015). The cortical
F-actin network is thought to surround clusters of E-cad-
herin. This organization might play a role in maintaining
independent adhesion subunits, as E-cadherin clusters
pack to form larger adhesion surfaces. However, additional
work is required to elucidate the spatiotemporal organiza-
tion of cytoplasmic components of cell—cell adhesions.
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4 ADHESION ARCHITECTURE IS DICTATED
BY ACTIN FILAMENT ORGANIZATION

Although both cell-ECM and cell-cell adhesions com-
prise similar protein modules, different assembly stages
and types of adhesions exist, varying in morphology, mo-
lecular composition, and function. Here, we describe dif-
ferent types of cell-ECM and cell—cell adhesions, the actin
filament organization associated with them, and the role of
force and myosin II in their organization.

4.1 Cell Adhesions Have Diverse Morphologies
and Molecular Compositions

Cell-ECM adhesions have diverse morphologies, compo-
sitional variations, and functions (Geiger and Yamada
2011). Nascent adhesions are small diffraction-limited
structures (<<0.3 pm) present within the dendritic actin
network in the lamellipodium of spreading or migrating
cells (Nayal et al. 2006; Alexandrova et al. 2008; Choi et al.
2008). Focal complexes are slightly larger adhesions (0.5—
1 pm) located posterior to nascent adhesions at the lamel-
lipodium—lamellum interface. Both nascent adhesions and

Lamellipodium

Lamellipodium-
Lamellum interface

Lamellum

focal complexes contain integrin, talin, kindlin, ILK, a-
actinin, and vinculin and are enriched in FAK, paxillin,
and Src (Huveneers and Danen 2009; Elad et al. 2013).
Focal adhesions are a class of large, elongated adhesions
that reside outside the lamellipodium (Zaidel-Bar et al.
2003). Their sizes and morphology range from 1 to
10 wm, with variable aspect ratios, and they associate
with linear actin filament bundles. Finally, fibrillar adhe-
sions are very large (>5 wm), elongated adhesions located
in the central region of the cell. They associate with large
actomyosin bundles and are involved in organization of the
ECM (Pankov et al. 2000). Fibrillar adhesions have relative-
ly low tyrosine phosphorylation levels, high levels of vin-
culin, and a-actinin and contain unique molecules such as
zyxin and tensin (Fig. 2) (Zaidel-Bar et al. 2003).

Similar to cell-ECM adhesions, different stages of cell—
cell contact formation coincide with a distinct organization
of the actin cytoskeleton (Fig. 3). Forming cell—cell junc-
tions adopt a punctate morphology and are connected to
radial actin bundles perpendicular to sites of contact (Ad-
ams et al. 1996; Vasioukhin et al. 2000), whereas, upon
expansion of the contact, the peri-junctional actin is re-

Nascent adhesion
Dendritic actin network

Focal complex
Dendritic actin network

Actin filament bundles

Large focal adhesion
Actin stress fibers

<> Myosin IIB
<> Myosin IIA
. Arp2/3 complex
© o-actinin

Figure 2. Actin cytoskeleton architecture dictates the organization of cell-ECM adhesion. Diffraction-limited
nascent adhesions emerge within the dendritic actin network, which is promoted by the action of the Arp2/3
complex in the lamellipodium of motile cells. Nascent adhesions are precursors for larger focal complexes (~1 pm)
located along the lamellipodium—lamellum interface and elongated focal adhesions (FAs) (1-5 pwm) that are
associated with actin filament bundles in the lamellum. The size and stability of actin filament bundles correlates
with the size of FAs—small actin filament bundles located at the leading edge of the lamellum (associated with -
actinin and myosin ITA) correlate with small FAs, whereas large, stable (myosin IIB decorated) actin fibers along the
center and rear of the cell promote large FAs. Transverse actin arcs that connect actin filaments and fibers presumably
form in the front of the lamellipodium when myosin ITA emerges and bundles actin fibers in an arc that then recedes
backward and couples with nascent adhesions as the edge protrudes. This arc eventually joins other transverse arcs in

the lamellum.
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Figure 3. Stages of cell—cell contact formation coincide with distinct
organizations of the actin cytoskeleton, molecular compositions, and
directions of forces. (A) Nascent cell—cell adhesions are connected to
radial actin bundles lying perpendicular to sites of contact. These
sites contain high levels of active Racl and Src, and actin-regulatory
proteins (Arp2/3, cortactin, VASP, formin-1) that cooperate to
generate a branched actin network required for contact expansion.
a-catenin is under tension, which results in association with actin,
directly through a catch—bond interaction, and vinculin. (B) At
mature adhesions, the peri-junctional actin cytoskeleton is rear-
ranged into bundles parallel to the plasma membrane. RhoA activity
increases, which activates myosin II, thereby generating tensile forces
required for adhesion maturation. Locally high concentrations of
a-catenin presumably recruit actin binding and bundling proteins
(EPLIN and «-actinin), and «-catenin itself forms homodimers
that bind and bundle actin. EPLIN, epithelial protein lost in neo-
plasm (LIMA1); MLCK, myosin light-chain kinase; VASP, vasodila-
tor-stimulated phosphoprotein.
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modeled into parallel actin bundles (Zhang et al. 2005).
Unique molecules also populate the different stages of
cell—cell adhesion as vinculin, for example, is observed at
newly forming junctions but is absent from mature, stable
contacts (Fig. 3) (Miyoshi and Takai 2008). Although more
work is required to fully resolve how different stages of
cell-cell adhesion are formed, it is clear that the actin
structure and protein composition contributes to the ob-
served difference in the morphologies of cell—cell adhesion
complexes.

4.2 Assembly of Nascent Cell Adhesions Is Driven
by Actin Polymerization

The formation and stability of nascent cell-ECM adhesions
are coupled to the formation and stability of the dendritic
actin network cytoskeleton. In migrating or spreading cells,
cell-ECM adhesions persist until they reach the base of the
lamellipodium, where dendritic actin disassembles or reor-
ganizes (Choi et al. 2008). Some studies indicate that actin
polymerization drives preactivated integrin clusters probing
for sites of adhesion nucleation near the leading edge (Gal-
braith et al. 2007). Actin nucleation around integrin sites
might be mediated by the Arp2/3 complex through its in-
teraction with vinculin (DeMali et al. 2002) or FAK (Serrels
et al. 2007; Swaminathan et al. 2016). In addition, actin
nucleation can be mediated by direct interaction between
actin and vinculin (Thievessen et al. 2013) or transient in-
teraction between a-actinin and integrin (Bachir et al. 2014).
These observations suggest an important, but poorly under-
stood, role of actin branching and elongation in the forma-
tion of nascent cell-ECM adhesions.

Cadherins play an active role in shaping actin organi-
zation that mediates nascent cell—cell contact formation
through dynamic recruitment and interaction with actin
binding and regulatory proteins (Ratheesh et al. 2012).
Cell—cell adhesion depends on actin polymerization. Cad-
herin homophilic ligation in epithelial cells in vivo (e.g.,
Drosophila) and tissue-culture cells (e.g., MDCK cells) di-
rectly recruits and activates the Arp2/3 complex (Kovacs
et al. 2002; Verma et al. 2004), the nucleation-promoting
factor WAVE (Yamazaki et al. 2007; Verma et al. 2012), and
cortactin (Helwani et al. 2004), which coincides with rapid
actin filament assembly (Yonemura et al. 1995; Adams et al.
1996; Vasioukhin et al. 2001). Arp2/3-induced actin fila-
ment branches can be stabilized by cortactin, thus prevent-
ing actin filament disassembly (Weaver et al. 2001). As the
cell—cell contact expands, there is a large reorganization of
the actin cytoskeleton adjacent to the adhering plasma
membrane and it requires the activation and localization
of myosin II to the edges of the cell—cell contacts that drives
compaction (Shewan et al. 2005; Yamada and Nelson 2007).
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4.3 Adhesion Sites Are Reinforced and Stabilized
by Actin Bundling

Elongated cell-ECM adhesions form along actin bundles
at the lamellipodium—lamellum interface (Choi et al.
2008). These actin bundles contain a-actinin and grow
by formin-mediated actin polymerization, which nucleates
unbranched actin filaments (Riveline et al. 2001; Oakes
etal. 2012). Knockdown of a-actinin perturbs actin bundle
integrity and inhibits the formation of large, elongated
adhesions (Choi et al. 2008). Similarly, disruption of
mDial activity using the formin inhibitor SMIFH2 or
mDial knockdown inhibits actin filament polymerization
and reduces adhesion elongation (Beckham et al. 2014).

The stabilization of cell—cell adhesions is also accom-
panied by a large structural reorganization of the actin
cytoskeleton adjacent to adhering plasma membranes
(Fig. 3). Formins localize to cell—cell contacts through di-
rect interaction with a-catenin and promote linear actin
cable assembly (Kobielak et al. 2004). The ENA/Mena/
VASP family of actin-regulatory proteins also contributes
to the stabilization of cell—cell adhesions as VASP promotes
actin bundle formation (Vasioukhin et al. 2000). This oc-
curs with a switch from Racl to RhoA activity during cell—
cell contact reinforcement and expansion (Yamada and
Nelson 2007), which is also observed at cell-ECM adhe-
sions (Machacek et al. 2009). Active RhoA contributes to
junction contraction and activates formins and Rho kinase
(ROCK). Together, they lead to maturation of the cell—cell
contact by further promoting the formation of actin fila-
ment bundles parallel to the plasma membrane (Zhang
et al. 2005).

Actin filament reorganization at the AJ might also in-
volve the actin binding and bundling activity of a-catenin
homodimers, which are thought to form in the peri-junc-
tional cytoplasm upon local disassociation from the cad-
herin—catenin complex (Drees et al. 2005). a-catenin
homodimers bind to F-actin and inhibit Arp2/3-mediated
polymerization and cofilin-mediated severing of actin.
This is hypothesized to dampen membrane protrusive ac-
tivity and promote contractility of the cell-cell junction
and adhesion strength (Drees et al. 2005; Benjamin et al.
2010; Hansen et al. 2013; Bianchini et al. 2015). Taken
together, these studies show an intimate relationship be-
tween actin filament bundles and the formation of elon-
gated cell-ECM and extended cell—cell adhesions.

4.4 Adhesion Size and Maturation Are Regulated
by Myosin Il Activity

Myosin 1II activity is crucial for cell-ECM and cell—cell
adhesion formation, maturation, and function. There are

three isoforms of myosin II (A, B, and C), of which the A
and B isoforms are expressed in most cells. These isoforms
have different ATPase and contractility activities, and dif-
ferentially regulate the size and stability of adhesion com-
plexes. In general, myosin II organizes actin filaments into
antiparallel filament bundles and can either maintain that
organization by cross-linking the filaments together or can
induce contractility through its ATPase-driven motor ac-
tivity (Vicente-Manzanares et al. 2009). Here, we discuss
the role of myosin II in regulating the organization of ad-
hesion complexes and the associated actin cytoskeleton. In
Section 5, we discuss the role of myosin II in mechano-
transduction through adhesion complexes.

At cell-ECM adhesions, inhibition of myosin IT activity
blocks actomyosin filament assembly and impairs the for-
mation of large, elongated adhesions (Riveline et al. 2001;
Vicente-Manzanares et al. 2007). Both the actin-cross-link-
ing and contractile functions of myosin are implicated in
adhesion size. Myosin II mutants that can cross-link or
bundle actin but do not induce contractility, can still serve
as a structural template for adhesion growth and elongation
(Choi et al. 2008). However, larger, more elongated and
stable adhesions appear to require myosin-II-mediated ac-
tin network contraction (Chrzanowska-Wodnicka and
Burridge 1996; Riveline et al. 2001). Myosin II activity
also regulates the molecular composition of adhesions
(Kuo et al. 2011; Schiller et al. 2011) as it promotes the
recruitment of mechanosensitive proteins such as zyxin
and vinculin and negatively regulates Rac activators such
as 3-Pix, which leads to small, dynamic adhesions (Kuo
etal. 2011).

Myosin II isoforms associate with different kinds of
adhesions. Myosin ITA binds to short actin filament bun-
dles. Myosin IIA is concentrated at sites of smaller and less
stable adhesions such as the front of the lamellar region of
spreading or migrating cells (Vicente-Manzanares et al.
2007) and within the lamellipodium during edge protru-
sion (Burnette et al. 2011). Myosin IIA localization to FAs is
driven by Racl activation (Pasapera et al. 2015). Myosin IIB
is mostly absent from small adhesions at the leading edge of
motile cells and associates with large actin filament bundles
away from the leading edge of migrating cells.

At cell—cell adhesions, myosin II is activated at new
adhesion sites, generates contractile forces at contact edges,
and colocalizes with cadherins at mature junctions (Kren-
del and Bonder 1999; Yamada and Nelson 2007; Cavey et al.
2008). Depletion of myosin IIB results in a reduction of
steady-state junctional F-actin in epithelial monolayers
(Smutny et al. 2010). Furthermore, the actin-cross-linking
function of myosin II is required to generate a dynamic
contractile network that provides tensile forces required
for adhesion maturation (Shewan et al. 2005; Liu et al.
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2010; Borghi et al. 2012; Luo et al. 2013). The activity of
different myosin Il isoforms also influences the localization
and activity of adhesion molecules. Myosin IIA is required
for cadherin clustering, whereas myosin IIB controls the
continuous distribution of cadherin clusters along the
length of cell—cell contacts (for a detailed review, see Bud-
nar and Yap 2013). Taken together, myosin II plays an im-
portant role in forming both cell-ECM and cell—cell
adhesions, and actomyosin contractility is essential for cells
to sense and respond to mechanical forces.

5 CELL ADHESIONS SENSE AND TRANSDUCE
MECHANICAL FORCES

Cell adhesions both sense and transduce intracellular forces
between cells and the ECM (Bershadsky et al. 2003; Oakes
and Gardel 2014) and neighboring cells (Ladoux et al.
2010; le Duc et al. 2010; Liu et al. 2010; Tabdili et al.
2012; Weber et al. 2012; Thomas et al. 2013; DeMali et al.
2014). In the following section, we describe force measure-
ments at adhesion sites and discuss some of the key
mechanoresponsive adhesion components and molecular
mechanisms that underlie force sensing and transmission
in cell adhesions.

5.1 Actomyosin Force Propagation through
Cell-ECM and Cell-Cell Adhesions

Traction forces transmitted by adhesions to the surround-
ing ECM can be estimated by the displacement of either
micropatterned elastomeric substrate “posts” (Tan et al.
2003) or fiduciary fluorescent beads embedded in pliable
substrates that are deformed by cell traction (Style et al.
2014). These “traction force” measurements reveal distinct
and spatially resolved forces exerted at adhesions (in the
range of 1-10 nN per adhesion) that align parallel to the
long axis of elongated adhesions and actin bundles (Bala-
ban et al. 2001; Nicolas et al. 2004). These forces depend on
myosin Il activity as the force decreases when cells are treat-
ed with inhibitors of actomyosin contractility (Balaban
et al. 2001; Beningo et al. 2001; Gardel et al. 2008). Al-
though a linear relationship between force and adhesion
size has been reported (Balaban et al. 2001; Tan et al. 2003;
Gardel et al. 2008; Stricker et al. 2011), significant traction
forces are also detected near nascent adhesions and focal
complexes associated with the lamellipodium of protrud-
ing cells, whereas less force is observed in large, central
adhesions (Beningo et al. 2001; Tan et al. 2003; Gardel
et al. 2008). Interestingly, as nascent adhesions are inde-
pendent of myosin II, the forces on these adhesions are
likely generated by actin polymerization against the mem-
brane of the leading edge.
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Actomyosin-mediated forces are also observed at cell—
cell adhesion sites, but direct measurement of these forces is
difficult because of the orthogonal organization of cell
junctions relative to the substratum. Thus, measurements
of rupture forces between isolated adhesion molecules or
cell junctions have been used to determine forces at cell-
cell adhesions. For example, pulling on single cadherin—
cadherin bonds by atomic force microscopy (AFM) showed
that 10—157 pN is required to separate the bonds (Baum-
gartner et al. 2000; Perret et al. 2004; Panorchan et al. 2006;
Shi et al. 2008). However, higher forces (1-200 nN) were
required to rupture adhesions between pairs of cells (Chu
et al. 2004; Stockinger et al. 2011) or cells migrating across
surfaces coated with the extracellular domain of cadherin
(Ganz et al. 2006; Liu et al. 2010; Maruthamuthu et al.
2011). These results indicate that these larger forces might
reflect the organization of large numbers (quasicrystalline
arrays) of cadherins as junctions mature and therefore an
increase in adhesive strength coincident with the reorgani-
zation of the actomyosin network around those junctions.

Qualitative studies that disrupted the cadherin-junc-
tion—actin network revealed that the direction of forces
also changes with junction maturation. During the forma-
tion of cell—cell adhesions, the addition of low concentra-
tions of cytochalasin D, which predominantly caps actin
filament barbed ends, revealed actin contractile forces at the
extremities of the contacts in MDCK doublets where acti-
vated Rho GTPase localized (Yamada and Nelson 2007)
and hence were perpendicular to contact sites (Liu et al.
2010). Analysis of tension at mature cell—cell contacts in
epithelial monolayers by laser ablation indicated, converse-
ly, that actomyosin-based tension is oriented parallel to the
contacts (Farhadifar et al. 2007; Cavey et al. 2008).

Thus, both cell -ECM and cell—cell adhesions serve as
sites that shunt intracellular forces to the ECM and neigh-
boring cells (Bershadsky et al. 2003; Gardel et al. 2010;
Leckband and de Rooij 2014). As discussed below, these
adhesion complexes sense and respond to force in a number
of ways, which can result in force-dependent incorporation
or release of specific adhesion-associated molecules, con-
formational changes, and posttranslational modifications
of adhesion proteins, remodeling of adhesions, and chang-
es in mechanical properties such as adhesion strength.

5.2 Molecular Mechanisms of Force Sensing and
Response in Adhesions

Forces on adhesion complexes appear to dictate adhesion
size and strength, composition, and the signals that they
generate (Balaban et al. 2001; Lele et al. 2006; Carisey et al.
2013; Hytonen and Wehrle-Haller 2015). Although under-
standing the mechanisms involved is an active area of
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Figure 4. Mechanisms of mechanotransduction in adhesions. (A) Multiple key components within adhesions
mediate force sensing and transmission. This is through force-induced conformational changes that can expose
cryptic sites containing residues that can become phosphorylated or provide binding sites for other proteins. In
addition, a number of proteins in adhesion complexes interact through a catch bond—binding mechanism in which
force increases the bond lifetime, as reported for homotypic trans binding between cadherin extracellular domains
and a-catenin—actin interactions. (B) Force sensing and transmission at cell-ECM and cell—cell adhesions con-
verges on myosin II activity. Cell adhesions initiate signaling cascades that activate members of the Rho family of
GTPases (RhoA, Cdc42), among other proteins, which activate myosin II. Actomyosin contractility results in
traction forces that are transmitted through adhesion complexes to the ECM or neighboring cells—this is commonly
referred to as “mechanotransduction.” Furthermore, adhesions sense mechanical forces in their microenvironment
(“mechanosensing”), such as substrate stiffness and pulling forces from neighboring cells, and translate those forces
into biochemical signals that, in turn, activate myosin II to regulate the forces transmitted through adhesions. Both
mechanotransduction and mechanosensing occur in a dynamic, tightly regulated feedback loop mediated by
myosin II activity and actin organization. ECM, extracellular matrix.

investigation, conformational strain, or protein unfolding,
is a likely explanation (Fig. 4A). Force-sensitive adhesion
molecules include the adhesion receptors: integrin (Fried-
land et al. 2009; Morimatsu et al. 2013) and cadherin (Bor-
ghi et al. 2012; Cai et al. 2014; Manibog et al. 2014); actin-
binding proteins: talin (del Rio et al. 2009), vinculin
(Grashoff et al. 2010), zyxin (Lele et al. 2006), and a-cat-
enin (Yonemura et al. 2010; Yao et al. 2014); and the Src
kinase scaffold p130cas (Sawada et al. 2006).
Force-dependent conformational unfolding of mecha-
nosensitive molecules can result in the exposure of cryptic
sites for tyrosine phosphorylation, such as in p130Cas (Sa-
wada et al. 2006), or binding sites that promote protein
localization and interaction, such as talin and vinculin at
cell-ECM adhesions (del Rio et al. 2009; Carisey et al. 2013;

10

Hirata et al. 2014), and vinculin, which is recruited to o-
catenin at cell—cell contacts (Fig. 4A) (Choi et al. 2012).
Conformational changes in a-catenin stretched with mag-
netic tweezers revealed a 1000-fold increase in the binding
affinity to the vinculin head domain (Yao et al. 2014).
Catch bonds, in which the bond lifetime increases under
tension, have been detected in response to force-mediated
conformational unfolding in fibronectin (Smith et al.
2007), resulting in enhanced interaction with integrin
(Kong et al. 2009), as well as among homotypic interac-
tions between the extracellular domains of cadherins (Rak-
shit et al. 2012). Similarly, a catch bond in a-catenin results
in strong binding to actin filaments under force and facil-
itates the attachment of the cadherin—catenin complex to
the actin cytoskeleton at cell—cell adhesions (Buckley et al.
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2014). Thus, force-induced conformational changes and
binding mechanisms of specific adhesion proteins alter
their molecular associations and affinities, therefore influ-
encing the composition of cell adhesions.

Although it is evident that adhesions transmit force to
the substratum or other cells, the identity of the proteins
that physiologically sense and transmit forces is less clear.
To address this, fluorescence resonance energy transfer
(FRET)-based biosensors have been developed for vinculin
(Grashoffetal. 2010), cadherin (Borghi et al. 2012), and a-
catenin (Kim et al. 2015). The application of these biosen-
sors in cellular environments has led to interesting and
unexpected observations. For example, the mechanical ten-
sion on vinculin does not consistently correlate with the
forces transmitted by the adhesions—forces on vinculin are
high in adhesions near the leading edge and in the center of
the cell, which transmit less force. Furthermore, inhibition
of myosin II activity, which reduces traction forces by ad-
hesions, does not affect forces transmitted across vinculin
(Grashoft et al. 2010). In addition, paxillin, not generally
associated with mechanotransduction, has recently been
shown to localize in regions of high force within FAs (Mor-
imatsu et al. 2015), and this could suggest a potential role in
mechanosensing to promote directed cell migration (Plot-
nikov et al. 2012).

E-cadherin tension on single cadherins at cell—cell
junctions is in the low-picoNewton range (Borghi et al.
2012; Cai et al. 2014), similar to forces across vinculin
in FAs (Grashoff et al. 2010). Interestingly, a variant E-
cadherin engineered to contain a tension sensor module
(“EcadTsMod”) was found to be under tension even at a
plasma membrane that was not in contact with another cell
(Borghi et al. 2012; Cai et al. 2014). A similar approach
showed that vascular endothelial (VE)-cadherin is under
tension at the junction between endothelial cells and this
stress is modulated by fluid shear stress, although tension
was not detected outside the junctional area (Conway et al.
2013). A FRET-based sensor in a-catenin revealed changes
in a-catenin conformation at junctions during cell contact
formation (Kim et al. 2015). Although a-catenin unfolding
is likely central in F-actin (Buckley et al. 2014) and vinculin
binding (Yao et al. 2014), this study found that vinculin
recruitment to cell—cell contacts was delayed compared
with the timing of a-catenin unfolding. The high-affinity
binding between conformationally regulated proteins, such
as a-catenin to vinculin in cell-cell adhesions, might be
elicited by force for initial binding events. However, these
interactions can be transient, and associated proteins
such as vinculin might also be stably recruited to mature
cell-cell adhesions (independent of its interaction with
a-catenin) as an F-actin-bundling protein. Finally, the
forces measured at single AJ adhesion proteins, using these
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FRET-based biosensors, are much lower than the forces
(1-200 nN) required to rupture adhesions between cells
and, perhaps, they point to a role for adhesion protein
clustering in cell junction formation and stabilization.

5.3 Mechanosensing in Cell-ECM and Cell-Cell
Adhesions

Cells sense substrate stiffness through cell -ECM adhesions
and pulling forces from neighboring cells through cell—cell
adhesions, and they respond through a signaling loop that
includes actomyosin contractility (Fig. 4B). This mechano-
sensing mechanism is crucial for cells to adapt to forces
from the ECM and to changes in tissue rigidity or com-
pressive forces within their environment. For example,
ECM pliability is implicated in many cell processes, includ-
ing migration, proliferation, and differentiation (Discher
et al. 2005). The differentiation of neurons from stem cells
requires a soft substrate (<5 kPa), resembling the pliability
of brain tissue, whereas osteoblasts differentiate on stiffer
substrates (>20 kPa) that resemble bone (Engler et al.
2006). Substrate stiffness is also implicated in disease pro-
gression as migratory cell invasiveness during cancer me-
tastasis correlates with stiff tissue environments (Huang
and Ingber 2005).

Most cells adhering to stiff substrates display larger and
more stable cell-ECM adhesions, as well as larger trans-
mitted forces than cells on softer substrates (Pelham and
Wang 1997). Actomyosin organization correlates with
adhesion size and forces transmitted on substrates with
variable stiffness, and a Rho—ROCK-myosin-II pathway
mediates these changes (Schiller et al. 2013).

The cadherin adhesion complex, through linkage to the
actin cytoskeleton, also responds to mechanical force
through a number of mechanisms that remodel cell junc-
tions and alter adhesion strength and junction stiffness.
Evidence of junctional remodeling on tension came from
studies in which cadherin junction stiffness was found to
increase between cells and Fc—E-cadherin-coated beads
when a twisting torque from the bead was exerted on the
cell (le Duc et al. 2010). This stiffening response correlated
with the accumulation of vinculin and actin in an actin-
and a-catenin-dependent manner (Barry et al. 2014). An-
other line of evidence comes from dual micropipette mea-
surements in which the adhesion between cell doublets
increased after pulling on cell pairs, which also correlated
with actomyosin remodeling at the junctions (Chu et al.
2004; Grashoff et al. 2010; Borghi et al. 2012; Kim et al.
2015). Cadherin-based adhesions can also sense the rigid-
ity of the surrounding substrate. Direct measurement of
forces applied by cells on cadherin-coated polydimethylsi-
loxane (PDMS) revealed that cells apply, through cadherin
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adhesions, tension in the range of 5 nN/ Mmz, similar to
integrin-dependent stress applied to the ECM (10 nN/
pm?®) (Ganz et al. 2006). Force applied through N- or
E-cadherin as a function of the compliance of the adhesive
surface showed that stresses measured with the softer envi-
ronments (1 kPa ~ 10 nN/pm?) were an order of magni-
tude higher than that for cell—cell junctions (1 nN/pum?)
(Liu et al. 2010; Tabdili et al. 2012; Maruthamuthu and
Gardel 2014). Thus, cadherin-based cell-cell adhesions
are mechanosensitive and can both transmit and adapt to
mechanical load.

6 CELL-ECM ADHESIONS FUNCTION AS
A MOLECULAR CLUTCH

Although studies of forces and their functions at cell—cell
adhesions are relatively recent, the role of forces and
actomyosin activity in the organization and function of
cell-ECM adhesions is more advanced. Traction forces at
cell-ECM adhesions arise primarily from forces generated
by the rearward (retrograde) translocation of polymeriz-
ing or contractile actin filaments (Wang 1985; Watanabe
and Mitchison 2002; Ponti et al. 2004). This force is regu-
lated through a “molecular clutch” mechanism, involving
coupling between actin filaments and the ECM through
adhesions, that inhibits actin flux (retrograde) movement
and thereby shunts force to the substratum (Fig. 5A,B)
(Mitchison and Kirschner 1988). “Clutch engagement”
manifests as reduced retrograde or rearward actin flow
(Watanabe and Mitchison 2002; Ponti et al. 2004) and
increased traction forces in the vicinity of adhesions (Gar-
del et al. 2008).

Recent observations reveal that this molecular clutch
is complex and includes a variable “molecular slippage”
in adhesions (Fig. 5C) (Brown et al. 2006; Guo and Wang
2007; Hu et al. 2007). Several ECM adhesion proteins show
concurrent flux with the retrograde movement of actin and
with speeds that correlate with their location relative to
actin in the actin—ECM linkage. For example, actin-bind-
ing and regulatory proteins such as a-actinin move fast with
the retrograde actin flow, whereas others such as paxillin,
which resides in the membrane-proximal domain, have a
slow retrograde flux similar to that of integrins (Brown et al.
2006; Guo and Wang 2007; Hu et al. 2007). Talin and vin-
culin have intermediate retrograde flux speeds between
those of actin and integrins (Brown et al. 2006). The loca-
tion of this molecular slippage in the adhesion—actin com-
plex can also vary with the adhesion receptor—ligand pair.
For example, large adhesions in cells adhering to laminin
through a3, integrin have a rapid flux rate and low trac-
tion force; in these cells, the integrins are fluxing rapidly,
suggesting a weak ligand—receptor interaction (Chen et al.
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Figure 5. Schematic diagram of the states that comprise the “molec-
ular clutch” model at cell-ECM adhesions. (A) In an unengaged
clutch, the actin cytoskeleton is uncoupled from the cell membrane
and integrin adhesion receptors and manifests as fast actin retrograde
flux and low traction transmitted to the ECM. The dissociation be-
tween the actin cytoskeleton and the membrane is mediated by ad-
hesion molecules within the actin linkage domain (cyan) that could
either be associated with actin and the actin-regulatory module
(blue) (1), integrin and the signaling module (yellow) (2), or integrin
and the ECM (3). (B) In a fully engaged clutch, strong coupling
occurs between the actin cytoskeleton, integrin, and various intra-
cellular adhesion components. This presents as fast actin retrograde
flows and high forces transmitted to the ECM. However, the differ-
ential coupling of the retrograde speeds of adhesion components
with actin or integrin indicates that an intermediate and partial
clutch engagement exists (C). This arises from molecular slippage
that occurs at the actin linkage module level between the actin reg-
ulatory domain (I), the signaling domain (2), or integrin—ECM
binding (3), and it presents as intermediate actin retrograde speeds
and traction forces. The level of clutch engagement correlates with
protrusion, as indicated in the diagram.

2012). Thus, modulating the actin—integrin linkage and the
molecular clutch engagement in adhesions allows cells to
sense and respond to forces from the ECM and supports a
broad range of processes that accompany adhesions and
actin cytoskeleton organization and function ( for a detailed
review, see Case and Waterman 2015).
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7 CROSS TALK BETWEEN CELL-ECM
AND CELL-CELL ADHESIONS

Integration of signals from cell-ECM and cell-cell adhe-
sions is required for many multicellular processes such as
cell migration. For example, the coordinated movements of
individual and groups of cells within tissues during devel-
opment (e.g., gastrulation) require controlled changes in
intracellular junction strength, actomyosin dynamics, and
cell-ECM adhesions as cells exchange neighbors and move
past each other, for example, in the Drosophila blastoderm
(Bertet et al. 2004; Blankenship et al. 2006; Cavey et al.
2008; Fernandez-Gonzalez et al. 2009; Lecuit et al. 2011).

Measurements of forces during collective cell migration
using monolayer stress microscopy (MSM) revealed that
collective migration in epithelia is driven by individual cells
migrating along local axes of maximum principle stress that
are correlated in an Nth nearest-neighbor fashion, which
implies that neighboring cells must be transferring forces
(“plithotaxis”) (Tambe et al. 2011). Recent modeling fur-
ther suggests that, during collective migration, forces are
propagated across neighboring cells, traversing intercellular
junctions in a cooperative manner, and building up differ-
entials of mechanical stress (Serra-Picamal et al. 2012).
MSM studies have also implicated E-cadherin as a key com-
ponent. For example, cells that had decreased expression of
components of the cadherin complex—MDCK cells that
were grown in the presence of low Ca”* levels or E-cadherin
antibodies to inhibit trans binding between cadherin extra-
cellular domains—had reduced alignment between the ori-
entations of local stresses and the orientations of local cell
movements (Tambe et al. 2011). Thus, the assumption of
force-based coupling is justified, and the transmission of
mechanical stresses between cells during collective migra-
tion occurs through cadherin-based cell—cell adhesions.

As cell—cell junctions are orthogonal to cell-ECM ad-
hesions, it has been difficult to analyze directly the effects of
cell-cell adhesion on cell-ECM adhesion organization,
and vice versa (Fig. 6). However, use of micropatterned,
alternating stripes functionalized with ECM proteins and
either E-cadherin (Borghi et al. 2010) or combinations of
desmosomal cadherins (Dsg, Dsc) (Lowndes et al. 2014)
has revealed strong effects of cadherin engagement on ac-
tin-dependent plasma membrane dynamics associated
with both cadherin- and integrin-based adhesions, and
on the rate and direction of cell migration. These experi-
ments confirm that there is cross talk between cell—cell and
cell-ECM adhesions.

How the different adhesion types regulate each other
is not understood. Integrin engagement can affect VE-
(Wang et al. 2006) and E-cadherin (Martinez-Rico et al.
2010) expression and function and, reciprocally, activation
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Figure 6. Fluorescent images of an osteosarcoma U20S cell express-
ing GFP—vinculin and mCh—talin showing colocalization at cell—
ECM adhesions, and Madin—Darby canine kidney epithelial
(MDCK) cells immunostained for E-cadherin and B-catenin show-
ing their colocalization at cell—cell adhesions.

of VE-cadherin (Tzima et al. 2005). As noted above,
E-cadherin engagement can regulate integrin adhesion
and cell migration; this likely occurs through regulation
of actin dynamics by a-catenin (Borghi et al. 2010). More-
over, the cross talk between adhesions is regulated by
the substrate stiffness; for example, cell adhesion to a rigid
(5-mPa) two-dimensional surface of ECM spots filled in
with E-cadherin extracellular domain results in the for-
mation of predominantly integrin-based adhesions, but
adhesion to a softer surface (60 kPa) allowed assembly of
integrin and E-cadherin adhesions (Tsai and Kam 2009).

In summary, cell-ECM and cell—cell adhesions inter-
act with and modulate the actin cytoskeleton at distinct
adhesion sites. Yet how these adhesion sites cooperate to
regulate signaling pathways and collective cell migration is
only just beginning to emerge (Mui et al. 2016).

8 CONCLUSION

Cell-ECM and cell-cell adhesion sites contain overlap-
ping functional modules comprising distinct and common
proteins. These modules interact with, and regulate, the
organization, dynamics, and function of the actin cytoskel-
eton and initiate intracellular signaling pathways. In turn,
different actin architectures affect the organization of ad-
hesion sites that are reflected in different stages, types, and
functions of cell-ECM and cell—cell adhesions. Both types
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of adhesions sense and translate the mechanical properties
of the cellular environment (the ECM or other cells) to
changes in cell organization and behavior through activa-
tion of actomyosin contractility. Although the functions of
cell-ECM and cell—cell adhesion complexes have been ex-
amined separately, it is clear that there is cross talk between
these adhesion sites to coordinate cell migration with in-
teractions between cells.
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