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ABSTRACT

Physical forces regulate numerous biological processes during devel-
opment, physiology and pathology. Forces between the external envi-
ronment and intracellular actin cytoskeleton are primarily transmitted
through integrin-containing focal adhesions and cadherin-containing
adherens junctions. Crosstalk between these complexes is well estab-
lished and modulates the mechanical landscape of the cell. However,
integrins and cadherins constitute large families of adhesion recep-
tors and form multiple complexes by interacting with different ligands,
adaptor proteins and cytoskeletal filaments. Recent findings indicate
that integrin-containing hemidesmosomes oppose force transduction
and traction force generation by focal adhesions. The cytolinker plectin
mediates this crosstalk by coupling intermediate filaments to the actin
cytoskeleton. Similarly, cadherins in desmosomes might modulate force
generation by adherens junctions. Moreover, mechanotransduction can
be influenced by podosomes, clathrin lattices, and tetraspanin-enriched
microdomains. This review discusses mechanotransduction by multiple
integrin- and cadherin-based cell adhesion complexes, which together
with the associated cytoskeleton form an integrated network that allows
cells to sense, process, and respond to their physical environment.

Cadherin-containing adhesions
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Crosstalk between cell adhesion complexes in regulation of mechanotransduction

INTRODUCTION

Cells do not exist in isolation and must interact with their local environment, which
means that they need to sense, process, and respond to chemical and physical stimuli.
Cells can sense their physical environment and translate information about the ex-
tracellular matrix (ECM), neighbouring cells, and physical stress into biochemical and
biological responses. This process, called mechanotransduction, regulates multiple and
wide-ranging cellular processes, such as proliferation, migration, differentiation, and
apoptosis. Ultimately, mechanotransduction is crucial for organ development and tissue
homeostasis. Molecular defects that perturb mechanical sensing and/or the subsequent
biochemical signalling events can lead to diverse diseases such as muscular dystrophy,
hearing loss, cardiovascular diseases, and cancer [1, 2].

Mechanical stimuli can be sensed by cells through a diverse group of membrane-an-
chored receptors, including stretch-activated ion channels, cell membrane-spanning
G-protein-coupled receptors, integrins and cadherins [2]. Integrin- and cadherin-based
adhesion complexes assemble at cell-ECM and cell-cell contact sites, respectively. They
both contain proteins that are sensitive to changes in tensile forces and adapt their
composition and dynamics in response to these forces, resulting in biochemical signaling
events that transduce the mechanical input [3, 4].

Many integrins assemble in adhesion complexes called focal adhesions (FAs), which
transmit mechanical forces bidirectionally between the ECM and the intracellular acto-
myosin cytoskeleton [5, 6]. The contribution of integrins (especially integrin a5p1) in FAs
to mechanotransduction has been well established [6-8]. Yet integrins are not uniform
but consist of a family of 24 different heterodimeric receptors consisting of one a and
subunit [9]. Depending on the combination of a and B subunits, integrin subtypes bind
to specific ligands in the ECM and can interact with a range of intracellular adaptor
proteins. While most studies have focused on mechanotransduction by specific integrin
subtypes in FAs, there is now growing evidence that the contribution of different integrins
to this process can greatly vary and might depend on the specific subtype and ligand
interaction [10]. Other types of integrin-based adhesions include podosomes [5, 11],
hemidesmosomes (HDs) [12-14] and clathrin lattices [15-17]. Additionally, integrins in
association with tetraspanins can be recruited into discrete plasma membrane domains
called tetraspanin-enriched microdomains (TEMs) (Figure 1) [18, 19]. Notably, while
podosomes, like FAs, are connected to actin, HDs are associated with the intermediate
filament (IF) network. Adhesive structures containing clathrin or tetraspanins are not

obviously linked to the cytoskeleton network.
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Figure 1 Different types of cell-ECM and cell-cell adhesion complexes. A) Schematic repre-
sentation of distinct integrin- and cadherin-containing adhesion complexes. Focal adhesions
(panel 1), invadopodia/podosome (panel 2) and adherens junctions (panel 3) are actin cytoskele-
ton-associated adhesion complexes. Hemidesmosomes (panel 5) and desmosomes (panel 6) are
IFs-associated adhesion complexes. Panel 4 shows F-actin around a developing clathrin-coated
pit and clathrin-containing adhesion complexes (CCACs). CCACs are not associated with F-actin.
The different integrins localized in the various adhesion complexes are presented in each panel.
B) Confocal microscopy images showing the presence of six different adhesion complexes in ke-
rafinocytes. In focal adhesions, integrin B3 (green; exogenous expression after cDNA transfection)
is co-localized with vinculin (red). In podosomes, integrin a3f1 (red) is present in the adhesion
rings that form around the actin cores (green). Hemidesmosomes contain integrin 4 (green) and
plectin (red), and are linked to keratin 14 intermediate filaments (K14; blue). Integrin 35 (green)
co-localizes with clathrin (red) in clathrin-containing adhesion structures. The tetraspanin CD151
(green) together with integrin a3f1 (red) is present in tetraspanin-enriched microdomains. Integ-
rin a3pB1 (red) can also be found in cell-cell junctions, where it co-localizes with cadherins (green;
pan-cadherin). Nuclei were counterstained with DAPI (cyan or blue). Actin fibers are visualized

by Phalloidin-ifluor647 (blue or green). Scale bar: 10 pm.

The organization and function of FAs shows some resemblance to adherens junctions
(AJs). These junctions are cadherin-based cell-cell adhesions that transmit forces at the
cell-cell interface by coupling the force-generating actomyosin cytoskeleton of neigh-
boring cells [3, 20]. Crosstalk between AJs and FAs integrates mechanotransduction at
cell-cell and cell-ECM adhesions and regulates cellular behavior, including collective
cell migration and tissue development [21]. A second type of cadherin-based junctions
are desmosomes (DSMs), which contain a distinct class of cadherins and mediate firm
cell-cell adhesion. Like HDs, DSMs are associated with IFs (Figure 1) [20, 22].

Even though mechanotransduction by and crosstalk between integrin-containing FAs
and cadherin-based AJs has been well established, the contribution of other integrin/
cadherin-containing adhesions to mechanotransduction is largely unexplored. Ear-
lier studies discussed by Seetharaman and Etienne-Manneville provide insights into
the different roles of integrins in mechanotransduction [10]. This review highlights the
infricate interplay between different integrin and cadherin-based cell adhesions in

mechanosensing and force generation.

Mechanotransduction at focal adhesions

FAs are the best studied integrin-containing adhesion complexes with regard to their
role in mechanotransduction [6-8, 23]. They originate from smaller adhesive structures,
called nascent adhesions and focal complexes (FXs). Nascent adhesions are short-lived
adhesions formed during early cell spreading. They contain only few (3-6) integrin
dimers bound to their ECM ligands [7]. Some of these nascent adhesions are stabilized

and recruit more integrins, which then associate with intracellular adaptor proteins to
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form FXs [10, 23]. These FXs mature into larger and more stable FAs once they are cou-
pled to the actomyosin force machinery. In FAs, mechanosensitive proteins are stretched
by tensile forces to expose cryptic binding sites and recruit proteins that strengthen the
connection with actomyosin fibers [6, 7]. The maturation of nascent adhesions into FAs
requires tensile forces but is also affected by the physical properties of the ECM, as cells
only form small, short-lived FAs on soft substrates [23]. On a rigid substratum, tension
mediated by activity of the small GTPase RhoA promotes FA growth and recruitment
of multiple proteins to these structures, which are then able to generate more tension
in a positive feedback loop [23]. Finally, FAs also serve as sites where traction forces
generated by the contractility of the actin cytoskeleton are transmitted onto the ECM.
This can lead to the movement of integrin a5B1 along with its ligand fibronectin out of
FAs into centrally located fibrillar adhesions and promote fibronectin fibrillogenesis [5]
Most of the early work on FAs concentrated on the assembly of FAs after ligation of the
infegrin a5pB1 to fibronectin [23, 24]. However, recent studies indicate that the contri-
bution of FAs to mechanotransduction can greatly vary, depending on the presence of
specific infegrin dimers. These differences can be attributed to multiple factors, includ-
ing differences in integrin-ligand binding affinities, association of integrins with the actin
cytoskeleton, and regulation of integrin trafficking [10]. Comparison of integrins a531
and aVB3 in force generation showed that a51, but not aVB3, supports RhoA-mediated
actomyosin contractility [25, 26]. In line with these findings, deletion of a5B1 decreases
traction force generation, while forces are increased in aVB3-deficient cells [27]. Notably,
both a5p1 and aVB3 can bind the RGD site in fibronectin, but only a5p1can engage with
the synergy site, which strengthens the bond between a5B1 and fibronectin upon force
application [23, 28]. Accordingly, a5B1 can tolerate higher RhoA-mediated tensile forces
than aVB3, needed for this integrin to promote traction force generation [10]. While a531
interacts specifically with fibronectin, aVB3 can bind multiple RGD-containing ligands.
Remarkably, aVB3 binds preferentially to fibronectin in response to mechanical force
[29] and resides longer in cell-ECM adhesions if tension is increased [30]. Thus, although
aVB3 cannot generate (high) traction forces, it may play a role in mechanosensing by
intfegrating information about the composition of the ECM in response to changes in
cellular actomyosin contractility [29].

Integrins interact with the cytoskeleton indirectly via (mechanosensitive) adaptor pro-
teins that associate with actin. The best characterized protein that links integrins to actin
is talin, a mechanosensitive protein that can be stretched by tensile forces to reveal
cryptic binding sites for vinculin, thereby re-enforcing the connection of the integrin with
actin [31, 32]. There are two different isoforms of talin, of which talin-1 is ubiquitously
expressed. Talin-2 exhibits a more restricted distribution, with high protein levels in the
heart, brain, and skeletal muscle. Talin isoform-specific differences in integrin force

transduction have been measured using FRET-based sensors, which revealed that talin-
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2 bears higher forces than talin-1. Cells expressing falin-2 spread more efficiently on
soft substrates with rigidities that resembles that of brain tissue [33]. Talin-2 also has a
higher binding affinity for the B1D splice variant, which is primarily expressed in cardi-
ac and skeletal muscle cells, than for the B1A or B3 subunits. These findings indicate a
tissue-specific fine-tuning of the interaction between integrins and talin isoforms [34].
Additionally, talin and a-actinin compete for binding to the B3-cytoplasmic domain,
while these two proteins cooperate to activate integrin a5p1, resulting in a differen-
tial regulation of force transmission via 1 or B3 containing adhesions [35, 36]. Similar
mechanisms may apply to other integrin binding proteins that compete with talin, e.g.
filamins and tensins [37].

Integrins can also connect to the actin cytoskeleton via kindlin and the integrin-linked
kinase (ILK), PINCH, and parvin (IPP) complex [38]. The role of kindlin in mechanotrans-
duction has been less explored, but molecular dynamics simulations suggest that kind-
lin-2 might function as a mechanosensitive protein and strengthen integrin-mediated
FAs under force [39]. Similar to talin, different isoforms of kindlin exist that may have
different affinities for integrin B subunits and hence influence the mechanical proper-
ties of cells in an integrin-specific manner [40]. Additionally, the antagonistic relation
between integrin a5B1 and aVB3 in regulating activities of Rho and Rac GTPases, cell
adhesion, and spreading, was shown to be mediated by kindlin-2 [41].

Notably, FAs contain a multitude of other proteins, collectively referred to as the integrin
adhesome. Many proteomic studies have provided insight into the molecular composi-
tion of FAs and revealed that the FA composition can vary extensively between cell types
and experimental conditions [24]. Furthermore, alterations in adhesome composition in
response to changes in applied forces have been identified [42, 43]. The most notable
changes are the force-dependent recruitment of LIM domain-containing proteins into
cell-matrix adhesions and the contractility-independent recruitment of Rac1 activators
and effectors fo nascent adhesions.

Finally, the contribution of integrins in mechanotransduction depends on their availabili-
ty at the plasma membrane. The regulation of integrin cell surface expression is regulat-
ed by endocytosis and recycling back o the surface. This process is regulated in multiple
context-dependent ways and also shows specific routes of integrin trafficking for the
different integrin heterodimers, as recently discussed by Moreno-Layseca et al. [44].
Taken together, integrins in FAs can play specific roles in mechanotransduction, de-
pending on their ligand-binding affinities and interactions with cytoskeletal and/or

endocytic adaptor proteins.

Mechanosensory function of podosomes/invadopodia

Like FAs, podosomes and invadopodia are actin-based structures that contain integrins

and mediate adhesion of cells to the ECM. These structures were first identified in fibro-
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blasts in which actin stress fibers are disrupted and cell spreading is compromised by
transformation with Rous sarcoma virus [45]. In these cells, the oncogene Src promoted
the relocation of the cytoskeletal proteins vinculin and a-actinin from FAs into circular
“rosettes” [45, 46]. Since then, multiple studies reported similar circular structures, called
podosomes or invadopodia, that were involved in cell-ECM adhesion and degrada-
tion. Besides fibroblasts, these structures are found in invasive cancer cells, epithelial
and endothelial cells, osteoclasts, myoblasts, neural crest cells, and immune cells [47].
Although the same type of structure is studied, the nomenclature differs depending on
the cell type. The term podosome originated from the association of these structures
with “cellular feet” and is used to describe actin-rich ventral protrusions in normal cells.
Invadopodia is used to refer to these structures in cancer cells and this term highlights
their adhesive and degradative capacity. If no distinction is made between the cell type
and cell-specific function, these structures are called invadosomes [46].

Invadosomes consist of an actin-rich core, surrounded by a ring of actin-associated
and signalling proteins. Key players in these structures are the actin regulators cortactin,
Arp2/3 and (N-) WASP, adaptor proteins Tks4 and Tks5, and metalloprotease MT1-MMP.
Podosomes in dendritic cells and macrophages contain B2 integrins, while those in
osteoclasts and transformed cells contain 1 and B3 integrins [10]. Invadosome forma-
tion is regulated by B1, but not by B3 integrins [48]. Strikingly, invadosome disassembly
by inactivation of 31 resulted in the formation of 3-containing FAs [48]. In endothelial
cells, VEGF stimulation induces the assembly of podosome rosettes by upregulating the
laminin-binding integrin a6B1. This assembly is inhibited when the cells are cultured on
high concentrations of laminin and a6B1is tightly bound to its ligand in FAs [49]. More-
over, other studies correlated invadosome formation with reduced cellular tension and
decreased FAs, as discussed by Kedziora et al. [50]. These findings indicate an inverse
relationship between FAs and invadosomes. But how is crosstalk between similar ac-
tin-containing adhesion complexes regulated?

In contrast to elongated FAs, invadosomes form a ring of adhesive proteins centred
around an actin column that protrudes from the cell body and applies compressive
forces onto the underlying substrate. Similar to FAs, podosomes are mechanosensitive
and apply higher protrusive forces if the stiffness of the substratum increases [51]. While
tensile forces are required for FA maturation and function, invadosome formation and
growth is promoted by a decrease in local cellular contractility and is dependent on
actin polymerization [52]. Recent work by Glazier et al. showed that integrins residing
in the podosomal ring surrounding its actin core apply tensile forces on RGD ligands
needed for podosome stability and maturation [53]. However, these tensile forces are
controlled by the polymerization of the actin core but not by actomyosin contractions
in the podosomal ring [53] and seem to be the result of local forces needed to stabilize

actin protrusion into the ECM. Indeed, the integrity of the podosomal ring is needed to
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support actin polymerization and protrusion at the core, as depletion of talin and vin-
culin decreases protrusion force [54]. How the different protrusive and tensile forces are
balanced in podosomes is still poorly understood. Super-resolution microscopy analysis
of the podosome architecture shows that both vinculin and myosin Il are linked to actin
filaments in the podosomal ring and that these proteins and their associated actin fil-
aments form two separate modules surrounding the actin core [55]. This organization
of integrins, mechanosensitive proteins, actin and myosin in podosomes thus differs
from FAs, in which talin/vinculin directly connect integrins to actomyosin cytoskeleton.
Invadosomes can form under low cellular tension, since they are driven by actin polym-
erization, and might act as mechanosensors by integrins that pull on the ECM adjacent
to the protrusive actin core. More insights into the architecture and force generation of
podosomes have been recently discussed by Van den Dries et al. [56].

Integrin a6B1 in endothelial podosome rosettes is believed to originate from FAs, as
inhibition of integrin recycling and microtubules, but not de novo protein synthesis,
impaired podosomes rosette formation [49]. Recent studies suggest that the crosstalk
between FAs and podosomes is regulated by microtubules, which are captured by the
cortical microtubule stabilizing complex (CMSC) [57]. This complex consists of KANK,
liprins, ELKS, and LL5a/p and associates with integrin adhesions through an interaction
between talin in FAs and KANK in CMSCs [57-60]. Podosome formation depends on
the presence of microtubules, while FAs are increased after inhibition of microtubules
[46, 49]. Consistent with this, stabilization of microtubules at integrin adhesions results in
sequestration and inactivation of RhoGEF GEF-H1, which subsequently suppresses acto-
myosin contractility and promotes podosome assembly and FA disassembly [59]. Taken
together, microtubules seem to play a major role in invadosome assembly by regulating
cellular tension, disassembling FAs and facilitating the transport of FA components to
newly formed invadosomes, while maintaining low tensile forces at these sites (Figure 2).
In summary, integrins can form similar yet distinct mechanosensitive adhesions cou-
pled to actin that either push and degrade or pull on the substrate by making use of
actin polymerization or actomyosin contractility respectively. The necessity for forming
either FAs and/or invadosomes seems to be cell type and situation specific and can
be regulated by (local) changes in substrate rigidity, altered actomyosin contractility,

microtubule polymerization, and growth factor stimulation.
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Figure 2 Crosstalk between adhesion complexes integrates cellular mechanotransduction.
Actomyosin-generated tension can be transmitted and applied to the ECM by focal adhesions
(FAs) and to the cell-cell interface by adherens junctions (AJs). FAs and AJs share similarities in
mechanosensing and force transduction due to mechanosensitive proteins and their association
with the actomyosin cytoskeleton. The double-sided arrows indicate their reciprocal relationship,
which regulates a balanced force distribution between the cell, the ECM, and neighboring cells.
Hemidesmosomes (HDs) and desmosomes (DSMs), which are connected to the intermediate
filament network, crosstalk with FAs and AJs through plectin that links the IF network to F-actin.
Both HDs and DSMs require actomyosin contractility for their assembly. Podosomes/Invadopodia
generate local protrusive forces that are generated by actin polymerization and local tensile
forces by the integrins surrounding the actin core to balance the protrusive force. Podosomes as-
semble in response to decreased cellular tension induced by the disassembly of FAs. This process
is mediated by microtubules, which facilitate the transport of the shared elements between them
and regulate (local) tension. Tetraspanin-enriched-microdomains (TEMs) can be found both at
the cell-ECM and cell-cell interface. Tetraspanin CD151 interacts with a6B4 in HDs and/or with
a3B1 and a6B1 outside of FAs, which might prevent FA maturation and force transduction on a
laminin-rich matrix. Tetraspanins at cell-cell adhesions stabilize the cadherin-catenin complexes
and may allow force loading on AJs. Clathrin-containing adhesion complexes (CCACs) are not
associated with the actomyosin cytoskeleton and their assembly takes place independently of
cellular tension. However, if cellular forces are increased (e.g. by preventing the formation of HDs)
integrin aVB5 is found primarily at FAs instead of CCACs. The dash lines in the figure indicate that
the crosstalk between adhesion complexes is less well established.
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Hemidesmosomes oppose mechanotransduction by focal adhesions

So far, we have discussed different cell-ECM adhesion complexes that are connected
to the actin cytoskeleton, but integrins can also assemble adhesion structures that are
not linked to actin. HDs are specialized junctions that mediate stable anchorage of
epithelial cells to the underlying basal lamina. The classical type | HDs in (pseudo-)
stratified epithelia contain the integrin a6p4, the plakin proteins plectin and BP230 (or
BPAGIe), and the transmembrane proteins BP180 (or BPAG2) and tetraspanin CD151.
Type Il HDs are present in simple epithelia (e.g. the intestine) and consist of only a6p4
and plectin [14, 61]. Recently, we found that cultured keratinocytes also form an alter-
native HD adhesion structure that, in addition to the type Il HD components a6f4 and
plectin, contains the integrin a3f1 and CD151 [62]. In contrast to FAs and podosomes,
HDs are not associated with intracellular actin bundles but with keratin IFs. IFs can be
stretched several times their original length without breaking due to their elastic nature
and allow cells to resist external mechanical stress [63-66]. Whether HD components
contain mechanosensitive elements, like talin in FAs, is poorly established. Elucidation of
the crystal structure of the cytoskeletal cross-linker plectin and subsequent simulations
to analyse stretching and unfolding events indicate that plectin contains an auto-in-
hibited SH3 domain surrounded by spectrin repeats, which elastically deform under
tension and unmask the SH3 domain [67, 68]. SH3 domains mediate protein-protein
interactions by binding proline-rich regions, yet plectin contains a non-canonical SH3
domain [69]. Furthermore, several tyrosine-phosphorylation sites have been identified
in the third and fourth Fnlll domains of the B4 cytoplasmic domain that, as judged from
the crystal structure of these domains, are not accessible to kinases, but nevertheless
have been shown to be phosphorylated [70-73]. Unfolding of these domains due to
stretching may expose these cryptic phosphorylation sites and thus promote biochem-
ical signalling events. However, how keratin flaments produce force-induced unfolding
of these domains is currently unclear, thereby making the role of these domains in
mechanosignaling uncertain.

Although the role of HDs as mechanosensors awaits further investigation, recent find-
ings indicate that HDs in keratinocytes can influence mechanotransduction by oppos-
ing force generation by FAs and the actin cytoskeleton [74]. Traction force microscopy
measurements demonstrated increased traction forces in keratinocytes in which HDs
failed to assemble due to deletion or mutation of integrin B4. In addition, keratfinocytes
lacking HDs displayed increased actomyosin contractility, FA maturation, and activity of
the mechanosensitive transcriptional regulator YAP (Box 1) [74]. These findings build on
earlier studies showing an important role of plectin and IFs in modulating cellular tension
[75-77]. Because HDs and FAs are often located in close proximity to each other [74, 78],

we proposed that these two adhesion complexes are mechanically coupled via plectin,
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which is bound to both the HD-associated IF network and the actomyosin cytoskeleton at
FAs (Figure 2). This cytoskeletal coupling reduces the cellular tension generated by FAs.
However, force modulation by a6p4 and plectin might be limited to epithelial cells.
Indeed, the deletion of plectin in myoblasts and fibroblasts resulted in reduced cell con-
tractility and traction force [76, 79, 80]. Additionally, in endothelial cells, vimentin-type
IFs have been shown to associate with integrin aVB3 and plectin in FAs and fo stabilize
these adhesion complexes in response to shear stress [81, 82].

In summary, integrin a6B4 and plectin in HDs can lower tension and traction force gen-
erated by FAs in epithelial cells through the interaction between the actin and keratin
IF cytoskeletons. The integrin B4 subunit and plectin might also play a mechanosensory
role, as these proteins contain domains that could be mechanically stretched to unmask
sites for protein-protein interactions and signalling events. The tensile forces required
to stretch these domains might be tfransmitted by the coupling of the actomyosin fibers

to the IF network.

Clathrin-containing adhesion complexes form independently of actomyosin
contractility

Intriguingly, it has been observed that HDs in keratinocytes control the subcellular distri-
bution of integrin aVB5 in FAs versus clathrin lattices by modulating cellular tension [74].
Clathrin molecules have been extensively studied as endocytic entities, with the main
function to internalize membrane-bound proteins. Besides forming clathrin-coated
vesicles for endocytosis, cells also assemble larger arrays of clathrin molecules, called
flat clathrin lattices or plaques [15, 16, 83]. The function of these lattices is not completely
understood. Smaller lattices represent intermediate structures during the formation
of highly curved clathrin-coated pits that are eventually pinched off from the plasma
membrane as endocytic transport vesicles [84]. In addition, more stable and larger
arrays of clathrin molecules have been described that do not transform into endocytic
vesicles, although occasionally clathrin-coated vesicles can be found in their peripheral
regions. The physiological role of these structures remains largely unexplored. Recent
studies suggest that they serve as platforms for growth factor receptor signaling [83, 85]
and anchorage of desmin IFs in skeletal muscle [86]. Additionally, they may mediate
cell-ECM adhesion during mitosis when FAs are disassembled [87] and promote breast
cancer cell migration [88].

It is not yet understood why some clathrin lattices become curved pits, while others
remain flat [84]. One hypothesis is that stable lattices are the result of frustrated en-
docytosis, triggered by the binding of integrins to their cognate ligand, but unable to
proceed because of structural and/or physical constraints. Many of the large clathrin
arrays that are found in close contact with the substratum contain the vitronectin re-
ceptor integrin aVB5 [83, 85, 87, 89]. These aVB5-containing clathrin lattices have been
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referred to as flat clathrin lattices, clathrin plaques, or reticular adhesions, but are
considered to be the same type of structure and are referred to as clathrin-containing
adhesion complexes (CCACs) [17]. Vitronectin is an abundant plasma protein and the
main adhesive protein for cells grown in vitro in culture medium supplemented with
bovine calf serum. It remains tightly bound after it is adsorbed on the substrate, which
will hinder the internalization of vitronectin through receptor-mediated endocytosis
and accordingly prolong the presence of aVB5 and clathrin at the plasma membrane.
Moreover, clathrin lattices containing integrin a2f31 assemble on 3D collagen fibers [88],
which due to size constraints cannot be internalized by cells using the cell endocytotic
machinery. Therefore, like the lattices formed by aVB5 on vitronectin, the lattices on
collagen may be the result of frustrated endocytosis.

Remarkably, it has been shown that the formation of CCACs is dependent on the rigidity
of the substrate, suggesting that like FAs, CCACs are mechanosensitive structures [85].
Crosstalk exists between FAs and CCACs, as aVB5 can shuttle between CCACs and FAs
in response to changes in actomyosin-generated tension [74, 89]. Localization of aVB5
in CCACs is favored upon myosin inhibition or in keratinocytes that assemble HDs and
modulate tensile forces generated by FAs (Figure 2) [74, 89]. Integrin aVB5-containing
CCACs can be assembled independently of FAs, as depleting talin increases CCAC for-
mation [85] and mutating B5 to prevent its localization in FAs does not abolish CCAC
assembly [89]. These observations indicate that in contrast to FAs, aVB5-containing
CCACs are not linked to the force-generating actomyosin cytoskeleton and their forma-
tion occurs independently of actomyosin contractility [85, 89]. Although F-actin can be
found associated with these lattices [83, 86, 89], inhibition of actin polymerization does
not prevent their formation but rather stabilizes these complexes [83, 85]. Possibly, clath-
rin-coated pit formation in the peripheral regions of the lattices is prevented or delayed
by perturbing the actin cytoskeleton, which can result in the expansion of the flat clathrin
lattices. A weaker association of vitronectin with soft substrates (i.e. polyacrylamide
gels) might explain why the assembly of CCACs on these substrates is less efficient. In
contrast to FAs that can sense substrate rigidity because of their association with the
contractile actin cytoskeleton via mechanosensitive proteins such as talin, CCACs are
not associated with talin or actomyosin stress fibers. Instead, integrin-containing CCACs
interact with clathrin adaptors, including Dab2, ARH, and NUMB, whose binding sites on
the integrin B5 cytoplasmic tail (partially) overlap with that of talin [17, 37, 89].

In summary, integrin-based CCACs are sites of cell-ECM adhesion that, in contrast to
FAs and podosomes, do not require actomyosin contractility or actin polymerization
for their formation but rather form as a result of frustrated endocytosis. Although their
assembly is dependent on the mechanical properties of the substratum, it is unlikely
that these structures play an active role in mechanosensing or force transduction due

to their limited connection to the cytoskeleton. Their contribution to cell-ECM adhesion
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is needed for the formation and function of striated muscle [86] and perhaps in other
cell types that fail to establish other adhesion structures. Remarkably, integrins that are
found in CCACs can also localize in FAs and this localization is promoted by increased

cellular tension.

Regulation of cellular tension by integrins in tetraspanin-enriched
microdomains

Integrins can also interact with tetraspanins in TEMs that are formed at cell-matrix and
cell-cell interfaces. Tetraspanins are a large and widely expressed family of proteins
consisting of 4 transmembrane-spanning regions with a conserved structure that inter-
act directly and specifically with proteins, signalling molecules, and other tetraspanins
[18]. Although TEMs were initially thought to consist of different types of tetraspanins,
recent studies using advanced microscopy indicated that TEMs primarily consist of
only one type of tetraspanin together with its partner proteins. The proposed function
of TEMs is to regulate the membrane compartmentalization of proteins that interact
with tetraspanins in order to regulate their trafficking and function. In this way, tet-
raspanins contribute to multiple physiological and pathological conditions, including
cell-cell fusion, immune response, infectious diseases, and cancer progression [18, 90].
Many integrin subtypes have been described to associate with tetraspanins. Complexes
of tetraspanin CD151 with the integrins a3p1 and a6B1, and CD81 with integrin a4p1are
found consistently in epithelial and immune cells, respectively. Integrin a3p1 forms a
relatively stable complex with CD151 compared to other integrins, whose interaction
with tetraspanins is less robust [91, 92]. Although a3p1 and a6p1 are components of FAs,
tetraspanins are excluded from mature FAs and integrins in TEMs are not connected with
talin and the contractile actomyosin stress fibers. A possible explanation for this obser-
vation is that the lipid composition of TEMs might not be suitable for talin activation and
integrin binding. A distinguishing feature of tetraspanins and their partner molecules
is a specific post-transcriptional modification (i.e. palmitoylation), which may facilitate
their selective incorporation in cholesterol and sphingolipids-rich membrane domains
and prevent talin from becoming activated through binding to phosphatidylinositol
4,5-bisphosphate (PIP2) [93-95].

The fact that TEMs are not associated with actomyosin fibers makes it unlikely that infe-
grins in TEMs promote mechanosignaling and force generation. However, tetraspanins
could influence cellular tension that drives FA maturation by sequestering integrins in
TEMs and/or by modulating Rho GTPase activity (Figure 2). It has been shown that the
binding of CD151 to a3p1 and/or a6f1 regulates cellular tension by triggering the acti-
vation of Racl and Cdc42 [96], while suppressing RhoA activity [96-101]. In contrast to
CD151, the tetraspanin CD9 promotes actin arrangement and cell contractility by aug-
menting RhoA activity [102]. Additionally, a study combining proteomic and biochemical
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analyses highlighted a direct interaction of CD81 with Rac. Silencing CD81 leads to
increased Rac activity, aberrant FA formation and enhanced adhesion dynamics [103].
Both CD9 and CD81 can indirectly connect to the actin cytoskeleton via association with
EWI proteins, which contain binding sites for actin-linking ezrin-radixin-moesin (ERM)
proteins [104]. The binding of CD9 with EWI-2 versus integrins was shown to depend on
palmitoylation of the tetraspanin and its interaction proteins [105]. These findings indi-
cate that (unpalmitoylated-) CD9/CD81 could indirectly connect to the actin cytoskeleton
and Rho GTPases to induce cellular tension, which seems to be favoured when these
tetraspanins do not interact with integrins.

Briefly, these studies indicate a role for tetraspanins in adhesion via interactions with
integrins and other tetraspanins, and in the regulation of intracellular tension through

modulation of Rho GTPase activity and/or recruitment of integrins to TEMs instead of FAs.

Force distribution between cell-ECM and cell-cell junctions

So far, we have discussed how different integrin subtypes in cell-ECM adhesions con-
tribute to, oppose, or do not play an active role in mechanotransduction. Yet many cells
in multicellular organisms not only interact with the ECM but also communicate with
neighbouring cells by forming cell-cell junctions, including AJs, DSMs, tight junctions,
and gap junctions. AJs and DSMs connect the cytoskeleton of adjacent cells to enable
the transduction of mechanical forces [20]. Cadherins are the main adhesion recep-
tors in AJs and DSMs, and mediate adhesion primarily through homotypic interactions.
Classical cadherins (e.g. E-cadherin) are found in AJs, where they interact with a- and
B-catenin to tether the actin cytoskeleton of neighboring cells. Additionally, AJs con-
sist of p120-catenin, which controls the clustering of cadherins [20]. Coupling of AJs fo
actomyosin cytoskeleton allows these junctions to actively sense and transduce forces
between individual cells. Similar to the mechanosensitive protein talin in FAs, a-catenin
is partially unfolded by high intracellular force to reveal a cryptic binding site for vinculin
[21, 106] and allows vinculin to reinforce the association between cadherin and actin.

AJs and FAs can have either an antagonistic or cooperative relation, which is mediated
by their connection to the actin cytoskeleton and results in a balanced force distribu-
tion between sites of cell-cell and cell-ECM attachment (Figure 2). Engagement of
integrin-matrix adhesions on fibronectin or collagen increases tension at AJs and sub-
sequently disrupts cell-cell contacts [107, 108]. Additionally, cell-ECM traction force is
directly proportional to cell-cell force at E-cadherin junctions in cell pairs [109]. In case
three cells are arranged in a linear fashion, cell-ECM traction forces were found to be
low in the inner and high in the outer cells. Yet, intercellular forces were higher in the
inner cell and equal that of the forces acting at cell-matrix adhesions in the outer cells.
Thus, despite the fact that inner and outer cells in the linear three-cell island differ in the

extent of cell-cell and cell-matrix adhesions, they experience comparable total forces
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[109]. Moreover, the absence of cadherin-based AJs results in changes in the distribution
of traction force, which extends from the periphery throughout the cell colony, aiming to
rescue the imbalanced cell tension [110]. More details about the crosstalk between AJs
and FAs are discussed in several recent reviews [3, 21, 111, 112]. Strikingly, the mechano-
sensitive FA proteins vinculin and talin are also found in AJs, which raises the question
if these proteins could be involved in the crosstalk between FAs and AJs. Vinculin seems
unlikely to be the subject of competition between AJs and FAs, as it is expressed at
high levels by cells and could therefore distribute to both complexes. Furthermore, its
localization to either one of these complexes depends on site-specific phosphorylation
mediated by different kinases [113, 114]. Intriguingly, a 70 kDa C-terminal arginylated
fragment of talin, generated by calpain-2 cleavage, localizes at cadherin-containing
junctions and promotes intercellular adhesion [115]. Although further studies need to
be performed to determine the precise role of talin in cell-cell contacts, regulation of
force transduction at AJs versus FAs through the cleavage and redistribution of talin is
an interesting possibility o consider.

Like HDs, DSMs are adhesive junctions that are associated with the IF system and func-
tion to resist mechanical stress [116]. It has long been thought that DSMs have no role
in mechanosensing, but recent studies using FRET-based tension sensors showed that
the desmosomal cadherin desmoglein 2 and the plakin protein desmoplakin can bear
mechanical tension, thus opening the possibility that DSMs can serve as sites of mech-
anotransduction [116, 117]. By analogy to the role of plectin in force modulation by HDs,
desmoplakin in DSMs might initiate mechanosignaling after relief of its auto-inhibited
non-canonical SH3 domain by mechanical force [67] and oppose force generation by
AJs [118] (Figure 2). Moreover, DSM assembly requires the presence of AJs [119], again
similar to the role of FAs in formation of HDs. Recently, Solo (ARHGEF40), a guanine
nucleotide exchange factor, which promotes contractility generation via the RhoA-ROCK
pathway has been implicated in the formation of DSMs and HDs [120, 121]. Solo also
regulates the organization of keratin and decelerates collective cell migration by gener-
ating tensile forces that act in the opposite direction of migration and by promoting the
assembly of DSMs [121]. These data suggest that Solo integrates IF-associated adhesion
complexes and the contractile actin cytoskeleton as part of a mechanism to regulate
mechanotransduction during cell migration (Box 1).
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Box Transduction of mechanical stimuli

Cells not only sense alterations in their mechanical environment through cell-ECM and
cell-cell adhesion complexes, but also can convert this information into biochemical signals.
Several proteins in these structures respond to the mechanical stimuli by changing their
conformation, altering their phosphorylation status and initiating signaling pathways that
regulate gene expression and induce cytoskeletal remodeling. As such, cells can rapidly
adjust their behavior to changes in their environment.

Cell morphology, polarity, motility h

Cell-cell —
adhesion Gene transcription
Cell contractility

YAP/TAZ,
YAP/TAZ) [ Cytoskeleton RhoA Rac
\ - ---U
Cell-ECM
orc ¢

‘ Cell Migration ‘ ‘ Cell prollferat|0n| CeII-ECM

Cell survival
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Box figure Adhesion receptors that mediate cell-ECM (integrins) and cell-cell (cadherins)
adhesion play an important role in mechanotransduction. In response to physical stimuli,
they can activate multiple signaling pathways, including FAK-Src signaling that controls
the turnover of FAs, cell adhesion and migration and those that involve the activity of the
small GTPases RhoA and Rac, which play a role in the organization of the cytoskeleton,
actin polymerization, and actomyosin contractility. These pathways regulate the activity
YAP/TAZ, which controls gene expression. At cell-cell adhesions, the RhoA activity is con-
troled by the guanine nucleotide exchange factor Solo, which promotes the formation of

desmosomes and slows down collective cell migration.

Intriguingly, some integrins localize at cell-cell junctions and can regulate their forma-
tion both in vivo and in vitro. Loss of integrin a3B1 leads to cell-cell adhesion defects
in both zebrafish [122] and mouse kidney cells [123]. In lung epithelial cells, a3p1is a
critical regulator of the epithelial-mesenchymal transition in response to injury [124]. In
addition to the mechanically driven crosstalk between integrins and cadherins, these
molecules also interact with each other through lateral association with other scaffold

proteins or molecules within the membrane [111, 125]. This was shown for the interaction
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of a3p1 with tetraspanin CD151, which stabilizes cadherin-catenin-based adhesions in
epithelial cells [125]. Additionally, integrin a2f31 has been detected at cell-cell junctions
in melanoma cells in association with either E- or N-cadherin. Silencing of N-cadherin
resulted in the redistribution of a2p1 into cell-matrix adhesions and decreased cell
motility [126]. Moreover, a231 can interact with an RGD motif in cadherin 17 [127], which
could indicate that specific integrins bind proteins in cell-cell junctions as alternative
ligands and might play a role in adhesion at these sites. On the other hand, N-cadherin
can stabilize integrin a5B1in an inactive conformation at cell-cell junctions to promote
fibronectin assembly by active integrins only at the tissue boundaries during zebrafish
development [128].

Taken together, parallels and extensive crosstalk exist between integrin-containing
cell-ECM and cadherin-containing cell-cell junctions (Figure 2). Whether integrins at
cell-cell junctions are directly involved in mechanotransduction or how their subcellular

distribution is orchestrated remains to be resolved.

CONCLUSION

Integrins can localize in a variety of cell-ECM and cell-cell adhesions and impact mech-
anotransduction. Although most integrins seem to play similar or complementary roles
in mechanosensing, their contribution to force generation can differ dramatically. In-
tegrin a5B1 promotes the generation of tensile and traction forces in FAs, while aVB3
decreases force transduction in this adhesion complex. In HDs, integrin a6fB4 reduces
cellular tension, FA maturation, and force transduction. The assembly of integrin aVB5
in FAs or clathrin-containing adhesion complexes is influenced by changes in cellular
tension. Moreover, the integrins a2f1, a3p1, a5p1, and a6f1 can be found in multiple
adhesion structures, such as FAs, podosomes, TEMs, and/or cadherin-based cell-cell
junctions. Their subcellular distribution is determined by the interaction with specific
integrin-binding partners and, depending on their localization, these integrins can con-
tribute differently to mechanotransduction. Consequently, inhibition/deletion of specific
infegrins or other components of adhesion complexes can result in an altered integrin
distribution and change the assembly of cell-ECM and cell-cell adhesion complexes.
Extensive crosstalk exists between cell-cell and cell-ECM adhesion complexes and the
associated cytoskeleton, which might be regulated in a tissue-specific and context-de-
pendent manner. Therefore, the overall contribution of integrins to sensing, responding
to, and generating mechanical forces should not be based on one specific integrin or
adhesion complex but on the integrated network of the cellular cytoskeleton and the

linked cell-ECM and cell-cell adhesions. Future studies will be required to provide further
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insight into how the crosstalk between cell-ECM and cell-cell adhesion complexes is

regulated and fine-tuned in specific biological processes.
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