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Understanding the complexity of the extracellular matrix (ECM) and its variability is
a necessary step on the way to engineering functional (bio)materials that serve their
respective purposes while relying on cell adhesion. Upon adhesion, cells receive
messages which contain both biochemical and mechanical information. The main
focus of mechanobiology lies in investigating the role of this mechanical coordination
in regulating cellular behavior. In recent years, this focus has been additionally shifted
toward cell collectives and the understanding of their behavior as a whole mechanical
continuum. Collective cell phenomena very much apply to epithelia which are
either simple cell-sheets or more complex three-dimensional structures. Researchers
have been mostly using the organization of monolayers to observe their collective
behavior in well-defined experimental setups in vitro. Nevertheless, recent studies have
also reported the impact of ECM remodeling on epithelial morphogenesis in vivo.
These new concepts, combined with the knowledge of ECM biochemical complexity
are of key importance for engineering new interactive materials to support both
epithelial remodeling and homeostasis. In this review, we summarize the structure and
heterogeneity of the ECM before discussing its impact on the epithelial mechanobiology.

Keywords: extracellular matrix, epithelial mechanobiology, basement membrane, interstitial matrix, matrix
heterogeneity

THE EXTRACELLULAR MATRIX OF EPITHELIA

ECM plays a pivotal role in controlling cell behavior, supporting cell collectives with both
biochemical information, and providing a correct mechanical environment (Mouw et al., 2014).
Each epithelium is anchored down by the BM which creates a boundary to the cells, separating
them from the underlying looser matrix network, called interstitial matrix (IM) or connective tissue
(Figures 1, 2). The structural and biochemical distinction of the BM and IM leads to the different
levels of contribution in regulating epithelial functions.

The BM is a 60-120 nm thick matrix network composed of collagen type IV, laminins,
nidogens, heparan sulfate proteoglycans, and other minor components. Collagen type IV and
laminins self-assemble to form two independent networks that interconnect via proteoglycans
and nidogens (Hohenester and Yurchenco, 2013). Collagen type IV is a triple-helical molecule
that can be assembled from six different chains (al-06) forming three distinct isoforms
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(Bachinger et al., 2010). The most commonly distributed isoform
is the [(a1)2(a2)], made of two al chains and a single a2 chain,
but also two other isoforms are present, namely [(a3)(a4)(a5)]
and [(a5)2(a6)]. The [(a3)(a4)(a5)] subtype is localized in the
BM of kidney glomerulus and the alveoli of the lung, whereas
[(a5)2(a6)] has been found in the epidermis, mammary glands,
and epithelium of the alimentary tract (Bichinger et al., 2010).

The laminin network has a much more heterogeneous
composition in comparison to collagen type IV. Laminins are
cross-shaped heterotrimeric glycoproteins composed of an alpha,
abeta and a gamma chain. Five alpha, three beta and three gamma
subunits can assemble to form 11 distinct laminin isoforms
(Aumailley, 2012). In contrast to collagen type IV, laminin
isoform expression varies depending on the tissue. In particular,
while the beta and gamma chains are engaged in the formation
of the protein network, the C-terminal domain of the alpha chain
is kept free for the interaction with the cellular receptors, thus
defining the tissue-specific distribution (Aumailley, 2012).

As suggested by the number of different isoforms, the BM
represents the most heterogeneous matrix in the epithelia. Tissue-
specific localization of laminin isoforms suggests the important
role of laminin in controlling specific epithelial functions.
Laminin 111 is the most abundant isoform during development
and is pivotal in controlling cell polarization and, therefore,
tissue shaping (Yurchenco, 2011; Lee and Streuli, 2014). Upon
maturation, further isoforms are also expressed instead of
laminin 111 in order to maintain the specific epithelium
homeostasis (Yurchenco, 2011). One of the most representative
examples is laminin 332, well-studied in the epidermal BM. Due
to the interaction with specific cellular receptors, it sustains the
formation of hemidesmosomes, thus ensuring tissue cohesion
upon external mechanical stress (Kiritsi et al., 2013; Rousselle
and Beck, 2013). Interestingly, the same protein in cleaved
variances or in different splicing versions is also important in
sustaining cell-adhesion in the reepithelization of wounds (Wen
et al,, 2010). Other examples are laminins, containing the o5
chain, such as laminin 511 and 521. The laminin a5 chain
is characterized by the peculiarity to carry exposed arginine-
glycine-aspartate (RGD) sequences in addition to the cell-binding
domains at the C-terminal end (Sasaki and Timpl, 2001). The
RGD sequence is known to permit the binding of specific
integrin receptors (discussed below) that control cell mechanics,
including intercellular adhesion during the endothelial shear-
stress response (Di Russo et al., 2017).

As a result of structural distinction, collagen type IV and
laminin have different functions in the BM. Collagen monomers
are covalently linked to each other, conferring structural stability
to the BM and allowing it to withstand tensile strengths
(Poschl et al., 2004). In contrast, laminins are considered
biologically active components, controlling cell adhesion through
the interaction with cellular receptors (Figure 1). Furthermore,
it is worth noting that laminins do not self-assemble with
covalent bonds, but rather via ionic interactions (Hohenester and
Yurchenco, 2013). This supports the idea of the lower force-
bearing role of the network and its higher flexibility necessary,
for instance, to allow cell crossing during leukocyte migration

(Sorokin, 2010). Additionally, it has been shown that the genetic
removal of the heparan sulfate proteoglycan perlecan strongly
reduces the mechanical impact of BM on epithelial behavior.
This suggests that the uncoupling of the cell-interactive laminin
network from the mechanical bearing collagen network disrupts
the mechanotransduction effect of the matrix (Crest et al., 2017;
Chen et al., 2019).

The IM is a distinct ECM layer located underneath the BM.
In the homeostatic state, epithelial cells are not in direct contact
with the IM, however, the arrangement of its components confers
the structure to the epithelium as shown in the skin (Silver
et al., 2003). Similar to other connective tissues, epithelial IM
is characterized by a fibrillar protein network loosely connected
to each other. It is composed of fibrillar collagens (type I,
II, III, and V), non-fibrillar collagens (e.g., XII and XIV),
glycoproteins including fibronectin, vitronectin and tenascin-
C, and proteoglycans such as decorin or biglycan (Mouw
et al, 2014; Figure 1). Elastin is also very abundant in the
IM and forms an extensive crosslinked network of fibers and
sheets. The elastin can be also organized separately from the
collagen fibers forming a distinct layer. This is the case in
tissues characterized by physiological pressure oscillations that
define the mechanical resilience of the matrix. One example of
this is found in the Bruch’s membrane of the retinal pigment
epithelium where the elasticity of the elastin counteracts the
toughness provided by the collagen network (Booij et al., 2010;
Figure 2).

Besides the biochemical contribution of the BM to epithelial
cell adhesion, some mechanobiological considerations can be
deduced only from the ultrastructure of the two matrix layers.
Due to the sheet-like organization, the BM is not thought to
be flexible, therefore possessing higher mechanical resistance
to cellular adhesion. Nevertheless, due to the anatomy of
the BM, it is particularly challenging to perform accurate
measurement ex vivo with the methods currently available.
Some attempts of measurements on different BMs have been
done using techniques such as atomic force microscopy or
micropipette aspiration which provided substantially different
results (from 10 kPa to 5 MPa) (Figure 1; Grantham et al,
1987; Welling et al., 1995; Candiello et al., 2007; Endlich
and Endlich, 2012). This suggests the high dependency of the
measurements on the tissue preparation or the method employed
(Grantham et al., 1987; Candiello et al., 2007). In conclusion, new
experimental data using less invasive techniques will be necessary
to characterize BM properties.

The mechanics of IM on the other hand has been characterized
more thoroughly (Guimardes et al., 2020). Its compliance is
highly dependent on the relative amount of collagen, elastin,
and the level of network crosslinking, which varies according to
tissue and age (Birch, 2019). According to several independent
measurements, IM Young’s modulus can range between 1 and
100 kPa (Pailler-Mattei et al., 2008; Booth et al., 2012; Pefiuela
et al,, 2018; Figure 1). Additionally, the differing content of
polysaccharides such as hyaluronic acid ensures different water
retention of the matrix layer, varying its resistance to compressive
forces (Lodish et al., 2003).
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FIGURE 1 | Schematic representation of epithelial ECM, its composition, and mechanical properties. The table summarizes the integrin receptors for the main
epithelial laminins together with the fibronectin and vitronectin as aberrant basement membrane components during remodeling. *Grantham et al. (1987), Welling
et al. (1995), Candiello et al. (2007), Endlich and Endlich (2012), **Pailler-Mattei et al. (2008), Booth et al. (2012), Pefiuela et al. (2018).
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BASEMENT MEMBRANE RECEPTORS

To engineer functional biomaterials supporting epithelial tissue,
it is crucial to understand the nature of cell-ECM adhesion with
its biochemical composition and structures. Epithelial cells are
tightly bound to their BM via specific receptors. For the aim of
this review, we will mainly focus on integrin receptors due to their
major role in regulating cell adhesion and function, while keeping
in mind that the importance of non-integrin receptors, including
syndecans and the non-muscle dystroglycan complex, should not
be underestimated either.

Integrins are a family of transmembrane heterodimeric
receptors containing an alpha and a beta chain. As indicated
by the name, they integrate the extracellular space with the
intracellular cytoskeleton system. In the BM, the alpha chain of
laminins defines the specificity for integrin adhesion, commonly
with one of the following isoforms: a6p1, a3pl, a6P4 and
a7pl (Pozzi et al, 2017; Figure 1). Integrin a6f1l represents
the most promiscuous receptors for laminin isoforms, whereas
integrins a3B1 and a6B4 mainly bind to laminin a3 and o5
chains. Finally, a7p1 preferentially interacts with a2 and o5
laminin chains (Belkin and Stepp, 2000). Additionally to the
mentioned classical laminin-binding integrins, laminin a5 chain
has been shown to promote cell adhesion also via integrins avp3,

avpl and a5B1 thanks to the RGD sequences present at the
N-terminal end (Sasaki and Timpl, 2001; Di Russo et al., 2017;
Figure 1).

Integrin receptors contribute to the formation of two main
adhesion structures: focal adhesions and hemidesmosomes. Focal
adhesions are mechanosensitive multiprotein complexes that
connect the integrins to the intracellular actin cytoskeleton.
There are no published reports on mature focal adhesion in the
homeostatic state of epithelial cells, however, it is known that
they appear as soon as remodeling events occur (Underwood
et al., 2008; Tarau et al., 2019). This often happens together with
the deposition of aberrant ECM proteins such as fibronectin
which together with laminins forms a provisional BM (Koivisto
etal., 2011; Figure 1). During these processes, epithelial cells lose
their polarization and increase adhesion strength to the ECM,
thanks to the formation of focal adhesions and actin stress fibers.
This allows basal keratinocytes, for instance, to start the process
of reepithelization in skin wound healing (Carter et al., 1990;
Underwood et al., 2008). Among the laminin-binding integrins,
only a3p1 has been suggested to form focal adhesions in epithelia
(Carter et al., 1990; Dogic et al., 1998). Furthermore, most
epithelial cells also express a581 and avB3 integrins which play
pivotal roles during cell migration (Schiller and Féssler, 2013).
In some pathological situations, similar phenotypical changes
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FIGURE 2 | Retinal pigment epithelium as an example of epithelial tissue.

(A) Whole mount staining of retinal pigment epithelium monolayer for actin,
nuclear marker and laminin a5. The 2D visualization of the monolayer surface
nicely shows the honeycomb-like structure arrangement of the cells during
homeostasis. The optical section reveals the underlining basement
membranes of the retinal pigment epithelium and choroidal endothelium
stained for laminin a5. Scale bar is 20 um. (B) Electron micrograph showing
the ultrastructural organization of the ECM in the retina which separates the
epithelium (highlighted in green) from the choroidal endothelium (highlighted in
blue). The collagen and elastin rich interstitial matrix is located underneath the
basement membrane (BM) of the pigment epithelium. Scale bar is 500 nm.

can also be observed without the presence of a wound but
with associated ECM remodeling events. This is the case for
the retinal pigment epithelial cells during the progression of
age-related macular degeneration (Rickman et al., 2016). Before
the disease manifests, aberrant accumulations of ECM can be
observed underneath the epithelium. This remodeling suggests
the induction of cell phenotypical changes characterized by loss
of polarity and the formation of stress fibers (Tarau et al., 2019).

Differently from focal adhesions, hemidesmosomes are
epithelial-specific ~ cell-laminin  adhesion structures that
anchor the cells to the ECM via the keratin intermediate
filament cytoskeleton (Walko et al, 2015). Integrin o6f4
heterodimers participate in the formation of hemidesmosomes
and together with plakins are connected to the cytokeratin
network (Chaudhari and Vaidya, 2014). Hemidesmosomes are
crucial for both controlling epithelial tissue homeostasis and
mechanical properties including stiffness, stretchability, strength,
resilience, and toughness (Nievers et al., 1999; Russell et al., 2004;
Ramms et al., 2013; Seltmann et al., 2013). This is demonstrated
by the fact that mutations and defects of either hemidesmosome
components or one of the binding laminins result in epithelial
malfunction and lack of tissue integrity (Kiritsi et al., 2013;
Walko et al., 2015). Examples for that are the debilitating disease
of the epidermolysis bullosa, characterized by the formation
of blisters on the surface of the skin (Kiritsi et al., 2013), or
inflammatory lesions caused by hemidesmosomes disruption
that can lead to the development of epithelial-derived cancers
(Arcangelis et al., 2017).

Aiming to promote specific cell adhesion on engineered
biomaterials, scientists have been using ECM-derived synthetic
peptides rather than full-length proteins. The first identified
sequence which strongly promotes cell adhesion was RGD,
initially derived from the fibronectin protein (Mas-Moruno et al.,
2016). Currently, different forms of RGD peptides are broadly
used to functionalize biomaterials, even though they will only
engage a small proportion of integrin isoforms present on
epithelial cells (Humphries et al., 2006). Furthermore, the RGD
sequence largely supports a remodeling status within the tissue,
which might not be the aim of a specific biomaterial. To mimic
the ECM while sustaining epithelial homeostasis, BM-derived
peptides would be more advantageous. This can be achieved
by testing and optimizing a combination of some of the many
available laminin-derived peptides (Kikkawa et al., 2013) and,
ultimately, by developing a hemidesmosome-supporting material
to provide integrity and mechanical resilience to the epithelia.

EPITHELIAL MECHANICS

From Single Cell to Collective

Additionally to the cell-ECM adhesion heterogeneity, the impact
of cellular mechanotransduction and the length scale to which
forces are sensed has to be taken into consideration. Due to
their position between body compartments, epithelia need to
withstand external forces and respond accordingly (Califano and
Reinhart-King, 2009; Tschumperlin et al., 2009; Heisenberg and
Bellaiche, 2013). This is achieved through their high number of
intercellular adhesion structures mainly organized in adherents
and tight junctions (Bazellieres et al., 2015). In the last few
years, it became clear that in addition to ensuring tissue barrier,
these intercellular interactions make epithelia a biochemical and
mechanical continuum (Trepat and Sahai, 2018; Shellard and
Mayor, 2019). In particular, mechanical properties and behavior
are difficult to explain, looking at a single cell forming the tissue
and without considering epithelia as a functional cell collective.
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From the biomechanical point of view, several models
have been proposed to explain single-cell mechanical behavior
(Rajagopal et al., 2017). Cells can be depicted as systems
with elastic borders (membrane) and homogeneous internal
components made of viscous, viscoelastic, or elastic matter
(cytoplasm) (Karcher et al., 2003). However, these models are not
useful in explaining the mechanical properties of cells because
they neglect the internal microstructures and the interaction with
the cellular environment. One of the most fitting ideas describing
the dynamic mechanical equilibrium of cells is the tensegrity
model, introduced by Donald Ingber (Ingber, 2003). The model
considers cellular architecture under tensional integrity or
“tensegrity” which defines cell shape in each cell condition.
Tensional forces created by cytoskeletal microfilaments (actin)
are balanced by compression borne by interconnected structural
filaments, including internal microtubule struts and intermediate
filaments that are connected to cell-ECM adhesion structures
(Ingber et al, 2014). The cell shape represents the total
equilibrium of inner and outer forces as an effective work of
the cytoskeleton network. Therefore, this model offers a good
explanation as to why cells have a round shape when floating, or
exhibit greater spread on hard substrata compared to soft.

This dynamic equilibrium of forces is not only important
for a single cell during the division and migration but also
plays a crucial role at the multicellular level (Vishwakarma and
Di Russo, 2019). In epithelia, individual cells balance cell-ECM
traction forces with the adhesion to neighboring cells, therefore
creating cell-cell stresses spread throughout the whole tissue. In
this respect, the above-described model might be extended to
a “collective tensegrity.” Thus, from the physiological point of
view, this is of high relevance to understanding the mechanical
stimuli affecting the epithelia at a multicellular level or mesoscale
(Trepat and Sahai, 2018). Intriguingly, if the ECM is carefully
removed without interfering with cell-cell interaction, epithelia
are not rounding up as might be expected but instead changing
the specialized tissue morphology and function. This supports
the importance of ECM in controlling epithelial mechanobiology
(Banerjee et al., 1977). Moreover, a recent study on drosophila
leg development has demonstrated that ECM plays a key role in
regulating epithelial tensegrity. It was shown that the peripodial
epithelium which defines the imaginal leg disc, builds up a
multicellular tension through the mechanical constrain of the
BM. Nevertheless, later in development, the monolayer has to
detach from its BM to overcome the matrix constrain and lose
its tensegrity, thus allowing the epithelial rupture and retraction
crucial for leg elongation (Proag et al., 2019). In conclusion,
the mechanical properties of epithelia as a complex system
cannot be considered without the connection to the specific
ECM environment.

To dissect the relationship between cell-ECM traction forces
and cell-cell stress, experiments using a minimal model of
epithelial tissue were conducted (Maruthamuthu et al., 2011).
The analyses of pairs of interacting epithelial cells revealed not
just a force misbalance from the single-cell point of view, but
rather equilibrium within the whole system. As a consequence of
the formation of adherens junctions, epithelial cells interconnect
to each other with an endogenous force of about 100 nN

(Maruthamuthu et al., 2011). With the increasing number of cells
in the system, clusters and sheets of cells show the same behavior.
Therefore, with increasing cell numbers the traction forces raise
only at the colony peripheries and the stresses redistribute or
dissipate within the whole cell collective (Maruthamuthu et al,,
2011; Sunyer et al., 2016; Shellard and Mayor, 2019). Altering
cell-.ECM adhesion also impacts the intercellular stresses as a
result of the new force balance with the substrate, supporting the
tensegrity model. To be noted, not only the mechanical properties
(e.g., stiffness) of the ECM but also its biochemical composition
alone affects force redistribution in the collective, indicating
the significance of ECM complexity in epithelial mechanics
(Maruthamuthu et al., 2011; Vishwakarma and Di Russo, 2019).
With regards to this ability of epithelia to balance forces, an
interesting phenomenon has been observed in keratinocytes:
in the process of reepithelization in wound healing, basal
keratinocytes might encounter a region of low adhesiveness while
migrating on a heterogeneous matrix. It has been described that
in order to maintain tissue integrity, keratinocytes monolayers
can bridge non-adhesive ECM regions, increasing intercellular
stresses through cooperative traction forces at the monolayer
edges (Vedula et al., 2014).

ECM, Epithelial Dynamics, and
Morphogenesis

Epithelia are highly dynamic tissues with active cell division,
cell mingling, and replacement of damaged or dead
cells (Vishwakarma and Di Russo, 2019). These natural
rearrangements lead to a redistribution of forces and, thus, a
mechanical heterogeneity of the whole epithelia (Vishwakarma
and Di Russo, 2019). This is also a consequence of the
organization in coordinated cell-packs within the tissue, thus
creating only a local order within otherwise heterogeneous
tissue (Garrahan, 2011). Experimental evidence of epithelial
monolayer traction force microscopy and its 3D plotting have
shown that monolayer stress distribution is a rugged landscape
where peaks (high-stress regions) or valleys (low-stress regions)
are equivalent to the region of cellular coordination where forces
are redistributed within cell-packs (Tambe et al., 2011). These
packs can be characterized by correlating the force vectors or
velocities vectors, in the presence of cell movements. In specific
environmental conditions, these packs possess a critical size
below which cells can coordinate stress. The size of coordination
largely depends on ECM mechanical features as similarly shown
by Maruthamuthu V. and colleagues for smaller cell clusters
(Maruthamuthu et al., 2011; Vishwakarma et al., 2018). The
universality of this phenomenon was shown with MDCK cells
(tubular kidney epithelium) and HaCaT cells (keratinocytes)
which are phenotypically and functionally different but both are
able to cooperate on a scale of 10-15 cell diameters (Tambe et al.,
2011; Vishwakarma et al., 2018). This stress heterogeneity of the
monolayer has been shown to exist both in vitro and in vivo
(Garrahan, 2011; Mongera et al., 2018) and a growing amount
of data supports its important role in controlling epithelial
functions (Vishwakarma and Di Russo, 2019; Vishwakarma
et al., 2020). For example, it has been proposed that the ability
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of epithelial cells to coordinate in packs may play a role in
regulating the extrusion of apoptotic cells from monolayers
(Saw et al., 2017).

Recent data in vivo also strongly support the idea of the
connection between local ECM heterogeneity and this epithelial
mechanical anisotropy (Crest et al., 2017; Sui et al, 2018;
Fiore et al,, 2020). It has been shown that during carcinoma
development, mutated cells more efficiently cooperate with
each other, thus creating a local increase of tissue stiffness.
Here, the mechanical contribution of the epidermal BM in
the tumor region plays a more important role compared to
the actual epithelial stiffness in regulating tumor morphology
(Fiore et al., 2020). Additionally, in vitro experiments using
3D epithelial spheroids and artificial matrices have shown the
connection between integrin receptors clustering and ECM
stiffness (Chaudhuri et al., 2014). The alteration of the epithelial
phenotype is supported only when the ECM stiffness increases
without an increase of ligand density. In particular, the failure
of integrin a6f4 clustering and hemidesmosomes formation
induces epithelial malignancy pathways. Altogether, these data
highlight the underestimated complex relation between the ECM
mechanics and specific biochemical heterogeneity in controlling
epithelial phenotype.

Growing body of observation from developmental processes
involving epithelial morphogenesis has shown that ECM
patterning plays a key role in controlling local tissue mechanics
(Crest et al., 2017; Sui et al., 2018). Similar to what has been
shown during carcinoma expansion (Fiore et al, 2020), in
drosophila egg chamber elongation and wing imaginal disc
formation, the epithelial folding is mainly regulated by ECM
resilience. Surprisingly, polarized cellular actomyosin contraction
plays a minor role in epithelial morphogenesis, but rather the
local reduction of BM density drives the monolayer mechanical
anisotropy (Sui et al., 2018).

During dynamic cell rearrangements such as in development
(Mongera et al., 2018), cells possess a certain persistence of
motion related to migration and preferred cell shape as a result of
the balance between the specific adhesion and tension forces (Bi
et al,, 2015). A shift of these parameters can define a monolayer
as solid-like or fluid-like and leads to transitions that have been
compared to glass transition occurring in a supercooled fluid
or dense particulate matter (Garrahan, 2011). The solid-like
state of the epithelia is characterized by nearly homogeneous
shapes and constant position of cells with little fluctuations, as
in homeostatic tissue. However, certain conditions might lead
to unjamming and reshuffling of the monolayer (Malinverno
et al,, 2017), leading to shape and coordination heterogeneity
of the whole tissue. Shape heterogeneity appears as a result of
dynamic monolayer reconfiguration and produces high inner
energy that provides the epithelium with specific mechanical
properties. This could predetermine the phase transition between
the jammed and unjammed states of cell sheets (Park et al., 2016).
ECM remodeling has been shown to regulate the conversion
of cell shape in epithelia during development (Sui et al., 2018).
In the elongation of drosophila wings and legs, epithelial cells
undergo columnar to cuboidal shape transformation to allow
enlargement of cells area and thus a collective expansion of the
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FIGURE 3 | Graphical overview of possible effects of ECM biochemical
(yellow to green) and mechanical (blue to red) remodeling on epithelial tissue.
Different adhesion conditions may affect epithelia in various aspects such as
barrier function (A), remodeling (B) and mechanical anisotropy (C). Here we
schematize an increase of permeability, a jamming-unjamming transition and a
stiffening of the monolayer upon new ECM.
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tissue. This process is driven by the fine regulation of specific
proteinase expression which locally changes the ECM leading to
alteration of actomyosin contraction in the cells (Sui et al., 2018).
Matrix mechanical gradient commands not only the shape of
the cells but also its eccentricity and the orientation of division,
suggesting a link between ECM anisotropy and epithelial local
unjamming crucial for tissue morphogenesis (Mongera et al.,
2018; Chen et al., 2019).

In the homeostatic state of the adult epithelia, within
overcrowded regions, external forces tend to redistribute in order
to be balanced for each particular cell. As a result, most of the cells
possess a hexagonal shape and arrange themselves in honeycomb-
like structures as a representation of an energetically beneficial
state (Figure 2A; Bi et al., 2015). Using computer simulations of
the vortex model, it has been shown that the transition between
jammed and unjammed status can be modeled and predicted
using an adimensional shape factor obtained combining cell
area and perimeter (q = P/y/A) (Bi et al., 2015). The different
predictions were used to obtain a jamming phase diagram,
suggesting the presence of a threshold of intercellular stresses
and traction forces up to which epithelia stay in a jammed
status (Park et al, 2016). As discussed above, the emerging
role of cell jamming-unjamming transition was highlighted in
development but also appears in the context of asthma and
cancer (Park et al., 2015; Mongera et al., 2018; Palamidessi et al.,
2019). It has been shown that the epithelial monolayer develops a
different level of traction forces and stresses in asthmatic vs. non-
asthmatic patients. Cells from asthmatic patients showed a lower
threshold to undergo phase transition, making the epithelium
hypersensitive to stresses (Park et al., 2015). Differences in
traction forces can also increase due to ECM mechanical and
biochemical remodeling. Therefore, it is reasonable to think that
local ECM heterogeneity has a central role in controlling the
threshold of phase transition also in diseases (Tambe et al., 2011;
Ladoux and Mege, 2017; Vishwakarma and Di Russo, 2019;
Figure 3). Tissue morphogenesis and cancer development are
also characterized by the collective migration of epithelial cells
(Rorth, 2012). This inherent ability of all epithelia is possible
due to the intercellular transmission of forces which allows for
the efficient coordination of their movement during migration.
Upon cell movement, the increased tension at tight junctions
with the neighbor cell leads to the formation of an intracellular
Racl gradient (Das et al., 2015), which makes each individual
cell align and migrate toward the net force, thus minimizing
intercellular shear stresses in a process called plithotaxis (Trepat
and Fredberg, 2011). As a consequence of plithotaxis, epithelia
are able to respond to environmental changes on a larger scale
and more efficient scale compared to single cells. This has
been nicely demonstrated in the ability of monolayers to move
toward stiffness gradients of ECM substrata (collective durotaxis)
(Sunyer et al., 2016) underlining the functional importance of
supracellular force transmission for epithelial function (Shellard
and Mayor, 2019). During the onset of collective monolayer
migration, the length scale of force propagation is directly
correlated to the amount of stress present in the epithelia. It
has been shown that stiffer substrata and thus larger distances
of force correlation, induce a lower number of leader cells
to guide monolayer migration (Vishwakarma et al, 2018).

Long-range force transmission also has the role of dissipating
mechanical stress as shown by monolayer deformations that
emerge right after wound closure and propagate across the
whole epithelium as decaying waves (Rodriguez-Franco et al.,
2017). In conclusion, also in collective migration, the complex
relation of ECM mechanical and biochemical signals has a
direct effect in defining the intercellular stress distribution and
its length scale.

FINAL REMARKS

Understanding ECM composition in different biological
processes and its implication for epithelial mechanobiology
is fundamental to suitably engineer biomaterials to support
epithelial tissues. For example, distinct laminin isoforms in
the BM or the presence of aberrant matrix proteins such as
fibronectin, dramatically differ in controlling cell adhesion,
traction forces, and thus functions. The same is valid for variable
stiffnesses provided by the IMs. Nevertheless, it is still unclear
how the nature of ECM ligands and their density in relation
to the stiffness may affect mechanotransduction processes.
Till now mechanobiological studies have been conducted in
developmental contexts or using in vitro systems. Many open
questions still need answers for the mechanobiological impact
resulting in the dramatic changes occurring during epithelial
aging and disease.

Altogether different ECM biochemical and mechanical cues
strongly influence epithelial functions. New ECM composition
may lead to an alteration of the epithelial barrier, monolayer
remodeling and the formation of local mechanical anisotropy
(Figure 3). Finally, it is important to look at epithelial behavior at
the multicellular mesoscale level, due to their collective behavior
and their ability to respond and “sense” the environment at mm
rather than pum scale.

AUTHOR CONTRIBUTIONS

ANK and JDR wrote and corrected the manuscript. ANK,
TP, and JDR prepared the illustrations and proofread the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by a grant from the Interdisciplinary
Centre for Clinical Research within the faculty of Medicine at the
RWTH Aachen University and the DWI - Leibniz-Institute for
Interactive Materials.

ACKNOWLEDGMENTS

We thank Adam Breitscheidel for his support with the graphic
design and Natalia Simon for proofreading the manuscript.
Additionally, we acknowledge the affiliation with the ME3T
graduate school (GRK 2415/363055819).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2020 | Volume 8 | Article 596599


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Kozyrina et al.

Epithelial Mechanobiology and ECM Heterogeneity

REFERENCES

Alberts, B., Johnson, A., Lewis, J., Morgan, D., Raff, M., Roberts, K., et al. (2017).
Molecular Biology of the Cell. New York, NY: Garland Science.

Arcangelis, A. D., Hamade, H., Alpy, F., Normand, S., Bruyére, E., Lefebvre, O.,
et al. (2017). Hemidesmosome integrity protects the colon against colitis and
colorectal cancer. Gut 66:1748. doi: 10.1136/gutjnl-2015-310847

Aumailley, M. (2012). The laminin family. Cell. Adhes. Migr. 7,48-55. doi: 10.4161/
cam.22826

Bichinger, H. P., Mizuno, K., Vranka, J. A, and Boudko, S. P. (2010).
Comprehensive Natural Products II. Amsterdam: Elsevier, 469-530.

Banerjee, S. D., Cohn, R. H., and Bernfield, M. R. (1977). Basal lamina of embryonic
salivary epithelia. Production by the epithelium and role in maintaining lobular
morphology. J. Cell. Biol. 73, 445-463. doi: 10.1083/jcb.73.2.445

Bazelliéres, E., Conte, V., Elosegui-Artola, A., Serra-Picamal, X., Bintanel-Morcillo,
M., Roca-Cusachs, P., et al. (2015). Control of cell-cell forces and collective
cell dynamics by the intercellular adhesome. Nat. Cell Biol. 17, 409-420. doi:
10.1038/ncb3135

Belkin, A. M., and Stepp, M. A. (2000). Integrins as receptors for laminins. Microsc.
Res. Technig. 51, 280-301.

Bi, D., Lopez, J. H., Schwarz, J. M., and Manning, M. L. (2015). A density-
independent rigidity transition in biological tissues. Nat. Phys. 11, 1074-1079.
doi: 10.1038/nphys3471

Birch, H. L. (2019). Biochemistry and Cell Biology of Ageing: Part I Biomedical
Science. Berlin: Springer, 169-190.

Booij, J. C., Baas, D. C., Beisekeeva, J., Gorgels, T. G. M. F., and Bergen, A. A. B.
(2010). The dynamic nature of Bruch’s membrane. Prog. Retin. Eye Res. 29, 1-18.
doi: 10.1016/j.preteyeres.2009.08.003

Booth, A. J., Hadley, R., Cornett, A. M., Dreffs, A. A., Matthes, S. A., Tsui, J. L.,
et al. (2012). Acellular normal and fibrotic human lung matrices as a culture
system for in vitro investigation. Am. J. Resp. Crit. Care 186, 866-876. doi:
10.1164/rccm.201204-07540¢

Califano, J. P., and Reinhart-King, C. A. (2009). Exogenous and endogenous force
regulation of endothelial cell behavior. J. Biomech. 43, 79-86. doi: 10.1016/j.
jbiomech.2009.09.012

Candiello, J., Balasubramani, M., Schreiber, E. M., Cole, G. J., Mayer, U,
Halfter, W., et al. (2007). Biomechanical properties of native basement
membranes. FEBS . 274, 2897-2908. doi: 10.1111/j.1742-4658.2007.
05823.x

Carter, W. G., Kaur, P,, Gil, S. G,, Gahr, P. ., and Wayner, E. A. (1990). Distinct
functions for integrins alpha 3 beta 1 in focal adhesions and alpha 6 beta
4/bullous pemphigoid antigen in a new stable anchoring contact (SAC) of
keratinocytes: relation to hemidesmosomes. J. Cell. Biol. 111, 3141-3154. doi:
10.1083/jcb.111.6.3141

Chaudhari, P. R., and Vaidya, M. M. (2014). Versatile hemidesmosomal linker
proteins: structure and function. Histol. Histopathol. 30, 425-434.

Chaudhuri, O., Koshy, S. T., Cunha, C. B., da Shin, J.-W., Verbeke, C. S., Allison,
K. H,, et al. (2014). Extracellular matrix stiffness and composition jointly
regulate the induction of malignant phenotypes in mammary epithelium. Nat.
Mater. 13, 970-978. doi: 10.1038/nmat4009

Chen, D.-Y,, Crest, J., Streichan, S. J., and Bilder, D. (2019). Extracellular matrix
stiffness cues junctional remodeling for 3D tissue elongation. Nat. Commun.
10:3339. doi: 10.1038/s41467-019-10874-x

Crest, J., Diz-Mufoz, A., Chen, D.-Y., Fletcher, D. A., and Bilder, D. (2017).
Organ sculpting by patterned extracellular matrix stiffness. eLife 6:€24958. doi:
10.7554/elife.24958

Das, T., Safferling, K., Rausch, S., Grabe, N., Boehm, H., and Spatz, J. P. (2015).
A molecular mechanotransduction pathway regulates collective migration of
epithelial cells. Nat. Cell Biol. 17, 276-287. doi: 10.1038/ncb3115

Di Russo, J., Luik, A., Yousif, L., Budny, S., Oberleithner, H., Hofschréer, V., et al.
(2017). Endothelial basement membrane laminin 511 is essential for shear stress
response. EMBO J. 36, 183-201. doi: 10.15252/embj.201694756

Dogic, D., Rousselle, P., and Aumailley, M. (1998). Cell adhesion to laminin 1
or 5 induces isoform-specific clustering of integrins and other focal adhesion
components. J. Cell Sci. 111(Pt 6), 793-802.

Endlich, N., and Endlich, K. (2012). The challenge and response of podocytes
to glomerular hypertension. Semin. Nephrol. 32, 327-341. doi: 10.1016/].
semnephrol.2012.06.004

Fiore, V. F., Krajnc, M., Quiroz, F. G, Levorse, J., Pasolli, H. A., Shvartsman, S. Y.,
etal. (2020). Mechanics of a multilayer epithelium instruct tumour architecture
and function. Nature 585, 433-439. doi: 10.1038/s41586-020-2695-9

Frantz, C., Stewart, K. M., and Weaver, V. M. (2010). The extracellular matrix at a
glance. J. Cell Sci. 123, 4195-4200. doi: 10.1242/jcs.023820

Garrahan, J. (2011). Dynamic heterogeneity comes to life. Proc. Natl. Acad. Sci.
U.S.A. 108, 4701-4702. doi: 10.1073/pnas.1101436108

Grantham, J.J., Donoso, V. S., Evan, A. P., Carone, F. A., and Gardner, K. D. (1987).
Viscoelastic properties of tubule basement membranes in experimental renal
cystic disease. Kidney Int. 32, 187-197. doi: 10.1038/ki.1987.191

Guimaraes, C. F., Gasperini, L., Marques, A. P., and Reis, R. L. (2020). The stiffness
of living tissues and its implications for tissue engineering. Nat. Rev. Mater. 5,
351-370. doi: 10.1038/s41578-019-0169-1

Heisenberg, C.-P., and Bellaiche, Y. (2013). Forces in tissue morphogenesis and
patterning. Cell 153, 948-962. doi: 10.1016/j.cell.2013.05.008

Hohenester, E., and Yurchenco, P. D. (2013). Laminins
membrane assembly. Cell Adhes. Migr. 7, 56-63. doi:
21831

Humpbhries, J. D., Byron, A., and Humphries, M. J. (2006). Integrin ligands at a
glance. J. Cell Sci. 119, 3901-3903. doi: 10.1242/jcs.03098

Ingber, D. E. (2003). Tensegrity I. Cell structure and hierarchical systems biology.
J. Cell Sci. 116, 1157-1173. doi: 10.1242/jcs.00359

Ingber, D. E., Wang, N., and Stamenoviz, D. (2014). Tensegrity, cellular biophysics,
and the mechanics of living systems. Rep. Prog. Phys. 77:046603. doi: 10.1088/
0034-4885/77/4/046603

Karcher, H., Lammerding, J., Huang, H., Lee, R. T., Kamm, R. D., and
Kaazempur-Mofrad, M. R. (2003). A three-dimensional viscoelastic model for
cell deformation with experimental verification. Biophys. J. 85, 3336-3349. doi:
10.1016/s0006-3495(03)74753-5

Kikkawa, Y., Hozumi, K., Katagiri, F., Nomizu, M., Kleinman, H., and Koblinski, J.
(2013). Laminin-111-derived peptides and cancer. Cell Adhes. Migr. 7, 150-159.
doi: 10.4161/cam.22827

Kiritsi, D., Has, C., and Bruckner-Tuderman, L. (2013). Laminin 332 in junctional
epidermolysis bullosa. Cell Adhes. Migr. 7, 135-141. doi: 10.4161/cam.22418

Koivisto, L., Hakkinen, L., and Larjava, H. (2011). Re-epithelialization of wounds.
Endod. Top. 24, 59-93. doi: 10.1111/etp.12007

Ladoux, B., and Mege, R.-M. M. (2017). Mechanobiology of collective cell
behaviours. Nat. Rev. Mol. Cell. Biol. 18, 743-757. doi: 10.1038/nrm.2017.98

Lee, J., and Streuli, C. (2014). Integrins and epithelial cell polarity. J. Cell Sci. 127,
3217-3225. doi: 10.1242/jcs.146142

Lodish, H., Berk, A., Zipursky, S. L., Matsudaira, P., and Baltimore, D. (2003).
Molecular Cell Biology, 5th Edn. New York, NY: W. H. Freeman.

Ma, Z., Mao, Z., and Gao, C. (2007). Surface modification and property analysis of
biomedical polymers used for tissue engineering. Colloids Surf. B Biointerf. 60,
137-157. doi: 10.1016/j.colsurfb.2007.06.019

Malinverno, C., Corallino, S., Giavazzi, F., Bergert, M., Li, Q., Leoni, M., et al.
(2017). Endocytic reawakening of motility in jammed epithelia. Nat. Mater. 16,
587-596. doi: 10.1038/nmat4848

Maruthamuthu, V., Sabass, B., Schwarz, U. S., and Gardel, M. L. (2011). Cell-ECM
traction force modulates endogenous tension at cell-cell contacts. Proc. Natl.
Acad. Sci. U.S.A. 108, 4708-4713. doi: 10.1073/pnas.1011123108

Mas-Moruno, C., Fraioli, R., Rechenmacher, F., Neubauer, S., Kapp, T. G., and
Kessler, H. (2016). avf3- or a5p1-integrin-selective peptidomimetics for surface
coating. Angew. Chem. Int. Ed. 55, 7048-7067. doi: 10.1002/anie.201509782

Mescher, A. (2016). Junqueiras Basic Histology Text & Atlas. New York, NY:
McGraw-Hill Medical.

Meyers, S., and Grinstaff, M. (2012). Biocompatible and bioactive surface
modifications for prolonged in vivo efficacy. Chem. Rev. 112, 1615-1632. doi:
10.1021/cr2000916

Mongera, A., Rowghanian, P., Gustafson, H. J., Shelton, E., Kealhofer, D. A., Carn,
E. K, et al. (2018). A fluid-to-solid jamming transition underlies vertebrate
body axis elongation. Nature 561, 401-405. doi: 10.1038/s41586-018-0479-2

Mouw, J. K., Ou, G., and Weaver, V. M. (2014). Extracellular matrix assembly: a
multiscale deconstruction. Nat. Rev. Mol. Cell Biol. 15, 771-785. doi: 10.1038/
nrm3902

Nievers, M. G., Schaapveld, R. Q. J., and Sonnenberg, A. (1999). Biology and
function of hemidesmosomes. Matrix Biol. 18, 5-17. doi: 10.1016/s0945-
053x(98)00003- 1

in basement
10.4161/cam.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2020 | Volume 8 | Article 596599


https://doi.org/10.1136/gutjnl-2015-310847
https://doi.org/10.4161/cam.22826
https://doi.org/10.4161/cam.22826
https://doi.org/10.1083/jcb.73.2.445
https://doi.org/10.1038/ncb3135
https://doi.org/10.1038/ncb3135
https://doi.org/10.1038/nphys3471
https://doi.org/10.1016/j.preteyeres.2009.08.003
https://doi.org/10.1164/rccm.201204-0754oc
https://doi.org/10.1164/rccm.201204-0754oc
https://doi.org/10.1016/j.jbiomech.2009.09.012
https://doi.org/10.1016/j.jbiomech.2009.09.012
https://doi.org/10.1111/j.1742-4658.2007.05823.x
https://doi.org/10.1111/j.1742-4658.2007.05823.x
https://doi.org/10.1083/jcb.111.6.3141
https://doi.org/10.1083/jcb.111.6.3141
https://doi.org/10.1038/nmat4009
https://doi.org/10.1038/s41467-019-10874-x
https://doi.org/10.7554/elife.24958
https://doi.org/10.7554/elife.24958
https://doi.org/10.1038/ncb3115
https://doi.org/10.15252/embj.201694756
https://doi.org/10.1016/j.semnephrol.2012.06.004
https://doi.org/10.1016/j.semnephrol.2012.06.004
https://doi.org/10.1038/s41586-020-2695-9
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1073/pnas.1101436108
https://doi.org/10.1038/ki.1987.191
https://doi.org/10.1038/s41578-019-0169-1
https://doi.org/10.1016/j.cell.2013.05.008
https://doi.org/10.4161/cam.21831
https://doi.org/10.4161/cam.21831
https://doi.org/10.1242/jcs.03098
https://doi.org/10.1242/jcs.00359
https://doi.org/10.1088/0034-4885/77/4/046603
https://doi.org/10.1088/0034-4885/77/4/046603
https://doi.org/10.1016/s0006-3495(03)74753-5
https://doi.org/10.1016/s0006-3495(03)74753-5
https://doi.org/10.4161/cam.22827
https://doi.org/10.4161/cam.22418
https://doi.org/10.1111/etp.12007
https://doi.org/10.1038/nrm.2017.98
https://doi.org/10.1242/jcs.146142
https://doi.org/10.1016/j.colsurfb.2007.06.019
https://doi.org/10.1038/nmat4848
https://doi.org/10.1073/pnas.1011123108
https://doi.org/10.1002/anie.201509782
https://doi.org/10.1021/cr2000916
https://doi.org/10.1021/cr2000916
https://doi.org/10.1038/s41586-018-0479-2
https://doi.org/10.1038/nrm3902
https://doi.org/10.1038/nrm3902
https://doi.org/10.1016/s0945-053x(98)00003-1
https://doi.org/10.1016/s0945-053x(98)00003-1
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Kozyrina et al.

Epithelial Mechanobiology and ECM Heterogeneity

Pailler-Mattei, C., Bec, S., and Zahouani, H. (2008). In vivo measurements of the
elastic mechanical properties of human skin by indentation tests. Med. Eng.
Phys. 30, 599-606. doi: 10.1016/j.medengphy.2007.06.011

Palamidessi, A., Malinverno, C., Frittoli, E., Corallino, S., Barbieri, E., Sigismund,
S., et al. (2019). Unjamming overcomes kinetic and proliferation arrest in
terminally differentiated cells and promotes collective motility of carcinoma.
Nat. Mater. 18, 1252-1263. doi: 10.1038/s41563-019-0425- 1

Park, J.-A., Atia, L., Mitchel, . A., Fredberg, J. J., and Butler, J. P. (2016). Collective
migration and cell jamming in asthma, cancer and development. J. Cell Sci. 129,
3375-3383. doi: 10.1242/jcs.187922

Park, J.-A. A, Kim, J. H., Bi, D., Mitchel, J. A., Qazvini, N. T., Tantisira, K., et al.
(2015). Unjamming and cell shape in the asthmatic airway~epithelium. Nat.
Mater. 14, 1040-1048. doi: 10.1038/nmat4357

Pefuela, L., Negro, C., Massa, M., Repaci, E., Cozzani, E., Parodi, A., et al. (2018).
Atomic force microscopy for biomechanical and structural analysis of human
dermis: a complementary tool for medical diagnosis and therapy monitoring.
Exp. Dermatol. 27, 150-155. doi: 10.1111/exd.13468

Poschl, E., Schlotzer-Schrehardt, U., Brachvogel, B., Saito, K., Ninomiya, Y., and
Mayer, U. (2004). Collagen IV is essential for basement membrane stability
but dispensable for initiation of its assembly during early development.
Development 131, 1619-1628. doi: 10.1242/dev.01037

Pozzi, A., Yurchenco, P., and Tozzo, R. (2017). The nature and biology of basement
membranes. Matrix Biol. 57, 1-11. doi: 10.1016/j.matbio.2016.12.009

Proag, A., Monier, B., and Suzanne, M. (2019). Physical and functional cell-matrix
uncoupling in a developing tissue under tension. Development 146, dev172577.
doi: 10.1242/dev.172577

Rajagopal, V., Holmes, W. R, and Lee, P. V. S. (2017). Computational modeling of
single-cell mechanics and cytoskeletal mechanobiology. Wiley Interdiscip. Rev.
Syst. Biol. Med. 10:¢1407. doi: 10.1002/wsbm.1407

Ramms, L., Fabris, G., Windoffer, R., Schwarz, N., Springer, R., Zhou, C,, et al.
(2013). Keratins as the main component for the mechanical integrity of
keratinocytes. Proc. Natl. Acad. Sci. U.S.A. 110, 18513-18518. doi: 10.1073/pnas.
1313491110

Rickman, C. B., LaVail, M. M., Anderson, R. E., Grimm, C., Hollyfield, J., and Ash, J.
(eds) (2016). Advances in Experimental Medicine and Biology. Berlin: Springer.

Rodriguez-Franco, P., Brugués, A., Marin-Llaurado, A., Conte, V., Solanas, G.,
Batlle, E., et al. (2017). Long-lived force patterns and deformation waves
at repulsive epithelial boundaries. Nat. Mater. 16, 1029-1037. doi: 10.1038/
nmat4972

Rerth, P. (2012). Fellow travellers: emergent properties of collective cell migration.
EMBO Rep. 13, 984-991. doi: 10.1038/embor.2012.149

Rousselle, P., and Beck, K. (2013). Laminin 332 processing impacts cellular
behavior. Cell Adhes. Migr. 7, 122-134. doi: 10.4161/cam.23132

Russell, D., Andrews, P. D., James, J., and Lane, E. B. (2004). Mechanical
stress induces profound remodelling of keratin filaments and cell junctions
in epidermolysis bullosa simplex keratinocytes. J. Cell Sci. 117, 5233-5243.
doi: 10.1242/jcs.01407

Sasaki, T., and Timpl, R. (2001). Domain IVa of laminin a5 chain is cell-adhesive
and binds p1 and VB3 integrins through Arg-Gly-Asp. FEBS Lett. 509, 181-
185. doi: 10.1016/s0014-5793(01)03167-2

Saw, T. B., Doostmohammadi, A., Nier, V., Kocgozlu, L., Thampi, S., Toyama, Y.,
et al. (2017). Topological defects in epithelia govern cell death and extrusion.
Nature 544, 212-216. doi: 10.1038/nature21718

Schiller, H. B., and Féssler, R. (2013). Mechanosensitivity and compositional
dynamics of cell-matrix adhesions. EMBO Rep. 14, 509-519. doi: 10.1038/
embor.2013.49

Seltmann, K., Fritsch, A. W., Kis, J. A., and Magin, T. M. (2013). Keratins
significantly contribute to cell stiffness and impact invasive behavior. Proc. Natl.
Acad. Sci. U.S.A. 110, 18507-18512. doi: 10.1073/pnas.1310493110

Shellard, A., and Mayor, R. (2019). Supracellular migration - beyond collective cell
migration. J. Cell Sci. 132, jcs226142. doi: 10.1242/jcs.226142

Silver, F. H., Siperko, L. M., and Seehra, G. P. (2003). Mechanobiology of force
transduction in dermal tissue. Skin Res. Technol. 9, 3-23. doi: 10.1034/j.1600-
0846.2003.00358.x

Sorokin, L. (2010). The impact of the extracellular matrix on inflammation. Nat.
Rev. Immunol. 10, 712-723. doi: 10.1038/nri2852

Sui, L., Alt, S., Weigert, M., Dye, N., Eaton, S., Jug, F., et al. (2018). Differential
lateral and basal tension drive folding of Drosophila wing discs through two
distinct mechanisms. Nat. Commun. 9:4620. doi: 10.1038/s41467-018-06497-3

Sunyer, R, Conte, V., Escribano, J., Elosegui-Artola, A., Labernadie, A., Valon, L.,
et al. (2016). Collective cell durotaxis emerges from long-range intercellular
force transmission. Science 353, 1157-1161. doi: 10.1126/science.aaf
7119

Tambe, D. T., Hardin, C. C., Angelini, T. E., Rajendran, K., Park, C. Y., Serra-
Picamal, X,, et al. (2011). Collective cell guidance by cooperative intercellular
forces. Nat. Mater. 10, 469-475. doi: 10.1038/nmat3025

Tarau, L.-S., Ra, S., Berlin, A., Curcio, C. A., and Ach, T. (2019). The cytoskeleton
of the retinal pigment epithelium: from normal aging to age-related macular
degeneration. Int. J. Mol. Sci. 20:3578. doi: 10.3390/ijms20143578

Trepat, X., and Fredberg, J. J. (2011). Plithotaxis and emergent dynamics in
collective cellular migration. Trends Cell. Biol. 21, 638-646. doi: 10.1016/j.tcb.
2011.06.006

Trepat, X., and Sahai, E. (2018). Mesoscale physical principles of collective cell
organization. Nat. Phys. 14, 671-682. doi: 10.1038/s41567-018-0194-9

Tschumperlin, D. J., Boudreault, F., and Liu, F. (2009). Recent advances and new
opportunities in lung mechanobiology. J. Biomech. 43, 99-107. doi: 10.1016/j.
jbiomech.2009.09.015

Underwood, R. A., Carter, W. G., Usui, M. L., and Olerud, J. E. (2008).
Ultrastructural localization of integrin subunits f4 and a3 within the migrating
epithelial tongue of in vivo human wounds. J. Histochem. Cytochem. 57, 123—
142. doi: 10.1369/jhc.2008.952176

Vedula, S. R. K., Hirata, H.,, Nai, M. H., Brugués, A., Toyama, Y., Trepat, X,,
et al. (2014). Epithelial bridges maintain tissue integrity during collective cell
migration. Nat. Mater. 13, 87-96. doi: 10.1038/nmat3814

Vishwakarma, M., and Di Russo, J. (2019). Why does epithelia
display heterogeneity? Bridging physical and biological
concepts.  Biophys. Rev. 11, 683-687. doi: 10.1007/s12551-019-
00583-6

Vishwakarma, M., Di Russo, J., Probst, D., Schwarz, U. S., Das, T., and Spatz,
J. P. (2018). Mechanical interactions among followers determine the emergence
of leaders in migrating epithelial cell collectives. Nat. Commun. 9:3469. doi:
10.1038/541467-018-05927-6

Vishwakarma, M., Spatz, J. P., and Das, T. (2020). Mechanobiology of leader-
follower dynamics in epithelial cell migration. Curr. Opin. Cell Biol. 66, 97-103.
doi: 10.1016/j.ceb.2020.05.007

Walko, G., Castaiion, M. J., and Wiche, G. (2015). Molecular architecture and
function of the hemidesmosome. Cell Tissue Res. 360, 529-544. doi: 10.1007/
s00441-015-2216-6

Welling, L., Zupka, M., and Welling, D. (1995). Mechanical Properties of Basement
Membrane. Physiology 10, 30-35. doi: 10.1152/physiologyonline.1995.
10.1.30

Wen, T., Zhang, Z., Yu, Y., Qu, H., Koch, M., and Aumailley, M. (2010). Integrin
a3 subunit regulates events linked to epithelial repair, including keratinocyte
migration and protein expression. Wound Repair Regen. 18, 325-334. doi: 10.
1111/j.1524-475x.2010.00590.x

Yurchenco, P. D. (2011). Basement membranes: cell scaffoldings and signaling
platforms. CSH Perspect. Biol. 3:a004911. doi: 10.1101/cshperspect.a004911

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Kozyrina, Piskova and Di Russo. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2020 | Volume 8 | Article 596599


https://doi.org/10.1016/j.medengphy.2007.06.011
https://doi.org/10.1038/s41563-019-0425-1
https://doi.org/10.1242/jcs.187922
https://doi.org/10.1038/nmat4357
https://doi.org/10.1111/exd.13468
https://doi.org/10.1242/dev.01037
https://doi.org/10.1016/j.matbio.2016.12.009
https://doi.org/10.1242/dev.172577
https://doi.org/10.1002/wsbm.1407
https://doi.org/10.1073/pnas.1313491110
https://doi.org/10.1073/pnas.1313491110
https://doi.org/10.1038/nmat4972
https://doi.org/10.1038/nmat4972
https://doi.org/10.1038/embor.2012.149
https://doi.org/10.4161/cam.23132
https://doi.org/10.1242/jcs.01407
https://doi.org/10.1016/s0014-5793(01)03167-2
https://doi.org/10.1038/nature21718
https://doi.org/10.1038/embor.2013.49
https://doi.org/10.1038/embor.2013.49
https://doi.org/10.1073/pnas.1310493110
https://doi.org/10.1242/jcs.226142
https://doi.org/10.1034/j.1600-0846.2003.00358.x
https://doi.org/10.1034/j.1600-0846.2003.00358.x
https://doi.org/10.1038/nri2852
https://doi.org/10.1038/s41467-018-06497-3
https://doi.org/10.1126/science.aaf7119
https://doi.org/10.1126/science.aaf7119
https://doi.org/10.1038/nmat3025
https://doi.org/10.3390/ijms20143578
https://doi.org/10.1016/j.tcb.2011.06.006
https://doi.org/10.1016/j.tcb.2011.06.006
https://doi.org/10.1038/s41567-018-0194-9
https://doi.org/10.1016/j.jbiomech.2009.09.015
https://doi.org/10.1016/j.jbiomech.2009.09.015
https://doi.org/10.1369/jhc.2008.952176
https://doi.org/10.1038/nmat3814
https://doi.org/10.1007/s12551-019-00583-6
https://doi.org/10.1007/s12551-019-00583-6
https://doi.org/10.1038/s41467-018-05927-6
https://doi.org/10.1038/s41467-018-05927-6
https://doi.org/10.1016/j.ceb.2020.05.007
https://doi.org/10.1007/s00441-015-2216-6
https://doi.org/10.1007/s00441-015-2216-6
https://doi.org/10.1152/physiologyonline.1995.10.1.30
https://doi.org/10.1152/physiologyonline.1995.10.1.30
https://doi.org/10.1111/j.1524-475x.2010.00590.x
https://doi.org/10.1111/j.1524-475x.2010.00590.x
https://doi.org/10.1101/cshperspect.a004911
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Mechanobiology of Epithelia From the Perspective of Extracellular Matrix Heterogeneity
	The Extracellular Matrix of Epithelia
	Basement Membrane Receptors
	Epithelial Mechanics
	From Single Cell to Collective
	ECM, Epithelial Dynamics, and Morphogenesis

	Final Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


