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ABSTRACT

Cells and tissues sense, respond to and translate mechanical forces
into biochemical signals through mechanotransduction, which
governs individual cell responses that drive gene expression,
metabolic pathways and cell motility, and determines how cells
work together in tissues. Mechanotransduction often depends on
cytoskeletal networks and their attachment sites that physically
couple cells to each other and to the extracellular matrix. One way that
cells associate with each other is through Ca?*-dependent adhesion
molecules called cadherins, which mediate cell—cell interactions
through adherens junctions, thereby anchoring and organizing the
cortical actin cytoskeleton. This actin-based network confers dynamic
properties to cell sheets and developing organisms. However, these
contractile networks do not work alone but in concert with other
cytoarchitectural elements, including a diverse network of intermediate
filaments. This Review takes a close look at the intermediate filament
network and its associated intercellular junctions, desmosomes. We
provide evidence that this system not only ensures tissue integrity, but
also cooperates with other networks to create more complex tissues
with emerging properties in sensing and responding to increasingly
stressful environments. We will also draw attention to how defects in
intermediate filament and desmosome networks result in both chronic
and acquired diseases.

KEY WORDS: Mechanotransduction, Cadherin, Cytoskeleton,
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Introduction

Cells and tissues are primarily regulated by two main types of
stimuli: chemical and physical. The advent of modern molecular
biology has accelerated our understanding of biochemical
influences over biology, but these signals are insufficient to
explain the complexity of life. More recently, it has become
increasingly apparent how pervasive the effects of physical signals
are in essentially all aspects of cell and tissue biology. For example,
mechanical forces play fundamental roles in cell and tissue growth,
differentiation, morphogenesis, tissue repair and even in disease
states, including cancer, pulmonary disease, muscular dystrophy
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and cardiomyopathies (Mammoto et al., 2013; Jaalouk and
Lammerding, 2009; Barnes et al., 2017; Lampi and Reinhart-
King, 2018).

Cells and tissues both sense and respond to mechanical forces
through a process called mechanotransduction, whereby
mechanical forces are translated into biochemical signals. This
process depends on cytoskeletal networks that physically couple
cells to their extracellular environment and to other cells within
tissues through adhesive junctions. The cytoskeleton of animal cells
comprises three main filamentous networks: filamentous actin
(F-actin), microtubules and intermediate filaments (IFs) (Fig. 1A).
These cytoskeletal networks are in continuous communication
through physical linkages and signaling crosstalk, cooperating to
regulate cell behaviors, such as cell migration and division, as well
as governing cell mechanics (Fig. 1B) (Chang and Goldman, 2004;
Huber et al., 2015). Furthermore, mechanical forces are sensed and
transmitted by adhesive complexes that form links to either the
extracellular environment or other cells, and intracellularly interact
with the cytoskeleton (Schwartz and DeSimone, 2008; De Pascalis
etal., 2018). Linkage of IFs and F-actin to the extracellular substrate
is provided by hemidesmosomes and focal adhesions, while linkage
of IFs and F-actin at sites of cell-cell contact is provided by
desmosomes and adherens junctions (Fig. 2), respectively.

While defining mechanical properties of individual IFs has been
a research focus for decades, less is known about how IFs and their
plasma membrane connections are integrated with other
cytoskeletal elements to control cell and tissue mechanics and
signaling. Here, we provide a summary of our current understanding
of the mechanobiology of the IF-based adhesive network, with a
focus on discussing the emerging functions of desmosomes and
their integration with other cytoskeleton—plasma membrane
networks. We highlight evidence that, like IFs, desmosomes not
only play a role in tissue integrity but actively contribute to cellular
mechanotransduction pathways.

IFs regulate cell mechanics and are mechanosensitive
IFs were the last of the three major cytoskeletal elements confirmed
as distinct entities (Lazarides, 1980; Oshima, 2007). They are vital
to the integrity of tissues that require mechanical resilience, such as
muscle and stratified epithelia (Vassar et al., 1991; Galou et al.,
1997). Loss of or aberrant gain of IF function is linked to a wide
array of mechanically associated human diseases, including
myopathies, skin blistering and fragility, and neurogenerative
disorders (Lane, 2006; Omary et al., 2004). Thus, IFs are prime
candidates to play roles in mechanobiology and transduction, but
how they perform these roles in an integrated fashion with the other
cytoskeletal components is poorly understood.

There are 70 genes encoding IF proteins (Herrmann et al., 2009),
some with multiple splice forms (Hol et al., 2003). There are six
main groups, or ‘types’, of IF, based on sequence similarity, and
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these are expressed in tissue-specific patterns, namely, type I/II
keratins, type III vimentin/desmin, type IV neurofilaments, type V
nuclear lamins and type VI lens filaments (Table 1). This Review
will focus on cytoplasmic IFs.

Cytoplasmic IFs play an important role in protecting cells from
stress, and mutations in IF proteins are associated with human
diseases that manifest downstream of multiple types of stress
(Toivola et al., 2010). An example is epidermolysis bullosa simplex
(EBS), a blistering disease caused by mutated keratin 5 or 14
(Coulombe et al., 1991; Russell et al., 2004; Stephens et al., 1995).
One type of stress that can induce blistering is mechanical force.
Stretching cells expressing EBS mutant keratins has been reported
to induce IF network fragmentation and disassembly of their
anchoring adhesive structures (Russell et al., 2004). In this case, the
morphology of IF networks comprising EBS mutant keratin is
similar to controls prior to stretch (Russell et al., 2004), suggesting
that force can act as a mechanotrigger for disease progression.
However, EBS keratin IF fragmentation has also been reported to
occur in the absence of external mechanical triggers (Kitajima et al.,
1989). In lung alveolar epithelial cells, keratin IFs disassemble in
response to shear stress generated by continuous liquid laminar
flow, through protein kinase C-mediated phosphorylation of keratin
8 (Ridge et al., 2005). In contrast, stretching does not affect keratin
phosphorylation, suggesting various types of force affect IF
organization differently.

Fig. 1. Architecture of the three main
cytoskeletal systems.

(A) Immunofluorescence staining shows the
organization of the F-actin, keratin IF and
microtubule cytoskeletons in human
epidermal keratinocytes. Plakoglobin (PG) is
used to show regions of cell—cell contact and
nuclei are shown in blue with DAPI.

(B) Schematic representations of the
indicated filamentous cytoskeletons and
associated cell-cell adhesive complexes, as
well as an overlay to illustrate their
interconnected nature. Gray outlines
represent cell-cell junctional areas and ovals
represent nuclei. Images supplied by the
laboratory of K.J.G.

Microtubules

Microtubules

In addition to their protective role, cytoplasmic IFs, along with F-
actin and microtubules, are involved in cellular responses to force.
For example, cells respond to applied cyclical stretching by
reorienting their cell body axis approximately perpendicular to the
applied load (Buck, 1980). Reorientation depends on the magnitude
of the applied stretch, with higher magnitudes inducing further
reorientation (Wang et al., 1995; Takemasa et al, 1997).
Interestingly, cytoskeletal reorganization precedes cell body
reorientation, suggesting this is an active adaptation mechanism
(Zielinski et al., 2018). Strain-induced reorientation occurs for all
three major cytoskeletal systems, with distinctive timing: F-actin
reorients first, followed by microtubules and then IFs (Zielinski
et al., 2018; Kreplak and Fudge, 2007). F-actin is remodeled such
that filament bundles orient perpendicular to the applied cyclical
force (Takemasa et al., 1997; Iba and Sumpio, 1991; Chen et al.,
2013). While microtubules reorient, cell reorientation does not
depend on microtubules (Goldyn et al., 2010; Wang et al., 2001) but
on F-actin (Iba and Sumpio, 1991; Goldyn et al., 2010) and,
occasionally, cooperation between F-actin and IFs.

For example, epithelial keratin IFs reorient when cells are
exposed to stretch (Kreplak and Fudge, 2007) (Fig. 3). These
changes in IFs are coordinated with alterations in F-actin and
contractile signaling, as loss of keratin 18 in MDCK cells suppresses
force-induced actin stress fiber reinforcement and alignment
(Fujiwara et al., 2016). Evidence suggests that cells use adaptive
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Fig. 2. Major desmosome and adherens
junction components. (A) Transmembrane
desmosomal cadherins form extracellular
interactions between adjacent cells. The
cytoplasmic domains of these cadherins bind
to the armadillo proteins plakophilin and
plakoglobin and together bind desmoplakin,
which anchors the desmosome to the IF
cytoskeleton. (B) Adherens junctions contain
classical transmembrane cadherins that
facilitate cell—cell interactions owing to
interactions between their extracellular
domains. Intracellularly, classical cadherins
interact with the armadillo protein B-catenin
and catenin family proteins, including p120
catenin and o-catenin. Linkage to the actin
cytoskeleton is mediated through a-catenin,
as well as vinculin, which is recruited to the
junction under tension. ICS, intercellular
space; IDP, inner dense plaque; ODP, outer
dense plague; DM, dense midline.

Key 2& Vinculin 'p120 catenin C:D a-catenin CD B-catenin 8 Plakoglobin ’ Plakophilin
_V Desmocollin -V Desmoglein —-v E-cadherin M Desmoplakin
dimer

reorientation to minimize passively stored elastic energy, thereby
reducing the mechanical load on cytoskeletal components (Livne
et al., 2014).

Another example is desmin, the major muscle IF protein. Desmin
mutations underlie several myopathies and cardiomyopathies (Hnia
et al., 2015; van Tintelen et al., 2009). Myoblasts, like most cells,
respond to cyclical stretch by elongating and reorienting their cell
bodies. Myoblasts expressing a p.D399Y desmin mutation
(associated with myofibrillar myopathy) exhibit reduced
elongation and spread area in response to cyclical stretch (Leccia
et al.,, 2013). Moreover, p.D399Y desmin altered the ability of
cyclical stretch to induce myoblast reorientation, suggesting that IFs
play a role in what is considered, in most cases, a predominantly
actin-driven process. However, in this case it is unclear whether the
effects of the desmin IF system on cell reorientation involve the
actin cytoskeleton.

The ability of IFs to regulate cell mechanical properties, respond
to force and regulate force-sensitive cell behaviors could be
mediated through direct mechanosensing mechanisms, for which
experimental evidence is limited, and/or a combination of crosstalk
mechanisms with other mechanosensitive cytoskeletal systems,
including F-actin and microtubules. In the next sections, we discuss
the physical properties that underlie the unique mechanics of the IF
network, the mechanisms that link IFs with the F-actin and
microtubule systems through the early stages of assembly or within
mature networks, and IF-mediated mechanosignaling.

Mechanical properties of IF networks

The mechanical properties of the IF cytoskeleton differ from those
of F-actin and microtubules. IFs assemble into polymers that are
highly elastic and exhibit strain stiffening upon deformation
(Janmey et al., 1991; Leterrier et al., 1996; Charrier and Janmey,
2016; Gardel et al., 2008). IFs are uniquely resilient to pulling forces
and, unlike F-actin and microtubules, individual IFs can be stretched
to multiple times their original length without breaking (Kreplak
et al., 2005, 2008; Guzman et al., 2006). Moreover, they exhibit
nonlinear tensile properties; in this way, they are better capable of
resisting force at higher tensile loads. These properties indicate that
IFs can provide support to cells and tissues that would not be
possible with other cytoskeletal types.

IFs are highly flexible. Persistence length is a mechanical
property reflecting polymer stiffness. Larger values indicate higher
stiffness and shorter more flexibility. Of the cytoskeletal systems,
the persistence length of microtubules is the largest, at a few
millimeters, indicating their high stiffness (Gittes et al., 1993). F-
actin has a persistence length of 10-20 um and filaments are more
flexible than microtubules (Gittes et al., 1993). IFs are the most
flexible with the smallest persistence length, typically less than 2 pm
(Block et al., 2015). Thus, compared with F-actin and especially
microtubules, individual IFs would most easily deform under small
compressive forces. However, rheology experiments have shown
that networks of IFs can resist applied forces. Like individual
filaments, networks of IFs are less rigid at low strain, and stiffen to
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Table 1. Expression profiles of IF-desmosome networks

Intermediate filament Tissue

Desmosomal component

Cadherins Armadillo proteins Plakin proteins

Type litype Il Acidic keratins/basic keratins Simple epithelia
Stratified epithelia
Hair/nail
Type I Desmin Heart muscle
Cytoskeletal muscle
Vimentin Mesenchymal
(widespread distribution)
Transformed epithelial
Endothelial
Meninges
Peripherin Neurons
Glial fibrillary acidic protein (GFAP) Glial cells
Syncoilin Muscle
Type IV Neurofilament [H (heavy), Neurons
M (medium), L (low)]
o-Internexin Neurons
Synemin o/p Muscle cells
Nestin Stem cell marker
Type V Lamin A, B1, B2, C1, C2 Nuclei of cells
Type VI Filensin Lens
Phakinin Lens

Desmoglein 2, Plakoglobin, Desmoplakin 1 and 2,
desmocollin 2,3 plakophilin 2 and 3 periplakin®

Desmoglein 14, Plakoglobin, Desmoplakin 1 and 2,
desmocollin 1-3 plakophilin 1-3 envoplakin®, periplakin®

Desmoglein 1-4, Plakoglobin, Desmoplakin 1 and 2,
desmocollin 1-3 plakophilin 1-3 envoplakin*, periplakin*

Desmoglein 2, Plakoglobin, Desmoplakin 1 and 2,
desmocollin 2 plakophilin 2 envoplakin*, periplakin*

Desmoglein 2, Plakophilin 2
desmocollin 3

Desmoglein 1,2, Plakoglobin Desmoplakin 1 and 2
desmocollin 2

Desmoglein 2, Plakoglobin, Desmoplakin 1 and 2
desmocollin 2,3 plakophilin 2

There are other desmosome proteins not included in these major protein families (see Kowalczyk and Green, 2013). *Cornified envelope protein, not restricted to

desmosomes.

become more rigid at higher strains (Janmey et al., 1991; Koster
et al., 2015; Wagner et al., 2007).

IF networks have profound effects on the mechanical rigidity of
even individual cells, as their loss generally results in cells
becoming less rigid (Charrier and Janmey, 2016). A modest
decrease in stiffness occurs in vimentin-null fibroblasts when small
forces are applied to the cell surface (Mendez et al., 2014). Deletion
of vimentin in mesenchymal stem cells has the opposite effect,
stiffening the cell cortex, presumably because stiffer cytoskeletal
fibers such as F-actin are upregulated (Sharma et al., 2017).
Consistent with the high degree of strain stiffening in IF networks,
softening due to loss of vimentin is more evident at large cell
deformations, especially in response to compression (Mendez et al.,
2014). Similarly, loss of desmin has little effect on the stiffness of
the myocyte cortex at small deformations, but is important for
whole-cell stiffness at large strains (Charrier et al., 2018).

Epidermal keratins, in contrast, have a larger effect on cortical
stiffness (Seltmann et al., 2013), perhaps due to their relatively high
abundance. In addition, keratin IF networks are anchored to the
plasma membrane through desmosomes. There is also a cortical
meshwork of keratin IFs that might contribute to cell mechanics
(Quinlan et al., 2017). Thus, while keratin IFs are highly flexible
and not stiff in single cells, they can still have a large impact on
overall cell stiffness. Keratin IFs, as well as other IFs, are attached at
regions of cell-substrate contact and cell-cell contact, and are
highly integrated with other filamentous cytoskeletal networks.
How cooperation with other cytoskeletal networks and anchorage to
adhesive complexes affect the mechanical properties of the IF
network and thus the mechanical properties of cells is not well
understood. It has been shown recently, however, that modulation of

the linkage between IFs and desmosomes alters cell stiffness in
human epithelial cells (Broussard et al., 2017). A mutation in
desmoplakin that strengthens its interaction with IF increases
stiffness, whereas a mutant that prevents this interaction reduces
stiffness (Broussard et al., 2017). The capability of the mutants to
affect stiffness required cell—cell contact, suggesting that anchorage
of the IF network to desmosomes plays a role in the ability of IFs to
regulate cell mechanics. These effects on cell stiffness were
mediated at least in part through crosstalk with the actin
cytoskeleton (Broussard et al., 2017), suggesting the possibility
that actomyosin-generated forces are counterbalanced and/or
resisted by an anchored IF system.

IF network assembly and its relationship with the F-actin and
microtubule networks

In vitro, IF proteins can self-assemble into filaments without the aid
of other co-factors (Steinert et al., 1981; Herrmann et al., 2002). IF
assembly properties vary by their type and are dependent on in vitro
experimental conditions (Herrmann et al., 2004). However, in living
cells, IFs are integrated with the F-actin and microtubule systems
from the earliest stages of network assembly (Chang and Goldman,
2004; Weber and Bement, 2002).

IF assembly and the actin cytoskeleton

In Xenopus egg extracts, IFs are associated with spontaneously
polymerizing F-actin (Weber and Bement, 2002). When F-actin
assembly is prevented, keratin IFs form aggregates rather than
filaments. In mammalian cells, keratin IF precursors often assemble
at the cell cortex near F-actin-rich focal adhesions (Kdlsch et al.,
2009; Windoffer et al., 2006). The keratin IF precursors move
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Fig. 3. Changes to the IF cytoskeleton under external force. Mechanical
stretch induces alignment of the IF network. Neonatal epidermal keratinocytes
were incubated with 1.2 mM Ca?*-containing medium overnight to induce the
formation of robust cell—cell junctions. Cell monolayers were then subjected to
cyclical stretch for 24 h, fixed, and stained for keratin 14 to demonstrate
reorganization of the IF cytoskeleton. Control cells were not stretched. Images
supplied by the laboratory of K.J.G. A schematic representation of the
reorganization of the IF cytoskeleton that occurs upon application of
mechanical stimulation is also shown.

alongside F-actin toward the cell center before incorporating into the
peripheral keratin IF network (Windoffer et al., 2006; Koélsch et al.,
2009). Disruption of focal adhesion function through depletion of
talin decreases the amount of keratin IFs in the cell periphery
(Windoffer et al., 2006). Keratin IF precursors still form upon F-actin
perturbation but fail to move toward the cell center (Kolsch et al.,
2009). In this context, disruption of the microtubule network does
not affect the centripetal movement of keratin IF precursors (Kolsch
et al., 2009). Interestingly, there appears to be a feedback loop
from IFs to focal adhesions, as vimentin IFs can affect cell-matrix
contacts (Bhattacharya et al., 2009; Tsuruta and Jones, 2003).

IF assembly and microtubules

Numerous links exist between IFs and the microtubule
cytoskeleton. Immunofluorescence staining suggests that the
distribution of vimentin IFs and microtubules is similar (Ball and
Singer, 1981). Because the vimentin IF network is more stable than
the microtubule network, its structure can act as a template for the
reassembly of newly forming microtubules (Gan et al., 2016). On
the other hand, microtubule depolymerization or disruption of
microtubule-based motors induces vimentin IF reorganization
(Gyoeva and Gelfand, 1991; Helfand et al., 2002; Hookway et al.,
2015; Goldman, 1971). Interestingly, after cell division, the IF
cytoskeleton reassembles by severing and annealing (Hookway
et al.,, 2015), which is a unique assembly mechanism among
cytoskeletal structures. The cellular distribution of IFs is also
regulated by microtubule-dependent transport via kinesin and
dynein motors. A recent study showed that both keratin and
vimentin IFs are nonconventional kinesin-1 cargoes, in that they do
not require kinesin light chains for association or transport (Robert

et al., 2019). Furthermore, both keratin and vimentin IFs interact
with the same kinesin heavy-chain tail domain, suggesting that
different IFs use similar mechanisms for microtubule transport
(Robert et al., 2019). Neuronal IFs associate with both F-actin and
microtubule systems for transport; here, dynein and kinesin mediate
bi-directional transport of neurofilaments (Shea and Flanagan,
2001) and myosin Va controls the distribution and local density of
neurofilaments (Alami et al., 2009; Rao et al., 2002).

Although it is clear that F-actin and microtubules play a role in IF
network organization, a direct effect on in vivo IF assembly has not
been experimentally shown. Instead, in vivo assembly of IFs is
generally associated with adhesive complexes that contain an
apparent assembly and/or nucleation function. These sites include
focal adhesions, as indicated above, and desmosomes (Schwarz
etal., 2015; Moch et al., 2020). A potential model would be that F-
actin and microtubules are important for delivering soluble IF
components (e.g. unit length filaments) to these sites of active
assembly via, for example, motor proteins.

It is not well understood why the interdependence among
cytoskeletal components as they assemble into higher order
networks is so important. Many studies reporting the importance
of the F-actin and microtubule networks in mechanobiology depend
on results from gain- or loss-of-function experiments, without an
examination of the consequences on the IF system. Therefore, the
extent to which observed alterations in cell mechanics might also
depend on an intact and properly networked IF cytoskeleton is
unclear. Since these networks are intimately interconnected, it is
important to consider the effects of experimental manipulations on
the cytoskeleton in a more comprehensive manner.

Physical and functional links between the IF, F-actin and microtubule
networks

Cytoskeletal filaments are linked to each other (e.g. IF-IF) or to other
filament systems (e.g. IF-F-actin) through direct binding or
intermediary crosslinking molecules. Both types of linkage affect
the mechanical properties of the cytoskeleton and are important for
controlling organelle positioning and formation of cell adhesion sites.
Examples of direct physical connections are divalent cation
crosslinks (Lin et al., 2010), and it has been shown that direct
crosslinking of in vitro co-polymerized networks of vimentin IF and
F-actin governs their strength (Jensen et al., 2014). Intermediary
cross-linking molecules include filamin A (an F-actin crosslinker)
and fimbrin (an actin-bundling protein, also known as plastin 1),
which have distinct sites for binding IFs (Kim et al., 2010a,b; Correia
et al., 1999), and plakins such as plectin (see below). In addition to
their structural links with other cytoskeletal elements, IFs regulate
chemical signaling pathways that control cellular functions, including
growth, survival and motility (Kim and Coulombe, 2007; Kim et al.,
2006; Vijayaraj et al., 2010; Schmitt et al., 2019). In this section, we
will review how IFs interact physically and functionally with F-actin
and microtubules.

Particularly versatile crosslinkers are found in the plakin/
spectraplakin family of proteins, which evolved to link cytoskeletal
elements to plasma membrane structures and each other (Zhang et al.,
2017; Leung etal., 2001). The plakin family member plectin contains
side arms that crosslink IFs, F-actin and microtubules to integrate
these filament systems throughout cells (Svitkina et al., 1996). Plectin
can regulate cell mechanics, including long distance stress
propagation through signaling mediators such as RhoA, which is
discussed in more detail below (Na et al., 2009).

In astrocytes, the IF network composed of vimentin, GFAP and
nestin, in conjunction with plectin, promotes actomyosin-driven
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treadmilling of adherens junctions during collective migration (De
Pascalis et al., 2018). At the same time, IFs reduce the mechanical
coupling of focal contacts with actomyosin, thereby restricting
traction forces to the front of cell sheets and driving collective cell
migration (De Pascalis et al., 2018). In U20S cells, plectin couples
the movement of vimentin IFs with that of actin transverse arcs (Jiu
et al., 2015). Retrograde flow of actin induces the rearward flow of
vimentin [Fs toward the nucleus. At the same time, the retrograde
flow of the actin arcs is restricted by the interaction with vimentin
IFs, controlling lamellipodial protrusions and cell migration. Loss
of plectin specifically affects transverse arcs and has no effect on
vimentin IFs or actin stress fiber organization (Jiu et al., 2015). In
this way, it appears the IF network could, in some ways, act in a
similar manner to the clutch model in matrix-anchoring focal
adhesions (Craig et al., 2015). This suggests that physical
engagement between the F-actin and IF networks, mediated through
linker proteins such as plectin, allows actomyosin-generated forces to
work against the IF network to drive cell morphogenetic behaviors
including cell migration.

Members of the plakin family also associate with microtubules.
Interestingly, the plectin 1c isoform in keratinocytes operates as a
destabilizer of microtubules (Valencia et al., 2013). Microtubules in
plectin 1c-deficient keratinocytes resist depolymerization induced by
nocodazole, exhibit increased acetylation and are less dynamic.
Valencia et al. propose that the SH3 domain of plectin antagonizes
MAP-promoted stabilization of microtubules, thereby promoting
microtubule disassembly in proximity of IFs. Consequently,
mechanically driven cell behaviors are altered, resulting in increased
migration velocity, decreased migration directionality, reduced cell
growth rates and changes in cell shape (Valencia et al., 2013).

The actomyosin network is the main force-generating machinery of
the cell (Ananthakrishnan and Ehrlicher, 2007), and by controlling
actomyosin organization and function, IFs can modulate cell behavior.
Vimentin IFs control mesenchymal cell plasticity and cancer cell
migration at least in part through modulation of actomyosin (Battaglia
et al., 2018). Vimentin expression is increased in many carcinomas
and its overexpression correlates with tumor growth and invasion
(Satelli and Li, 2011; Dmello et al., 2018). Vimentin knockout in
U20S cells increases actin stress fiber assembly and contractility (Jiu
et al., 2017), resulting in reduced motility. This phenotype is rescued
by wild-type vimentin, but not a mutant that is unable to form unit
length filaments, suggesting that intact vimentin IFs are required.

In fibroblasts, vimentin facilitates F-actin rearrangements by
activating RhoA through the mechanosensitive focal adhesion
kinase (FAK, also known as PTK2) (Gregor et al., 2014). However,
RhoA activation can also be mediated via the microtubule-
associated guanine nucleotide exchange factor GEF-HI (also
known as ARHGEF2), as shown in U20S cells (Jiu et al., 2017).
Here, loss of vimentin triggers phosphorylation and activation of
GEF-H1, activating RhoA and promoting stress fiber assembly.
Therefore, multiple mechanisms exist through which vimentin
modulates F-actin-based structures to control cell migration
(Battaglia et al., 2018).

Keratin IFs also interact with the Rho pathway to mediate
mechanical signaling. In rat H4 hepatoma cells, keratin 8
knockdown decreases cell stiffness and alters F-actin organization
through the modulation of Rho—ROCK signaling (Bordeleau et al.,
2012). In MDCK cells, the RhoA GEF Solo binds to keratin IFs
(Fujiwara et al., 2016). Loss of Solo (also known as ARHGEF40)
results in the keratin 8 and 18 IFs and F-actin network being
disorganized, and loss of either Solo or keratin 18 suppresses the
ability of tensile force to activate RhoA (Fujiwara et al., 2016).

Cytoskeletal networks are attached to the cell membrane through
adhesive complexes, and these structures are increasingly
recognized for their mechanosensing and transducing roles
(Charras and Yap, 2018; Sun et al., 2016). It is therefore critical
to consider the role of IF-anchoring complexes in mechanobiology,
as discussed below.

Cell-cell junctions regulate cell mechanics and respond to
mechanical forces

The desmosome-IF system comprises numerous tissue- and
differentiation-specific proteins (Table 1). In humans, there are
seven desmosomal cadherin genes (Riibsam et al., 2018; Herrmann
et al., 2009). Desmosome dysfunction caused by mutations,
autoimmune antibodies and bacterial toxins leads to human
disorders of the skin, hair and heart, and epithelial cancers
(Garrod and Chidgey, 2008; Stahley and Kowalczyk, 2015;
Celentano and Cirillo, 2017; Mahoney et al., 2010). The unique
physical properties of IFs and the prominent role of desmosomes
and IFs in tissues that experience considerable mechanical input
(e.g. heart and skin) place the desmosome—IF system in a prime
position to regulate mechanobiology. Here, we discuss the emerging
roles of desmosomal proteins in regulating cell mechanics and
mechanosignaling.

Cell—cell junctions are critical for force sensing in epithelia

As discussed above, IFs reorient and/or reorganize in response to
stretch and modulate stretch-induced cell reorientation. These
observations raise the possibility that forces affect their
desmosomal anchors, potentially revealing cryptic binding sites (as
is the case for focal adhesion proteins) to reinforce [F—desmosome
connections and/or recruit other signaling proteins. Supporting
this idea, molecular dynamic simulations indicate that force
application in desmoplakin reveals a potential SH3-domain-binding
site, suggesting a putative mechanotransduction mechanism
(Daday et al., 2017). However, whether desmosomes are indeed
mechanotransducers in cells or play a role in force-sensing cell
behavior is unknown.

To begin to understand the roles of IF-anchored desmosomes in
force sensing, it is important to consider that this would occur in
association with F-actin-based adhesive mechanosensing mechanisms.
For example, in single adherent cells, reorientation in response to
stretch requires focal adhesion proteins (Chen et al., 2013, 2012), as
focal adhesions link the forces exerted from the substrate to the
actin cytoskeleton within cells. However, less is known about
reorientation in monolayers, where cells are connected through cell—
cell contacts. In fact, epithelial cells remodel focal adhesions upon
cell—cell contact and focal adhesion proteins, such as vinculin,
relocalize from focal adhesions to cell—cell contacts (Hodivala and
Watt, 1994; Twiss and de Rooij, 2013). This corresponds with a
switch from cells predominantly exerting cell-substrate forces to
cadherin-based cell-cell forces. Increased force on cell—cell
adherens junctions results in the recruitment of vinculin to a
protein binding interface present on o-catenin that is exposed upon
mechanical stretch (Yonemura et al., 2010; le Duc et al., 2010; Yao
etal., 2014; Kim et al., 2015) and this recruitment is responsible for
force-induced cell reorientation (Noethel et al., 2018).

Crosstalk between cell-cell adhesive complex assembly and
cytoskeletal remodeling

Both the assembly of cell-cell junctions and the mechanisms
regulating F-actin and IF-based junctional interdependence are
important for understanding their mechanical contributions. Initial
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adherens junction formation is required for desmosome assembly
(Lewis et al., 1994). The underlying mechanisms are not well
understood, but plakoglobin, which interacts with the cytoplasmic
tails of both classical and desmosomal cadherins, is important (Lewis
et al., 1997). Moreover, adherens junctions and desmosomes are
mutually dependent. While complete loss of desmoplakin in
mouse results in keratin IF disorganization and lethality (Gallicano
et al., 1998), conditional ablation of desmoplakin in the epidermis
results in an impaired maturation of adherens junctions
(Vasioukhin et al., 2001). Additionally, it has been proposed
that junctional E-cadherin recruits desmoglein-2 (Dsg2) through a
direct cis-interaction, thereby initiating desmosome assembly
(Shafraz et al., 2018).

Desmosomes participate in active cytoskeletal rearrangements.
During mouse epidermal differentiation, desmoplakin facilitates the
reorganization of the microtubule network through the recruitment
of centrosomal proteins, such as ninein, Lisl (also known as
PAFAHIB1) and Ndell, to desmosomes (Lechler and Fuchs, 2007,
Sumigray et al., 2011). Loss of Lisl results in decreased
desmosomal stability and is associated with defective epidermal
barrier function (Sumigray et al., 2011). In the skin-blistering
disease pemphigus, autoantibodies against Dsgs cause desmosome
disruption and keratinocyte dissociation, induce elasticity changes
in keratinocytes, and severely alter both the keratin IF and F-actin
cytoskeletons (Vielmuth et al., 2018; Vielmuth et al., 2015).
Desmoplakin knockout in keratinocytes induces defects in cortical
F-actin cytoskeleton assembly after initiation of cell—cell contact
(Hatsell and Cowin, 2001; Vasioukhin et al., 2001). Interestingly, in
the mouse gut, loss of desmoplakin causes defects in the shape and
length of F-actin-rich microvilli (Sumigray and Lechler, 2012).
Moreover, loss of plakophilins 1, 2 or 3 in mouse or human
keratinocytes alters cortical F-actin organization (Godsel et al.,
2010; Keil et al.,, 2016), indicating that multiple desmosomal
proteins are important for cortical F-actin rearrangements.

Desmosomal cadherins have recently been shown to modulate
the distribution of the F-actin-nucleating Arp2/3 complex, typically
linked to classical cadherins. Arp2/3 is recruited to E-cadherin-
based contacts in simple epithelia to generate a high-tension region
near the apical-lateral surface that is actomyosin dependent (Verma
et al., 2004; Wu et al., 2015). This high-tension region relies on a
WAVE2-Arp2/3 complex that is recruited to cadherin cytoplasmic
tails by binding to cortactin (Verma et al., 2012; Han et al., 2014).
The roles of Arp2/3 in the morphogenesis of stratified epithelia,
such as the epidermis, appear to be more complex, as loss of various
Arp2/3 components has yielded somewhat conflicting results (Zhou
etal., 2013; van der Kammen et al., 2017). However, we found that
during cell fate specification in epidermal basal cells, Dsgl, a
desmosomal cadherin only found in complex stratified epithelia,
recruits cortactin and Arp2/3 to cell—cell interfaces. This promotes
active F-actin rearrangements and decreases apical tension, as well
as tension on E-cadherin (Nekrasova et al., 2018). Dsgl-dependent
remodeling of cortical F-actin, as well as altered membrane tension,
promotes delamination (detachment from the basal layer to form a
second cell layer) through a process that is similar to extrusion in
simple epithelia (Nekrasova et al., 2018). Importantly, ectopic
expression of Dsgl in simple epithelial MDCK cells is sufficient to
induce the formation of a second cell layer by basal cells escaping
the monolayer (Nekrasova et al., 2018). We have also shown that
these processes require the interaction of Dsgl with the dynein light
chain Tctex-1 (also known as DYNLTI1), highlighting the
interrelatedness of the cytoskeletal systems in promoting mechanically
driven cell behaviors (Nekrasova et al., 2018).

The effect of IFs on desmosomes

Mechanical stresses at desmosomes are largely considered to arise
because of external forces on tissues, and the flexible elements
within the desmosome are thought to be able to absorb forces
without damage (Ai-Jassar et al., 2013). However, stresses at the
desmosome also arise from cell-generated forces. In this context,
signaling and mechanical resistance may both be important, for
instance during epithelial morphogenesis or wound healing.
Epithelial remodeling necessitates rearrangements of cellular
adhesive structures, but at the same time induces cell-cell forces
that are propagated over a multicellular scale (Trepat et al., 2009;
Tambe et al., 2011; Weber et al., 2012; Barry et al., 2015). This
process likely involves the integrative function of the desmosome—
IF system in modulating or harnessing tissue-level forces. However,
the extent to which mechanical forces generated during epithelial
remodeling directly affect the dynamics of desmosomes or their
linkage to the IF cytoskeleton is largely unknown.

Using a scratch-wound migration assay, desmosomes have been
shown to assemble at lateral junctions and grow and mature while
moving rearward (Roberts et al., 2011). In this context, desmosome
dynamics are initially F-actin dependent and only later become
associated with IFs (Roberts et al., 2011). These findings are
reminiscent of work showing de novo cell—cell contact initiates the
formation of desmoplakin—plakophilin cytoplasmic particles that
are translocated to cell—cell junctions in an F-actin-dependent
manner (Godsel et al., 2005). Homeostatic desmoplakin dynamics,
however, depend on the association with IFs (Godsel et al., 2005).
In contrast, desmosomal cadherin trafficking employs microtubule-
based motors, with Dsg2 and desmocollin 2 utilizing distinct
kinesin motors (Nekrasova et al., 2011). However, it is currently
unknown whether and how force directly affects desmosome
dynamics and/or assembly.

IF-cell-surface connectors as mechanosensors

Although direct evidence that vertebrate desmosomes are
mechanotransducers is currently lacking, studies of invertebrate
IF-anchoring components support their role as critical regulators of
morphogenesis and potential mechanotransducers. For example,
VAB-10 is a component of C. elegans adhesion complexes that link
IFs to the extracellular matrix, separating the epithelial layer from
the underlying muscle. This linker protein is a member of the
spectraplakin family, which ultimately gave rise to vertebrate
plakins, including desmoplakin. VAB-10 is required for
morphogenetic events including cell elongation and establishment
of planar cell polarity involving Par3 localization and the actin
cytoskeleton in epidermal cells (Gillard et al., 2019). At a mechanistic
level, it has been proposed that these hemidesmosome-like
attachments act as mechanotransducers, whereby C. elegans muscle
tension induces conformational changes in proteins like VAB-10 to
activate a signaling cascade involving GIT-1, PIX-1 and PAK-1 that
promotes IF phosphorylation and junction maturation (Zhang et al.,
2011). Whether this type of mechanosensitive pathway occurs at
other IF-anchoring structures, like desmosomes in mammals, is an
interesting question for future research.

Individual desmosomal proteins outside of desmosomes have
been shown to respond to force and regulate mechanosensitive cell
behavior in Xenopus. In the mesendoderm of this vertebrate model
system, force applied to C-cadherin induces polarized migration
(Weber et al., 2012). C-cadherin is a classical cadherin but, in this
context, it interacts with the IF cytoskeleton through plakoglobin.
Tension on the cadherin results in reorganization of the keratin IF
network through plakoglobin, which is recruited to cadherin-
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containing adhesions upon force application. Loss of either keratin 8
or plakoglobin renders the cells unable to respond to tugging forces.
In a sheet of migrating cells, local tugging forces on trailing cell—cell
contacts use this mechanism to polarize and direct collective
migration, which is likely important during embryogenesis and/or
morphogenesis and wound healing (Weber et al., 2012). Interestingly,
desmoplakin is required for not only epidermal integrity but also
morphogenesis in Xenopus (Bharathan and Dickinson, 2019).
Desmoplakin has been shown to promote apical cell expansion
during epidermal stratification in Xenopus, which is known to be
regulated by mechanical forces (Sedzinski et al., 2016; Sedzinski
et al., 2017). Finally, inhibiting desmosome function through either
loss of desmoplakin or uncoupling the desmosome—IF connection
results in impaired apoptotic cell extrusion in MDCK cell monolayers
due to alterations in actomyosin contractility (Thomas et al., 2020).

With their prominent expression in tissues that experience large
amounts of mechanical stress, it is not surprising that a number of
desmosomal proteins, including desmoplakin, Dsg2, plakophilin
and plakoglobin, are molecular targets in arrhythmogenic
cardiomyopathy (AC) (Kannankeril et al., 2006; Asimaki et al.,
2007; Pilichou et al., 2006; Bauce et al., 2005; Norman et al., 2005),
often referred to as a disease of the desmosome. AC model studies
have provided insight into how forces regulate desmosomal
proteins. Both plakophilin and plakoglobin are recruited to cell—
cell junctions of cardiac myocytes upon application of fluid shear
stress, whereas AC-associated mutants of plakophilin and
plakoglobin fail to be recruited (Hariharan et al, 2014).
Moreover, expression of a mutant plakoglobin also suppressed
force-induced junctional recruitment of N-cadherin, suggesting that
desmosomal proteins can influence the mechanoresponses of
adherens junctions (Hariharan et al., 2014).
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FRET-based tension biosensors have shown that classical
cadherins, including E-cadherin (Borghi et al., 2012) and VE-
cadherin (Conway et al., 2013), are under tension within adherens
junctions. Recently, Dsg2 was found to be under a small amount of
tension, especially in contracting cardiac myocytes (Baddam et al.,
2018). However, a desmoplakin tension sensor study suggested
desmosomes are only under tension upon externally applied load
(Price et al., 2018); under these conditions, part of this load may be
borne by the IF cytoskeleton. The lack of measurable homeostatic
tension in desmoplakin could suggest that any tensile load on
desmosomal cadherins is dissipated over multiple desmoplakin
molecules, as desmoplakin functions as a dimer. Another
possibility is that tension experienced by the desmosomal
cadherin is offloaded onto IFs or another cytoskeletal system,
perhaps F-actin, through an unknown mechanism (Fig. 4).
Plakoglobin and plakophilin are potential candidates to mediate
this transfer of tension as they interact with adherens junction
components including the classical cadherins and members of the
catenin family (Nieset et al., 1997; Lewis et al., 1997; Kowalczyk
et al., 1998; Goossens et al., 2007).

Keratin IFs can bear tensile loads but also display characteristics
that are consistent with experiencing compressive forces. For
example, in SCC-25 cells exposed to >40% stretch amplitudes,
keratin IFs in the cell periphery undergo a large extension,
suggesting they are under tensile loads (Fois et al., 2013). When
stretch is released, however, keratin IFs adopt a tortuous
morphology, suggesting they experience compressive forces (Fois
etal., 2013). This morphology can be abrogated by interfering with
keratin 18 phosphorylation, the actomyosin cytoskeleton or, to a
lesser degree, microtubule function (Fois et al., 2013).
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Fig. 4. Contributions of junctional and cytoskeletal proteins to cellular mechanics. At steady state (left), F-actin and the associated classical cadherins are
under a baseline level of tension at the adherens junction. In addition, at steady state, desmosomal cadherins are under low tension, while desmoplakin
experiences little to no tension. It is not known why the low tensile forces on desmosomal cadherins fail to be propagated to the IF cytoskeleton, but this could be
explained through a mechanical crosstalk with the tensile F-actin-based adhesive system. When an external force is applied (right), the tensile load is shared
between adherens junctions and desmosomes. Increased tension is ‘felt’ by the classical cadherins and F-actin at the adherens junction, leading to increased
recruitment of vinculin, thereby facilitating mechanotransduction. When an external force is applied, the desmosomal cadherins propagate tensile forces to
desmoplakin and potentially the IF network in order for cells and tissues to resist large mechanical loads.
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In the specialized cell—cell junction known as the area composita,
in cardiomyocytes, adherens junctions and desmosomes are highly
intermixed (Franke et al., 2006; Borrmann et al., 2006). Plakophilin
2 and particularly the interaction between plakophilin 2 and oT-
catenin is essential for the formation of these mixed junctions
(Pieperhoff et al., 2008; van Hengel et al., 2013). This would be a
useful system to examine the mechanical crosstalk between these
typically distinct junctional complexes. Moreover, it would be
interesting to examine the mechanical forces experienced by
desmoplakin in cardiac myocytes, as it is possible that desmosomes
are only under high amounts of force in those tissues that endure large
mechanical stimulation.

Conclusions and future directions

On the long timescale of evolutionary history, cytoplasmic IFs and
desmosomes are relatively new structures. Cytoplasmic IFs
arose from nuclear lamins, acquiring new cytoplasmic roles in
early metazoan lineages where they contribute to tissue stability
(Wickstead and Gull, 2011; Hering et al., 2016), while desmosomes
appeared later in vertebrates (Riibsam et al., 2018). Prior to the
emergence of desmosomes, intervening lineages began anchoring
cytoplasmic IFs through spectraplakin family proteins to confer
additional stability on tissues (Gally et al., 2016). Later, in
vertebrates, the plakin family adopted use of the IF-binding plakin
domains to create the plakin family, which includes the obligate IF
anchor in desmosomes, desmoplakin.

The large diversity in composition and tissue and/or
differentiation-dependent expression patterns of desmosome and
IF-based networks suggests that their overlay onto the less-diverse
and evolutionarily older F-actin- and microtubule-based systems may
have facilitated new mechanisms for organisms to achieve complexity
in tissue architecture and the ability to respond to new challenges.
Since roles for F-actin and microtubules in sensing and responding to
mechanical forces are well established, future work is likely to
increase our understanding of IFs in this context, especially given
their unique high extensibility and strain-stiffening properties. We
know that IFs are well-suited to bearing tensile loads, but is there a
role for anchored IF networks in tissue jamming and/or bearing
compressive forces? Future studies of desmosomes will identify new
mechanosensitive proteins and mechanotransduction pathways that
regulate important biological processes like cell migration,
differentiation and tissue morphogenesis. Additionally, new force-
sensing biosensors that are better able to differentiate between tension
and compression will allow us to map out force distributions
throughout the integrated cytoskeletal systems. Currently, there are
limited biochemical and genetic tools for examining IF function
in vivo, which has been a barrier to investigation. Discovering new
ways to specifically alter IF function, such as currently unavailable
pharmacological agents, would allow the ‘dissecting out’ of specific
functions given that the interconnected nature of the cytoskeletal and
adhesive components has made this goal particularly challenging.
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