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Summary

During the development of pressure-induced cardiac
hypertrophy, fibroblasts are activated to become myofibroblasts,
which exhibit actin-cytoskeletal remodeling and express o-
smooth muscle actin (SMA; encoded by ACTA2). Currently, the
mechanosensing signaling pathways that regulate SMA
expression are not defined. Because focal-adhesion complexes
are putative mechanosensing organelles, we examined the role
of focal adhesion kinase (FAK) and its interaction with gelsolin
in the regulation of SMA expression. We subjected NIH3T3 cells
to tensile forces (0.65 pN/um?) by using collagen-coated
magnetite beads attached to integrins. After stimulation by
mechanical force, FAK and gelsolin were recruited to magnetite
beads and there was increased phosphorylation of Tyr397FAK.
Mechanical force enhanced SMA promoter activity by twofold;
this increased activity was blocked by FAK knockdown using
siRNA and by deletion of gelsolin. Force-induced nuclear

translocation of MRTF-A, a transcriptional co-activator of SMA
that is regulated by actin filaments, was also reduced by
FAK knockdown. Phosphatidylinositol (4,5)-bisphosphate
[PtdIns(4,5)P;], which uncaps gelsolin from actin filaments,
was enriched at sites of force application. Type-I
phosphatidylinositol 4-phosphate 5 kinase-y (PIP5KIYy), which
generates PtdIns(4,5)P,, associated with FAK and was required
for force-mediated SMA-promoter activity and actin assembly.
Catalytically inactive PIPSKIy inhibited force-induced
phosphorylation of FAK at Tyr397. These data suggest a novel
pathway in which mechanosensing by FAK regulates actin
assembly via gelsolin and the activity of PIPSKIYy; actin assembly
in turn controls SMA expression via MRTF-A.
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Introduction

In cardiac hypertrophy, excessive pressure or volume overload leads
to the differentiation of myofibroblasts, which are of crucial
importance in the stiffening of the myocardium caused by the
synthesis and secretion of fibrillar collagens (MacKenna et al.,
2000). Mechanical force has been shown to upregulate the
expression of o-smooth muscle actin (SMA), a marker for
myofibroblast differentiation (Hinz et al., 2001). Fibroblasts adhere
to extracellular matrices via integrins, cell-surface receptors that
provide sites for force transfer to the actin cytoskeleton (MacKenna
etal., 1998; Gullberg et al., 1992). In the myocardium, the formation
of myofibroblasts in response to pressure overload is important for
the development of cardiac fibrosis (Leslie et al., 1991). Although
the Rho-dependent pathway of myofibroblast differentiation in
response to mechanical stimulation, which involves nuclear
translocation of a SMA transcriptional co-activator, MRTF-A, has
been described (Zhao et al., 2007), the proximal mechanosensory
processes in fibroblasts responding to mechanical force are not well
defined.

Mechanosensory signaling in anchorage-dependent cells might
be initiated in specialized adhesive contacts (e.g. focal adhesions)
that are formed at the junctions between extracellular-matrix
proteins and integrin in fibroblasts and other mesenchymal cell types
(Ingber, 1997). These junctions contain large, complex assemblies
of cytoskeletal and signaling proteins, consisting of more than 50
different proteins that play crucial roles in cell adhesion, spreading
and migration. One of the crucial signaling proteins in focal
complexes and focal adhesions is focal adhesion kinase (FAK).
Tyrosine phosphorylation of FAK is an early, transient event that

occurs during the formation of focal contacts (Parsons, 2003). In
cell adhesion, clustering of integrin receptors triggers the recruitment
of FAK to focal adhesions; FAK is subsequently auto-
phosphorylated at residue Tyr397 (Calalb et al., 1995). This process
in turn increases the kinase activity of FAK and enhances
interactions of FAK at its C-terminal domain with other focal-
adhesion-associated proteins such as Src, paxillin and proteins with
SH2 and/or SH3 domains. Integrin-dependent activation of FAK
induces signaling pathways that regulate MAP kinases, as well as
the Rho and Arf families of small GTPases (Parsons, 2003).
Although a large body of literature on the role of FAK in signal
transduction and cytoskeletal organization suggests that FAK might
critically regulate and integrate multiple adhesion-related signaling
inputs (Schober et al., 2007; Albinsson and Hellstrand, 2007), the
proteins that associate with FAK to mediate mechanically induced
signals are not defined.

Type-1 phosphatidylinositol 4-phosphate 5 kinase (PIP5KI),
specifically PIPSKIy, associates with FAK in focal adhesions
in migrating cells (Brakebusch and Fassler, 2003). PIP5KIy
converts phosphatidylinositol 4-phosphate [PtdIns(4)P] to
phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P,] (Anderson
et al., 1999), which acts as a second messenger in many signaling
events that link the cortical actin cytoskeleton to the plasma
membrane (Raucher et al., 2000). The regulation of PtdIns(4,5)P,
synthesis might be crucial in mechanotransduction in view of the
ability of PtdIns(4,5)P; to modulate the activity of a large number
of actin-binding proteins (Yin and Janmey, 2003). Indeed, actin-
binding proteins are important regulators of actin polymerization
at focal adhesions (Zhang et al., 2007) and are crucial not only for
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cell migration (Brakebusch and Fassler, 2003), but also for
mechanosensing (Riveline et al., 2001; Kopecki et al., 2009).
Notably, gelsolin, which modifies actin-filament length by severing
pre-existing filaments and by capping the fast-growing barbed ends,
is controlled by Ca?" and by PtdIns(4,5)P, (Janmey et al., 1985),
and therefore might be a crucial protein in the transduction of
mechanical signals at focal adhesions.

Here, we tested the hypothesis that FAK is a mechanosensory
element in the cellular response to stretching and the activation of
the SMA gene. Our results demonstrate that phosphorylation of FAK
at Tyr397 is required for actin assembly at sites of mechanical force
by a mechanism that involves the interaction of PIP5KIy with FAK,
the generation of PtdIns(4)P, and the activation of gelsolin at focal-
adhesion complexes. These processes in turn lead to actin assembly
and the regulation of SMA-promoter activity through the actin-
filament-dependent transcriptional co-activator MRTF-A.

Results

FAK activation by mechanical force

We examined whether application of tensile force (0.6 pN/um?)
through integrins would recruit and activate FAK at force sites. To
assess FAK and B-actin at the force-application sites, collagen-bead-
associated proteins were analyzed by immunoblotting. Within 20
minutes of force application, there was increased FAK recruitment
to collagen beads in force-treated cells compared with untreated
cells (Fig. 1A). B-actin was detected in collagen-bead-associated
proteins in samples of both force-treated and untreated cells but, in
the treated cells, there was enhanced B-actin accumulation over time,
indicating increased actin assembly at the force-application sites.
We established whether the number of beads separated from cells
were equivalent under these conditions. Beads were isolated at 60
minutes from force-treated and untreated cells, and the number of
beads were counted (2049422 beads for force-treated cells; 2135+17
beads for untreated cells; P>0.2). Bl-integrin immunoblots were
used as loading controls for each lane and these showed equal
amounts of B1 integrin over the time course for all samples. Cells
incubated with BSA-coated beads were used as bead-binding
controls and cells were loaded with force for 60 minutes.
Immunoblots of these samples showed no differences in the amount
of FAK and [-actin between the force-treated and untreated groups.
Immunoblots were processed to evaluate the amount of B1 integrin
associated with BSA-coated beads, but these blots showed minimal
association of Bl integrin. Because of the possibility that the
collagen beads had become internalized during the experiment, we
examined fluorescence quenching of fluorescein isothiocyanate
(FITC)-collagen-coated beads with Trypan Blue, but there was no
difference of quenching between 10 and 60 minutes (data not
shown), indicating no significant bead internalization during this
time interval.

By immunostaining and confocal microscopy we evaluated the
spatial localization of FAK at collagen beads following force
application. The intensity of fluorescence signals around the beads
was quantified with Image] software. There was enhanced
localization of FAK at collagen-coated beads after force application
for 30 and 60 minutes (Fig. 1B), whereas, in cells without force
treatment, there was little change of fluorescence intensity. In cells
with BSA beads, there was no force-induced enrichment of FAK.
In cells treated with FAK siRNA, there was very little accumulation
of B-actin around beads in both control and experimental groups,
and the force-induced increase of B-actin around beads was also
very limited (Fig. 1C). Similarly, Alexa-Fluor-488—phalloidin

staining around beads in FAK-knockdown cells showed lower
fluorescence intensity than in control cells (Fig. 1D).

The FAK signaling pathway is initiated by autophosphorylation
of FAK (Carlucci et al., 2008). To study the force-dependent
activation of FAK, we examined its phosphorylation at Tyr397;
phosphorylation at this residue is required for full activation of FAK
and for productive interactions with downstream signaling proteins
(Sakurai et al., 2002; Zhao et al., 1998). Compared with untreated
controls, immunoblots of force-treated cells showed time-dependent
increases of Tyr397 phosphorylation above baseline within 20
minutes of force application, which increased up to 60 minutes (Fig.
2A). Pre-incubation of cells with the B1-integrin-blocking antibody
Lial/2 prevented phosphorylation of Tyr397FAK at 60 minutes of
force application. Fibronectin-coated and BSA-coated beads were
used as controls and incubated for 60 minutes, but there was no
phosphorylation of FAK at Tyr397.

To examine the abundance of other proteins that might be
recruited into focal adhesions by force, we immunoblotted collagen-
bead-associated proteins (Fig. 2A). We found an enrichment for
talin and the Arp2/3 complex following force application.
Furthermore, force-induced activation of Src, as indicated by
phosphorylation at Tyr416 and dephosphorylation of Tyr527, was
also evident. However, pre-incubation of cells with the Src inhibitor
SU6656 had no effect on force-induced phosphorylation of FAK
at Tyr397. These data suggested that activation of FAK by force is
independent of Src activation.

We found enhanced localization of phosphorylated Tyr397FAK
(Tyr397FAK-P) at collagen-coated beads after force application for
30 and 60 minutes (Fig. 2B), whereas, in cells without force
treatment, there was little change of fluorescence intensity. In cells
transfected with a dominant-negative (DN) construct (CD2-
Tyr397PheFAK), there was a reduction of force-induced Tyr397
phosphorylation, and force-induced B-actin accumulation around
collagen beads at 60 minutes was not detected (Fig. 2C). We also
found that DN FAK did not change talin recruitment to beads but
decreased Arp2 recruitment and inhibited Src activation (data not
shown). When we examined the effect of force application on
Tyr397FAK phosphorylation after knockdown of FAK with siRNA,
we found a twofold decrease in the ratio of Tyr397FAK-P:FAK in
samples treated with FAK siRNA compared with irrelevant siRNA.
These data indicated that, in response to force application, the
relative abundance of FAK recruited to force-application sites has
an impact on the phosphorylation of FAK.

In this study, we focus on the role of FAK in mediating force-
induced SMA expression. Previous data have shown that force-
induced activation of the SMA promoter might involve Rho (Zhao
et al., 2007). Accordingly, we determined whether force-induced
activation of FAK requires Rho. Applying force to cells loaded with
collagen-coated beads strongly increased phosphorylation of
Tyr397FAK (Fig. 2D). In cells that were pre-treated with the Rho-
kinase inhibitor Y27632 (10 uM, a concentration that is known to
inhibit Rho kinase in these cells), there was little effect on force-
induced FAK activation, indicating that force-induced Rho
activation is downstream or independent of FAK. We examined
this process in more detail by knocking down FAK with siRNA
and then examining Rho activation in response to force. Rho
activation was evaluated with rhotekin beads and immunoblotting
bead-bound material for Rho. These data showed that force-induced
RhoA activation was not dependent on FAK and that the RhoA
and FAK signaling pathways might be working in parallel (Fig.
2E).
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Fig. 1. FAK activation is required for mechanical-force-triggered actin association at focal adhesions. (A) Immunoblot analysis of collagen-coated-bead-associated
proteins over a 60-minute time course in the presence of force or no force. An equal number of beads were attached to cells as indicated by the 1-integrin blot of
bead-associated proteins and by actual bead counts (see text). BSA-coated beads were used as non-specific controls. (B) Confocal microscopy after collagen-bead
incubation with cells showed FAK around beads. DIC images of the same cell show the location of beads. BSA-coated beads with force application were used as
non-specific controls. Arrows show the area shown at higher magnification in the insets. Line graphs of fluorescence intensity are shown for insets. Data in
histogram (mean fluorescence intensity + s.e.m.) are representative of 25 beads. (C) Cells with FAK knockdown by siRNA were incubated with collagen-coated
magnetite beads and subjected to force or no force. Immunoblots of bead-associated protein show B-actin recruitment. B1-integrin immunoblots show loading
controls. Right panel shows efficacy of siRNA knockdown of FAK. (D) Confocal images show actin-filament staining with Alexa-Fluor-488—phalloidin around
single collagen-coated beads after 60 minutes of force in cells treated with irrelevant siRNA or siRNA for F4K. Cells treated as indicated were stained for Alexa-
Fluor-488—phalloidin and with TRITC-conjugated antibody (for FAK). Note that cell treated with siRNA for FAK shows no detectable FAK.
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Fig. 2. FAK activation after mechanical force is independent of RhoA. (A) Top panels: immunoblot analysis of Tyr397FAK-P (pY>*’FAK) in collagen-coated-
bead-associated proteins after force application for the indicated time intervals. f1-integrin immunoblots show loading for each bead preparation. Bottom left
panels: cells were incubated with collagen beads and force was applied for 60 minutes, the optimal time for phosphorylation of Tyr397FAK. Lial/2 B1-integrin-
blocking antibody was co-incubated with collagen beads prior to force application and was used here as a B1-integrin control to test for specificity. Fibronectin and
BSA-coated beads were used as alternative controls in cells treated with force for 60 minutes. F, force. Bottom center panels: immunoblots show force-induced
collagen-coated-bead association of talin and Arp2 after 60 minutes of force. NF, no force. Bottom right panels: activation of Src by force was determined by
immunoblots of Tyr527Src-P (pY>?-Src) and Tyr416Src (pY*'®-Src). Note that pre-incubation of cells with the Src inhibitor SU6656 at 1 uM does not inhibit
force-induced phosphorylation of Tyr397FAK. (B) Confocal microscopy after force application shows Tyr397FAK-P around collagen beads. DIC images of the
same cells show the location of beads. BSA-coated beads with force application were used as non-specific controls. Arrows show the area shown at higher
magnification in the insets. Line graphs show fluorescence intensity across bound beads. (C) Membrane-anchored, dominant-negative Tyr397Phe FAK (DN FAK)
was transfected into cells and protein recruitment to collagen-coated beads was analyzed in bead-associated proteins. After force application, immunoblots show
increased levels of Tyr397FAK-P and B-actin in bead-associated proteins in vehicle (Veh)-treated cells but not in DN-FAK-treated cells. Ratios of B-actin to
integrin were computed from densitometry measurements of immunoblots (mean =+ s.e.m.). FAK knockdown by siRNA showed decreased Tyr397FAK-P in
relation to the amount of FAK present. (D) Cells treated with Rho inhibitor, Y27632, were assessed for phosphorylation of Tyr397FAK. (E) Rho activation was
measured in cells with or without siRNA knockdown using rhotekin-binding assay and immunoblotting for RhoA. Ratios of active Rho A to total Rho A were
computed from densitometry measurements of immunoblots (mean + s.e.m.).
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Role of PIP5KIy in force-mediated actin assembly

Our data on force-induced activation of FAK (above) suggested
that FAK is involved in early stages of mechanotransduction and
consequently might associate with other proteins in focal adhesions.
Previous data have shown that PIPSKIy is localized to focal
adhesions (Ling et al., 2002; Sun et al., 2007), and that FAK and
PIPSKIy might interact at focal adhesions to promote cell adhesion
to type-I collagen (Ling et al., 2002). Accordingly, we considered
that FAK is functionally linked through PIP5KIy to mediate force-
induced actin assembly. Immunoprecipitation of cell lysates
following force application showed that, in untreated cells, FAK
associated with PIP5SKIyand this association was increased by force
(Fig. 3A). In cells treated with FAK siRNA, PIP5SKIy was present
in bead-associated proteins and this recruitment was increased by
force. We next determined the impact of PIP5KIy on force-induced
FAK activation. Lysates were prepared from cells that had been
transfected with either an irrelevant construct, a construct encoding
wild-type (WT)-PIP5KIy or one encoding DN-PIP5KIy. Cells were
stimulated with or without force, immunoblotted for Tyr397FAK-
P and normalized to GAPDH. Immunoblots showed decreased
amounts of force-mediated phosphorylation of Tyr397FAK in the
presence of the catalytically inactive PIP5SKIy construct compared
with the irrelevant construct or the WT-PIP5KIy construct (Fig. 3B).
There was also no change in the amount of total FAK. In cells treated
with siRNA to knock down PIP5KIy, we found no difference in
force-induced FAK recruitment but the level of Tyr397FAK-P was
reduced.

PtdIns(4,5)P, is generated by PIP5KIy at focal adhesions and
regulates actin-binding proteins, thereby enabling new actin-
filament growth (Janmey and Stossel, 1989). We examined the
localization of PtdIns(4,5)P, around collagen beads. Cells were co-
transfected with PIP5SKIy constructs and with the pleckstrin-
homology (PH) domain of phospholipase Cy fused to GFP in order
to show the localization of PtdIns(4,5)P,. There was bright GFP
staining around collagen beads of force-treated cells transfected with
WT-PIP5KIy, but not with the DN-PIP5KIy construct (Fig. 3C).
BSA beads were used as controls and they did not show enhanced
localization of GFP staining to beads.

We examined the effect of PIP5KIy on the incorporation of actin
monomers into actin filaments at the junction near the cell surface
associated with collagen beads (30 minutes after force).
Quantification of rhodamine—actin-monomer incorporation was
examined in permeabilized cells; fluorescence intensity was
measured around attached collagen beads in confocal images.
Whereas force enhanced actin-monomer incorporation around
collagen beads in control transfected cells (Fig. 3D; P<0.05), cells
transfected with a DN-PIP5KIy construct exhibited no increase of
actin-monomer incorporation around collagen beads. There was also
no increase of actin-monomer incorporation in cells not treated with
force or in cells incubated with BSA-coated beads and treated with
force. The localization of Tyr397FAK-P and actin around collagen
beads was examined by confocal microscopy. Cells were co-
transfected with WT- or DN-PIP5KIy constructs and stained for
both Tyr397FAK-P and actin after force application. There was
bright staining of Tyr397FAK-P and actin around collagen beads
of force-treated cells transfected with PIPSKIy WT, but not around
those transfected with the DN-PIP5KIy construct (Fig. 3E).

Actin assembly by gelsolin
The data above on localized generation of PtdIns(4,5)P; at sites of
tensile-force application suggested a mechanism by which force

could promote actin assembly in localized sites. PtdIns(4,5)P,
uncaps gelsolin from actin barbed ends, thereby enhancing actin-
filament assembly (Janmey and Stossel, 1987). Previously, we have
shown that PtdIns(4,5)P, that is bound to gelsolin can be detected
by immunoprecipitation of gelsolin and immunoblotting for
PtdIns(4,5)P, (Arora et al., 2005). Following force application, there
was increased PtdIns(4,5)P, immunoprecipitated with anti-gelsolin
antibody compared with no-force samples (Fig. 4Ai). When DN-
PIP5KIy was expressed in cells by transfection, the association of
PtdIns(4,5)P, with gelsolin was reduced compared with cells
transfected with WT-PIP5KIy constructs. We next examined whether
gelsolin was required for PIPSKIy recruitment to focal adhesions.
WT or gelsolin-null (Gsn—) fibroblasts were incubated with collagen
beads and stimulated with force for 30 minutes. Collagen-bead-
associated proteins were isolated from cell lysates and
immunoblotted for PIP5KIyand for B1 integrin. Because there were
similar amounts of force-induced recruitment of PIP5KIy to focal-
adhesion complexes in WT and Gsn— fibroblasts (Fig. 4Aii), force-
induced recruitment of PIPSKIy to focal adhesions was evidently
independent of gelsolin.

Because our data above showed that gelsolin associated with
PtdIns(4,5)P, and accumulated at focal adhesions, possibly to
regulate actin-filament assembly, we determined whether force
would mediate an increase in the relative abundance of gelsolin-
actin complexes. Immunoblots showed that force application caused
a 50% increase of the relative abundance of gelsolin-actin complexes
compared with controls in both bead-associated proteins and
ultracentrifuged pellets (Fig. 4B). The ratios of force-induced
gelsolin-actin complexes were reduced to control levels when FAK
was knocked down with siRNA.

Pyk2 is a focal-adhesion protein with significant protein sequence
similarity to FAK (60% in the catalytic domain, and 40% in the N-
and C-terminals) (Lev et al., 1995; Sasaki et al., 1995; Avraham et
al., 1995) that can associate with gelsolin in regulating actin-
cytoskeletal reorganization and that might compensate when FAK
is absent (Wang, Q. et al., 2003). Because Pyk2 associates with
gelsolin in spreading osteoclasts, we investigated FAK association
with gelsolin in mechanotransduction. Immunoprecipitates that were
prepared with either anti-FAK or -gelsolin antibodies showed
enhanced association of FAK with gelsolin following force
application (Fig. 4C). This association was dependent on the
presence of phalloidin (1 uM) in the immunoprecipitating buffer
to maintain intact actin filaments (Arora and McCulloch, 1996).
Although our data showed that FAK associated with gelsolin, it is
not known whether gelsolin is a downstream component of the
force-induced FAK signaling cascade. To determine the potential
sequence of interactions between FAK and gelsolin, WT and Gsn—
fibroblasts were incubated with collagen beads, stimulated with
force for 60 minutes and proteins were isolated from collagen-coated
beads. We found similar amounts of force-induced recruitment of
FAK and Tyr397FAK-P to bead-associated proteins in both wild-
type and Gsn— fibroblasts (Fig. 4D). These data indicated that
gelsolin did not regulate force-enhanced FAK recruitment to force-
application sites (i.e. presumptive focal adhesions) or regulate FAK
activation.

Regulation of SMA expression by FAK-PIP5KIy-gelsolin

Our objective was to define the molecules in the pathway leading
from force to SMA expression. Specifically, because SMA
expression in fibroblasts is enhanced by tensile forces (Wang, J. et
al., 2003), we determined whether SMA-promoter activity is
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regulated by FAK. Cells were co-transfected with SMA- promoter activity (P<0.001) in human cardiac fibroblasts (Fig. SA).
promoter—luciferase and lacZ constructs, and luciferase data were More-detailed experiments were conducted using NIH3T3 cells
normalized to [P-galactosidase levels. Application of force to (Fig. 5Bi); these showed a similar force-induced increase of SMA-
collagen-coated beads for 4 hours caused a twofold increase of SMA- promoter activity. Notably, force application to cells incubated with
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BSA beads caused no change. This lack of difference with BSA
beads was not because of differences in bead loading, because there
were equivalent numbers of collagen and BSA beads attached to
cells in both conditions. In cells that were pre-treated with siRNA
to knock down FAK, force-induced SMA-promoter activity after
force application was substantially reduced (P<0.01) compared with
force-loaded cells with normal FAK levels. Consistent with the
SMA-promoter data, after 4 hours of force treatment, immunoblots
of cell lysates showed increased expression of SMA protein, but
this effect was not observed when FAK was knocked down with
siRNA (Fig. 5Bii). We also found that, although Src is not required
for FAK activation (Fig. 2A), it is required for force-induced SMA
expression (data not shown).

Because application of tensile force to fibroblasts mediates actin-
filament-dependent nuclear translocation of MRTF-A, which is
required for activation of the SMA promoter (Zhao et al., 2007),
we investigated whether FAK is required for force-induced
translocation of MRTF-A. In fixed cells immunostained for
endogenous MRTF-A, immunofluorescence images showed nuclear
translocation of MRTF-A following force application. Quantification
of these cells showed that force-induced MRTF-A nuclear
translocation was inhibited by FAK siRNA knockdown (Fig. 5C).
In cells transfected with an irrelevant (GFP) siRNA as a negative
control, there was a ninefold increase of MRTF-A nuclear
translocation after 60 minutes of force application, consistent with
previous data (Zhao et al., 2007).

PIP5KIy is localized to focal adhesions (Ling et al., 2002; Ling
et al., 2006); thus, we considered whether FAK and gelsolin are
functionally linked through PIP5KIyto mediate force-induced SMA
expression. WT- or catalytically inactive (DN)-PIP5KIy constructs
were co-transfected with the SMA-luciferase promoter construct.
SMA-promoter activity was then assessed in force-treated cells. The
expression of catalytically inactive PIP5KIyreduced force-mediated
SMA-promoter activity by about 50% compared with cells

Fig. 3. PIP5KIy is required for FAK-dependent mechanotransduction. (A) FAK
immunoprecipitates from cells subjected to force (F) or no force (NF) were
immunoblotted for PIP5KIy. Ratios of PIP5KIy to FAK were computed from
densitometry measurements of immunoblots. Force-induced recruitment of
PIP5KIy to collagen-coated-beads were assessed in FAK-deficient cells.

(B) Cells were transfected with vehicle (Veh), wild-type (WT) or catalytically
inactive (DN) PIP5KIy constructs and analyzed for force-induced
phosphorylation of Tyr397FAK. From immunoblots of Tyr397FAK-P
(pY**’FAK) and GAPDH loading controls, ratios were computed from
densitometry measurements. FAK recruitment and activation to collagen-
coated beads following force in cells in which PIP5SKIy was knocked down by
siRNA were analyzed by immunoblots. (C) Localization of PtdIns(4,5)P, at
mechanically stimulated bead junctions following transfection with WT or
catalytically inactive (DN) PIPSKIy constructs. PtdIns(4,5)P, accumulation at
bead-binding sites was studied by transient transfection of cells with a
construct expressing the PH domain of PLCy fused to GFP. Confocal
microscopy at 15 minutes after bead incubation with cells shows the location
of PtdIns(4,5)P, (green) around collagen beads and PIP5KIy constructs (red).
DIC images show the location of beads. (D) Effect of PIP5KIy on force-
induced rhodamine—actin-monomer incorporation at the collagen-bead—cell
interface. Cells were transfected with WT or catalytically inactive (DN)
PIP5KIy constructs and treated with or without force. Rhodamine fluorescence
around beads was quantified from 25 cells for each treatment group in defined
4-um? zones. Histogram shows data (mean s.e.m.) of rhodamine-actin
fluorescence. CCB, collagen-coated bead. (E) Localization of Tyr397FAK-P
and actin at mechanically stimulated bead junctions following transfection
with WT or catalytically inactive (DN) PIP5SKIy constructs. Confocal
microscopy at 60 minutes after bead incubation with cells shows the location
of Tyr397FAK-P (green, top panels) and actin (green, bottom panels) around
collagen beads and PIP5KIy constructs (red). DIC images show the location of
beads.

transfected with WT-PIPSKIy (P<0.02; Fig. 5D). Gsn— fibroblasts
showed no significant enhancement (P>0.2) of force-induced SMA4-
promoter luciferase activity, but there was a 2.3-fold increase in
WT cells (Fig. 5E; P<0.01). When Gsn— fibroblasts were
reconstituted with gelsolin cDNA, force-activated SMA-promoter
activity was observed (twofold increase above controls; P<0.02).
Immunoblots showed the presence of gelsolin in the cell lysates of
WT and gelsolin-reconstituted cells but not in Gsn— cells.

Discussion

Cardiac cells can respond to increased loading by undergoing
phenotypic changes, including the conversion of cardiac fibroblasts
to myofibroblasts, cells that promote interstitial fibrosis. Our
principal finding is that FAK acts as a proximal sensor for
transferring mechanical signals into downstream processes that
enhance SMA expression, a classical marker of the myofibroblast.
We have identified PIP5KIy and gelsolin as crucial molecules that
functionally connect FAK to actin assembly and, via MRTF-A, to
SMA expression. These data provide evidence for a
mechanotransduction system that links the application of tensile
forces at collagen-binding sites to the regulation of actin assembly
(Vadali et al., 2007) and SMA induction in myofibroblast
differentiation (Fig. 6).

Focal adhesions have been postulated as mechanosensory
organelles that can generate molecular signals in response to
applied mechanical forces (Schober et al., 2007; Vadali et al., 2007;
Le Clainche and Carlier, 2008). FAK, an important signaling protein
in focal adhesions, is a crucial component of integrin-based
signaling (Guan and Shalloway, 1992), and has been extensively
studied in adhesion, migration and growth-regulation processes that
rely on focal-adhesion regulation (Cohen and Guan, 2005). Recent
studies have indicated that FAK is activated in the stretching of
blood-vessel walls (Albinsson and Hellstrand, 2007) and is required
for the regulation of actin assembly in migrating keratinocytes
(Schober et al., 2007). When we examined the collagen-bead-
associated proteins of cells that had been treated with tensile force,
we found an enrichment of B-actin that was dependent on the
recruitment and activation of FAK and phosphorylation of the
Tyr397 residue of FAK. There is a paucity of data relating
mechanical force, FAK-related actin assembly and SMA expression,
the hallmark protein of myofibroblast differentiation (Li et al., 2002;
Wu et al., 2007). Previous data showed that shear-stress-induced
actin reorganization is linked to the RhoA-ROCK-LIMK-cofilin
signal-transduction pathway (Wu et al., 2001; Li et al., 1999) and
this pathway has been invoked in tensile-force-induced SMA
expression in myofibroblast differentiation (Zhao et al., 2007).
Because suppression of RhoA activity has been reported to increase
FAK activation (Ren et al., 2000) and activation of RhoA is linked
to SMA expression (Zhao et al., 2007), we examined whether RhoA
is involved in FAK-dependent SMA regulation. Incubation of cells
with the Rho-kinase inhibitor Y27632 only slightly reduced the
amount of force-induced phosphorylation of Tyr397FAK.
Furthermore, FAK knockdown by siRNA did not affect RhoA
activation following application of tensile force. Therefore, FAK-
dependent upregulation of SMA by mechanical force seems to
involve a signaling pathway that is independent of RhoA.

We found enhanced phosphorylation of Tyr397 FAK in collagen-
bead-associated protein preparations within 40 minutes of force
application to cells, and this response was dependent on the relative
abundance of FAK because downregulation of FAK by siRNA
reduced the relative amount of force-induced phosphorylation of
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Fig. 4. Gelsolin interacts with FAK and PIP5KIy after force application. (Ai) Gelsolin-PtdIns(4,5)P, complexes measured in gelsolin immunoprecipitates from cells
transfected with WT or inactive PIP5KYy. (Aii) Immunoblots of PIP5KIy recruitment to force-stimulated collagen-coated magnetite beads in WT and Gsn— cells. F,
force; NF, no force; Veh, vehicle. (B) Force-induced gelsolin-B-actin complexes were analyzed in bead-associated fractions and ultracentrifugation fractions. Cells
were treated with FAK siRNA as indicated and then either subjected to force or no force. Proteins were measured by BCA assay and immunoblots were normalized
by loading an equal amount of protein. Densitometry of immunoblot ratios for gelsolin and B-actin are shown as mean + s.e.m. (C) After 1 hour of force, FAK
immunoprecipitates were analyzed for the presence of gelsolin. Gelsolin associates with FAK only in the presence of force and phalloidin (Ph; 1 um). Gelsolin
immunoprecipitates blotted for FAK under similar conditions show FAK-gelsolin association. Immunoprecipitation using pre-immune rabbit serum was used a
control. (D) Immunoblots of FAK and Tyr397FAK-P recruitment to collagen beads following force stimulation show no difference in WT or Gsn— cells.

Tyr397FAK. Previous studies of migrating cells showed that
phosphorylation of FAK can trigger multiple protein-protein
interactions in which FAK associates with Src (Xing et al., 1994),
Cas (Harte et al., 1996; Owen et al., 1999) and paxillin (Schaller
et al., 1999). Apparently, accumulation of Tyr397FAK-P in focal
adhesions increases the abundance of adaptor sites for downstream
signaling proteins and correlates with enhanced anchorage of FAK
to actin filaments. Notably, the phosphorylation of Tyr397FAK
creates a high-affinity binding site for Src-family kinases that leads
to increased phosphorylation of FAK and recruitment of other FAK-
binding proteins, including paxillin (Schaller et al., 1999) and
PIP5KIy (Ling et al., 2002). These FAK-binding proteins not only
establish more-stable focal adhesions but can also generate
downstream signals (Owen et al., 1999).

Because the structure of FAK suggests that it does not contain
domains that allow direct interactions with actin filaments (Girault

etal., 1999; Sun et al., 2002; Hildebrand et al., 1993; Martin et al.,
2002), we considered whether PIPSKIy is a downstream signal
arising from the activation of FAK that leads to [3-actin recruitment
and the subsequent increased expression of SMA. We determined
the relative abundance of PIP5KIy at force-application sites by
immunoprecipitating FAK. We found that there was increased
association of PIP5KIy with FAK following mechanical force.
However, FAK knockdown did not prevent force-induced
recruitment of PIP5KIy to focal adhesions. These data suggest that
PIP5KIyrecruitment to collagen beads is dependent on mechanical
force but not on FAK. The expression and activation of PIPSKIy
are crucial components in focal-adhesion maturation because
PIP5KIy modulates the recruitment of talin (Ling et al., 2002). In
turn, talin binds to and activates B1 integrin and serves to anchor
PIP5KIyto FAK. Notably, we found that force application enhanced
talin recruitment to collagen beads. Furthermore, we showed here
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that catalytically active PIPSKIy was required to promote force-
induced activation of Tyr397FAK. However, when catalytically
inactive PIP5SKIy was expressed, there was a 50% reduction in
Tyr397FAK-P. This finding showed that PIP5KIy can regulate
force-induced activation of FAK, in addition to being recruited to
force-induced focal adhesions. Thus, it seems that there is a
feedback loop between FAK and PIP5KIy, in which PIPSKIy is
required for full activation of FAK (Fig. 6).

PIP5KIy generates PtdIns(4,5)P, at focal adhesions by
phosphorylating PtdIns(4)P (Ling et al., 2002), and PtdIns(4,5)P,
in turn, is necessary to sustain FAK signaling (Linseman et al.,
1999). The accumulation of PtdIns(4,5)P, was detected at force-
applications sites only when the catalytically active PIPSKIy was
expressed. Similarly, de novo actin assembly at force-application
sites only occurred when catalytically active PIPSKIy was present.
In view of these findings, we suggest that PtdIns(4,5)P, at focal
adhesions might modulate the activity of actin-binding proteins. In
this context, PtdIns(4,5)P, can regulate the binding of vinculin to
the Arp2/3 complex (DeMali et al., 2002), the association of ezrin
and F-actin (Janke et al., 2008), and the binding of EFA6 (an Arf6-
specific exchange factor) to phospholipid membranes and actin
filaments (Macia et al., 2008).

Another abundant actin-binding protein that is also regulated by
PtdIns(4,5)P; is gelsolin (Janmey and Stossel, 1987): PtdIns(4,5)P,
can modulate both the actin-severing activity of gelsolin and the
uncapping of actin filaments. Gelsolin is a multifunctional, six-domain
protein that mediates actin-filament length by severing and capping
barbed-end filaments (Janmey et al., 1985). Domain 2 of the six
domains of gelsolin contains a PtdIns(4,5)P,-regulated binding site
that mediates the uncapping of gelsolin from actin barbed ends,
thereby enabling filament growth (Sun et al., 1999). In experiments

Pl(4,5)P;

Force—blmegrm—bralm—}FAK—bplpsKlf—DGelsolm—}MRTF = SMA

Fig. 6. Proposed model of mechanotransduction. Application of tensile forces
to collagen beads triggers the recruitment and phosphorylation of FAK to focal
adhesions. FAK recruits PISKIy, which generates PtdIns(4,5)P,. In turn,
PtdIns(4,5)P, mediates actin assembly by uncapping gelsolin from actin
barbed ends. The dissociation of MRTF-A from actin monomers during actin
assembly initiates the nuclear translocation of MRTF-A. In the nucleus,
MRTEF-A acts as transcriptional co-activator for the induction of SMA
expression. A flow diagram illustrates the mechanotransduction pathway, in
which the DN constructs and/or siRNAs are thought to exert their effects on
(1) FAK, (2) PIP5KIy and (3) gelsolin

using force application to cells, we found increased production of
PtdIns(4,5)P; at mechanically stimulated focal adhesions, leading to
more-abundant association of gelsolin with PtdIns(4,5)P,. This
increased association was found in cells expressing catalytically active
PIP5KIy but not the inactive form. These data are consistent with the
notion that the activity of actin-binding proteins that are associated
with focal adhesions can be regulated to mediate actin assembly in
response to force (Guo and Wang, 2007) and is in agreement with
our finding that PIP5KTy at force-treated collagen-bead-binding sites
generates PtdIns(4,5)P,. In turn, PtdIns(4,5)P, regulates gelsolin and
leads to increased numbers of actin-free barbed ends (Fig. 6). The
importance of this sequence of interactions is supported by
experiments in Gsn— cells, in which the recruitment of PIP5KIy to
focal adhesions was no different than in WT cells. This finding
indicated that gelsolin is downstream of PIP5KIy in the signaling
sequence that leads to de novo actin assembly at force-application
sites. Conceivably, gelsolin must be present initially at focal adhesions
to regulate actin assembly (Arora et al., 2000).

In collagen-bead-associated proteins prepared from cells treated
with force, we found an enrichment of gelsolin that was associated
with -actin. Force-induced association of gelsolin with B-actin was
also associated with enhanced gelsolin and B-actin in the high-speed
pellet. These data suggest that there was a detectable increase of
gelsolin binding to actin not only in focal adhesions but also in the
rest of the cytoskeleton. However, the increased binding of gelsolin
to actin was only observed when FAK was present, as demonstrated
by the reduced abundance of gelsolin-actin complexes in samples
treated with FAK siRNA. Therefore, FAK seems to regulate the
interaction of gelsolin with actin in response to force.

An association of gelsolin and FAK in actin-filament assembly
has been previously postulated (Wang, Q. et al., 2003). In our
magnetite-bead model, we found that FAK associated with gelsolin,
but only after application of tensile force. This association required
intact actin filaments, because immunoprecipitation of FAK-gelsolin
complexes only occurred when cell lysates were stabilized with
phalloidin. We found that force-induced increases of gelsolin
binding to actin and recruitment to focal adhesions was dependent
on FAK. However, the reverse was not true because, in Gsn— cells,
the amount of force-induced Tyr397FAK-P was similar to WT cells.
Thus, FAK, acting as a putative mechanosensor, is required for
gelsolin-dependent actin assembly.

To determine the effect of the FAK-PIP5KIy-gelsolin
mechanotransduction pathway on SMA expression, we investigated
the requirement of each of these proteins in the pathway leading to
force-induced upregulation of the SMA promoter as well as SMA
protein expression. With a SMA-luciferase promoter, we found that
FAK was required for the force-induced upregulation of SMA-
promoter activity and SMA protein expression. Furthermore, we
demonstrated that catalytically active PIP5SKIy was important for
increased SMA-promoter activity following force stimulation. The
incomplete suppression of force-induced SMA-promoter activity by
either siRNA knockdown of FAK or PIP5KIy showed that other
signaling pathways, including the RhoA-ROCK-LIMK-cofilin
pathway, might be required for complete activation of SMA, as we
have shown earlier (Zhao et al., 2007). Similarly, Rho inhibition by
Y27632 did not completely suppress force-induced SMA expression
(75% reduction; data not shown), indicating that the RhoA-ROCK-
LIMK-cofilin pathway is not the only pathway for SMA expression.
Nevertheless, our current data indicate that FAK and PIP5KIy
cooperatively act to mediate mechanotransduction and that their
binding (Ling et al., 2002) might be important for these functions.
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To study the effect of gelsolin on force-induced SMA expression,
we used Gsn— fibroblasts and compared their force-induced SMA
expression with WT cells. We found that force-induced SMA-
promoter activity was reduced in Gsn— cells. However, this effect
was reversed when WT gelsolin cDNA was reconstituted into Gsn—
fibroblast, indicating that gelsolin is a necessary component for
FAK-dependent force-induced upregulation of SMA expression.
Conceivably, in view of the importance of PtdIns(4,5)P; in this
force-induced model, the uncapping of gelsolin from actin barbed
ends is required for actin assembly at focal adhesions following
force. The assembly of actin is an important requirement for
liberation of MRTF-A from actin monomers (Zaromytidou et al.,
2006). This force-induced actin-filament assembly and activation
of the serum-response factor then allows the nuclear translocation
of MRTF-A to upregulate SMA expression (Zhao et al., 2007).
Consistent with these observations, we found that increased SMA
expression was also due to FAK-dependent nuclear translocation
of MRTF-A. Together, these data provide a novel mechanism in
which force induces the FAK-PIPSKIy-gelsolin pathway that leads
to the upregulation of SMA expression (Fig. 6).

Materials and Methods

Reagents

Latex (2-um diameter) beads were purchased from Polysciences (Warrington, PA).
Antibodies to B-actin (clone AC-15), talin (clone 8D4) and rabbit polyclonal 1gG
conjugated to horseradish peroxidase, as well as FITC-conjugated goat anti-mouse
antibody, tetramethylrhodamine B isothiocyanate-phalloidin and Y-27632, were from
Sigma-Aldrich (St Louis, MO). Rabbit polyclonal anti-FAK antibody was purchased
from Upstate (Lake Placid, NY). Rabbit polyclonal phosphospecific antibody against
FAK (Tyr397-P) was purchased from BioSource (Camarillo, CA). FITC-goat anti-
rabbit and anti-mouse B1-integrin antibodies were purchased from Cedarlane (Hornby,
ON). A polyclonal antibody that recognizes MRTF-A was generously donated by H.
Nakano (Juntendo University School of Medicine, Tokyo, Japan). The affinity-purified
polyclonal antibody to recombinant gelsolin has been described previously (Azuma
et al., 1998). PIP5KIy isoform-specific polyclonal antibody, PIPSKIy661 WT and
inactive kinase constructs were generously donated by Richard A. Anderson
(University of Wisconsin-Madison, WI). Antibodies to Arp2, Tyr527Src-P and
Tyr416Src-P were purchased from Cell Signaling Technology (Danvers, MA). DN
FAK construct consisting of a transmembrane-anchored chimeric FAK with a point
mutation Tyr397Phe, CD2-FAK(Tyr397Phe), was generously donated by Bristol-
Myers Squibb Pharmaceutical Research Institute, Seattle, WA (Chan et al., 1994).
BCA Protein Assay kit was purchased from Pierce (Rockford, IL).

Cells

NIH3TS3 cells or fibroblasts obtained from either WT or Gsn— 12-day mouse fetuses
(Witke et al., 1995) were cultured at 37°C in complete DME medium containing 5%
fetal bovine serum and a 1:10 dilution of an antibiotic solution (0.17% w/v penicillin
V, 0.1% gentamycin sulfate and 0.01% pg/ml amphotericin). Cells were maintained
in a humidified incubator gassed with 95% air and 5% CO,, and were passaged with
0.01% trypsin (Gibco, Burlington, ON). Prior to force experiments, cells were
incubated in DME medium containing 1% serum, incubated with beads and force
was applied for various time periods.

Force application

A force-generation model was used as described previously (Glogauer et al., 1995;
Glogauer et al., 1998). Magnetite 2-pum-diameter beads (Spherotech, Lake Forest,
IL) were coated with collagen as described (Glogauer et al., 1995), rinsed in PBS
and attached to the dorsal surface of cultured cells. A ceramic permanent magnet
(Jobmaster, Mississauga, ON) was used to generate tensile forces (0.6 pN/um?)
(Glogauer and Ferrier, 1998) perpendicular to the dorsal surface of the cell. To restrict
examination of mechanosensory events to periods of time prior to bead internalization
(determined by Trypan Blue quenching of FITC-collagen-coated beads), forces were
applied to cells only up to 60 minutes.

Collagen bead-associated proteins

Collagen or BSA-coated magnetite 2-pum-diameter beads (Spherotech) were attached
to 7X10° cells at a 10:1 bead:cell ratio for 30 minutes. Cells and collagen-coated
magnetic beads were collected by scraping into ice-cold cytoskeletal extraction buffer
(0.5% Triton X-100, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl,, pH 6.8)
containing protease inhibitors. BSA-coated beads attach to cells by non-specific
interactions and allow comparisons of proteins associated with a broad array of
membrane proteins to be contrasted with those associating with B1 integrins (Arora

et al., 2000; Arora et al., 2004; Arora et al., 2005). Beads were separated from cell
lysates using a side-pull magnet. Bead-associated proteins were removed from beads
with sample bugger, quantified (by BCA assay), separated on SDS-PAGE gels and
immunoblotted.

Actin-monomer incorporation

Actin-monomer incorporation into actin filaments in permeabilized cells was
performed as described (Arora et al., 2004). Briefly, cells were permeabilized for 20
seconds in 0.1 volume of OG buffer (PHEM buffer containing 2% octyl glucoside
and 2 uM phalloidin). Permeabilization was stopped by diluting the detergent with
buffer without detergent. Immediately thereafter, freshly sedimented rhodamine-actin
monomers (0.23 uM) in buffer containing 120 mM KCI, 2 mM MgCl,, 3 mM EGTA,
10 mM PIPES and 0.1 mM ATP were added to samples for 10 seconds followed by
fixation with 3.7% formaldehyde. Rhodamine fluorescence in single cells was
quantified using PCI Imaging (Compix) and a Nikon TE300 microscope. For
estimation of background correction, detergent treatments were omitted, fluorescence
was quantified and this background signal was subtracted from experimental samples.

Immunofluorescence and confocal microscopy

Cells plated on beads were allowed to spread and bind to collagen beads for 30 minutes.
Cells were fixed with 3% formaldehyde in PBS, permeabilized with 0.2% Triton X-
100 and stained with the appropriate primary antibody followed by
immunofluorescence-tagged secondary antibody. Spatial distributions of protein
staining around beads were determined by confocal microscopy (Leica, Heidelberg,
Germany; 40X, 1.4 numerical aperture oil-immersion lens). Transverse optical
sections were obtained at 1-um nominal thickness.

Gelsolin-actin complexes

To examine the relative abundance of gelsolin-actin complexes following mechanical
force, we quantified gelsolin that was associated with actin in the ultracentrifuged
pellet. Cells were collected and suspended in a non-detergent buffer (1 mM EGTA,
2 mM Tris, pH 7.4, 0.2 mM ATP, 0.2 mM MgCl,, 0.2 mM dithiothreitol, 2 mM
phenylmethylsulfonyl fluoride) containing 1 UM phalloidin. Phalloidin at this
concentration stabilizes F-actin (Arora and McCulloch, 1996). Freshly prepared cell
lysates were pipetted several times with a narrow-gauge pipette tip and sedimented
(100,000 g for 1 hour at 4°C). The pellet, which contained gelsolin complexed with
actin filaments, was suspended in 0.1 M KCI, 1 mM MgCl,, 0.1 mM CaCl,, 0.2 mM
ATP, 1 mM NaHCOj3 and 1 mM NaNa;. Protein concentrations in the fractions were
equilibrated, separated by SDS-PAGE, and immunoblotted for detection of actin and
gelsolin.

FAK knockdown

Specific inhibition of mouse FAK was conducted with Silencer siRNAs (Dharmacon)
with the following sequences: 5'-GCUAGUGACGUAUGGAUGUUU-3', 5'-
ACAUCCAUACGUCACUAGCUU-3" (Tilghman et al.,, 2005). Cells were
transfected with siRNA (200 nM) targeting FAK or a negative-control siRNA targeting
GFP (Dharmacon) using DharmaFECT transfection reagent 2 for 72 hours. Cells
were washed in PBS, lysed with Laemmli buffer and immunoblotted to assess the
efficacy of the siRNA-dependent knockdown. After transfection and before force
experiments, cells were incubated in DME medium containing 1% serum.

Transfection and SMA-promoter studies

Cells were transfected with a 765-bp rat SMA-luciferase construct (Raphael Nemenoff,
University of Colorado, Denver, CO) and were co-transfected with a lacZ construct
as a control to normalize for variations of transfection efficiency. Transfections were
done with Fugene 6 (Roche Applied Science) according to the manufacturer’s
instructions. Cells were incubated with normal growth medium (5% serum in DME
medium) within the first 36 hours and then cells were cultured in serum-reduced
conditions (1% serum in DME medium) overnight. After transfections, cells were
loaded with collagen-coated beads and magnetic force was applied for specific time
periods. Cells were harvested, and luciferase and B-galactosidase activities were
determined as described (Wang et al., 2002). Transfection data were computed as the
fold change compared with basal promoter activity normalized to B-galactosidase
activity.

Statistical analyses

For continuous variables, means and standard errors of means (s.e.m.) were computed.
Differences between groups were evaluated by Student’s unpaired #-test or analysis
of variance for multiple comparisons. Statistical significance was set at P<0.05. Post
hoc comparisons were performed with Tukey’s test. For all experiments, at least three
independent experiments were evaluated, each performed in triplicate.
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