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I. Summary

In cultured fibroblasts three types of cell-matrix adhesion with specific cellular localization
and protein composition can be distinguished: focal complexes, focal adhesions and fibrillar
adhesions. The formation of fibrillar adhesions is known to be required for fibronectin
fibrillogenesis. However, little is known about specific signaling from these adhesion sites.
Previous experiments showed that ILK (integrin-linked kinase) knockout fibroblasts are
defective in RhoA-dependent responses to cyclic strain. In addition these cells did not form
fibrillar adhesions and did not assemble fibronectin. We therefore speculated that pericellular
fibronectin and the fibrillar adhesions are important to activate the RhoA/ROCK pathway by
mechanical stress. To test this hypothesis, we generated fibronectin knockdown fibroblasts
and analyzed their ability to activate specific RhoA dependent responses to cyclic strain in
the absence and presence of exogenous fibronectin. Normal fibroblasts seeded on vitronectin
in fibronectin-depleted medium deposited their own fibronectin matrix and in response to
cyclic strain, activated RhoA, formed stress fibers, translocated MAL (megakaryocytic
leukemia protein) to the nucleus, and induced tenascin-C. By contrast, these responses were
suppressed in fibronectin knockdown or knockout cells grown under identical conditions.
Interestingly, on vitronectin substrate, fibronectin-deficient cells lacked integrin asp;-positive
fibrillar adhesions. However, when fibronectin-deficient fibroblasts were plated on
exogenous fibronectin, their defects in adhesions and mechanotransduction were restored.
Studies with fibronectin fragments indicated that both, the RGD-synergy site and the adjacent
heparin-binding region were required for full activity in mechanotransduction, but not its
ability to self-assemble. In contrast to RhoA-mediated responses, activation of Erk1/2 and

PKB/Akt by cyclic strain was not affected in fibronectin-deficient cells. Our results indicate
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that activation of the RhoA/ROCK pathway by mechanical stress originates from fibrillar
adhesions connected to fibronectin in the extracellular matrix.

In a second project we tried to get more insight in signaling by focal complexes. These cell-
matrix adhesions are the first to be formed by adhering fibroblasts. They are clearly smaller
than more mature focal adhesions and are uniquely found at the cell border of lamellipodia.
Using patterns with square-shaped, RGD-coupled gold dots of a limited size, we attempted to
inhibit maturation of focal complexes into focal adhesions. Indeed, on RGD-coated gold-
squares smaller than lpum, cells uniquely formed focal complexes indicated by low
recruitment of as integrin. Cells formed excessive amounts of lamellipodia and assembled
actin only into a fine meshwork. However, on squares equal or larger than 1 um cells
exhibited focal adhesions, spread normally and assembled actin into thick fibers. Our results
show that at the level of focal complexes cell adhesion maturation can be inhibited by
restricting size. In addition, according to the lamellipodia which are seen with cells on
patterns smaller than 1 pm, let suggest increased Rac signaling deriving from these focal

complexes.
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I1. Introduction

Mechanical stress is important for tissue homeostasis (Chiquet et al., 2009). At cell-matrix
adhesions transmembrane proteins called integrins join the extracellular matrix with the
intracellular actin cytoskeleton. Mechanical signals that are transmitted through the
extracellular matrix are converted into intracellular biochemical signals at cell adhesions
(Geiger et al., 2009). Thereby growth factor receptors work in concert with integrins to
modulate signaling cascades that affect cellular structures and gene regulation (Alam et al.,
2007). Cellular signaling often involves activation of small GTPases of the ras superfamily
and protein phosphroylation by kinases. Mechanical stress thereby affects the actin
cytoskeleton leading to actin polymerization and contraction. This again leads to nuclear
translocation of MAL/MKL-1, a transcriptional co-activator regulating gene expression
(Miralles et al., 2003). Mechanisms and structure of the most important players involved in

mechanotransduction and intracellular signaling are explained in the following paragraphs.

I1.1 Extracellular Matrix

The extracellular matrix (ECM) is an intricate network of macromolecules that surrounds
cells and anchors them in tissues. This matrix is composed of a variety of highly glycosylated
proteins that are secreted locally and assembled into an organized meshwork in direct
association with the surface of the cells that produced them.

Proteins in the ECM are normally grouped as glycoproteins, proteoglycans and collagens.
The oligosaccharides of glycoproteins like elastins, laminins or fibronectins are added and
processed along the secretory pathway in the endoplasmatic reticulum and the Golgi.

Proteoglycans contain long charged glycosaminoglycan (GAG) chains that are also added in
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the golgi. An exception represents hyaluronan, which is a GAG chain without core protein
that is "spun out" by enzymes at the cell surface directly into the extracellular space.
Collagens are defined as glycoproteins or proteoglycans with one or more collagenous
domains. These domains are buit from three type II helices forming a right handed
superhelix. The sequence is composed of repeating GXY in which proline is frequently found
in X-position and hydroxyproline in Y-position. Dependent on the requirement of the tissue,
collagens can be aligned as bundles to bear tensile stress (e.g.in tendons) or be arranged as
meshwork with incorporated proteoglycans acting as water cushion (e.g. in cartilage). Also in
other tissues GAG side chains are highly hydrated and form a gel to resist compressive forces
and allow fast diffusion of micromolecules.

Not only the components of the ECM but also their organization is controlled by the cells
embedded and varies among different tissues. Thereby cells influence the matrix in a
dynamic process including protein secretion, matrix modulation and proteolysis.

Many extracellular matrix glycoproteins are unusually large molecules with extended
conformations spanning distances of several hundred nanometers. They are considered to
have evolved by exon shuffling and therefore often consist of similar protein domains. Some
of these proteins serve as ligands for cell attachment and activate intracellular signaling
pathways within cells, thereby regulating cell proliferation, survival and differentiation.

(Alberts, 2008; Kjaer, 2004; Reichardt, 1999)

I1.2 Integrins and cell-matrix adhesions

In all tissues the extracellular matrix provides a scaffold for cellular support. Cells interact
with specific proteins in the matrix by means of specialized adhesion sites. At these sites

integrins anchor the cell to the matrix. Integrins are heterodimeric transmembrane proteins
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generated by selective pairing between 18 o and 8 B subunits (Luo et al., 2007). There are 24
distinct integrin receptors that bind various ECM ligands with different affinities. With their
cytoplasmic domain integrins join to the actin cytoskeleton by a variety of anchor proteins
(Figure 1).

Integrins are involved in mechanotransduction, a classical outside-in signaling in which
extracellular mechanical signals are converted into intracellular biochemical activation.
However integrins also signal from the inside to the outside. This is particularly important
during the initial step of cell-matrix adhesion formation (Ratnikov et al., 2005). Thereby the
adaptor protein talin is binding an NPxY peptide motif in the cytosolic domain of § integrins.
This promotes clustering and activation of integrins leading to binding of extracellular matrix
proteins. Activation involves a large conformational change of integrin ectodomains from a
bent to an extended shape. Thus, adaptor proteins like talin not only mediate a direct
interaction between integrin and actin but also have a regulatory function. Recruitment of
proteins into adhesion sites depends on competition, conformational state and tyrosine
phosphorylation of potential binding partners (Zamir and Geiger, 2001). Together these
factors build a scaffold to stabilize the adhesion site and to allow interaction with kinases like
Src and FAK forming a platform for early steps of signaling via various pathways. The
functional mechanism of how physical stimuli are converted into biochemical signaling is
largely unknown. However, a possible mechanism was proposed for the adaptor protein
p130Cas, which was shown to expose tyrosine sites upon mechanical stretching allowing

access for phosphorylation by Src (Sawada et al., 2006).
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Figure 19-45 Molecular Biology of the Cell 5/e (© Garland Science 2008)

I1.3 Different types of cell-matrix adhesions

Cell-matrix adhesions are assembled in a hierarchical way (Zaidel-Bar et al., 2004). In
fibroblasts cultured on 2D substrates three distinct stages of integrin-based adhesions can be
distinguished, each consisting of a specific protein composition and localization within the
cell (figure 2, 3). Initial contact between the cell and ECM, however, is mediated
independently of integrins by cell-associated hyaluronan (Zimmerman et al., 2002). This
rather transient interaction is replaced by focal complexes. They are composed of talin,
paxillin and 0,3 integrin interacting with several extracellular matrix proteins containing an
RGD peptide motif. Later on, vinculin, FAK, a-actinin and Arp2/3 are recruited to build late
focal complexes. These highly dynamic adhesion sites are found as dot-like structures (0.25
um?) at the border of ruffling lamellipodia (Ballestrem et al., 2001; Zaidel-Bar et al., 2003).
After persisting a few minutes (meanwhile the leading edge further advances and new focal

complexes are formed in front) some of them eventually mature into focal adhesions by

10
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recruiting additional proteins like integrin asf;, tensin and zyxin. This transition depends on
formation of actin bundles and their contractility, which applies force at cell-matrix
adhesions. Thus, focal adhesions can only form on a mechanically stable (stiff) substrate.
Contraction requires active RhoA and induces growth of these adhesions (Alexandrova et al.,
2008; Riveline et al., 2001). Even though asB; and tensin are recruited, these proteins are
modestly found in mature focal adhesions. Further actomyosin contraction pulls them out of
focal adhesions thereby forming fibrillar adhesions. During this process, pericellular
fibronectin bound to its receptor asP; is stretched, thereby exposing self assembly sites for

fibronectin fibrillogenesis (Zamir et al., 2000).

<]

Fibrillaradhesion Focal adhesion  Focal complex

Focal adhesion

Focal complex

OIS | 15

Figure 2: Cell-matrix assembly is linked to fibronectin fibrillogenesis.

(A) Focal complexes represent the initial cell-matrix adhesion structures. They are assembled
at the cell border of ruffling lamellipodia. (B) As focal complexes mature into early focal
adhesions the cell pushes to the front and new focal complexes are formed. Maturation
includes actomyosin contraction and recruitment of osP; integrin and tensin. (C) Further
tension pulls asP; integrin and tensin out of early focal adhesions to form fibrillar adhesions
and late focal adhesions. During this process fibronectin bound to osP; integrin is stretched
and thereby enables assembly of fibronectin fibrils. (Scheme: R.Lutz; published in Chiquet et
al., 2009).

11
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Figure 3: Distinct subcellular localization of focal and fibrillar adhesions in fibroblasts.

Staining for vinculin (A) shows localization of focal adhesions. Also some focal complexes
are stained at the border of the lamellipodia (top). Staining for asP; integrin (B) reflects
fibrillar adhesions. In the colocalization picture of these two channels (AB) the origin of asf;

integrin is visible as they are often adjascent to focal adhesions. Fibronectin staining is shown

12
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in (C) and strongly colocalizes with osP; integrin in fibrillar adhesions (BC). (Pictures:

R.Lutz, unpublished).

I1.4 Fibronectin and the asp, integrin receptor

Fibronectin (FN) is a dimeric glycoprotein ubiquitously found in extracellular matrix
(Wierzbicka-Patynowski and Schwarzbauer, 2003). Also in blood plasma a high
concentration of FN is found, which is secreted in the liver by hepatocytes. While FN in the
extracellular matrix serves as adhesion protein, plasma FN is important in wound healing as it
interacts with fibrin and platelets to form a hemostatic clot (Sakai et al., 2001). FN knockout
mice die around embryonic day 8.5. Deficits in mesodermal migration, adhesion and
proliferation have been proposed (George et al., 1993).

FN is secreted as disulfide-bonded dimer primarily composed of FN type I, II and III
modules. Sets of these modules form domains to bind distinct extracellular and cell surface
molecules including heparin, fibrin, collagen, integrins and FN itself (figure 4A, B). Binding
to heparin is mediated by two binding sites, a weaker one at the N-terminal end and a strong
one towards the C-terminal end of FN which also binds to chondroitin sulfate. Collagen
binding is mediated by FN type I and II repeats at the N-terminus. However, these sites bind
far more effectively to denaturated collagen. Therefore a physiological role in the ECM is
controversial (Pankov and Yamada, 2002). However, a function of these sites in clearance of
denatured collagens from the blood has been suggested (Pankov and Yamada, 2002). FN also
contains two major fibrin-binding sites at the N- and C-terminus. Interaction between FN and
fibrin is thought to be important for cell adhesion or cell migration into fibrin clots during
wound healing (Pankov and Yamada, 2002). FN can also assemble with itself, which is
probably its most important interaction in the ECM. Self assembly, however, is not possible

in its secreted, compact conformation. For fibrillogenesis FN must be activated in a process

13
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involving the FN receptor integrin asP; to expose self assembly sites (Wierzbicka-
Patynowski and Schwarzbauer, 2003). Integrin asf; thereby specifically recognizes the RGD
motif (Arg-Gly-Asp) located in FN’s 10" typelll domain (figure 4C). Interaction also
involves an adjacent synergy site (PHSRN) in FN’s 9" type III domain which renders
fibronectin binding specific for asp; (Nagai et al., 1991). Binding of this synergy site,
however, is induced upon force application and switches asB; into a tensioned state with
increased bond strength (Friedland et al., 2009). Initial integrin-binding of FN induces
expansion of the compact dimer that, in combination with actin contraction during fibrillar
adhesion formation, allow FN fibrillogenesis by exposing FN self assembly sites (figure 4D).
In matrices FN is thereby found in different degrees of partially unfolded structures (Smith et
al., 2007).

FNs are generated in a variety of different splice variants. More than 20 different isoforms
are known. The variant region close to the C-terminus can be alternatively spliced in many
different ways. In addition, the exons coding for extra domains EDA and EDB are either fully
spliced in or totally excluded. Fibronectins including the EDA exon have been observed in

wounds and lung fibrosis (White et al., 2008).

14
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heparin
binding

Figure 4: Structure of fibronectin.

(A) Electorn micrographs of individual fibronectin dimer molecules shadowed with platinum;
red arrows mark the C-termini. (B) Two fibronectin polypeptide chains are joined by two
disulfide bonds near the C-termini. Each chain is folded into different domains that contain
binding modules for various molecules. (C) The cell binding domain exposes a loop
consisting of the RGD motif which is recognized by different integrins. The adjacent synergy
site, however, is specific for binding to asp; integrin. (D) Fibronectin consists of several type
IIT domains that can be stretched by application of force. Some of these domains expose

cryptic binding sites that cause the stretched molecule to assemle into filaments. (Image taken

from Alberts, 2008).

15
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IL.S Vitronectin and the o,B; integrin receptor

Vitronectin is an abundant glycoprotein in blood plasma and is synthesized in the liver
(Horton, 1997; Schvartz et al., 1999). It binds plasminogen, urokinase-receptor and
complement implicating its participation on the immune response and in the regulation of clot
formation. Vitronectin is also present in the extracellular matrix, where it is anchored by
binding to collagen and heparin. It directly interacts with cells by its N-terminal RGD motif
that bind different integrins such as a,p;, o.f3, avps, onPs, oPs. In fibroblasts vitronectin is
mainly bound by a,f; which is also called “vitronectin receptor”. However, a,f; does not
only bind vitronectin but generally recognizes RGD-motifs that are present in various ECM

proteins.

I1.6 Small GTPases of the Rho-family

The Rho proteins belong to the Ras superfamily of small, monomeric GTPases that comprise
more than 150 members. They are molecular switches that cycle between an active (GTP-
bound) and an inactive (GDP-bound) state (Etienne-Manneville and Hall, 2002) (figure 5). In
the active state, GTPases recognize target proteins and generate a response until GTP
hydrolysis returns them back to the inactive form. However most Rho-family proteins have
weak GTPase activity and are therefore supported by GTPase-activating proteins (GAPs). To
be activated again Rho proteins must bind to guanine nucleotide exchange factors (GEF),
which replace the hydrolysed GDP by GTP. In the human genome there are more than 60
GEFs and over 70 GAPs to carefully regulate activation of the small GTPases. At the C-
terminus Rho proteins are geranylated. In the inactive state this prenyl-tail is covered by a

guanosine nucleotide exchange inhibitor (GDI). Upon activation by a GEF the Rho GTPases

16
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undergo conformational changes. Thereby GDI dissociate and the prenyl-tail gets exposed
allowing Rho to attach to the plasma membrane.

The Rho family of GTPases consists of 16 members. Besides the best-characterized members
Rho, Rac and Cdc4?2 few functional data are currently available on the other members of this
family. Rho, Rac and Cdc4?2 are all represented by different isoforms. Rho for example exists
in the isoforms RhoA, RhoB and RhoC. While RhoA is clearly the best studied isoform, few
is known about function of RhoB and RhoC. However, different effector binding and
localization in the cell indicate different functions of these isoforms (Wheeler and Ridley,
2004).

Every GTPase can be activated by many different GEFs and one GEF may activate several
GTPases. However the mechanisms by which specificity is determined remains to be
unraveled (Sinha and Yang, 2008). Rho GTPase GEFs are characterized by their conserved
Dbl Homology (DH) / Pleckstrin Homology (PH) domains. The DH domain directly interacts
with the Rho GTPases, which results in the dissociation of GDP, while the PH domain
modulates the activities of the DH domain and targets the complex to the membrane.

Rho, Rac and Cdc42 regulate the polymerization of actin to produce stress fibers,
lamellipodia and filopodia respectively. Thereby they control cell contractility and migration
but also influence phagocytosis, proliferation and regulated secretion (Etienne-Manneville

and Hall, 2002).

17
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Plasma membrane

: //‘@E%
Rho-GDP D D Rho-GTP

GTP GDP

.Rh 0-GDP @ Effectors

Figure 5: The Rho GTPase cycle.

In the inactive (GDP-bound) state Rho GTPases are bound by a guanine nucleotide exchange
inhibitors (GDIs). Upon activation by a guanine nucleotide exchange factor (GEF) the GDI
dissociates from Rho and the active GTPase is recruited and attached to the plasma
membrane by help of its prenyl tail. At the membrane, active Rho can interact with different
effectors. GTPase-activating proteins (GAPs) stimulate hydrolysis, leading to inactivation,

and detachment from the membrane. (Taken from Etienne-Manneville and Hall, 2002).

I1.7 The Cytoskeleton

The cytoskeleton is a network of protein filaments that spatially organizes the cytoplasm of
eukaryotic cells. Functions include cell stabilization, migration, cell division and intracellular
transport. It consists of three types of structures (actin filaments, microtubules and
intermediate filaments), each with different mechanical properties and dynamics.

Actin filaments are double-helical polymers formed from globular actin monomers (G-actin).
The monomers are ATPases that polymerize at the end of the filaments upon binding of ATP.
Actin filaments are polarized and the speed of polymerization is higher at the “plus” than at
the “minus” end. Shortly after binding to the filament the ATP is hydrolyzed. Since ATP

concentration is 10-fold higher than ADP, growth of actin filements is favoured. However,

18
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endogenous proteins like thymosin and profilin slow down and thereby control
polymerization.

A similar system is used by microtubules, which are stiff, hollow cylinders made up from the
globular GTPases o and B tubulin. Upon polymerization GTP is hydrolyzed which slows
down binding of further monomers. Fast growing microtubules therefore have a cap of GTP-
bound monomers. Cell-derived factors help to stabilize or destabilize microtubules and
thereby control their growth.

Intermediate filaments are reinforcing woven structures made from filamentous proteins with
a-helical coiled-coil structures. In most animal cells an extensive network of intermediate
filaments surrounds the nucleus and extends out to the cell periphery, where they interact
with the plasma membrane. There is a variety of tissue-specific forms of intermediate
filaments like keratin filaments (epithelial cells), desmin filaments (muscle), vimentin
filaments (fibroblasts) and neurofilaments (neurons). Intermediate filaments mainly have a

structural and tension-bearing role within cells (Alberts, 2008).

I1.8 Actin Stress Fibers

The stress fibers of fibroblasts are composed of bundles of approximately 10-30 actin
filaments which are held together by the actin-crosslinking protein a-actinin (Cramer et al.,
1997). In some stress fibers, actin filament polarity is uniform. In others, the filaments show
random plus and minus orientation (Cramer et al., 1997). Stress fibers disassemble in
response to the clostridium botulinum C3 toxin, which targets RhoA, RhoB and RhoC
(Chardin et al., 1989). On the other hand, microinjection of activated recombinant RhoA into
fibroblasts leads to rapid and extensive formation of stress fibers (Paterson et al., 1990). The

link thereby lies in the activation of RhoA-effectors.
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RhoA-GTP activates Rho-dependent kinase ROCK, which phosphorylates myosin light chain
to induce actomyosin contractility (figure 6). However, activation of ROCK alone does not
generate the thick, parallel stress fibers seen after RhoA activation; the activity of the actin-
binding protein mDial is also required (Pellegrin and Mellor, 2007). The function of mDial
is to initiate the polymerization of actin filaments from cell-matrix adhesions to form a short
actin bundle that can then be elongated into a stress fiber. This activating effect of mDial on
actin polymerization is thought to be regulated by interaction with profilin (Watanabe et al.,
1999). In addition, actin polymerization can also be facilitated by phosphorylation and
inactivation of the actin depolymerizing factor cofilin, which is a substrate of activated LIM-

kinase (Arber et al., 1998). LIM-kinase 1 in turn is activated by ROCK (Bernard, 2007).

The RhoA/ROCK pathway

ROCK » LIMK
Binds barbed
ends and
@ @ [+
| . Actin
@ — contraction \ I
e R
s -
Rac / Cdc42 74 —

nuclear translocation ~ Gene transcription

Figure 6: The RhoA/ROCK pathway controls actin polymerization and contraction.
RhoA stimulates ROCK to promote myosin light chain phosphorylation, which leads to actin

contraction. An active RhoA/ROCK pathway also supports actin polymerization via mDia or

20
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LIM-kinase and cofilin. The transcriptional co-activator MAL/MKL-1 has affinity for G-
actin and is translocated to the nucleus upon actin assembly. There it has been implicated in

activation of promoters of genes like tenascin-C. (Scheme: R. Lutz)

I1.9 Rho, Rac and Cdc42 regulate the organization of the

actin cytoskeleton

Polymerized actin in fibroblasts is organized into three major types of filamentous arrays,
each linked to the cell membrane and the underlying matrix via integrin receptors (Hall,
1998). Lamellipodia are sheetlike cell protrusions containing a cross-linked meshwork of
actin filaments. These structures are predominantly found in the front of a moving cell.
Filopodia are fingerlike extensions at the cell border stabilized by thin parallel bundles of
actin filaments. Actin structures of both lamellipodia and filopodia are linked to focal
complexes. At the rear of the cell’s leading edge actin filament bundles (stress fibers) are
found. These structures merge in focal adhesions.

Much insight into how actin structures are controlled derives from the laboratory of Alan
Hall, who used microinjection of specific proteins and inhibitors into fibroblasts (figure 7).
Thereby Cdc42, Rac-1 and RhoA were postulated to be activated in this hierarchical order
when a cell interacts with ECM (Nobes and Hall, 1995). Rac-1 was shown to induce stress
fiber formation through activation of RhoA (Ridley et al., 1992). In addition, injection of
activated Cdc42 together with dominant negative Rac-1 and the Rho inhibitor C3 caused
extensive formation of filopodia (Nobes and Hall, 1995). With injection of only activated
Cdc42 and C3 cells also produced lamellipodia. In these experiments focal complexes
associated with filopodia and lamellipodia while focal adhesions were only observed with

stress fibers. It was concluded that Cdc42 leads to the induction of filopodia, Rac-1 induces
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lamellipodia and RhoA activation stimulates formation of stress fibers (Hall, 1998). In
scratch-wound assays it was also found that Rac-1 is essential for cell movement while
Cdc42 is supporting migration by establishing cell polarity (Nobes and Hall, 1999). On the
other hand, RhoA-dependent stress fibers and focal adhesions are not required for cell
migration, but these structures must undergo dynamic turnover in order to not inhibit cell
movement.

The assumption that Rac-1 activates RhoA was later on modified by the idea of an
antagonism between RhoA and Rac-1 (Rottner et al., 1999). This hypothesis arose from the
fact that the ROCK-inhibitor Y27632 caused a shift from focal adhesions to peripheral focal
complexes. In addition, injection of active Rac-1 caused a reduction in focal adhesion size
whereas dominan-negative Rac-1 induced growth of focal complexes (Rottner et al., 1999).
Thereby Rac-1 activation would turn a cell into a motile phenotype with lamellipodia and
dynamic focal complexes while active RhoA would induce a sessile phenotype anchored with
firm focal adhesions and a tensioned cytoskeleton.

As discussed in a previous paragraph, actin stress fibers are controlled mainly by the
Rho/ROCK pathway. However, filamentous actin as observed in lamellipodia or associated
with filopodia is regulated differently. WASP is a target of Cdc42 and binds the Arp2/3
complex (Millard et al., 2004). In this manner Arp2/3 is activated and attaches to actin
structures. There it serves as new nucleation site for actin polymerization, thus creating a
branched network. WAVE is a homologue of WASP that forms a ternary complex with
active Rac-1 and Arp2/3 thereby stimulating actin branching in lamellipodia (Takenawa and
Miki, 2001). Both, WAVE and WASP also have a binding site for profilin, which accelerates

the exchange of ADP/ATP on actin and promotes actin polymerization.
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Figure 7: Rho, Rac, and Cdc42 control the assembly and organization of the actin
cytoskeleton.

Serum-starved Swiss 3T3 fibroblast (-) contain few organized actin filaments (A) and small
vinculin containing cell adhesions (B). Addition of the growth factor lysophosphatidic acid
activates RhoA, which leads to stress fibers (C) and focal adhesions (D). Microinjection of
Rac-1 induces lamellipodia (E) and associated focal complexes (F). Microinjection of FGDI1,
an exchange factor for Cdc42, leads to formation of filopodia (G) and the associated focal

complexes (H). Taken from Hall, 1998

11.10 MAL/MKL-1

Changes is actin dynamics are monitored by MAL (megakaryocytic acute leukemia) protein,
also known as myocardin-related transcription factor A (MRTF-A), megakaryoblastic
leukemia 1 (MKL1), or BSAC (basic, SAP, and coiled-coil domain)(Asparuhova et al.,
2009). MAL was shown to physically interact with serum response factor (SRF) to activate
SRF-dependent transcription (Miralles et al., 2003). In the N-terminal region, MAL contains
two or three RPEL motifs (depending on the isoform). These motifs have been implicated in

actin-association and RhoA-dependent nuclear import of MAL (Miralles et al., 2003). Two

23



MODULATION OF CELL-MATRIX ADHESIONS TO AFFECT MECHANOTRANSDUCTION INTRODUCTION

basic boxes are important for nuclear localization of MAL whereas basic region 1 is also
required for MAL binding to SRF (Miralles et al., 2003; Wang et al., 2001). A highly
conserved leucine-zipper-like domain mediates homo- or heterodimerization among
myocardin family members.

MAL directly interacts with unpolymerized actin (G-actin) (Posern et al., 2004). It has been
demonstrated that in unstimulated cells, MAL is predominantly localized in the cytoplasm
through an interaction of its N-terminal RPEL motifs with G-actin. As discussed previously,
activation of RhoA increases polymerization of G-actin into actin filaments (F-actin). Upon
stimulations that increase RhoA activity (e.g. serum, lysophosphatidic acid or transfection
with active RhoA or mDia), G-actin recruited into actin filaments frees MAL to enter the
nucleus, where it can stimulate SRF-dependent transcription (Miralles et al., 2003).

SRF is a transcription factor that binds the CArG box motif in gene promoters (Posern and
Treisman, 2006). Binding is controlled to a large extent by its interaction with cofactors.
Besides the proposed interaction with MAL, SRF can also interact with members of the
ternary complex factor (TCF) family. These proteins make sequence-specific DNA contact
with Ets motifs adjoining the CArG box. While interaction of SRF with MAL is dependent
on the RhoA/ROCK pathway, binding to TCFs is controlled by the MAPK pathway (Posern

and Treisman, 2006).

I1.11 Tenascin-C

Tenascin-C was discovered in 1984 as myotendinous antigen (Chiquet and Fambrough,
1984). It was the founding member of the family of tenascins that consists of the four
members tenascin-C, tenascin-R, tenascin-X and tenascin-W (Chiquet-Ehrismann, 2004;

Chiquet-Ehrismann and Chiquet, 2003). Tenascin-C has six identical subunits built from
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variable numbers of repeated domains. N-terminal cysteins join the six subunits to form a six-
armed molecule. Expression of the protein can be induced by certain homeobox-genes. High
expression levels of tenascin-C are therefore found during embryogenesis. In the adult the
protein is largely absent from most tissues. However, it reappears under pathological
conditions caused by infections, inflammation or during tumorigenesis. Continous expression
of tenascin-C is found in tendons and at myotendinous junctions. A reason for this may be its
induction by mechanical stress (Chiquet et al., 2004; Fluck et al., 2000). Induction by cyclic
strain is not observed in B1 integrin and ILK knockdown cells (Chiquet et al., 2007), is
abolished by the ROCK inhibitor Y27623 (Sarasa-Renedo et al., 2006) and correlates with
nuclear translocation of MAL (Maier et al., 2008). Thus, induction of tenascin-C by
mechanical stress seems to depend on the RhoA/ROCK pathway. Functionally, tenascin-C
was shown to interfere with fibroblast attachment to fibronectin (Chiquet-Ehrismann et al.,
1988). Later it was demonstrated that tenascin-C interacts with the 13" fibronectin type III
repeat (FNIII13) of fibronectin. This interaction inhibited fibronectin binding to syndecan-4
(Huang et al., 2001), a co-receptor of the asP; integrin that is necessary for full spreading of
fibroblasts on fibronectin (Woods and Couchman, 1994). Tenascin-C was also shown to in
inhibit cell mediated contraction of fibronectin/fibrinogen-matrices (Midwood and
Schwarzbauer, 2002) and to suppress Rho activation during cell spreading (Wenk et al.,

2000).

I1.12 Mechanical stress and ECM regulation

Mechanical forces are essential for homeostasis of all tissues (Chen, 2008). Some tissues,
however, are influenced in special ways by mechanical signals. Pressure and shear stress

from the circulation influence the morphology and pathology of the heart and vasculature.
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Bone is shaped by forces generated from gravity and muscle contraction. Hearing and
balance are based on mechanical sensors, and these are only examples. In tissues, the ECM
plays an important role in transmission of mechanical forces. Physical properties of the
matrix can differ drastically among different tissues and shield cells by modulating the strain.
Composition of the matrix not only differs locally but also temporally, meaning that the ECM
is not static (Bosman and Stamenkovic, 2003). Constant expression and secretion of proteins
and their degradation by proteases form a dynamic matrix that is controlled by the embedded
cells. Tenascin-C and the major collagens are among ECM components whose deposition is
strongly influenced by mechanical stress (Chiquet et al., 2004; Fluck et al., 2000; Kjaer,
2004).

While reasons for the upregulation of tenascin-C upon mechanical stress are less clear, a
tissue is strengthened by increased deposition of collagen. However, since tenascin-C was
shown to interfere with fibronectin binding (Chiquet-Ehrismann et al., 1988; Fischer et al.,
1997; Huang et al., 2001) a function in reducing matrix adhesion of cells to escape

mechanical overload has been discussed.

I1.13

Cyclic strain as a model system for mechanotransduction

To study integrin signaling and mechanotransduction, many studies have used the approach
of observing cells in the first hours after plating on a substrate (Danen et al., 2002; Huveneers
et al., 2008; Midwood and Schwarzbauer, 2002; Midwood et al., 2004; Wenk et al., 2000).
However this is only a transient state and rather rare in physiology. To use externally applied
strain represents a more sophisticated system, since fully spread cells are examined in which

a large integrin pool is already activated and engaged with ligands. In addition, cells can be

26



MODULATION OF CELL-MATRIX ADHESIONS TO AFFECT MECHANOTRANSDUCTION INTRODUCTION

given time to secrete ECM proteins forming a more physiological environment. The principle
of cyclic strain is a valid model to analyze mechanotransduction. Many tissues like arterial
vessels, lung, heart or tendons are exposed to cycles of strain and relaxation. Also in culture,
cells respond to cyclic strain of amplitude and frequency in the range found in these tissues

(Chiquet et al., 2004; Lehoux et al., 2006; Magnusson et al., 2008).

cells

Loading post

silicone membrane

__equibiaxial strain

vacuum

Figure 8: Device to apply biaxial cyclic strain in vitro

Cells are cultured in specialized wells that consist of a silicone membrane as bottom. To be
able to let cells attach, the membrane is coated with the desired extracellular matrix proteins
(e.g. fibronectin or vitronectin). Cells are then seeded and cultured until cyclic strain is
applied. During cycles of strain a vacuum is created that sucks the silicone membrane around
the disk-shaped loading post. Thereby cells can be biaxially strained with desired frequency
and amplitude. (Scheme: R. Lutz)
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I1.14 Responses of fibroblasts to mechanical stress

Mechanotransduction is defined as the process by which physical stimulation is converted
intracellularly into various types of electrical or chemical signals (Chiquet et al., 2009).
Responses to mechanical stimulation are versatile and vary among cell types. Besides
activation of the RhoA/ROCK pathway as described previously, other events can be triggered
in fibroblasts. Calcium has long been recognized as an important second messenger for
biological processes and was also found to increase in the cytoplasm after stretch (Munevar
et al., 2004). This influx was inhibited by gadolinium, an inhibitor of stretch-activated ion
channels. Uni-axial stretch also caused translocation of the transcription factor NF-kB, which
activated an NF-xB-inducible promoter (Inoh et al., 2002). Both, translocation and activation
were also inhibited by gadolinium indicating activation by stretch-activated ion channels.
Cyclic strain also led to an upregulation of cyclooxygenase (COX)-2 to produce reactive
oxygen species (Amma et al., 2005). This was followed by phosphorylation of IkB kinase
(IKK). IkB, the substrate of IKK, is an inhibitor of NF-kB that dissociates upon
phosphorylation. Upon addition of gadolinium or in the absence of extracellular calcium
phosphorylation of IKK was blocked.

Mechanical stretch can also activate the MAPK-pathway (Li and Xu, 2000; Rychly et al.,
1998). Initial steps include phosphorylation of the focal adhesion kinase (FAK) which
thereby creates a binding site for Src-family kinases. Src phosphorylates multiple constituents
of the focal adhesion complex, including FAK at another tyrosine residue. This again creates
an SH2 docking site for the recruitment of Grb2 and Sos, thereby linking integrins to the

Ras/Raf/ERK cascade.
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Less evidence exists about induction of the PKB/Akt pathway by mechanical strain.
However, involvement of the epidermal growth factor receptor (EGFR) has been suggested

(Kippenberger et al., 2005)
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II1. Aim of the work

In fibroblasts, different types of cell-matrix adhesions exist. Fibrillar adhesions are known to
be important for fibronectin fibrillogenesis but little is known about the importance of these
adhesion sites in cellular signaling. Previous experiments showed that fibroblasts lacking ILK
(an adaptor protein of focal and fibrillar adhesions) were defective in activation of the
RhoA/ROCK pathway upon cyclic strain. In addition they failed to assemble fibronectin into
a matrix and lacked fibrillar adhesions. We therefore speculated that the pericellular
fibronectin meshwork and fibrillar adhesions might be involved in transduction of cyclic
strain into the RhoA/ROCK pathway. To address this hypothesis we generated fibronectin
knockdown fibroblasts and analyzed their mechanotransduction in the presence and absence
of fibronectin.

Focal complexes on the other hand were shown to be induced by Rac activation and to
correlate with cellular structures used for migration. These assumptions derived from studies
that modulated the activity of monomeric G-proteins like Rac, Cdc42 and Rho. However, the
present literature hardly addressed questions about specific signaling arising from focal
complexes. To get more insight how focal complexes affect cell morphology we analyzed
fibroblasts that were only allowed to form this type of adhesions. To do so we tried to arrest
the maturation of focal complexes by limiting their growth. By help of our collaborators we
generated specific nano- and micropatterned substrates with RGD-coupled gold squares of
different sizes in the range of cell-matrix adhesions. We plated fibroblasts on these patterns

and studied their adhesion sites, the actin cytoskeleton, and fibronectin fibrillogenesis.
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Abstract

Induction of tenascin-C mRNA by cyclic strain in fibroblasts depends on RhoA and Rho dependent kinase (ROCK). Here we show that

integrin-linked kinase (ILK) is required upstream of this pathway. In ILK-deficient fibroblasts, RhoA was not activated and tenascin-C mRNA
remained low after cyclic strain; tenascin-C expression was unaffected by ROCK inhibition. In ILK wild-type but not ILK —/— fibroblasts, cyclic
strain-induced reorganization of actin stress fibers and focal adhesions, as well as nuclear translocation of MAL, a transcriptional co-activator that
links actin assembly to gene expression. These findings support a role for RhoA in ILK-mediated mechanotransduction. Rescue of ILK —/—
fibroblasts by expression of wild-type ILK restored these responses to cyclic strain. Mechanosensation is not entirely abolished in ILK —/—
fibroblasts, since cyclic strain activated Erk-1/2 and PKB/Akt, and induced c-fos mRNA in these cells. Conversely, lysophosphatidic acid
stimulated RhoA and induced both c-fos and tenascin-C mRNA in ILK —/— cells. Thus, the signaling pathways controlling tenascin-C expression
are functional in the absence of ILK, but are not triggered by cyclic strain. Our results indicate that ILK is selectively required for the induction of
specific genes by mechanical stimulation via RhoA-mediated pathways.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Mechanotransduction; Tenascin-C; RhoA/ROCK; Integrin-linked kinase; c-fos

1. Introduction

Adaptation to mechanical loads is an important function of
connective tissue. In response to mechanical stimulation,
fibroblasts change the expression of extracellular matrix (ECM)
proteins [1,2] and of ECM-degrading enzymes and their inhibitors
[3,4]. Among the ECM proteins regulated by mechanical stress,
tenascin-C is one of the most prominent both in vivo [5—8] and in
vitro [9—12]. In fibroblasts attached to elastic membranes, 10%
cyclic strain at 0.3 Hz leads to a significant increase in the
tenascin-C mRNA level within 2—6 h [11,12]. Early responses of
fibroblasts to mechanical signals are the secretion of paracrine
factors like transforming growth factor-p3 [13], the activation of

* Corresponding author. Friedrich Miescher Institute, Maulbeerstrasse 66,
CH-4058 Basel, Switzerland. Tel.: +41 61 697 2494; fax: +41 61 697 3976.
E-mail address: matthias.chiquet@fmi.ch (M. Chiquet).

0167-4889/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2008.01.013

mitogen activated protein kinases (MAPK) e.g. Erk-1/2 [14-16],
and the induction of transcription factors such as c-fos, c-jun or
egr-1[16-18]. The increase in c-fos and c-jun mRNA in stretched
cells depends at least in part on MAPK pathways [18]. While the
induction of major ECM components such as collagen I is
secondary to such early signaling events [13], up-regulation of
tenascin-C mRNA seems to be a direct response to strain, since it
can occur in the absence of de novo protein synthesis and does not
require paracrine factors [11]. There is also no evidence that
MAPK are involved [11]. Rather, we found that induction of
tenascin-C by cyclic strain depends on an intact cytoskeleton and
on actin contractility, which is controlled by the small GTPase
RhoA and its target, Rho dependent protein kinase (ROCK) [12].
Interestingly, when cytoskeletal tension was stimulated via the
RhoA/ROCK pathway before applying strain, this caused a super-
induction of tenascin-C mRNA, i.e. it seemed to increase cellular
mechanosensitivity [12].
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Via its ability to induce actin polymerization, RhoA also
regulates the transcriptional activity of serum response factor
(SRF). As co-activators of SRF, megakaryocytic acute leukemia
proteins MAL/MKL1 [19,20] and MAL16/MKL2 [20,21] were
identified in fibroblasts. The mouse homologues MRTF-A
(MKL1) and -B (MKL2) potentiate SRF activity [22] and a
mouse MAL isoform, BSAC, was isolated [23]. RhoA-dependent
actin assembly regulates the subcellular localization of MAL [24].
MAL is predominantly cytoplasmic in serum-starved cells, but
accumulates in the nucleus following serum stimulation. The
activation of the RhoA-actin signaling pathway is necessary
and sufficient to promote MAL nuclear accumulation [24]. Very
recently, it has been shown that application of force by collagen-
coated magnetic beads leads to the activation of RhoA, nu-
clear translocation of MAL and finally increased transcription
of a-smooth muscle actin in rat cardiac fibroblasts [25].

Despite of increasing information concerning the signal-
ing pathways triggered by mechanical stress and the resulting
changes in gene expression [2,12—15], the question remains
how exactly non-excitable cells such as fibroblasts sense
mechanical forces [26]. Recently, cell-ECM adhesion sites
(mainly focal adhesions of cultured cells) received much
attention as putative sites of mechanotransduction. Integrins are
their transmembrane components, and there is ample evidence
that mechanical signaling is integrin-dependent [26—28].
Recent data indicate that integrin-associated focal adhesion
proteins undergo conformational changes in response to
mechanical force and thereby expose hidden phosphorylation
and/or binding sites recognized by other signaling components
[26,29-31].

Integrin-linked kinase (ILK) is an integrin-binding molecule
and a prominent component of focal adhesions [32—-37]. ILK
has been shown to be involved most notably in the activation of
the PKB/AKT pathway [38]. However, since critical catalytic
residues within the kinase domain of ILK are not conser-
ved, its function as a kinase in vivo is still disputed [35,39].
Nevertheless, as an important adaptor protein ILK is in-
dispensable for early embryonic development [40]. In a hete-
rotrimeric complex with the adaptor protein PINCH and
the F-actin binding protein parvin, ILK connects integrins
with the cytoskeleton and presumably with adjacent receptor
tyrosine kinases [34,35]. ILK-deficient cells have severe defects
in cell adhesion, migration and polarization [40—43], and these
deficits have been related to abnormal Racl- and RhoA-
dependent actin dynamics [41,44—47]. Because of its important
role in integrating signals at cell-ECM contacts and in
organizing the cytoskeleton we compared the ability of wild-
type, ILK knockout and rescued fibroblasts to activate the
RhoA/ROCK and Erk-1/2 MAPK signaling pathways in
response to cyclic strain. In addition, we tested whether the
absence of ILK affected the mechanical induction of the
mRNAs for tenascin-C and c-fos, putative target genes of these
two pathways. Our results indicate that ILK-deficient cells are
not entirely insensitive to mechanical stimulation. Rather, ILK
is essential for the force-induced expression of tenascin-C and a
critical mediator of a RhoA-dependent mechanotransduction
pathway.
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2. Materials and methods

2.1. Cell culture

The following cell lines were used [41]. A clonal fibroblast line was derived
from the kidney of a 4-week-old male mouse containing a floxed ILK gene [40]
and immortalized by stable transfection with SV40 large T-antigen (ILK wt).
Transduction of Cre into these cells led to the deletion of the ILK gene and the
generation of a knockout cell line (ILK —/—). ILK rescued cell lines were produced
as follows. Murine ILK ¢cDNA was generated by PCR and inserted into the
p3XxFLAG vector (Sigma, Buchs, Switzerland). The ILK-3xFLAG ¢DNA was
amplified by PCR and inserted into pPCLMFG (Imgenex, San Diego, CA), re-
sulting in pCLILKFLAG. On the other hand recombinant retroviruses carrying a
GFP-tagged wild-type ILK cDNA (pCLILKGFP) were generated. Infection of
ILK-deficient cells with pCLILKFLAG or pCLILKGFP resulted in robust
expression of the transduced cDNA [40]. Cells were maintained at 37 °C and 6%
CO; in Dulbecco’s modified Eagle medium (D-MEM; Seromed, Basel, Switzer-
land) containing 10% fetal calf serum (FCS; Gibco/Invitrogen, Basel, Switzerland).
Cells were harvested and plated onto silicone membranes (0.05”, gloss/gloss;
Specialty Manufacturing Inc., Saginaw MI, USA) mounted into custom-made 6-
well dishes [11]. Before seeding cells, membranes were coated with purified horse
serum fibronectin (100 pg/ml in phosphate buffered saline [PBS]) for 1 h [11].
Alternatively, cells were plated into Flexercell I 6-well dishes (Dunn Labortechnik,
Asbach, Germany) that were coated with fibronectin as above. Three hours after
plating cells (600,000 per well) in 3% FCS/D-MEM, medium was changed and
cultures were maintained in 0.3% (or 0.03% in certain experiments; see figure
legends) FCS/D-MEM ovemight before use in cyclic strain experiments.

2.2. Mechanical loading of cells

30 min before applying cyclic strain, cultures received a medium change (0.3%
or 0.03% FCS/D-MEM) and, where indicated, 10 pM Y27632 (Calbiochem,
JURO Supply GmbH, Switzerland) was added into the same medium. Culture
dishes were mounted onto a custom-made stretching device [11] or on a Flexcell
FX-4000 machine (Dunn Labortechnik, Asbach, Germany). On either machine,
cells were subjected to equibiaxial cyclic strain (10%, 0.3 Hz) at 37 °C for the times
indicated (usually 1 h to 6 h). For a given dose of mechanical stimulation, the two
machines gave identical results. After the experiment, cells were formaldehyde-
fixed for phalloidin and immunofluorescence staining (see below). Alternatively,
cells were lysed and total RNA was isolated [11]. For RhoA activation assays,
1.25x 10° mouse fibroblasts were plated per well and washed twice with D-MEM
containing 0.3% FCS on the day of plating. On the following day, cells were
directly (without medium change) subjected to cyclic strain (10%, 0.3 Hz) at 37 °C
for 5—15 min before extraction (see below).

2.3. Stimulation of cells with lysophosphatidic acid

Oleoyl-a-lysophosphatidic acid (LPA) was purchased from Sigma (Buchs,
Switzerland) and stock solutions were prepared in water. Cells were plated on
fibronectin-coated 6-well tissue culture dishes and serum-starved as described
above. For stimulation, medium was changed to either D-MEM/0.03% FCS
alone, or to the same medium containing 2 or 10 pM LPA. Cells were extracted
after 5-15 min for determination of RhoA activity, or after 1 and 6 h for
quantification of mRNA as described above.

2.4. Quantification of mRNA levels from Northern blots

RNA was isolated by the RNeasy procedure (Qiagen, Basel, Switzerland), run on
agarose gels, and Northern blots were prepared as described previously [11]. Blots
were simultaneously hybridized with [*P]dCTP-labeled mouse tenascin-C and rat
glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA probes [11]. The tena-
scin-C to GAPDH mRNA ratio was quantified for each sample by phospho-imaging
and densitometric analysis of Northern blots using a Storm 860 phospho-imager and
Image Quant software (Molecular Dynamics, Sunnyvale, CA)[11,12]. Data represent
the average and standard error of the mean of five independent experiments. Statistical
significance was determined by one-way ANOVA and paired Student’s #-Test.
Differences with a value of P<0.05 were considered significant.
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Fig. 1. Cyclic strain activates RhoA and induces tenascin-C (TN-C) mRNA in
wild-type but not in ILK-deficient fibroblasts. (A) Wild-type mouse fibroblasts
(ILK wt) and their descendents in which the ILK gene was deleted (ILK —/—)
were cultured on fibronectin-coated silicone membranes. Cells maintained in
0.3% serum were either left at rest (R) or subjected to cyclic strain (10%, 0.3 Hz)
for 6 h (S), total RNA was extracted and Northern blots were hybridized with
32p_labeled cDNA. TN-C/GAPDH mRNA ratios were quantified by phospho-
imaging and densitometry of blots and are expressed relative to the resting
control. Bars represent means and standard errors of 5 independent experiments.
(B) Activation of RhoA by cyclic strain in wild-type but not in ILK-deficient
fibroblasts. ILK wild-type and ILK —/— cells were subjected to cyclic strain
(10%, 0.3 Hz) for 5 min. Active RhoA was pulled down from cell lysates (see
Materials and methods), and detected on SDS-PAGE by immunoblotting (top
panel). For control, total RhoA in the corresponding samples is shown in
immunoblots of whole cell lysates (bottom panel). Active RhoA was quantified
by densitometry of Western blots and normalized to total RhoA; the fold change
in stressed versus resting cells is indicated on top of the figure (n=4; +S.E.M.).
(C) Effect of ROCK inhibition on tenascin-C mRNA expression levels in wild-
type versus ILK-deficient fibroblasts. Wild-type and ILK —/— fibroblasts were
subjected to cyclic strain (10%, 0.3 Hz) for 6 h in the absence or presence of
ROCK U/II inhibitor Y27632 (10 pM). The mean TN-C/GAPDH ratio of three
independent experiments is indicated at the bottom of the figure. Note that
ROCK inhibition interferes with strain-dependent tenascin-C induction in wild-
type cells, but has no effect on tenascin-C mRNA levels in ILK-deficient cells.

2.5. Quantification of mRNA levels by real time PCR

RNA was isolated as above and reverse transcribed with a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Rotkreuz, Switzerland). TagMan real
time PCR primer/probe mixtures for mouse tenascin-C (Mm00495662_m1), mouse
c-fos (Mm00487425_m1) and mouse GAPDH (Mm99999915_gl) as well as
TagMan Universal Master Mix were purchased from Applied Biosystems. For every
experimental condition, reverse transcribed cDNA (3 and 6 ng) was amplified for
each of the 3 genes on an ABI Prism 7000 real time PCR cycler (Applied
Biosystems). Data were analyzed by the ACt method [48], i.e. values for tenascin-C
and c-fos were normalized to GAPDH for each sample. These data are shown in the
graphs, rather than their further normalization to the resting controls (A ACt method
[48]; “fold increase”). The single normalization used here allows comparison of basic
gene expression levels between the different cell lines used in this study. Data
represent the average+S.E.M. from five to seven independent experiments. Statistical
significance was determined by one-way ANOVA and paired Student’s z-Test.
Differences with a value of P<0.05 were considered significant.

2.6. Isolation of monoclonal antibody against mouse MAL

A His-tagged recombinant fragment of mouse MAL was generated as follows.
A cDNA fragment coding for amino acids 611-731 (Acc. No. NP_694629;
NM_153049.2) was selected and amplified from mouse fibroblast cDNA with a
sense primer 5'-CCCGCATGCGAAAGTGGTTTCTCCAGTTGC-3' containing
a Sphl restriction site and an antisense primer 5'-CCCAAGCTTGGCTG-
GAAAACCAGGCTGGGA-3'containing a HindIIl restriction site. The PCR
product was digested with Sphl and HindIII (Roche Diagnostics) and cloned into
the pQE30 vector (Qiagen, Hombrechtikon, Switzerland)) containing a 6xHisti-
dine (6xHis) tag just upstream of the multiple cloning site. The recombinant
fragment was expressed in E. coli M15 bacteria and purified from the pellet
according to the QIAexpressionist protocol (Qiagen) under denaturing conditions.
The purified His-tagged MAL fragment of 13 kDa was analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). Fractions of the elution peak
were pooled and dialysed against PBS. 3 female Balb/c mice were immunized
subcutaneously each with 50 ug recombinant MAL fragment in 100 pul PBS, which
was mixed with 25 pl of Stimune adjuvant (Prionocs AG, Schlieren-Zurich,
Switzerland). After two identical boosts at 3-week intervals, a final injection was
made intraperitoneally with 25 ug MAL fragment in 150 pl PBS without adjuvant.
Two days later, the mice were killed, and the splenic lymphocytes were fused to the
myeloma cell line P3xAg8.653 (American Type Culture Collection) and cultured
in selection medium according to standard protocols. Hybridoma supernatants
were tested for secreted antibodies on ELISA plates coated with purified
recombinant MAL fragment. Hybridomas showing the best ELISA signals were
further analyzed by immunoblotting using bacterial lysates that contained ex-
pressed MAL fragment. Finally, supernatants reacting with the recombinant His-
tagged 13 kDa MAL peptide were tested on immunoblots against mouse embryo
fibroblast extracts. Selected hybridomas specifically recognizing endogenous
mouse MAL (160 kDaj; [24]) were subcloned twice and rescreened by ELISA and
immunoblotting. The isotype of selected monoclonal antibodies (mAbs) was
determined (Isostrip; Roche Applied Science); mAb 65F13 is an IgG1 with « light
chains. 65F13 cells were grown in IMDM with 15% FCS to high cell density
without medium change to allow mAb accumulation in the tissue culture superna-
tant. All experiments presented here were done with a single batch of 65F 13 culture
supernatant diluted 1:10 for immunoblotting and immunofluorescence.

2.7. Immunofluorescence and phalloidin staining

Silicone membranes with attached cells were cut out from the bottom of culture
wells and placed upside down onto a solution of 4% paraformaldehyde buffered
with 20 mM Na-phosphate for 15 min. Fixed cells were washed and blocked over
night at 4 °C in PBS containing 3% bovine serum albumin (BSA) and 0.2% Triton
X-100. Cells were labeled at room temperature with a monoclonal antibody to
vinculin (clone hVINI1-5 ascites fluid; Sigma-Aldrich, Buchs, Switzerland)
diluted 1:1250 in PBS/BSA/Triton or with 65F13 supernatant diluted 1:10 for 1 h,
washed three times with PBS/BSA/Triton, and then incubated simultaneously with
Alexa488- or Alexa568-labeled goat anti-mouse IgG (Cappel/ICN Biomedicals,
EGT Chemie, Switzerland; diluted 1:400), Alexa546-labeled phalloidin (Sigma,
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Fig. 2. Cyclic strain stimulates actin stress fiber formation and focal adhesion redistribution in wild-type but not in ILK-deficient fibroblasts. (A) Wild-type and ILK —/—
cells cultured on fibronectin-coated silicone membrane were cyclically strained (10%, 0.3 Hz) for 3 h, fixed with paraformaldehyde, and double-stained with rhodamin-
labeled phalloidin for actin stress fibers and an antibody to vinculin to visualize focal adhesion sites. Note the shape change and the strain-induced actin reorganization in
wild-type but not in ILK-deficient fibroblasts. Wild-type cells exhibit scattered adhesions that tend to redistribute to the cell margins after cyclic strain. In contrast,
resting ILK-deficient cells form focal adhesions only at their periphery, and no redistribution is observed upon strain. The scale bar represents 50 pm. (B) The mean
surface of ILK wild-type and ILK —/— cells was quantified before and after 3 h of cyclic strain (10%, 0.3 Hz) as described in Materials and methods.

Buchs, Switzerland; 1 pg/ml) in PBS/BSA/Triton or with Alexa633-labeled goat
anti-mouse IgG for 1 h. Cells were again washed three times with PBS/BSA/Triton
and mounted in Prolong Gold antifade reagent (Invitrogen, Basel, Switzerland).
Slides were observed on a Zeiss Z1 microscope equipped with a 20x/0.8 objective,
Zeiss filter cubes n°38HE for Alexa488, n°43 for Alexa546 and Alexa568 and n°26
for Alexa633 and a Zeiss MRm camera. Alternatively, cells were observed on a
Zeiss LSM510 confocal microscope with a 40x%/1.3 oil immersion objective. For
cell surface measurements cells were directly fixed in the Flexercell dishes and
stained with Alexa546-labeled wheat germ agglutinin (WGA) and Hoechst 33342
(Image-iT LIVE plasma membrane and nuclear labeling kit, Invitrogen) for 3 h,
then washed 3 times with PBS and mounted in Prolong Gold. Slides were observed
on a Zeiss Z1 microscope equipped with a 20x/0.8 objective and a Zeiss MRm
camera and quantification was done with the ImagePro software.

2.8. RhoA activity assay

The activity of RhoA was determined using a rhotekin-Rho-binding domain
(RBD) assay as published [49]. Briefly, serum-starved mouse fibroblasts (1.5 x 107
per sample) were subjected to cyclic strain (10%, 0.3 Hz) for 5 min. Cells were
washed with ice-cold TBS and lysed in glutathione-S-transferase (GST)-fish buffer
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(10% glycerol, 50 mM Tris pH 7.4, 100 mM NaCl, 1% NP-40 and 2 mM MgCl,) to
which protease and phosphatase inhibitors were added. Lysates were cleared in the
cold by centrifugation (700 xg, 5 min) and incubated at 4 °C for 45 min with
glutathione-Sepharose 4B beads (Amersham, Braunschweig, Germany) coupled to
freshly prepared GST-rhotekin-RBD fusion protein (expression vector obtained from
Dr. Jens Stein, Theodor Kocher Institute, Bern, Switzerland). Beads were washed
with GST-fish buffer and bound proteins solubilized by the addition of 2x Laemmli
buffer. Total RhoA in lysates and active (thotekin-RBD-bound) RhoA were detected
by Western blotting with anti-Rho-mouse mAb (Santa Cruz; Lab Force, Nunningen,
Switzerland) diluted 1:200 in PBS/BSA/Tween-20. Blots were washed and incubated
with peroxidase-labeled goat anti-mouse I1gG (1:7000; Cappel/ICN Biomedicals;
EGT Chemie, Switzerland) for 1 h. Blots were developed using SuperSignal®West-
Pico peroxide kit (Pierce; Socochim SA, Switzerland). Chemiluminescence signals
were detected using a Bio-Rad VersaDocTM Imaging System, Model 3000 (Bio-Rad
Laboratories AG, Reinach BL, Switzerland).

2.9. Immunoblotting

Wild-type, ILK —/— and rescued fibroblasts were left at rest or subjected to
cyclic strain for 5, 10 and 15 min, respectively. Per sample, 1.8 x 10° cells were
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Fig. 3. Monoclonal antibody 65F13 detects endogenous mouse MAL on immunoblots and by immunofluorescence. (A) A monoclonal antibody was generated using a
bacterially expressed mouse MAL peptide with an N-terminal His-tag. A blot of bacterial lysate containing the MAL peptide was stained with amido black (a), anti-His
antibody (b) or the newly generated MAL mAb 65F13 (c). Extracts of mouse wild-type fibroblasts were blotted and stained with amido black (d), anti-FAK (e) or mAb
65F13 (f) to detect the endogenous proteins. (B) Mouse wild-type fibroblasts were cultured on fibronectin-coated silicone membranes in 0.03% serum, fixed with
paraformaldehyde and stained with mAb 65F13 (top left) or with mAb 65F 13 preincubated with a ten-fold excess of immunogen (recombinant mouse MAL peptide)
for 2 h (top right). The cell nuclei were localized via DAPI costaining (bottom panels). The scale bar represents 50 pum.

lysed in 600 pul ice-cold RIPA buffer (50 mM Tris—HCI pH 7.4, 150 mM NaCl, 1%
NP-40, 0.25% Na-deoxycholate, and 1 mM EDTA) containing protease and
phosphatase inhibitors. Lysates were cleared by centrifugation and run on 10%
polyacrylamide-SDS gels and blotted to nitrocellulose. Blots were incubated with the
following antibodies: a rabbit antibody to Erk-1/2, a mouse mAb to phospho-Erk-1/2,
a rabbit antibody to phospho-Akt (S473) (all Cell Signaling; BioConcept, Allschwil,
Switzerland), a rabbit antibody Ab10 to PKB [50] or mouse antibodies to FAK and
phospho-FAK (Y397) (BD Biosciences). For detecting ILK, the cells at rest were
treated as mentioned above and blots were incubated with a mouse antibody to ILK
(BD Biosciences). TN-C was detected in lysates and media of fibroblasts stressed for
6 h, using a rat monoclonal anti-TN-C antibody mTn-12 [51]. Bacterial and cell
lysates were blotted and probed with our monoclonal anti-MAL antibody 65F13. In
all cases an incubation with peroxydase-labeled secondary antibodies (1:10,000;
Cappel/ICN Biomedicals; EGT Chemie, Switzerland) followed and blots were
developed with SuperSignal®WestPico peroxide kit (Pierce, Socochim SA, Switzer-
land) and exposed to Kodak X-ray film for 1-5 min.

3. Results

3.1. RhoA/ROCK-dependent tenascin-C mRNA induction by
cyclic strain fails to occur in ILK-deficient fibroblasts

When primary chick embryo fibroblasts are cultured on
fibronectin-coated elastic membranes and subjected to cyclic
strain, a robust induction of tenascin-C mRNA is a prominent

response [11,12]. We also showed that cyclic strain rapidly
activates RhoA, and that the subsequent increase in tenascin-C
mRNA requires ROCK and myosin II activity [12]. First, we
tested whether immortalized wild-type mouse fibroblasts
containing a floxed ILK gene reacted to cyclic strain in a similar
manner. Indeed, on Northern blots we observed a several fold
increase in the level of tenascin-C mRNA in these cells after
stimulating them with 10% equibiaxial cyclic strain at 0.3 Hz for
6 h (Fig. 1A). In the wild-type cells, RhoA was activated after
5 min of cyclic strain (Fig. 1B), and tenascin-C mRNA induction
at 6 h of strain was suppressed by ROCK inhibitor Y27632 as
expected (Fig. 1C). The parental fibroblasts were then compared
to cells in which the floxed ILK gene had been deleted. ILK-
deficient fibroblasts exhibited a similar basal tenascin-C mRNA
expression level as wild-type cells; however, they completely
failed to induce this mRNA under the influence of cyclic strain
(Fig. 1A). Moreover, RhoA activity was not stimulated by cyclic
strain in fibroblasts lacking ILK (Fig. 1B), and the ROCK
inhibitor had no effect on tenascin-C mRNA levels in these cells,
neither at rest nor after strain (Fig. 1C). From these results, we
conclude that ILK is required for RhoA/ROCK-dependent
induction of tenascin-C by cyclic strain.
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Fig. 4. Cyclic strain induces nuclear translocation of MAL in wild-type but not in ILK —/— fibroblasts. Wild-type, ILK —/— and rescued cells were cultured on
fibronectin-coated silicone membranes in 0.03% serum and either left at rest, stimulated with 10% serum for 1 h, or subjected to cyclic strain (10%, 0.3 Hz) for 1 h.
Cells were fixed with paraformaldehyde and stained with mAb 65F13 to visualize nuclear translocation of MAL. The scale bar represents 50 pm.

3.2. Cyclic strain leads to rearrangement of actin stress fibers
and focal contacts in wild-type but not in ILK-deficient fibroblasts

In primary chick embryo fibroblasts, cyclic strain induces a
characteristic change in cell shape and a ROCK-dependent
increase and relocation of actin stress fibers [12]. To test whether
strain-dependent actin reorganization also required ILK, we
subjected wild-type and ILK-deficient mouse fibroblasts to
cyclic strain (10%, 0.3 Hz) for 3 h. For wild-type cells, we
observed a redistribution of actin stress fibers to the cell mar-
gins upon cyclic strain, as evidenced by phalloidin staining
(Fig. 2A). At rest, vinculin-positive adhesion contacts were
scattered over the basal side of wild-type cells but located
preferentially at the cell margins after cyclic strain (Fig. 2A).
In parallel to these changes, strain caused a significant decrease
of about 20% in the measured surface area of wild-type cells
(Fig. 2B), indicating contraction [12]. In contrast, ILK-deficient
fibroblasts were considerably less spread already at rest, with
a surface area about half as large as that of wild-type cells
(Fig. 2B). Resting ILK knockout cells appeared to have an
abnormal cytoskeleton with thick actin bundles along their
margins, and cyclic strain triggered neither a redistribution of
stress fibers nor a change in cell surface area (Fig. 2A, B).
Furthermore, ILK-deficient cells at rest exhibited vinculin-
containing focal adhesions only at their periphery and this
distribution remained unaltered after cyclic strain (Fig. 2A).
Thus, the absence of ILK by itself causes a perturbation of
cytoskeleton and focal contacts, and cyclic strain fails to induce
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a response of these structures. This is in accordance with the
suppression of strain-dependent RhoA activation in ILK-def-
icient cells.

3.3. Cyclic strain induces nuclear translocation of MAL in
wild-type but not in ILK-deficient fibroblasts

MAL, a co-activator of SRF, is known to translocate to the
nucleus in response to RhoA-dependent actin assembly, linking
RhoA activity and actin dynamics to gene expression [24].
Because cyclic strain triggers RhoA activation and actin
reorganization in wild-type but not ILK-deficient fibroblasts,

Table 1

Quantification of MAL translocation after cyclic strain

Experiment 1 Rest Serum Strain
ILK wt 0 55 35
ILK —/— 3 63 11
ILK rescue 2 53 34
Experiment 2 Rest Serum Strain
ILK wt 0 90 65
ILK —/— 0 100 23
ILK rescue 0 97 84

Wild-type, ILK —/— and rescued cells were cultured on fibronectin-coated
silicone membranes in 0.03% serum and either left at rest, stimulated with 10%
serum for 1 h or subjected to cyclic strain (10%, 0.3 Hz) for 1 h. Between 70 and
100 cells were counted per condition, and numbers represent the percentage of
cells with nuclear staining for MAL.
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Fig. 5. Actin reorganization and focal adhesion distribution in response to cyclic
strain is restored in ILK rescued cells. (A) Wild-type, ILK —/— and rescued cells
were maintained in 0.03% serum, and cell extracts were blotted and incubated
with anti-ILK antibody. (B) ILK rescued cells were cyclically strained (10%,
0.3 Hz) for 3 h, fixed with paraformaldehyde, and stained with rhodamin-labeled
phalloidin for actin stress fibers and an antibody to vinculin for focal adhesion
sites. The expressed ILK was visualized by its GFP-tag. The scale bar represents
50 pm.

we asked whether this stimulus would induce nuclear
translocation of MAL in an ILK-dependent manner. For
these experiments, we generated a monoclonal antibody (mAb
65F13) against a recombinant fragment of mouse MAL ex-
pressed in E. coli. On immunoblots of bacterial lysates, mAb
65F13 recognized the His-tagged MAL peptide (M,=13,000)
used for immunization (Fig. 3A). In mouse fibroblast extracts,
the antibody detected a single protein band of M,=160,000
(Fig. 3A), the correct size for endogenous full length mouse

MAL [24]. By immunofluorescence, mAb 65F13 stained a
cytoplasmic protein in serum-starved fibroblasts that was not
detected when mAb 65F13 was preincubated with the peptide
used for immunization (Fig. 3B). As MAL is expected to
translocate to the nucleus upon serum stimulation [24], we
stained wild-type and ILK-deficient fibroblasts under serum-
starved, serum-stimulated and mechanically strained conditions
(Fig. 4). ILK-deficient fibroblasts showed a similar response to
the addition of serum as wild-type fibroblasts: the proportion of
cells with nuclear MAL staining increased from below 5% to
60—100% after 1 h. When serum-starved wild-type cells were
treated with 10% cyclic strain (0.3 Hz), the proportion of nuclei
staining for MAL increased with time, peaked at 35-65% after 1 h
and decreased again afterwards (Fig. 4; Table 1). However, MAL
translocation in response to cyclic strain was greatly diminished in
ILK-deficient cells, since only about 10—-20% of their nuclei
stained positive after 1 h of stimulation (Fig. 4; Table 1). These
data suggest that ILK is required for RhoA-dependent actin
dynamics stimulated by external tensile strain but not by serum.
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Fig. 6. ILK rescued cells show induction of tenascin-C upon mechanical stress.
(A) Wild-type, ILK —/— and rescued cells were changed to fresh medium
containing 0.3% serum and either left at rest (R) or subjected to cyclic strain
(10%, 0.3 Hz) for 6 h (S). 18 h later, media were collected and cell extracts
prepared. Media and extracts were blotted and incubated with anti-tenascin-C
antibody. (B) After 6 h of cyclic strain, total RNA was extracted from all three
cell lines and Northern blots were hybridized with *?P-labeled cDNA. A
representative blot shows that tenascin-C mRNA is induced by cyclic strain in
wild-type but not ILK —/— cells, and that this response is fully restored in the
ILK rescued cells.
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Fig. 7. Cyclic strain activates Erk-1/2 and PKB/Akt in wild-type as well as ILK-deficient fibroblasts. Wild-type, ILK —/— and rescued cells were subjected to cyclic
strain (10%, 0.3 Hz) for 5, 10 and 15 min, cell lysates were run on SDS-PAGE, and immunoblots were developed with antibodies to phospho-(top panel) and total
(bottom panel) Erk-1/2, PKB and FAK, respectively. Note that cyclic strain induces the phosphorylation of Erk-1/2 and PKB similarly in all cell types. FAK is

phosphorylated even before stretching the cells.

3.4. Responses to cyclic strain are restored in ILK rescued cells

To prove that the lack of ILK directly causes the deficits
described above, we used ILK-deficient fibroblasts rescued with
full length ILK as a control. Fig. 5A shows that cell extracts from
ILK knockout cells reveal no trace of ILK protein, whereas
rescued cells exhibit an ILK protein expression level comparable
to that of wild-type cells. In ILK rescued cells, the extent of MAL
nuclear translocation induced by either serum or cyclic strain
was nearly identical as in wild-type cells (Fig. 4; Table 1).
Moreover, a morphological comparison to wild-type cells (c.f.
Fig. 2A) confirmed the strain-dependent actin reorganization
and redistribution of vinculin-positive adhesion contacts after
cyclic strain (10%, 0.3 Hz) for 3 h in ILK rescued cells (Fig. 5B).
In the rescued cells, re-expressed ILK colocalized with vinculin
in focal adhesions as expected (Fig. 5B).

The most relevant response to test in the rescued cells was
mechanical induction of tenascin-C. Therefore the protein and
mRNA levels of all three cell lines were analyzed at rest and after
6 h of cyclic strain. Tenascin-C protein is secreted into the
culture medium by all cell types but clearly induced by strain
only in wild-type and rescued cells (Fig. 6A). Northern blotting
revealed that tenascin-C mRNA levels were increased to the
same extent in wild-type and ILK rescued cells after 6 h of cyclic
strain, in contrast to what we found for ILK knockout cells
(Fig. 6B). These results demonstrate that ILK deficiency indeed
accounts for the defects of knockout cells in responding to cyclic
strain by actin reorganization, MAL nuclear translocation and
tenascin-C induction.

3.5. Cyclic strain activates Erk-1/2 and PKB/Akt in wild-type
as well as ILK-deficient fibroblasts

To test whether ILK knockout cells are completely insensitive
to mechanical stimulation, or whether mechanotransduction
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pathways not involving RhoA are still functional in these cells,
we determined Erk-1/2, PKB/Akt and FAK activity after apply-
ing cyclic strain. As shown in Fig. 7, cyclic strain (10%, 0.3 Hz)
led to a similar increase in the level of phospho-Erk-1/2 after
5-15 min in ILK wild-type, knockout and rescued cells,
respectively. This shows that ILK is not required for strain-
mediated Erk-1/2 activation. In other cell types, ILK has
been shown to function upstream of PKB/Akt [37,38,52]. We
therefore tested whether strain activated PKB in our three
cell lines. Indeed, we observed an increase in PKB (S473)
phosphorylation after 5—15 min of cyclic strain not only in wild-
type and ILK rescued cells, but also in ILK knockout cells
(Fig. 7). Thus, external mechanical stress can activate PKB
independently of ILK. For comparison, we also checked the
state of FAK (Y397) activation in our cells. On the fibronectin-
coated substrates used in this study, we found high phosphor-
ylation levels for FAK (Y397) already at rest and in low serum
for all three cell types, and we could not detect any further
stimulation by cyclic strain (Fig. 7).

3.6. Induction of c-fos mRNA by cyclic strain in wild-type as
well as ILK-deficient cells

Since ILK-deficient fibroblasts still respond to cyclic strain
by activating Erk-1/2 and PKB/Akt, we asked whether genes
other than tenascin-C were induced normally by mechanical
stimulation in these cells. The AP-1 transcription factor c-fos is
an early response gene induced by mechanical stress [17,18],
and c-fos induction is partially inhibited by MAPK antago-
nists [18]. By real time RT-PCR, we therefore compared c-fos
and tenascin-C mRNA expression levels between wild-type,
ILK-deficient and ILK rescued fibroblasts after applying cyclic
strain (Fig. 8). These experiments were carried out with cells
starved in 0.03% serum to reduce basic c-fos expression levels.
Cells were strained for just 1 h because we found c-fos mRNA
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3.7. Lysophosphatidic acid activates RhoA and induces
tenascin-C mRNA in ILK-deficient fibroblasts

We considered the possibility that ILK might not just be
required for induction of tenascin-C by cyclic strain, but might
have a more general function in the activation of this gene by
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Fig. 8. Induction of c-fos mRNA by cyclic strain independently of ILK.
(A) Wild-type, ILK —/— and rescued cells maintained in 0.03% serum were
subjected to cyclic strain (10%, 0.3 Hz) for 1 h, total RNA was extracted and
tenascin-C mRNA levels were determined by real time PCR as described in
Materials and methods. Values are normalized to GAPDH expression in the same
sample and are expressed as relative units. Bars represent the average+S.E.M. of
seven independent experiments. *Significant difference to the resting control
(P<0.05). (B) The same is shown for c-fos mRNA levels.

levels to return to base level after 6 h of cyclic strain (not
shown). To allow comparison of basic gene expression levels
between cell lines, values were normalized to GAPDH mRNA
only (ACt method). This showed that whereas basic tenascin-C
mRNA levels did not differ significantly in the three cell lines
(Fig. 8A), the amount of c-fos mRNA at rest was moderately
(about two-fold) increased in ILK knockout as well as ILK
rescued cells compared to wild-type fibroblasts (Fig. 8B). One
hour of cyclic strain (10%, 0.3 Hz) already induced a two-fold
increase of tenascin-C mRNA in wild-type as well as in ILK
rescued cells, but not in ILK knockout fibroblasts (Fig. 8B).
Thus, whereas tenascin-C mRNA steadily rises between 1 and
6 h of cyclic strain in wild-type cells (cf. Fig. 1; [11]), there is
not even a transient induction of this mRNA in ILK-deficient
cells. The mRNA for c-fos was induced about nine-fold after 1 h
of cyclic strain in wild-type fibroblasts. Because of higher
expression at rest, in ILK knockout as well as rescued cells the
relative induction of c-fos mRNA by strain was lower (3—4
fold). However, normalized c-fos mRNA levels after 1 h strain
were not statistically different between the three cell lines, but
all significantly higher than in the respective resting controls.
This shows that c-fos induction by cyclic strain does not require
ILK, in contrast to what we found for tenascin-C.
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Fig. 9. Activation of RhoA and induction of both, c-fos and tenascin-C mRNA
by LPA independently of ILK. (A) Wild-type, ILK —/— and rescued cells were
incubated in 0.03% serum with or without 10 pM LPA for 6 h. Total RNA was
extracted and tenascin-C mRNA levels were determined by real time PCR
as described in Materials and methods. Values are normalized to GAPDH
expression in the same sample and are expressed as relative units. Bars represent
the average+S.E.M. of four independent experiments. *Significant difference to
the resting control (P<0.05). (B) Levels of c-fos mRNA after 1 h LPA treatment
were determined according to A. (C) Wild-type and ILK —/— cells were
incubated in medium containing 2 pM LPA for 0, 5 or 15 min. Active RhoA was
pulled down from cell lysates (see Materials and methods), and detected on
SDS-PAGE by immunoblotting (top panel). For control, total RhoA in the
corresponding samples is shown in immunoblots of whole cell lysates (bottom
panel).
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different stimuli. In chick fibroblasts, tenascin-C mRNA is
induced by LPA [12], a serum growth factor that activates both
RhoA and MAPK pathways via G-protein coupled receptors
[53]. As shown in Fig. 9A, treatment of serum-starved cells with
LPA significantly increased tenascin-C mRNA levels in ILK
wild-type, ILK-deficient as well as rescued mouse fibroblasts.
LPA also induced c-fos mRNA in all three cell types (Fig. 9B).
Moreover, addition of LPA led to activation of RhoA in both
wild-type and, although to a lesser extent, in ILK-deficient cells
after 5 min (Fig. 9C). Thus, a transient activation of RhoA again
preceded the induction of tenascin-C mRNA in these experi-
ments. We infer that the absence of ILK does not preclude a
RhoA/ROCK-dependent activation of the tenascin-C gene. The
downstream signaling required for tenascin-C induction seems
to be functional in ILK knockout cells; however, mechanical
stimulation cannot trigger this pathway anymore.

4. Discussion

In fibroblasts a direct, integrin-mediated link between the
ECM and the cytoskeleton is required for the transduction of
mechanical into chemical signals [26,27]. Various intracellu-
lar signaling cascades are triggered in response to external
mechanical stress via integrins and associated focal adhesion
proteins [2,14—16]. Resulting alterations in gene transcription
are the basis for the adaptation of connective tissue to changes
in mechanical load [1]. A prominent response to tensile strain is
the induction of the ECM protein tenascin-C [10—12]. We have
demonstrated that in fibroblasts, tenascin-C mRNA induction
by cyclic strain occurs in the absence of protein synthesis and
does not appear to involve MAPK pathways [11]. Rather, a
sustained response of this gene to mechanical stimulation
requires an intact actin cytoskeleton and is preceded by RhoA/
ROCK- and myosin-dependent actin contraction [12]. We have
also shown that the extent of internal cytoskeletal tension is
important for the sensitivity of fibroblasts to external strain:
stimulation of actin contractility with thrombin or LPA results
in a super-induction of tenascin-C mRNA by cyclic strain,
whereas inhibition of ROCK attenuates this response [12]. Hence,
the steady state level of tenascin-C mRNA in fibroblasts seems to
correlate closely with the level of RhoA/ROCK activation.

By these studies, we found that the RhoA/ROCK pathway
adjusts mechanosensitivity. However, it was unknown which
cellular components record changes in tension between the
ECM and the cytoskeleton, and trigger the signals that result in
induction of the tenascin-C gene. Recently, an elegant study
showed how an adaptor protein in focal adhesions, p130Cas,
could act as a “strain gauge” [30]. Physical stretching of this
molecule leads to its phosphorylation by Src family kinases, the
recruitment of other signaling molecules (Csk and C3G), and the
activation of the small GTPase Rap1 [29-31]. In principle, this
attractive scheme could apply to other adaptor proteins in focal
adhesions. In order to identify components required for
transducing mechanical stress into tenascin-C expression, we
chose to make use of cell lines lacking specific focal adhesion
proteins. We decided to study ILK-deficient cells for several
reasons. ILK knockout mouse embryos die at the peri-im-
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plantation stage due to adhesion and polarization defects [40].
Importantly, genetic studies in zebrafish implicated ILK as an
essential component of a mechanical stretch sensor in vivo
[54]. Moreover, ILK-deficient cells in vitro are less spread and
have an altered focal adhesion distribution [40,41,43], pointing
to its function as an important adaptor protein [34,35]. Finally,
ILK has been reported to regulate cell morphology and moti-
lity in a Racl/PAK [46] and RhoA/ROCK [41,45] dependent
manner, and cells lacking ILK are not able to assemble a fibro-
nectin matrix [43], another process known to depend on RhoA/
ROCK-dependent actin contractility. From these published re-
sults, we speculated that ILK might have an important function
in mechanotransduction, especially with regard to RhoA-related
processes that eventually lead to changes in gene transcription.

In the present experiments we found that, like in primary
cells, cyclic strain strongly induced tenascin-C mRNA in im-
mortalized mouse fibroblasts carrying a wild-type ILK gene;
however this response was completely lacking in ILK-deficient
cells. ILK knockout cells rescued with full length ILK ¢cDNA
showed normal induction of tenascin-C mRNA by cyclic strain.
In agreement with the known role of the RhoA/ROCK pathway
in this specific response [12], ILK-deficient cells also exhibited a
defect in the activation of RhoA and an impaired ability to
reorganize their actin stress fibers and focal adhesions upon
mechanical stimulation. In view of these findings, we specula-
ted that ILK —/— fibroblasts might also be defective in MAL
signaling. MAL, a transcriptional co-activator of SRF, is known
to bind to G-actin in the cytoplasm of unstimulated cells and
to translocate to the nucleus upon F-actin assembly induced
by serum or other activators of RhoA [24,25]. Indeed, we
found that cyclic strain triggered nuclear translocation of
MAL in wild-type but not in ILK-deficient fibroblasts. Inte-
restingly, however, serum-stimulated MAL trafficking occurred
normally in ILK —/— cells. Moreover, RhoA was still activated
and tenascin-C mRNA induced in ILK knockout fibroblasts by
LPA. Thus, ILK is required for RhoA-dependent signaling in
response to mechanical stress but not to growth factors.

Quite surprisingly in view of the well documented role of
ILK in PKB/Akt activation [38,55], cyclic strain-induced
normal phosphorylation of this kinase in ILK-deficient cells.
Presumably, cyclic strain activates PKB via the classical path-
way involving PI3K and PDK1 [37,56], independently of ILK.
Moreover, our results clearly show that activation of Erk-1/2 by
cyclic strain does not require ILK and, in contrast to tenascin-C,
the transcription factor c-fos was still significantly up-regulated
by cyclic strain in ILK knockout cells. Thus, cells are still able
to sense external strain by triggering various signaling path-
ways in the absence of ILK, but fail to normally activate RhoA/
ROCK-dependent responses. We conclude from these results
that ILK has a specific function in relaying external mechanical
signals via RhoA-mediated pathways to a subset of mechan-
oresponsive genes.

The precise role of ILK in this particular mechanotransduction
pathway remains to be elucidated. As revealed by LPA stimulation
of ILK-deficient cells, ILK is not needed for tenascin-C induction in
general, i.e. by signals other than mechanical. Moreover, ILK is not
generally required for transducing mechanical signals since the
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Erk-1/2 pathway is activated and c-fos is induced normally by
cyclic strain in ILK-deficient cells. Rather, ILK might be involved
either in regulating RhoA/ROCK-dependent cytoskeletal tension
and hence the mechanosensitivity of fibroblasts, or it could act in
conjunction with a “strain gauge” similar to p130Cas [30], however
upstream of the RhoA/ROCK pathway. Recently published work
links ILK to small GTPases of the Rho family [41,44—47]. It has
been reported that ILK regulates fibroblast morphology and
motility in a RhoA/ROCK-dependent manner [41,45], which
positions ILK upstream of this pathway. In another report,
overexpression of ILK increased, whereas its silencing decreased
the constitutive activity of Racl [46]. Since Racl and RhoA are
known to tune each other’s activity within a cell in space and time
[57,58], this might be an indirect way by which ILK controls RhoA.
Finally, arecent study investigated the role of ILK in RhoA/ROCK-
dependent actin dynamics and gene expression [41]. Treatment of
both wild-type and ILK-deficient fibroblasts with LPA led to
activation of RhoA and induction of mRNA for connective tissue
growth factor (CTGF), similar to what we found for tenascin-C. In
contrast, LPA induced cortical actin stress fibers in wild-type but
not in ILK —/— cells, which instead formed thin centripetal actin
fibers [41]. The authors conclude that ILK is involved in RhoA-
dependent reorganization of the actin cytoskeleton, whereas RhoA
activation and RhoA-mediated CTGF expression do not depend on
ILK. However, we find that although LPA induces tenascin-C
mRNA expression in ILK-deficient cells in a RhoA/ROCK-
dependent manner, cyclic strain does not.

In summary, our present results demonstrate an essential
function for ILK in the induction of tenascin-C by external cyclic
strain. Interestingly, ILK-deficient cells are only partially in-
sensitive towards mechanical stimulation, since other signaling
pathways are induced. It is possible that ILK-deficient cells are
able to sense static increases in external tension and conse-
quently activate MAPK pathways, but that ILK is required to
respond to dynamic strain by RhoA-dependent changes in the
actin cytoskeleton; this needs to be addressed further. In ad-
dition, our data show that induction of tenascin-C by mechanical
stimulation and by growth factors, respectively, can occur by
separate pathways, one ILK-dependent but not the other. This
finding might help to explain some of the highly restricted
expression patterns of tenascin-C in vivo. In normal skeletal
muscle, for example, tenascin-C is almost exclusively found at
myotendinous junctions [59] and around stretch-sensing muscle
spindles [60], locations where mechanical stress is focused
during muscle contraction. Under the control of ILK as part of a
cell-autonomous mechanosensor, fibroblasts dispersed in mus-
cle and other connective tissue are able to express and secrete
tenascin-C very locally, and in part independently from a milieu
of growth factors that exerts more global effects. Thus, our
studies help to better understand the complex regulation of this
important ECM protein during development, wound healing and
carcinogenesis [61].
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Glossary

ROCK: Rho dependent kinase

ILK: integrin-linked kinase

LPA: lysophosphatidic acid

MAPK: mitogen activated protein kinase

ERK-1/2: extracellular signal-regulated kinases 1/2
c-fos: cellular FBJ murine osteosarcoma viral oncogene homolog
GAPDH: glyceraldehyde-3-phosphate dehydrogenase
RBD: Rho-binding domain

TN-C: tenascin-C

CTGF: connective tissue growth factor

FAK: focal adhesion kinase

PKB: protein kinase B

MAL: megakaryocytic acute leukemia
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ABSTRACT

Mammalian teeth are composed of hydroxyapatite crystals that are embedded in a rich
extracellular matrix. This matrix is produced by only two cell types, the mesenchymal
odontoblasts and the ectodermal ameloblasts. Ameloblasts secrete the enamel proteins
amelogenin, ameloblastin, enamelin and amelotin. Odontoblasts secrete collagen type I and
several calcium-binding phosphoproteins including dentin sialophosphoprotein, dentin matrix
protein, bone sialoprotein and osteopontin. The latter four proteins have recently been grouped in
the family of the SIBLINGs (small integrin-binding ligand, N-linked glycoproteins) because they
display similar gene structures and because they contain an RGD tripeptide sequence that binds to
integrin receptors and thus mediates cell adhesion.

We have prepared all the other tooth-specific proteins in recombinant form and examined
whether they might also promote cell adhesion similar to the SIBLINGs. We found that only
ameloblastin consistently mediated adhesion of osteoblastic and fibroblastic cells to plastic or
titanium surfaces. The activity was dependent on the intact three-dimensional structure of
ameloblastin and required de novo protein synthesis of the adhering cells. By deletion analysis and
in vitro mutagenesis, the active site could be narrowed down to a sequence of 13 amino acid
residues (VPIMDFADPQFPT) derived from exon 7 of the rat ameloblastin gene or exons 7-9 of the
human gene. Kinetic studies and RNA interference experiments further demonstrated that this
sequence does not directly bind to a cell surface receptor but that it interacts with cellular
fibronectin, which in turn binds to integrin receptors.

The identification of a fibronectin-binding domain in ameloblastin might permit interesting
applications for dental implantology. Implants could be coated with peptides containing the active
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sequence, which in turn would recruit fibronectin from the patient's blood. The recruited
fibronectin should then promote cell adhesion on the implant surface, thereby accelerating
osseointegration of the implant.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Mammalian teeth consist of two mineralized tissues that represent
the hardest tissues of the body, namely dentin and enamel. The
development of these tissues requires reciprocal interactions
between the oral epithelium and the ectomesenchyme and results
in the differentiation of enamel-producing ameloblasts and
dentin-producing odontoblasts [1]. The odontoblasts secrete
mainly collagen type I, which makes up nearly 90% of the dentin,
but also several non-collagenous glycoproteins, including dentin
sialophosphoprotein (DSPP), dentin matrix protein (DMP1), bone
sialoprotein (BSP), osteopontin (SPP1/OPN), osteocalcin, osteo-
nectin and matrix Gla protein [2]. The ameloblasts on the other
hand do not produce any collagens, but secrete primarily the
enamel proteins amelogenin (AMELX), ameloblastin (AMBN),
enamelin (ENAM) [2] and amelotin (AMTN) [3-5].

Eight years ago, Fisher et al. [6] proposed to group the calcium-
binding phosphoproteins of teeth and bone in the family of the
SIBLINGs (small integrin-binding ligand, N-linked glycoproteins).
Today, this family encompasses six members (BSP, OPN, DMP1,
DSPP, MEPE and ENAM) [7]. Although the SIBLINGs do not show
much similarity at the amino acid sequence level, a detailed
comparison of their gene structures and of the chromosomal
locations reveals a closer relationship. All the genes are clustered
on the long arm of human chromosome 4, in bands 4q13-4q22.
The majority of the polypeptides is encoded by the last one or two
exons and this region contains the motif RGD that interacts with
integrin receptors on cell surfaces. When the sequence of the
human genome was completed it became evident that the genes
for AMBN and AMTN are also located on human chromosome 4,
next to the SIBLING cluster [8,9]. Furthermore, the gene for AMELX
shares many features with the SIBLING genes except that it is not
found on chromosome 4 but on the X chromosome. It should be
emphasized that the enamel proteins AMBN, AMELX and AMTN
lack the integrin-binding sequence RGD. Based on the related gene
structures it has been speculated that all the secreted, calcium-
binding phosphoproteins may have evolved from a common
ancestor by tandem gene duplication and that the AMELX gene
was later translocated to the X chromosome [8,9].

Most if not all of the proteins from the extracellular matrix
(ECM) of teeth are involved in the mineralization of dentin and
enamel [10]. Therefore it is not surprising that mouse models with
a targeted deletion or mutation in one of the corresponding genes
display severe defects in tooth development that resemble human
tooth malformations such as amelogenesis imperfecta (e.g.
AMELX, AMBN, ENAM) or dentinogenesis imperfecta (e.g. DSPP)
[11,12]. In addition to this important function in biomineralization,
the SIBLING proteins are involved in the promotion of cell
adhesion [7,13]. For this purpose they possess the RGD tripeptide
motif that interacts with integrin receptors as mentioned above
[13-15]. Although AMELX, AMBN and AMTN are devoid of such an
RGD sequence, they have still been implicated in cell adhesion.
AMELX promoted adhesion of osteoblastic cells in a dose-
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dependent manner when coated on plastic dishes [16]. Likewise,
AMBN bound specifically to dental epithelial cells and inhibited
cell proliferation [17]. AMTN was found to be located at the
interphase between ameloblasts and enamel where it might also
support cell adhesion [4]. Moreover, an extract prepared from the
enamel of porcine teeth, which consists mainly of AMELX, is
commercially distributed under the brand name Emdogain®. This
extract has been shown to promote proliferation, migration and
adhesion of various cell types and to stimulate periodontal
regeneration when administered to the roots of teeth [18]. It is
conceivable that other tooth-specific proteins have similar
activities which would be beneficial for the osseointegration of
dental implants.

Here we have systematically examined the ECM proteins of
teeth for their ability to promote cell adhesion. We found that
AMBN was the most promising candidate, although it lacks the
RGD integrin-binding motif. Very recently, Sonoda et al. [19]
demonstrated that AMBN contains several heparin-binding
domains, which might be responsible for the interaction of
AMBN with the surface of dental epithelial cells. However, these
authors were not able to demonstrate a specific binding of AMBN
to heparan-sulfate containing cell surface proteins such as
syndecan or glypican. Furthermore, deletions of the heparin-
binding sequences from AMBN did not abolish all the adhesive
capacity of the protein. It was therefore concluded that another
domain, which is independent of the heparin-binding region, must
exist and promote cell adhesion. Here we identify such an
adhesion promoting domain and demonstrate that it interacts
with fibronectin (FN). FN is a multifunctional glycoprotein of the
ECM produced by a variety of cell types including fibroblasts,
hepatocytes, endothelial cells and some epithelial cells [20,21]. It is
involved in cell adhesion, growth, migration and differentiation
and consequently it is essential for many biological processes such
as wound healing and embryonic development. To fulfill its
functions, FN interacts with various molecules including heparin,
collagen, fibrin and integrin receptors. The FN binding domain of
AMBN may therefore explain the adhesion promoting activity
observed with AMBN.

Materials and methods
Cell culture

Since no established cell lines of odontoblastic or ameloblastic
origin are commercially available and since primary cells show
large variabilities between different preparations, all our experi-
ments were performed with well characterized osteoblastic and
fibroblastic cell lines. Most of these cell lines were purchased from
the American Type Culture Collection: human osteosarcoma cells
MG63 (CRL-1427), human osteosarcoma cells SAOS-2 (HTB-85),
human fetal lung fibroblasts IMR-90 (CCL-186), mouse embryonic
fibroblasts 3T3 (CCL-163) and human embryonic kidney cells
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HEK293 (CRL-1573). The rat osteosarcoma cells (ROS) were a kind
gift of Prof. Dr. ]J. Caverzasio from the University of Geneva.
Immortalized mouse embryo fibroblasts (MEFs) were used to
produce stable FN knock-down cells (MEF shFN). For this purpose,
the cells were transfected with purified DNA plasmids encoding
shRNA against mouse FN (MISSION shRNA Bacterial Glycerol Stock
from Sigma, Buchs, Switzerland) and clones resistant to puromycin
(2 pg/ml) were selected [22]. All cells were maintained at 37 °C
under an atmosphere of 5% CO, in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum, 100
units/ml penicillin and 100 pg/ml streptomycin. The media for
HEK293 cells under Zeocin selection and for MEF cells under
puromycin selection were further enriched with non-essential
amino acids.

Expression of recombinant proteins

The cDNA clones for rat AMBN, AMELX, AMTN, ENAM, DSP and
DPP originated from a tooth-specific cDNA library that was
previously described in detail [21]. An EST clone for human
AMBN (IMAGE ID: 40033703) was obtained from the HGMP
Resource Centre in Cambridge, UK. All proteins were expressed as
mature, full-length polypeptides except for ENAM. In the case of
ENAM, only the most stable proteolytic fragment spanning amino
acids 248-360 (32 kDa fragment) was generated. FN used as a
positive control was purified from human blood plasma (Swiss
Red Cross) by affinity chromatography on gelatin Sepharose [23].

For expression in mammalian cells, the cDNA sequences were
ligated into the BamHI/Xhol site of the expression vector
pSecTag2B (Invitrogen) upstream of the His-tag sequence.
HEK293 cells were transfected with the resulting plasmids using
Metafectene (Biontex, Martinsried, Germany). The transfected
cells were cultivated in the presence of 200 pg/ml Zeocin
(Invitrogen) until resistant colonies became visible (~4 weeks).
The resistant colonies were pooled into one oligoclonal Zeocin
resistant batch. Subcultures of this batch were grown to con-
fluence, washed with phosphate buffered saline (PBS) and then
kept in serum free medium for 4 days. The conditioned media were
dialyzed against 100 mM NacCl, 50 mM Tris, pH 8.0. Recombinant
proteins were purified from the dialyzed media by affinity
chromatography on nickel agarose (His-select HC nickel affinity
gel, Sigma) as suggested by the supplier.

For the expression in bacteria, the cDNA sequences were
ligated into the BamHI/Xhol restriction site of the expression
vector pGEX-5X (GE Healthcare) downstream of the GST gene and
transformed into competent bacteria (Escherichia coli BL21).
Fusion proteins were expressed after induction with isopropyl-
[3-p-thiogalactopyranoside as suggested by the supplier of the GST
gene fusion system (GE Healthcare). The bacteria were collected
by centrifugation and lysed by sonication. Fusion proteins were
purified from the lysates by affinity chromatography on reduced
glutathione Sepharose, followed by dialysis against 2 M urea,
100 mM NaCl, 50 mM Tris, pH 8.0.

Gel electrophoresis and immunoblotting

The purity of the recombinant proteins was analyzed on 10% SDS
polyacrylamide gels. The gels were stained with Coomassie
Brilliant Blue R250. For Western blots, the proteins were
transferred by electroblotting to nitrocellulose membranes. The
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membranes were incubated with mouse monoclonal antibodies
against the His-tag or goat polyclonal antibodies against the GST-
fusion protein (GE Healthcare), followed by secondary, alkaline
phosphatase-conjugated antibodies against mouse or goat IgG
(Sigma), respectively. Bound antibodies were detected by reaction
with bromochloroindolyl phosphate and nitroblue tetrazolium
substrate.

Cell adhesion experiments

For the quantitative assay, three droplets (10 pl each) of a solution
containing the corresponding protein at 0.4 pM in PBS with 1 M
urea were spotted onto bacterial (non-tissue culture) plastic
dishes (Sarstedt 35 mm Petri Dish, number 82.1135) and dried
overnight under vacuum (Speed Vac SC110, Savant). Residual sites
of the plastic surface were blocked for 1 h at 37 °C with 10 mg/ml
bovine serum albumin (BSA) in PBS. Exponentially growing cells
were harvested by trypsin treatment and washed once with serum
containing medium to inactivate the enzyme and then three times
with serum free medium before they were applied to the coated
plates in DMEM (~1 x 10° cells/plate). The plates were incubated
at 37 °C for 120 min unless otherwise stated. Non-adherent cells
were removed by shaking the plates on an orbital shaker at
100 rpm for 1 min, followed by 3 washing steps with PBS. For
quantification, the adherent cells were incubated with 300 pl of a
solution containing 3.75 mM p-nitrophenyl-N-acetyl-3-p-gluco-
saminide, 50 mM sodium citrate, 0.25% Triton X-100, pH 5.0. The
reaction was stopped after 45 min by addition of 600 pl of 50 mM
glycine, 5 mM EDTA, pH 10.4. Finally, the absorbance of the yellow
reaction mixture was determined at 405 nm. All quantitative
assays were performed in duplicate and repeated at least once
(n=4).

For the qualitative assay, droplets of the protein solutions were
spotted onto the plastic dishes or onto machined titanium disks
(1x15 mm) as described above. Residual sites were blocked with
BSA and cells were seeded on the pretreated surfaces. After
thorough washing, the adherent cells were fixed for 10 min with
4% paraformaldehyde in PBS. Cells on bacterial dishes were then
stained for 5 min with crystal violet (1 mg/ml). Cells on titanium
disks were permeabilized for 10 min with 0.2% Triton X-100 in PBS,
washed and stained with TRITC-labeled phalloidin (Sigma) and
DAPI (Invitrogen) according to the manufacturer's suggestions.
Finally, pictures were taken under an Axiovert 10 microscope
equipped with epifluorescence optics (Carl Zeiss, Germany).

Results
Cell adhesion to different tooth proteins

In order to systematically search for matrix proteins of teeth that
would be able to facilitate cell adhesion, we expressed several
clones from our previously described tooth-specific cDNA library
[5] in a bacterial expression system. To this end, full-length clones
for AMBN, AMELX, AMTN, DSP and DPP as well as a clone for the
stable ENAM fragment of 32 kDa were selected and fusion proteins
with GST were produced. Collagen type I, DMP1, BSP and OPN
were not included in our investigations because the adhesion
promoting activity of these proteins has already been described in
the literature in detail [7,13,14].
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Fig. 1 - Purity of expressed fusion proteins. Individual cDNA
sequences were expressed as GST-fusion proteins in a bacterial
expression system and purified by affinity chromatography on
Glutathione Sepharose. The purified proteins were separated
on SDS polyacrylamide gels and stained with Coomassie blue.
The mobility of globular protein markers is indicated in the left
margin.

The six recombinant proteins migrated with the expected
mobility on a polyacrylamide gel (Fig. 1). AMBN revealed some
traces of proteolytic degradation, which increased with the
duration of storage. All the other proteins migrated as single,
clean bands on the gel. Fresh preparations of the six fusion proteins
were examined in a qualitative assay for their ability to promote
cell adhesion. To this end, individual droplets of the protein
solutions were applied to bacterial plastic dishes and completely
dried overnight. Residual sites on the plastic dishes were blocked
with BSA. MG63 cells from a human osteosarcoma were seeded on
the pretreated dishes and incubated at 37 °C. We found that the
cells adhered after 20-30 min on the spots coated with FN, as
previously described in the literature (Fig. 2A) [21,24]. On AMBN,
the cells started to adhere after 1 h. After 2 h, they had firmly
attached to this substratum so that the dishes could be vigorously
washed on an orbital shaker without loosing the cells. A similar
adhesion promoting activity was also found for AMELX and to a
lesser extent for AMTN. In contrast DSP, DPP and ENAM as well as
GST and BSA that were included as negative controls did not
facilitate cell adhesion under these conditions (Fig. 2A).

Since many dental implants are manufactured of titanium, we
also tested our recombinant proteins on this material. When
applied to titanium disks as described above, FN and AMBN were
found to promote adhesion of MG63 cells as demonstrated by
staining of the attached cells with fluorescently labeled phalloidin
(Fig. 2B). In contrast, titanium disks coated with AMELX, AMTN,
ENAM, DSP, DPP, GST or BSA showed only occasional, small clumps
of adherent cells after an incubation period of 2 h (shown only for
AMELX in Fig. 2B).

In the next step, we quantified the extent of cell adhesion on
pretreated plastic dishes. The adherent cells were lysed and the
activity of the endogenous enzyme hexosaminidase, which is
proportional to the cell number, was determined with a colori-
metric assay. Five different cell lines were used for these
quantitative measurements, the osteoblast-like cells MG63,
SAOS-2 and ROS as well as the fibroblast-like cells IMR-90 and
3T3. When the hexosaminidase values were normalized to the
extent of adhesion observed with FN, results very similar to those
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of the qualitative assay were obtained (Fig. 3). All the five cell
types adhered firmly on AMBN. In the case of MG63, IMR-90
and 3T3 cells, the signal observed with AMBN was even higher
(110-127%) than that obtained with FN. Using SAOS-2 and ROS
cells, the signal was still 60% and 75%, respectively. On the other
hand, DPP, DSP, ENAM, GST and BSA were not able to facilitate
adhesion of any one of the five different cell types. AMTN was found
to promote some adhesion of MG63 and ROS cells and a signal of
about 50% was observed. AMELX facilitated adhesion of all the cell
types except SAOS-2 and yielded a signal of 41-92% depending on
the actual cell line used.

Taken together, the quantitative and the qualitative assays
demonstrate that AMBN is the only protein of the six tested
candidates that is capable of promoting stable adhesion of
different cell types on plastic as well as titanium surfaces. In the
following we therefore focused on the elucidation of the molecular
mechanism of the interaction between cells and AMBN.

Dependence on AMBN structure

In the next experiments, we examined whether AMBN depends on
metal ions for its adhesion promoting activity. In fact, when the
protein was spotted onto the plastic dishes in the presence of
EDTA, it was no longer able to facilitate adhesion of MG63 cells
(Fig. 4A). In contrast, FN did not lose its adhesion promoting
activity when treated with EDTA. To further test the dependence
on an intact three-dimensional structure, we denatured AMBN by
heating to 95 °C before applying it to the plastic dishes. Again, this
treatment drastically reduced the activity of AMBN to facilitate cell
adhesion (Fig. 4A). In contrast, FN did not lose its adhesion
promoting activity by a brief heating step. Thus, an intact
conformation is crucial for AMBN to mediate cell adhesion.

As noted in our initial experiments (see above), MG63 cells
required up to 2 h for stable adhesion on AMBN, while only
20-30 min were needed to attach to FN. We therefore examined
whether de novo protein synthesis by the plated cells would be
required for adhesion to AMBN. In fact, when cycloheximide, a
potent inhibitor of protein synthesis, was added to the cells
during the incubation period, adhesion of MG63 cells on AMBN
was completely abolished (Fig. 4B). Thus, we concluded that de
novo synthesis of another protein must be required to mediate
cell adhesion to AMBN.

Interaction partner of AMBN

The protein that facilitates cell adhesion to AMBN could either be
a transmembrane receptor, which has to be replenished after
trypsin treatment of the cells, or another adhesive protein, which
interacts with AMBN and indirectly mediates binding of a
transmembrane receptor to AMBN. We first examined the second
possibility and tested whether other known adhesive ECM
proteins would decrease the required adhesion time from 2 h to
30 min. To this end, AMBN was coated on plastic dishes and
residual sites were blocked with BSA as described above. Putative
interaction partners were then added to the AMBN coated plates
and incubated for 1 h. After thorough rinsing, MG63 cells were
added to the pretreated plates, but this time the plates were
incubated for only 30 min before they were vigorously washed on
the orbital shaker. Within this short time period, the cells firmly
adhered to the positive control FN and as expected the cells did
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Fig. 2 - Cell adhesion to recombinant tooth proteins. Droplets of different protein solutions, as indicated below the individual
panels, were applied to bacterial plastic dishes (A) or to machined titanium disks (B) and completely dried. Residual sites on the
plastic or titanium surface were blocked with BSA. MG63 osteosarcoma cells were seeded on the pretreated surfaces and incubated
for 2 h. After thorough washing, the adherent cells were fixed with paraformaldehyde and (A) stained with crystal violet or (B)
permeabilized and stained with TRITC-labeled phalloidin (red) and DAPI (blue). Fibronectin and AMBN promoted cell adhesion on
both surfaces. AMELX, and to some extent also AMTN, promoted cell adhesion on the plastic dishes but not on the titanium disks.
DSP, DPP, GST and BSA did not promote cell adhesion, neither on the plastic dishes nor on the titanium disks. Bar = 100 pm.

not adhere to untreated AMBN because 2 h would be required for
stable adhesion in this case (Fig. 5). However, when the AMBN
coated dishes were incubated with FN prior to the addition of the
cells, most of the adhesion promoting activity could be restored.
Since all sites of the plastic dishes had been blocked with BSA and
since no adhesion was observed outside of the AMBN coated area,
this result suggests that FN directly interacts with AMBN. This
effect was specific and could not be repeated with vitronectin,
another well-known adhesive ECM molecule (Fig. 5) [25].
Likewise it could not be achieved by heparin, a glycosaminoglycan
often involved in cell adhesion. Thus, AMBN must specifically bind
to FN.
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To definitively prove that FN was the protein partner, which
mediated adhesion of MG63 cells to AMBN and which had to be
secreted during the 2-h incubation period, we repeated the above
experiment with cells deficient in FN production. For this purpose,
we used fibroblasts that had been stably transfected with a short
hairpin RNA construct, which specifically inhibited the transcrip-
tion of the FN gene by RNA interference (MEF shFN cells). These
cells could be grown in culture like the original wild-type cells
(MEF cells), but they displayed a slightly different phenotype and
they depended on the presence of FN from fetal bovine serum for
proper adhesion (Fig. 6A). When confluent dishes of such MEF
shFN cells were cultivated for 2 days in medium without serum,
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the conditioned medium contained almost no FN as indicated by A FN AMBN
Western blotting (Fig. 6B). In contrast, the medium conditioned by
wild-type cells contained high levels of FN as shown by the 120
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endogenous enzyme hexosaminidase. The results are given in
relation to the adhesion on FN (100%) + SE (n =4, except for
MG63 where n= 14). Only FN and AMBN promoted adhesion of
all different cell lines.
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Fig. 5 - Identification of the binding partner of AMBN. AMBN
and FN were spotted onto plastic dishes and residual sites were
blocked with BSA. Some of the AMBN spots were subsequently
treated for 1 h with solutions (10 pg/ml) of FN, vitronectin
(VTN) or heparin (Hep). After thorough washing, MG63 cells
were incubated on the pretreated plastic dishes for 30 min. This
incubation period allowed the cells to adhere to FN, but not to
AMBN. However, when the AMBN spots had been treated with
FN prior to the incubation with cells, they promoted cell
adhesion within 30 min. This effect was specific for FN since
treatment of the AMBN spots with VTN or Hep did not improve
cell adhesion.

presence of the broad smear on the Western blot. When the FN
deficient cells were seeded on AMBN coated dishes and incubated
for 2 h as above, they could not adhere on this substratum
(Fig. 6C). In contrast, the wild-type cells readily adhered on AMBN
under the same conditions. Furthermore, the FN deficient cells
adhered similar to wild-type cells on FN coated dishes that were
included as positive control. These experiments clearly demon-
strate that the cells do not directly adhere on AMBN, but rather
require FN, which in turn interacts with AMBN. AMBN must
therefore possess a FN-binding domain.

Localization of the FN-binding domain in AMBN

We tried several different assays to demonstrate a direct
interaction of AMBN with FN, including ELISA, blot overlays and
GST pull-down assays. Unfortunately, all our efforts remained
fruitless. Obviously, AMBN and FN are both very sticky proteins.
Without inclusion of Triton X-100 in all buffers, we always
observed unspecific interactions, and after addition of detergent
we could not observe any binding anymore (data not shown).
These negative results suggest that hydrophobic interactions
might be involved in the binding of FN to AMBN.

Nevertheless, in order to localize the binding site of FN in AMBN,
we resorted to the cell adhesion assay described above, which had
consistently yielded robust results (Fig. 7). The full-length AMBN
sequence was divided into four overlapping fragments. Each of
these fragments was expressed in the bacterial expression system
and tested separately for its adhesion promoting activity. This
experiment demonstrated that the FN-binding domain must reside
in the N-terminal half of AMBN since the two fragments spanning
the C-terminal half (residues 263-365 and 360-422) were
negative, while the two fragments spanning the N-terminal half
(residues 27-212 and 177-265) were positive. Two additional
fragments spanning residues 27-183 and 197-422 were also found
to be negative, whereas a fragment covering the central portion of
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Fig. 6 - Verification of FN as the binding partner of AMBN.
Adhesion experiments were performed with mouse embryonic
fibroblasts (MEF) that had been stably transfected with a short
hairpin RNA construct (MEF shFN), which specifically inhibits
the synthesis of FN. (A) In the presence of fetal bovine serum,
MEF shFN cells grew on plastic dishes with a phenotype similar
to MEF wild-type cells. (B) If kept in serum-free medium for

2 days, the MEF shFN cells barely produced any FN when
compared to wild-type cells, which produced large amounts. FN
accumulated in the conditioned media was concentrated by
gelatin Sepharose beads and identified by immunoblotting
with a rabbit anti-FN antibody. (C) MEF cells adhered to FN and
to AMBN within 2 h. However, MEF shFN cells adhered only to
FN, not to AMBN, since they were not able to produce any FN by
their own.

AMBN (residues 104-246) was positive. We therefore concluded
that the active domain of AMBN must be located around residues
183-197. Consequently, the putative interaction site was deleted
from the active central fragment. In fact, the resulting fragment
lacking residues 184-196 had lost all its activity (Fig. 7).

To exclude the possibility that posttranslational modifications
would affect the FN-mediated adhesion of cells to AMBN, we also
expressed the full-length sequence as well as two selected
fragments in a eukaryotic expression system involving HEK293
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Fig. 7 - Localization of the FN binding site in AMBN. Various fragments of AMBN were expressed in E. coli (prok) or HEK293 (euk)
cells and tested for their activity (+ or —) in the quantitative cell adhesion assay with MG63 cells. The location of the individual

fragments relative to the full-length sequence of rat AMBN is schematically drawn by horizontal bars. Alternating shades of grey
show the exon structure. The exact amino acid residues that are covered by the individual fragments are given on the left. Residues
1-26 have not been included in the constructs since they correspond to the signal peptide. A single line between two bars marks the
position of a deletion. In some fragments, critical amino acids were exchanged by in vitro mutagenesis (D188G, D191G). A fragment
corresponding to exons 7-9 of human AMBN was also included in the analysis. Note that the human AMBN gene displays a

triplication of exon 7 when compared to the rat gene.

cells. Virtually identical results were obtained with these proteins.
The two polypeptides containing the active sequence (residues
184-196) promoted cell adhesion, but a polypeptide with a
deletion of the active sequence had lost its adhesion promoting
activity. These results indicate that the active domain of AMBN
must reside within residues 184-196 and that no posttranslational
modifications are required for activity.

It is interesting to note that the active sequence corresponds
exactly to exon 7 of the rat AMBN gene. To emphasize this
correlation, the relative location of the 10 exons along the AMBN
protein sequence is highlighted in Fig. 7 by alternating shades of
grey. Exon 7 is transcribed and translated into an amino acid
sequence of only 13 residues (184-VPIMDFADPQFPT-196). A
comparison of the AMBN sequences from human, rat, mouse,
pig, guinea pig and bovine showed that the 4 central residues
DFAD are conserved in all species (Supplementary Fig. 1) [26].
Since the results presented in Fig. 4A (see above) had implicated
metal ions in the promotion of cell adhesion and since the two
aspartic acid residues 188 and 191 could theoretically complex
metal ions, we exchanged these residues by in vitro mutagenesis
[27]. In fact, the central AMBN fragment (residues 104-246) lost
all of its activity when either one of the two aspartates or both in
concert were mutated to glycine (Fig. 7). Thus, aspartic acids 188
and 191 are essential for interaction of AMBN with FN.
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The comparison of the AMBN sequences from different
vertebrates (Supplementary Fig. 1) also revealed another striking
result. The sequence of exon 7 in the rat gene has obviously
become triplicated in the human gene during evolution. Thus,
exons 7-9 of the human AMBN gene display a nearly perfect
triplication of the 13 residue sequence mentioned above. In the
final experiment, we therefore expressed the triplicated human
sequence in the bacterial expression system and examined the
resulting peptide in our adhesion assay. In fact, the 39 residue
peptide showed the same activity as the full-length AMBN protein.
Taken together, these results clearly demonstrate that the
sequences translated from exon 7 of the rat AMBN gene and
from exons 7-9 of the human gene interact with FN and thus
indirectly mediate cell adhesion.

Discussion

Adhesion of various cell types to the ECM is often accomplished by
surface receptors of the integrin family [15]. In many instances, the
versatile matrix protein FN is involved in this process [20,21,24].
Here we demonstrated with a set of biochemical and cell biological
experiments that this principle also holds true for the enamel
protein AMBN that is found in the ECM of mammalian teeth.
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When coated on plastic dishes or titanium disks, recombinant
AMBN promotes stable adhesion of osteoblastic and fibroblastic
cells. Other tooth proteins including ENAM, AMTN, DSP and DPP or
negative control proteins like GST and BSA do not show this
feature. The adhesion promoting activity of AMBN could be
narrowed down to a peptide of 13 amino acids (VPIMDFADPQFPT)
derived from exon 7 of the rat AMBN gene. This sequence
corresponds to exons 7-9 of the human gene as the human gene
has experienced a triplication of the active exon during evolution.
Three observations may document the importance of the short
sequence in cell adhesion: (1) When the 13 amino acids are
deleted from rat AMBN, the resulting protein loses all adhesion
promoting activity; (2) a peptide corresponding to exons 7-9 of
human AMBN has the same activity as the full-length protein; (3)
when a single aspartate from the sequence is mutated, the activity
of the entire polypeptide is abolished.

Additional experiments demonstrate that this sequence does
not directly bind to a novel cell surface receptor but that it rather
interacts with FN, which in turn binds to the cell surface receptor
integrin. The following observations support this conclusion: (1)
de novo protein synthesis is necessary for cell adhesion on AMBN
as demonstrated with the protein synthesis inhibitor cyclohexi-
mide; (2) stable cell adhesion on AMBN requires up to 2 h, a time
period that might be used for the synthesis of another adhesive
ECM protein; (3) when AMBN is treated with a solution of FN, the
cells require only 30 min for stable adhesion. This effect is specific
for FN and cannot be observed with a solution of vitronectin or
heparin; (4) when the synthesis of FN is specifically repressed by
RNA mediated interference, the cells do no adhere to AMBN; (5)
when an antibody against FN is added during incubation of the
cells with AMBN, the adhesion is reduced by at least 30% (M.
Beyeler, unpublished results).

Taken together these observations allow us to draw a detailed
model of how AMBN mediates cell adhesion (Fig. 8). FN which is
synthesized by the cells during the 2-h incubation period binds to
AMBN, more specifically to the active sequence of 13 residues. For
this interaction the correct three-dimensional structure of the
substrate is required since denaturation of AMBN or depletion of
divalent ions abolishes the interaction. Bound FN interacts then
with the corresponding integrin receptor on the cell membrane
and mediates adhesion.

7-\ —
@
\

[YYYVYY)

D Ameloblastin @ Fibronectin A Integrin

Fig. 8 - Illustration of the adhesion mechanism on AMBN. The
plastic surface of a Petri dish has been coated with AMBN. The
bridging molecule FN binds to AMBN (more precisely to the
sequence corresponding to exon 7). Finally, the cells adhere to
FN via their integrin receptors, which results in attachment and
spreading of the cells on the plastic surface.
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FN is synthesizes by a great variety of cell types, including
fibroblasts, chondrocytes, hepatocytes, endothelial cells and many
epithelial cells [20]. It represents a natural component of basement
membranes and of the ECM of tendons, muscles, bone, cartilage
and skin. During the pre-secretory stage of amelogenesis, FN is
present in the basement membrane on which the ameloblasts
reside. During the secretory stage when the ameloblasts do no
longer touch the basement membrane, they are surrounded by a
pericellular matrix consisting of FN. It is likely that these
ameloblasts still produce FN since enamel has been shown to
react with anti-FN antibodies [28]. Moreover, FN supports and
accelerates the growth and differentiation of ameloblasts in vitro
[29]. When grown for 9 days in culture, the cells produce crystal-
like structures that are reminiscent of the enamel matrix.

When we tried to demonstrate a direct interaction of AMBN
and FN by different approaches, we encountered irresolvable
difficulties. We used ELISA and coated AMBN or FN onto microtiter
plates. Alternatively, we used blot overlays and transferred one of
the two components to nitrocellulose membranes and probed the
blot with the second, labeled component. In a third approach, we
immobilized one of the interaction partners on Sepharose beads
and tried to pull down the other partner from solution. In all these
experiments we did observe binding of AMBN to FN, but we also
observed binding to the other tooth proteins that do not promote
cell adhesion (DSP, DPP, ENAM) as well as to the negative control
protein GST. When we inhibited unspecific interactions by the
addition of detergents such as Triton X-100 or NP-40, the specific
interaction could no longer be detected. These results indicate that
both interaction partners must represent very sticky proteins. On
the other hand, they suggest that hydrophobic interactions might
be involved in the binding process. An additional reason why we
are not able to conclusively demonstrate a direct interaction might
be that a third protein partner exists, which stabilizes the
interaction of FN and AMBN on the cell surface and which is
missing in our in vitro assays.

The observation that tooth proteins facilitate the adhesion of
osteoblast-like cells is not novel, but has previously been described
in the literature. OPN, BSP and DMP1 possess RGD tripeptide
sequences similar to FN. With these RGD sequences they bind to
the integrin receptor avP3 and thus mediate cell adhesion
[7,13,14]. AMELX has also been shown to represent a cell adhesion
protein, although it lacks the RGD tripeptide sequence [16]. The
activity was dependent on divalent ions and could not be blocked
by antibodies against integrins. It is possible that in this case a
lectin-like activity ascribed to AMELX by Ravindranath et al. [30] is
involved in the facilitation of cell adhesion. In 2005, Fukumoto et
al. [17] demonstrated that AMBN is a cell adhesion molecule,
which is required for maintaining the differentiation state of
ameloblasts. The authors showed that dental epithelial cells
adhered in a dose-dependent manner to dishes coated with
recombinant AMBN. In their hands, the effect was specific for
ameloblasts and could not be repeated with other cell lines such as
3T3, HelLa and MDCK. Very recently, Sonoda et al. [19] from the
same group found three heparin-binding domains in AMBN and
suggested that AMBN promoted cell adhesion through these sites.

In our study, we could not detect any heparin-binding sites in
AMBN, but we observed adhesion of various osteoblastic and
fibroblastic cells, including 3T3, to AMBN. We also found that a FN
binding site is involved in the adhesion process, rather than three
heparin-binding sites. Some of the apparent discrepancies might
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be explained by differences in the experimental procedures used
between the two studies to measure cell adhesion. While Sonoda
et al. [19] incubated their cells with the substrate for only 60 min,
we routinely incubated our cells for 2 h. After 1 h, we could barely
notice any adhesion. Furthermore, the other authors washed their
microtiter plates just briefly with PBS, whereas we selected for a
robust interaction by stringent washing on an orbital shaker at
100 rpm for one min. However, Sonoda et al. [19] also described a
few observations that they were not able to explain. They assumed
that AMBN promoted cell adhesion through the three heparin-
binding sites, but deletion of these sites did not abolish all the cell
binding activity. Moreover, virtually all cells are known to possess
heparan-sulfate containing proteoglycans on their surfaces. It is
therefore difficult to understand why the interaction with AMBN
should be specific for primary dental epithelial cells and why 3T3,
HeLa and MDCK cells should not interact. As a matter of fact, the
authors were not able to detect any binding of AMBN to lymphoid
cell lines which were manipulated to express individual heparan-
sulfate proteoglycans such as syndecan-1,-2 and-4 on their
membrane. Since Sonoda et al. [19] could not abolish all the cell
binding activity by deletion of the heparin-binding sites, they
concluded that there must exist another “heparin-insensitive” cell
binding region. Based on their deletion studies, they speculated
that this additional cell binding site must be located N-terminal to
the heparin-binding domains. This is exactly the region where we
found our cell-binding region. It is therefore conceivable that the
two independent observations, the heparin-binding site described
by Sonoda et al. [19] and the FN binding site described in our study,
are not mutually exclusive but are working in concert. This would
eventually explain how a low affinity binding would be converted
into a robust interaction as observed in our cell binding assays.

The identification of a FN binding site in AMBN offers
interesting applications. Many researchers have tried to improve
and/or accelerate the integration of dental implants in the jaw by
biomimetic coating of the implant surfaces with adhesive proteins,
cytokines or functional peptides [31,32]. Utilization of the active
peptide described in our study might offer a possibility with
several advantages. Since the peptide is derived from the natural
matrix protein AMBN, it should not evoke any immune response.
Coating of dental implants with this peptide would recruit
endogenous FN that is abundant in the patient's plasma to the
site of wound healing. Once that stable osseointegration has
occurred, FN and the peptide would be removed under physio-
logical conditions by normal turnover. It remains to be determined
whether coatings with peptides derived from AMBN as described
above will show improvements over existing methods.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.yexcr.2009.12.019.
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Summary

To test the hypothesis that the pericellular fibronectin matrix is involved in mechanotransduction, we compared the response of normal
and fibronectin-deficient mouse fibroblasts to cyclic substrate strain. Normal fibroblasts seeded on vitronectin in fibronectin-depleted
medium deposited their own fibronectin matrix. In cultures exposed to cyclic strain, RhoA was activated, actin-stress fibers became
more prominent, MAL/MKL1 shuttled to the nucleus, and mMRNA encoding tenascin-C was induced. By contrast, these RhoA-
dependent responses to cyclic strain were suppressed in fibronectin knockdown or knockout fibroblasts grown under identical
conditions. On vitronectin substrate, fibronectin-deficient cells lacked fibrillar adhesions containingo5 integrin. However, when
fibronectin-deficient fibroblasts were plated on exogenous fibronectin, their defects in adhesions and mechanotransduction were
restored. Studies with fragments indicated that both the RGD-synergy site and the adjacent heparin-binding region of fibronectin were
required for full activity in mechanotransduction, but not its ability to self-assemble. In contrast to RhoA-mediated responses,
activation of Erk1/2 and PKB/Akt by cyclic strain was not affected in fibronectin-deficient cells. Our results indicate that pericellular
fibronectin secreted by normal fibroblasts is a necessary component of the strain-sensing machinery. Supporting this hypothesis,
induction of cellular tenascin-C by cyclic strain was suppressed by addition of exogenous tenascin-C, which interferes with fibronectin-
mediated cell spreading.

Key words: Fibronectin, Mechanotransduction, Cyclic strain, RhoA, Actin, MAL/MKL1/MRTF-A, Tenascin-C

Introduction fibroblasts rapidly develop fibrillar adhesions characterized by the
Cellular responses to mechanical cues are essential for tissue presence of mainly a5B1 integrin, which are involved in the
homeostasis, and mechanical stress is linked to the development assembly of a pericellular fibronectin matrix (Zamir et al., 2000).
and progression of several diseases, such as fibrosis, arteriosclerosis Activation of major intracellular signaling pathways by mechanical
and cancer (Butcher et al., 2009; Hahn and Schwartz, 2009; Wipff  stress, such as NFxB, MAPK and RhoA/ROCK, is both adhesion-
et al.,, 2007). Cells constantly integrate mechanical signals into and integrin-dependent (Inoh et al., 2002; Orr et al., 2006; Stupack
information about the physical properties of their environment and Cheresh, 2002). The induction of tenascin-C by cyclic strain
(Chen, 2008; Geiger et al., 2009). To study mechanotransduction requires B1 integrins (Chiquet et al., 2007), but does not depend
and signaling pathways triggered by mechanical stress, cells can on MAPK signaling (Chiquet et al., 2004). Instead, induction is
be cultured on extracellular matrix (ECM)-coated elastic abolished after actin disassembly or inhibition of RhoA-dependent
membranes and cyclically strained (Chiquet et al., 2004; Hsieh et kinase (ROCK) (Sarasa-Renedo et al., 2006). Upregulation of
al., 2000). This is a physiologically relevant model to analyze tenascin-C by cyclic strain also correlates with an increase in actin-
mechanotransduction because cellular responses can be measured stress fibers and the translocation of MAL/MKL1/MRTF-A to the
after mechanical strain of amplitude and frequency within the nucleus (Maier et al., 2008). MAL is a transcriptional co-activator
ranges found in many tissues (e.g. arterial vessels, lung, heart or of serum response factor that links RhoA activation and actin
tendons) (Lehoux et al., 2006; Magnusson et al., 2008). Among dynamics to gene expression (Miralles et al., 2003). Thus, induction
other responses, tissues adapt to mechanical load by remodeling of tenascin-C by mechanical stress appears to be controlled
their extracellular matrix (ECM). For example, the ECM protein primarily by the RhoA-ROCK pathway.

tenascin-C is strongly expressed in tissues bearing high tensile In a previous study, we showed that in fibroblasts deficient for
stress, and is induced by dynamic tensile strain both in vivo (Fluck integrin-linked kinase (ILK), activation of RhoA, nuclear
et al., 2000) and in vitro (Chiquet et al., 2004). translocation of MAL and tenascin-C induction by cyclic strain

Several types of cell-ECM adhesion structures are crucial for were all abolished (Maier et al., 2008). The defect was specific for
mechanotransduction via integrin-dependent signaling (Geiger et RhoA-dependent responses, because the MAPK Erk1/2 was
al., 2009). Focal complexes are formed during initial contact of  activated normally and the Fos gene was induced by mechanical
fibroblasts with an ECM substrate. Some mature into focal stress in ILK-knockout cells. ILK is an adaptor protein in cell-
adhesions that contain mainly ovfB3 integrin, which binds to matrix adhesion sites that forms a complex with PINCH and parvin,
vitronectin and other ECM components with RGD peptide motifs joining the cytosolic part of B1 and B3 integrins to the actin
(Horton, 1997; Zamir et al., 2000). During cell spreading, cytoskeleton (Legate et al., 2006). ILK™~ fibroblasts do not
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assemble fibronectin into fibrils, and classical fibrillar adhesions
are absent, indicating an important function for ILK in the formation
of these structures (Legate et al., 2006). We speculated that the
missing RhoA-ROCK activation upon mechanical stress in ILK™
cells was due to lack of a fibronectin matrix and of fibrillar
adhesions, rather than to a direct involvement of ILK in the
activation of this pathway. In this case, the pericellular fibronectin
matrix (in conjunction with fibrillar adhesions) would itself be part
of the machinery that transduces cyclic (i.e. dynamic) mechanical
stress. To test this hypothesis, we prepared stable fibronectin-
knockdown fibroblast lines and monitored their RhoA-ROCK-
dependent responses to cyclic strain in the presence or absence of
exogenous fibronectin. Indeed, when plated on vitronectin, such
cells had defects in mechanotransduction that were very similar to
those in ILK-deficient fibroblasts. In contrast to ILK cells,
however, fibronectin-knockdown cells could be rescued by adding
exogenous fibronectin to the culture. Based on our results, we
propose a model for mechanotransduction in which cyclic strain
activates the RhoA-ROCK pathway mainly via attachment of cells
to their own pericellular fibronectin matrix.

Results

Fibronectin-deficient fibroblasts can assemble exogenous
fibronectin

To test whether the fibronectin matrix is important for
mechanotransduction, we isolated stable fibronectin-knockdown
cell lines and tested them for their ability to activate canonical
signaling pathways in response to mechanical stress. Fibronectin
knockdown was carried out in immortalized wild-type mouse
embryo fibroblasts (MEFs) by stable transfection with shRNA.
Two clones (1.2 and 8.3) were analyzed further. Clone 1.2 was
transfected with one type of shRNA to knockdown fibronectin;
however, this clone expressed and secreted normal amounts of
fibronectin and was therefore used as a control (Fig. 1A,B). For
clone 8.3, another type of shRNA targeting mRNA encoding
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fibronectin was used, that effectively reduced fibronectin expression
to 10% of the original level in wild type MEFs (Fig. 1B). We also
tested fibronectin-knockout MEFs (FN™) and the matched
fibronectin-expressing control cells (FN™). Unlike in control cells,
staining for fibronectin was not detected in either fibronectin-
knockdown clone 8.3 or the fibronectin-knockout MEFs grown for
2 days on tissue culture plastic (Fig. 1A) or vitronectin
(supplementary material Fig. S1) in fibronectin-depleted medium.
However, both cell lines showed distinct fibronectin fibrils upon
addition of 100 pg/ml soluble fibronectin to the plating medium
(Fig. 1A), indicating that the machinery for fibronectin
fibrillogenesis was still intact. This assumption was confirmed by
the fact that expression levels of integrin av, o5 and 1 were
similar in all cell lines tested (Fig. 1C).

Cyclic-strain-induced activation of RhoA requires
pericellular fibronectin

Amongst many other stimuli, mechanical stress is known to
increase intracellular levels of active RhoA (Sarasa-Renedo et
al., 2006; Smith et al., 2003). To test whether a pericellular
fibronectin matrix is required for activation of RhoA by cyclic
strain, we plated fibronectin-expressing (FNf) or fibronectin-
deficient (FN~-) MEFs on silicone membranes coated with either
vitronectin or fibronectin. Cells were cultured for 24 hours and
then subjected to biaxial cyclic strain (10%, 0.3 Hz) for 5
minutes. Levels of active (GTP-bound) RhoA were detected by
Rhotekin-RBD binding assays as described in the Materials and
Methods. On vitronectin, a clear increase in the amount of active
RhoA could be detected in the fibronectin-expressing control
cells after 5 minutes of cyclic strain (Fig. 2A,B). However, this
activation was absent in fibronectin-knockout cells grown on
vitronectin. Interestingly, after plating on fibronectin, a robust
activation of RhoA could be detected for both cell lines,
indicating that fibronectin as extracellular substrate is necessary
for this effect.

FN /-

Fig. 1. Fibronectin expression levels and integrin
profiles of fibronectin-knockdown, fibronectin
knockout and control MEFs. (A) Cells were plated on
cell culture plastic and grown for 48 hours in DMEM
containing 3% fibronectin-depleted FCS, either without
(top) or with fibronectin added at 100 pg/ml (bottom).
Cells were subsequently fixed and double-stained with
phalloidin (red) and anti-fibronectin (green). Scale bar:
50 um. Note that clone 8.3 and FN- cells assembled
pericellular fibronectin fibrils only in the presence of
exogenous fibronectin. (B) Cells were grown for 48
hours on tissue culture plastic and subsequently
detached from the matrix by detergent. Matrices were
scraped into Laemmli buffer and analyzed by
immunoblotting against fibronectin. Cell lysates were
blotted for GAPDH as a loading control. Graph shows
the average relative expression (mean + s.e.m.) of
fibronectin to GAPDH quantified from independent
experiments. (C) Cell extracts were immunoblotted for
ov, o5 and B1 integrins to check their expression
levels; GAPDH was detected as a loading control.

FNfif FN-/-



()
o
c
.0
O
w
©
@)
Y—
(@)
©
c
_
>
(®)
S

MODULATION OF CELL-MATRIX ADHESIONS TO AFFECT MECHANOTRANSDUCTION

RESULTS

Fibronectin in mechanotransduction 1513

>

FN fif FN -/-
S

- Active

— || e | TOt3)

— - - - Active

T c—

;ll Il II rf

FN fif FN -/~ FN fif FN /-
Vitronectin

= | Total

Fibronectin Vitronectin

[ve)
w s

Fold induction
~n

Fibronectin

Fig. 2. Cyclic strain activates RhoA only in the presence of pericellular
fibronectin. (A) Fibronectin-knockout (FN~-) and control MEFs (FN") were
cultured on either vitronectin (top) or fibronectin (bottom) for 48 hours. Cells
were then cyclically strained (10%, 0.3 Hz) for 5 minutes and active RhoA
levels were determined by Rho pull-down experiments. (B) Graph showing
average levels of active RhoA from independent experiments. Values (mean +
s.e.m.) are normalized to levels in FN" cells at rest on vitronectin.

Cyclic-strain-induced actin reorganization requires a
pericellular fibronectin matrix

In embryonic fibroblasts cultured on fibronectin-coated elastomer
membranes, cyclic strain induces a characteristic change in cell
shape and a RhoA-ROCK-dependent increase and relocation of
actin-stress fibers (Maier et al., 2008; Sarasa-Renedo et al., 2006).
To analyze whether the fibronectin matrix is required for this
actin reorganization, we plated fibronectin-expressing or
fibronectin-knockdown clone 8.3 on vitronectin-coated silicone
membranes. After 2 days in culture, cells were subjected to 6
hours of cyclic strain and subsequently stained with fluorescently
labelled phalloidin. After mechanical stress, fibronectin-deficient
cells remained triangular or multipolar, without prominent stress
fibers (Fig. 3A,B). Conversely, fibronectin-expressing and
secreting control cells (wild type and clone 1.2) both assumed a
more bipolar shape and formed distinct bundles of stress fibers
and actin foci within 6 hours of cyclic strain on a vitronectin
substrate. Strong stress-fiber bundles formed predominantly along
the cell edges, whereas thinner actin fibers in the central area of
the cell disappeared (Fig. 3A,B). Similarly to fibronectin-
knockdown clone 8.3, fibronectin-knockout fibroblasts did not
respond to cyclic strain by actin rearrangement when cyclically
strained for 6 hours on vitronectin (Fig. 3C,D). By contrast, their
fibronectin-expressing parental cells (FN™) formed distinct stress
fibers under these conditions. Interestingly, the missing response
to strain of either of the fibronectin-deficient cell lines (clone 8.3
or FN™") was restored when these cells were plated on exogenous
fibronectin and cyclically strained. Similarly to fibronectin-
expressing control cells, central thinner actin structures in clone
8.3 and FN~"~ fibroblasts were replaced by peripheral thick actin-
stress fibers after 6 hours of cyclic strain on this substrate. These
peripheral actin-stress fiber bundles are easily distinguishable
from other actin structures, and were therefore used to quantify
our observations (Fig. 3B,D).
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Fig. 3. Cyclic-strain-induced actin reorganization requires a pericellular
fibronectin matrix. (A) Wild-type MEFs, the fibronectin-expressing clone 1.2
and the fibronectin-knockdown clone 8.3 were seeded on vitronectin-coated
(top) or fibronectin-coated (bottom) silicone membranes. Two days after
plating in DMEM plus 0.3% fibronectin-depleted FCS, cells were cyclically
strained (10%, 0.3 Hz) for 6 hours and subsequently stained for the actin
cytoskeleton. (B) Statistical analysis of different independent experiments as
depicted in A. For every experiment, 100 cells per condition were analyzed
and number of peripheral actin-stress-fiber bundles per cell was determined
(mean * s.e.m.). Peripheral actin bundles were defined as locations where
single visible stress fibers merged in the cell periphery into larger and thicker,
bright foci. (C) Fibronectin-knockout MEFs (FN~-) and the matched
fibronectin-expressing control cells (FN™f). (D) The statistical analysis of
different independent experiments shown in C. Note the missing actin
reorganization in the fibronectin-deficient clones 8.3 and FN~~ on the
vitronectin, but not on the fibronectin substrate. Scale bars: 50 um.

Pericellular fibronectin is required for cyclic-strain-
induced MAL translocation to the nucleus

MAL (MKL-1; MRTF-A) is a transcriptional co-activator of serum
response factor (SRF) that cycles between the cytoplasm and the
nucleus under the control of RhoA-dependent actin dynamics
(Asparuhova et al., 2009; Miralles et al., 2003). Mechanical strain
stimulates actin reorganization and was shown to promote a shift
of MAL from the cytoplasm to the nucleus in serum-starved cells
(Maier et al., 2008; Zhao et al., 2007). Nuclear translocation of
MAL after cyclic strain depends on activation of RhoA, because it
was abolished in the presence of the specific inhibitor C3 transferase
(supplementary material Fig. S2). Since actin dynamics in response
to cyclic strain were clearly affected in fibronectin-deficient
fibroblasts plated on vitronectin, we expected to find a similar
effect on MAL shuttling. Cyclic strain for 1 hour stimulated
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Fig. 4. Pericellular fibronectin is necessary for the cyclic-strain-induced
translocation of MAL to the nucleus. (A) Wild-type MEFs, the fibronectin-
expressing clone 1.2 and the fibronectin-knockdown clone 8.3 were seeded on
either vitronectin (top) or fibronectin (bottom). Two days after plating, cells
were cyclically strained for 1 hour and subsequently fixed and stained for
MAL. Scale bar: 50 um. (B) Statistical analysis of three independent
experiments as depicted in A. For every experiment, 100 cells per condition
were analyzed and MAL staining was scored as either nuclear or cytoplasmic.
The graph shows the mean percentage of cells with nuclear MAL (£ s.e.m.).
Light columns represent values before and dark columns values after 1 hour of
cyclic strain. (C) Fibronectin-knockout MEFs (FN™-) and the matched
fibronectin-expressing control cells (FN. Scale bar: 50 um. (D) Statistical
analysis of the results from three independent experiments shown in C. Note
the absence of MAL translocation in response to cyclic strain in the
fibronectin-deficient clones 8.3 and FN~-, when plated on vitronectin, but not
on fibronectin.

translocation of MAL in wild-type MEFs and in fibronectin-
expressing clone 1.2; the shift of MAL to the nucleus in these cells
was observed not only on fibronectin, but also on vitronectin
substrate (Fig. 4A,B). Conversely, in fibronectin-knockdown clone
8.3 cells grown on vitronectin, MAL did not translocate to the
nucleus after 1 hour of cyclic strain. However, plating these cells
on fibronectin and straining them for 1 hour clearly raised the
percentage of cells with nuclear MAL from 15% at rest to 71%
after strain (Fig. 4A,B).

To confirm these results, we also analyzed the localization of
MAL in fibronectin-knockout cells. Fibronectin-knockout
fibroblasts plated on vitronectin showed no increase in nuclear
MAL upon cyclic strain, in contrast to the matched wild-type cells
(Fig. 4C,D). However, for both knockout and wild-type cells, MAL
translocation was observed after strain when fibronectin was used
as a substrate. Our findings indicate that on vitronectin substrate,
the fibronectin matrix deposited by wild-type cells themselves is
required for translocation of MAL after cyclic strain, because
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fibronectin-deficient cells depended on exogenous fibronectin for
this process.

mRNA and protein levels of tenascin-C are induced by
cyclic strain only in the presence of pericellular
fibronectin

Tenascin-C is a glycoprotein of the extracellular matrix whose
expression is induced by cyclic strain (Chiquet et al., 2004). We
have shown that this response depends on RhoA-ROCK-induced
actin assembly and correlates with translocation of MAL to the
nucleus (Maier et al., 2008; Sarasa-Renedo et al., 2006). We
therefore investigated tenascin-C expression levels in response to
cyclic strain in fibronectin-expressing and non-expressing
fibroblasts. Cells were cultured with fibronectin-depleted serum on
either vitronectin or fibronectin. Fibroblasts were then cyclically
strained for 6 hours and cultured for an additional 18 hours, during
which time tenascin-C was deposited. Immunoblotting of cell
lysates showed higher amounts of tenascin-C protein in both wild-
type MEFs and fibronectin-expressing clone 1.2 after straining,
than in the resting control (Fig. 5A,B). This effect did not depend
on the respective ECM substrates. However, a response to
mechanical stress by the fibronectin-knockdown clone 8.3 was
again only observed when cells were plated on fibronectin. On
vitronectin, tenascin-C accumulation by clone 8.3 fibroblasts did
not change after strain, indicating that the absence of the fibronectin
matrix prevented this cellular response.

By quantitative PCR, the induction of tenascin-C by cyclic
strain was also analyzed at the mRNA level. After only 1 hour of
cyclic strain (10%, 0.3 Hz), there was a significant increase in
levels of MRNA encoding tenascin-C (P<0.05) in cell lines plated
on fibronectin (Fig. 5C,D). However, tenascin-C (Tnc) mRNA
remained at resting levels when fibronectin-deficient cells (clone
8.3 and FN") were plated and strained on vitronectin. By contrast,
Tnc mRNA was upregulated in fibronectin-expressing control cells
(wild type, clone 1.2, FN™) after cyclic strain, also on a vitronectin
substrate (Fig. 5C,D). Thus, as in previous experiments, responses
were consistent between fibronectin-knockdown and fibronectin-
knockout fibroblasts. Induction of Tnc mRNA by cyclic strain
appears to depend on pericellular fibronectin, either provided
exogenously or deposited by the fibroblasts themselves.

Activation of ERK and PKB/Akt by cyclic strain does not
depend on the presence of pericellular fibronectin

We showed that the presence of pericellular fibronectin was required
for reorganization of the actin cytoskeleton, translocation of MAL
to the nucleus, and upregulation of tenascin-C protein and mRNA
in response to cyclic strain. As reported previously (Chiquet et al.,
2004; Sarasa-Renedo et al., 2006; Zhao et al., 2007), these events
all depended on RhoA-ROCK, indicating that the fibronectin matrix
is essential for the activation of this signaling pathway by
mechanical stress. To test whether mechanotransduction was
affected in general in the absence of fibronectin, we analyzed other
pathways known to be triggered by mechanical stress. Erk1/2 was
phosphorylated upon 5 minutes of cyclic strain, independently of
the cell type and the underlying ECM substrate, indicating that
activation of the MAPK pathway by mechanical stress does not
require the presence of fibronectin (Fig. 6A,B). As with wild-type
fibroblasts and clone 1.2, an analysis of the time-course of PKB/Akt
phosphorylation showed a robust signal of phosphorylated PKB/Akt
in fibronectin-knockdown clone 8.3 after strain, independently of
whether cells adhered to vitronectin or fibronectin (Fig. 6C,D).
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Fig. 5. mRNA and protein levels of tenascin-C are induced by cyclic strain
only in the presence of pericellular fibronectin. (A,B) Wild-type MEFs
(W), the fibronectin-expressing MEF clone 1.2 and the fibronectin-
knockdown MEF clone 8.3 were seeded on (left) vitronectin- or (right)
fibronectin-coated silicone membranes and grown for 48 hours. Cells were
then left at rest (R) or subjected to cyclic strain (S) for 6 hours followed by a
further 18 hours at rest, during which tenascin-C was deposited into the
matrix. (A) Lysates were immunoblotted for fibronectin (FN), tenascin-C
(TnC) and vinculin as standard. (B) The ratios of tenascin-C to vinculin were
calculated from densitometry measurements on immunoblots from three
independent experiments. Light bars represent rest and dark bars strained
conditions. (C) Wt, clone 1.2 and clone 8.3 cells were seeded on vitronectin
(left) or fibronectin (right), cultured for 48 hours as above and then subjected
to 1 hour of cyclic strain. Tnc mMRNA levels were measured by quantitative
PCR relative to Gapdh and normalized to the values of wild-type cells at rest.
(D) Fibronectin-knockout (FN-) and control (FN7f) MEFs. Owing to
variation in basal tenascin-C levels, EN"f and N~ were normalized
individually to their respective rest values on vitronectin.

Taken together, these results show that activation of the MAPK
and the PKB/Akt pathways by mechanical stress does not depend
on the presence of fibronectin.

The response of fibroblasts to cyclic strain depends on
the amount of deposited fibronectin

Stable shRNA transfection of a rat embryo fibroblast cell line
(REFs) resulted in a partial fibronectin-knockdown clone (R2A).
These cells built up a fibronectin matrix only slowly over a few
days. R2A cultures showed only faint intracellular staining for
fibronectin 24 hours after plating (Fig. 7A). However, after 48
hours, intracellular staining was more intense and extracellular
fibronectin fibrils appeared. By contrast, normal fibronectin-
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Fig. 6. Activation of ERK and PKB/Akt by cyclic strain does not depend
on the presence of pericellular fibronectin. Wild-type and fibronectin-
deficient MEFs were cultured on vitronectin- or fibronectin-coated silicone
membranes and cyclically strained for the indicated times (minutes).

(A) Immunoblots of ERK and phosphorylated ERK (p-ERK) at rest (0) and
after 5 minutes of cyclic strain. (B) The ratios of phosphorylated ERK to total
ERK were calculated from densitometry measurements on immunoblots from
three independent experiments. Light bars represent rest and dark bars strained
conditions (5 minutes). (C) Immunoblot of PKB/Akt and phosphorylated
PKB/AKkt (p-PKB) at rest (0) and after 10 and 15 minutes of cyclic strain.

(D) The statistical analysis of the results from three independent experiments
shown in C. Light bars represent rest and dark bars strained conditions

(10 minutes).

expressing REFs showed staining of distinct extracellular
fibronectin fibrils by 24 hours after plating. The intensity of
fibronectin-matrix staining correlated with the responsiveness of
the cells to mechanical stress in terms of tenascin-C induction.
Upregulation of Tnc mRNA after 1 hour of cyclic strain was
generally higher in REFs than in MEFs. Both, wild-type and
knockdown REFs on fibronectin, showed a six- to eightfold
induction compared with the respective cells at rest. The induction
levels were similar when cells were cyclically strained for 1 hour,
after 24 hours or 48 hours in culture (Fig. 7B). Interestingly, in
clone R2A grown on vitronectin, Tnc mRNA was induced only
~2.5-fold by cyclic strain 24 hours after plating, correlating with
the poor fibronectin deposition at this time point. However,
tenascin-C induction after 1 hour of strain increased almost sixfold
when cells were allowed a further 24 hours for fibronectin
deposition.

The cell-binding site and adjacent heparin-binding region
of fibronectin are necessary for full induction of Tnc
mRNA by cyclic strain

As shown so far, pericellular fibronectin is necessary for cyclic-
strain-induced activation of RhoA, reorganization of actin, MAL
translocation to the nucleus and induction of tenascin-C. We then
asked which domains of fibronectin were required for activation of
this pathway. We therefore tested the response of fibronectin-
knockout MEFs on different fibronectin fragments. Stable cell-
and heparin-binding fragments of fibronectin (160 and 135 kDa)
were generated from serum fibronectin by mild digestion with
chymotrypsin (Ehrismann et al., 1982) (supplementary material
Fig. S3A). These fragments lacked the 60 kDa N-terminal gelatin-
binding, self-assembly region and part of the C-terminal domain,
including the interchain disulfide bridge; thus, they could not
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Fig. 7. Response of rat embryo fibroblasts to cyclic strain depends on the
time endogenous fibronectin has been allowed to accumulate in the
matrix. R2A is a partial fibronectin-knockdown clone derived from REFs.
(A) Immunofluorescence staining of actin (red) and endogenous fibronectin
(green) of detergent-permeabilized REFs and R2A plated on tissue culture
plastic. Cells were fixed 24 hours (left) or 48 hours (right) after plating. Scale
bar: 50 um. (B) REFs and R2A cells were plated on vitronectin or fibronectin
and strained for 1 hour after 24 or 48 hours in culture. Induction of Tnc mMRNA
was measured by gPCR. Light columns represent values before and dark
columns values after 1 hour of cyclic strain. Note the correlation between
fibronectin matrix accumulation on vitronectin and the level of tenascin-C
induction in R2A cells.

dimerize or form fibrils. However, these large fragments contained
the RGD and the synergy site (FNIII 9-10) required for integrin
o5B1 binding, as well as a major heparin-binding site (FNIII 13-
14) known to be recognized by cellular syndecan-4 (Mao and
Schwarzbauer, 2005). A second smaller fragment of fibronectin
type 11 repeats 7-11 (which contains the RGD and the synergy but
not the heparin-binding site) was expressed in bacteria (Bloom et
al.,, 1999) and purified on glutathione-Sepharose beads
(supplementary material Fig. S3B). To analyze their ability to
trigger induction of tenascin-C upon cyclic strain, the fragments
were coated on silicone membranes. Fibronectin-knockout MEFs
were seeded, cultured for 2 days and subsequently strained for 1
hour. Induction of Tnc mRNA on the large cell- and heparin-
binding fragment of fibronectin (FN CHB) reached a similar level
as seen on full-length fibronectin (FN) (Fig. 8A). Interestingly,
even though cells attached and spread normally on the fibronectin
type 111 7-11 (FN 7-11) fragment (Fig. 9), induction was clearly
diminished (Fig. 8A). In agreement with these data, addition of
soluble heparin (100 pg/ml) inhibited induction of Tnc mRNA on
native fibronectin after 1 hour of cyclic strain (Fig. 8A). This
supports the notion that the heparin-binding site is important for
full induction. On a substrate of fibrillar collagen I, fibronectin-
knockout MEFs attached, but did not fully spread (not shown).
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Fig. 8. The cell-binding site and adjacent heparin-binding region of
fibronectin are necessary for full induction of Tnc mMRNA by cyclic strain.
(A) Fibronectin-knockout MEFs (FN™") were plated on elastic silicone
membranes coated with either fibronectin (FN), fibronectin 160 and 135 kDa
chymotrypsin fragments (FN CHB), fibronectin type 3 domain 7-11 (FN 7-11)
or collagen | (Coll) and cultured for 48 hours. In FN+Hep cells were plated on
fibronectin and soluble heparin was added at 100 pg/ml 24 hours after plating.
For all conditions, cells were then kept at rest or subjected to 1 hour of cyclic
strain. Tnc mRNA levels were measured by quantitative PCR relative to
Gapdh and normalized to the rest-values on fibronectin. Light columns
represent values before and dark columns values after 1 hour of cyclic strain.
(B) FN~~ MEFs were plated on elastic silicone membranes coated with either
fibronectin (50 pg/ml), fibronectin and tenascin-C (50 pug/ml and 50 pug/ml) or
tenascin-C (50 pg/ml). (C) Fibronectin-expressing MEFs (FN). Tenascin-C
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Induction of Tnc MRNA was not observed (Fig. 8A), indicating the
specificity of the response for fibronectin.

Tenascin-C was shown to interfere with fibroblast spreading on
fibronectin (Chiquet-Ehrismann et al., 1988) by interacting with the
13th type 111 repeat which is part of the heparin-binding site (Huang
et al., 2001). We therefore asked whether substrate-bound tenascin-
C also affected its own induction upon cyclic strain. To address this
question, silicone membranes were coated with either fibronectin, a
1:1 mixture of fibronectin and tenascin-C, or tenascin-C alone.
Indeed, Thc mMRNA was not induced after cyclic strain in fibronectin-
knockout cells either on tenascin-C alone or on mixed tenascin-C
and fibronectin substrates (Fig. 8B). This indicates that substrate-
bound tenascin-C could quench the effect of exogenous fibronectin
on mechanotransduction. By analyzing fibronectin-expressing MEFs
on the same substrates, we found a clearly decreased response on
tenascin-C and mixed substrates compared with fibronectin
substrates, but no full inhibition (Fig. 8C). This indicates that at least
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Fig. 9. Fibronectin-deficient
MEFs lack integrin-o5-
containing fibrillar adhesions
when plated on vitronectin.
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part of the endogenously expressed fibronectin could not be inhibited
by substrate-bound tenascin-C. This assumption was confirmed by
straining fibronectin-expressing cells on vitronectin and mixed
vitronectin and tenascin-C substrates (Fig. 8C).

Fibronectin-deficient MEFs lack fibrillar adhesions
containing o5 integrin and tensin when plated on
vitronectin

Since fibronectin-deficient fibroblasts showed clear defects in
mechanotransduction in the absence of pericellular fibronectin,
we asked whether matrix adhesion sites might also be altered. To
address this question we cultured fibronectin-expressing and
fibronectin-deficient cells on different substrates for 48 hours.
Cells were then co-stained for the cell-matrix adhesion components
vinculin and o5 integrin, a subunit of the fibronectin receptor that
is enriched in fibrillar adhesions (Zaidel-Bar et al., 2004; Zamir
et al., 2000). On fibronectin (Fig. 9, upper right panel) as well as
on its large cell- and heparin-binding (CHB) fragment (Fig. 9,
lower right panel), both cell lines formed adhesions that were
rather homogeneous in shape and generally stained equally well
for both vinculin and o5 integrin. On vitronectin, however, two
types of cell-matrix adhesions could be found (Fig. 9, upper left).
One adhesion type was rather oval in shape, and stained strongly
for vinculin but faintly for o5 integrin (“focal adhesions’). This
type could be found in both fibronectin-expressing and fibronectin-
deficient cells. The other type of cell matrix adhesion was thin
and elongated in shape and strongly stained for o5 integrin
(“fibrillar adhesions’). Interestingly, on vitronectin, these fibrillar
adhesions could only be found in fibronectin-expressing cells. In
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were grown on vitronectin
(upper left), fibronectin (upper
right), the fibronectin type 111
repeat 7-11 fragment (7-11,
lower left) or the fibronectin
cell-binding and adjacent
heparin-binding site fragment
(CHB, lower right) for 48
hours. Cells were then fixed
and subsequently stained for
vinculin and o5 integrin. Note
that fibronectin-deficient cells
do not form o5-integrin-
containing fibrillar adhesions
on vitronectin. Scale bar:

50 um.

Vinculin

fibronectin-deficient cells on this substrate, o5 integrin localized
very faintly to vinculin-positive focal adhesions, but staining was
mostly diffuse, and no elongated fibrillar adhesions were observed
(Fig. 9, second row left). To further analyze adhesion sites in these
cells, we studied the localization of tensin, an adaptor protein that
is enriched in fibrillar adhesions (Katz et al., 2000; Zamir et al.,
2000). To do so, we transfected fibronectin-expressing and
fibronectin-deficient cells with tensin-GFP and grew them on
fibronectin or vitronectin substrates for 48 hours. Cells were then
fixed and co-stained for vinculin and fibronectin (supplementary
material Fig. S4). In wild-type cells plated on vitronectin, tensin
was present in elongated adhesions that colocalized with
extracellular fibronectin fibrils. By contrast, we could not detect
tensin-GFP in cell-matrix adhesions of fibronectin-deficient cells
on vitronectin (supplementary material Fig. S4), in accordance
with their diffuse staining for a5 integrin. However, tensin clearly
localized to adhesion sites in the deficient cells when plated on
fibronectin. These results suggest a correlation between the lack
of fibrillar adhesions rich in o5 integrin and tensin, and the
defective mechanotransduction observed in the absence of
fibronectin.

When fibronectin-deficient cells were stretched on substrate
coated with fibronectin type 11l domain 7-11 fragment, tenascin-C
induction was diminished (Fig. 8A). Interestingly, cells on this
substrate stained for a5 integrin in bright, irregular patches on
their lower surface (Fig. 9, lower left) rather than in elongated
adhesion structures. Together, these results indicate that o5 integrin
has to be organized in fibrillar adhesions for efficient RhoA-
dependent mechanotransduction. Experiments with fibronectin-
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knockdown clone 8.3 and control cells confirmed this (data not
shown).

Discussion

The mechanism by which mechanical stress is transduced into the
altered expression of specific genes has received much attention in
recent years, but is still not fully understood. Although several
signaling pathways are activated by cyclic strain in fibroblasts
(Chiquet et al., 2009), reorganization and increase in actin-stress
fibers as a result of RhoA activation is a prominent response (Sarasa-
Renedo et al., 2006). Recent evidence indicates that mechanical
stress might regulate a specific group of genes directly via a change
in RhoA-dependent actin dynamics, among them are genes encoding
a-smooth muscle actin, CTGF/CCNL1, Cyr61/CCN2 and tenascin-
C (Chagour and Goppelt-Struebe, 2006; Chaqgour et al., 2007; Schild
and Trueb, 2004; Zhao et al., 2007). We have shown previously that
induction of tenascin-C by cyclic strain requires the presence of 1
integrin (Chiquet et al., 2006) and ILK (Maier et al., 2008), the
activation of RhoA (Sarasa-Renedo et al., 2006), actin reorganization
(Sarasa-Renedo et al., 2006), and that it correlates with translocation
of MAL to the nucleus (Maier et al., 2008). The results presented
here show that the mechanotransduction machinery requires
pericellular fibronectin for a complete response to cyclic strain. In
the absence of exogenous fibronectin, fibroblasts deficient for this
protein have defects in RhoA-dependent mechanotransduction
identical to those of ILK-knockout cells: in cells subjected to cyclic
strain, RhoA is not activated, the actin cytoskeleton is not
reorganized, MAL is not translocated to the nucleus, and tenascin-
C protein and mRNA are not induced. Nevertheless, similarly to
ILK-knockout cells, Erk1/2 and PKB/Akt are still activated in
fibronectin-deficient fibroblasts after cyclic strain, indicating that
the defect is specific for RhoA-mediated responses. ILK™-
fibroblasts secrete normal amounts of fibronectin into the medium
but fail to assemble it on the cell surface and the substrate, which
might explain their similar phenotype.

On any artificial or ECM substrate, a fibronectin matrix is
rapidly deposited from normal wild-type fibroblasts (Grinnell and
Feld, 1979). There is increasing evidence that fibronectin-specific
integrin 0531 is involved in the activation of RhoA in the process
of fibroblast adhesion and spreading. RhoA activation was
promoted during spreading of cells with elevated levels of o5 and
B1 chains, but not of cells predominantly expressing the vitronectin
receptor avB3 (Danen et al., 2002). The absence of o5 and 1
integrin chains also affected the RhoA-dependent process of
fibronectin fibrillogenesis (Danen et al., 2002; Huveneers et al.,
2008). Moreover, fibronectin was the only substrate to stimulate
RhoA activity, and thereby cell-cycle progression, upon plating
(Danen et al., 2000). These data clearly indicate that activation of
RhoA is dependent on fibronectin and o531 integrin during
interaction of fibroblasts with their substrate. Our data reveal a
requirement for fibronectin in other RhoA-dependent responses,
namely those induced by cyclic substrate strain in fully spread
cells, in which a large integrin pool is already activated and engaged
with ligands.

Different types of cell-matrix adhesions can be distinguished in
cultured fibroblasts and these are assembled in a hierarchical
manner (Zaidel-Bar et al., 2004). Early focal complexes contain
mainly integrin av3, talin and paxillin. Later, the adaptor protein
vinculin is recruited and helps to stabilize focal complexes (Ziegler
et al., 2006). Cytoskeletal force and the recruitment of additional
proteins such as zyxin, tensin and a5B1 integrin lead to the
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formation of early focal adhesions. From these structures, specific
proteins such as o5B1 integrin and tensin are pulled out by
actomyosin contraction and form fibrillar adhesions (Zamir et al.,
2000). The latter are essential for the assembly of the pericellular
fibronectin fibrils to which they are attached (Mao and
Schwarzbauer, 2005). We observed that in fibronectin-deficient
MEFs, o5 integrin and tensin-GFP were integrated in elongated
matrix contacts when cells were plated on fibronectin, but not on
a vitronectin substrate. This indicates that on vitronectin these cells
do not form fibrillar adhesions and suggests that RhoA-mediated
responses to cyclic strain depend on the presence of these adhesions
(Fig. 10). Fibrillar adhesions are also absent in ILK™ fibroblasts
that fail to assemble fibronectin (Vouret-Craviari et al., 2004) and
show a similar defect in mechanotransduction (Maier et al., 2008).

The RhoA-dependent responses to cyclic strain measured on
vitronectin depended on the secretion of fibronectin and are
therefore likely to be mediated mainly via integrin o531 in fibrillar
adhesions. By contrast, activation of ERK and PKB/AKkt by cyclic
strain was also observed in fibronectin-deficient cells in the absence
of exogenous fibronectin, indicating that the triggering of these
pathways is independent of fibrillar adhesions.

Activity of the fibronectin receptor o531 is known to be
influenced by force. Externally applied tension switches o531
from a relaxed to a tensioned state, which engages the fibronectin
synergy site and shows increased bond strength (Friedland et al.,
2009; Kong et al., 2009). However, application of external force
leads to a lesser activation of a5B1 on soft substrates in comparison
to rigid substrates, indicating that a resistant counterforce is needed
to trigger the integrin switch (Friedland et al., 2009). Our finding
that substrate-bound fibronectin is important for activation of
RhoA-dependent responses by cyclic strain is likely to be linked
to the fact that actin contraction induced upon RhoA activation
counteracts the applied strain. More stress resulting from increased
external and internal forces might trigger the catch-bond character
of a5B1.
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Fig. 10. Schematic model representing activation of RhoA-mediated
responses by cyclic strain and induction of a negative-feedback loop.

(A) Phosphorylation of PKB/Akt and ERK by cyclic strain is not dependent on
the presence of fibronectin and might be mediated mainly by ovB3 integrins
that are enriched in focal adhesions. Induction of RhoA-mediated responses
such as actin reorganization, MAL translocation and upregulation of tenascin-C
by cyclic strain require fibronectin, which is mainly bound to o531 in fibrillar
adhesions. (B) In the absence of fibronectin, these RhoA-mediated responses
are not induced. (C) In the presence of fibronectin, the tenascin-C synthesized
and deposited in response to cyclic strain might suppress RhoA activation on
further mechanical stress and negatively regulate its own induction.
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Experiments with a small fibronectin fragment (type 111 domains
7-11) indicated that the RGD and the adjacent synergy site are not
sufficient for a full response to cyclic strain in terms of induction
of tenascin-C. By contrast, 160 and 135 kDa chymotryptic
fibronectin fragments that contained in addition a major heparin-
binding site, led to full induction of tenascin-C by cyclic strain in
fibronectin-deficient cells; cell-adhesion sites appeared normal on
this substrate. However, on intact fibronectin substrates,
mechanotransduction was suppressed when soluble heparin was
added to the medium. These experiments strongly suggest the
involvement of the respective heparin-binding site of fibronectin
in RhoA-dependent responses to cyclic strain. This region of
fibronectin also contains an interaction site for syndecan-4, a co-
receptor of o5B1 integrin that is necessary for full spreading of
fibroblasts (Woods and Couchman, 1994). Interestingly, the ECM
protein tenascin-C interacts with the 13th type Il repeat of
fibronectin, which is part of this heparin-binding site, and thereby
inhibits fibronectin interaction with syndecan-4 (Huang et al.,
2001). This might be the reason why tenascin-C interferes with
fibroblast attachment to fibronectin (Chiquet-Ehrismann et al.,
1988). Tenascin-C is induced by mechanical stress via the RhoA-
ROCK pathway (Chiquet et al., 2007; Maier et al., 2008; Sarasa-
Renedo et al., 2006). We show here that the induction of tenascin-C
by cyclic strain also depends on the presence of pericellular
fibronectin. Tenascin-C was shown to suppress RhoA activation
(Wenk et al., 2000) and inhibit cell-mediated contraction of mixed
fibronectin and fibrinogen matrices (Midwood and Schwarzbauer,
2002). In addition, several other functions of tenascin-C were
reported to depend on the presence of syndecan-4 (Midwood et al.,
2004). We now demonstrate that addition of exogenous tenascin-
C protein to coated fibronectin interferes with the induction of
endogenous Tnc mRNA following cyclic strain. Together with our
previous results, this further strengthens our hypothesis that
pericellular fibronectin is crucial for the activation of the RhoA-
ROCK pathway by mechanical stimuli. In addition, tenascin-C
expressed upon mechanical stimulation could interfere with
fibronectin binding and thereby prevent further activation of the
RhoA-ROCK pathway brought about by future bouts of mechanical
stress (Fig. 10). This feedback loop, in which tenascin-C protein
negatively regulates its own induction, might avoid mechanical
overload of the cell that results from excess adhesion to a strained
substrate.

Our data indicate that the pericellular fibronectin matrix is
fundamental to the activation of RhoA and RhoA-dependent
responses to cyclic mechanical stress. Three different mechanically
induced events reported to depend on RhoA activation (Chiquet et
al., 2004; Maier et al., 2008; Miralles et al., 2003; Sarasa-Renedo
et al., 2006; Zhao et al., 2007) were shown to be defective in the
absence of fibronectin. All effects occurred in both fibronectin-
knockdown and fibronectin-knockout fibroblasts. However, the
normal activation of ERK and PKB/Akt following mechanical
stress in the absence of fibronectin indicates that
mechanotransduction is not affected in general. Experiments made
with fibronectin fragments and addition of soluble heparin showed
that RhoA-dependent responses to cyclic strain depend on a major
heparin-binding site of fibronectin. This fact and the inhibitory
effect of tenascin-C protein on its own induction by mechanical
stress both seem to indicate the possible involvement of syndecan-
4 in the observed responses. The precise role and putative co-
operation of fibronectin receptor o581 integrin and syndecan-4
(Fig. 10) have to be addressed in future experiments. Nonetheless,
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our present results implicate pericellular fibronectin in the activation
of a specific pathway that changes cytoskeletal structure and gene
expression in response to external mechanical stress, and they
suggest ways in which this pathway is regulated.

Materials and Methods

Cell culture

A kidney MEF cell line immortalized by stable transfection with SV40 large-T
antigen was used to produce stable fibronectin-knockdown mouse embryo fibroblasts
(MEFs) (Graness et al., 2006). Cells were transfected with purified plasmid DNA
encoding shRNA against mouse fibronectin (MISSION shRNA Bacterial Glycerol
Stock from Sigma, Buchs, Switzerland) by means of the MEF nucleofactor kit
(Amaxa, Lonza, Basel, Switzerland). Transfected cells were seeded and clones
resistant to puromycin were selected. By the same procedure, fibronectin-knockdown
REFs were generated from wild-type REFs. A kidney MEF cell line containing a
floxed fibronectin gene (FN") and a fibronectin-knockout MEF cell line (FN™)
(Fontana et al., 2005; Sakai et al., 2001) were obtained from Michael Leiss and
Reinhard Fassler (Max-Planck Institute for Biochemistry, Martinsried, Germany).
The original cells were maintained at 37°C with 6% CO, in Dulbecco’s modified
Eagle medium (DMEM; Seromed, Basel, Switzerland) containing 10% fetal calf
serum (FCS; Gibco/Invitrogen, Basel, Switzerland). Fibronectin-knockdown clones
were maintained in the same medium to which puromycin was added at 2 pg/ml.

Generation of fibronectin fragments

160- and 135-kDa cell-binding fragments of fibronectin were generated as described
(Ehrismann et al., 1982) (supplementary material Fig. S3A). Briefly, fibronectin
from 50 ml horse serum was adsorbed to gelatin-Sepharose and digested on the
column with 20 pug/ml crystalline chymotrypsin (Serva, Heidelberg, Germany) for 5
minutes. Eluted (non-gelatin binding) fragments were collected into tubes containing
protease inhibitors, pooled, and adsorbed to heparin-Sepharose to remove
chymotrypsin and protease inhibitors. Bound 160 and 135 kDa fragments were
eluted from the heparin affinity column with 1 M NaCl, 20 mM sodium phosphate,
pH 7.4. A fibronectin fragment comprising type 111 domains 7-11 was expressed as
described (Bloom et al., 1999). Briefly E. coli strain DH5a harboring the expression
vector (obtained from Gertraud Orend, University of Strasbourg, Strasbourg, France)
was grown to late log-phase and induced with 1 mM IPTG for 4 hours. Cells were
harvested, lysed by sonification in lysis buffer (50 mM NaH,PO,, 150 mM NacCl,
pH 7.2, 1 mM DTT, 1 mM EDTA, 1% Triton X-100, 1 mg/ml lysozyme, protease
inhibitors (Roche, Basel, Switzerland), and the GST-tagged recombinant fragment
was purified using glutathione-Sepharose beads (Qiagen, Basel, Switzerland).

Matrix coating and plating of cells

For cyclic strain experiments, silicone membranes of Flexercell 11 six-well plates
were coated for 3 hours with purified horse serum fibronectin at 50 pg/ml in
Dulbecco’s phosphate buffered saline (PBS) (Chiquet et al., 2004). Alternatively,
silicone membranes were coated with vitronectin at 20 pug/ml (Abcam, Cambridge,
UK) for 90 minutes and then allowed to air dry. Concentrations used for coating
were saturating for cell adhesion and roughly adjusted to the molecular mass of the
respective proteins. Air drying was used because a more homogeneous coating of
the very hydrophobic silicone membrane was achieved, and no loss of adhesive
activity was observed compared with coating glass or culture plastic without drying.
In some experiments tenascin-C, purified from chick embryo fibroblast conditioned
medium (Chiquet-Ehrismann et al., 1988), was mixed with fibronectin or vitronectin
during coating. Concentrations used for coating of tenascin-C (TnC)-containing
substrates were: FN and TnC (50 pug/ml and 50 pg/ml), TnC (50 pg/ml), VN and
TnC (20 pg/ml and 50 pg/ml). Other matrix proteins were used at the following
coating concentrations: FN CHB (30 ug/ml), FN 7-11 (20 ug/ml), Collagen (Serva,
Heidelberg, Germany; 2 mg/ml). For inhibition experiments, porcine intestinal
mucosa heparin (Sigma, Buchs, Switzerland) was added at 100 ug/ml 24 hours
before applying strain. For immunofluorescence experiments, 40,000 cells and, for
biochemical experiments 90,000 cells were plated in DMEM containing 3% FCS
depleted of fibronectin by two passages over gelatin-Sepharose (Amersham,
Wadenswil, Switzerland). Cells were allowed to attach, spread and deposit their own
matrix for 20 hours. After washing with serum-free medium, cells were starved for
a further 20 hours in DMEM containing a low concentration of fibronectin free
serum (0.03% to determine tenascin-C protein and mRNA, 0.3% for all other
experiments) and cells were subsequently subjected to cyclic strain in this medium.
For analyzing tenascin-C deposition into the matrix, cells were kept in culture for a
further 18 hours after straining.

Mechanical loading of cells

Culture dishes were mounted on a Flexcell FX-4000 machine (Dunn Labortechnik,
Asbach, Germany) and cells were subjected to equibiaxial cyclic strain (10%, 0.3
Hz) at 37°C for the times indicated (5 minutes to 6 hours). After mechanical
stimulation, cells were fixed with 4% paraformaldehyde for phalloidin and
immunofluorescence staining (see below). Alternatively, cells were lysed in RNA
isolation buffer from an RNA purification kit (RNeasy, Qiagen, Basel, Switzerland).
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If used, cell-permeable C3-transferase at 0.25 ug/ml (Cytoskeleton, LuBioScience,
Luzern, Switzerland) was added 30 minutes before cyclic strain.

Rho-activity assay

Silicone membranes with attached cells were washed with cold TBS, lysed and Rho
activity was measured using a previously described method (Ren and Schwartz,
2000). Briefly, cells were lysed in cold lysis buffer (50 mM Tris-HCI, pH 7.2, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaC1, 10 mM
MgC1,, 10 pug/ml each of leupeptin and aprotinin, and 1 mM PMSF) and GTP-Rho
was affinity precipitated using Rhotekin-GST-Sepharose beads (for production of
beads and precipitation see Ren and Schwartz (Ren and Schwartz, 2000) and Sarasa-
Renedo et al. (Sarasa-Renedo et al., 2006). Affinity precipitated RhoA was quantified
in parallel with total cellular RhoA from cell lysates by western blot analysis with
an antibody against RhoA (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:75 in
TBS, 5% BSA, 0.1% Tween.

Immunofluorescence and phalloidin staining

Silicone membranes with attached, fixed cells were permeabilized and incubated at
room temperature for 30 minutes in PBS containing 3% BSA and 0.1% Triton X-
100. Rabbit polyclonal antiserum to horse serum fibronectin (crossreacting with
mouse) (Wehrle and Chiquet, 1990) and monoclonal antibody 65F13 against mouse
MAL (Maier et al., 2008) were described previously. Cells were then stained for 1
hour at room temperature with anti-fibronectin antiserum diluted 1:300, anti-MAL
mAb 65F13 supernatant diluted 1:10, anti-vinculin 1:1000 (Sigma, Buchs,
Switzerland) and/or anti-a/5-integrin 1:500 (BD Pharmingen, Basel, Switzerland) in
PBS containing 3% BSA and 0.1% Triton X-100. After staining, cells were washed
three times with PBS, 0.1% Triton X-100, incubated for 1 hour with Alexa Fluor
546-labeled phalloidin (Sigma) and either Alexa Fluor 488-labeled goat anti-rabbit
or Alexa Fluor 488-labeled goat anti-mouse 1gG (Sigma). Cells were again washed
three times with PBS, 0.1% Triton-X100 and mounted in Prolong Gold antifade
reagent (Invitrogen, Basel, Switzerland). Slides were examined with a Zeiss Z1
microscope equipped with a 20</0.8 NA objective, Zeiss filter cubes no. 38HE for
Alexa Fluor 488, no. 43 for Alexa Fluor 546 and a Zeiss MRm camera.

Immunoblotting

Wild-type, clone 1.2 and clone 8.3 cells were left at rest or subjected to cyclic strain
for 5, 10 and 15 minutes, respectively. Cells were then immediately washed with ice-
cold PBS and subsequently scraped in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 1% NP-40, 0.25% sodium deoxycholate and 1 mM EDTA) containing
protease and phosphatase inhibitors (Roche, Basel, Switzerland). Lysates were
cleared by centrifugation, resolved on 10% polyacrylamide-SDS gels and blotted to
nitrocellulose. Blots were incubated with one of the following antibodies diluted in
TBS (0.1% Tween, 3% BSA): rabbit antibody against Erk1/2 (1:1000), mouse mAb
against phosphorylated Erk1/2 (1:1000), rabbit antibody against phosphorylated Akt
(S473) (1:1000) (all Cell Signaling; BioConcept, Allschwil, Switzerland) or rabbit
antibody Ab10 against PKB/Akt (1:500) (Jones et al., 1991). Tenascin-C in cell or
cell-matrix lysates was detected using the rat monoclonal anti-tenascin-C antibody
mTn-12 (1:50) (Aufderheide and Ekblom, 1988). For detection of fibronectin, blots
were incubated with polyclonal antiserum against fibronectin (see above) diluted
1:300. Non-reducing gels were run to analyze integrin expression levels. After
blotting to PVDF membranes, o5 integrin (rat monoclonal, 1:250, BD Bioscience,
Allschwil, Switzerland), ov integrin (mouse anti-CD51, 1:250, BD Biosciences) and
B1 integrin (rat monoclonal, 1:1500, BD Bioscience) were used for detection. In all
cases, blots were washed and subsequently incubated with peroxidase-labeled
secondary antibodies (1:2000; Cappel/ICN Biomedicals; EGT Chemie, Switzerland)
and developed with ECL reagent (Amersham, Wadenswil, Switzerland).

Quantification of mRNA levels by real-time PCR

RNA was isolated from scraped cell lysates by the RNeasy procedure (Qiagen,
Basel, Switzerland). RNA was then reverse-transcribed with a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Rotkreuz, Switzerland). TagMan
real-time PCR primer/probe mixtures for mouse tenascin-C (Mm00495662_ml), and
mouse GAPDH (Mm99999915_gl) as well as TagMan Universal Master Mix were
purchased from Applied Biosystems. For each experimental condition, reverse-
transcribed cDNA was amplified for each gene on an ABI Prism 7000 real-time PCR
cycler (Applied Biosystems). Data were analyzed by the ACt method (Livak and
Schmittgen, 2001), i.e. values for tenascin-C were normalized to GAPDH for each
sample. These data are shown in the graphs rather than data produced by further
normalization to the resting controls [AACt method (Livak and Schmittgen, 2001)].
Data are the means + s.e.m. of 3-4 independent experiments. Statistical significances
between rest and stressed conditions were determined by two-way ANOVA.
Differences of P<0.05 were considered significant.
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IV.4 Pericellular fibronectin is required for RhoA-
dependent responses to cyclic strain in fibroblasts
(high quality figures and supplementary material)
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Fig. 1. Fibronectin expression levels and integrin profiles of fibronectin knockdown (8.3),
fibronectin knockout (FN-/-), and control (FNf/f, 1.2, wild type) MEF. (A) Cells were plated on
cell culture plastic and grown for 48 hours in DMEM containing 3% fibronectin-depleted FCS, either
without (top) or with fibronectin added at 100 pg/ml (bottom). Cells were subsequently fixed and
double-stained with phalloidin (red) and anti-fibronectin (green). Scale bar is 50 pm. Note that 8.3
and FN-/- assembled pericellular fibronectin fibrils only in the presence of exogenous fibronectin. (B)
Cells were grown for 48 hours on tissue culture plastic and subsequently detached from the matrix by
detergent. Matrices were scraped into Laemmli buffer and analyzed by immunoblotting against
fibronectin. Cell lysates were blotted for GAPDH as a loading control. Graph shows the average
relative expression of fibronectin to GAPDH quantified from independent experiments. (C) Cell
extracts were immunoblotted for ay, as and B; integrins to check their expression levels; GAPDH was
used as a loading control.
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Fig. 2. Cyclic strain activates RhoA only in the presence of pericellular fibronectin. (A)
Fibronectin knockout (FN-/-) and control MEF (FN{f/f) were culured on either vitronectin (top) or
fibronectin (bottom) for 48 hours. Cells were then cyclically strained (10%, 0.3Hz) for 5 minutes and
active RhoA levels were determined by Rho pull down experiments. (B) Graph showing average
levels of active RhoA from independent experiments. Values are normalized to levels in FNf/f cells at
rest on vitronectin.
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Fig. 3. Cyclic strain-induced actin reorganization requires a pericellular fibronectin matrix. (A)
Wild type MEF, the fibronectin-expressing clone 1.2 and the fibronectin knockdown clone 8.3 were
seeded on vitronectin (top) or fibronectin coated (bottom) silicone membranes. Two days after plating
in DMEM plus 0.3% fibronectin-depleted FCS, cells were cyclically strained (10%, 0.3Hz) for 6
hours and subsequently stained for the actin cytoskeleton. (B) Statistical analysis of different
independent experiments as depicted in A. For every experiment, 100 cells per condition were
analyzed and peripheral actin stress fiber bundles per cell were determined. Peripheral actin bundles
were defined as locations where single visible stress fibers merged in the cell periphery into larger and
thicker, bright foci. (C) The experiment described in A carried out with fibronectin knockout MEF
(FN-/-) and the matched fibronectin-expressing control cells (FNf/f). (D) The statistical analysis
described in B carried out on the results of different independent experiments shown in C. Note the
missing actin reorganization in the fibronectin-deficient clones 8.3 and FN-/- on the vitronectin, but
not on the fibronectin substrate. Scale bars are 50 pm.
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Fig. 4. Pericellular fibronectin is necessary for the cyclic strain-induced translocation of
MAL/MKLI1 to the nucleus. (A) Wild type MEF, the fibronectin-expressing clone 1.2 and the
fibronectin knockdown clone 8.3 were seeded on either vitronectin (top) or fibronectin (bottom). Two
days after plating, cells were cyclically strained for 1 hour and subsequently fixed and stained for
MAL. Scale bar is 50 um. (B) Statistical analysis of three independent experiments as depicted in A.
For every experiment, 100 cells per condition were analyzed and MAL staining was scored as either
nuclear or cytoplasmic. The graph shows the mean percentage of cells with nuclear MAL (+/- SEM).
Light columns represent values before and dark columns values after 1 hour of cyclic strain. (C) The
experiment described in A carried out with fibronectin knockout MEF (FN-/-) and the matched
fibronectin-expressing control cells (FNf/f). (D) The statistical analysis described in B carried out on
the results from three independent experiments shown in C. Note the absence of MAL translocation in
response to cyclic strain in the fibronectin-deficient clones 8.3 and FN-/- when plated on vitronectin
but not on fibronectin.
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Fig. 5. Tenascin-C mRNA and protein levels are induced by cyclic strain only in the presence of
pericellular fibronectin. (A, B) Wild type MEF (Wt), the fibronectin-expressing MEF clone 1.2 and
the fibronectin knockdown MEF clone 8.3 were seeded on (left) vitronectin or (right) fibronectin
coated silicone membranes and grown for 48 hours. Cells were then left at rest (R) or subjected to
cyclic strain (S) for 6 hours followed by a further 18 hours at rest, during which tenascin-C was
deposited into the matrix. (A) Lysates were immunoblotted for fibronectin (FN), tenascin-C (TnC)
and vinculin as standard. (B) The ratios of tenascin-C to vinculin were calculated from densitometry
measurements on immunoblots from three independent experiments. Light bars represent rest and
dark bars strained conditions. (C) Wt, 1.2 and 8.3 cells were seeded on vitronectin (left) or fibronectin
(right), cultured for 48 hours as above and then subjected to 1 hour of cyclic strain. Tenascin-C
mRNA levels were measured by quantitative PCR relative to GAPDH and normalized to the values of
wild type cells at rest. (D) As in C but with fibronectin knockout (FN-/-) and control (FNf//f) MEF.
Due to variation in basal tenascin-C levels, FNf/f and FN-/- were normalized individually to their
respective rest values on vitronectin.
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Fig. 6. Activation of ERK and PKB/Akt by cyclic strain does not depend on the presence of
pericellular fibronectin. As in the previous experiments, fibronectin wild type and deficient MEF
were cultured on vitronectin- or fibronectin-coated silicone membranes and cyclically strained for the
indicated times (min). (A) Immunoblots of ERK and phosphorylated ERK (p-ERK) at rest (0) and
after 5 minutes of cyclic strain. (B) The ratios of p-ERK to total ERK were calculated from
densitometry measurements on immunoblots from three independent experiments. Light bars
represent rest and dark bars strained conditions (5 minutes). (C) Immunoblot of PKB/Akt and
phosphorylated PKB/Akt (p-PKB) at rest (0) and after 10 and 15 minutes of cyclic strain. (D) The
statistical analysis described in B carried out on the results from three independent experiments shown
in C. Light bars represent rest and dark bars strained conditions (10 minutes).
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Fig. 7. Response of rat embryo fibroblasts (REF) to cyclic strain depends on the time
endogenous fibronectin has been allowed to accumulate in the matrix. R2A is a partial fibronectin
knockdown clone derived from REF. (A) Immunofluorescence staining of actin (red) and endogenous
fibronectin (green) of detergent-permeabilized REF and R2A plated on tissue culture plastic. Cells
were fixed 24 hours (left) or 48 hours (right) after plating. Scale bar is 50um. (B) REF and R2A were
plated on vitronectin or fibronectin and strained for 1 hour after 24 or 48 hours in culture. Induction of
tenascin-C mRNA was measured by qPCR. Light columns represent values before and dark columns
values after 1 hour of cyclic strain. Note the correlation between fibronectin matrix accumulation on
vitronectin and the level of tenascin-C induction in R2A cells.
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Fig. 8. The cell binding site and adjacent heparin binding region of fibronectin are necessary for
full induction of tenascin-C mRNA by cyclic strain.

(A) Fibronectin knockout MEF (FN-/-) were plated on elastic silicone membranes coated with either
fibronectin (FN), fibronectin 160/135 kDa chymotrypsin fragments (FN CHB), fibronectin type 3
domain 7-11 (FN 7-11) or collagen I (Coll) and cultured for 48 hours. In FN+Hep cells were plated on
fibronectin and soluble heparin was added at 100 ug/ml 24h after plating. For all conditions cells were
then kept at rest or subjected to 1 hour of cyclic strain. Tenascin-C mRNA levels were measured by
quantitative PCR relative to GAPDH and normalized to the rest-values on fibronectin. Light columns
represent values before and dark columns values after 1 hour of cyclic strain. (B) As above but FN-/-
MEF were plated on elastic silicone membranes coated with either fibronectin (50 pg/ml),
fibronectin/tenascin-C (50 pg/ml / 50 pg/ml) or tenascin-C (50 pg/ml). (C) As B but fibronectin-
expressing MEF (FNf/f) were used. In addition tenascin-C induction was also measured on vitronectin
(20 pg/ml) or vitronectin/tenascin-C (20 pg/ml / 50 pg/ml).
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Fig. 9. Fibronectin-deficient MEF lack integrin as-containing fibrillar adhesions when plated on
vitronectin. Fibronectin-expressing (FNf/f) and deficient (FN-/-) MEF were grown on either
vitronectin (upper left), fibronectin (upper right), the fibronectin type Il repeat 7-11 fragment (7-11,
lower left) or the fibronectin cell and adjacent heparin binding site fragment (CHB, lower right) for 48
hours. Cells were then fixed and subsequently stained for vinculin and a5 integrin. Note that
fibronectin-deficient cells do not form a5 integrin-containing fibrillar adhesions on vitronectin. Scale
bar is 50 pum.
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Fig. 10. Schematic model representing activation of RhoA-mediated responses by cyclic strain
and induction of a negative feedback loop. (A) Phosphorylation of PKB/Akt and ERK by cyclic
strain is not dependent on the presence of fibronectin and may be mediated mainly by o,p; integrins
that are enriched in focal adhesions. Induction of RhoA-mediated responses such as actin
reorganization, MAL translocation and upregulation of tenascin-C by cyclic strain require fibronectin,
which is mainly bound to asf; in fibrillar adhesions. (B) In the absence of fibronectin these RhoA-
mediated responses are not induced. (C) In the presence of fibronectin, the tenascin-C synthesized and
deposited in response to cyclic strain may suppress RhoA activation on further mechanical stress and
negatively regulate its own induction.
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Fig. S1. Normal MEF cultured on a vitronectin substrate secrete fibronectin and assemble it
into a matrix. MEF were plated on elastic silicone membranes coated with 20 pg/ml vitronectin and
cultured in DMEM containing 3% fibronectin-depleted serum for 48 hours. Cells were subsequently
fixed and stained with anti-fibronectin antibody. Scale bar is 50 um.

Fig. S2. Cyclic strain-induced translocation of MAL depends on activation of RhoA. MEF were
cultured on fibronectin and starved overnight in low serum. Cell permeable C3 transferase was added
at 0.25 pg/ml 30 minutes prior to applying cyclic strain for 1 hour. Cells were subsequently fixed in
paraformaldehyde and stained for MAL. Scale bar is 50 um.
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Fig. S3. Coomassie gels of purified fibronectin type III 7-11 fragment (FN 7-11) and 160/135
kDa chymotryptic fibronectin fragments (FN CHB). (A) Coomassie gel of full length fibronectin
(left) and the chymotryptic fragments appearing in the flowthrough of the gelatin-Sepharose column
(right). (B) Coomassie gel of bacterial lysate (left) and the FN 7-11 fragment isolated by adsorption to
glutathione-Sepharose. For details of purification, see Materials and Methods.
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Fig. S4. Fibronectin-deficient MEF do not form tensin-positive adhesions on a vitronectin
substrate. Fibronectin-expressing (FNf/f) and deficient (FN-/-) MEF were transfected with GFP-
tensin and grown on fibronectin or vitronectin-coated glass slides for 48 hours. Cells were then fixed
and subsequently stained for vinculin and fibronectin. Normally, tensin and vinculin co-localize in
matrix adhesions. However, note that in fibronectin-deficient cells on vitronectin substrate,
transfected tensin is not assembled into adhesion sites but forms intracellular aggregates. Scale bar is
50 pm.
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IV.4.1 Summary

Cells adhere to substrates by means of cell-matrix adhesions, where integrins join
extracellular matrix (ECM) proteins to the intracellular actin cytoskeleton by means of
adaptor proteins. In fibroblasts three major types of matrix adhesions can be distinguished.
They are assembled in a hierarchical way, thereby gaining in protein complexity and size.
However, whether matrix adhesion maturation can be inhibited by restricting their size, and
how this affects cell morphology is not known. Using stenciled gold-patterns with covalently
linked RGD-peptides in the sub-micrometer range, we managed to restrict matrix adhesion
length at different levels between 250 nm and 2 um. Here we show that restriction of matrix
adhesion growth to a length of 500 nm or less lead to a disruption in maturation of focal
complexes into focal adhesions, as indicated by poor recruitment of as integrin to these
adhesion sites. Fibroblasts on such nano-patterned substrates were absent in classical fibrillar
adhesions and showed altered fibronectin fibrillogenesis. In addition, cells remained
roundish, formed excessive numbers of lamellipodia, and polymerized actin only into a fine
meshwork but lacked stress fibers. However, migration speed was clearly reduced versus
fibroblasts on 2000 nm RGD-coupled gold pattern. The method of RGD-coupled gold-
patterns presented here constitutes a powerful tool to manipulate cell attachment. Our results
indicate that specific signaling deriving from focal complexes affect actin dynamics at a basic
level which influences cell morphology, cell adhesion maturation, fibronectin fibrillogenesis

and migration.
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I1V.4.2 Introduction

Cell adhesion to a substrate is mediated via adhesion receptors, mainly integrins, that play
key roles in transmembranal signaling processes regulating cell behavior and fate (Geiger et
al., 2009). Integrins are composed of type I transmembrane o and B subunits that bind,
depending on their composition, a variety of extracellular matrix proteins with different
affinity. Intracellularly, integrins are linked to the actin cytoskeleton by means of specialized
adaptor proteins (Zamir and Geiger, 2001). Most of the latter contain multiple domains
through which they can interact with different molecular partners, forming a dense and
heterogenous protein network. Recruitment of adaptor proteins into adhesion sites depends
on competition, conformational state and tyrosine phosphorylation of potential binding
partners (Zamir and Geiger, 2001). Interaction partners also involve kinases like Src and
FAK that build a platform for early steps of signaling by various pathways. At cell-matrix
adhesion sites fibroblast constantly integrate mechanical stimuli into chemical signals. A
signaling cascade that is well established to be activated by mechanical stimuli is the
RhoA/ROCK pathway (Sarasa-Renedo et al., 2006; Smith et al., 2003). RhoA is a small
GTPase that promotes actin stress fiber formation when activated. Evidence is growing that
integrin asB; and its ligand fibronectin are responsible for activation of RhoA by mechanical
signals (Danen et al., 2002; Lutz et al., 2010). Rac, another Rho-family GTPase, is seen as an
opponent of RhoA (Rottner et al., 1999) stimulating the assembly of a fine meshwork of actin
filaments at cell borders and the production of extending lamellipodia (Hall, 1998; Nobes and
Hall, 1995). A lamellipodium represents the “leading edge” of a moving or spreading cell and
is the birthplace of cell-matrix adhesions called focal complexes. These small, dot-like
adhesions are less than 1 pm?® in area and characterized by the colocalization of a,p; integrin,

paxillin, talin, vinculin, FAK and phosphotyrosine (Geiger et al., 2001; Harjanto and Zaman,
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; Wolfenson et al., 2009). Focal complexes are highly ephemeral, and either disassemble or
mature into focal adhesions by growing in size and recruiting additional proteins like zyxin,
tensin, and asf; integrin. This maturation is dependent on myosin-II and can be arrested with
inhibitors of the RhoA/ROCK pathway (Alexandrova et al., 2008; Wolfenson et al., 2009).
Further traction on focal adhesions by means of the actin cytoskeleton pulls out asp; integrin
and tensin from them, initiating the formation of fibrillar adhesions (Zamir et al., 2000).
During this process fibronectin bound to asP; is stretched and exposes self-assembly sites
leading to the formation of fibronectin fibrils. As described above, the different cell-matrix
adhesions are assembled in a hierarchical way. The results presented in this article show that
cell-matrix adhesion maturation can be arrested by restricting their size and hence their
growth. This affects cell morphology, the actin cytoskeleton, fibronectin fibrillogenesis, the
recruitment of o5 integrin into adhesion sites and migration behavior suggesting a distinct

signaling from the different stages of cell-matrix adhesions during maturation.

IV.4.3 Results

Design of the gold-pattern

During cell adhesion and migration fibroblasts form cell-matrix adhesions in a hierarchical
manner (Zaidel-Bar et al., 2004). Thereby these adhesions evolve through different stages,
each with different protein composition, shape and size. We asked whether preventing cells
from forming adhesion sites above a certain size would inhibit the maturation of focal
complexes to focal adhesions. To this aim, cells were grown on gold square patterns in the
sub-micrometer range that were applied to glass surfaces with a nanostencil technique (ref).
While the area surrounding the gold squares was passivated with PLL-PEG, RGD peptide

was covalently linked to the gold to provide restricted and integrin-specific cell attachment.
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Four different patterns with gold squares ranging from 250 nm to 2000 nm were designed
(figure 1). To ensure that cells on different patterns always had the same area to attach, the
patterns were designed in a way that the surface area of RGD-coupled gold was fixed to 25%
of the total substrate area. Thereby the only difference between the patterns was the
distribution of adhesive RGD-gold ligand. For controls, cells were plated on plain (i.e.

unpatterned) RGD-gold or on plain PLL-PEG passivated glass.

Cells form adhesion sites only on RGD-coupled gold areas.

Gold patterns were coupled with 3 mg/ml RGD solution for 24 hours and subsequently
passivated with 0.2 mg/ml PLL-PEG in PBS for 2 hours. Patterns were then washed several
times with PBS, and mouse embryo fibroblasts (MEF) were plated in 3% FCS/DMEM. The
FCS used was depleted of fibronectin to reduce deposition of this adhesive glycoprotein to
the passivated areas. Cells were allowed to attach and spread for 4 hours, and subsequently
fixed with paraformaldehyde and stained for vinculin (figure 2). Besides the staining around
the nucleus that was found on all surfaces, staining for vinculin on plain gold was found in
elongated cell adhesions primarily at the cell border with radial orientation towards the cell
center. On the 2000 nm and 1000 nm pattern vinculin stained cell adhesion sites that were
located on top of the RGD-coupled gold squares. A more intense staining was usually
detected in adhesion sites (focal adhesions) in the periphery. However it was also present in
more central cell adhesions. On the 250 nm and 500 nm patterns vinculin was assembled in
small cell adhesions (focal complexes) around lamellipodias. On all patterns, cell adhesions
that stained for vinculin were located on areas coated with RGD-coupled gold. In the absence
of gold or without coupling of RGD, cells did neither attach nor spread to the passivated

substrate (not shown).
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MEF show an altered morphology on RGD-coupled gold squares smaller than 1000 nm.
By plating and growing fibroblasts on gold patterns as described in figure 2, we found clear
differences in cell morphology on the different patterns already by looking at the cells with a
light microscope. To analyze cell-shape more precisely, we fixed cells after 4 hours and co-
stained fibroblasts for vinculin and actin. On plain gold as well as on the 2000 nm and the
1000 nm pattern, cells were well spread 4 hours after plating (figure 3). Fibroblasts were
polarized with usually 3 to 7 processes and few (1-2) lamellipodia. However, on the 500 nm
and the 250 nm pattern the cell morphology changed drastically. Cells assumed a phenotype
with an average of 4 to 7 extended lamellipodia per cell but no spike-like processes.
Lamellipodia did not localize to a specific side of the cell but rather formed all around the
perinuclear cell body. On the 500 nm and the 250 nm pattern cells were also less elongated
with an average maximal long axis of 50 um. The larger the gold-squares of the pattern, the

larger the maximal long axis was measured and reached about 100 um on plain gold.

Fibroblasts on RGD-coupled gold squares smaller than 1 umz form an actin meshwork
rather than thick actin stress fibers.

We found clear differences the number of lamellipodia in fibroblasts grown on different gold
pattern (figure 3) and cells showed a different morphology (figure 2). Since actin structures
are largely involved in these processes, we wanted to analyze the actin cytoskeleton more
precisely. To this aim we prepared gold pattern and plated, grew and fixed fibroblasts as
described in figure 2. Cells were then stained with alexa labeled phalloidin and analyzed by
fluorescence microscopy. In fibroblasts on plain gold we found thick actin fibers throughout
the cell often bundled in the cell center forming actin focis (figure 4). Also on the 2000 nm
pattern thick actin structures were identified. Some spanned through the cell but most of them

were found along the cell border. This might be a reason why actin foci were hardly found on
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these patterns. Fibroblasts on the 1000 nm pattern only exhibited thick actin fibers at the cell
border. More proximal actin structures were rather fine but still aligned in a parallel fashion.
On the 250 nm and 500 nm pattern thick actin fibers were basically absent. In some cells
actin bundles of average thickness were found along the cell border between lamellipodia.
However most of the actin was polymerized into a fine meshwork in the lamellipodias and
also in the cell body. To quantify our observations, images from three independent
experiments with a total of around 50 cells per pattern were used. The threshold of the 8-bit
pictures was set at 150 and remaining visible structures with a fibrillar shape were counted as
actin stress fibers. The number of these actin fibers increased from almost zero on the 250 nm
and 500 nm patterns up to 5 prominent actin fibers in average on plain gold (figure 4 lower
panel). The length of these structures gradually increased from 10 pm on the 250 nm pattern

to 40 um on plain gold.

MEF on RGD-coupled gold squares smaller than 1 umz only form short and thin
fibronectin fibrils.

Fibronectin fibrillogenesis is dependent on actomyosin contraction (Wierzbicka-Patynowski
and Schwarzbauer, 2003). Since cells on the 250 nm and 500 nm pattern assembled actin into
a meshwork rather than forming actin fiber bundles, we asked whether these cells might be
able assemble fibronectin into fibrils. Therefore we grew cells on RGD-coupled gold pattern
as described in figure 2. Cells were fixed with paraformaldehyde 4 hours after plating and
subsequently stained with anti fibronectin antibody (figure 5). Within this short time
fibroblasts on plain gold as well as on the 2000 nm and 1000 nm pattern assembled their
secreted fibronectin into a few relatively thick fibrils per cell. The fibrils reached a length of
15 to 30 um in average. Conversely, on the 500 nm and the 250 nm pattern cells assembled

more but thin and short fibronectin fibrils. To quantify our results fibrils with a length above
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3 um were scored. On the 250 nm and the 500 nm patterns, cells formed in average 6-7 fibrils
with a size longer than 3 um. On the patterns larger than 500 nm these numbers gradually
decreased. However, fibronectin fibrils increased in length. Especially on the small patterns
(250 nm and 500 nm) a large number of fibrils shorter than 3 um were observed. However
they were often difficult to distinguish from plaque-like fibronectin aggregates and therefore

not included for quantification.

Integrin as is poorly recruited to matrix adhesions if fibroblasts are plated on RGD-
coupled gold squares smaller than 1000 nm.

Maturation of focal complexes into early focal adhesion is accompanied with a recruitment of
os integrin (Zaidel-Bar et al., 2004). In a later stage as integrin is pulled out of early focal
adhesions to form fibrillar adhesions leaving late focal adhesions behind with low
incorporation of integrin os (Zamir et al., 2000). However as is largely absent from focal
adhesions. To analyze the localization of a5 integrin and to confirm that the small structures
detected in fibroblasts on the 250 nm and 500 nm pattern are focal complexes, we observed
as integrin by immunofluorescence. To this aim we grew fibroblasts on gold patterns as
described in figure 2 and stained cells with an anti integrin os antibody (figure 6). On plain
gold as well as on the 2000 nm and 1000 nm pattern, MEF bridged neighboring RGD-gold
squares by pulling out as integrin as fibrillar adhesions. Thus, cells overcame growth-
restriction of fibrillar adhesions given by pattern. However focal adhesions were still
localized to RGD-gold only as seen by the vinculin staining (figure 2). In contrast, on RGD-
coupled patterns with dot size smaller than 1000 nm, staining for as integrin in matrix
adhesions was clearly decreased. A small amount of as integrin was still found in short
fibrillar structures. These structures entirely colocalized with the small fibronectin fibrils seen

in figure 5 (not shown).
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Fibroblasts show decreased motility on 500 nm versus 2000 nm RGD-coupled gold
squares.

Fibroblasts on RGD-coupled gold pattern smaller than 1000 nm showed excessive amounts
of lamellipodia (figure 3). These structures are found at the leading edge of migrating cells
(Hall, 1998). To investigate if these high amounts of lamellipodia also lead to increased
motility we plated fibroblasts on RGD-coupled gold patterns (500 nm and 2000 nm) as
described in figure 2 and pictured the cells by time-lapse microscopy for 6 hours (see
supplementary video). On both patterns it took 1-2 hours until the cells started to flatten and
form cell protrusions. These cell protrusions were highly dynamic and found around the cell
in different patterns every 2 2 minutes when a new picture was made. In contrary to cells on
the 500 nm pattern that remained in this phenotype, fibroblasts on the 2000 nm pattern
assumed a more spread and elongated shape 3 hours after plating. These cells also started to
pull themselves along the substrate 3-4 hours after plating. Interestingly, despite the high
amounts of lamellipodia found in fibroblasts on 500 nm patterns (figure 3), cells hardly
changed position on this substrate. To analyze this phenomenon more precisely we tracked
cells 3 hours after plating for 3 hours and thereby determined their speed. For every pattern 3
independent experiments were performed and 12-15 cells per experiment were tracked. The
speeds of all cells analyzed are represented in a box plot (figure 7A). Cell tracks of one
experiment on each pattern are represented by tracking plots (figure 7B). A representative
cell on both the 500 nm and the 2000 nm pattern are shown at 2, 3, 4, 5 and 6 hours after
plating (figure 7C). The cell on the 500 nm pattern remains roundish with branching
lamellipodia all around the cell body. On the 2000 nm pattern the cell assumes an elongated

shape
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IV.4.4 Discussion

In the present study we used RGD-coupled gold pattern of different sizes to restrict growth of
matrix adhesions to 250 nm, 500 nm, 1000 nm and 2000 nm in length and compared them to
cells plated on plain RGD-coupled gold. The coverage of RGD-coupled gold on all patterns
was set to 25%, making the patterns different only by the size and distribution of adhesive
spots. Thereby we showed that limiting cell adhesion size affects cell morphology, the actin
cytoskeleton, fibronectin fibrillogensesis. The separation between two different types of cell
morphologies occurred between the 500 nm and the 1000 nm pattern. Localization, size and
a5 integrin content of matrix adhesions formed suggest that cells on a pattern smaller than
1000 nm only form focal complexes while on patterns > 1000 nm cells are able to mature
these focal complexes into focal adhesions. This maturation is accompanied by formation of
thick actin fibers, an elongated spreading of the cells, and the generation of long fibrillar
adhesions that lead to pronounced fibronectin fibrillogenesis. Analysis of the migration
behavior of cells on patterns smaller than 1000 nm showed that fibroblasts rapidly formed
and retracted many lamellipodia, however, cells failed to move in a preferred direction. This
may be caused by the lack of cell polarization and the absence of strong actin fibers allowing
the cells to be pulled along the substrate.

The process of cell-matrix adhesion formation and maturation has been discussed extensively
(Wolfenson et al., 2009; Zaidel-Bar et al., 2004; Zamir et al., 2000). However, little is known
about specific signaling deriving from the distinct stages of cell adhesions. Several studies
describe induction of lamellipodia and focal complexes by activation of Rac (Hall, 1998;
Machesky and Hall, 1997; Nobes and Hall, 1995). In our experiments, fibroblasts showed
extensive formation of lamellipodia after plating them on our 250 nm and 500 nm patterns,

indicating that the formation of only focal complexes but not focal and fibrillar adhesions
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was stimulated by these substrate features. This suggests an activation of Racl caused by
focal complexes rather than vice versa. However, Rac was demonstrated to induce new
substrate contacts at the cell front, which are associated with the formation of lamellipodia,
whereas RhoA serves in the maturation of existing contacts (Rottner et al., 1999). It is
becoming more and more evident that asP; integrin bound to its ligand fibronectin is an
initiator of RhoA activation upon plating (Danen et al., 2002; Huveneers et al., 2008) and in
response to cyclic strain (Lutz et al., 2010). Integrin asf; is hardly found in focal complexes
but is recruited upon their maturation into focal adhesions (Harjanto and Zaman). Activation
and signaling through osp; integrin bound to fibronectin would thereby induce RhoA
activation leading to actin stress fiber formation and contraction. Actin contraction on the
other hand then causes fibrillar adhesion formation and fibronectin fibrillogenesis (Zamir et
al., 2000). The large numbers of lamellipodia that fibroblasts form on our 250 nm and 500
nm pattern could be explained by the lack of maturation of focal complexes into osf;
containing focal adhesions. Low levels of osB; would cause low activation of RhoA,
facilitating further Racl-dependent lamellipodia formation. This hypothesis is supported by
the fact that cells spread more extensively and rapidly when plated on fibronectin than on
RGD peptide or vitronectin. On fibronectin, osP; is recruited earlier into focal complexes
(unpublished observations), probably leading to a faster cell adhesion maturation and RhoA
activation. On substrates different from fibronectin (e.g. collagen, vitronectin) cell spreading
can be improved and accelerated by addition of high serum (unpublished observation), which
is known to induce RhoA activation (Ren et al., 1999; Sarasa-Renedo et al., 2006). In fact,
also cells on the 250 nm and 500 nm RGD-gold patterns changed their phenotype into fully
spread cells that could not be distinguished from cells on plain RGD-gold within 24 hours
(not shown). Deposition of cellular fibronectin and/or activation of RhoA independently of

integrin asf; are likely reasons.
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Deficiency of RhoA-activation by cyclic strain in the absence of fibronectin correlated with
the lack of fibrillar adhesions (Lutz et al., 2010). Fibroblasts on our 250 nm and 500 nm
pattern did not show classical fibrillar adhesions and lacked stress fibers, indicating low
RhoA activation. In addition, assembly of fibronectin fibrils on these patterns was clearly
affected as only fine short fibrils were found. A similar finely weaved meshwork of
fibronectin fibrils was found in endothelial cells upon siRNA silencing of RhoA (Fernandez-
Sauze et al., 2009). Together these data indicate that limitation of matrix adhesion size to 500
nm clearly diminishes incorporation of asf3; integrin. This might be the reason for an ablated
RhoA activation, which is crucial for maturation of focal complexes into focal adhesions, the
generation of actin stress fibers, fibrillar adhesions, and a fibronectin matrix consisting of
thick long fibers.

In this study we showed that focal complex maturation can be inhibited by limiting matrix
adhesion size to a length of less than 1 pm® by means of RGD-coupled gold patterns.
However, inhibition of fibrillar adhesion formation once focal adhesions have formed does
not seem to occur with this substrate patterning method. A reason for this might be the
fibronectin secreted by adhering fibroblasts and its ability to be stretched and self-assembled
into fibrils, allowing old sites of cell attachment to be bridged and new to be formed.
Fibronectin knockout cells may help to override this problem, but attempts failed to get such
cells attached on our RGD-gold patterns (not shown). It might be possible that a total absence
of fibronectin and the consequential lack of asP; integrin recruitment would cause a drop in
activation of RhoA below the level needed for cell attachment. However, formation of
fibrillar adhesions is clearly inhibited upon limitation of matrix adhesion size to 500 nm

indicating that preceding maturation into focal adhesions is necessary for this process.
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IV.4.5 Material and Methods

Cell culture
Kidney MEF cells were maintained at 37 °C with 6% CO, in Dulbecco’s modified Eagle
medium D-MEM; Seromed, Basel, Switzerland) containing 10% fetal calf serum (FCS;

Gibco/Invitrogen, Basel, Switzerland).

RGD-coupling of gold patterned coverslips

Patterned coverslips were cleaned in a UV-ozone photoreactor (PR-100, UVP, Upland, CA)
for 30 minutes. Each coverslips was then placed in a 60u-dish (35mm, high) from Ibidi
(Vitaris, Baar, Switzerland) and subsequently coated with a solution of the peptide Gly-Arg-
Gly-Asp-Ser (GRGDS) (Polypeptide, Boulogne, France) at 3 mg/ml in water for 24 hours.
Patterns were then washed 3 times with PBS and passivated with PLL-PEG in water at 0.2
mg/ml for 2 hours. PLL-PEG solution was extensively washed away with PBS and the PBS
was then again changed with D-MEM. Fibronectin free FCS was added at 3% and fibroblasts
were seeded. Dishes were then kept at 37°C and 6% CO, for 4 hours. Cells were then fixed

with 4% paraformaldehyde for 10 minutes.

Plating of cells

For cyclic strain experiments, silicone membranes of Flexercell II 6-well plates were coated
for 3 hours with purified horse serum fibronectin at 100 pg/ml in Dulbecco’s phosphate
buffered saline (PBS) (Chiquet et al., 2004). Alternatively silicone membranes were coated
with vitronectin at 20 pg/ml (Abcam, Cambridge, UK) for 90 minutes and then allowed to air
dry. In some experiments tenascin-C, purified from chick embryo fibroblast conditioned

medium (Chiquet-Ehrismann et al., 1988), was mixed with fibronectin or vitronectin during
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coating. For immunofluorescence experiments, 40'000 cells and, for biochemical experiments
90'000 cells were plated in DMEM containing 3% FCS depleted of fibronectin by two
passages over gelatin-Sepharose (Amersham, Wadenswil, Switzerland). Cells were allowed
to attach, spread and deposit their own matrix for 20 h. After washing with serum-free
medium, cells were starved for a further 20 hours in DMEM containing a low concentration
of fibronectin free serum (0.03% for determing tenascin-C protein and mRNA, 0.3% for all
other experiments) and cells were subsequently subjected to cyclic strain in this medium. For
analyzing tenascin-C deposition into the matrix, cells were kept in culture for a further 18

hours after stretching.

Immunofluorescence and phalloidin staining

Patterned cover slips with attached, fixed cells were permeabilized and passivated at room
temperature for 30 minutes in PBS solution containing 3% BSA and 0.1% Triton-X100
(Sigma, Buchs, Switzerland). Rabbit polyclonal antiserum to horse serum fibronectin (cross-
reacting with mouse) (Wehrle and Chiquet, 1990) was described previously. Cells were then
stained for 1 hour at room temperature with one or several of the following antibodies in PBS
containing 3% BSA and 0.1% Triton-X100: Anti-fibronectin antiserum diluted 1:300, anti as
integrin diluted 1:500 (BD Pharmingen, Basel, Switzerland), anti-vinculin diluted 1:1000
(Sigma, Buchs, Switzerland), Alexa546-labeled phalloidin (Sigma, Buchs, Switzerland).
After staining cells were washed three times with PBS/0.1% TritonX100 and incubated for 1
hour with one or several of the following secondary antibodies: Alexa488-labeled goat anti
rabbit IgG, Alexa488-labeled goat anti mouse IgG, Alexa488-labeled goat anti rat IgG,
Alexa633-labeled goat anti rabbit (all from Sigma, Buchs, Switzerland). Cells were again
washed three times with PBS/0.1% Triton-X100 and mounted in Prolong Gold antifade

reagent (Invitrogen, Basel, Switzerland). Slides were examined with a Zeiss Z1 microscope
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equipped with a 20x/0.8 objective, Zeiss filter cubes n°38HE for Alexa488, n°43 for

Alexa546 and a Zeiss MRm camera.
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IV.4.6 Figures with legends
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Fig. 1. Design of gold pattern.

Gold squares of the indicated sizes were applied to glass surfaces by a nanostencil technique (see
material and methods). RGD peptides were then covalently linked to the gold to provide restricted and
integrin-specific cell attachment. Background was passivated with PLL-PEG. Unit cells are shown in
blue with red frames. Gold squares are represented in gold with black frames. Mind that the patterns
were designed in a way that the surface area of RGD-coupled gold was fixed to 25% of the total area.

250nm squares 500nm squares

plain gold

1000nm squares

Fig. 2. Fibroblasts form adhesion sites only on RGD-coupled gold areas.

Cells were grown on RGD-coupled gold patterns for 4 hours with 3% fibronectin free serum and
subsequently fixed and stained with an anti-vinculin antibody. Notice that vinculin in cell adhesions is
restricted to gold nano and microsquares while on plain gold restriction omits. Scale bar is 20 pm.
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250nm squares 500nm squares

2000nm squares plain gold

1000nm squares
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Fig. 3. Fibroblasts on RGD-coupled gold squares smaller than 1 pm’ show an altered
morphology.

Cells were grown on RGD-coupled gold patterns for 4 hours with 3% fibronectin free serum and
subsequently fixed and stained with alexa-labeled phalloidin (red) and anti-vinculin antibody (green).
Note the high number of lamellipodia on the 250 nm and the 500 nm patterns in the image as well as
in the graph (bottom left). Also maximal cell length was much shorter on these patterns (bottom
right). PG = Plain gold. Scale bar is 50 pm.
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Fig. 4. Fibroblasts on RGD-coupled gold squares smaller than 1 pm’ form an actin meshwork
rather than thick actin stress fibers.

Cells were grown on RGD-coupled gold patterns for 4 hours with 3% fibronectin free serum and
subsequently fixed and stained with alexa-labeled phalloidin. For quantification an intensity threshold
was set to determine stress fibers from remaining actin structures. Notice the increased number
(bottom left) and length (bottom right) of actin stress fibers on patterns > 1 um? and on plain gold
(PG). Scale bar is 50 pm.
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Fig. 5. Fibroblasts on RGD-coated gold squares smaller than 1 pum’ only form short and thin
fibronectin fibrils.

Cells were grown on RGD-coupled gold patterns for 4 hours with 3% fibronectin free serum and
subsequently fixed and stained with an anti fibronectin antibody. Be aware of detecting long
fibronectin fibrils only on patterns > 1 um® and on plain gold (PG). Quantifications of the length
(bottom right) or number (bottom left) of fibronectin fibrils with a length > 3 pm per cell are shown
by graphs. Scale bar is 20 pm.
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250nm squares 500nm squares

Fig. 6. Integrin as is poorly recruited to matrix adhesions if fibroblasts are plated on RGD-
coupled gold squares smaller than 1000 nm.

Cells were grown on RGD-coupled gold patterns for 4 hours with 3% fibronectin free serum and
subsequently fixed and stained with an anti as integrin antibody. Notice that as integrin is localized in
fibrillar adhesions on plain gold and on patterns > 1 um® while on smaller patterns it is only modestly
recruited into cell adhesions. Scale bar is 10 um.
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Fig. 7. MEF migration speed is decreased on 500 nm versus 2000 nm RGD-coupled gold
squares. Cells were plated on RGD-coupled gold patterns in 3% fibronectin free serum and analyzed
by time-lapse microscopy for 6 hours A) Three hours after plating cell speed was determined for the
following 3 hours. For each pattern (500 nm and 2000nm) >40 cells of three independent experiments
were analyzed. B) Cell tracking plots on the 500 nm and the 2000 nm patterns for one of the
experiments described in A. C) Differential interference contrast pictures of representative cells on
each pattern (500 nm and 2000 nm) are shown. The pictures are taken at 2, 3, 4, 5 and 6 hours after
plating. Scale bar is 20 um.
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V. Discussion

V.1 Integrating our results

in the context of mechanotransduction

Most of our knowledge in mechanotransduction derives from models in which cells are
plated on stiff matrices and analyzed in the first hours after plating (for reviews see (Chen,
2008; Chiquet et al., 2009; Geiger et al., 2009). This approach is based on the fact that
ligation of integrins is followed by intracellular signaling (Huveneers et al., 2008; Ren et al.,
1999) even without additional external mechanical stimulation. However for cells like
fibroblasts this model is quite far away from a physiological condition in which cells are
generally spread and attached to a matrix that they secreted and modulated themselves. We
therefore use the model of externally applied cyclic strain that allows us to analyze
mechanotransduction up to several days after plating. At this time, cells have modulated their
matrix and matured their cell adhesions representing a more physiological state.

Involvement of asf; in activation of RhoA during early phases of cell attachment has been
demonstrated (Danen et al., 2002; Huveneers et al., 2008). However, we showed here that
asB; is not only important in RhoA activation upon plating but plays a general key role in
mechanotransduction of fully spread cells. In addition, we demonstrated that activation of
RhoA and triggering of RhoA-dependent responses clearly depends on fibronectin. This
underlines the intimate relationship of fibronectin with asf; but not a,f3. Our findings are
strengthened by our observations that os integrin-positive fibrillar adhesions are not formed
in the absence of fibronectin while focal adhesions appear normal, indicating that fibrillar

adhesions are the key sites of RhoA activation upon mechanical stimulation. Thereby the
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machinery for the activation of the RhoA/ROCK pathway by cyclic strain does not start at the
cell membrane, but cells project antennas out into the extracellular matrix that are made of
fibronectin.

In many cases, however, the approach of analyzing mechanotransduction upon cell plating
has its justification. An example for this derives from personal observations that I made
working with fibroblasts on different substrates. By culturing fibroblasts on fibronectin
substrates cells spread more extensively and form a lot of stress fibers within the first hours
after plating pointing to an activated RhoA/ROCK pathway. However on substrates like
collagen or vitronectin, cells remain rather small in area and only form little stress fibers. If
asP; and fibronectin are required for activation of the RhoA/ROCK pathway one might ask
where these stress fibers might come from (even thought they are rather thin and little in
number). A speculation could be that cells on different substrates modulate their sensitivity in
activating the RhoA/ROCK pathway, to compensate for big variations in the amount of
fibronectin.

We showed that fibronectin is required for activation of the RhoA/ROCK pathway by cyclic
strain. Additionally, in the absence of endogenous and exogenous fibronectin no os-
containing fibrillar adhesions were formed, indicating a requirement for fibrillar adhesions
and osP; integrin in activation of the RhoA/ROCK pathway upon cyclic strain. If there is a
separation in signaling between focal and fibrillar adhesions is not known. We showed that
activation of the MAPK- and PKB/Akt-pathway were not affected in the absence of
fibronectin and fibrillar adhesions indicating that such signaling could be mediated at focal
adhesions by integrin o,f3;. However there is currently no further evidence for this.
Knockdown of vitronectin would make less sense here since 0,3 binds a variety of different

ligands. Knockdown of integrin 3 in fibroblasts, however, could bring more insight.
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V.2 Integrating our results

in the context of cell adhesion maturation

It is interesting to compare the results of the two main projects and to analyze them in the
context of cell spreading. Cells form focal complexes as initial cell-matrix adhesions. On
adhesive patterns with a unit size smaller than 1 um, fibroblasts cannot form mature matrix
adhesions. Cells remain with only focal complexes and assume a morphology with many
lamellipodia typical for high Rac activity (Nobes and Hall, 1995). This effect is caused only
by changing cell-matrix adhesions, indicating that actually focal complexes trigger a Rac-
activation that stimulates lamellipodia formation. Focal complexes and Rac could thereby
induce themselves in a positive feedback loop. Alternatively, lamellipodia could also be
induced indirectly by the missing incorporation of asP; and the lack of active RhoA. Since
Rac-1 and RhoA were suggested as antagonistic players (Rottner et al., 1999), low RhoA
activation could lead to high levels of Rac-GTP stimulating lamellipodia formation.

In spreading cells with normal cell adhesions, focal complexes recruit (among other factors)
asB; integrin. Our results show that asp; and fibronectin are important for activation of the
RhoA/ROCK pathway. In fibroblasts RhoA is activated reaching a peak 30-60 minutes after
plating on fibronectin (Danen et al., 2002; Ren et al., 1999). Recruitment of asp; and
activation upon binding to fibronectin might trigger this RhoA-activation to stimulate
actomyosin contraction (Huveneers et al., 2008). Pulling on adhesion sites now allows
proteins like p130cas to be phosphorylated upon stretching (Sawada et al., 2006). This again
might allow other plaque-proteins to be recruited thereby contributing to adhesion
maturation. We noticed that integrin asf; is recruited much earlier to focal complexes if cells
were plated on fibronectin than on vitronectin (unpublished observation). This might explain

the fact that fibroblasts spread much faster on fibronectin than on other substrates. We also
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found that cell spreading can be facilitated and accelerated by addition of fibronectin-free
serum especially on substrates other than fibronectin (unpublished observation). In fact serum
is known to activate RhoA (Ren et al., 1999) and could thereby compensate for the absence
of RhoA-inducing fibronectin.

Actomyosin contraction acting on late focal complexes not only causes maturation into focal
adhesions but also induces the separation of fibrillar adhesions. Thereby proteins like asp;
and the adaptor protein tensin are pulled out of early focal adhesions to form late focal
adhesions and fibrillar adhesions (Zamir et al., 2000). The fact that asp; and tensin are pulled
out of early focal adhesions may be explained by the elasticity of fibronectin, the ligand of
asB;. Fibronectin is anchored in the extracellular matrix by binding to other proteins like
collagens, fibrin, tenascin-C but also proteoglycans (Wierzbicka-Patynowski and
Schwarzbauer, 2003). Pulling forces on asB; by actomyosin contraction and anchorage of
fibronectin in the matrix elongate the fibronectin molecule to expose self-assembly sites.
Binding of other fibronectin molecules in addition with stretching and reorientation could
thereby cause the formation and elongation of fibronectin fibrils. Since fibronectin is
stretched by the force of actomyosin contraction, asf; bound to the adaptor tensin is pulled in
a central direction. Other integrin ligands do not have these stretchable, self-assembling
features like fibronectin and are stably anchored in the matrix. Traces of a,f3 integrin can still
be found in fibrillar adhesions. The low affinity binding of fibronectin to o3 (Huveneers et
al., 2008) might therefore be an explanation for the high ratio of asp; to a,p; in fibrillar
adhesions.

Besides the formation of fibronectin fibrils, pulling of asp; integrin towards a more central
region of the cell could have another benefit: In a migrating cell, focal complexes are formed
at the border of the lamellipodia. Upon recruitment of asp;, focal complexes mature into focal

adhesions, which induce actomyosin contraction and are finally pulled towards the cell
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center. Thereby also RhoA/ROCK activation would locally move in a proximal direction.
Since RhoA and Rac-1 have been postulated to antagonize each other (Rottner et al., 1999),
fading RhoA activation would allow high Rac-1-GTP levels to maintain lamellipodial
structures at the cell front. In addition, activation of RhoA in the central region of the cell
would build up tension to first stabilize the cell and later on to retract the rear part of the cell
after disassembling posterior cell adhesions.

Interesting in this respect is also our observation that cell adhesions look different in normal
fibroblasts when plated on fibronectin compared to vitronectin (c.f. Fig.9 page 79). It appears
that on fibronectin, cells form a hybrid between focal and fibrillar adhesions where vinculin
colocalizes with tensin and asp; integrin. It seems plausible that fibroblasts do not need to
form fibronectin fibrils if a high amount of accessible fibronectin is already present in the
ECM. This raises the question how this mechanism is regulated and whether fibronectin
fibrillogenesis is inhibited in the presence of fibrillar fibronectin. However, the absence of
fibronectin fibrils and clearly defined fibrillar adhesions on fibronectin substrates could also
be an artifact of coated fibronectin. During coating fibronectin might be fixed to the
membrane and thereby inhibit fibronectin fibrillogenesis and fibrillar adhesion formation.
Nevertheless RhoA is clearly activated by cyclic strain on fibronectin, where cell adhesions
form as a hybrid between focal and fibrillar adhesions indicating that asp3; does not have to be
separated in fibrillar adhesions in mechanotransduction. This, however, is somehow in
contradiction to ILK-knockout fibroblasts that also do not separate focal and fibrillar

adhesions but are defective in RhoA activation by cyclic strain.
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V.3 Fibronectin and Rho-dependent responses in cancer

Activation of RhoA and several RhoA-dependent responses have been implicated in tumor
progression and metastasis: Increased RhoA expression was described in various human
cancers and often correlated with tumor progression (Karlsson et al.,, 2009). MAL
translocation has been linked with increased expression of B1 integrin and metastasis (Brandt
et al., 2009) and tenascin-C is upregulated in all major solid cancers types (Chiquet-
Ehrismann and Chiquet, 2003) and has been implicated in metastasis (Tavazoie et al., 2008).
Since cyclic stress activates the RhoA pathway it could hypothetically also have an effect on
the progression of tumors.

Expression of tenascin-C is high during certain stages of development (Chiquet-Ehrismann
and Chiquet, 2003). In healthy adults it is absent or much reduced besides in tendons
(Chiquet et al., 2004) where mechanical forces could be the reason for its elevated levels.
However, tenascin-C is highly expressed in all major solid cancer types but reasons remain to
be unraveled.

In melanomas and glioblastomas, the cancer cells themselves are secreting tenascin-C,
whereas in the majority of carcinomas the epithelial cancer cells do not produce tenascin-C,
but the cancer-associated fibroblasts of the tumor stroma do (Brellier et al., 2009). A growing
tumor exerts mechanical forces to the surrounding tissue and on the cells of the tumor itself.
These forces affect intracellular signaling and have been implicated in tumor progression
(Butcher et al., 2009). Since tenascin-C is clearly regulated by tensile stress (Chiquet et al.,
2004; Fluck et al., 2000), one could speculate that the increased tenascin-C levels found in
solid tumors may be due to mechanical forces exerted by the growing tumor on the tumor

cells itself or its associated stromal fibroblasts.
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Levels of tenascin-C also correlate with metastasis. Downregulation of tenascin-C by miRNA
in primary tumors was shown to decrease their ability to colonize the lungs (Tavazoie et al.,
2008). Interesting is also the fact that glioblastomas, known to be aggressive and invasive
tumors, strongly express tenascin-C, whereas oligodendrogliomas, which are non-invasive,
do not or only slightly express tenascin-C. In our experiments we found that tenascin-C in the
substrate reduced RhoA activation by cyclic strain. It has been shown before that inhibiting
RhoA leads to a disassembly of focal adhesions (Chrzanowska-Wodnicka and Burridge,
1996). Thereby excessive tenascin-C could loosen cell-matrix attachment and facilitate
migration and metastasis of cancer cells. However, levels of active RhoA are rather elevated
in tumor cells compared to normal cells (Fritz et al., 1999). In fact, increased expression
levels of RhoA were described in many human tumors. This correlated with tumor
progression (Karlsson et al., 2009). In these cells RhoA levels were not only elevated but
RhoA activity was also increased. This might be a reason for the fact that tumors are stiffer
than normal tissues and cells are characterized by an altered tissue tensional homeostasis
(Paszek et al., 2005). The rigidity of tumors and embedded cells may enhance tumor
metastasis. We here confirm that the activation of RhoA correlated with translocation of
MAL (Miralles et al., 2003). A recent publication now links MAL translocation to
upregulation of B1 integrin and invasion (Brandt et al., 2009).

Taken together activation of RhoA, translocation of MAL and upregulation of tenascin-C are
all implicated in tumor progression. We here show that upon induction by cyclic strain, all
these events depend on the presence of fibronectin. Interestingly, increased fibronectin
expression in tumor matrices is associated with poor prognosis (Yao et al., 2007) and
increased mortality (Ioachim et al., 2002). Our results suggest a link between fibronectin in
the tumor stroma, the increased activation of RhoA and RhoA-dependent responses and

tumor progression.
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V1.3 Abbrevations

BSAC
CHB
Coll
COX
DH
DMEM
ECM
EGFR
ERK
F-actin
FAK
FCS
FN
FNIII13
G-actin
GAG
GAP
GAPDH
GDI
GEF
IKK
ILK
MAL
MEF
MKL1
MRTEF-A
PBS
PG

PH
PKB
REF
TCF
TnC
WT
RGD
SRF

basic, SAP, and coiled-coil domain

cell and heparin binding domain (of fibronectin)
collagen

cyclooxygenase

DBI homology

Dulbecco’s modified Eagle medium
extracellular matrix

epidermal growth factor receptor
extracellular signal-regulated kinase
filamentous actin

focal adhesion kinase

fetal calf serum

fibronectin

fibronectin type III repeat nrl13

globular actin

glycosaminoglycan

GTPase-activating protein
glycerinaldehyde 3-phosphate dehydrogenase
guanosine nucleotide dissociation inhibitor
guanine nucleotide exchange factor

IxB kinase

integrin linked kinase

megakaryocytic acute leukemia

mouse embryo fibroblasts
megakaryoblastic leukemia 1
myocardin-related transcription factor A
phosphate-buffered saline

plain gold

pleckstrin homology

protein kinase B

rat embryo fibroblast

ternary complex factor

tenascin-C

wild type

arginine-glycine-aspartate

serum response factor
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