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Abstract

Background information—Focal adhesion kinase (FAK), an essential non-receptor tyrosine
kinase, plays pivotal roles in migratory responses, adhesive signaling, and mechanotransduction.
FAK-dependent regulation of cell migration involves focal adhesion turnover dynamics as well as
actin cytoskeleton polymerization and lamellipodia protrusion. Whereas roles for FAK in
migratory and mechanosensing responses have been established, the contributions of FAK to the
generation of adhesive forces are not well understood.

Results—Using FAK-null cells expressing wild-type and mutant FAK under an inducible
tetracycline promoter, we analyzed the role of FAK in the generation of steady-state adhesive
forces using micropatterned substrates and a hydrodynamic adhesion assay. FAK expression
reduced steady-state strength by 30% compared to FAK-null cells. FAK expression reduced
vinculin localization to focal adhesions by 35% independently from changes in integrin binding
and localization of talin and paxillin. RNAi knockdown of vinculin abrogated the FAK-dependent
differences in adhesive force. FAK-dependent changes in vinculin localization and adhesive force
were confirmed in human primary fibroblasts with FAK knocked down by RNAI. The
autophosphorylation Y397 and kinase domain Y576/Y577 sites were differentially required for
FAK-mediated adhesive responses.

Conclusions—We demonstrate that FAK reduces steady-state adhesion strength by
modulating vinculin recruitment to focal adhesions. These findings provide insights into the role
of FAK in mechanical interactions between a cell and the extracellular matrix.
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Introduction

Mechanical interactions between a cell and its environment regulate morphogenesis, tissue
homeostasis and remodeling, and pathogenesis (Montell, 2008; Kumar and Weaver, 2009;
Wozniak and Chen, 2009). Cell adhesion to extracellular matrices (ECM) provides adhesive
forces mediating migratory processes, tissue structure and organization, and
mechanotransduction responses (Hynes, 2002; Danen and Sonnenberg, 2003; Ingber, 2003).
Adhesion to ECM components, such as fibronectin and laminin, is primarily mediated by the
integrin family of heterodimeric af receptors (Hynes, 2002). Following activation and ligand
binding, integrins rapidly associate with the actin cytoskeleton and cluster together to form
focal adhesions, discrete supramolecular complexes that contain structural proteins, such as
vinculin, talin, and a-actinin, and signaling molecules, including focal adhesion kinase
(FAK), Src, and paxillin (Geiger et al., 2001). Focal adhesions function as structural links,
providing strong adhesive forces, and signal transduction elements between the cell and its
extracellular environment. These adhesive complexes are dynamic structures that are
actively remodeled during cell migration (Ridley et al., 2003; Gupton and Waterman-Storer,
2006). Assembly/disassembly of focal adhesions is regulated by numerous pathways in
response to external stimuli, including growth factors and mechanical force (Ridley and
Hall, 1992; Greenwood et al., 1998; Riveline et al., 2001). Whereas the biochemical
connections in adhesive interactions have been extensively characterized (Zaidel-Bar et al.,
2007), the interplay between adhesive structural and molecular composition and adhesive
forces remains poorly understood.

FAK, a widely expressed non-receptor protein tyrosine kinase, plays central roles in
adhesive interactions by functioning as scaffold for focal adhesion components, including
Src, Cas, and paxillin (Hanks et al., 1992; Schaller et al., 1992; Polte and Hanks, 1995;
Schaller et al., 1999). FAK functions as an integrator of integrin-mediated signaling to
regulate cell migration, survival, cell cycle progression and differentiation (llic et al., 1995;
Zhao et al., 1998; Owen et al., 1999; Renshaw et al., 1999; Sieg et al., 2000; Webb et al.,
2004; Quach et al., 2009; Tomar et al., 2009). FAK expression is essential to development
and organogenesis. Deletion of the FAK gene results in early embryonic lethality due to
defects in cell migration (Furuta et al., 1995). Tissue-specific knock-out of FAK produces
functional defects in angiogenesis/vasculogenesis, branching tubulogenesis, innervation and
myelination, cardiac development, and blood-testis barrier function (Shen et al., 2005;
Braren et al., 2006; Peng et al., 2008; Watanabe et al., 2008; Forrest et al., 2009; Siu et al.,
2009; Wei et al., 2009). FAK has also been implicated in tumor invasion and metastasis
(Chan et al., 2009; Shibue and Weinberg, 2009). Finally, FAK has emerged as an important
mechanotransducer (Wang et al., 2001; Pirone et al., 2006; Clemente et al., 2007; Leucht et
al., 2007; Schober et al., 2007; Young et al., 2009).

FAK-dependent regulation of cell migration involves focal adhesion turnover dynamics
(Owen et al., 1999; Wang et al., 2001; Webb et al., 2004). In addition, FAK modulates actin
cytoskeleton polymerization and lamellipodia protrusion (Serrels et al., 2007). Whereas
roles for FAK in migratory and mechanosensing responses have been established, the
contributions of FAK to the generation of adhesive forces are not well understood. We
recently demonstrated that FAK promotes integrin activation to enhance the generation of
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cell-ECM adhesive forces (Michael et al., 2009). These FAK-dependent enhancements in
integrin activation and adhesion strengthening only occurred during the early stages of the
adhesive process. In the present study, we analyzed steady-state adhesive interactions and
demonstrate that FAK reduces steady-state adhesion strength by modulating vinculin
recruitment to focal adhesions. These findings establish a multi-faceted role for FAK in the
generation of cell-ECM forces.

FAK reduces steady-state adhesion strength

To examine the role of FAK in adhesive force responses, we used FAK-null cells engineered
for tetracycline-regulated expression of wild-type and mutant FAK (Tet-FAK cells) (Owen et
al., 1999; Michael et al., 2009). Tet-FAK cells were maintained in the off-condition (FAK-)
and FAK expression was induced at 48 hours prior to any experiment to ensure steady-state
FAK levels (FAK+). We previously demonstrated that FAK is expressed at high levels in the
absence of tetracycline, while FAK expression is repressed in the presence of tetracycline
(Michael et al., 2009). This inducible behavior in response to tetracycline is specific for FAK
as no differences in expression levels were detected between these two culture conditions for
other proteins, including Pyk2, vinculin, talin, and B4 integrin. We analyzed two independent
clones with equivalent results and present results for one clone (clone 46 for wild-type
FAK).

Tet-FAK cells were cultured overnight on fibronectin-coated micropatterned substrates (5um
diameter circles, 75pm center-to-center spacing) to ensure equivalent adhesive area and cell
shape between FAK+ and FAK- conditions. Tet-FAK cells readily adhere and remain
constrained to the micropatterned area as single cells, consistent with previous analyses with
other cell types (Gallant et al., 2005).

We measured the steady-state levels of adhesion strength for FAK+ and FAK- cells at 24
hours using a hydrodynamic adhesion assay that provides direct and sensitive population-
based measurements of adhesive force (Gallant et al., 2005). We previously demonstrated
that steady-state adhesion is reached by 4 hours in this cellular system (Michael et al., 2009).
For this adhesion assay, coverslips containing micropattered cells are placed and spun on a
rotating disk submerged in buffer at prescribed speeds. The disk rotation generates a well-
defined 3-D fluid flow that applies a controlled hydrodynamic force to adherent cells. The
hydrodynamic force increases linearly with radial position along the surface of the coverslip,
such that cells at the center of the substrate experience negligible forces whereas the applied
detachment force increases toward the outer edge of the disk, resulting in decreasing cell
numbers. In this manner, a linear range of forces is applied to a large cell population and
adhesive strength measurements are obtained for > 6,000 cells in a single experiment. After
spinning, adherent cells are fixed and stained, and cell numbers at different radial positions
are quantified using a motorized microscope stage and image analysis system. The fraction
of adherent cells (f) is calculated by dividing the number of cells in each field by the number
of cells at the center of the coverslip, where negligible forces are applied. The detachment
profile (cell adherent fraction vs. shear stress t [stress = force/area]) is then fit to a sigmoid
curve to obtain the shear stress for 50% detachment. The shear stress for 50% detachment
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(t5p) represents the mean adhesive force. Figure 1A shows typical detachment profiles (gray
circles (FAK+) and squares (FAK-) represent cell densities at a specific radial position and
fitted points (filled circles (FAK+), empty circles (FAK-)) and sigmoid fit. The right-ward
shift in the detachment profile for the FAK- cells compared to the FAK+ condition indicates
a higher adhesive force. The ts5q values over several independent experiments were averaged
(Fig. 1B). FAK~ cells exhibited a 33% increase in adhesion strength compared to FAK+
cells (p < 0.00005). This finding indicates that FAK reduces steady-state adhesive forces.

FAK modulates steady-state adhesive force via vinculin recruitment to the adhesive

interface

The reduction in steady-state adhesion strength for FAK-expressing cells could arise from (i)
a decrease in the number of integrin/ECM bonds, (ii) modified position/distribution of
bonds, (iii) reduction in the coupling of integrin/ECM bonds to the cytoskeleton (e.g., focal
adhesion assembly), or (iv) change in the conformation state of the bound integrins. We
previously demonstrated that integrin asf3; binding to fibronectin provided the dominant
adhesion mechanism in this cellular system (Michael et al., 2009). Biochemical analyses of
integrin binding revealed no differences in the numbers of bound integrin for FAK+ and
FAK- cells at steady state, and no differences in integrin localization within the adhesive
interface were observed by immunostaining (Michael et al., 2009). In addition, we
previously demonstrated that there were no differences in the activation state of §1 between
FAK+ and FAK- conditions at steady-state (Michael et al., 2009). We therefore postulated
that the differences in steady-state adhesive force arise from differences in focal adhesion
assembly. We have demonstrated that focal adhesion assembly, independently from integrin
binding, contributes significantly to adhesion strength (Gallant et al., 2005). Immunostaining
for vinculin demonstrated localization of this cytoskeletal protein around the periphery of
the micropatterned contact area for both FAK+ and FAK- cells (Fig. 2A). We conducted a
comprehensive analysis of vinculin localization focusing on fractional area, intensity
(density), and the product of intensity and area (Fig. 2A). FAK+ cells exhibited a significant
(35%) reduction in the adhesive area occupied by vinculin compared to FAK- cells. There
are no differences in mean intensity between FAK+ and FAK- cells. The differences in the
density & area product between FAK+ and FAK- are attributed to differences in focal
adhesion area. Differences in recruitment to the adhesive area were specific for vinculin as
no differences in staining were detected between FAK+ and FAK- cells for talin, tensin, and
paxillin (Fig. 2B,C).

Recruitment of focal adhesion components to integrin clusters is expected to increase
adhesive force by efficiently distributing mechanical loads among bound integrins. In fact,
we previously demonstrated that vinculin recruitment to focal adhesions enhances adhesion
strengthening by 30% in fibroblasts (Gallant et al., 2005). We therefore carried out RNAI
knock-down experiments to determine the contributions of vinculin to steady-state adhesion
strength in FAK+ and FAK- cells. Tet-FAK cells were co-transfected with a GFP plasmid
and siRNA pooled duplexes for either vinculin (VCL) or non-targeting control sequence
(NT) via nucleofection. After 24 h, cells were sorted for GFP expression and cultured in the
appropriate tetracycline condition for 48 h prior to cell adhesion analyses. sSiRNA VCL
knock-down reduces vinculin levels by 80% in FAK+ and FAK~- cells (Fig. 3A); the non-
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targeting control sequence has no effects on vinculin levels. Immunostaining analyses
demonstrated that vinculin knock-down eliminates the differences in vinculin localization
between FAK+ and FAK- cells at 24 h (Fig. 3B), whereas significant differences in vinculin
localization are still evident between FAK+ and FAK- cells for the non-targeting control
siRNA. Notably, vinculin knock-down abrogates differences in steady-state adhesion
strength between FAK+ and FAK- cells (Fig. 3C). Interestingly, no significant differences in
vinculin recruitment or adhesion strength were observed between siRNA-treated and control
FAK+ cells. We attribute this finding to residual vinculin localization to focal adhesions
since only 15-20% of the total vinculin pool localizes to focal adhesions (Gallant et al.,
2005). Vinculin exhibits a high affinity for localization to focal adhesions and other
investigators have experienced difficulties in completely eliminating vinculin localization
from focal adhesions via RNAI approaches (S.W. Craig, personal communication). Taken
together, these results demonstrate that FAK regulates steady-state adhesive force by
modulating vinculin localization to focal adhesions.

Role of FAK Y397 and Y576/Y577 on adhesive force

We also examined the role of tyrosine phosphorylation sites in FAK in adhesive force using
Tet-FAK cells expressing FAK mutants. FAK Y397 is an autophosphorylation site that
promotes interaction with SH2 domain-containing signaling proteins including Src, PLC-y,
PI3K and Shc (Hanks et al., 2003). FAK Y576 and Y577 are in the activation loop of the
kinase domain, and mutation of these tyrosines reduces FAK catalytic activity (Calalb et al.,
1995). We used Tet-FAK cells expressing the mutants FAK-F397 and FAK-F576/F577
previously described (Owen et al., 1999). Results are presented for FAK-F397 clone 18 and
FAK- F576/F577 clone 16. Western blotting for FAK previously confirmed induction of
FAK mutants in these Tet-FAK cells (Owen et al., 1999; Michael et al., 2009).

An advantage of the tetracycline-inducible FAK expression system is the ability to directly
compare effects of expressed proteins within the same cells, thereby avoiding limitations
associated with clonal variability. Therefore, results for cells expressing FAK mutants were
normalized to the values for the matched non-expressing control cells. Steady-state levels of
adhesion strength exhibited differences among wild-type and mutant FAK (Fig. 4A).
Compared to the 30% reduction in adhesion strength for wild-type FAK, expression of FAK-
F397 resulted in a partial (14%) reduction in steady-state adhesive force compared to its
matched non-expressing control. Expression of FAK-F576/F577 did not alter steady-state
levels of adhesive force compared to its non-expressing control, indicating that
phosphorylation of these residues in the catalytic loop is required for the effects of FAK on
steady-state adhesive force. No significant differences were observed in steady-state levels
of bound integrins between FAK mutants and their respective non-expressing controls (Fig.
4B), indicating that differences in integrin binding did not contribute to the differences in
adhesion strength. In contrast, significant differences in vinculin recruitment to focal
adhesions were observed among FAK variants (Fig. 4C). Whereas expression of wild-type
FAK reduced vinculin localization to focal adhesions compared to its matched non-
expressing control, expression of either FAK-F397 or FAK-F576/F577 had no significant
effects in vinculin recruitment (p > 0.05). These results indicate that the Y397 and Y576/577
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sites play distinct roles in FAK function, but both sites are critical to FAK function in
adhesive responses.

FAK knock-down in human fibroblasts increases adhesive force and vinculin recruitment

We next examined the effects of FAK expression on adhesion strength and vinculin
recruitment in primary fibroblasts to rule out any artifacts associated with the Tet-FAK cells.
Human dermal fibroblasts were transduced with FAK siRNA-puromycin or control
puromycin retrovirus, and puromycin-resistant cells were selected. We previously showed
that fibroblasts transduced with FAK siRNA retrovirus exhibited a 95% reduction in FAK
expression compared to control cells, whereas vinculin and Pyk2 levels remained unchanged
(Michael et al., 2009).

Measurements of adhesion strength for micropatterned cells showed 35% higher levels for
fibroblasts with knocked-down FAK expression compared to control cells (Fig. 5A). This
relative increase in adhesion strength is in excellent agreement with the results for the Tet-
FAK cells. Furthermore, consistent with our observations for Tet-FAK cells, FAK knock-
down enhances vinculin, but not talin, localization to the adhesive area (Fig. 5B).

Discussion

We demonstrate that FAK reduces steady-state adhesive force via vinculin localization to
focal adhesions. Vinculin localization to the adhesive interface most likely modulates
adhesive force by altering the local distribution of forces at the adhesive interface (Gallant et
al., 2005; Gallant and Garcia, 2007). This work provides new insights into the role of FAK
in the generation of adhesive forces involved in mechanical interactions between a cell and
its environment. We recently demonstrated that during the early stages of adhesion FAK
enhances the adhesion strengthening rate by upregulating integrin activation to enhance
integrin binding (Michael et al., 2009). These FAK-dependent changes in integrin activation
and binding and adhesive force generation were only observed in the early stages (<1-2
hour) of the adhesion process. In the present study, we demonstrate that, as the adhesive
process reaches steady-state, FAK has an opposite effect in adhesive forces by reducing
adhesion strength. This down-regulation in adhesive force arises from a separate
mechanisms involving vinculin localization to focal adhesions. Once localized to focal
adhesions, vinculin is proposed to be the primary functional link between focal adhesions
and the actin cytoskeleton (Humpbhries et al, 2007). Taken together, these results indicate that
FAK plays a multi-faceted, time-dependent role in adhesive force generation. These time-
dependent, mechanism-distinct roles for FAK in adhesive force generation may be related to
the biochemically distinct stages in cell adhesion to fibronectin recently established by
Sheetz and colleagues (Zhang et al., 2008). Whereas we demonstrate significant
contributions for FAK in adhesive force generation, previous studies with deformable
substrates did not reveal a role for FAK in the development of traction forces (Wang et al.,
2001; Pirone et al., 2006). We attribute these seemly contradictory observations to
fundamental differences among cellular forces. We propose that mechanical interactions
between a cell and its environment involve diverse force components (e.g., traction/
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propulsive, contractile, tensile, adhesive). Importantly, these factors are not equal and should
therefore be considered as distinct entities that together comprise cellular forces.

Analysis of FAK phosphorylation mutants demonstrated important roles for the Y397
autophosphorylation site and the Y576/Y577 sites in the activation loop of the kinase
domain. The Y576/Y577 sites in the activation loop were necessary for FAK-dependent
modulation of adhesive force. Mutation of the Y397 autophosphorylation site partially
blocked FAK-mediated adhesive responses, indicating that other residues in FAK, such as
Y576/Y577, contribute to adhesive force responses independently from Y397. Migratory
and spreading activities exhibit a strong dependence on Y397 (Owen et al., 1999; Sieg et al.,
2000; Wang et al., 2001; Webb et al., 2004), and mutation of this residue often results in
complete blocking of these responses. While Y576/Y577 are important for maximal FAK
kinase activity and Y397 autophosphorylation (Owen et al., 1999), mutation of these sites
does not completely block these activities and has a less significant impact on cell migration
and long-term spreading in comparison to Y397 mutation (Owen et al., 1999). Our findings
reveal that the FAK Y576/Y577 sites can impact adhesive force generation through a
mechanism that is unrelated to Y397 phosphorylation. These results emphasize the lack of
direct correspondence between adhesion strength and cell migration/spreading assays. The
critical role of the Y576/Y577 sites in adhesive force generation could indicate that an
exogenous FAK substrate(s), whose phosphorylation is dependent on FAK activation loop
phosphorylation, is important for this process.

The mechanism by which FAK regulates the steady-state levels of vinculin localization to
the adhesive area remains unknown. We performed immunoprecipitation experiments of
vinexin E, a binding partner of activated vinculin (Chen et al., 2005), with FAK but showed
no interaction (data not shown), indicating that vinexin E is not a direct link between FAK
and vinculin activation. We postulate that effectors responsible for focal adhesion
disassembly during migration (Webb et al., 2004) may be involved in the FAK-dependent
reduction in steady-state adhesion strength. Interestingly, recent studies with fluorescence
recovery after photobleaching suggest that vinculin exchange dynamics within focal
adhesions are directly coupled to phosphorylation of tyrosine 1065 (Mdéhl et al, 2009).
Specifically, phosphorylation of vinculin decreases as focal adhesions mature and stabilize.
It is possible that the loss of FAK reduces phosphorylation of vinculin, and thus modifies the
dynamics of vinculin in focal adhesions. Moreover, talin represents an attractive potential
effector since talin binding to vinculin influences vinculin activation (Cohen et al., 2006).
Talin has also been implicated in formation of the ECM-cytoskeleton linkage, focal adhesion
formation, and substrate traction (Jiang et al., 2003; Zhang et al., 2008). Additional analyses
beyond the scope of the present work are required to establish the mechanistic links between
FAK and its effectors in adhesive force generation.

Materials and Methods

Cells and reagents

Tet-FAK cells were maintained as described previously (Owen et al., 1999). Primary human
dermal fibroblasts were kindly provided by A.P. Kowalczyk (Emory Univ.). The FAK siRNA
construct has been described (Benlimame et al., 2005). Retrovirus packaging and
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transductions were performed as described previously (Byers et al., 2002). Monoclonal
antibodies against vinculin (clone V284, Upstate), talin (clone 8d4, Sigma), paxillin (clone
7035, Zymed), and tensin (clone 5, BD Biosciences) were used for immunostaining.
Antibodies against vinculin (clone V284, Upstate) and FAK (06-543 polyclonal, Upstate)
were used for Western blotting.

Micropatterned substrates

Micropatterned substrates were generated by microcontact printing of self-assembled
monolayers of alkenethiols on gold (Gallant et al., 2005). Arrays of CH3-terminated
alkanethiol (HS-(CH5)11-CHs, Sigma) circles were stamped onto Au-coated glass coverslips
using a PDMS stamp (Sylgard 184/186 Elastomer kit). The remaining exposed areas were
functionalized with a tri(ethylene glycol)-terminated alkanethiol (HS-(CH3)11-(CH,CH,0)3-
OH, ProChimia Surfaces). Patterned substrates were coated with human plasma fibronectin
(20 pg/ml), blocked with 1% heat-denatured BSA, and incubated in PBS. This process
results in an array of fibronectincoated circular islands 5 um in diameter and spaced 75 pm
apart to promote single cell attachment to each island.

Adhesion strength assay

Adhesion strength was measured using our spinning disk system (Garcia et al., 1998;
Gallant et al., 2005). Micropatterned substrates with adherent cells were spun in PBS + 2
mM dextrose for 5 min at a constant speed. The applied shear stress () is given by the
formula © = 0.8/(pew3)Y/2, where r is the radial position and p and p are the fluid density and
viscosity, respectively. In some experiments, the spinning buffer was supplemented with 5%
dextran to increase fluid viscosity. After spinning, cells were fixed in 3.7% formaldehyde,
permeabilized in 1% Triton X-100, stained with ethidium homodimer-1 (Invitrogen), and
counted at specific radial positions using a 10X objective lens in a Nikon TE300 microscope
equipped with a Ludl motorized stage, Spot-RT camera, and Image-Pro analysis system.
Sixty-one fields (80-100 cells/field before spinning) were analyzed and cell counts were
normalized to the number of cell counts at the center of the disk. The fraction of adherent
cells (f) was then fit to a sigmoid curve f = 1/(1 + exp[b(t-ts50)]), Where s is the shear
stress for 50% detachment and b is the inflection slope. t5q characterizes the mean adhesion
strength for a population of cells.

Focal adhesion assembly

For staining of focal adhesion components, cells were permeabilized in cytoskeleton-
stabilizing buffer (0.5% Triton X-100 + 50 mM NacCl + 150 mM sucrose + 3 mM MgCl,

+ 20 pg/ml aprotinin + 1 ug/ml leupeptin + 1 mM PMSF + 50 mM Tris, pH 6) for 10 min,
fixed in 3.7% formaldehyde for 5 min, blocked in 5% fetal bovine serum, and incubated
with primary antibodies against focal adhesion components followed by AlexaFluor-labeled
secondary antibodies (Invitrogen). Images were captured using a Nikon 100X objective (1.3
NA) and Spot RT Camera/Software. Equal exposure times and gains were used for all image
acquisition. Focal adhesion area fractions and intensities were quantified using calibrated
image analysis software (ImagePro 4.5, Media Cybernetics). Briefly, a circular region of
interest was defined around the micropatterned, circular adhesive area which encompassed a
single cell. For each region of interest, fluorescence intensity and area values were
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quantified following thresholding to remove background fluorescence. Threshold values for
background fluorescence were determined from images obtained from negative control
samples stained with irrelevant primary antibody.

RNAIi knock-down of vinculin

siRNA pooled sequences encoding for mouse vinculin (M-060130-00-0010) and a non-
targeting (D-001210-01) negative control were purchased from Dharmacon. Sense
sequences for the 4 pooled vinculin siRNAs were: CGAGAUCAUUCGUGUGUUAUU,
GCCAAUAAAUCGACAGUGGUU, GGGAUUACCUCAUUGACGGUU,
AAGAUGAGUGCUGAAAUUAUU. FAK-inducible cells were transfected using a
Nucleofector Il (Amaxa). For each sample, 2 million cells were resuspended in 100 pl of
nucleofector solution MEF 2 with 1000 nM siRNA and 2.5 pg of pMAX GFP plasmid and
cotransfected using program T-20 (60% transfection efficiency). Twenty-four hours after
transfection, cells were FACS-sorted for GFP expression and cultured in appropriate
tetracycline condition for 48 h. The spinning disk assay, Western blot, and immunostaining
were performed 72 h after initial transfection.

Statistical analyses

Non-linear regression analysis was performed using SigmaPlot 2001 software (SPSS).
Analysis of variance (ANOVA) statistical analyses were performed using SYSTAT 11
software.
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FAK modulates steady state levels of adhesive force. (A) Adhesion profiles showing the
fraction of adherent cells as a function of applied shear stress for FAK-expressing (FAK+)
and FAK-null (FAK-) cells. Experimental values (FAK+, gray circles; FAK-, gray squares)
were fit to a sigmoid curve (fitted values: FAK+, filled circles; FAK— empty circles) to
obtain the shear stress for 50% detachment, indicated by vertical lines. (B) Mean adhesion
strength values showing increased adhesive force for FAK- cells (average * standard

deviation).
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FAK modulates vinculin localization to the adhesive interface independently from changes
in integrin binding. (A) Immunostaining for vinculin recruitment to micropatterned adhesive

area showing differences in vinculin-containing focal adhesion area (scale bar, 2 pm).
Surface plots displaying vinculin staining intensity (height) and distribution within

micropatterned area. FAK+ cells exhibited reduced vinculin-positive area compared to FAK

- cells, while vinculin intensity was equivalent for both cell types. Quantification of
vinculin-occupied adhesive area, intensity, and area-intensity product. (B,C)
Immunostaining (talin) and quantification of focal adhesion components recruited to
micropatterned adhesive area showing no differences between FAK+ and FAK- cells.

Biol Cell. Author manuscript; available in PMC 2016 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dumbauld et al.

Page 15

siRNA: NT VCL
NN

FAK- FAK+ FAK- FAK+

vinculinl e g = I

FAK | — —4|
B
c
o 0.25 p <0.001
= P i
Q
g 0.20
3]
2 o1
©
<
'-ll- 0.10
£
S o005
o
£
S 000
FAK+ FAK- FAK+ FAK-
siRNA NT VvCL
C —~
N
g 800 =005
s 7001’ N
i‘ 600
£ 500
=)
g 400
S
+ 300
c
§ 20
2 100
oL
- - .
© FAK+ FAK- FAK+ FAK-
SiRNA: NT vCL

Figure 3.
FAK regulates steady-state adhesive force by modulating vinculin localization to focal

adhesions. (A) RNAI knock-down (VCL = vinculin; NT = non-targeting control) reduced
vinculin levels by 80% in FAK+ and FAK-. (B) Vinculin knock-down eliminated
differences in steady-state vinculin recruitment to the adhesive area between FAK+ and FAK
- cells. (C) Vinculin knock-down eliminated differences in steady-state adhesion strength
between FAK+ and FAK- cells.
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FAK-mediated adhesive force requires phosphorylation of FAK activation sites. Results for
expressed FAK proteins are normalized to values for the FAK-null matched controls. (A)
Adhesion strength is differentially modulated by phosphorylation of Y397 and Y576/Y577.
(B) Inactivating mutations to Y397 and Y576/Y577 do not alter steady-state integrin binding
levels. (C) Recruitment of vinculin to focal adhesions requires phosphorylation of Y397 and

Y576/Y577.
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FAK knock-down in human dermal fibroblasts modulates adhesive force. Human dermal
fibroblasts were transduced with FAK siRNA-puro or control retrovirus and puromycin-
resistant cells were selected. (A) Knock-down of FAK increases cell adhesion strength. (B)

FAK knock-down enhances vinculin, but not talin, recruitment to adhesive interface.
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