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Summary Statement 

Mechanotransduction is a fundamental process carried out by almost every cell. This paper 

shows that focal adhesions are composed of functional protein modules, which control 

distinct aspects of mechanotransduction. 

 

Abstract 

Focal adhesions (FAs) are macromolecular complexes that regulate cell adhesion and 

mechanotransduction. Using fluorescence recovery after photobleaching (FRAP) and 

fluorescence loss after photoactivation (FLAP), we found that the mobility of core FA 

proteins correlates with protein function. Structural proteins such as tensin, talin and vinculin 

are significantly less mobile in FAs than signaling proteins such as FAK and paxillin. The 

mobilities of the structural proteins are directly influenced by substrate stiffness, suggesting 

they are involved in sensing the rigidity of the extracellular environment. The turnover rates 

of FAK and paxillin as well as kindlin2 are not influenced by substrate stiffness. By using 

specific Src and FAK kinase inhibitors, we reveal that force-sensing by vinculin occurs 

independently of FAK and paxillin phosphorylation. However, this phosphorylation is 

required for downstream, Rac1-driven cellular processes, such as protrusion and cell 

migration. Overall, we show that the FA is composed of different functional modules that 

separately control mechanosensing and the cellular mechano-response.  
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Introduction 

Fundamental cellular processes such as adhesion and migration require precise 

communication between cells and their environment (Geiger et al., 2001). Focal adhesions 

(FAs) are major sites of cell-extracellular matrix (ECM) crosstalk (Yamada and Geiger, 

1997). Here, the integrin transmembrane receptors connect ECM proteins to the cytoplasmic 

FA plaque complex, providing a link to the contractile actomyosin machinery (Hynes, 2002). 

While the overall molecular architecture of FAs has been established (Kanchanawong et al., 

2010; Liu et al., 2015), much less is known about the dynamic processes that occur within 

FAs, and their functional relevance to mechanotransduction, the conversion of a mechanical 

signal into a cellular response. 

Talin, vinculin and tensin are three FA structural proteins that provide a physical link 

between the integrins and the actin cytoskeleton (Atherton et al., 2016; Calderwood et al., 

2013). Talin binds to and activates integrins and is essential for cell adhesion and spreading 

(Atherton et al., 2015), while absence of vinculin compromises FA function and force 

transduction (Dumbauld et al., 2013; Xu et al., 1998). Tensin, depending on the isoform can 

vary in its localization pattern (Clarke et al., 2015). While tensin2 appeared predominantly in 

FAs, tensin3 was almost exclusively in fibrillar adhesions (FBs). Tensin1 localizes to both 

FAs and FBs (Clarke et al., 2015). In spite of these findings, little is known about the 

activation and regulation of tensin. Talin and vinculin activation requires tension-dependent 

conformational changes (Atherton et al., 2015; Carisey et al., 2013; del Rio et al., 2009; 

Hirata et al., 2014a), suggesting they are involved in sensing force-generated signals from 

the environment. When active, talin and vinculin bind both to each other and to the 

actomyosin machinery, leading to the maturation and stabilization of the FA, a process that 

is dependent on actomyosin tension (Humphries et al., 2007). There is evidence to suggest 

that the actin-crosslinker α-actinin may also be required for tension-dependent FA 

maturation (Roca-Cusachs et al., 2013). This could be due to the transmission of forces 

through α-actinin (Roca-Cusachs et al., 2013), or via the establishment of an actin stress-

fiber template (Oakes et al., 2012).  

Kindlin2, FAK and paxillin also contribute to adhesion regulation and mechanotransduction. 

Kindlin2 is essential for integrin activation and is involved in recruitment of paxillin 

(Theodosiou et al., 2016).  FAK and paxillin phosphorylation is increased on rigid substrates 

(Bae et al., 2014). Additionally, FAK phosphorylation is required for cells to respond to 

substrate stiffness during cell spreading (Swaminathan et al., 2016). FAK forms a complex 

with Src kinase in FAs (Parsons, 2003), which also seems to play a key role in 

mechanotransduction as Src kinase activity (Sai et al., 1999) and subsequent FAK 

phosphorylation (Wang et al., 2001) are required for the cellular response to cyclic 
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stretching. Phosphorylation, mainly driven by the FAK-Src complex, also dictates the 

localization of paxillin at cell-ECM adhesions (Zaidel-Bar et al., 2007). A phosphomimetic 

form of paxillin, where two key tyrosine residues (Y31 and Y118) were mutated to glutamate 

(Y2E), preferentially localized to newly formed FXs, whereas the phospho-null mutation 

(Y2F) localized to fibrillar adhesions. It is not known, however, whether these proteins are 

involved in the initial sensing of substrate stiffness, or are required to orchestrate the cellular 

response. 

FA proteins do not remain stationary; rather, they are continually turned over from the 

complex (Lele et al., 2006). Here, we used the photokinetic microscopy techniques 

fluorescence recovery after photobleaching (FRAP) and fluorescence loss after 

photoactivation (FLAP) to measure how the dynamics of 12 core FA proteins vary within the 

FA. We found that adhesion proteins can be separated into distinct ‘modules’ based on their 

turnover, which is representative of protein function. The turnover rates of the ‘structural 

module’ proteins talin, vinculin and tensin are stabilized by increased extracellular substrate 

stiffness and appear to be important in mechanosensing. This response is not seen with 

FAK and paxillin, two proteins in the ‘signaling module’. Furthermore, we show that FAK and 

paxillin have a role in directing the cellular response by controlling lamellipodial protrusions 

and cell migration. 

These results highlight the distinct roles played by different FA protein modules, allowing a 

cell to sense and respond to extracellular mechanical signals. Both the structural and 

signaling protein modules are critical for mechanosensitive cellular processes such as 

coordinated cell migration.   
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Results 

Differential mobility of FA proteins. 

A large number of proteins are implicated in the regulation of FAs, but little is known about 

their dynamic behavior. We analyzed the mobility of 12 GFP-tagged FA proteins using FRAP 

(Figure 1A; Movie S1). Two parameters, the half-time (t½) of recovery and the mobile 

fraction (FM), were assessed as indicators of protein mobility (Carisey et al., 2011).  

FRAP experiments revealed a wide distribution in the t½ of different FA proteins (Figure 1B). 

We found tensin1 (t½ = 59.0 s) and talin (t½ = 49.4 s) to have the slowest turnover, followed 

by vinculin (t½ = 39.8 s), α-actinin (t½ = 29.6 s), ILK (t½ = 29.1 s), α-Parvin (t½ = 26.0 s), 

kindlin2 (t½ = 23.3 s), paxillin (t½ = 15.7 s), p130Cas (t½ = 14.4 s), VASP (t½ = 11.1 s), FAK 

(t½ = 9.9 s) and zyxin (t½ = 9.4 s) (Figure 1B). The statistical analysis of t½ FRAP indicates 

that these proteins can be broadly split into three groups. Tensin, talin and vinculin are the 

slowest; α-actinin, ILK, α-Parvin and kindlin2 make up the intermediate group; and the 

remaining proteins constitute the most rapidly cycling group of proteins (Figure 1B). 

Analyzing mobile fractions (FM) showed talin and tensin to have the lowest FM (48.4 % and 

57.3 %), followed by the other FA proteins analyzed (FM between 60-80%) (Figure S1A).  

To compare the dynamics of the cytoplasmic plaque proteins with transmembrane, ECM-

bound integrins, we used FRAP to study the turnover of GFP-β1-integrin. Initial observations 

showed a short t½ FRAP of 19.4 s, suggesting a surprisingly fast turnover. However, the low 

FM (36.5%) indicated a high immobile fraction (Figure 1C). Analyzing line profiles of 

fluorescence intensities during the course of recovery showed that GFP-β1-integrin only 

recovered to the levels observed in the background membrane areas outside FAs, which 

constitutes diffuse GFP-β1-integrin  (approximately 30% of the total initial intensity found in 

FAs) (Figure 1D). This suggests the presence of two populations of integrins in FAs; one 

population that is tightly engaged with the ECM and therefore less mobile than a second 

highly mobile population, with a similar mobility to unliganded, presumably inactive, integrins 

in other areas of the membrane. 

Taken together, these results reveal the differential dynamics of distinct groups of FA 

proteins, suggesting a modular organization of proteins with a similar function within the FA. 

Structural, but not signaling, proteins modify their turnover in response to 

extracellular stiffness 

FLAP is a complementary method to FRAP for measuring protein turnover (Atherton et al., 

2015). FLAP experiments using PA(GFP)-tagged talin, vinculin, FAK and paxillin, with 

mCherry-zyxin used as a FA marker showed a similar protein turnover pattern as FRAP, with 

J
o

u
rn

a
l 

o
f 

C
e

ll
 S

c
ie

n
c

e
 �

 A
d

v
a

n
c

e
 a

rt
ic

le



talin and vinculin displaying significantly higher t½ compared to FAK and paxillin (Figure 

S1B, C). We found no correlation between initial fluorescence intensity post-photoactivation, 

(relating to protein expression level), and the rate of turnover, demonstrating that protein 

expression levels did not influence the rate of protein turnover (Figure S1D). This method 

was used instead of FRAP in subsequent experiments because the analysis of the positive 

fluorescence signal after photoactivation was less variable and more sensitive.  

Of the 12 proteins analyzed previously, we chose tensin1, talin, vinculin, α-actinin, kindlin2, 

paxillin and FAK to examine further. Vinculin and talin are known mechanosensors and FAK 

and paxillin are important signaling components involved in regulating FA dynamics and 

mechanotransduction (Bae et al., 2014; Dumbauld et al., 2013; Humphries et al., 2007; 

Webb et al., 2004; Zaidel-Bar et al., 2007). The roles of the other 3 proteins in 

mechanotransduction are not well established. To test whether the mechanical properties of 

the ECM affect protein dynamics, we performed FLAP experiments with NIH3T3 cells 

cultured on FN-coated intermediate (~8 kPa) and stiff (~100 kPa) polyacrylamide (PAA) gel 

substrates and glass (~1GPa) (Figure 2A). The rigidities chosen for the PAA gels are within 

the physiological range (~8 kPa ~ muscle, ~100 kPa ~ collagenous bone) (Engler et al., 

2006). Consistent with previous findings, cells on the three substrates spread well and 

displayed FAs that increased in size with substrate stiffness (Figure S2A, B) (Han et al., 

2012; Pelham and Wang, 1997). Analyzing turnover rates revealed that the t½ for talin, 

vinculin and tensin significantly increased with substrate stiffness (Figure 2A, B, S2C). 

Conversely, the dynamics of FAK, paxillin and kindlin2 were unaffected (Figure 2A, B, S2C). 

Interestingly kindlin2, while not sensitive to forces, showed a different post-activation pattern 

than that of FAK and paxillin. Fractions of activated PAGFP-paxillin and FAK that were not 

bound to FAs diffused rapidly away from adhesion sites; however, those of PAGFP-kindlin2 

produced a halo around adhesions which seemed to be associated with the membrane 

(Figure S2D).  For α-actinin, we found no difference in turnover between soft and stiff PAA 

gels (Figure 2A, B, S2C). There was a very small, albeit significant, decrease in mobility 

between 8 kPa and glass which puts forward the possibility that α-actinin is somewhat 

sensitive to ECM stiffness in larger force ranges. However since the changes are extremely 

low in comparison to tensin, talin and vinculin, the latter appear to be the main 

mechanosensitive proteins of those analyzed.  

Overall, these results demonstrate that the turnover of proteins linking integrins to the actin 

cytoskeleton (vinculin, talin and tensin) is directly influenced by the physical properties of the 

ECM. Substrate stiffness had no influence on the turnover rates of paxillin, FAK and kindlin2 

which appear to associate more transiently with FAs. α-actinin sits between these groups in 

both rate of turnover and sensitivity to ECM stiffness. The data suggest a modular 
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composition of FAs with the mobile behavior of protein subsets responding differently when 

encountering environments of different rigidities. 

Phosphorylation state and active vinculin do not affect the dynamics of FAK and 

paxillin 

In order to investigate the molecular mechanisms of mechanical activation in more detail, we 

focused on talin, vinculin, FAK and paxillin. The activities of vinculin and talin are influenced 

by the application of forces and constitutively active forms have significantly reduced 

turnovers compared to WT (Atherton et al., 2015; Cohen et al., 2006; Humphries et al., 

2007). FAK and paxillin, however, are predominantly regulated by tyrosine phosphorylation. 

To analyze the effect of phosphorylation on protein turnover, we performed FLAP with FAK 

and paxillin, mutated at crucial tyrosine residues (Figure 3A). 

Interestingly, for paxillin, neither phosphomimetic (Y2E) nor phospho-null (Y2F) mutations 

had any effect on the mobility of the protein in FAs (Figure 3B-D). Similarly, for FAK, neither 

mutating its autophosphorylation (Y397F) site nor a kinase-dead (K454R) form, which 

significantly reduces autophosphorylation (Schaller et al., 1999), had any impact on turnover 

(Figure 3 B-D).  

Using FLAP, we have previously shown that talin has a significantly reduced mobility in the 

presence of a constitutively active form of vinculin (vinT12)  (Figure S3A and Atherton et al., 

2015). We found here that the co-expression of vinT12 had no effect on the turnover of FAK 

and paxillin (Figure S3A-C). 

Together, these data demonstrate that the dynamic exchange of FAK and paxillin are not 

affected by their phosphorylation state or vinculin activity; however, talin is stabilized by 

active vinculin. Again, results support a modular organization within FAs whereby the activity 

of one set of proteins can affect the mobility of similar proteins within the same module, but 

has no influence on the dynamics of others in separate modules. 

FAK and paxillin phosphorylation in mechanotransduction 

Results so far indicate that the dynamics of paxillin and FAK are unaffected by substrate 

stiffness, phosphorylation or vinculin activity. Therefore, we investigated whether they 

contribute to mechanotransduction via an alternative mechanism, such as altered 

phosphorylation. To this end, we analyzed the ratio of total paxillin to phospho-paxillin 

(pY118) and the ratio of total paxillin to phospho-FAK (pY397) using immunofluorescence of 

cells on FN-coated PAA gels or glass (Figure S3D). We found that the percentage of the cell 

area that is composed of pY118-paxilin or pY397-FAK positive FAs (area fraction) increases 

with substrate stiffness (Figure 4A). Interestingly, the ratio of paxillin:pY118-paxillin and 
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paxillin:pY397-FAK did not change significantly (Figure 4B), indicating that substrate 

stiffness affects the overall amount of phosphorylated paxillin and FAK localized to FAs, but 

not the relative composition.  

Earlier results suggested that the dynamics of only FA proteins linking integrins to the actin 

cytoskeleton change their dynamics in response to ECM stiffness. We next explored whether 

the varying levels of phosphorylated FAK and paxillin present at FAs in cells on different 

substrates contributes to the dynamics of these proteins. We inhibited phosphorylation by 

treating cells with specific FAK and Src kinase inhibitors (FAKi – AZ13256675, Srci – 

AZD0530) (Figure S4A). These inhibitors have been extensively characterized and lead to a 

strong inhibition of FAK and paxillin phosphorylation in the FA (Horton et al., 2016, Figure 

S4A). Similar results were obtained using an alternative FAK inhibitor (PF573,228) (data not 

shown). FRAP analysis showed that FAKi and Srci treatment had no effect on the turnover 

of vinculin or FAK, compared to the DMSO control (Figure S4B). 

To test whether FAK and paxillin phosphorylation contributes to mechanosensing, we used 

FLAP to examine vinculin and tensin mobility on the PAA gels, following treatment with FAKi 

and Srci. For vinculin, inhibitor-treated cells showed the same previously seen pattern of 

reduced dynamic exchange as the substrate rigidity increased from 8 kPa to 100 kPa and 

from 100 kPa to glass (~1 GPa) (Figure 4C, D). Conversely, upon inhibition of FAK and Src 

activity, the turnover of tensin was no longer sensitive to ECM stiffness, with no significant 

difference in t½ FLAP between the substrates (Figure 4C, D). 

These results indicate that mechanosensing by vinculin and tensin occurs via different 

mechanisms. Vinculin is mechanosensitive irrespective of FAK and Src kinase activity. 

Surprisingly, tensin shows the opposite behavior and is no longer mechanosensitive when 

FAK and Src are inhibited. 

FAK and Src kinase activity influence FA dynamics 

Our previous results showed that FA morphology and phosphorylation of FAK and paxillin at 

FAs are both influenced by substrate stiffness (Figure S2, 4A). Therefore, we wanted to test 

the impact of FAK and paxillin phosphorylation on FA formation and turnover. Inhibiting FAK 

and Src activity (combined treatment with FAKi and Srci) led to a reduction in the number of 

small dot-like FXs at the cell periphery compared to DMSO-treated control cells, but their 

formation was not completely abolished (Figure 5A). Furthermore, inhibitor-treated cells had 

more mature FAs, leading to an increase in mean FA size (Figure 5A-B). 

To analyze FA dynamics in real time, we acquired time-lapse recordings of cells transfected 

with GFP-paxillin, with or without inhibitors. In DMSO-treated cells, FAs clearly matured from 
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FXs that localized along the entire edge of protruding lamellipodia. In contrast, cells treated 

with the combination of FAKi and Srci had a reduced number of FXs, and many FAs 

appeared to mature from complexes at the base of prominent filopodia (Figure 5C, 6B; 

Movie S2). Interestingly, these cells displayed extremely stable FAs, which persisted for 

much longer than the dynamic adhesions in control cells (Figure 5C; Movie S2). Cells 

treated with the FAKi alone displayed a phenotype in-between control cells and cells treated 

with both inhibitors (Figure 5C).  

Cells treated with FAKi and Srci appeared to form fewer FXs and more large FAs. 

Conversely, treatment with the Rho-kinase (ROCK) inhibitor Y-27632 leads to the 

disassembly of mature, tension-dependent FAs, but tension-independent FXs are still 

present (Ballestrem et al., 2001). Therefore, we hypothesized that cells lacking FAK, Src and 

ROCK activity will not be able to form any cell-matrix adhesion structures. To our surprise, 

NIH3T3 cells pre-treated in suspension with FAKi, Srci and Y-27632 were still able to spread 

and form FXs at the cell periphery. These were positive for vinculin and paxillin (Figure 

S4C), but contained no tyrosine-phosphorylated paxillin (Figure 5D).  

Together, these results suggest that adhesion complexes are extremely robust structures. 

Furthermore, although important for FA turnover, tyrosine phosphorylation of FAK and 

paxillin is not necessary for initial FX formation. 

FAK and Src kinase activity are required for lamellipodial protrusions, migration and 

cell spreading. 

The preceding experiments indicated that there is little, if any, role for FAK and paxillin 

phosphorylation in FA formation, but that they are involved in adhesion disassembly. 

Therefore, we hypothesized that the major role of their phosphorylation may lie in the 

coordination of cellular protrusions. Tracking the cell edge dynamics of NIH3T3 cells 

expressing RFP-Lifeact using the QuimP plugin for imageJ (Tyson et al., 2010) revealed that 

control (DMSO-treated) cells formed large, polarized protrusions, typically associated with 

2D directional cell migration. FAKi treated cells also formed lamellipodia, but these appeared 

as multiple small and disorganized protrusions (Figure 6A; Movie S3). In contrast, cells 

treated with FAKi + Srci together formed no lamellipodia and were largely stationary, but had 

a large number of prominent filopodia at the cell edge (Figure 6A, B; Movie S3). 

These defects in polarized protrusion formation after drug treatment also translated into 

defects in polarized, two-dimensional migration. DMSO-treated cells plated on 10 µm wide 

fibronectin (FN) stripes (which forces cells to adopt an elongated shape, thus assisting cell 

polarization (Doyle et al., 2009)) migrated readily along the stripes. Conversely, cells treated 
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with FAKi showed a significant reduction in cell migration, which was completely blocked by 

treatment with FAKi + Srci (Figure 6C and Figure S4D). 

Both lamellipodial protrusion and migration are Rac1 dependent processes (Ridley, 2011). 

To further analyze the role of FAK and Src mediated phosphorylation in Rac1-driven cellular 

functions, we performed cell spreading assays, a process also known to be driven by Rac 

(Price et al., 1998) While FAKi treatment of NIH3T3 cells barely affected long-term cell 

spreading (150 minutes), the process was significantly slower than for control cells. This 

effect was more pronounced using both FAKi and Srci (Figure 6D and Figure S4E).  

From these data, we conclude that phosphorylation of FAK and paxillin is vital to generate 

Rac1 driven cellular processes such as lamellipodial protrusions, which are critical for 

polarized cell migration and spreading.  

Src-mediated tyrosine phosphorylation of FAK and paxillin has no impact on cellular 

traction forces. 

Coordinated cell motility and environmental stiffness sensing requires force exertion by the 

cell onto the matrix (Plotnikov et al., 2012). To explore whether the observed defects in cell 

migration and spreading could be due to a reduction in these forces, we measured the 

traction forces exerted by cells following treatment with FAKi and Srci. This treatment did not 

lead to any change in the traction stress applied by cells to the substrate (Figure 6E). 

Therefore, although vital for initiating cellular protrusions, FAK and paxillin phosphorylation 

does not contribute to the generation of traction forces required to sense ECM stiffness and 

to pull the cell body forward during migration.  
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Discussion 

FAs are composed of a complex network of proteins that are integral for ECM stiffness 

sensing, cell adhesion and migration (Geiger et al., 2001). We have shown that FA proteins 

are organized into functional modules, and that these modules are each responsible for 

regulating distinct aspects of mechanotransduction.  

Here, we classify the FA proteins that have been previously shown to link ECM-bound 

integrins to the actin cytoskeleton (including talin (Calderwood et al., 1999; Zhang et al., 

2008), vinculin (Case et al., 2015; Menkel et al., 1994), and tensin (Haynie, 2014)) as 

belonging to a ‘structural module’. FA proteins known to be involved in adhesion-based 

signalling such as FAK (Mitra et al., 2005),and paxillin (Deakin and Turner, 2008) belong to a 

‘signalling module’. Some proteins, such as kindlin2 and a-actinin, have been shown to have 

alternative roles, and belong to an intermediate module (Otey and Carpen, 2004; Roca-

Cusachs et al., 2013; Theodosiou et al., 2016). In line with their roles as structural proteins 

with the FA, those proteins in the structural module have the slowest turnover, as measured 

by FRAP, whereas the signalling module proteins have a very fast turnover, suggesting a 

much more transient residency time within the adhesion (Figure 1B). 

Interestingly, the structural module proteins (talin, vinculin and tensin), but not the signalling 

module proteins (FAK and paxillin), change their turnover in response to ECM stiffness. This 

suggests that it is those proteins that are involved in linking integrins to the actin 

cytoskeleton that are directly involved in sensing ECM stiffness. Our results showing that 

FAK- and Src-mediated phosphorylation within adhesions is required for protrusion (Figure 

6A), migration (Figure 6C) and spreading (Figure 6D), all of which are Rac1-dependent 

events (Ridley, 2011) that are also affected by substrate stiffness (Lo et al., 2000; Plotnikov 

et al., 2012; Swaminathan et al., 2016), suggest that these signalling module proteins are 

involved in generating the intracellular signalling events driving these phenomena. 

Therefore, the process of mechanotransduction requires the co-operation of both modules to 

function correctly: the structural proteins are involved in directly sensing mechanical stimuli 

(mechanosensing), whereas the signaling module proteins are involved in generating the 

intracellular signaling events in response (mechanosignaling) (Figure 7). 

The recent finding that FAK Y397 phosphorylation is required for stiffness-dependent cell 

spreading agrees with this model (Swaminathan et al., 2016). We propose that these cells 

are still mechanosensitive but are deficient in mechanosignaling. Similarly, perturbing either 

of these modules blocks polarized cell motility as has been shown with knockout cells, 

mutants or drugs that compromise talin and vinculin function (Atherton et al., 2015; Carisey 
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et al., 2013), or FAK and paxillin function (Ilic et al., 1995; Petit et al., 2000; Swaminathan et 

al., 2016; Webb et al., 2004).  

Differences in protein turnover rates reflect distinct function in cells. 

The observed differences in turnover rates between FA proteins were striking (Figure 1).  

Lele et al (2008) proposed that the turnover rate of an FA protein may, in part, depend on its 

number of interaction partners. It appears, however, that the function of the protein has a 

greater influence. Integrins have the lowest mobility, but can be subdivided into two 

populations, a more stable ligand binding fraction and a highly mobile fraction that diffuses in 

the membrane (Figure 1C, D). This is supported by super-resolution microscopy that found 

reduced movement of integrins within FAs (Rossier et al., 2012). 

After the slowly turned over structural proteins, there appears to be a module of proteins with 

intermediary turnover rates contains actin-binding proteins including α-actinin and the ILK–

PINCH-parvin complex. These proteins may be more involved in crosslinking the actin 

cytoskeleton, rather than linking integrins to the actomyosin machinery.  However, more 

work will be required to analyze this subset of proteins further. As well as containing the 

highly mobile signaling proteins (FAK, paxillin and p130Cas), the third module also 

comprises proteins known to regulate actin polymerization (e.g. zyxin and VASP) (Beckerle, 

1998; Hoffman et al., 2006). Proteins in the latter group localize to actin filament termini and 

are involved in actin organization and polymerization (Beckerle, 1998; Drees et al., 1999), 

rather than being an integral part of the mechanical structure between integrins and actin.  

Interestingly, classifying FA proteins according to their dynamic behavior correlates well with 

the compartments identified using super-resolution microscopy (Kanchanawong et al., 2010; 

Liu et al., 2015): (i) the ‘integrin signaling layer’ (containing FAK and paxillin), (ii) the ‘force 

transduction layer’ (talin and vinculin) and (iii) the ‘actin regulatory layer’ (zyxin, VASP and α-

actinin). According to our data, proteins residing within these individual layers have very 

similar rates of turnover. One interesting exception is α-actinin, whose slow turnover is likely 

due to its role as an actin cross-linker (Otey and Carpen, 2004), as well as its direct 

association with β-integrin (Roca-Cusachs et al., 2013).  

Kindlin2, whilst turned over rapidly, showed a unique pattern of mobility.  In contrast to other 

proteins, much of the protein diffused along the plasma membrane starting from the initially 

photoactivated pool of the FA structure (Figure S2D). These findings are in line with kindlin2 

bearing a pleckstrin-homology (PH) domain that binds phosphoinositides and is involved in 

recruiting proteins to the plasma membrane (Liu et al., 2011).  
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The relationship between protein dynamics and mechanosensing.  

Mechanical forces are thought to contribute to the activation of both talin and vinculin (del 

Rio et al., 2009; Hirata et al., 2014b; Yao et al., 2014). Previously, we have shown that the 

turnover of talin and vinculin reflects their activation state (Atherton et al., 2015; Carisey et 

al., 2013). Our observation that the turnover rates of talin, vinculin and tensin decreased with 

increasing ECM stiffness (Figure 2), suggests that these proteins are more active on rigid 

substrates. Increasing ECM stiffness leads to elevated Rho activity (Paszek et al., 2005), 

therefore it is possible that this in turn, through a downstream increase of actomyosin 

tension, leads to increased activation of talin and vinculin in adhesion sites. Indeed, it has 

been shown using a talin tension sensor construct, that the amount of tension across talin is 

modified by substrate stiffness and that vinculin is required for the maximal tension to be 

applied through talin at FAs (Austen et al., 2015; Kumar et al., 2016). 

Tensin1 is present within both FAs and FBs (Clark et al., 2010). Our findings suggest that, 

within FAs under normal conditions, tensin1 is exposed to forces in a similar manner to talin 

and vinculin, and possibly acts as a mechanosensor via an analogous mechanism. 

Interestingly, the above-mentioned mechanosensitive proteins differ from α-actinin in that α-

actinin does not modify its turnover in response to different substrate stiffness on PAA gels 

(Figure 2). Therefore, while on one hand α-actinin may be part of the clutch model, whereby 

talin and vinculin follow actin retrograde flow out of FAs, controlling the transmission of 

actomyosin tension through FAs (Hu et al., 2007; Thievessen et al., 2013), we propose that 

it belongs to a different, actin-binding module distinct from the mechanically activated 

integrin-talin-vinculin complex, in line with the super-resolution microscopy findings showing 

α-actinin in an actin-binding layer. 

Crosstalk between the modules and its role in mechanosensing 

Interestingly, constitutively active vinculin does not influence the turnover of FAK or paxillin, 

proteins in the ‘signaling module’ (Figure S3). This is surprising, given that both of these 

proteins remain present at FAs after removal of intracellular tension using either blebbistatin 

or Rho-kinase inhibition, when co-expressed with vinT12 (Carisey et al., 2013). 

The phosphorylation of the signalling module proteins FAK and paxillin is critical for cell 

motility (Figure 6C) (Mitra et al., 2005; Subauste et al., 2004). The overall amount of 

phosphorylated FAK and paxillin that localized to FAs increased with substrate stiffness 

(Figure 4A). This builds on previous biochemical data, which found the whole-cell levels of 

phospho-FAK and paxillin increased on rigid substrates (Bae et al., 2014). Importantly, 

inhibiting phosphorylation using a combination of FAKi and Srci did not affect the ability of 

J
o

u
rn

a
l 

o
f 

C
e

ll
 S

c
ie

n
c

e
 �

 A
d

v
a

n
c

e
 a

rt
ic

le



vinculin to modify its turnover in response to ECM stiffness (Figure 4C, D). Similarly, in 

marked contrast to the well-documented roles for vinculin and talin in generating cellular 

traction forces (Atherton et al., 2015; Dumbauld et al., 2013; Thievessen et al., 2013), which 

are crucial for mechanosensing (Plotnikov et al., 2012), we find that FAK and Src inhibition 

has no effect on traction force generation (Figure 6E). This suggests that this module is not 

directly involved in sensing environmental mechanical cues. Rather, it appears to control the 

downstream response to these signals through the activation of Rac1, which is essential for 

cell edge protrusions and migration (Ballestrem et al., 2001) (Figure 6). 

It has been suggested that tension-dependent paxillin phosphorylation has a role in vinculin 

recruitment to FAs (Case et al., 2015; Pasapera et al., 2010). However, we observed 

vinculin in FXs in the absence of both intracellular tension and tyrosine-phosphorylated 

paxillin (Figure 5D and S4C), suggesting that vinculin can be recruited to FXs by several 

mechanisms. 

It is interesting to note that tensin1 lost the ability to modify its turnover in response to ECM 

stiffness after drug treatment (Figure 4C, D). Tensin binds to the NPxY motif of the β-integrin 

cytoplasmic tail at the same site as talin, and phosphorylation of the tyrosine motif by Src 

has been shown to greatly reduce the affinity for talin, thus leading to an increase in tensin 

recruitment (McCleverty et al., 2007). Additionally, we found that the turnover of tensin on 

glass is increased after drug treatment (t½ = 89.7 s (drugs) vs 123.8 s (no drugs)) (compare 

Figure 4D with Figure 2B). Therefore, tensin may be insensitive to ECM stiffness changes 

after FAKi and Srci treatment due to perturbation to its recruitment under these conditions. 

Together, these findings suggest that a complex feedback mechanism exists between the 

FA protein modules. Although they themselves do not appear to be directly sensitive to ECM 

stiffness, proteins in the signaling module of the FA still appear to have a role in influencing 

the recruitment and mechanosensitive function of FA structural proteins.  

Our findings shed further light on the modular organization of FAs and how separate 

modules contribute to mechanotransduction in distinct ways. Understanding precisely how 

these FA protein modules communicate with one another requires further research and 

would be an extremely interesting line of enquiry.  
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Materials and methods 

Antibodies and reagents 

Primary antibodies and dilutions used were: anti-vinculin (clone hVIN-1 - Sigma) (1:500); 

anti-paxillin (clone 349 – Milipore) (1:400); anti-paxillin pY118 (clone 44-722G – Life 

Technologies) (1:400); anti-FAK pY397 (clone 141-9 – Life Technologies) (1:400) and anti-

pY (clone 4G10 - Milipore) (1:250). Secondary antibodies conjugated to DyLight-488 or -594 

were all from Jackson ImmunoResearch Laboratories (both 1:500). Texas-Red-X- (1:500) 

and Alexa Fluor 647-conjugated (1:200) phalloidin were from Life Technologies.  

The FAK inhibitor (FAKi – AZ13256675) and Src inhibitor (Srci – AZD0530) were obtained 

from Astra Zeneca, available from the pharmacology toolbox 

(http://openinnovation.astrazeneca.com/what-we-offer/pharmacology-toolbox/). Y-27632 

dihydrochloride was obtained from Tocris Bioscience. 

Microscopy 

Immunofluorescence microscopy and FRAP experiments were carried out using a Delta 

Vision (Applied Precision) microscope using a 60x/1.42 Plan-Apochromat 

(immunofluorescence) or 100x/1.40 Uplan S Apochromat (FRAP) objective and a Sedat 

Quad filter set (Chroma 86000v2), with images collected using a Coolsnap HQ 

(Photometrics) camera.  

FLAP experiments, time lapse recordings and actin retrograde flow measurements were 

acquired using a CSU-X1 spinning disc confocal (Yokagowa) on a Zeiss Axio-Observer Z1 

microscope with a 60x/1.40 oil Plan-Apochromat objective, Evolve EMCCD camera 

(Photometrics) and motorised XYZ stage (ASI). The 405 nm, 488 nm and 561 nm lasers 

were controlled using an Acousto-optical tunable filter through the laserstack (Intelligent 

Imaging Innovations (3i)). 

For all constructs, we analysed cells with low to intermediate expression levels. Protein 

expression level had no effect on the rate of protein turnover (Figure S1D). 

Cell migration experiments were performed using an AS MDW live cell imaging system 

(Leica) using a 10x/0.30 HC Plan Fluotar objective. The system was controlled using Image 

Pro 6.3 by Media Cybernetics LtD. Cells were maintained at 37°C and 5% CO2. Images 

were collected using a Coolsnap HQ CCD camera (Photometrics).  
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Cell lines and transfection 

NIH3T3 fibroblasts were cultured at 37°C in Dulbecco’s Modified Eagle Medium (DMEM) 

(Sigma), supplemented with 10% (vol/vol) Fetal Calf Serum (FCS) (Lonza), 1% (vol/vol) non-

essential amino acids and 2 mM L-glutamine (both Sigma), and transfected using 

Lipofectamine reagent and Plus reagent, according to manufacturer’s instructions (Life 

Technologies). Cells were plated on glass-bottomed dishes (IBL) coated with 10 µg/ml 

bovine plasma fibronectin (FN) (Sigma). For live cell imaging experiments, the cells were 

transferred to carbonate-free Ham’s F-12 media supplemented with L-glutamine, 25 mM 

HEPES, penicillin-streptomycin (all Sigma) and 2% FCS. Starting solutions of FAKi and Srci 

were diluted in DMSO (3 mM) and Y-27632 was diluted in water (100 mM). 

Immunofluorescence microscopy 

Cells were fixed with 4% (wt/vol) PFA and permeabilized with 0.5% (vol/vol) Triton-X (both 

Sigma-Aldrich). Antibodies were diluted in 1% BSA (Sigma-Aldrich) and added to the cells 

for 1 hour. 

Images were acquired on the Delta Vison system (above) and processed using the FIJI-

ImageJ software (version 1.48u). To analyse FA size and area fraction, images were 

bandpass filtered and background was subtracted using a rolling ball. FAs were thresholded 

manually and particle analysis between 0.1-10 μm2 was used to analyse the average 

adhesion size for each cell. 

For ratio imaging of pY118-paxillin/pY397-FAK:total paxillin, images of co-immunostained 

cells were taken with the same exposure time between channels. FA images were 

processed as above. The same threshold was used in both the paxillin and pY118-

paxillin/pY397-FAK channels. The mean intensity of every adhesion was measured in both 

channel using particle analysis, and the ratio of pY118-Pax/pY397-FAK:Pax was calculated 

for all adhesions in the cell. 

Flilpodia were quantified using the FiloDetect MatLab script, developed and made freely 

available by Theodore Perkins’ research group, University of Ottawa (Nilufar et al., 2013). 

Y-27632 experiments 

NIH3T3 cells were trypsinised and suspended in 2 ml supplemented DMEM containing 3 µM 

FAKi + 3 µM Srci + 50 µM Y-27632, or an equivalent volume of DMSO for 1 hour. These 

concentrations and treatment times are sufficient for maximal FAK and Src inhibition (Horton 
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et al., 2016). Cells were plated on FN-coated coverslips for 4 hr prior to fixation and staining. 

Images were acquired with the DeltaVision system (above). 

Polyacrylamide gel preparation 

FN-coated PAA gels (6% (~8 kPa) or 25% (~100 kPa) of gel diluted from 30% Protogel in 

PBS, 37.5:1 fixed ratio of acrylamide:bis-acrylamide; EC-890, National Diagnostics) were 

prepared in 35 mm glass bottomed dishes (IBL) from previously published methods, with 

modifications (Pelham and Wang, 1998; Zhang et al., 2013). The FN coating density was 

equivalent between PAA gels and glass. 

The stiffness of the 6% (8.760 ± 0.209 kPa) and 25% (113.188 ± 8.04 kPa) PAA gels were 

measured with a CellHesion Atomic Force Microscope (Nanowizard, CellHesion 200; JPK 

Instruments, Berlin, Germany) with tip-less cantilevers (NP-O10, Bruker AFM Probes), 

modified by attaching 10 mm diameter polystyrene beads (PPS-10.0, Kisker). 

Live cell imaging 

Fluorescence recovery after photobleaching (FRAP) 

Transfected NIH3T3 fibroblasts were incubated overnight at 37ºC. The cells were placed in 

the microscope chamber at 37ºC for 1 hour prior to imaging, to ensure they were in 

equilibrium. For cells treated with FAKi and Srci, media containing 3 µM FAKi, 3 µM FAKi + 

3 µM Srci or an equivalent volume of DMSO were added to the cells for 1 hour.. 

Images were acquired using the Delta Vision system (above). 5 peripheral, mature FAs per 

cell were selected and photobleaching was achieved with a 7.5 ms burst of the 488 nm laser 

at 100% power, used to bleach a 2 µm diameter circle within the FAs. Softworks software 

was used to capture three images prior to photobleaching and then one image every 10 s for 

5 min post-bleach. Movies were analysed using Softworks inbuilt photokinetics analysis and 

MATLAB, with a script developed in house, as described previously (Carisey et al., 2011; 

Humphries et al., 2007).  

Fluorescence loss after photoactivation (FLAP) 

NIH3T3 fibroblasts were co-transfected with the required photoactivatable (PA)GFP tagged 

DNA constructs and an mCherry-tagged FA marker protein (mCh-zyxin, unless otherwise 

specified). The cells were incubated overnight at 37ºC. The medium was replaced and the 

cells were placed in the microscope chamber at 37ºC for 1 hour. 

Cells were imaged using the CSU-X1 spinning disc confocal system. Approximately 5 

peripheral, mature FAs were photoactivated per cell with a 5 ms burst of a 405 nm laser at 
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100% power. Slidebook software was used to capture three images prior to photoactivation 

and images were then taken every 10 s for 3-5 min post-photoactivation.  

Movies were analysed using MATLAB with a script developed in house, as described 

previously (Atherton et al., 2015).  

FAKi and Srci experiments 

NIH3T3 cells were co-transfected with GFP-paxillin or YFP-dSH2 and plated on fibronectin 

coated glass bottomed dishes (IBL). Cells were treated as described above for 1 hour prior 

to fixation. Cells were imaged using the CSU-X1 spinning disc confocal system. 

For time lapse recordings, the media was replaced 1 hour prior to imaging with 

supplemented DMEM containing 3 µM FAKi, 3 µM FAKi + 3 µM Srci or an equivalent volume 

of DMSO. Images were acquired every 2 minutes for 90 minutes. Cell membrane protrusion 

was analysed using the QuimP11b toolbox for ImageJ, kindly provided by Till Bretschneider 

and Richard Tyson (University of Warwick, Coventry, UK, (Tyson et al., 2010)).  

Migration 

Polydimethylsiloxane (PDMS) stamps were generated by coating a glass mask (10 µm 

stripes) with PDMS (10:1 weight ratio of base:curing agent) and heating to 60ºC for 2 hours. 

The PDMS stamps were coated with 50 µg/ml FN for 1 hour at room temperature and placed 

on a glass coverslip for 1 hour. 

NIH3T3 cells were plated on the patterned coverslips for 1 hour at 37ºC. Unattached cells 

were washed away with PBS and the media was replaced with supplemented DMEM 

containing 25 mM HEPES as well as 3 µM FAKi, 3 µM FAKi + Srci or an equivalent volume 

of DMSO. Cells were incubated for 1 hour prior to imaging. Images were acquired every 10 

minutes for 16 hours using the AS MDW live cell imaging system (above). Cell migration was 

measured using the Manual Tracking plugin, and analysed using the chemotaxis and 

migration tool for FIJI-ImageJ (Ibidi). 

Spreading 

NIH3T3 cells were trypsinised and suspended in 1 ml supplemented DMEM containing 3 µM 

FAKi, 3 µM FAKi + Srci or an equivalent volume of DMSO for 1 hour. Treated cells were 

plated on FN-coated coverslips and fixed after the indicated times and stained for actin. 

Images were acquired using an AxioObserver Z1 microscope with a 10x objective and a 565 

nm LED. Cell area was measured manually using FIJI-ImageJ software. 
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Traction force microscopy 

NIH3T3 cells were transfected with GFP-paxillin and plated on FN coated ~8 kPa PAA gels 

containing 4% (vol/vol) FluoSpheres carboxylate-modified microspheres (F8810, red 

fluorescent (580/605) (Thermo Fisher). Cells were treated with 3 µM FAKi, 3 µM FAKi + Srci 

or an equivalent volume of DMSO for 1 hour prior to imaging. Traction force images were 

acquired on the CSU-X1 spinning disc confocal system (above), and analysed as previously 

described (Atherton et al., 2015).  

Statistical analysis 

Graphing and statistical analysis were performed using GraphPad Prism 6 software. 

 When comparing means, the D'Agostino-Pearson test was used to assess the 

normality of the data to determine the appropriate statistical tests to use.  
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Figure 1. Differential FA protein turnover in FAs. 

A. Representative time-lapse images showing FRAP of NIH3T3 cells transfected with GFP-

tagged talin and FAK. Targeted FAs are indicated by encircled regions. Images are 

presented in a color intensity scale. Graphs show the mean fluorescence recovery curves for 

all recorded FAs, error bars are SEM. Scale bar = 5 μm. B. Mean t½ FRAP values for the 

indicated FA proteins in NIH3T3 cells. n = 23-83 FAs. Kruskal-Wallis with Dunn’s multiple 

comparisons test, n.s. = no significant difference, * = p < 0.05, **** = p < 0.0001. C. 

Representative time-lapse panels showing FRAP of GFP-β1-integrin. Graph shows the 

average curve fits of all recorded FAs (n = 20), error bars are SEM. White line across FA 

indicates the position of line profile plots (below). Scale bar = 5 μm. D. Representative line 

profile plots of GFP-β1-integrin. Blue line represents the fluorescence intensity across the 

line and red dashed line indicates background fluorescence. Note that the fluorescence 

intensity of the photobleached FA falls below the background fluorescence at time 0 s and 

only recovers to background levels at 40 s.  
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Figure 2. Extracellular stiffness differentially modulates the turnover rates of several 

FA proteins. 

A. FLAP curves of experiments performed in NIH3T3 cells plated on FN-coated 8 kPa and 

100 kPa polyacrylamide (PAA) gels and glass. B. t½ FLAP graph showing that the turnover 

rates of talin, vinculin and tensin are stabilized in a step-wise manner as substrate stiffness 

increases. α-actinin is partially stabilized by increased substrate stiffness, while the 

dynamics of FAK, paxillin and kindlin2 are unaffected. Data are pooled from 3 independent 

repeats, n = 47-118 FAs, Kruskal-Wallis with Dunn’s multiple comparisons test, n.s. = no 

significant difference, * = p < 0.05, *** = p < 0.001, **** = p < 0.0001. 
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Figure 3. Phosphorylation state does not affect turnover of FAK and paxillin. 

A. Schematic showing FAK and paxillin and the mutant forms that were used in the study. B. 

Representative time-lapse images showing the loss of fluorescence of the indicated PAGFP-

tagged FA protein, following photoactivation; scale bar = 5 μm. Graphs showing the mean 

fluorescence loss over time, error bars are SEM. C. Mean t½ FLAP and FM in NIH3T3 cells 

expressing the indicated FA protein and mutant constructs. Note there is no difference in 

turnover of the FAK and paxillin mutants. Data are pooled from 3 independent repeats, n = 

71-96 FAs, Kruskal-Wallis with Dunn’s multiple comparisons test, n.s. = no significant 

difference.  
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Figure 4. FAK and paxillin phosphorylation are involved in mechanotransduction 

A, B. Graphs showing the percentage of the cell area that is composed of pY118-paxillin or 

pY397-FAK positive FAs (A) and the ratio of pY118-paxillin/pY397-FAK to total paxillin (B) in 

cells plated on the indicated substrates. Data are pooled from 3 independent repeats, n = 

43-50 cells, one-way ANOVA with Tukey post-hoc test, *** = p < 0.001. C. Fluorescence loss 

curves (±SEM) of vinculin and tensin FLAP experiments performed in NIH3T3 cells plated on 

the indicated substrates and treated with FAKi + Srci. D. t½ FLAP graph shows the turnover 

rates of vinculin and tensin display different responses to substrate stiffness following 

treatment with FAKi and Srci. Data are pooled from 3 independent repeats, n = 58-75 FAs, 

one-way ANOVA with Tukey post-hoc test, * = p < 0.05, *** = p < 0.001.  
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Figure 5. FAK and Src kinase activity influence FX formation and turnover. 

A. Representative images showing NIH3T3 cells transfected with GFP-paxillin and treated 

with DMSO, FAKi or FAKi + Srci; scale bar = 10 μm. Red boxes indicate the enlarged 

regions (below); scale bar = 5 μm. B. Graph showing the adhesion size in NIH3T3 cells 

under indicated conditions. Data are pooled from 3 independent repeats, n = 169 cells, 

Students t-test, *** = p < 0.001. C. Representative time-lapse images of DMSO or drug 

treated NIH3T3 cells transfected with GFP-paxillin. The colored images show adhesions 

present at the indicated time points. Overlap in color shows the GFP-paxillin containing FA 

has persisted between the time points (yellow = 0 and 30 minutes, turquoise = 30 and 60 

minutes, white = all three time points). Note the persistence of FAs following FAKi and Srci 

treatment. D. Representative images (above) and zoomed regions (below) of NIH3T3 cells 

pre-treated in suspension with the indicated drugs and co-stained for paxillin and pY118-

paxillin after plating on FN-coated coverslips. Graphs show the fluorescence intensity across 

the indicated line. Note the presence of paxillin positive FXs even in the absence of 

intracellular tension and tyrosine phosphorylation. Scale bar = 10 μm (above) and 5 μm 

(below). 
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Figure 6. FAK and Src kinase activity are required for lamellipodial protrusions, cell 

migration and spreading. 

A. Representative recordings following the indicated drug treatments of NIH3T3 cells 

transfected with RFP-lifeact. The color-coded outlines show the position of the cell during the 

course of the 90 minute movie (4 minute intervals). Kymographs (below) were taken at the 

indicated position (red line). Note the dramatic drop in protrusive behavior following the 

inhibition of FAK and Src. Scale bar = 10 μm.  B. Quantification of number of filopodia 
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around the cell periphery following treatment with DMSO, FAKi or FAKi + Srci. n = 31-35 

cells, one-way ANOVA with Tukey post-hoc test, ** = p < 0.01. C. Representative trajectories 

of cells recorded for 16 hours on 10 μm wide fibronectin stripes; images of NIH3T3 cells 

plated on fibronectin stripes (inset). Note the decreased migration rate of cells treated with 

FAKi and FAKi + Srci. D. Graph showing the increase in cell area over time following plating 

on fibronectin coated cover slips. n = 113-233 cells, one-way ANOVA with Tukey post-hoc 

test, n.s. = no significant difference, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars 

are ± SEM. E. Representative cell images and stress maps of traction force microscopy. 

Stress maps are colored to show intensity, scale bar = 10 μm. Graph shows the mean stress 

of all cells analyzed. n = 34-45 cells, one-way ANOVA with Tukey post-hoc test, n.s. = no 

significance. 
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Figure 7. Model of mechanotransduction by the structural and signaling protein 

modules.  

Proteins in the structural module, including tensin, talin and vinculin, are tightly associated 

with integrin and actin. These proteins sense extracellular mechanical signals by modifying 

their activation state and rate of turnover. This signal is transferred to the proteins in the 

signaling module, including FAK and paxillin, by modifying their level of tyrosine 

phosphorylation. The level of tyrosine phosphorylation on these proteins determines the 

cellular response to the mechanical signal, activating Rac to promote protrusion and 

migration or Rho, leading to adhesion growth and stabilization. 
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Figure S1 

A. Mean mobile fraction (FM) values for the indicated FA proteins in NIH3T3 cells. B.

Representative time-lapse images showing fluorescence loss after photoactivation of 

NIH3T3 cells transfected with PAGFP-tagged talin and FAK. Images are coloured to 

represent fluorescence intensity. Graphs show the average fluorescence recovery curves for 

all recorded FAs, error bars are SEM. Scale bar = 5 μm. C. Graphs showing the mean t½ 

FLAP and FM values for the indicated FA proteins in NIH3T3 cells. n = 66-177 FAs. D. Graph 

showing the correlation between fluorescence intensity post-photoactivation and t½ FLAP for 

cells expressing PAGFP-paxillin. Note that the initial fluorescence intensity, which represents 

protein expression level, has not effect of rate of protein turnover. Correlation determined 

using Pearson’s correlation, p = 0.53, n.s. = no significant correlation, n = 56 FAs. Equivalent 

results were seen for all constructs used (data not shown). 
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Figure S2 

A. Representative images showing NIH3T3 cells plated on 8 kPa and 100 kPa

polyacrylamide (PAA) gels and glass (~1 GPa) and fluorescently labelled for vinculin and 

actin. B. Graph showing the quantification of adhesion size on the different substrates. Note 

the increase in FA size as the substrate stiffness increases. Data are pooled from 3 

independent repeats, n = 45 cells, significance determined by one-way ANOVA with Tukey 

post-hoc test, * = p < 0.05. C. Representative time-lapse images of FLAP experiments 

performed in NIH3T3 cells plated on FN-coated 8 kPa and 100 kPa polyacrylamide (PAA) 

gels and glass; scale bar = 5 μm. D. Representative images of FLAP experiments in NIH3T3 

cells plated on FN-coated glass. Note the high fluorescence intensity of kindlin2 in the 

membrane surrounding photoactivated FAs, compared to paxillin for the first 20 s post-

activation. Graphs show the fluorescence intensity along the indicated line. 
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Figure S3 

A. Representative time-lapse images and mean FLAP curves (±SEM) of NIH3T3 cells

following photoactivation of the indicated PAGFP-tagged FA protein in control cells and in 

cells co-expressing vinT12; scale bar = 5 μm. B, C. Mean t½ and FM graphs show that the 

turnover of FAK and paxillin are unaffected by the presence of vinT12. Data are pooled from 

3 independent repeats, n = 45-68 FAs, one-way ANOVA with Tukey post-hoc test, n.s. = no 

significant difference. n.d. indicates that the t½ FLAP and FM could not be determined due to 

the linear nature of the fluorescence decay. D. Representative images of NIH3T3 cells 

stained for paxillin and either pY118-paxillin or pY397-FAK; scale bar = 10 μm. 
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Figure S4 

A. Representative images showing NIH3T3 cells transfected with YFP-dSH2 and treated

with DMSO, FAKi or FAKi + Srci, scale bar = 10 μm. YFP-dSH2 is a phospho-tyrosine 

reporter (recognizing both phosphorylated FAK and paxillin (Ballestrem et al., 2006)). Red 

boxes indicate the enlarged regions (below), scale bar = 5 μm. Note the loss of dSH2 from 

FAs in cells treated with FAKi + Srci, indicating a loss of phospho-tyrosine from these 

structures. B. Mean t½ FRAP graph shows the turnover of FAK and vinculin are unaffected 

by FAKi + Srci, error bars are SEM C. Representative images of NIH3T3 cells pre-treated in 

suspension with the indicated drugs and plated on FN-coated coverslips. Note the presence 

of paxillin and vinculin in FXs, even in the absence of both intracellular tension and tyrosine 

phosphorylation. Scale bar = 10 μm. D. Graph showing the quantification of velocity of 

NIH3T3 cells plated on fibronectin stripes and imaged for 16 hours. n = 96-106 cells, 

significance determined by one-way ANOVA with Tukey post-hoc test, *** = p < 0.001. E.

Representative time-lapse images of NIH3T3 cell spreading following pre-treatment with the 

indicated drugs and plated on fibronectin coated coverslips at t = 0 min. Scale bar = 50 µm. 
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Movie S1. Related to Figure 1. Recording of FRAP experiments in NIH3T3 cells 

expressing the indicated core FA proteins. 

The video shows FRAP in NIH3T3 cells transfected with the indicated GFP-tagged FA 

protein. Note the large difference in turnover rate that exists between the indicated protein 

modules. Images were taken every 10 seconds for 5 minutes following photobleaching. 

Images are played back at 5 frames/s. Scale bar represents 2 µm.
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Movie S2. Related to Figure 6. Time-lapse recordings of FX formation in NIH3T3 cells 

treated with DMSO, FAKi or FAKi + Srci. 

The video shows NIH3T3 cells transfected with GFP-paxillin and treated with the indicated 

drugs. The below panel shows and the enlarged region indicated in the above panel (red 

boxes). Newly formed FXs at the cell periphery are indicated by the red arrows. Note the 

difference in FA formation in cells treated with DMSO compared to cells treated with FAKi + 

Srci. Images were taken every 2 minutes for 90 minutes. Images are played back at 5 

frames/s. Both scale bars represent 10 µm. 
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Movie S3. Related to Figure 7. Time-lapse recordings of cell membrane protrusive 

activity in NIH3T3 cells treated with DMSO, FAKi or FAKi + Srci. 

The video shows NIH3T3 cells transfected with RFP-lifeact and treated with the indicated 

drugs. Note the difference in polarised lamellipodia protrusions between the control (DMSO) 

and drug treated cells. Furthermore, note the increase in peripheral filipodia in the drug 

treated cells, particularly evident in cells treated with FAKi + Srci. Images were taken every 2 

minutes for 90 minutes. Images are played back at 7 frames/s. Scale bar represents 10 µm. 
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