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ABSTRACT

The extracellular matrix (ECM) plays an essential role in all multicellular organisms as a substrate
for cell anchorage and tissue scaffolding. It is involved in diverse processes such as cell
proliferation and survival, tissue morphogenesis, cell fate determination, and wound healing.
Given the critical role of the ECM, the mechanisms regulating its formation have been studied
extensively both in vitro and in vivo. Tissue tension and cadherin-based interactions were early
on identified as critical factors through which ECM deposition was regulated. However, the
mechanism through which adherens junctions influence ECM deposition was unclear and believed
to be indirect, through the establishment of tissue-level tension. Unpublished data from our group
however revealed that AJs can stimulate and spatially guide integrin activation creating spatially
restricted pools of high ligand affinity receptors at cell-cell junctions. In this study we addressed
the possibility that these AJ-driven pools of high ligand affinity integrins can a) spatially influence
ligand binding on the cell surface and b) impact ECM deposition. To address these questions, we
initially developed a protocol to allow monitoring fibronectin assembly both during live imaging
as well as in fixed samples. Specifically, we generated fluorescently labelled fibronectin — YPET
FN conditioned media using HEK293 cells. We showed that these conditioned media allow
labelling of FN fibrils in different cell lines and used this assay to select appropriate cells for our
experiments. Subsequently, HeLa and NIH 3T3 fibroblasts were used to show selective
accumulation of FN on cell-cell contacts in various contexts. These data conclusively confirm our
hypothesis that the AJ-driven active integrin pools in fact spatially influence ligand binding on the
cell surface. Interestingly, use of a number of conformational specific integrin antibodies showed
that at early time points only integrins with an extended closed headpiece conformation are
recruited at cell-cell junctions, while accumulation of FN, leads to headpiece opening. We propose
that the selective recruitment of ligands at cell-cell junctions is due to the recruitment and
stabilization of extended conformation integrins at these sites. Given the fact that AJ-driven
integrin activation is believed to be driven by PM tension and subsequent topological adaptation
of the transmembrane domains we then asked if Talin is necessary for this process. Using Talin

null cells we show that ligand accumulation on cell-cell contacts is strictly dependent on Talin



raising the possibility that additional mechanisms may contribute to the process of integrin
activation at AJs. Finally, to directly examine the role of AJs in ECM formation and FN
fibrillogenesis we modulated AJs using various approaches including pharmacological agents and
function-blocking cadherin mutants. These data show that AJs have a profound influence not only
on ligand binding on the cell surface but also on the 3D architecture of the ECM generated by cells
in culture. Collectively our data demonstrate that the impact of AJs on ECM formation and
remodeling goes well beyond the establishment of tissue-level tension and provides mechanistic
insight into the critical integrin cadherin cross talk.
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INTRODUCTION

1. Adherens Junctions

Adherens junctions (AJs) are multi-protein complexes required for the development and survival
of multicellular organisms (Meng and Takeichi, 2009). Cell-cell adhesions are initiated, mediated,
and stabilized by the formation of AJs at the lateral membrane of cells, rendering the AJs essential
for morphogenesis and tissue remodeling. In addition, these complexes are involved in the
remodeling of the actin cytoskeleton, intracellular signaling, and transcriptional regulation
(Hartsock and Nelson, 2008).

The core of AJs includes interactions between the transmembrane glycoprotein Cadherins and the
cytoplasmic catenin family members, including p120 catenin, B-catenin, and a-catenin (Figure 1).
Cadherins of adjacent cells form calcium-dependent homophilic interactions resulting in the
recruitment of intracellular catenins, which in turn can bind to the actin cytoskeleton (Gumbiner,
2005; Hartsock and Nelson, 2008; Meng and Takeichi, 2009).

Interestingly, AJs are highly dynamic structures, able to alter their assembly or disassembly in
association with the epithelial to mesenchymal transition (EMT) of cells, a process known to occur
during development and carcinogenesis. Specifically, tightly adherent, and polarized cells
dissociate from each other, after AJ disassembly, followed by the increased migration of those
cells (Berx and Van Roy, 2001, Conacci-Sorrell et al., 2002).
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Figure 1: Adherens Junction structure. Adherens junctions are cadherin-based structures
formed at the lateral membrane of adjacent cells. They consist of the transmembrane Cadherins
and the cytoplasmic components, including p120 catenin, a-catenin, and p-catenin.

Courtesy of: Yeatman, 2004

1.1 Cadherins

Cadherins constitute a large superfamily of transmembrane glycoproteins involved in cell-cell
adhesion. The cadherin-superfamily consists of the type | cadherins (E-, N-, P-, R-), known as the
classic cadherins, the type Il (cadherin-6 and VE-cadherin), the desmosomal cadherins
(desmocollin and desmoglein) and a subfamily of cadherin-like molecules (Gumbiner,2005).
Cadherins have been linked to a variety of developmental processes, such as the regulation of the
embryonic layer separation and tissue boundary formation. Additionally, cadherins are essential
for cell signaling, homeostasis maintenance, and nervous system formation (Paladi and Tepass,
2004; Nishimura and Takeichi, 2009).

Cadherins consist of three main domains: the extracellular domain, the transmembrane domain,
and the cytoplasmic domain. Classic cadherins mentioned above, appear to have extracellular
domains divided into five repetitive ectodomain modules, known as EC domains (EC1-5), each
containing three calcium-binding sites (Paladi and Tepass, 2004; Shapiro and Weis, 2009) (Figure

2). These EC domains have a -fold structure, like the immunoglobulin domains. Upon association
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with calcium, the extracellular domain undergoes a conformational change required for the trans-
cadherin homophilic interaction between adjacent cells (Gumbiner, 1986; Patel et al.,2006). The
heterodimerization of Cadherins of opposing cells is achieved by interaction of their EC1 domains,
while clustering within the AJ is established through the homodimerization of two cadherin
molecules via EC1-EC2 domain binding (Boggon et al., 2002). The anchoring of cadherins on the
plasma membrane is achieved via their transmembrane domain. The short cytoplasmic domain of
cadherins can mediate direct or indirect intracellular interactions with molecules of the catenin
family, which are essential for adherens junction strength by promoting cadherin clustering and
lateral spreading (Adams et al., 1998). These binding sites within the cytoplasmic domain are
known as catenin binding domains (CBD). Specifically, p120 catenin associates with the
juxtamembrane domain (JMD) of the cytoplasmic region (Yap et al., 1998), while the carboxy-
terminal domain of the cytoplasmic region binds p-catenin (Aberle et al., 1994). a-catenin cannot
interact with Cadherins directly, but through the interaction with g-catenin (Tominaga et al., 2008).
Catenins, in turn, can associate with the actin cytoskeleton, either by directly binding actin

filaments or indirectly, via actin-binding molecules, such as Vinculin (Rimm et al., 1995).

1.1.1 N-Cadherin

N-Cadherin (Neural Cadherin) is a 130kDa glycoprotein involved in the formation of small AJs at
synapses and regulation of axonal growth (Doherty and Walsh, 1996). It is widely expressed in
the neural cells, although it can be found as well in several non-epithelial types of cells, such as
endothelial and stroma cells (Loh et al., 2019). During neurulation, N-Cadherin replaces E-
Cadbherin in neural tissue, forming strong adherens junctions to maintain tissue architecture and
regulate the proliferation and differentiation of neural progenitor cells (Miyamoto et al.,2015).
Interestingly, the expression of N-Cadherin has been correlated with various types of carcinomas
(Islam et al., 1996; Hui et al., 2013; Wang et al., 2016).
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1.2 Catenins

Catenins are cytoplasmic proteins, linking cadherins with the actin cytoskeleton (Figure 2). Many
studies identified the role of catenins in the formation, clustering, and disassembly of AJs, as well
as in several signaling pathways (Yamada and Nelson, 2007; Capaldo and Macara, 2007;
Nishimura and Takeichi, 2009). Specifically, p120 catenin, p-catenin, and a-catenin can be found
at Als.

1.2.1 p120 catenin

p120 catenin interacts with the cytoplasmic domain of cadherins via the juxtamembrane domain
(JMD), stabilizing the cadherins at the plasma membrane during the formation of cell junctions.
Interestingly, phosphorylation of p120 catenin can increase the binding affinity to E-Cadherin
(Piedra et al., 2003). Moreover, it has been proposed that the p120catenin-cadherin interaction
prevents the degradation and internalization of cadherins, thus enhancing their surface abundance.
siRNA-mediated knock-down studies suggested that degradation sequences within the JMD
domain were exposed leading to the decreased retention of cadherins at the plasma membrane
(Davis et al., 2003; Xiao et al., 2003). Furthermore, p120 catenin is implicated in the surface
transport of cadherins by connecting them to microtubules via motor proteins, such as kinesin
(Ishiyama et al.,2010). Hence, p120 catenin has a major regulatory role rather than a structural role

in the cadherin function.

1.2.2 g catenin

B catenin, known also as armadillo-repeat protein, contains thirteen repeats of the armadillo
domain that form a triple a-helix, serving as a docking site for several proteins, and the N- and C-
terminal regulatory domains that are essential for its degradation and signaling. B-catenin interacts
with the a-catenin through the tyrosine residue Y142, while it binds the distal region of the C-
terminal cytoplasmic domain of Cadherins in a phospho-regulated manner (Aberle et al., 1994).
Three serine residues, S684, S686, and S692, are phosphorylated by the CKIl and GSK-3p kinases
resulting in enhanced interaction affinity (Lickert et al., 2000). This interaction is essential for the
stabilization of the newly formed protein in the Endoplasmic Reticulum (ER) and its transportation

to the plasma membrane (Chen et al., 1999). Conversely, cadherin endocytosis and degradation
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are promoted by the phosphorylation of B-catenin at the tyrosine residues Y489 or Y654, since it
decreases the affinity for cadherin binding and disrupts the catenin-cadherin interaction (Huber
and Weis, 2001; Lilien et al., 2002). In addition, 3 catenin appears to act as an intracellular signal
transduction molecule in the Wnt signaling pathway. In the absence of an external Wnt ligand,
catenin levels in the cytosol are low since it is targeted for degradation. Wnt signaling via Frizzled-
LRP receptors prevents the degradation of B catenin, resulting in increased cytosolic B catenin
levels, followed by the nucleus translocation and enhanced gene expression via the interaction with
TCF (T-cell factor) or LEF (leukocyte enhancing factor) (Nelson and Nusse, 2004). However, it
is unclear how the adhesive and transcriptional functions of B catenin are distinguished, although
it is possible that the transcription factor BCL9-2 facilitates the switch between the two functions.
Phosphorylation of B-catenin at Y142 favors BCL9-2 binding, inhibiting other protein interactions
and enhancing the nucleus translocation (Brembeck et al., 2004).

1.2.3 a catenin

a catenin is a cytoskeletal protein composed of four functional domains: an N-terminal B-catenin
binding domain, a Vinculin and a-actinin binding domain, an I-afadin binding motif that lies within
the dimerization domain, and a C-terminal domain essential for the interaction with F-actin (Rimm
et al., 1995). a catenin is involved in the formation and function of AlJs, as well as in the actin
cytoskeleton regulation and cell proliferation (Gumbiner, 2005). a-catenin exists in two different
states, a monomeric and a homo-dimeric state. The p-catenin binding domain overlaps with the
homodimerization domain on a-catenin, although it does not with the actin-binding domain
(Pokutta and Weis, 2000). Monomeric a-catenin can interact with the Cadherin/p-catenin complex
but not with actin, while a homo-dimeric a-catenin can bind actin and not the B-catenin (Yamada
et al., 2005). Thus, simultaneous binding of a-catenin to both B-catenin and actin filaments cannot
happen, and it is still unclear how exactly a-catenin can directly link the adherens junctions to the
actin cytoskeleton. Several studies have suggested a model where the connection happens through
the dynamic crosstalk between the monomeric and homo-dimeric states of a-catenin. Specifically,
it is suggested that the increase in the local concentration of a-catenin at the membrane during
cadherin-catenin clustering at cell-cell junctions provides a significant increase in the a-catenin

concentration to induce cytosolic dimerization of a-catenin. These dimers can compete with the
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actin-related protein 2/3 (ARP2/3) complex, for actin interaction, and convert actin networks found
in lamellipodia of migrating cells into actin bundles associated with AJs (Yamada et al., 2005).
Moreover, a-catenin can interact and recruit several proteins to AJs that are able to bind directly

to actin filaments, including Vinculin and Zyxin.

CaQ+

Extracellular domain —

Transmembrane domain {

Cytoplasmic domain

22

Figure 2: Classical cadherin-catenin complex structure. Cadherins are composed of an
extracellular domain, a transmembrane domain, and a cytoplasmic domain. The extracellular
domain of classical cadherins consists of five EC domains (EC1-5), each containing 3 calcium-
binding sites. The transmembrane domain is responsible for the anchoring of the receptor to the
plasma membrane. The cytoplasmic domain contains numerous catenin-binding domains (CBD)
for interaction with catenins, including a-catenin, B-catenin, and p120 catenin, as shown in the

above scheme.

Courtesy of: Gumbiner, 2005
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2. Focal Adhesions

Focal Adhesions (FAs) are multiprotein complexes where transmembrane integrin receptors link
the actin cytoskeleton with the extracellular matrix (ECM), mediating interactions of the cell with
its extracellular environment (Shemesh et al, 2005). These highly dynamic structures are formed
at the cell periphery after the interaction of integrins with ECM ligands, such as collagen,
fibronectin, and vitronectin. This interaction leads to integrin clustering and activation, which is
followed by the hierarchical recruitment of numerous structural and signal transduction proteins,
including Talin, Vinculin, paxillin, and Focal Adhesion Kinase (FAK), among others (Figure 3,
Miyamoto et al., 1995).

Several studies suggested that there are three forms of integrin-mediated adhesions that can be
distinguished molecularly and/or functionally (Zamir and Geiger, 2001). The main precursors of
FAs are known as Focal Complexes (FXs), which are formed under the lamellipodia of migrating
cells (Zaidel-Bar et al., 2003, Zaidel-Bar et al., 2004). These small short-lived adhesions are
implicated in tethering the actin cytoskeleton to the membrane and are controlled by Rac (Rac
Family Small GTPase 2) and Cdc42 (Cell division cycle 42 protein) (Hotchin and Hall, 1995; Petit
and Thiery, 2000). Maturation of FXs into more stable and large structures at the cell periphery,
known as FAs, is promoted by Rho-A activity (Ballestrem et al., 2001), followed by the
recruitment of Zyxin that leads to the mechanical force generation required for the transformation
of FXs into FAs (Hotchin and Hall, 1995). The stabilization of FAs is controlled by Tensin
recruitment (Zaidel-Bar et al., 2003), while the dynamics and turnover are controlled by tyrosine
kinases targeted at the sites, two of the major ones being FAK and Src. However, the continuous
application of mechanical force has been shown to be involved in the turnover of FAs as well, and
in the generation of Fibrillar Adhesions (FBs). Fibrillar Adhesions are formed more centrally in
the cell and are implicated in the reorganization of the ECM (Pankov et al., 2000; Zaidel-Bar et
al., 2004).

Interaction of cells with the extracellular matrix is essential for many biological processes
including cell migration, tissue formation, cell survival, and embryogenesis (Petit and Thiery,
2000; Zaidel-Bar et al. 2004). Disruption of the FA complex has been shown to be associated with

several human diseases, such as malignant diseases and Kindler syndrome (Wu, 2007).
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Figure 3: Focal Adhesion Complex. Focal Adhesions are multi-protein structures. Upon integrin

activation, focal adhesion formation occurs, followed by the recruitment of numerous proteins to

these sites, such as Vinculin, paxillin, and FAK (Adapted from: What are mature focal adhesions

composed of? | MBInfo (mechanobio.info) [Accessed on 20/05/2022]).
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3. Integrins

Integrins are a large family of transmembrane heterodimeric glycoprotein receptors, that mediate
cell adhesion to the extracellular matrix and transmit bidirectional signals across the plasma
membrane (Hynes, 2002). Upon integrin activation and clustering at the cell surface, the focal
adhesion complex is formed, recruiting several proteins at these sites, and linking integrins with
the actin cytoskeleton (Geiger et al, 2001). Thus, intracellularly integrins are linked with the actin
cytoskeleton, while extracellularly they are coupled with extracellular proteins, including
fibronectin and collagen (Su et al., 2016). In addition to cell adhesion, integrins are involved in
tissue patterning and integrity, cell fate determination, immune response, cancer progression, and
metastasis, as well as lead to pathologies such as thrombosis (Hynes, 2002; Bokel and Brown,
2002; Mahabeleshwar et al., 2007).

As mentioned above, integrins are heterodimers, consisting of noncovalently linked o and
subunits. Both subunits are tightly bound to each other via the interactions of the a-propeller and
the B-I-like domain in the extracellular region of the receptor. So far, eighteen a and eight
subunits are identified, forming twenty-four different combinations of integrin heterodimers
(Hynes, 2002). The major B subunit is integrin B1 since it can form heterodimers with almost all a
subunits, is expressed in all cell types and tissues and lack of B1 leads to embryonic lethality in
mice (Petit and Thiery, 2000; Hynes, 2002). Each heterodimer contains three domains, a large N-
terminal extracellular head domain (80-150kDa), capable to bind extracellular matrix components,
a single-span transmembrane domain (TMD), which promotes the stabilization of the dimer, and
a small C-terminal cytoplasmic tail domain (10-40 amino acids long), which mediates the
interaction with several proteins, leading to the connection of the receptor with the actin
cytoskeleton (Hynes, 2002). The cytoplasmic tail of integrins contains two conserved motifs, the
membrane-proximal NPx(Y/F) and the membrane-distal Nxx(Y/F). They are both
phosphotyrosine-binding domain (PTB) sequences that can be recognized by several proteins,
including Talin and Kindlin (Calderwood et al., 2003). The presence or the absence of the ligand-
binding a-1 domain, located in the top part of the extracellular head domain of the a subunit,
appears to be the most significant structural difference between integrins. Specifically, nine
heterodimers are with the a-1 domain and fifteen are without, with the only functional difference

being the mode of ligand binding. Integrins with the a-1 domain can bind ligands via this domain,
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while other integrins bind ligands in binding pockets formed by both a and 8 subunits (Bachmann
etal., 2019).

Importantly, integrins can be classified based on structural features, their specificity for ligand
binding, and their tissue and cellular expression (Figure 4). For instance, two 1 integrins (a5, a8)
can recognize ligands containing an RGD tripeptide active site, like a5B1 that interacts with
Fibronectin (Hynes, 2002). Additionally, several proteins of the immunoglobulin family can
interact with integrins, such as VCAM-1, through their acidic motif, known as LDV (Rothlein et
al., 1986). Moreover, four o subunits with the a-1 domain (al, a2, a10, all) comprise a distinct
laminin/collagen-binding subfamily. The expression of integrins in white blood cells is restricted
to only B2 and B7 (Hynes, 2002). Furthermore, a different type of extracellular divalent cation can
influence the affinity and specificity of ligand binding, since divalent-cation-binding domains are
present in the extracellular part of o and B subunits (Ca®* or Mg?") (Alberts et al., 2002).
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Figure 4: Classification and structure of integrins.
(a) Twenty-four different heterodimers are formed from the combination of o and B integrin
subunits. They can be classified based on structural features, their specificity for ligand binding,

and their tissue and cellular expression.
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(b) Structural features of integrin heterodimer. Integrins consist of two subunits, a, and B, which
are linked non-covalently. They are composed of three domains, a large extracellular domain, a
single transmembrane domain, and a small cytoplasmic domain.

Courtesy of: Bachmann et al., 2019

Integrin activation promotes both receptor clustering at the cell membrane, which increases the
avidity of molecular interactions, and changes in the ligand-binding affinity via the conformational
changes of integrins. There are three distinct states of integrin conformation in response to
activation: inactive state, intermediate state, and active state (Figure 5). When in the inactive state,
integrins are bent with the head domain facing towards the legs generating a V-like structure, with
the transmembrane domains being closely associated. In this state the affinity for ligand binding
is low (Xiong et al., 2001). In the intermediate state, integrin legs are separated and extended,
although the headpiece is closed, thus the affinity for ligands is intermediate. The active
conformation, with high ligand-binding affinity, is obtained by separating and extending the legs,
as well as opening the head domain of the receptors, which can be accomplished either by an
inside-out (interaction between cytoplasmic tail and intracellular proteins) or outside-in
(interaction between ligands and head domain) triggered mechanism (Takagi et al., 2002).
During inside-out signaling, intracellular proteins interact with cytoplasmic integrin tails,
promoting the extension of the extracellular domains and stabilizing the intermediate state of the
receptors. The conformational switch, from inactive to the intermediate state, results in the
exposure of the ligand-binding site of the extracellular head domain and enhances the affinity for
ligand-binding (Luo et al., 2007) (Figure 5). As mentioned above, Talin and Kindlin can interact
with the cytoplasmic integrin tails and are known for promoting the inside-out activation of
integrins. Specifically, it has been suggested that Talin can interact with the  cytoplasmic domain
promoting the separation of the o and B subunit tails, while Kindlin contributes to integrin
clustering (Ye et al., 2013).

Outside-in signaling occurs when the extracellular head domain of the receptor interacts with a
ligand. This interaction leads to the conformational switch required for integrin activation.
Subsequently, numerous proteins can bind the cytoplasmic integrin tails, forming the focal
adhesion complex and connecting the receptor to the actin cytoskeleton (Hynes, 2002) (Figure 5).
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Figure 5: Integrin activation process. When integrins are not interacting with ligands, they adopt
the closed bent conformation with low affinity for ligands. Outside-in signaling by ligand binding,
or inside-out activation via interaction with intracellular proteins, promotes a conformational
switch resulting in the intermediate state of integrin activation with intermediate affinity for
ligands. After the connection of integrins with the actin cytoskeleton, the headpiece reaches the
open conformation promoting the receptors to become fully activated, with a high affinity for
ligand-binding.

Courtesy of: Bachmann et al., 2019

4. Focal adhesion and adherens junction crosstalk

As mentioned above, the coordinated regulation of cadherin and integrin functions is crucial for
many physiological and pathological processes, such as tissue differentiation and renewal, wound
healing, inflammatory response, and metastasis (Chen et al., 2012; Mui et al., 2016). Numerous
studies suggested that a mechanically driven crosstalk between cadherins and integrins is involved
in their spatial distribution, turnover, and dynamics, as well as in the regulation of intracellular
force generation and the actin cytoskeleton. However, the exact molecular mechanisms underlying

this regulated interplay between the two receptor classes remain unknown.
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Several lines of evidence support the regulation of focal adhesion dynamics by adherens junction
proteins, specifically showing that upon mechanical manipulation of VE-Cadherin, cell stiffening
and F-actin increase promoting the activation of the PI3K kinase and integrins (Barry et al., 2015).
In addition, when shear stress is applied to endothelial cells, the activation of PI3K kinase is
promoted by PECAML1, VE-Cadherin, and VEGFR, leading eventually to the activation of
integrins that can regulate the alignment of cells in response to the shear stress (Tzima et al., 2005).
Furthermore, work by Bowler et al., showed that Cadherin-11 (CDH11) is involved in the
regulation of focal adhesions and secretion of inflammatory cytokines to control valvular
interstitial cell contractility (Bowler et al., 2018). Unpublished data from our lab showed that
cadherin-based adhesions can stimulate and spatially guide ligand-independent activation of

integrin receptors at the vicinity of AJs (Hadjisavva et al., Cell Reports- under revision).

The crosstalk between the two major adhesion systems appears to be bidirectional since integrins
and focal adhesion proteins can also influence both positively and negatively AJ dynamics. For
example, it has been shown that integrin 1 is essential for the localization of VE-Cadherin and
p120 catenin at the AJs of endothelial cells, and therefore for junctional integrity (YYamamoto et
al., 2015). Work from Howden et al., showed that a2B1 integrins can spatially restrict the activity
of Cdc42 in keratinocytes to stabilize AJs (Howden et al., 2021). On the other hand, loss of a3p1
integrin promotes the disruption of cell-cell junctions in zebrafish and mouse kidney cells (Wang
etal., 1999; Postel et al., 2013). Several studies showed that many focal adhesion resident proteins
are recruited at AJs and play a critical role in their junction integrity. One of those is Src, a proto-
oncogene tyrosine kinase (Roskoski et al., 2015). Specifically, inhibition of Src in tumor cells can
promote E-cadherin-based cell-cell junction formation and restore the epithelial phenotype (Nam
et al., 2002). Moreover, the recruitment of an E3 ubiquitin ligase, known as Hakai, is promoted
through the phosphorylation of E-Cadherin by Src which leads to E-Cadherin degradation (Fujita
et al., 2002). Along the same line, Piedra et al., showed that Src can phosphorylate B-catenin at
Y654 residue resulting in disruption of the catenin-cadherin complex, thus promoting junctional
instability (Piedra et al., 2003).

Several other focal adhesion proteins involved in this crosstalk are described below in more detail.
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4.1 Focal Adhesion Kinase (FAK)

FAK is a 125 kD focal adhesion protein, widely expressed and conserved among tissues and
different species (Parsons, 2010). It is classified as a cytoplasmic non-receptor tyrosine Kinase,
which is implicated in numerous fundamental cellular processes, including cell adhesion,
proliferation, migration, and gene expression (Mitra et al., 2005; Goni et al., 2014; Tiede et al.,
2018).

FAK is comprised of three main domains, that are linked via three proline-rich regions (PRR1-3):
a FAT domain at the C-terminus, a FERM domain at the N-terminus, and a central kinase domain
between the FERM and FAT domains. The focal adhesion targeting (FAT) domain interacts with
Paxillin for promoting FAK at FAs, while the FERM domain provides docking sites for multiple
proteins (Hildebrand et al., 1993).

Upon FAK recruitment at FAs through integrin activation or growth factor receptor activation, it
becomes autophosphorylated at Y397, which is then recognized by the tyrosine kinase Src via its
SH2 domain (Parsons, 2003). Assembly of the FAK-Src complex promotes the phosphorylation
of FAK on two additional tyrosine sites, Y576 and Y577, resulting in the maximal FAK activation
and phosphorylation of downstream protein targets, such as paxillin and p130Cas (Schaller et al.,
1999; Hanks et al., 2003). Additional sites of FAK, including Tyr861 and Tyr925, get
phosphorylated by Src, providing docking sites for Grb2 (Growth factor receptor-bound protein 2)
and recruiting dynamin which will contribute to focal adhesion disassembly (Deramaudt et al.,
2011).

Even though FAK is a well-characterized resident of focal adhesions, involved in their dynamics
and functions, it also plays a central role in adherens junction integrity. Interestingly, several
studies support both positive and negative regulation of AJs by FAK. For instance, in endothelial
cells, FAK interacts with VE-Cadherin and enhances the phosphorylation of -catenin at Y142.
This phosphorylation decreases the affinity for cadherins, resulting in the disruption of the catenin-
cadherin complex and thus in junctional instability and increased permeability of the endothelium
(Chen et al., 2012). In addition, work from Wang et al., showed that VE- and N-Cadherin mediated
intercellular contacts can be reduced by FAK, upon FA formation (Wang et al., 2006). On the
contrary, FAK inhibition in tumor cells promoted the inhibition of cell-cell junctions by increasing

RhoA activity, implying a positive role of FAK in AJ formation (Playford et al., 2008).
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Additionally, increased expression of cadherins was observed upon FAK activation in fibroblasts
(Mui et al., 2015). Along the same line, it was proposed that the strengthening of the epithelial
barrier via the recruitment of E-cadherin to the cell periphery happens due to the activation of FAK
(Quadri and Bhattacharya, 2007).

4.2 Paxillin

Paxillin is a 68kD multi-domain protein, a member of the FA complex. It is classified as an adaptor
or scaffold protein since it interacts with several other proteins via its multiple docking sites
(Schaller, 2001).

Paxillin contains several different motifs, including the five leucine- and aspartate-rich LD motifs,
the four LIM domains, and the SH3- and SH2- binding sites, which promote the interactions with
numerous binding partners (Turner et al., 1990). The LD motifs, within the N-terminus, are
responsible for the interactions with several proteins as a response to cell signaling, while the LIM
domains at the C-terminus, mediate the targeting of paxillin to FAs. Moreover, paxillin contains
numerous tyrosine and serine/threonine phosphorylation sites (Brown and Turner, 2004).
Importantly, phosphorylation of Y31 and Y118 by the FAK/Src complex is involved in cell
migration and adhesion (Petit et al., 2000).

Paxillin is implicated in cell spreading and motility by coordinating the Rho GTPase family
(Brown and Turner, 2004), as well as in cell migration through its involvement in growth factor
and integrin signaling pathways (Brown and Turner, 2004). Furthermore, paxillin was found to be
involved in embryonic development, since paxillin knockout mice showed embryonic lethality at
day E9.5 (Hagel et al., 2002).

Importantly, Paxillin can also be found at AJs, where it can promote the formation of N-Cadherin-
based adherens junctions, together with FAK, via the downregulation of Rac (Yano et al., 2004).
Additionally, it is suggested that E-Cadherin-dependent junction integrity and contractility can be
regulated by Paxillin through the control of RhoA and Racl activities (Gupta et al., 2021).
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4.3 Vinculin

Vinculin is a 117 kD structural protein, a member of the focal adhesion complex (Geiger et al.,
2001). It contains a large globular head domain and a tail region, linked via a short proline-rich
sequence (Ziegler, 2006). When Vinculin is unbound, the interaction between the head and the tail
domains promotes an auto-inhibited conformation, where the docking sites for Talin and actin are
masked (Johnson and Craig, 1994; Johnson and Craig, 1995). Upon recruitment at FAs, Vinculin
adopts the open conformation state, where the head domain interacts with the rod domains of Talin,
and the tail is bound to actin bundles (Johnson and Craig, 1994; Johnson and Craig, 1995). It has
been suggested that the interaction of Vinculin with Talin and actin is crucial for the maximal
activation of Vinculin, as well as the phosphorylation of Y100, Y822, and Y1065 residues (Zamir
and Geiger, 2001; Zhang et al, 2012). When activated, Vinculin can interact with numerous
proteins, including paxillin and a-actinin, among others (Turner et al., 1990; Carisey et al., 2013).
Vinculin is implicated in the transmission of extracellular and intracellular mechanical cues, which
are required for the assembly, disassembly, and reorganization of FAs, as well as the assembly and
remodeling of the actin cytoskeleton. Furthermore, Vinculin has a crucial role in cell migration,
since Vinculin knockout cells showed altered migratory properties, cell spreading, and wound
repair (Xu et al., 1998; Moese et al., 2007).

Although Vinculin is a member of the focal adhesion complex, it can be recruited to adherens
junctions (AJs). The recruitment of Vinculin, as well as its role there, is less well understood.
Several studies suggested that a multistep process involving a-catenin and B-catenin is responsible
for the recruitment (Xu et al., 1998), while others proposed that external tension or tyrosine
phosphorylation is crucial for Vinculin localization at AJs (Leckband et al., 2011). Specifically,
activation of the Abelson tyrosine kinase (Abl), in response to force on E-Cadherin and not
integrins, leads to the phosphorylation of Y822. A mutant version of vinculin, Y822F, cannot bind
[B-catenin and is unable to localize at AJs (DeMali et al., 2014). Once localized at AJs, it has been
suggested that Vinculin plays an essential role in cell-cell adhesion, through the stabilization of
adhesion receptors. Specific depletion of Vinculin from AJs leads to the loss of E-Cadherin from
the cell surface and a decrease in cell-cell adhesions (DeMali et al., 2017). Moreover, it has been
shown that Vinculin can promote indirect binding of cadherins with the actin cytoskeleton, by
interacting with a-catenin and exposing a cryptic site with a high affinity for F-actin (Yonemura
et al., 2010). In addition, Vinculin has a crucial role in the force transmission to the actin
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cytoskeleton by E-Cadherin, since cells lacking Vinculin or expressing the Y822F mutant, lose

their mechanosensing capability (le Duc et al., 2010; DeMali et al., 2014).

4.4 Talin

Talin is a 270 kDa mechanosensitive protein that localizes at FAs. It contains multiple binding
sites for other proteins, thus classified as an adaptor protein. Talin appears to be the main
cytoplasmic protein mediating integrin adhesion to the extracellular matrix and linking integrins
directly to the actin cytoskeleton. Additionally, Talin is involved in the regulation of integrin-
adhesion strength, sensing matrix rigidity, and the regulation of T cell proliferation and survival
(Chang et al., 2017; Klapholz and Brown., 2017).

Several studies showed that two conformational states of Talin exist, the inactive and the active.
When inactive, an auto-inhibitory interaction between the N-terminal FERM domain and the C-
terminal rod domain of Talin occurs, which can be disrupted by the P1(4,5)P2, an activator of
Talin, thus promoting the active state of Talin (Moser et al., 2009). Once activated, the C-terminal
rod domain interacts with actin filaments, exposing cryptic sites crucial for interaction with other
proteins, including Vinculin, while the N-terminal FERM domain binds to the cytoplasmic tails of
integrins. The interaction between Talin and Vinculin results in the conformational change of
Vinculin, which enhances the recruitment of Vinculin at FAs (lzard et al., 2004). Moreover, Talin
can promote the inside-out activation of integrins, where it converts integrins into a conformation
with a high affinity for their ligands (Legate et al., 2011).

Not much information is available about the implication of Talin in AJ formation and function.
However, it was shown that an argynilated proteolytic product of the C-terminal domain of Talin
is localized at AJs, and the stabilization of VE-Cadherin at endothelial junctions is promoted
through the Talin-dependent activation of endothelial cell 1 integrin (Zhang et al., 2012; Pulous
etal., 2019).
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5. Extracellular matrix (ECM)

As previously noted, integrin-mediated adhesions provide bidirectional links between the
extracellular matrix and the actin cytoskeleton. Cell interactions with the extracellular matrix
(ECM) affect numerous fundamental cellular processes, given that ECM appears to be a highly
dynamic and multifunctional three-dimensional structure. ECM can be found within all tissues and
organs, and it consists mainly of water, microfibrillar proteins, polysaccharides, and
noncollagenous glycoproteins. However, a unique composition of ECM is present in each tissue,
generated during tissue development via a reciprocal interplay between numerous cellular
components, including epithelial and endothelial elements, and the cellular microenvironment
(Frantz et al., 2010). Besides providing a substrate for cell anchorage and tissue scaffolding, ECM
is essential for tissue morphogenesis, differentiation, and homeostasis, through the initiation of
numerous biochemical and biomechanical cues. Additionally, ECM plays a critical role in cell
migration during embryonic development and wound healing. Importantly, ECM can interact with
several growth factors and cell-surface receptors, resulting in signal transduction and regulation of
gene transcription to control cell growth, proliferation, survival, and death (Rozario and
DeSimone, 2009). The fundamental and crucial role of ECM is highlighted by the wide range of
syndromes, occurring from numerous genetic abnormalities in ECM components (Jarvelainen et
al., 2009). For example, monogenic disorders of the connective tissue, such as osteogenesis
imperfecta and Marfan’s syndrome, manifest changes in the ECM (Glorieux, 2008), while an
abnormal build-up of ECM components results in chronic kidney diseases, like glomerulosclerosis
and tubulointerstitial fibrosis (Liu, 2006).

5.1 Fibronectin (FN)

Fibronectin (FN) is a core component of the ECM, which has a crucial role in numerous cellular
processes, via the direct interaction with the integrin receptors. Fibronectin has been implicated in
cell adhesion, survival, and differentiation, as well as in cell migration and wound healing. Mice
lacking FN display embryonic lethality with defects in the mesoderm, neural tube, and
cardiovascular network highlighting the crucial role of FN in embryogenesis (George et al., 1993).

Moreover, several studies showed that FN can regulate vascular development and angiogenesis
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(Hynes and Yamada 1982; George et al., 1993), while decreased FN expression was shown to be
related to morphological changes observed in tumor cells (Hynes, 1990).

FN is secreted by a variety of different cell types as a disulfide-bonded dimer composed of subunits
with a range in size from 230kDa to 270 kDa. Variation in the subunit size results from alternative
splicing (Hynes 1990). FN is encoded by a single gene, whose transcript is alternatively spliced
at three sites to generate multiple isoforms, as well as the two major forms of FN, plasma, and
cellular FN. Plasma FN is abundant in blood and secreted by hepatocytes, while cellular FN can
be incorporated into the fibrillar matrix and is secreted mainly by fibroblasts (Hynes, 1990). Each
FN monomer consists of three types of repeating modules, known as type I, Il, and Il (Hynes
1990; Pankov and Yamada, 2002) (Figure 6). Specifically, there are 12 type | repeats, 2 type Il
repeats, and 17 type Ill repeats. However, the three positions of alternative splicing mentioned
above are within the type 11l repeats, therefore 15 type Il repeats are constitutively included in
each monomer and 2 repeats (EIIIA, EINIB) are included or omitted via the alternative splicing
(Schwarzbauer et al., 1987; Hynes, 1990). The third region (V region) of alternative splicing can
be included, partially included, or excluded from each monomer (Schwarzbauer and DeSimone,
2011). Type | and 1l repeats contain a pair of intrachain disulfide bonds to stabilize the folded
structure (Pickford et al., 1997), while type I11 repeats have a 7-stranded f-barrel structure lacking
the disulfide bonds, thus can undergo several conformational changes (Main et al. 1992).
Interestingly, these repeats comprise a diverse set of binding domains on each FN monomer,
mediating the simultaneous interactions between FN molecules and cell surface receptors, other
ECM components (collagen), numerous extracellular enzymes, as well as with other FN molecules
for FN dimer and fibrillar matrix assembly (Pankov and Yamada 2002; Singh et al. 2010) (Figure
6). For instance, at the carboxyl terminus is a pair of cysteines that form the disulfide-bonded FN
dimer (Hynes 1990), while a major FN binding site lies within the N-terminal 1-5 type | repeats,
required for fibrillar assembly (Sottile et al. 1991). In addition, sequences required for integrin
binding, known as RGD and synergy sites, are in 9-10 type Il repeats and the binding site for
a4B1 integrin can be found in the V region of the FN molecule (Wayner et al., 1989).

26



FN FN

Fibrin_ collagen FN FN Cell Heparin

— i = —

HHHTHOTT 00000 0e00B0L IO
[

70 kDa fragment syne,g/y }GD Cs1

Figure 6: Fibronectin domain structure. FN is composed of type | (rectangles), type 11 (ovals),
and type 111 (circles) modules. The three alternatively spliced repeats, EIIA, EIIIB, and V region
are indicated with yellow, while FN-binding sites and the assembly domain are indicated with
orange. At the C-terminus, the SS indicates the cysteines required to form a dimer. Several binding

domains, including the collagen-binding domain and fibrin, can be seen in the above scheme.

Courtesy of: Wierzbicka-Patynowski and Schwarzbauer, 2003

5.2 Fibrillogenesis

5.2.1 Cultured mammalian cells model

As previously described, FN is secreted as a soluble dimer molecule, which is then converted into
insoluble, interlinked fibers via a multistep cell-dependent process, called Fibrillogenesis
(McDonald et al. 1987). Mounting evidence supports that soluble FN must be activated first to
assemble into fibrils given that even at extremely high concentrations of FN in solution it can’t
undergo fibril assembly due to its compact conformation as a dimer (Erickson and Carrell, 1983;
Johnson et al., 1999; Schwarzbauer and Sechler, 1999; Sechler et al., 2001). Activation of FN is
induced by the interactions with cell surface receptors, specifically with the a5p1 integrin. Inside-
out signaling through cytoplasmic signals mentioned previously, promotes the conformational
change required for switching integrin affinity for FN molecules from a low to a high state (Hynes,
2002; Takagi et al., 2002). Therefore, fibrillar assembly is initiated by the interaction of integrin
receptors with FN molecules through the binding of the Arg-Gly-Asp (RGD) and the synergy
sequences located in the 9 type 111 and 10 type 111 repeats, respectively, or the CS1 segment of the
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alternative spliced V region (I1ICS) (Argraves et al., 1987; Hynes, 1982; Hynes, 1990) (Figure 7).
This specific interaction promotes the clustering of integrins, which are bound to FN dimers
resulting in a high local concentration of FN at the cell surface required for FN-FN non-covalent
interactions. The major FN binding domain lies within the N-terminal type | repeats, while a
covalent interaction of FN subunits via a pair of disulfide bonds in the C-terminal is shown to be
crucial for FN assembly as well (Sottile et al., 1991). It has been suggested that interaction with
integrin receptors can induce conformational changes of FN, promoting the exposure of several
FN-binding sites, some of which are hidden in the compact conformation of FN dimers.
Subsequent events, in which cell contractility and tension play an essential role in promoting
further the exposure of self-association sites lead to the switch of FN conformation from compact
to extended required for fibrillogenesis (Zhong et al., 1998; Sechler et al., 2001; Schwarzbauer
and DeSimone, 2011). In particular, integrins link FN molecules to the actin cytoskeleton, which
can generate tension at the contact sites between the receptors and FN, while Rho GTPase activity
provides further the contractility required for the FN assembly (Zhong et al 1998). Interestingly,
cytoplasmic domains of integrins can stimulate intracellular signaling crucial for the initiation of
matrix assembly, through several focal adhesion proteins such as FAK and Talin (llic et al. 2004;
Green et al. 2009) (Figure 7). Finally, these events lead to the self-association of numerous FN
dimers to form multimers and short fibrils with solubility in DOC detergent, which subsequently
with continued deposition of FN molecules will irreversibly convert to DOC-insoluble fibrillar
matrix characterized by rigidity and stability (McKeown-Longo and Mosher 1985). Therefore, the
assembly of a functional fibrillar matrix requires the coordination between several extracellular

events and intracellular pathways as well as tension and contractility.
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Figure 7: Major steps in fibrillar assembly. (A) Compact FN dimer binds to a5p1 integrin (gold
structure). (B) Intracellular proteins (gray structures) are recruited to the cytoplasmic tail of
integrins, linking them to the actin cytoskeleton (green lines). Induced cytoskeletal reorganization
leads to increased cell contractility, which promotes the conformational change of FN dimer
required for the exposure of the cryptic FN binding sites in the extended molecule. (C) Fibrillar

matrix formation via multiple FN-FN interactions.

Courtesy of: Mao and Schwarzbauer, 2005
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5.2.2 ECM assembly and remodeling in the Developing Embryo

Numerous studies on both avian and amphibian embryos showed that FN is expressed early in
embryogenesis, however, the fibrillar assembly occurs before gastrulation (Lee et al. 1984;
Boucaut et al., 1985). A pericellular nonfibrillar FN network can be detected initially only on the
free surfaces of the blastocoel roof (BCR) in amphibians, which is opposed to the blastocoel cavity
(Lee et al. 1984). Over time, this FN network develops into an elaborate fibrillar matrix crossing
cell boundaries. Interestingly, at the early stages of embryogenesis, all cells express the main
integrin receptor for FN, a5p1-integrin, and soluble FN can be detected in the blastocoel fluid
showing that the presence of both the receptors and FN is insufficient to allow the fibrillar
assembly in the embryo, therefore suggesting that it can be regulated both temporally and spatially
to promote normal morphogenesis (Lee et al., 1984). Notably, it has been shown that free surface
and lateral adhesive cell contacts are necessary for fibrillar assembly initiation as well
(Winklbauer, 1998).

Mounting evidence shows the crucial role of FN expression and assembly in embryonic
development, specifically as a migratory substrate, since mice lacking the FN gene are embryonic
lethal, displaying defects in the mesoderm, neural tube, and cardiovascular development (George
et al. 1993). Morpholino knockdowns of FN in zebrafish are also defined by faulty somite
boundary formation and mesoderm migration (Ju“lich et al. 2005). Moreover, FN assembly was
shown to be involved in the convergent extension movements in Xenopus and zebrafish (Marsden
and DeSimone 2001; Davidson et al. 2006).

Although the regulation of FN assembly is well characterized based on studies in cultured
mammalian cells (Singh et al. 2010), where tension generated through integrin receptors is
required (Pankov et al. 2000), the mechanisms of fibrillar assembly on the free surfaces of multi-
layered tissues in vivo are still not well understood. Emerging evidence proposed that tissue tension
regulated by adherens junctions between blastomeres plays an essential role in the fibrillar
assembly (Dzamba et al. 2009). Specifically, it was observed that cells of the blastocoel roof
change shape from round to polygonal during the initiation of FN assembly, indicating increased
cell-cell adhesion and tension. Interestingly, by overexpressing cadherins in blastocoel-roof cells
at earlier stages, the same changes in shape and early initiation of FN assembly were observed,
while inhibition of cadherins blocked the assembly of fibrils. The same results have been seen by
applying experimentally mechanical deformations that lead to increased or decreased tension in
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the blastocoel roof. After investigating how these regional changes in cell adhesion can regulate
FN assembly, work from Dzamba et al., proposed a model where cadherin-dependent changes via
the noncanonical Wnt/PCP signaling pathway, lead to the reorganization of the cortical actin
cytoskeleton and myosin phosphorylation through the activation of the small GTPase Rac and Pak.
This contractile event is required for the integrin-FN translocation from cell-cell contact sites
across the free surfaces of adjacent cells, generating additionally high mechanical tension (Figure
8). Therefore, this enhanced cell-cell junction formation is analogous to the role of focal adhesions
in vitro, described previously, to generate the tension required for exposing the cryptic binding
sites within the FN molecule for self-interaction and eventually fibrillar formation (Dzamba et al.,
2009).

Other mechanisms have also been suggested to regulate the fibrillar assembly in embryonic
development. For instance, FAK and Ena/VASP are implicated in fibrillar formation at the
intersomitic boundaries of Xenopus embryos, while during gastrulation syndecan-1 and -2 play an
essential role as well (Kramer and Yost 2002; Kragtorp and Miller 2006). Moreover, in the somite
borders of zebrafish, FN matrix assembly is influenced by the Eph/Ephrin signaling pathway
(Julich et al., 2009).

The integrin-cadherin crosstalk described in the previous section has a role in developmental
processes, including the fibrillar assembly. In mammalian cells reduction in N-Cadherin adhesion
was observed when fibrillogenesis was initiated. Similarly, during the development of zebrafish,
the expression of N-Cadherin promotes the stabilization of the integrin inactive state at the lateral
junctions between cells to restrict fibrillar assembly in areas lacking cell-cell adhesion (Julich et
al., 2015). Contrary, as mentioned above, in Xenopus embryos fibrillar formation, which is an
integrin-dependent process, is initiated by the increased cell-cell adhesion and AJ generated
tension (Dzamba et al., 2009). Furthermore, data from our lab showed that adherens junction
formation can spatially guide ligand-independent integrin activation and thus influence ECM

topology (Hadjisavva et al., Cell Reports-under revision).
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Figure 8: Model of fibrillar assembly in Xenopus. Local tension generated by an increased cell-
cell junction (red structure) formation linked to the actin cytoskeleton (black lines), is transmitted
to a5B1 integrin receptors bound to FN dimers, resulting in the conformational change of FN and
exposure of cryptic FN binding sites. As integrin/FN complexes move from cell-cell contact sites

across the free surfaces of adjacent cells, fibrillar assembly is promoted.

Courtesy of: Dzamba et al., 2009
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MATERIALS AND METHODS

Cells, Cell Culture, and Transfection

HeLa (CCL2, American Type Culture Collection, ATCC) and HEK293 (CRL-1573, ATCC) cell
lines, as well as NIH3T3 (CRL-1658, ATCC), Talin KO HeLa Kyoto and Y Pet-Talin reconstituted
HeLa Kyoto cell lines, were cultured at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s
Medium (PAN-Biotechtm) supplemented with 10% Fetal Bovine Serum (Biosera) and 1X
Antibiotic/Antimycotic solution (Biosera). Transient transfections in HeLa, NIH3T3, and HEK
cells were performed with Lipofectamine 2000 (11668019, Invitrogen) according to the
manufacturer’s protocol. For the experiments in which cells were seeded either on conA, on N-
Cadherin Fc substrates, or for live imaging, cells were detached with cold EDTA solution (10mM
EDTA, 2% BSA in 1XPBS), followed by one wash with 1XPBS and diluted in serum-free DMEM
medium (Dulbecco’s modified Eagle’s Medium without Calcium Chloride, 21068-028, gibco)

before seeding.

Silanization of coverslips

Glass coverslips were initially sonicated for 15 minutes, washed in distilled water, and incubated
in isopropanol, before being air-dried at 65°C. Coverslips were then exposed to plasma treatment
for 5 minutes. Subsequently, coverslips were incubated in concentrated silane (3-Aminopropyl)
triethoxy-silane (Alfa Aesar) for 15 minutes and then washed 5-10 times with isopropanol. Then
coverslips were baked at 100°C for 30 minutes. Coverslips were either used immediately or stored

in a sealed container for use for up to one week.
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Substrate coatings

Silenized coverslips were coated with bovine plasma Fibronectin (33010018, Thermo Fisher
Scientific) at a concentration of 10 ug/ml in 1XPBS for 60 minutes at 37°C, followed by two
washes with 1XPBS before seeding of cells. For Concanavalin A (C5275, Sigma-Aldrich) coated
coverslips, silenized coverslips were incubated with concanavalin A at a concentration of
250ug/ml in 1XPBS for 30 minutes at 37°C. Excess liquid was aspirated, and coverslips were
allowed to air-dry at 37°C, before seeding cells. For N-Cadherin substrate generation, coverslips
were initially incubated with Goat Anti-Human IgG (10 ug/ml, SSA015 Sino Biological) for 1
hour at 37°C. Afterward, coverslips were coated with N-Cadherin Fc (Recombinant CDH2/Fc,
Sino Biological) at a concentration of 10 ug/ml for 1 hour at 37°C, followed by two 1XPBS

washes.

Drug treatments

Regarding the ROCK inhibitor (Rho-kinase inhibitor, Y-27632) and RO-3306 inhibitor
(CDK1/cyclin B1, CDK1/cyclin A inhibitor) experiments, cells were either cultured for 12 hours
in the presence of inhibitors (25uM and 50uM) separately or allowed to first form doublets and
then treated for 15 minutes with the inhibitors (50uM) before fixation.

Fibrinogen and mem stain incubation

Regarding the Fibrinogen-Alexa Fluor 674 (5mg/ml, Invitrogen 11584816) cells were cultured for
12 hours in the presence of Fibrinogen before fixation. Regarding the Deep Red Plasma membrane
stain (5mg/ml, Invitrogen C10046) experiments, cells were incubated in media supplemented with
the mem stain for 10 minutes at 37°C. After two washes with PBS cells were ready to use for live

imaging.
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Generation of agarose gels for doublet formation

1% agarose gels were generated and placed for equilibration in DMEM for 60min at RT, before
the addition of suspended cells. Cells were detached with cold EDTA solution (10mM EDTA, 2%
BSA in 1XPBS), followed by one wash with 1xPBS, resuspended in serum free DMEM medium,

added on top of gels, and allowed to form doublets for 30 minutes before fixation.

Generation of polyacrylamide gels

Glass coverslips were initially sonicated for 15 min. After several washes with distilled water, the
coverslips were incubated in isopropanol, before being air-dried at 65°C. Next, they were
incubated in Rain-X (Water Repellent, 500 ul each) for 2 min at room temperature, followed by
several washes with distilled water. For the generation of the polyacrylamide gels, based on the
required stiffness, several mixtures were used, as described in the table below (Table 1).
Afterward, 20ul of each mixture was added to each Rain-X-coated coverslip and finally a silanized
(vapor-APTES, 2x2 min) coverslip was placed on top of each gel. For the gels to set, they were
left for 60 min at room temperature, and afterward, they were incubated in distilled water for
45min. The coverslips were separated, and the polyacrylamide gels remained on the top of the
silanized coverslips, which were used for the following steps. Subsequently, the coverslips were
incubated in a Sulfo Sanpah mixture (A35395, Thermo Scientific, 20 ul per coverslip) under a UV
lamp (UVP BLACK-RAY B-100AP LAMP, 365 nm) for 5 min. After several washes with 1xPBS,
they were coated with Vitronectin (10 ug/ml) in 1XPBS overnight at 4°C. The next day, coverslips
were washed several times with 1XPBS and placed for equilibration in DMEM and 1% Antibiotics
for 60min at 37°C, before seeding cells. For live-imaging DMEM was replaced by FN-YPet serum

free media for live imaging on a Zeiss LSM 910 airyscan laser confocal microscope.
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30 kPa 100 ul 25 ul 364.5ul | 5ul 5ul 0.5 ul
66 kPa 100 ul 62.5 ul 313 ul 5ul 5ul 0.5 ul

Table 1. Gel recipes in ul for a total of 500 ul mix.

Soluble FN YPET generation

Transfection of HEK293 cells with the pHLSec2-FN-YPet (#65421, Addgene) construct was
performed with Lipofectamine 2000 (11668019, Invitrogen) according to the manufacturer’s
protocol. Upon removal of the transfection reagent, cells were cultured in serum-free DMEM for
2 days, followed by the collection of the medium. For the removal of leftover detached or dead
cells, the medium was centrifuged for 5 min X 2000rpm. For live imaging, the FN YPet containing

medium was diluted.

Immunostaining on cells

HelLa cells as well as NIH3T3, Talin KO HeLa Kyoto, and YPet-Talin reconstituted HeLa Kyoto
cell lines were washed three times with 1XPBS and fixed for 12 minutes in 4% paraformaldehyde
(PFA) solution in 1XPBS. PFA fixation was followed by incubation in a 50 mM glycine solution
(pH=7.8) in 1X PBS for 10 minutes. Next, permeabilization of cells was done using 0,1% Triton-
X solution in 1X PBS for 10 minutes. After several washes with 1XPBS, cells were blocked using
10% donkey serum in 1X PBS for 30 minutes. Following that, cells were incubated with primary
antibodies diluted in 10% donkey serum solution in 1X PBS for 1 hour at room temperature or
overnight at 4°C. The primary antibodies used were: -catenin rabbit (Sino, 11279R021) 1:1000,
N-Cadherin mouse (Thermo, MA1-159) 1:300, N-Cadherin rabbit (Sino, 11039-R014) 1:500, N-
Cadbherin rabbit (Sino, 11039-R020) 1:500, N-Cadherin rat (Hybridoma, MNCD2) 1:50, 9EG7 rat
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(BD Biosciences, 553715) 1:800, Mab13 rat (Millipore, MaBT821) 1:500, 12G10 mouse (Santa
Cruz, sc-59827) 1:500, Phalloidin Alexa 633 (Invitrogen, A22284) 1:400, HUTS mouse (BD
Biosciences, 556048) 1:500, Human FN mouse (Hybridoma, HFN 7.1) 1:500, Fibronectin
Fragment 2 rabbit (Sino Biological, 10314-RP03) 1:500, Paxillin mouse (BD transductions,
610051) 1:600, Vinculin mouse (Santa Cruz, sc-73614) 1:400, FAK mouse (ProteinTech, 66258-
I-1g), pY20 (tube Eppendorf, co210) 1:500, pFAK rat (RD Biosciences, MAB4528) 1:500,
pPaxillin Tyr31 rabbit (Santa Cruz, sc-14035) 1:600. The primary antibodies were washed
3xbminutes in 1XPBS before the addition of secondary antibodies (in block solution) for 1 hour
at room temperature. The following secondary antibodies were used: 488 Donkey anti-Rat
(Invitrogen, 1:500), 568 Donkey anti-Mouse (Invitrogen, 1:250), 568 Donkey anti-Rabbit
(Invitrogen, 1:500), 647 Donkey anti-Rabbit (Invitrogen, 1:300), Alexa 647 Donkey anti-Rat
(Jackson Immunoresearch, 1:100), Cy3 Donkey anti-Rat (Jackson Immunoresearch, 1:500), 488
Donkey anti-Rabbit (Invitrogen, 1:500), 488 Donkey anti-Mouse (Invitrogen, 1:500). The
secondary antibodies were washed three times in 1XPBS. For mounting, ProLong anti-fade
mounting agent (Invitrogen, P36961) was used on a microscope slide and the glass coverslip was
placed inverted on top of it.

Plasmids and DNA constructs

Most of the plasmids used in this thesis for molecular cloning purposes or protein expression in
cells were already available in the lab [pHLSec2-FN-YPet (#65421, Addgene), Pcs2+ N-Cadherin
GFP ACP (provided by Dr. Carl Philipp Heisenberg), mCherry-Beta-Catenin-20, mCherry N-
Cadherin (provided by Dr. Roberto Mayor), mCherry Talin-18 (#55137, Addgene), pCS2++
mKate FAK, mScarlet Paxillin (#112956, Addgene), pActinin-miRFP670nano (#127432,
Addgene), pmiRFP680-tubulin (#136575, Addgene), pCS2+ N Cadherin Scarlet WT, GFP-Talin
(mTalinl) (#80027, Addgene), pCDNAS3.1 catenin conformational FRET sensor (#71709,
Addgene), mRuby-Vinculin-23, pCS2+ N-Cadherin GFP).
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The pmiRFP680 Fibronectin was constructed using standard molecular biology techniques.

Generation of the miRFP680 Fibronectin was performed in one step using pmiRFP680-tubulin as

a template and the following primers:
F: aaaACCGGTatggcggaaggctccgtcg
R: aaaGAATTCTAActcttccatcacgccgatct

The PCR product was inserted in frame in the pHLSec2-FN-YPet plasmid, using Agel and EcoRlI
restriction sites. The YPet gene sequence, which was situated between the Agel and EcoRI
restriction sites of the pHLSec2-FN-YPet plasmid, was removed during the digestion.

Cell lysis

Cells were rinsed with 1XPBS and lysed in lysis buffer (130mM NaCl, 20mM HEPES pH 7,2,
3mM EDTA, 0,3% Triton X-100, 10% Glycerol, supplemented with protease and phosphatase
inhibitors) on ice, followed by cell scraping, collection in 1,5 ml Eppendorf tube, sonication
(Hielscher Ultrasound Technology), centrifugation (10000 rpm X 12 minutes) and incubation at
95°C for 2 minutes, after the addition of 5X Laemmli Buffer (10% SDS, 50% Glycerol, 0.02%
bromphenol blue, 0.3125M Tris HCI, pH 6.8) supplemented with 25% [-mercaptoethanol. Lysates

were used for western blot analysis.

Western Blot Analysis

Lysates were loaded into 6% or 10% SDS-polyacrylamide gels with BlueStar Prestained Protein
Marker (NIPPON genetics) and blotted onto nitrocellulose membranes (Porablot NCP-
MACHERY-NAGEL). Afterward, blots were blocked in 5% milk (Fluka® analytical) in PBS-
Tween 20 (1XTBS and 0.1% Tween 20) or 5% BSA (A9647, Sigma-Aldrich) in PBS-Tween 20
(IXTBS and 0.1% Tween 20) for 30 minutes and then incubated with the primary antibodies in

5% milk or 5% BSA, respectively, overnight at 4°C. The primary antibodies used were:
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Fibronectin Fragment 2 rabbit (Sino Biological, 10314-RP03), Paxillin mouse (BD transductions,
610051), pPaxillin Tyr31 rabbit (Santa Cruz, sc-14035). Blots were washed in PBS-Tween 20 for
3X10 minutes and then incubated with a Goat anti-Rabbit 1gG-HRP (1:5000, SantaCruz
Biotechnology) secondary and a Donkey anti-Mouse IgG (H+L) Alexa Fluor™ Plus 800 (A32789,
Invitrogen) secondary in 5% milk or 5% BSA, respectively, for 1 hour at room temperature. After
three 10-minute washes in PBS-Tween 20, visualization of fluorescent secondary antibody was
performed immediately, while for the HRP-conjugated secondary the signal detection was
performed with the use of the Immobilon Forte Western HRP Substrate (WBLUFO0500, Millipore).
Images were acquired with the use of the ChemiDocTM MP — Imaging System (BIO-RAD).

Imaging

After immunofluorescence staining, cells were imaged either with a Zeiss Axio Imager Z1
microscope equipped with a Zeiss Axiocam MR3 and the AxioVision software 4.8 or with a Zeiss
LSM 710 scanning laser confocal microscope, with the Zen 2010 software, or with a Zeiss LSM

910 airyscan laser confocal microscope with the Zen 2010 software.

Quantification and Statistical analysis

All quantifications were performed with the AxioVision LE software, ImageJ, and Zen (Blue +
Black edition) software. Intensities were measured using ImagelJ. Profiles were generated using
the Zen (Blue edition) software. Statistical analysis was performed with the GraphPad Prism

software (Version 7.01).
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RESULTS

6.1 Establishing a protocol to monitor FN localization and fibrillar assembly during live

imaging and in fixed samples

The aim of this study was to examine the possible impact of AJs both on ligand binding on the cell
surface and on fibrillar assembly. Previous work revealed that ECM deposition is regulated
indirectly by tissue tension and cadherin-based interactions; however, the exact mechanism
through which AJs could influence ECM assembly and deposition was unclear (Dzamba et
al.,2009). Nevertheless, unpublished data from our group revealed that AJs can stimulate and
spatially guide ligand-independent integrin activation creating spatially restricted pools of high
ligand affinity receptors at cell-cell contact sites (Hadjisavva et al., Cell Reports-under revision).
Thus, we wanted to examine if those AJ-driven pools of integrins can a) spatially influence ligand
binding on the cell surface and b) impact ECM deposition and remodeling. Since the ECM is a
three-dimensional network consisting of several extracellular molecules, we decided to select and
examine Fibronectin, a core component of the ECM, the importance of which is demonstrated by
the embryonic lethal phenotype of knockout mice (George et al., 1993). In an effort to address the
above questions, we had to initially develop a protocol that would allow monitoring fibronectin

assembly both during live imaging as well as in fixed samples.

6.1.1 Use of Fibrinogen to monitor fibrillar assembly

In order to fluorescently label fibronectin we initially examined the possibility to use Fibrinogen
covalently labeled with Alexa 647. Fibrinogen is a glycoprotein shown to interact with
fibronectin via the cryptic high-affinity FN-binding site in the alphaC domain, accessible only
when fibrinogen converts into fibrin (Makogonenko et al., 2002). Fibrinogen is much more
stable than fibronectin and is readily available prelabeled from various vendors while fibronectin
is very sensitive and very few options of pre labeled fibronectin exist in the market. To test the

Alexa Fluor conjugated Fibrinogen , we incubated HelLa and fibroblasts with different
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concentrations of Fibrinogen (250ng/ul, 150ng/ul, 100ng/ul) for 24 hours and then fixed them
and stained against Fibronectin. As shown in Figure 9, only a few fibrils were labeled by
Fibrinogen; however, in order to get a better picture of the percentage of fibrils incorporating
Fibrinogen vs. the fibrils stained with the FN antibody, intensity profiles were generated in
parallel with the fibrils, with the FN antibody represented by the green line and Fibrinogen with
the red line. We observed that a high percentage of fibrils were completely devoid of Fibrinogen
and the labelling was uneven since some of the fibrils were fully labelled, others displayed
discontinuous staining, and others were completely incapable of incorporating Fibrinogen,
compared to the FN antibody that stained completely and continuously all the fibrils. By
increasing the concentration of Fibrinogen, more fibrils positive for Fibrinogen were observed,
however, nonspecific labelling was increasing as well, creating nonspecific, large aggregates of
Fibrinogen resulting in background, both in HeLa and fibroblasts (Figure 9).
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Figure 9. Use of fibrinogen leads to discontinuous labeling of fibronectin fibrils

(A) Confocal images of NIH3T3 cells cultured for 24 hours in the presence of several
concentrations of Fibrinogen (250ng/ul, 150ng/ul, 100ng/ul), were fixed and stained for FN and
Paxillin. Profiles generated parallel to each fibril revealed that Fibrinogen display discontinuous

fibrillar staining or even fails to stain fibrils at all.

(B) Confocal images of HeLa cells cultured for 24 hours in the presence of several concentrations
of Fibrinogen (250ng/ul, 150ng/ul, 100ng/ul), were fixed and stained for FN and Paxillin. Profiles
generated parallel to each fibril revealed that Fibrinogen display discontinuous fibrillar staining or

even fails to stain fibrils at all.



6.1.2 Use of fluorescent protein Fibronectin fusion (FN-YPet) to monitor fibrillogenesis

Given the poor results obtained using fluorescently labeled fibrinogen we turned to a fluorescent
protein fusion of fibronectin (Ohashi et al., 2002). We initially attempted direct transfection of the
target cells however this was problematic. Given the fact that our experiments required high
sensitivity detection of FN binding of the cell surface, direct transfection of target cells led to high
levels of FN-YPet accumulating in the ER and Golgi as well as in exocytic vesicles. This masked
lower intensity signal from secreted FN binding on the cell surface. To bypass this issue we
generated a fluorescently labeled fibronectin using HEK293 cells and the FN-YPet construct. We
postulated that expression in the highly amenable to transfection HEK293 cells would lead to
sufficient FN accumulation in the media to allow their conditioning and subsequent use on the
target cells. A schematic representation of the protocol for the generation of the fluorescently
labeled FN conditioned media established in our lab is presented in Figure 10, as well as the
schematic representation of the full-length FN and FN-Y Pet construct. We decided to use HEK293
cell line for the generation of the FN-YPet conditioned media, since HEK293 cells display high
transfection rates that result in efficient protein secretion in the media. Specifically, HEK293 cells
were transfected with FN-YPet construct and cultured for two days in serum-free media. Serum
contains various ECM ligands including fibronectin. This would compete with our fluorescently
labeled FN for binding to cells and thus would reduce the fluorescent signal in our experiments.
This conditioned media was collected, cells and cell debris were removed by centrifugation and
added to fibroblasts for 24 hours before fixation, in order to examine if this media would lead to
fluorescent labeling of FN fibrils. Hence, immunofluorescence (IF) experiment and intensity
profiles were carried out using an antibody against Fibronectin. As shown in Figure 11, most of
the fibrils were fully labeled with the FN-YPet in a continuous manner, as a clear correlation
between the signal intensity variation of FN antibody and the signal from FN-YPet can be observed

in the intensity profiles made parallel to the fibrils.
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Figure 10. Schematic representation of the protocol used for FN-YPet conditioned media

production.

(A) Schematic representation of the protocol followed for the production of FN-YPet containing

media. This scheme was made by using BioRender.com.

(B) Schematic representation of the structure of the full-length FN and the FN-YPet, in which
YFP was fused between 3 and 4 domains. Adapted from Ohashi et al., 2001

44



Fibronectin Antibody

Figure 11. FN-YPet can efficiently label fibronectin fibrils formed by the cells

Confocal images of NIH3T3 cells cultured for 24 hours in the FN-YPet conditioned media were
fixed and stained for FN. Profiles generated parallel to each fibril reveal that FN-YPet is capable

of labeling the fibrils in a continuous manner.
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Since we had tested both options, Fibrinogen and FN-YPet, on fixed samples, we proceeded to
examine them during live imaging. Similar results were obtained with FN-YPet labeling the
majority of fibrils, compared to the Fibrinogen, which incorporated discontinuously in a very small
number of fibrils and created a strong background with non-specific aggregates (Figure 12A).
Interestingly, Fibrinogen labeling not only displayed discontinuity, but it also showed a delayed
appearance within the fibrils, compared to the FN-YPet labeling, as shown in Figure 12B
suggesting that its incorporation into FN fibrils does not take place at the earliest stages of
fibrillogenesis. Overall, we concluded that the fluorescently labeled FN was the most suitable
option for monitoring both ligand binding on the cell-surface as well as fibronectin fibrillogenesis

during live imaging and in fixed samples and thus we proceeded to use it for our experiments.

Fibrinogen

Fibrinogen Merge
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Figure 12. Live imaging of Fibrinogen and FN-YPet confirmed the discontinuous fibrillar
staining of Fibrinogen compared to the FN-YPet and revealed that the fibrillar labeling via

Fibrinogen is delayed

(A) Still images from a live movie of NIH3T3 cells in the presence of both Fibrinogen and FN-
YPet. Profiles generated parallel to each fibril confirmed the continuous fibrillar staining from FN-
YPet, in comparison with the discontinuous fibrillar staining from Fibrinogen.

(B) Close-up of a single fibril over time revealed the delayed appearance of Fibrinogen compared
to the FN-YPet.

6.1.3 Cloning of the miRFP680 Fibronectin construct and verification of its stability and size

Before moving forward, given the need to combine FN with other labelled proteins simultaneously,
we attempted to switch the fluorescent molecule of the FN-YPet construct from YPet to a near-
infrared emitting protein (NIR). As shown in Figure 13A, both the excitation and emission spectra
of the YPet molecule overlap with the spectra of the Green Fluorescent Protein (GFP) and the Red
Fluorescent Protein (RFP), and this leads to an imaging issue, known as bleed-through. During
imaging of more than one fluorophore, bleed-through can occur, where a signal from one
fluorophore leaks to the channel of another and is detected there, resulting in false results. Since
we wanted to examine the impact of AJs on FN deposition during live imaging as well, we needed
to have more than one fluorophore available for multi-imaging. Specifically, the idea was to
simultaneously image FN, an AJ component (N-cadherin or (3-catenin), and Talin, which acts as a
surrogate for integrin activation, given that it is directly interacting with active integrin tails.
However, most of the constructs available in the lab, including N-cadherin, B-catenin, and Talin,
were either GFP or RFP. Given that, using them together with the FN-YPet was not an option.
Notably, when media containing FN-YPet was added to cells transfected with N-Cadherin GFP
during live imaging, those two fluorophores could not be spectrally resolved adequately even when
using a spectral confocal system. Thus, we went on to take advantage of the fluorophores emitting
near-infrared (NIR), such as the miRFP680 and the miRFP670nano. Their spectra do not overlap
with the GFP or RFP spectra, hence bleed-through could be avoided (Figure 13B). Importantly
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the NIR region of the spectrum is ideal for live imaging since there is very little autofluorescence
in this region and low energy photons are less toxic to the cell. For this reason, we thought to
remove the YPet molecule from the FN-YPet construct and switch it with the one from the miRFPs
that were available in the lab via standard molecular cloning techniques.

(A)

Figure 13. Emission and excitation spectra of several fluorescent proteins

(A) Emission and excitation spectra overlap between (a) YFP and GFP and (b) YFP and RFP.

Adapted from thermoficher.com/spectraviewer.

(B) Emission and excitation spectra of YFP, miRFP670 nano, and miRFP680. Adapted from
fp.base.org.
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Before moving on with the cloning, we first had to decide which miRFP construct was the most
suitable in our case. We had two available options in our lab, a miRFP680 fused with tubulin, and
a miRFP670nano fused with Lifeact. This was especially critical given that NIR protein
fluorophores typically exhibit very low quantum yields and as a result are quite dim. At the same
time both photomultipliers and CCD sensors display reduced sensitivity at the NIR region of the
spectrum making the detection of these fluorophores challenging. In order to determine which
fluorophore was the brightest and most photostable, we transfected cells with either the miRFP680
Tubulin or the miRFP670nano Lifeact construct and live imaged them for 70 minutes keeping the
same laser power and exposure times between them (Figure 14). In agreement with the FPbase
database, our results showed that miRFP680 was brighter and more photostable compared to the
miRFP670 nano (Figure 14C). Since NIR emitting fluorophores are characterized by dim light
emission and high stability, we ended up selecting the miRFP680 instead of the miRFP670 nano,

due to its better characteristics.

First frame Last frame

(A)

(B) First frame Last frame
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miRFP 680 miRFP 670nano

Brightness 13.63 10.26

Photostability | 980 t1/2 (s) | 490t1/2 (s)

Figure 14. Live imaging of miRFP680 tubulin and miRFP670nano lifeact revealed that
mMiRFP680 is a more suitable option due to its increased brightness and photostability

compared to the miRFP670nano
(A) First and last still images from a live movie of a cell transfected with miRFP670nano Lifeact.
(B) First and last still images from a live movie of a cell transfected with miRFP680 tubulin.

(C) Table referring to the characteristics of both miRFP670nano and miRFP680 protein (Adapted

from Fpbase.org).

Following standard molecular cloning techniques, we generated a new construct by replacing the
YPet domain of FN-YPet with miRFP680. The cloning of this construct is thoroughly described
in the Material and Methods section. The molecular weight and stability of the FN-miRFP680
were verified by Western Blot. Lysates from FN-miRFP680 transfected HEK293 cells, FN-Y Pet
transfected HEK?293 cells, and control untransfected HEK293 cells were used for this experiment.
Using an antibody against FN, a single band was detected at the expected molecular weight of
around 300 kDa (Figure 15).
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Figure 15. Confirmation of size and stable expression of miRFP680 FN in HEK293 cells

Western Blot analysis of lysates from miRFP680 FN and FN-YPet transfected HEK293 cells, and
untransfected HEK293 cells (control). The miRFP680 FN construct in transfected cells is detected
at 300 kDa, while FN-YPet is detected at 290 kDa and endogenous FN is detected at 230 kDa in
HEK?293 cells.

We went on to examine whether FN-miRFP680 can label fibrils as efficiently as the original FN-
YPet construct could. HEK293 cells were transfected with FN-miRFP680 and cultured for two
days in serum-free media, before the collection of the conditioned media. Subsequently, NIH3T3
cells were cultured in that media for 24 hours and then fixed and stained against Fibronectin.
Despite being functional, we observed that FN-miRFP680 didn’t colocalize perfectly with the FN
antibody staining on fibrils and exhibited discontinuity along fibrils (Figure 16). Additional
analysis of these data with the generation of profiles parallel with the fibrils confirmed that there
was a mismatch between FN-miRFP680 and FN antibody labeling, as well as the discontinuous
fibrillar labeling from FN-miRFP680.
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miRFP 680 Fibronectin

Figure 16. miRFP680 FN displays discontinuous fibrillar staining

Confocal images of NIH3T3 cells cultured for 24 hours in miRFP680 FN conditioned media were
fixed, and stained against FN. Profiles generated parallel to each fibril revealed the discontinuity

of staining along fibrils by miRFP680 FN.
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Nonetheless, we proceeded to examine the new construct during live imaging and compare it with
the original FN-YPet. Therefore, we imaged cells live, to which we externally introduced media
from HEK293 cells containing both FN-miRFP680 and FN-YPet. As shown in Figure 17, the FN-
miRFP680 signal was not detectable at all even after 30 minutes, compared to the FN-YPet signal.
Further analysis confirmed that the FN-miRFP680 signal cannot be detected, probably due to the
fact that the fluorophore is very dim and not detectable at such low levels within short time periods
(Figure 17B). Although our construct is useful for long term experiments since it does become
incorporated into fibrils when cells were cultured for 24 hours (Figure 16), in the short term,
during live imaging it was undetectable, and since it did not fulfil the requirements for these

experiments, we went on to use the original FN-YPet construct only.

(A)

. mScarlet N-Cadherin/ /miRFP 680 Fibronectin .
0 min 30 min

(B)
miRFP680 FN




Figure 17. Live imaging of miRFP680 FN revealed that unlike FN-YPet it cannot be detected

during the early stages of fibril formation

(A) Still images (0 min and 30 min time points) from a movie of HeLa cell in media containing
both miRFP680 FN and FN-YPet, showing the incorporation of FN-YPet into newly formed fibrils
in comparison with the undetectable signal from miRFP680 FN.

(B) Close-up of a single fibril over time revealed that miRFP680 FN is not detectable at such low

levels and within short time periods.

6.1.4 Selection of appropriate cellular model with the use of FN-YPet

6.1.4.1 Selection based on the capacity for FN fibril formation

We then moved on to select the appropriate cell lines for our experiments that would allow the
monitoring fibrillar assembly with the use of FN-YPet and the study of the impact of AJs on both
the cell-surface ligand binding and fibrillogenesis. Specifically, we examined various cell lines
available in our lab, including NIH3T3 and Paxillin null cells, which are both mouse embryonic
fibroblasts, as well as the human cervical carcinoma cell line HeLa and the human embryonic
epithelial kidney cells HEK293. Of all the cell lines tested the most appropriate to show in this
study were those four that covered all the possible outcomes concerning FN deposition (Figure
18). In order to find the most suitable cellular model, we initially cultured all the different cell lines
for 12 hours in media containing FN-Y Pet before fixation. Remarkably, both fibroblast cell lines
created an impressive dense meshwork of fibrils, in comparison to HeL a cells that showed a small
number of individual fibrils and HEK293 cells that were almost completely unable to deposit
fibrils (Figure 18). These results were in agreement with previous studies, that showed that
fibroblasts are to a large extent responsible for the synthesis and deposition of fibrillar ECM
components of the stroma (Hynes, 1990; Strutz and Zeisberg, 2006; Qureshi et al., 2017), however,
epithelial cells were shown to respond to fibrotic stimuli and produce components of the ECM as
well (Humphreys et al.,2010). At this point, we decided to move on with the NIH 3T3 cells instead
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of using Paxillin null cells, since this cell line lacks the protein Paxillin, and therefore could impact
several cellular properties, such as cell spreading (Hagel et al., 2002) and complicate data
interpretation. Additionally, HeLa cells were chosen over HEK293 cells since HEK293 were not
able to deposit FN fibrils. Collectively, we decided to proceed with NIH3T3 and HeLa cells.

HEK293

NIH 3T3 Paxillin null

Figure 18. Fibroblasts generate a dense fibrillar network, compared to HeLa and HEK?293

which show a limited and no fibril formation, respectively

Images of various cell lines cultured for 12 hours in the presence of FN-YPet, fixed, and stained
for FN. Both fibroblasts formed an extremely dense fibrillar meshwork in comparison with HeLa
and HEK293.

6.1.4.2 Cellular model selection based on AJ formation

Considering that we wanted to address the role of AJs on fibronectin assembly, we had to find a
cell line that not only produces fibrils, but it also expresses adherens junction components at
sufficient levels to form adherens junctions, since different cell lines express different cadherin
types and at different levels, leading to differences in the ability to form AJs or the appearance of
the AJs. Numerous studies showed that both NIH3T3 and HeLa cells express N-cadherin and -
catenin via WB analysis, with fibroblasts displaying more scattered phenotype with punctuated
AJs, while HeLa cells showed more strong and large AJs along the cell-cell contacts (Islam et al.,

1996). In agreement with these studies, we performed immunofluorescence experiments, using
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antibodies that recognize pB-catenin and N-Cadherin both in NIH3T3 and HeLa cells and showed
that HeLa displayed very strong and robust enrichment of those components at AJs, compared to
NIH3T3 fibroblasts (Figure 19A). Quantification of the intensity levels of N-cadherin and B-
catenin respectively, localized at the AJs of HeLa and NIH3T3 cells confirms the above
observation (Figure 19B). Collectively, our results showed that we came up with two different
contexts, HelLa cells with a limited fibrillogenesis but with strong enrichment levels of AJ
components at those sites, and fibroblasts that display very fast and dense fibrillar matrix assembly
but moderate AJ formation. Taking this into account, we thought to take advantage of both contexts

in our future experiments.

Conclusively, we have established a protocol to monitor ligand binding on the cell surface and
fibronectin matrix assembly, both during live imaging as well as in fixed samples, in an effort to

address the impact of cell-cell junctions in these processes.
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Figure 19. HelL a cells form stronger and larger AJs compared to NIH3T3 cells

(A) (a) Images of NIH3T3 cells stained against p-catenin and N-cadherin, respectively, showed
minimal enrichment of both components at the AJs

(b) Images of HelLa cells stained against B-catenin and N-cadherin, respectively, showed strong
enrichment of both components at the AJs

(B) Quantification of junction/background mean intensity ratio from p-catenin positive AJs and
N-cadherin positive AJs of NIH3T3 and HeLa cells, from a two-tailed unpaired t-test. Error bars
represent S.E.M. The mean intensity of -catenin in HelLa cells is 1,411+0,07233, n=15 and in
NIH3T3 cells is 0,8589+0,07233, n=15. The mean intensity of N-cadherin in HeLa cells is
1,455+0,08957, n=18 and in NIH3T3 cells is 0,8364+0,08957, n=18. n, number of AJs measured

from three independent experiments.
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6.2 Preferential accumulation of high ligand affinity receptors on AJs guides the selective

binding of FN-YPet on cell-cell contacts

As mentioned in the introduction, unpublished work from our lab has revealed that AJs can
regulate the spatial distribution and activation of integrins in the absence of ECM ligands
(Hadjisavva et al., Cell Reports-under revision). Therefore, increased tension at the cell-cell
junction sites results in the creation of high ligand affinity extended integrin pools and given the
fact that the formation of fibrils relies on increased tension and the presence of Als, we
hypothesized that AJ-driven activation and distribution of integrins could spatially influence ligand
binding on the cell surface. We thus wanted to examine if integrin activation driven by AJ-
generated tension can spatially guide ECM ligand binding. For this purpose, we initially used N-
cadherin Fc substrates, on which cells spread through the formation of linear AJs in contact with
the glass, formed through the interaction of the cell’s cadherins with the cadherins grafted onto the
glass surface, as shown in Figure 20A. Specifically, we seeded HeLa cells on N-cadherin Fc
substrate until integrin activation was detected at AJs and introduced externally FN-YPet to cells.
Immunofluorescence experiment was carried out using antibodies against 3-catenin and active
integrin B1, followed by imaging of the AJs using super-resolution microscopy. As shown in
Figure 20B, FN preferentially accumulated at the Bl-integrin positive linear AJs. Additional
analysis of these data with the generation of intensity profiles perpendicular to the adhesions
revealed that there was enrichment of FN, B-catenin, and active integrin 1 on each linear AJ. This
experiment clearly showed that, AJs can spatially guide integrin activation, which have high
affinity for ligands and can promote the enrichment of soluble ligands at the AJs. These results
show that AJs can influence ligand binding on the cell surface via the creation of localized high
ligand affinity pools of integrins.
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Figure 20. Preferential accumulation of FN at g1 positive linear AJs
(A) Schematic representation of N-cadherin Fc substrate (Adapted from Nag et al., 2014).

(B) Confocal images of HelLa cell spread on N-cadherin Fc were fixed at 60 minutes upon the

introduction of soluble FN-YPet in the medium and stained for B-catenin and active integrin p1.

(C) Intensity profile generated perpendicular to the FN-YPet positive AJ, revealed that FN is

sharing the same area within the adhesion as B-catenin and active integrin 1.
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However, given the artificial nature of the AJs generated by cells attached on Fc coated glass
coverslips, we went on to examine whether preferential ligand accumulation would take place in
a more physiologically relevant condition. Cells in suspension can form cell doublets which can
form ring like AJs between their contact area. AJs between cell doublets were previously shown
to be positive for both cadherin and active integrin B1, clustered at the rim of the contact area of
two cells (Hadjisavva et al., Cell Reports-under revision). In order to address this, cells incubated
with soluble FN-YPet were allowed to form doublets for 20 minutes, fixed, and stained for
antibody against N-cadherin. As shown, we observed a clear FN accumulation at the AJ between
the two cells, suggesting that cell-cell adhesion elicits integrin activation which then spatially
guides FN binding, in agreement with what we observed on glass Cadherin substrates (Figure
21A). A 3D reconstruction of the doublet clearly showed the accumulation of FN along the circular
AJ formed between the two cells (Figure 21B). Similarly, cells attached on charged glass substrate
in the presence of FN-YPet, also display selective accumulation of FN at the N-cadherin positive
cell-cell contact regions, further confirming that AJs spatially influence ligand-binding on the cell

surface via controlling integrin distribution and activity (Figure 21C).
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Figure 21. FN is selectively enriched at the cadherin positive cell-cell contact sites

(A) Confocal images of a cell doublet incubated with soluble FN-YPet, fixed and stained against

N-cadherin showed the recruitment of FN at cell-cell junction sites.

(B) 3D rendering images of cell doublet showed clear FN accumulation at the cadherin positive

ring formed between the two cells.

(C) Confocal images of cells seeded on charged glass substrate in the presence of soluble FN-YPet
showed the preferential ligand accumulation at AJs. Profile was generated perpendicular to two

AJs at cell-cell contact.
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6.3 Use of conformational-specific integrin antibodies revealed the sequence of events taking

place at the integrin positive cell-cell junctions

After showing the selective accumulation of FN at integrin positive cell-cell junctions, we went
on to determine the sequence of events taking place at those sites. Specifically, we went on to
examine whether activated integrins are localized at AJs prior to the sequestering of ligands at the
junction, as we hypothesized. In order to achieve this, we took advantage of the well-characterized
monoclonal antibodies against 1, specific for the extended, closed, and open headpiece
conformational states. As mentioned in the introduction, integrins display at least three distinct
conformational states correlated with the ligand affinity of the receptor. The bent-closed and
extended-closed conformational states, which are ligand-free, and the extended-open
conformation which is the ligand-bound conformational state. During integrin activation, the bend
low-affinity state undergoes reversible conformational changes to increase ligand affinity, by
completely extending the extracellular domains and separating the cytoplasmic domains resulting
in an extended high-affinity receptor (Xiong et al., 2001; Takagi et al., 2002). Hence, in order to
examine the exact conformation of the receptor during cell doublet formation, cell doublets were
fixed at two distinct time points, at an early time point (30 minutes) without serum and at a late
time point (1 hour) of which serum was supplemented after 30 minutes, and were stained for
extended conformation-specific antibodies (9EG7 or HUTS21), closed-headpiece specific
antibody (mADb13), open-headpiece specific antibody (12G10), AJ marker (N-cadherin or -
catenin) and FN. As shown in Figure 22A, at the early time point in serum-free conditions, the
extended conformation-specific antibodies 9EG7 and HUTS21 were detected at the cell-cell
contact areas together with the closed-headpiece specific antibody mAb13, while no FN or open-
headpiece specific antibody staining were observed at that time point, suggesting that receptors
with extended closed-head conformation are recruited first at the cell-cell junctions. Within 60
minutes after switching to serum-containing media, open-headpiece-specific antibody 12G10 and
FN were observed at the cadherin positive cell-cell junction together with the extended
conformation-specific antibody 9EG7 (Figure 22B). Collectively, these data revealed that integrin
receptors with extended closed-headpiece conformation are recruited first at the cell-cell junctions
and then preferentially guide ligand accumulation there, further supporting our initial hypothesis.

Notably, the above results are in agreement with what has been shown recently by our group, when
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they characterized the integrin conformational state at the linear AJs on Fc substrates (Hadjisavva

et al., Cell Reports-under revision).

(A)

Early time point

N-Cadherin

HUTS (21)

FN

12G10 N-cadherin

N-cadherin

63



(B)

Late time point
12G10 N-cadherin

12G10 N-cadherin

@
»

Fibronectin N-Cadherin

12G10 FN Merge

(C)

Close headpiece | Open headpiece | Extended

mADb13 12G10 9EG7, HUTS21
Early time point | + +
Late time point + +

64



Figure 22. Selective FN accumulation is achieved via the AJ-driven activation and
recruitment of closed-headpiece extended conformation integrins at the cell-cell junction

sites

(A) Confocal images of cell doublets in serum-free conditions, fixed at 30 minutes and stained for
FN, N-cadherin, and several conformational specific integrin antibodies. Intensity profiles were
made perpendicular to the AJs. At an early time point, only closed-headpiece-specific and

extended-specific antibodies were observed.

(B) Confocal images of cell doublets in media supplemented with serum, fixed at 60 minutes and
stained for FN, N-cadherin, and several conformational specific integrin antibodies. Intensity
profiles were made perpendicular to the AJs. At a late time point, open-headpiece-specific
antibody, extended antibody, and FN were observed at the cell-cell contact sites. 3D rendering
image of a cell-doublet clearly showed the co-localization of the extended-specific and open-
headpiece-specific antibodies on the cadherin positive circular AJ.

(C) Table summarizing the appearance of the different conformation-specific integrin antibodies.

6.4 Talin and contractile force are involved in the ligand accumulation at cell-cell contacts

After the characterization of the sequence of events taking place at cell-cell junctions, concerning
the order of appearance of the conformational states of integrins and ligand enrichment, our results
so far supported that cadherin-based interactions influence integrin distribution and activation,
creating pools of receptors with extended closed headpiece conformation, that guide selectively
FN accumulation at those sites. Therefore, this brought up the question of how these high-ligand
affinity integrins are stabilized in their extended conformation in those regions at early time points,
in the absence of ligand presence. Several studies suggested that plasma membrane tension (PM)
elicits integrin activation in the absence of ligands in a variety of contexts (Ferraris et al.,2014;
Petridou and Skourides, 2016), with the more recent one showing that physical events deforming
the cell membrane structure, including stretch, shear stress, or osmotic pressure, can induce
integrin activation via disrupting the association of the integrin transmembrane domains (Kim et

al.,2020). Interestingly, unpublished data from our lab revealed that integrin activation and
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clustering at AJs are dependent on AJ-generated tension, since AJs are regions of high intrinsic
tension when coupled to the actin contractile cytoskeleton (Hadjisavva etl., Cell Reports-under
revision). It is well documented that Talin links integrins directly to the actin cytoskeleton,
strengthening their activation and increasing their affinity for ligands via the transmission of actin-
mediated forces (Klapholz and Brown, 2017). Therefore, it was proposed that AJ-generated
tension leads to the accumulation of extended integrin receptors which can interact with Talin and
thus with the actin cytoskeleton resulting in the stabilization of their extended state (Hadjisavva et
al., Cell Reports-under revision). However, those experiments were performed using an artificial

system, where cells were seeded on cadherin Fc coated substrates.

Thus, we went on to investigate if these pools of extended integrin receptors at the cell-cell contact
area of doublets are dependent on Talin and subsequently on contractile force. In an effort to
address this, we initially used both Talin KO and Talin-YPet reconstituted cell lines, which were
allowed to generate doublets for 45 minutes in serum-free conditions, fixed, and stained for
antibodies against N-cadherin and active integrin f1. As shown in Figure 23A, no active integrin
B1 can be detected in association with N-cadherin at the cell-cell contact area of Talin KO cells,
compared to the Talin-YPet reconstituted doublets, which showed a clear accumulation of active
integrin at the Talin-positive cell-cell junction. To further confirm our hypothesis, we repeated the
experiment in serum-containing media staining against N-cadherin and FN. As expected, we
observed FN accumulation on the Talin positive cell-cell contacts of Talin reconstituted doublets,
in comparison with Talin KO doublets that showed nonspecific recruitment of FN along the cell
surface with no correlation between FN and N-cadherin (Figure 23B). These data conclusively
showed that preferential accumulation of ligands at cell-cell junctions is due to the recruitment and
stabilization of extended conformational state integrins at those sites by Talin.
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Figure 23. FN accumulation on cell-cell junction sites is strictly dependent on Talin

(A) (a) Confocal images of Talin KO cell doublet fixed and stained against N-cadherin and active
integrin B1 showed a cell-cell contact site negative for active integrin B1 suggesting that Talin is
essential for the stabilization of integrins at those sites. Intensity profile generated perpendicular

to the AJ showed that no integrin activation is detected at those sites.

(b) Confocal images of Talin-YPet reconstituted cell doublet fixed and stained against N-cadherin
and active integrin 1 showed clear recruitment of active integrin 1 at the Talin positive cell-cell
contact. Profile generated perpendicular to the AJ revealed that active integrin B1 is co-localized
at AJs enriched with N-cadherin and Talin.

(B) (a) Confocal images of Talin KO cell doublet fixed and stained against N-cadherin and FN
showed no FN accumulation correlated with cell-cell junctions. 3D rendering image of the cell-
doublet showed clearly the distribution of FN along the whole cell surface without any correlation

with cell-cell contact sites.

(b) Confocal images of Talin-YPet reconstituted cell doublet fixed and stained against N-cadherin
and FN showed the preferential accumulation of FN at the cell-cell junction sites positive for both
N-cadherin and Talin, revealing the crucial role of Talin for FN accumulation at those sites.
Intensity profile generated perpendicular to the AJ and a 3D rendering image of the cell-doublet

showed that FN is recruited selectively at the cell-cell junction.

In an effort to directly address the role of contractile force on AJ-driven integrin activation and
ligand accumulation we treated cells with a ROCK inhibitor (Rho-kinase inhibitor Y-27632) to
reduce contractility. Cells were allowed to form doublets for 20 minutes in media containing FN-
YPet and then treated with the ROCK inhibitor for 15 minutes before fixation.
Immunofluorescence experiments were carried out using antibodies against N-cadherin and
Vinculin. Vinculin staining was used as a reference for reduced contractility since it is known that
Vinculin interacts with Talin stabilizing the Talin-F-actin interactions and it was expected to be

reduced by the ROCK inhibitor (Humphries et al., 2007). As expected, upon treatment, Vinculin
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is lost from the cell-cell junction compared to the untreated doublet, confirming reduced
contractility (Figure 24A). As shown in Figure 24B, FN localization on cell-cell contact sites is
lost, upon the addition of ROCK, confirming that AJ-generated tension plays an essential role in
the stabilization of the extended state of integrins receptors and therefore accumulation and binding
of FN.
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Figure 24. Selective recruitment of FN on cell-cell junctions is dependent on contractile force

(A) Confocal images of cell doublets fixed upon treatment with ROCK inhibitor for 15 minutes
and stained for N-cadherin and Vinculin revealed that contractility is reduced at the AJs since
Vinculin is lost. Profiles generated perpendicular to the AJ showed a clear loss of Vinculin from

AJs, compared to the untreated cell doublet.

(B) Confocal images of multi doublet cells incubated with soluble FN-YPet and treated for 15
minutes with the ROCK inhibitor, were fixed and stained against N-cadherin. Upon contractility
reduction, no FN accumulation is detected on cell-cell junctions suggesting that the contractile
force is necessary for integrin stabilization at those sites. Profile generated perpendicular to the AJ
revealed that upon contractility reduction the co-localization of FN at the AJ with N-cadherin is

lost.

6.5 AJ modulation reveals the role of AJs in ECM formation and FN fibrillogenesis

6.5.1 Reduction of Calcium levels results in stronger and denser fibrillar formation

We have so far shown that the preferential recruitment of ligands at cell-cell junctions is due to
the AJ-driven distribution and activation of extended conformation integrins at these sites, which
are stabilized in that conformational state via Talin and actin contractility. We went on to directly
explore the role of AJs in ECM formation and FN fibrillogenesis by modulating AJs using various
approaches. As a first option, we sought to reduce calcium levels, given the fact that calcium is
essential for AJ formation, and in the absence or even in low levels of calcium cadherins undergo
conformational changes that lead to AJ disruption (Pokutta et al., 1994). For this purpose, we
cultured both HeLa and NIH3T3 cells for 12 hours in Calcium free media, and as a control, cells
that were cultured for 12 hours in media with Calcium Chloride were used. Should be noted that
these are not calcium-free conditions since despite using calcium-free DMEM the media contained
serum that does contain calcium. After fixation, we stained cells with antibodies against FN and
actin. Same experiments were done in parallel using an antibody against N-Cadherin to ensure that

calcium reduction resulted in weaker AJs since both Fibronectin and N-Cadherin primary
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antibodies were the same species and couldn’t be used simultaneously in one experiment (Figure
25A). Surprisingly, we observed increased fibrillogenesis with more dense fibrils generated by
cells cultured without calcium (Figure 25B). Analysis of the outcomes by quantifying the average
fibril intensity between cells cultured with and without calcium revealed that calcium reduction
led to a 4.5-fold and 2.5-fold increase in fibril signal intensity in HeLa and NIH3T3 cells
respectively, further confirming our observations (Figure 25C). A possible explanation for this
would be that by reducing calcium levels we not only affect AJs, but we may promote integrin
activation as well. As mentioned in the Introduction, integrins can interact with calcium through
the divalent-cation-binding domains on their extracellular subunits (Alberts et al., 2002). Notably,
several studies suggested that calcium can either suppress or enhance the binding ability of integrin
receptors to regulate cell behavior (Santoro et al., 1986; Kirchhofer et al., 1991). However, removal
of Ca2+ or addition of Mn2+ does increase ligand binding affinity and adhesiveness of almost all
integrins (Zhang and Chen, 2012). Therefore, in this case, calcium may act as a negative regulator
of integrin activity, and by reducing its levels we are promoting integrin activation. Conclusively,
this approach generated data that are hard to interpret, since calcium is probably modulating the
function of both AJs and integrin receptors. However, this needs to be further investigated and the
effects of calcium on FN fibrillogenesis need to be examined since the effect of calcium levels of

FN fibrillogenesis is dramatic and has not been previously reported.
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Figure 25. Reduction of calcium levels leads to the formation of more dense fibrils in both
NIH3T3 and HeLa cells

(A) Images of NIH3T3 and HeLa cells cultured for 12 hours in calcium-free and calcium-plus
conditions, fixed, and stained against N-cadherin, were used as a control to ensure that AJ

formation would be reduced upon the reduction of calcium.

(B) Confocal images of NIH3T3 and HeLa cells respectively, cultured for 12 hours in calcium-
free and calcium-plus conditions were fixed and stained against FN and actin. Both cell lines

display stronger fibrillar assembly upon the reduction of calcium.

(C) Quantification of average fibril intensity from cells cultured in calcium-free and calcium-plus
conditions, from a two-tailed unpaired t-test. Error bars represent S.E.M. The mean intensity of
fibrils in NIH3T3 cells in calcium-plus conditions is 3,440£0,4733, n=6, and in calcium-free
conditions is 8,636+0,4733, n=6. The mean intensity of fibrils in HeLa cells in calcium-plus
conditions is 1,291+0,8378, n=9, and in calcium-free conditions is 5,716+0,8378, n=9. n, number

of regions measured in two independent experiments.
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6.5.2 Expression of a function-blocking cadherin mutant leads to the elimination of both

ligand binding on the cell surface and FN fibril formation

Modulation of Calcium ion levels failed to provide a clear understanding on the role of AJs on FN
fibril formation. For this reason, we went on to explore an alternative approach to modulate AJ
function in a more specific manner. We decided to use a Cadherin mutant that lacks the
cytoplasmic domain, known as N-cadherin ACP. This mutant can effectively interact with other
cadherins via the extracellular domain; however, it cannot interact with the actin cytoskeleton and
thus fails to cluster (Figure 26A). Work by Hadjisavva et al., has also shown that expression of
this mutant suppresses AJ-driven integrin activation. Importantly, expression of this mutant does
not eliminate cell-cell attachment and thus does not eliminate force application between cells
(Hadjisavva et al., Cell Reports-under revision). Control cells and cells expressing N-cadherin
ACP were allowed to form doublets for 20 minutes, fixed, and stained against active integrin g1
and FN. As shown in Figure 26B, both active integrin p1 and FN were not detected in expressor
doublet cells, compared to the controls, where recruitment of active integrin and FN accumulation
were observed in the cell-cell contact area. Intensity profiles made perpendicular to the AJ and
quantification of FN intensity in control and expressor cells further confirmed that the expression
of the N-cadherin ACP mutant suppresses integrin activation and thus eliminates ligand
accumulation and fibril formation at the cell-cell junction (Figure 26C). These data suggested that
FN accumulation at cell-cell contact sites is governed by the AJ-generated tension through the

activation and clustering of integrin receptors at these sites.
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Figure 26. Expression of N-cadherin Acp mutant results in suppression of integrin pl

recruitment at the cell-cell contact site and consequently of FN accumulation

(A) Schematic representation of N-cadherin WT and Acp mutant structures. Scheme made by
online program Biorender.org
(B) Confocal images of a control cell doublet and a doublet expressing N-cadherin Acp revealed

that FN accumulation is not detected at cell-cell junctions upon the expression of the mutant,

suggesting that AJs are essential for the selective accumulation of FN via the recruitment of active



integrins at cell-cell contact sites. Profiles generated perpendicular to the AJs revealed that upon

mutant expression FN is not detected at the AJ compared to the control doublet.

(A) Quantification of the distribution of FN intensity between control and N-cadherin Acp
expressing cells, from a two-tailed unpaired t-test. Error bars represent S.E.M. The mean intensity
in control cells is 1449+150,4, n=19 and in expressors is 737,5+ 69,09, n=19. n, number of doublets

measured from three independent experiments.

The above results show that we have established a reliable approach to address the input of AJ-
driven integrin activation and the resulting spatial guidance of ligand binding on the cell surface
in a manner that does not impact focal adhesion-based fibrillogenesis. In an effort to address the
impact of AJs in the fibrillar matrix assembly and remodeling, NIH3T3 cells were transfected with
the N-cadherin ACP mutant and N-cadherin W.T. respectively, cultured for 12 hours, fixed, and
stained against FN. Interestingly, cells expressing the mutant displayed a significantly reduced
capacity to form fibrils, compared to cells expressing the WT protein (Figure 27A). Quantification
of the average fibril intensity revealed that N-cadherin ACP expression led to a 1.5-fold reduction
in the average fibril intensity in ACP expressors, confirming that N-cadherin ACP mutant
suppresses fibril formation (Figure 27B). These data show that AJs have a major impact not only
on determining the ligand binding on the cell surface but also in the generation and remodeling of

the complex fibrillar network.
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Figure 27. Expression of N-cadherin Acp mutant leads to suppression of FN fibril formation

(A) Confocal images of cells transfected with N-cadherin Acp and N-cadherin WT, respectively,
cultured for 12 hours, fixed, and stained against FN. Cells expressing the mutant fail to form fibrils

compared to the control cells and cells expressing the WT protein.

(B) Quantification of the average fibril intensity from cells expressing N-cadherin Acp and control
cells, from a two-tailed unpaired t-test. Error bars represent S.E.M. The mean intensity in control
cells is 29,30+3,781, n=15 and in expressors is 19,774,781, n=15. Quantification of the average
fibril intensity from cells expressing N-cadherin WT and control cells, from a two-tailed unpaired
t-test. Error bars represent S.E.M. The mean intensity in control cells is 38,90+4,234, n=15 and in
expressors is 39,50+4,234, n=15. n, number of cells measured from three independent

experiments.

6.6 Optimization of a protocol to generate a more physiologically relevant substrate to allow

monitoring fibrillar assembly during live imaging

With the above experiments, we uncovered a profound influence of AJs not only on ligand binding
on the cell surface via the recruitment of active integrins at cell-cell junctions but also on the 3D
architecture of the ECM generated by cells in culture. However, all of our experiments so far were
done statically, and in order to acquire more mechanistic insights we went on to examine this

process with live imaging.

As shown previously, NIH3T3 cells can form a very dense meshwork of fibrils compared to HeLa
cells within the same period of 12 hours (Figure 18), suggesting that fibroblasts can form fibrils
faster. Given that, the use of HeLa cells would make the experiment more challenging, since it
would take hours to see fibril formation live, while we aimed to keep the live imaging of cells
short, we opted to use NIH3T3 for the live imaging experiments. We also needed a way to image
cell protrusions and to identify cell-cell contact areas as they developed. We chose a plasma
membrane stain (Deep Red Plasma membrane stain, 0.01ng/ul) as an indicator for AJs, as it was
conjugated with a far-red emitted molecule (Deep Red), and thus it t could allow the simultaneous

imaging of AJs, active integrin, and FN. This membrane staining stains the plasma membrane, and
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when cells come in contact then the intensity increases as shown in Figure 28A, indicating where
we would expect an AJ to form. Talin or FAK were used as an indicator for active integrin since
Talin is the first one to bind integrin tails after activation and directly after FAK is the first one to
be recruited. The use of an antibody recognizing active integrins during live imaging was not an
option since it could potentially elicit integrin activation and or/prevent inactivation resulting in
false results, since most of the conformational antibodies are functional and can alter the state of
the integrin. By imaging FN, AJs, and integrins together we wanted to explore the sequence of
events taking place at a newly formed AJ. Considering our results in fixed cells (Figure 22), we
expected to observe AJ formation first, then recruitment of Talin or FAK, and finally the
accumulation of FN at those sites. Therefore, cells stained with mem stain and transfected with
Talin or FAK, respectively, were live imaged in media containing FN-YPet. Unfortunately, during
live imaging, we came across several problems. First, although mem stain could potentially
indicate where an AJ would form, it was not guaranteed that indeed an AJ was there, hence it was
not clear whether the subsequent localization of Talin or FAK there was due to the formation of
an AJ. Given that, in order to examine the sequence of events, we need to be able to observe the
formation of AJs by transfecting cells with a fluorescently labeled cadherin or g-catenin. Another
problem was that we didn’t manage to have sufficient temporal resolution to distinguish the exact
order the proteins were recruited at the junction (Figure 28B), since the presence of a ligand in the
media, in this case, FN-YPet, made the whole process to be almost instantaneous, something that
will require extremely high frame acquisition rates in order to be imaged efficiently, which can
lead to fluorophore photo-bleaching or photodamage. However, the most challenging problem that
we came across was the basal deposition of FN by individual cells, an artifact of seeding cells on
extremely stiff substrates, like glass. As mentioned in the Introduction, force is required to expose
cryptic sites on FN molecules essential for fibril formation (Schwarzbauer and DeSimone, 2011).
Notably, it was shown that lateral adhesive cell contacts are crucial for the initiation of fibrillar
assembly since very small BCR explants from Xenopus laevis failed to generate fibrils
(Winklbauer, 1998). Although single cells in vivo cannot form fibrils, cells seeded on stiff
substrates form stress fibers, a contractile bundle of actin, anchored on FAs, resulting in sufficient
force essential to expose cryptic sites on FN molecules and promote fibril formation upon
contraction. As shown in Figure 28C, this basal deposition of FN on the glass substrate masks any

initial accumulation of FN at cell-cell contact sites that we wanted to investigate. In an effort to
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resolve this problem, we went on to optimize a substrate that will closely mimic the in vivo state,

where single cells cannot deposit fibrils and thus will eliminate basal FN deposition in single cells.
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Figure 28. Basal deposition of FN, an artifact of stiff substrates, masks any initial

accumulation of FN at cell-cell contact sites during live imaging

(A) Still images from a live movie of NIH3T3 cells stained with mem stain. White arrowheads

indicate the cell-cell contact site where an AJ potentially would form.

(B) Still images from live movies of NIH3T3 cells expressing Talin or FAK, respectively, stained

with mem stain and incubated with soluble FN-YPet. Basal deposition is observed in both movies.

(C) still images (0 min and 60 min) from live movie of NIH3T3 cells stained with mem stain and
incubated with soluble FN-YPet showing the basal deposition of FN that could potentially mask

any accumulation of FN at the cell-cell junction sites.

6.6.1 Use of PLL for the promotion of non-specific attachment of cells on glass

To bypass FN basal deposition, we initially decided to use Poly-L-Lysine (PLL). PLL is a cationic
polymer that can be strongly adsorbed to glass surfaces, leaving free cationic sites. Given the fact
that the cell surface is negatively charged, PLL coating promotes cell adhesion through
electrostatic interactions (Minigo et al., 2006) (Figure 29A). Therefore, cells would spread without
forming FAs, and potentially single cells would not be capable of fibril formation. For that reason,
we cultured cells expressing N-cadherin in media containing FN-YPet for 2 hours before fixation.
As a control, we used cells cultured on a glass coverslip and a plasma-treated glass coverslip. The
plasma treatment makes glass substrates more hydrophilic by adding polar oxygen-based
functional groups and hence they allow integrin-based cell spreading. Additionally, Bovine Serum
Albumin (BSA) coating was done after the PLL coating, since it is well known that BSA
monolayer minimizes nonspecific binding of cells on the substrate (Ma et al., 2020). As shown in
Figure 29B, although basal deposition was partially suppressed and stronger fibrils were observed
between cells, cell spreading was drastically affected compared to cells on charged glass
substrates. Within 30 minutes the spreading of cells on PLL was limited in comparison to cells on
plasma glass, where cells were almost fully spread, suggesting that PLL coating delays cell

spreading. The time limitation was an issue for us since we wanted to monitor ligand binding
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during live imaging and thus, we wanted a substrate that could both eliminate basal deposition and

promote fast cell spreading to allow monitoring of the process.
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Figure 29. PLL coating coupled with BSA block delays cell spreading

(A) Schematic representation of the electrostatic interactions between the cell surface and PLL

coated coverslip. This scheme was made by using BioRender.com.

(B) (a) Brightfield images of cells seeded on PLL coated coverslip, glass, and plasma-treated glass
coverslips for 30 minutes showed a delayed cell spreading of cells seeded on PLL.

(b) Images of cells transfected with N-cadherin and incubated in soluble FN-Y Pet for 2 hour before
fixation on differently conditioned coverslips. Partial elimination of FN basal deposition was
observed.

6.6.2 Use of ECM proteins with main integrin receptor different than a5@1, as an option for

substrate optimization

Since efficient spreading of cells was not achieved on PLL coated glass, we went on to follow a
different approach. We hypothesized that, if we used a different ECM ligand instead of Fibronectin
in order to coat the glass surface, we would promote efficient cell spreading while ensuring that
the FN specific integrin receptor a5p1 will all be available to interact with the exogenous FN-
YPet, and at the same time preventing the formation of fibrils at the basal surface. Specifically, we

proceeded with the use of Gelatin and Vitronectin (VN).

6.6.2.1 Use of Gelatin as a substrate produces background generation via the interactions

with the FN molecules

Gelatin is a natural biomaterial, obtained from partial hydrolysis of collagen, which is the most
abundant ECM protein. The main gelatin-binding integrin receptor is avp3 (Davidenko et al.,
2016). Cells transfected with N-cadherin were seeded on gelatin-coated coverslips for 2 hours
before fixation. In addition to gelatin-coated only glass coverslips, silenization was done before
the gelatin coating to increase the hydrophilicity of the glass and BSA coating was done after the
gelatin coating to minimize non-specific binding (Figure 30). Silenization was performed with the
use of silane, an inorganic compound that gets covalently conjugated on glass making it more

hydrophilic by providing free positively charged amino groups for proteins to attach on. We
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observed that FN basal deposition was almost fully eliminated in cells seeded on all the four
gelatin-based coverslips compared to the cells seeded on the control substrates. However,
unfortunately, despite the fact that gelatin eliminated the formation of fibrils basally, it promoted
a strong diffuse background, shown in green, probably by interacting directly with the FN-YPet
molecules via the gelatin-binding domain of FN. Notably, it has been shown that in vitro FN can
bind gelatin with a higher affinity than native collagen (Speziale et al., 2008) (Figure 30). This
strong background was supressed by BSA however even with BSA it still masked low level early-
stage FN accumulation at AJs, thus this approach was not chosen for subsequent experiments.

Glass coveslip Plasma treated glass

APTES + Gelatin coated APTES + gelatin + BSA coated

N-cadherin

Figure 30. Gelatin coating leads to strong fluorescent background due to the adsorption of
FN-YPet on gelatin.

Images of cells transfected with N-cadherin and incubated in soluble FN-YPet for 2 hour before
fixation on differently conditioned coverslips. Although elimination of basal FN deposition was

observed, a very robust background was formed rendering the gelatin coat unsuitable.
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6.6.2.2 Use of Vitronectin as a substrate fails to eliminate basal deposition of FN

Another major ECM component is Vitronectin. Hence, we went on to test whether VVN-coated
coverslips would eliminate the basal deposition of FN fibrils. There are at least four known integrin
receptors capable of binding vitronectin, including avpl, avp3, and allbp3 (Felding-Habermann
and Cheresh, 1993). For this purpose, cells expressing N-cadherin seeded on VVN-coated coverslips
were cultured in media containing FN-YPet for 2 hours before fixation. Unfortunately, as shown,
VN-coated coverslips did not work in the way that we hoped since they failed to eliminate basal
deposition of FN (Figure 31).

Glass coveslip Plasma treated glass

Vitronectin

N-cadherin

Figure 31. VN coating fails to eliminate the basal deposition of FN

Confocal images of cells transfected with N-cadherin and incubated in soluble FN-YPet for 2 hours

before fixation on VN coated coverslips. Basal deposition of FN was observed.
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6.6.3 Use of polyacrylamide (PA) hydrogels for the promotion of cell spreading on substrates

that closely resemble the biological tissues

Since none of the above options could be used to generate a substrate that would eliminate basal
deposition of FN, we went on to test if polyacrylamide (PA) hydrogels conjugated with VN are a
more suitable option. PA gels are widely used to test stiffness-dependent cell responses since
distinct concentrations of acrylamide and bis-acrylamide can generate PA-gels with various
stiffness ranges, from 0.3 to 300 kPa (Syed et al., 2015). Therefore, these gels display mechanical
properties closely resembling biological tissues. Additionally, several proteins can be conjugated
to PA-gels to promote cell adhesion, where cells can spread, but cannot remodel the underlying
substrate. In addition, cells cannot deposit any ligands onto acrylamide gels, ensuring that they
spread exclusively through the substrate provided. Thus, using PA-gels conjugated with VN, we
hypothesized that cell spreading will not be affected, and cells would not be capable of depositing
and incorporating FN basally. Before moving further, we initially seeded cells on two well-
characterized gel stiffnesses by members of our lab, on 30kPa and 66kPa gels, conjugated with
VN for 30 minutes before fixation, to ensure that cell spreading is efficient onto a substrate of this
stiffness. As shown, cell spreading on 30kPa gels was delayed compared to 66kPa gels, and thus
we decided to move on with the 66kPa gel stiffness (Figure 32A). Moreover, we wanted to exclude
the possibility that FN-YPet can be adsorbed by PA-gels resulting in a background similar to what
we observed on gelatin-coated coverslips (Figure 30B). For this purpose, we seeded cells on
66kPa gels with media containing FN-YPet for 1 hour before fixation. As shown in Figure 32B,
no background was observed suggesting that PA-gels cannot passively adsorb the fluorescently
labeled FN. Furthermore, cells transfected with N-cadherin were seeded on 66kPa VVN-conjugated
gel supplemented with FN-YPet media and live imaged. Although the basal deposition of FN was
drastically reduced (Figure 32C), we came across another significant problem. In order to monitor
the initial accumulation of ligands at the cell-cell contact sites, high-resolution imaging is required.
All the previous experiments showing FN accumulation at AJs were done with the use of the 63X
oil immersion lens using lau aperture to achieve the maximum possible resolution. However, the
63X oil immersion lens cannot be used on gel coverslips due to its small working distance, since
the thickness of the acrylamide gel did not allow the lens to focus on the cells. Thus, for imaging

gel coverslips only the 63X water immersion lens or the 40X lens can be used, resulting in lower
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resolution and a drastic reduction of signal intensity, limitations that we couldn’t resolve. Thus,

this method was not efficient for the visualization of AJ promoted fibril formation.
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Glass coverslip 30 kPa gel 66 kPa gel
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Figure 32. VN polyacrylamide gels eliminate basal FN deposition to a great extent

(A) Brightfield images of cells seeded on 30kDa and 66kDa VN-PA gels for 30 minutes showed

that more soft substrates delay cell spreading compared to the 66kDa stiffness.

(B) Images of cells seeded on 66kDa VN-PA gel for 1 hour in media conditioned with FN-Y Pet.

No background was observed.

(C) still images from a live movie of cells transfected with N-cadherin in FN-YPet conditioned

media. Elimination of FN basal deposition was observed.

6.6.4 Use of RO-3306 inhibitor leads to FA remodelling and stronger fibril formation

Given our failure to establish a substrate that could effectively be used for live imaging we decided
to attempt to eliminate focal adhesions which are responsible for FN basal deposition. RO3306 is
an inhibitor of CDK1/cyclin B1 and CDK1/cyclin A. Several studies showed that the reduction of
CDK1 levels upon entry into the G2 phase promotes the disassembly of FAs in preparation for
mitotic entry (Jones et al., 2018; Grobe et al., 2018). We hypothesized that RO3306 would suppress
the ability of cells to deposit ECM basally on the glass, since the cells will not have the capacity
to generate sufficient force to expose the necessary cryptic sites within the FN molecule for FN
fibrillogenesis. As shown in Figure 33, HelLa cells were cultured for 12 hours in the presence of
the inhibitor before fixation. As a negative control, a ROCK inhibitor (Y-27632) was used, since
we previously showed that upon ROCK treatment FN accumulation was lost (Figure 24B).
Immunofluorescence experiments were carried out with the use of antibodies against FN and actin.
We observed that cells treated with the RO inhibitor displayed more dense and strong fibrils
correlated with the cell-cell boundaries, compared to the fibrils formed in untreated cells, which
were below the entire cell bodies and not localized only between cell-cell contacts (Figure 33A).
However, when fibroblasts were treated with the RO-3306 inhibitor we observed the formation of
stronger fibrils without any correlation with the cell-cell boundaries (Figure 33B). Since the
inhibitor had a distinct and kind of opposite impact on the two different cell lines and due to time
limitations, we didn’t explore this approach further since we wanted to find an approach that would
work both for HeLa and fibroblasts. Nevertheless, future experiments need to be carried out to

further optimize and examine the effects of RO-3306 on fibrillogenesis.
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Figure 33. Use of a CDK1 inhibitor leads to stronger fibrils both in HeLa and in fibroblasts

(A) Confocal images of HeLa cells cultured for 12 hours in the presence of RO-3306 inhibitor,
fixed and stained against FN and actin. As a negative control cells treated with ROCK inhibitor

were used, while as a positive control untreated cells were used.

(B) Confocal images of NIH3T3 cells cultured for 12 hours in the presence of RO-3306 inhibitor,
fixed and stained against FN and actin. As a negative control cells treated with ROCK inhibitor

were used, while as a positive control untreated cells were used.

6.6.5 Use of concanavalin A (conA) promotes cell spreading without FA formation

We thus proceeded to explore the possibility of using a lectin and specifically concanavalin A
coated substrates. Concanavalin A (conA) belongs to the lectin protein family, which are
carbohydrate-binding proteins. conA is highly specific for alpha glucosides, mannosides, and
biopolymers. Several studies proposed that lectins can bind to the cell surface through these
carbohydrate-directed interactions, promoting cell adhesion (Guy et al., 1979; Carter et al, 1981;
Hughes, 1992). Hence, we sought to investigate whether the conA substrate could promote fast
cell spreading via carbohydrate-directed interactions and thus eliminate the basal deposition of FN.
For that reason, we initially optimized the glass substrate for efficient conA coating. Specifically,
different treatment combinations for glass coverslips were tested to promote efficient conA
adsorption on the coverslips. In order to increase the hydrophilicity of glass coverslips, they were
either plasma-treated or silanized. Additionally, work by Carter et al. showed that cross-linking of
conA leads to faster cell spreading (Carter et al., 1981), and thus after conA incubation, coverslips
were exposed to UV for 3 minutes, since UV can promote the crosslinking of proteins on the glass
surface. As a control, plasma-treated FN coverslip silanized FN coverslip, and silanized
crosslinked coverslip were used. Cells were seeded on each treated coverslip and images were
taken every 30 minutes for a period of 2 hours (Figure 34A). Quantification of the ratio of
spreading revealed that crosslinked, silanized conA coated coverslips were the most efficient to
promote fast cell spreading resembling the spreading on FN substrate, compared to the other
conditions tested (Figure 34B), and thus we proceeded with this method. Furthermore, in order to

examine whether the observed cell spreading is achieved through the formation of FAs or not, we
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seeded cells on crosslinked, silanized conA coated coverslips for 1 hour, fixed them, and stained
against Paxillin and Vinculin, two known components of FAs. As a control, we used FN-coated
coverslips on which cells will spread through the formation of FAs. As shown in Figure 34C,
conA coating prevented FA formation without affecting cell spreading, compared to cells on FN
substrate, where cells formed FAs. To further validate the above observation, we repeated the
experiment and stained for actin to examine if stress fibers were disorganized in cells seeded on
conA since no FAs were observed, which are the anchorage points of stress fibers. As expected,
disorganized stress fibers were observed in cells seeded on conA (Figure 34D). So far, the above
data showed that the conA substrate is a promising substrate that could resolve our initial
limitation, the basal deposition of FN. In an effort to address this, we seeded cells transfected with
N-cadherin on conA in FN-YPet media for 1 hour before fixation. As shown, cells were fully
spread within 40 minutes and basal deposition of FN was completely eliminated. Importantly, the
only FN accumulation observed was on the cadherin positive cell-cell contact sites, confirming
our hypothesis that AJs can guide ligand binding on the cell surface (Figure 34E).
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Figure 34. conA coating promotes cell spreading without FA formation

(A) Brightfield images of cells seeded on coverslips treated with various combinations for

maximum efficiency of conA coating on the glass.

(B) Quantification of cell spreading ratio measured in cells seeded on different conditional
coverslips. P-values calculated by 2way ANOVA test. Error bars represent standard S.E.M.

Crosslinked silenized coverslips promoted faster cell spreading compared to the rest.

(C) Confocal images of cells seeded on conA and FN coated coverslips, fixed and stained for
Paxillin and Vinculin. Cells on conA substrates failed to form FAs, however, cell spreading was

not affected.

(D) Images of cells seeded on conA and FN coated coverslips, fixed and stained for actin, Paxillin,

and B-catenin. Cells seeded on conA substrates displayed disorganized stress fibers.

(E) Confocal images of cells transfected with N-cadherin and incubated with soluble FN-YPet
seeded on conA coverslips. Basal deposition of FN was fully eliminated, and FN accumulation

was observed at the cell-cell contact sites positive for N-cadherin.

Before moving on, given the fact that we established an FA-free system, we went on to investigate
whether reduction of calcium will eliminate AJ formation, as mentioned previously, resulting in a
system free from both FAs and AJs, yet a system where cells could be fully spread. For this
purpose, cells were seeded on conA in the presence and absence of calcium for 1 hour, fixed, and
stained against B-catenin, Paxillin, and active integrin p1 (Figure 35A). As a control, cells were
seeded on FN coated coverslips in the presence and absence of calcium for 1 hour in order to be
sure that calcium reduction will not affect FA formation (Figure 35B). Remarkably, calcium
reduction eliminated AJ formation in cells seeded both on conA and FN, without affecting FA

formation (Figure 35A).

In conclusion, we have established a powerful system where cells seeded on conA coated glass
fail to generate sufficient force required for fibrillar assembly as single cells, thus eliminating the
artificial characteristic of cells displayed when seeded on stiff substrates and therefore allowing us

to monitor the accumulation and binding of ligands on the cell surface during live imaging, but

94



also a system where cells could be free from both FAs and AJs and can be used for investigating

their roles in signaling pathways using biochemical approaches.
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Figure 35. conA coating with calcium reduction results in a system devoid of both FA and

AJ formation

(A) Confocal images of cells seeded on conA coated coverslips for 1 hour in calcium-plus and
calcium-free conditions, fixed and stained against Paxillin, active integrin 1, and B-catenin. The

reduction of calcium suppressed AJ formation.

(B) Confocal images of cells seeded on FN coated coverslips for 1 hour in calcium-plus and
calcium-free conditions, fixed and stained against Paxillin and active integrin flwere used as a

control to ensure that FA formation is not affected by calcium reduction.

6.7 Intracellular signaling is taking place via the AJ-driven active integrins at cell-cell

junction sites

It is well established that upon interaction with ligands, integrins not only mediate cell attachment
to the ECM, but they also stimulate numerous intracellular signaling pathways to regulate cellular
functions, including spreading, migration, and apoptosis (Longhursta and Jenningsa, 1998).
Several studies showed that protein phosphorylation is one of the earliest events detected in
response to integrin activation. An example of such proteins is FAK, which has been shown to
display elevated phosphotyrosine levels upon integrin activation, resulting in the formation of the
FAK signaling complex (Burridge et al., 1992). Several studies proposed that Paxillin acts as a
downstream target of FAK (Richardson et al., 1997). Therefore, upon integrin activation,
phosphorylation levels of Paxillin are also increased. So far, our data showed ligand-independent
activation of integrins recruited at the cell-cell contacts of both cell doublets and cells spread on a
charged glass substrate, which was in agreement with unpublished data from our lab that showed
ligand-independent activation of integrins at the linear AJs formed on Fc substrates (Hadjisavva
et al., Cell Reports-under revision). Taking this into consideration, we went on to determine the
role of those AJ-driven active integrins in intracellular signaling, since most of the information
available in the literature is related to the ligand-dependent activation of integrins. For that
purpose, we decided to examine the phosphorylation levels of Paxillin in cells under different

conditions. In order to examine that, we plated cells under different conditions, followed by cell
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lysis and immunoblotting against phospho-Pax. Specifically, lysates from cells seeded on conA,
on Fibronectin as control, and cells in suspension in calcium-free and calcium-plus conditions were
used for western blot analysis. Both suspended cells and cells seeded on conA will not form FAs;
however, suspended cells are exerting minimum forces on each other compared to the cells seeded
on conA. By removing calcium, AJ formation was eliminated in all three conditions. Blotting with
an antibody against phosphorylated Paxillin on Tyr31, showed a clear reduction of pPax in
calcium-free conditioned cells, suggesting that signaling is taking place after AJ-driven integrin
activation (Figure 36A). Paxillin expression levels were also examined, and they are shown as a
loading control (Figure 36C). Quantification of the pPaxillin to Paxillin intensity ratio confirmed
the above observation (Figure 36B). In conclusion, these results show that AJ-driven activation
of integrins leads to intracellular signaling that actually contributes to the integrin signaling output
of a cell. This direct biochemical demonstration of AJ driven integrin signaling is an exciting
finding raising the possibility that AJ based integrin signaling may have significant roles at early

stages of embryonic development prior to basement membrane deposition.
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Figure 36. AJ-driven activation of integrins contributes to phosphotyrosine signaling

downstream of FAK/Paxillin

Representative western blot from lysates of cells seeded on conA, on Fibronectin, and cells in

suspension in calcium-free and calcium-plus conditions.
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(A) Blotting of the membrane with an antibody against phosphorylated Paxillin at Tyr31, reveals

a decrease in the levels of pPax of cells cultured in all three different conditions without calcium.

(B) Quantification of the pPaxillin to Paxillin mean intensity ratio from cells cultured under

different conditions in calcium-free and calcium-plus media. Error bars represent S.E.M.

(C) Paxillin expression levels are not affected, indicated by the detection of a band at 68 kDa on

every lane.

6.8 Live imaging reveals the selective recruitment of FN-YPet at cell-cell junctions

We then continued by examining whether AJs can spatially guide ECM ligand binding during live
imaging using the optimized substrate. In an effort to address this, both NIH3T3 and HeLa cells
were transfected with B-catenin and N-cadherin respectively, seeded on conA coated glass-bottom
imaging dishes in serum-free FN-YPet media, and imaged live using a Zeiss LSM 910 airyscan
laser confocal microscope. As shown, transfection of NIH3T3 cells did not work efficiently;
nonetheless, accumulation of FN was observed immediately after the two cells come in contact
(Figure 37A). Further analysis by quantifying the average FN intensity over time, confirmed that
as time passed, more and more FN accumulated at this site, compared to the rest of the cells where
no accumulation of FN was observed at all (Figure 37B). Similar results were obtained during the
live imaging of HeLa cells. Remarkably, for the first time, we showed the formation of AJs and
the subsequent accumulation of FN at those sites during live imaging (Figure 37C). As shown,
when the two cells came in contact, small AJs were formed, represented as bright red puncta, and
within minutes FN accumulated there. Notably, as AJs were remodeling and new ones were
forming, FN recruitment was changing accordingly. Intensity profiles made along those AJs
confirmed the localization of FN and N-cadherin at those sites. This critical observation shows
that ligand accumulation at AJs is dynamic and that at initial stages of AJ formation soluble ligands
become associated with AJs which at later stages develop into fibrils. These observations which
could not have been made without the capacity to image the process live provide important insights
on the mechanism through which AJs regulate integrin activation and spatial distribution and how

this is translated in the regulation of ECM deposition and remodeling. They also demonstrate how

98



powerful the model system we have established is and how it could be used to address the precise
input of various factors in the process. We have effectively decoupled AJ-driven integrin activation
from cell ECM interactions and focal adhesion formation which otherwise mask the input of PM
tension and AJs on integrin receptor spatial distribution and activation status.

In conclusion, our results using live imaging were in agreement with what we showed previously
in fixed cells and at the same time provide important insights (Figures 20,21). These data further
confirm our hypothesis that AJs can in fact spatially influence ligand recruitment and binding on

the cell surface by integrin distribution and activation.
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Figure 37. Selective accumulation of FN at the cadherin positive cell-cell junction sites during

live imaging in NIH3T3 and HeLa cells.

(A) Still images from a live movie of NIH3T3 cells expressing B-catenin with the addition of
soluble YPet-FN on a conA coated glass-bottom imaging dish. As indicated with a white box upon

cell-cell contact FN accumulation was observed at this site.

(B) Graph showing the increase in FN intensity at the cell-cell contact site, indicated by the white

box, over a period of 10 minutes.
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(C) sStill images from a live movie of HelLa cells expressing N-cadherin in FN-YPet conditioned
media on a conA coated glass-bottom imaging dish. As indicated with a white box upon AJ
formation recruitment of FN was observed at the newly formed AJs. Intensity profile was
generated perpendicular to two AJs at cell-cell contact revealing the co-localization of FN at the

cadherin positive AJs.
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DISCUSSION

The extracellular matrix (ECM) is an essential structural component in all multicellular organisms,
involved in a broad range of biological processes, including cell migration, tissue, and organ
morphogenesis, cell growth, and survival (Rozario and DeSimone, 2009; Frantz et al., 2010). The
fundamental role of the ECM is emphasized by the wide range of syndromes stemming from
defective ECM components (Jarvelainen et al., 2009). Given the importance of the ECM in both
embryonic development and in the adult organism, the mechanisms regulating ECM formation

have been studied extensively both in vitro and in vivo.

Several lines of evidence support that integrin-generated tension is required for ECM deposition
in vitro (Pankov et al., 2000), however, the mechanisms underlying the ECM formation on the free
surfaces of multi-layered tissues in vivo are still unclear. The presence of integrin receptors and
soluble ECM component FN in the blastocoel fluid are shown to be insufficient to initiate fibrillar
assembly (Gawantka et al., 1992; Joos et al., 1995; Lee et al., 1984). Importantly, further studies
revealed that free surface and lateral adhesive cell contacts are required to initiate fibrillogenesis
(Winklbauer, 1998). Tissue tension and cadherin-based interactions were identified as critical
factors through which ECM deposition was regulated in Xenopus laevis embryos, however, the
mechanism through which adherens junctions influence ECM deposition was ambiguous and
believed to be indirect, through the establishment of tissue-level tension (Dzamba et al., 2009).
Notably, recent work from our group revealed that AJs have a profound impact on integrin
distribution and activation creating spatially restricted pools of high ligand affinity integrin

receptors at cell-cell junction sites (Hadjisavva et al., Cell Reports-under revision).

The main aim of this project was to investigate whether these AJ-driven pools of integrins at the
cell-cell junctions can spatially guide ligand binding on the cell surface and influence ECM
deposition and remodeling. In an effort to address these questions, we initially developed a
protocol that allowed us to monitor FN assembly both during live imaging as well as in fixed
samples. Moving on, with the use of several conformational specific integrin antibodies we
examined the temporal evolution of integrin conformation at cell-cell junctions. Furthermore,

using pharmacological agents and a KO cell line we investigated the impact of Talin and
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contractile force on the cell-surface ligand binding and ECM deposition. Additionally, to directly
address the role of AJs in ECM formation we modulated AJs using several approaches including

pharmacological agents and function-blocking cadherin mutants.

In order to monitor fibrillar assembly, a protocol was developed in our lab that allowed the
introduction of external fluorescently labeled FN (FN-YPet) to cells, in order to eliminate the
limitations and issues that occurred when cells directly expressed fluorescently labeled FN
themselves (Hadjisavva et al., Cell Reports-under revision). These limitations included the
detection of FN signal coming from secretory vesicles or from the lamelum ridges of cells
expressing the FN construct, masking the specific deposition of fibronectin. In contrast, by
introducing external FN we ensured that the detected signal is coming from the accumulation and
binding of FN molecules on the cell surface. Moving on, we showed that these FN-YPet
conditioned media allows labeling of FN fibrils and used this assay to select the appropriate cell
lines for our experiments based on the ability to generate FN fibrils and capacity to form strong

cell cell adhesions.

Using immunofluorescence experiments we examined whether AJ-driven activation and
distribution of integrins could influence ligand binding on the cell surface. Remarkably, we
showed the selective accumulation of FN on the active integrin positive cell-cell junction sites in
various contexts, including cells seeded on N-cadherin Fc substrate, cell doublets, and in cells
seeded on glass substrates promoting non-specific cell attachment, and thus revealed that AJs can

in fact spatially regulate cell surface ligand binding.

We went on and further investigated the sequence of events taking place at these cell-cell contact
sites. We propose that AJ formation defines integrin B1 activation topology and subsequently
guides ligand accumulation there. We examined that by taking advantage of a number of well-
characterized conformational-specific antibodies against integrin B1. As described in the
Introduction, integrins exhibit three distinct conformational states regarding their affinity for
ligands, both bent-closed and extended-closed conformational states are ligand-free, while the
extended-open conformation is ligand-bound (Xiong et al., 2001; Takagi et al., 2002). Our data,
in agreement with what has been shown from work by our lab, revealed that initially only integrins

with an extended closed headpiece conformation are recruited at cell-cell contacts, which have
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high affinity for ligand, while accumulation of FN can, later on, leads to headpiece opening,

confirming our initial hypothesis.

The fact that only integrins with an extended-closed headpiece conformation were sequestered at
the cell-cell junction sites raised the question of how these high-ligand affinity receptors are
stabilized in their extended conformational state in those sites. One possible explanation for this is
that Talin and force contractility are involved in this process, by regulating integrin stabilization
at the cell-cell contact regions. Notably, AJ-generated tension at the plasma membrane (PM) is
responsible for the activation and extension of integrin receptors, which allow Talin binding and
therefore interactions with actin leading to their stabilization through contractile force. To explore
this possibility, we used Talin null cells and a ROCK inhibitor treatment, which revealed that
ligand accumulation at cell-cell junctions is strictly dependent on Talin and actin contractility.
Notably, when Talin KO cells were stained for FN, a nonspecific detection of FN signal along the
cell surface with no correlation with cell-cell contact sites was observed (Figure 23B). To confirm
that this signal stems from the secretory FN vesicles of the cell, future experiments need to be
performed with the external introduction of FN-YPet in cell doublets. Interestingly, we also
showed that AJs fail to promote integrin B1 activation in Talin KO cells, where AJ-driven tension
at the PM can be generated, raising the possibility that additional mechanisms may contribute to
the process of integrin activation at AJs and additional work will be required to address the basis
of this observation. It is clear that Talin plays a major role in stabilizing the active conformation
at AJs, hence in its absence, even in the presence of tension, integrins cannot become stabilized at
the active conformation. Presumably topological adaptation of the transmembrane domains takes
place leading to transient activation which fails to be stabilized in the absence of interactions with
actomyosin bundles that would sequester integrins and retain them at the high-tension area in the
vicinity of the AJ. Thus, integrins in the active state would be free to diffuse away and enter PM

regions with lower tension returning to the bent state.

Subsequently, we went on to directly address the impact of AJs in ECM deposition and remodeling
by modulating AJ dynamics using several approaches. Modulation of Calcium ion concentration
was the first approach we attempted, since in the absence or under low levels of calcium cadherins
undergo conformational changes that result in AJ disruption. Surprisingly, the reduction of calcium
led to a 4.5-fold increase in fibril intensity. This observation was unexpected given the absence of
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the AJs, however, the likely explanation for this is the fact that calcium ions can bind at the MIDAS
and other divalent ion binding sites and have a negative impact on integrin activation. Removal of
calcium has been shown to increase ligand affinity in several integrin heterodimers including o551
which is the major FN receptor (Zhang and Chen, 2012). Our results suggest that this stimulation
is more potent than any reduction in integrin activation stemming from loss of AJs. Therefore, in
this case, calcium may act as a negative regulator of integrin activity, and by reducing its levels
integrin activation was promoted. Future experiments need to be done to address the effect of
calcium on FN fibrillogenesis since it has not been previously reported.

Considering the possible effects of calcium on both AJs and integrin receptors, we decided to move
on with the function-blocking mutant of N-cadherin to address the direct role of AJs on fibrillar
assembly. Expression of the N-cadherin ACP mutant, which has shown to eliminate cadherin
clustering and therefore suppresses integrin activation, had a dramatic impact on FN fibril
assembly in cell doublets, eliminating ligand accumulation at the cell-cell junction site.
Interestingly, mutant expression in cultured fibroblasts led to a 1.5-fold reduction in the average
fibril intensity, revealing that AJs have a profound impact not only on determining the ligand
binding on the cell surface via the recruitment of active integrin receptors there, but also on the

generation and remodeling of the complex 3D fibrillar meshwork.

Our last aim was to examine the impact of AJs on the cell-surface ligand binding during live
imaging, in order to acquire more mechanistic insights into this process. However, during live
imaging, we came across various problems, with the most challenging one being the basal
deposition of FN by individual cells, an artifact of seeding cells on extremely stiff substrates, like
glass. In vivo, single cells don’t have the ability to form fibrils since they cannot generate the
sufficient force required for exposing cryptic sites within FN molecules necessary for fibrillar
assembly. However, single cells seeded on stiff substrates have the capacity to generate sufficient
force via actin contractility to expose the cryptic sites and promote fibrillar formation. Therefore,
the basal deposition of FN observed masks any initial accumulation of FN at the cell-cell junctions,
that we wanted to investigate. For this purpose, we went on to optimize a substrate that will closely
mimic the in vivo state and thus eliminate basal deposition of FN with the use of various
approaches. We concluded that the most efficient way to achieve this was with the use of
concanavalin A coated substrates, which eliminated the artificial characteristic of cells seeded on
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stiff substrates and allowed us to monitor FN accumulation and binding on the cell surface during
live imaging. Remarkably, our data showed that AJ formation precedes and subsequently
preferentially guides FN accumulation at these sites, further confirming our initial hypothesis.
Future experiments need to be done regarding the further investigation of the role of AJs on ECM
deposition and remodeling during live imaging. For instance, we could express the N-cadherin
ACP mutant in cells with high transfection efficiency and examine its effect on the formation of
the 3D fibrillar matrix. Moreover, given that the use of the RO-3306 inhibitor resulted in stronger
fibrils at the cell-cell boundaries (Figure 33), we could examine whether treating cells with the

inhibitor would impact FN accumulation at cell-cell junctions during live imaging.

Given the fact that we have established a system where cells fail to form FAs, but cell spreading
is not affected, and simultaneously with the reduction of calcium AJ formation can be disrupted,
we went on to take advantage of this system to explore the role of AJ-driven ligand-independent
active integrin receptors in intracellular signaling pathways. Taking into consideration that most
of the information available on integrin signaling concerns ligand-dependent integrin activation.
Our data revealed that AJ-driven activation of integrins promotes intracellular signaling, given that
disruption of AJs led to a decrease in phosphorylated Paxillin levels. Interestingly, phosphorylated
Paxillin levels were also reduced in cells seeded on FN in calcium-free conditions suggesting that
signaling from AJ-driven active integrins contributes to the total signaling of cells interacting with
ECM.

Collectively our data provided substantial evidence and revealed the profound role of AJs not only
on ligand binding on the cell surface but also on the 3D architecture of the ECM. Importantly, we
showed that the impact of AJs on ECM formation and remodeling goes well beyond the
establishment of tissue-level tension and provided mechanistic insight into the critical integrin-

cadherin cross talk.

Based on the above effects of AJs on ECM deposition and remodeling in vitro, future experiments
will have to be performed to examine the impact of AJs on ECM formation in vivo. Interestingly,
during the early stages of embryonic development, the establishment of cell-cell adhesion happens
prior to the basement membrane formation, implying that AJs could display a major role in the
regulation of integrin activation and distribution. Notably, work by Kim et al., showed that integrin

B1 is restricted only to the cell-cell boundaries of the early blastocyst prior to the establishment of
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apicobasal polarity in the preimplantation mouse (Kim et al., 2021). Several studies revealed the
impact of AJs on ECM formation using amphibian embryos, where the first fibrils form at the cell-
cell boundaries (Boucaut et al., 1985; Schwarzbauer and DeSimone, 2011), similar to what we
observed in cultured cells.
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ABBREVIATIONS

ABBREVIATION MEANING
FN Fibronectin

ECM Extracellular Matrix

FAK Focal Adhesion Kinase

FAs Focal Adhesions

FXs Focal Complexes

FBs Fibrillar Adhesions

Als Adherens Junctions

EMT Epithelial to Mesenchymal Transition
EC Extracellular Domain

ER Endoplasmic Reticulum

CBD Catenin Binding Domain

JMD Juxtamembrane Domain

Y Tyrosine

S Serine

PM

Plasma Membrane
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