Force-FAK Signaling Coupling at Individual Focal
Adhesions Coordinates Mechanosensing and
Microtissue Repair
Dennis Zhou
Georgia Institute of Technology https://orcid.org/0000-0001-7448-5395
Marc Fernández-Yagüe
Georgia Institute of Technology
Elijah Holland
Georgia Institute of Technology
Andrés García
Georgia Institute of Technology
Nicolas Castro
Georgia Institute of Technology
Eric O’Neill
Georgia Institute of Technology
Jeroen Eyckmans
Boston University
Christopher Chen
Boston University https://orcid.org/0000-0003-2445-8449
Jianping Fu
University of Michigan–Ann Arbor https://orcid.org/0000-0001-9629-6739
David D. Schlaepfer
Moores Cancer Center, University of California San Diego
Andrés García (  andres.garcia@me.gatech.edu )
Georgia Institute of Technology https://orcid.org/0000-0001-6602-2518

Article
Keywords: focal adhesions, FAK signaling, cell migration, tissue repair
Posted Date: October 22nd, 2020
DOI: https://doi.org/10.21203/rs.3.rs-88495/v1

Page 1/21

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Version of Record: A version of this preprint was published at Nature Communications on April 21st,
2021. See the published version at https://doi.org/10.1038/s41467-021-22602-5.

Page 2/21

Abstract
How adhesive forces are transduced and integrated into biochemical signals at focal adhesions (FAs) is
poorly understood. Using cells adhering to deformable micropillar arrays, we demonstrate that traction
force and FAK localization as well as traction force and Y397-FAK phosphorylation are linearly coupled at
individual FAs on stiff, but not soft, substrates. Similarly, FAK phosphorylation increases linearly with
external forces applied to FAs using magnetic beads. This mechanosignaling coupling requires
actomyosin contractility, talin-FAK binding, and full-length vinculin that binds talin and actin. Using an in
vitro 3D biomimetic wound healing model, we show that force-FAK signaling coupling coordinates cell
migration and tissue-scale forces to promote microtissue repair. A simple kinetic binding model of talinFAK interactions under force can recapitulate the experimental observations. This study provides insights
on how talin and vinculin convert forces into FAK signaling events regulating cell migration and tissue
repair.

Main Text
Mechanical forces are key regulators of development, health, and disease1-4. Focal adhesions (FAs),
nanoscale complexes of structural and signaling molecules that link the extracellular matrix (ECM) to the
cytoskeleton through integrin receptors, function as principal sites of mechanotransduction5,6. Studies
with contractility inhibitors7, deformable substrates8, and laser tweezers9 have established that force
regulates FA assembly and identified key molecules in these mechanoresponses10-14, yet very little is
known about how forces are integrated into biochemical signals. Most of our understanding of
mechanotransduction comes from population-based (e.g., Western blots) or whole cell assays (e.g.,
immunostaining of FAs in cells treated with contractility inhibitors) where the cell is viewed as in a
uniform stress state. These analyses provide averaged metrics that may not reveal important
relationships at the cell-ECM interface due to the heterogeneity of individual FAs in terms of force and
composition. Here, we examined the relationship between force and FA signaling at individual FAs by
quantifying the localization and Y397 phosphorylation of focal adhesion kinase (FAK) for cells adhering
to micropost-array detectors (mPADs)15. FAK is an essential non-receptor tyrosine kinase that transduces
crucial signals from FAs to regulate diverse cellular activities including survival, migration, and
mechanosensing16. FAK is recruited to FAs via its FAT domain where it binds the cell membrane and other
FA proteins such as talin and paxillin to become catalytically active in a multi-step process17.
Autoinhibited FAK dimers bind phosphatidylinositol 4,5-bisphosphate-rich membranes to disrupt the
autoinhibitory interaction between the FERM and kinase domains and expose the autophosphorylation
site tyrosine 397 (Y397) for trans-autophosphorylation. Once phosphorylated, FAK functions as a
molecular scaffold to recruit Src kinases to phosphorylate FAK on tyrosines 576 and 577 and become
catalytically active. The autophosphorylation of FAK on Y397 is a critical early step in adhesion
signaling18,19. We show that traction force and FAK localization as well as traction force and Y397-FAK
phosphorylation are linearly coupled at individual FAs on stiff, but not soft, substrates. Furthermore, using
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magnetic beads to apply external forces to FAs and an in vitro 3D biomimetic wound healing model, we
demonstrate that force-FAK signaling coupling coordinates mechanosensing and microtissue repair.
Linear Force-FAK signaling coupling at FAs
Mouse embryonic fibroblasts (MEFs) were cultured overnight on fibronectin-coated mPADs of either soft
(5 kPa) or stiff (14 kPa) elastic modulus. A significant advantage of mPADs over traction force
microscopy methods using deformable bulk gels is that the deflection for a particular post is independent
from deflections of other posts, allowing isolation of forces and signaling events to the FA of interest.
Because cell fixation can affect pillar deflections, we developed an optimized fixation protocol that
preserves traction forces for cells on mPADs (Supplementary Fig. 1). Cells on mPADs were fixed and
immunostained for total FAK (tFAK) and FAK phosphorylated at Y397 (pY397-FAK) at FAs (Fig. 1a-e,
Supplementary Fig. 2). The integrated intensity (sum of intensities over the FA) for tFAK and pY397-FAK
was quantified by confocal microscopy at individual FAs adhering to microposts with known deflections.
In this fashion, we constructed spatial heat maps of force and tFAK (Fig. 1f,h) and pY397-FAK (Fig. 1g,i)
integrated intensity for individual FAs on soft and stiff mPADs. Cells generate lower average traction
forces at FAs on soft substrates (Fig. 1j) compared to stiff substrates (P<0.0001, Fig. 1m). Treatment with
the ROCK inhibitor Y-27632 to impair myosin contractility significantly reduces traction forces on both
soft (P<0.0001, Fig. 1j) and stiff (P<0.0001, Fig. 1m) substrates, whereas treatment with the FAK kinase
inhibitor, PF-228, has no effect on traction forces on either soft (P=0.4013, Fig. 1j) or stiff (P>0.9999, Fig.
1m) substrates. No differences in average levels of tFAK (P=0.6526, Fig. 1k,n) or pY397-FAK (P=0.1655,
Fig. 1l,o) at FAs were observed between soft and stiff substrates, but treatment with either Y-27632 or PF228 reduced both tFAK (soft: Y-27632 P=0.0032, PF-228 P=0.0195, Fig. 1k; stiff: Y-27632 P<0.0001, PF288 P=0.0004, Fig. 1n) and pY397-FAK (soft: Y-27632 P=0.0002, PF-228 P<0.0001, Fig. 1l; stiff: Y-27632
P<0.0001, PF-228 P=0.0146, Fig. 1o) levels at FAs compared to controls. These results are consistent with
reports that cells generate higher traction forces, which are dependent on actomyosin contractility but not
FAK kinase activity15,20, on stiff compared to soft substrates and that inhibition of actomyosin
contractility reduces FAK localization and Y397 phosphorylation at FAs12,20,21. Notably, the spatial heat
maps for cells adhering to stiff mPADs show that FAs with high forces also have high levels of tFAK and
pY397-FAK (Fig. 1h,i). We therefore plotted traction force vs. tFAK (Fig. 1p,r) and traction force vs. pY397FAK (Fig. 1q,s) for individual FAs for soft and stiff mPADs. Strikingly, tFAK and pY397-FAK levels both
increase linearly with traction force at FAs for cells on stiff substrates (linear regression force-tFAK
P<0.0001; force-pY397-FAK P<0.0001, Fig. 1r,s), but there is no relationship between force and tFAK
(P=0.1230) or force and pY397-FAK (P=0.1072) on soft substrates (Fig. 1p,q). Treatment with either Y27632 or PF-228 disrupts the linear relationship on stiff substrates for force-tFAK (Fig. 1r, Y-27632
P=0.8896, PF-228 P=0.2084) and force-pY397-FAK (Fig. 1s, Y-27632 P=0.7986, PF-228 P=0.2260),
indicating that actomyosin contractility and FAK catalytic activity are required for linear force-FAK
signaling coupling at FAs. The linear relationships for force-tFAK and force-pY397-FAK were observed
across multiple cells (Supplementary Fig. 3) as well as in human mesenchymal stem cells
(Supplementary Fig. 4). In addition, fibroblasts adhering to 25 kPa mPADs also display linear force-FAK
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signaling coupling (Supplementary Fig. 5). Furthermore, treatment with the Src-family kinase inhibitor
PP2 does not alter traction forces compared to controls (P=0.2541) and does not disrupt the force-tFAK
and force-pY397-FAK linear relationships (Supplementary Fig. 6).
We examined the contributions of talin, an essential FA component regulating integrin receptor activation
and connection to the cytoskeleton22-24, to force-FAK signaling coupling on stiff (14 kPa) mPADs.
Treatment with talin-1 shRNA reduces talin-1 levels by 90% and total talin (talin-1 and talin-2) levels by
60% compared to control shRNA (Supplementary Fig. 7). Talin-1 knock-down clearly impacts traction
forces, tFAK levels, and pY397-FAK levels at FAs (Fig. 2a-d). Talin-1 depletion reduces total traction force
(Fig. 2e, P=0.0005) and average levels of tFAK (Fig. 2f, P<0.0001) and pY397-FAK (Fig. 2g, P<0.0001) at
FAs as well as cell spreading area (P=0.0014, Supplementary Fig. 7), consistent with previous reports14.
Importantly, talin-1 depletion eliminates the linear relationship for force-tFAK (Fig. 2h, P=0.6061) and
force-pY397-FAK (Fig. 2i, P=0.2421). Although we cannot conclude whether talin-2 compensates for talin1 depletion, these results demonstrate that talin-1 depletion significantly reduces traction forces, FAK
localization and Y397 phosphorylation and, importantly, that talin-1 is required for linear force-FAK
signaling coupling at individual FAs.
We next evaluated the role of FAK functional sites on force-FAK signaling coupling using FAK-null
fibroblasts expressing eGFP-FAK wild-type (WT) and mutant constructs (Fig. 2j) on stiff (14 kPa) mPADs.
Expression of WT and these mutant FAK proteins in FAK-null cells increases total traction force and
spreading area compared to FAK-null controls (Supplementary Fig. 8). The FAK mutants localize to FAs to
equivalent levels as WT FAK (Supplementary Fig. 9), except for the K454R kinase-dead mutant which has
~25% higher average levels than WT (P=0.0004) and the E1015A talin-binding mutant (P=0.0005). Cells
expressing WT and E1015A exhibit equivalent average levels of pY397-FAK, whereas cells expressing the
K454R and Y397F phosphorylation mutant display very low levels of pY397 staining (Supplementary Fig.
9). We examined the relationship between traction force and tFAK as well as traction force and pY397FAK at individual FAs. Consistent with results for wild-type MEFs (Fig. 1r,s), WT FAK-expressing FAK-null
cells exhibit force-tFAK and force-pY397-FAK linear relationships (Fig. 2k,l, linear regression force-tFAK
P<0.0001; force-pY397-FAK P<0.0001). In contrast, FAK-null cells expressing the talin-binding mutant FAK
E1015A do not show linear coupling between force and tFAK (Fig. 2m, P=0.0607) and force and pY397FAK (Fig. 2n, P=0.0619) at individual FAs, even though the average levels of total traction force
(P=0.0721), tFAK localization (P>0.9999), and pY397-FAK (P=0.2785) are not different between WT and
E1015A FAK-expressing cells (Supplementary Fig. 8, 9). This result demonstrates that FAK binding to talin
is required for linear force-FAK signaling coupling at individual FAs and is fully consistent with the
requirement of talin-1 for this mechanosensing response (Fig. 2h,i). FAK-null cells expressing the FAK
K454R kinase-dead or the Y397F phosphorylation mutants show a linear relationship between force and
tFAK (Fig. 2o, P<0.0001; Fig. 2q, Y397F P<0.0001), indicating that neither FAK catalytic activity nor
phosphorylation of Y397 is necessary for force-tFAK linear coupling at individual FAs. This result differs
from the results with the PF-228 inhibitor (Fig. 2n). Because PF-228 may have off-target effects 25, we
conclude that FAK kinase activity is not required for tFAK localization to FAs based on the results for cells
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expressing the K454R mutant. However, the K454R kinase-dead mutant shows background levels of
pY397-FAK (Fig. 2p), indicating that FAK kinase activity is necessary for phosphorylation of Y397 at FAs.
As expected, cells expressing the Y397F phosphorylation mutant display background levels of pY397-FAK
(Fig. 2r).
The requirements for substrate stiffness and actomyosin contractility in force-tFAK and forcepY397-FAK linear coupling at individual FAs suggest that a mechanical balance between traction forces
and cytoskeletal tension controls force-FAK signaling coupling at FAs. We therefore analyzed the role of
vinculin, an important force-transmitting protein that binds talin and actin at FAs24, in force-FAK signaling
coupling using vinculin-null fibroblasts expressing WT and mutant vinculin proteins (Fig. 3a). Expression
of WT vinculin in vinculin-null cells increases the average traction force at FAs compared to control
vinculin-null cells (P=0.0138) and cells expressing a truncated vinculin head (VH) mutant that localizes to
FAs but cannot bind actin24 (P<0.0001) or the talin binding-deficient A50I full-length mutant26 (P=0.0058,
Fig. 3b). No differences in average levels of tFAK (Fig. 3c) at FAs were detected between WT vinculinexpressing cells and cells expressing the VH (P>0.9999) or A50I mutant (P=0.2265), although higher
levels of tFAK were present at FAs for vinculin-null cells compared to cells expressing WT and VH vinculin.
No differences were observed in pY397-FAK at FAs among vinculin cell lines (Fig. 3d, P=0.2276). These
data confirm that, whereas vinculin modulates traction force, this protein is not required for FAK
localization or phosphorylation of Y397-FAK at FAs27. Nevertheless, vinculin-null cells expressing WT
vinculin exhibit force-tFAK and force-pY397-FAK linear coupling (Fig. 3e,f, linear regression force-tFAK
P<0.0001, force-pY397-FAK P<0.0001). In contrast, vinculin-null controls (Fig. 3g,h, force-tFAK P=0.7124;
force-pY397-FAK P=0.8753) and cells expressing VH (Fig. 3i,j, force-tFAK P=0.4426; force-pY397-FAK
P=0.5564) or A50I (Fig. 3k,l, force-tFAK P=0.8549; force-pY397-FAK P=0.1973) mutants do not exhibit
linear relationships for force-tFAK and force-pY397-FAK. These results demonstrate that a full-length
vinculin molecule that binds talin and actin is required for linear force-FAK signaling coupling at FAs.
FAK phosphorylation increases linearly with applied external force
The mPADs system provides a robust and experimentally convenient platform to examine the
relationship between traction force and FAK signaling at individual FAs on deformable substrates with
defined mechanical properties. Nevertheless, the linear relationships for force-tFAK and force-pY397-FAK
on stiff substrates are generated from correlative data based on mPAD post deflections and
immunostaining. To gain further insights on force-FAK signaling coupling at FAs, we used fibronectincoated magnetic beads (4.5 µm diameter) to apply external forces to integrin-based FAs and isolate
loaded adhesive complexes 28,29 (Fig. 4a). After incubating adherent cells with fibronectin-coated
magnetic beads for 40 minutes, a permanent magnet was placed at a defined height over the cells for 10
minutes to apply external tensile forces to FAs associated with the magnetic beads. After cell lysis,
magnetic beads and associated adhesive complexes were isolated by magnetic separation, dissociated,
and analyzed for tFAK and pY397-FAK levels by Western blot. Cells held in suspension for 1 hour prior to
Western blot analyses served as negative controls with background levels of pY397-FAK. We first
analyzed FAK-null fibroblasts expressing FAK constructs. For cells expressing WT FAK, incubation of
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beads with no applied magnetic force results in a significant increase in pY397-FAK/tFAK levels
compared to suspension cells (Fig. 4b, P=0.0013). Importantly, the levels of pY397-FAK/tFAK increase
linearly with applied magnetic force (Fig. 4b, linear regression P=0.0489). As expected, FAK-null cells have
background levels of pY397FAK/FAK (Fig. 4c). For FAK-null cells expressing the E1015A talin-binding FAK
mutant, incubation of beads with no applied magnetic force results in a significant increase in pY397FAK/tFAK levels compared to suspension cells (Fig. 4d, P=0.0158). However, there is no relationship
between applied magnetic force and pY397-FAK/tFAK levels (Fig. 4d, P=0.0578).
We next examined the relationship between applied force and Y397-FAK phosphorylation in
vinculin-null fibroblasts expressing vinculin constructs using the magnetic bead platform. For vinculinnull cells expressing WT vinculin, pY397-FAK/tFAK levels increased linearly with applied force (Fig. 4e,
linear regression P=0.0288). In contrast, vinculin-null cells and vinculin-null cells expressing the A50I
vinculin mutant exhibit reduced pY397-FAK/tFAK levels and applied magnetic force has no effect on
pY397-FAK/tFAK levels (Fig. 4f, P=0.4776; Fig. 4g, P=0.5468). Taken together, these results with the
magnetic bead platform demonstrate that Y397-FAK phosphorylation levels increase linearly with applied
force and talin-FAK binding and vinculin are required for this linear coupling. Importantly, these results are
in excellent agreement with the data obtained in the mPADs system. A limitation of the mPADs system is
that FA area is limited to the size of the micropillar post (1.8 µm diameter). The magnetic bead (4.5 µm
diameter sphere) provides a ~12-fold increase in available area for FAs, and the high concordance in
results between these two platforms suggests that the linear force-FAK signaling coupling is not limited
to the small available area of mPADs.
Force-FAK signaling coupling coordinates microtissue repair
To investigate the biological significance of force-FAK signaling coupling, we employed an in vitro
biomimetic wound healing model using microfabricated tissue constructs30 (Fig. 5a). In this platform, a
3D collagen gel seeded with cells is suspended between flexible cantilevers within a microfabricated
mold, and encapsulated cells generate traction forces to contract the collagen gel into a dense
fibrocellular microtissue attached to the deformable posts. A microsurgically-induced defect (i.e., wound)
in the center of the microtissue is rapidly closed by coordinated cell forces and migration, providing an in
vitro model of 3D fibrous tissue repair. We examined the tissue repair response for FAK-null fibroblasts
expressing WT FAK or the E1015A talin-binding FAK mutant or control FAK-null cells (Supplementary
movies 1-3). For microtissues containing WT FAK-expressing cells, the wound area rapidly increases
following injury due to pre-stress arising from cell force-driven tissue compaction, but wound area then
decreases monotonically as the tissue repairs until it is fully closed (Fig. 5b). The profile for wound area,
normalized to initial wound area, over time is accurately described by a log-normal curve (Fig. 5b), and
this curve fit was used to estimate amplitude and wound closure rate parameters to describe the tissue
healing response (Supplementary Fig. 10). In stark contrast to WT FAK-expressing cells, wounds for
microtissues containing FAK-null cells maintain constant area over time and do not close (Fig. 5b),
demonstrating that FAK is required for microtissue repair. Microtissues containing cells expressing the
E1015A FAK mutant exhibit delayed wound closure and several microtissues did not fully repair wounds
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(Fig. 5b). Analysis of curve-fit parameters confirms these observations. Microtissues containing WT FAKexpressing cells exhibit higher amplitude, reflecting higher pre-stress prior to injury, compared to
microtissues seeded with E1015A FAK-expressing cells (P=0.0440) and FAK-null cells (Fig. 5c, P=0.0176).
Furthermore, microtissues containing WT FAK-expressing cells display faster closure rates compared to
microtissues seeded with E1015A FAK-expressing cells (P=0.0213) and FAK-null cells (Fig. 5d, P=0.0088).
The wound closure rate for microtissues seeded with E1015A FAK-expressing cells is higher than the rate
for tissues with FAK-null cells (P=0.0289). At 24 hours post-wounding, microtissues seeded with WT FAKexpressing cells generate higher contractile forces compared to microtissues containing E1015A FAKexpressing cells (P=0.0266) and FAK-null cells (Fig. 5e, P=0.0003). In addition, microtissues containing
WT FAK- or E1015A FAK-expressing cells exhibit higher width contraction along the centerline compared
to microtissues seeded with FAK-null cells (Fig. 5f, P=0.0015, P=0.0101). Microtissues containing WT
FAK-expressing cells display higher levels of pY397-FAK intensity compared to microtissues seeded with
E1015A FAK-expressing cells (P=0.0232) and FAK-null cells (Fig. 5g, P=0.0020). These results
demonstrate that FAK expression and FAK-talin binding are required for tissue-scale force generation and
proper microtissue repair. Consistent with this conclusion, microtissues containing talin-1-depleted cells
exhibit reduced amplitude values, indicating reduced tissue pre-stress, and impaired wound closure rates
compared to microtissues seeded with control cells (Supplementary Fig. 11).
Chen and colleagues demonstrated that microtissue wound closure requires coordinated cell
migration30. Using automated cell tracking and image analysis, we measured individual cell trajectories
during microtissue wound healing (Supplementary Fig. 12). Mean square displacement (MSD), cell speed,
and straightness index (directionality index) were calculated from individual cell trajectories using
MotilityLab (Supplementary Fig. 12). This analysis reveals lower migration speed and straightness index
for WT FAK-expressing cells compared to FAK-null cells (P<0.0001, P<0.0001) and cells expressing the
E1015A FAK mutant (P=0.0003, P=0.0015). Speed and straightness parameters are also different
between E1015A FAK-expressing and FAK-null cells (P=0.0025, P=0.0051). Furthermore, the MSD data
were curve fit to the Persistent Random Walk model to extract values for diffusivity and directional
persistence. WT FAK-expressing cells display reduced persistence and diffusivity values compared to
E1015A FAK-expressing (P=0.0202, P=0.0284) and FAK-null (P=0.0009, P=0.0006) cells. Taken together,
these migration parameters show that WT FAK-expressing cells in microtissues exhibit slower and more
directed cell motions compared E1015A FAK-expressing and FAK-null fibroblasts in microtissues. These
results demonstrate that FAK-talin binding is required for coordinated and directed cell migration for
microtissue wound closure.
Model of talin-FAK binding under force
We developed a simple kinetic model to simulate talin-FAK binding interactions under force to gain further
insights into force-FAK signaling coupling (Fig. 6a). In this model, talin at FAs undergoes a reversible
structural change from an unstretched to a stretched conformation under force. The effect of tension
across talin is incorporated into the kinetic rate controlling talin conversion into the stretched state using
the Bell model31 and in agreement with experimental measurements of talin stretching under force13. The
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stretched talin reversibly binds FAK to form a FAK-talin complex, and FAK in the FAK-talin complex then
undergoes reversible phosphorylation. The law of mass action and conservation laws were applied to
derive a system of coupled differential equations describing the time-dependent changes for the number
of stretched talin molecules, FAK-talin complexes, and phosphorylated FAK-talin complexes. Solutions at
steady state were obtained numerically as a function of force applied to talin over a range of forces
consistent with measurements in live cells (7-11 pN)22,32, and parametric analyses were performed for
relevant conditions. We first explored the influence of the coupling factor α that relates the force applied
to talin to the forward rate controlling conversion into the talin stretched state (k1). For α = 0.05, a value in
agreement with experimental measurements of talin unfolding under force13, the number of stretched
talin molecules, FAK-talin complexes, and phosphorylated FAK-talin complexes increase linearly with
force applied to talin (Fig. 6b-d). The predicted linear increases in FAK-talin complexes and
phosphorylated FAK-talin complexes with force are in good agreement with our experimental
observations for the linearity of force-FAK signaling coupling at individual FAs on stiff substrates (Fig.
1r,s). For smaller values of α, the number of stretched talin molecules, FAK-talin complexes, and
phosphorylated FAK-talin complexes are independent of the force applied to talin. These simulations are
in line with our experimental results showing that inhibition of actomyosin contractility (Fig. 1r,s) or
adhesion to soft substrates (Fig. 1p,q) eliminates the linear relationship for force-FAK signaling at FAs.
Smaller values of α correspond to kinetic rates of switching between unstretched and stretched talin
conformations that are insensitive to force, and therefore reflect a talin molecule that does not respond to
force. Consistent with this explanation, Grashoff and Schwartz independently reported that inhibition of
contractility or adhesion to soft substrates reduces tension across talin22,32.
Our experimental findings demonstrate that the talin-binding site in FAK is required for linear force-FAK
signaling coupling (Fig. 2m,n), mechanosensing (Fig. 4d), and microtissue repair (Fig. 5b-e). Mutation of
this site can be modeled as a reduction in k3, the forward binding rate for the FAK-talin complex.
Computer simulations show that decreases in the value of k3 considerably reduce the number of FAKtalin complexes and phosphorylated FAK-talin complexes (Fig. 6f,g), and a 100-fold reduction in k3
eliminates the dependence of the number of phosphorylated FAK-talin complexes on force applied to
talin. We conducted additional simulations to examine the effect of the FAK phosphorylation rate k5. As
expected, decreases in k5 drastically reduce the number of phosphorylated FAK-talin complexes and
eliminate its dependence on force, but decreases in k5 have relatively modest effects on the linear
relationship between applied force and the number of stretched talin molecules and FAK-talin complexes
(Fig. 6h-j). These simulations mirror the experimental results for cells expressing the FAK K454R kinasedead mutant showing a linear relationship between traction force and tFAK and background levels of
pY397-FAK (Fig. 2o,p).
The kinetic binding model does not explicitly consider vinculin’s role in linear force-FAK signaling
coupling. Based on the requirement of the talin-binding site in vinculin for linear force-FAK signaling
coupling (Fig. 3k,l), we posit that vinculin binds to and stabilizes the stretched talin conformation while
transmitting force to actin. As such, the contributions of vinculin can be lumped within the kinetic rates of
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switching between unstretched and stretched talin conformations. Several lines of evidence support this
idea. First, tension across talin exposes cryptic binding sites for vinculin binding13. Second, tension
across talin at FAs is decreased in the absence of vinculin but re-expression of full-length vinculin
restores mechanical loading of talin22. Interestingly, a full-length vinculin that binds talin and actin is
needed for both mechanical loading of talin22 and linear force-FAK signaling coupling (Fig. 3e,f).
Outlook
We demonstrate linear coupling between traction force and FAK localization as well as traction force and
Y397-FAK phosphorylation at individual FAs on stiff, but not soft, substrates. Linear force-FAK signaling
coupling requires actomyosin contractility, talin binding to FAK, and vinculin capable of binding both talin
and actin. Furthermore, FAK phosphorylation increases linearly with applied external force, and talin
binding to FAK and vinculin are required for this dose-dependent response. Using a biomimetic 3D model
of wound closure, we show that vinculin and talin-FAK interactions are necessary for tissue-scale forces
and effective wound closure. A simple kinetic binding model of talin-FAK binding interactions under force
can recapitulate the experimental observations. Our model proposes force-dependent structural changes
in talin that regulate its interaction with FAK but does not consider direct effects of force on FAK. Lietha et
al. reported that force induces structural changes in FAK to pull the kinase domain away from the FERM
domain33. While we cannot rule out a direct role of force on FAK activation, we speculate that the
signaling events examined here occur after FAK adopts an open conformation on the cell membrane
because the E1015A FAK mutant is still able to localize to FAs and become phosphorylated at Y397.
These experimental and modeling analyses provide insights on how talin, FAK, and vinculin convert
forces into early signaling events regulating mechanotransduction. This conceptual framework is
relevant to adhesive force-signaling coupling at migratory cell fronts, force-regulated morphogenesis, and
stem cell lineage commitment in response to matrix stiffness. Furthermore, this fundamental
understanding of mechanosignaling can ultimately be exploited to design cell-biomaterial interactions.
Exemplary applications include the design of biomaterial tools for basic cell biology studies, development
of culture supports for therapeutic cell manufacturing, and engineering of synthetic stem cell niches for
regenerative medicine.
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Figure 1
Force-FAK localization and force-pY397-FAK are linearly coupled at individual FAs. a, Schematic of
individual FA traction force measurement for a cell using mPADs. Fluorescence images showing (b)
mPAD posts, (c) tFAK, (d) pY397-FAK, and (e) eGFP-vinculin for cell on mPAD. f-i, Heatmaps for (f,h) tFAK
and (g,i) pY397-FAK staining at FAs on mPADs of 5 or 14 kPa. White arrows indicate force magnitudes
and directions. Scale bar 5 µm. j, Force (mean ± SD) at individual FAs on 5 kPa mPADs. Kruskal-Wallis
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test P<0.0001, α: P<0.0001. k, tFAK integrated intensity (mean ± SD) at FAs on 5 kPa mPADs. ANOVA
P<0.0001, α: P=0.0032, β: P=0.0195. l, pY397-FAK integrated intensity (mean ± SD) at individual FAs on 5
kPa mPADs. Kruskal-Wallis test P<0.0001, α: P=0.0002, β: P<0.0001. m, Force (mean ± SD) at individual
FAs on 14 kPa mPADs. Kruskal-Wallis test P<0.0001, α: P<0.0001. n, tFAK integrated intensity (mean ±
SD) at FAs on 14 kPa mPADs. ANOVA P<0.0001, α: P<0.0001, β: P=0.0004. o, pY397-FAK integrated
intensity (mean ± SD) at individual FAs on 14 kPa mPADs. Kruskal-Wallis test P<0.0001, α: P<0.0001, β:
P<0.0146. p, Force vs tFAK intensity at individual FAs on 5 kPa. Linear regression: control (P=0.1230,
n=50 FAs), Y-27632 (P=0.1920, n=37 FAs), and PF-228 (P=0.9869, n=38 FAs). q, Force vs pY397-FAK
intensity at individual FAs on 5 kPa. Linear regression: control (P=0.1072, n=50 FAs), Y-27632 (P=0.2937,
n=36 FAs), and PF-228 (P=0.8874, n=33 FAs). r, Force vs tFAK intensity at individual FAs on 14 kPa.
Linear regression: control (P<0.0001, n=66 FAs, tFAK intensity = 194.6*force + 1178), Y-27632 (P=0.8896,
n=48 FAs), and PF-228 (P=0.2084, n=28 FAs). s, Force vs pY397-FAK intensity at individual FAs on 14
kPa. Linear regression: control (P<0.0001, n=66 FAs, pY397-FAK intensity = 219.7*force + 2027), Y-27632
(P=0.7986, n=46 FAs), and PF-228 (P=0.2260, n=26 FAs).
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Figure 2
Talin regulates linear force-FAK signaling coupling at FAs. a-d, Heatmaps of tFAK and pY397-FAK
intensities at FAs for cells treated with (a,b) control or (c,d) talin-1 shRNA. Scale bar 5 µm. e, Total traction
force (mean ± SD) for control shRNA- and talin-1 shRNA-treated cells. Mann-Whitney test α: P=0.0005. f,
tFAK intensity (mean ± SD) at individual FAs. Mann-Whitney test α: P<0.0001. g, pY397-FAK intensity
(mean ± SD) at individual FAs. Mann-Whitney test α: P<0.0001. h, Traction force vs tFAK intensity at
individual FAs. Linear regression: control shRNA (P<0.0001, n=40 FAs, tFAK intensity = 96.1*force +
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1712), talin-1 shRNA (P=0.6061, n=42 FAs). i, Force vs pY397-FAK intensity at individual FAs. Linear
regression: control shRNA (P<0.0001, n=51 FAs, pY397-FAK intensity = 268.3*force + 3056), talin-1 shRNA
(P=0.2421, n=42 FAs). j, Schematic of FAK constructs. k, Force vs tFAK intensity at individual FAs for WT
FAK. Linear regression (P<0.0001, n=70 FAs, tFAK intensity = 110.2*force + 1779). l, Force vs pY397-FAK
intensity at individual FAs for WT FAK. Linear regression (P<0.0001, n=68 FAs, pY397-FAK intensity =
150.0*force + 3776). m, Force vs tFAK intensity at individual FAs for E1015A FAK. Linear regression
(P=0.0607, n=65 FAs). n, Force vs pY397-FAK intensity at individual FAs for E1015A FAK. Linear
regression (P=0.0619, n=78 FAs). o, Force vs tFAK intensity at individual FAs for K454R FAK. Linear
regression (P<0.0001, n=70 FAs, tFAK intensity = 142.1*force + 1607). p, Force vs pY397-FAK intensity at
individual FAs for K454R FAK. Linear regression (P=0.0610, n=48 FAs). q, Force vs tFAK intensity at
individual FAs for Y397F FAK. Linear regression (P<0.0001, n=65 FAs, tFAK intensity = 135.1*force +
1525). r, Force vs pY397-FAK intensity at individual FAs for Y397F FAK. Linear regression (P=0.1869, n=60
FAs).

Figure 3
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Vinculin mediates linear force-FAK signaling coupling at FAs. a, Vinculin constructs. b, Traction force
(mean ± SD) at individual FAs. Kruskal-Wallis test P<0.0001, α: P=0.0138, β: P<0.0001, γ: P=0.0058. c,
tFAK intensity (mean ± SD) at individual FAs. Kruskal-Wallis test P=0.0003, α: P=0.0002, β: P<0.0084. d,
pY397-FAK intensity (mean ± SD) at individual FAs. ANOVA P=0.2276. e, Force vs tFAK intensity at
individual FAs for WT vinculin. Linear regression (P<0.0001, n=66 FAs, tFAK intensity = 194.6*force +
1178). f, Force vs pY397-FAK intensity at individual FAs for WT vinculin. Linear regression (P<0.0001,
n=66 FAs, pY397-FAK intensity = 219.7*force + 2027). g, Force vs tFAK intensity at individual FAs for
vinculin-null cells. Linear regression (P=0.7124, n=49 FAs). h, Force vs pY397-FAK intensity at individual
FAs for vinculin-null cells. Linear regression (P=0.8753, n=48 FAs). i, Force vs tFAK intensity at individual
FAs for VH vinculin. Linear regression (P=0.4426, n=57 FAs). j, Force vs pY397-FAK intensity at individual
FAs for VH vinculin. Linear regression (P=0.5564, n=57 FAs). k, Force vs tFAK intensity at individual FAs
for A50I vinculin. Linear regression (P=0.8549, n=49 FAs). l, Force vs pY397-FAK intensity at individual
FAs for A50I vinculin. Linear regression (P=0.1973, n=49 FAs).

Figure 4
FAK phosphorylation increases linearly with applied force. a, Schematic of application of external force to
integrin-based FAs and isolation of FAs using magnetic beads. b-d, pY397-FAK/tFAK levels for FAK-null
cells expressing FAK constructs (top) and Western blots (below). b, For WT FAK-expressing cells, pY397FAK/tFAK levels (mean ± SD) increase linearly with applied force. Linear regression (P=0.0489, pY397FAK/FAK = 0.0345*force + 1.870). t-test α: P=0.0013. c, For FAK-null cells, background levels of pY397FAK/tFAK (mean ± SD) are detected. d, For cells expressing FAK E1015A, pY397-FAK/tFAK levels (mean ±
SD) are independent of external force. Linear regression (P=0.0578). t-test α: P=0.0158. e-g, pY397FAK/tFAK levels for vinculin-null cells expressing vinculin constructs (top) and Western blots (below). e,
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For WT vinculin-expressing cells, pY397-FAK/tFAK levels (mean ± SD) increase linearly with applied force.
Linear regression (P=0.0288, pY397-FAK/FAK = 0.0801*force + 1.721). f, pY397-FAK/tFAK levels (mean ±
SD) in vinculin-null cells are independent of external force. Linear regression (P=0.4776). g, For cells
expressing FAK E1015A, pY397-FAK/tFAK levels (mean ± SD) are independent of external force. Linear
regression (P=0.5468).

Figure 5
FAK-talin binding regulates wound closure of 3D microtissues. a, Schematic of microtissue assembly and
wound closure assay. Collagen gels containing FAK-null cells expressing FAK constructs compact and
form microtissue. At 24 h post-seeding, wound is created using microdissection knife, and wound closure
is monitored over time. b, Wound area (top) and log-normal curve fit for wound area normalized to initial
area (bottom) as a function of time for individual microtissues. c, Amplitude (mean ± SD) of normalized
wound area profile. Kruskal-Wallis test P=0.0351, α: P=0.0440, β: P=0.0176. d, Closure rate (mean ± SD)
of normalized wound area profile. ANOVA with Welch’s correction P=0.0064, α: P=0.0213, β: P=0.0088, γ:
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P=0.0289. e, Net force difference (mean ± SD) between pre-wounding and 24 h post-wounding. KruskalWallis test P<0.0001, α: P=0.0266, β: P=0.0003. f, Microtissue width contraction (mean ± SD). KruskalWallis test P=0.0002, α: P=0.0015, β: P=0.0101. g, pY397-FAK integrated intensity (mean ± SD) at 24h
post-wounding. Kruskal-Wallis test P=0.0056, α: P=0.0232, β: P=0.0020. h, Brightfield and fluorescence
(DNA, tFAK, pY397-FAK, F-Actin, IgG control) images for microtissues at 24h post-wounding. i, Intensity
heatmaps (DNA, tFAK, pY397-FAK, F-Actin, IgG control) for microtissues. Scale bar 200 µm.

Figure 6
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Kinetic model of talin-FAK interactions under force. a, Schematic of FAK-talin interactions showing
unstretched (T) and stretched talin (Tst), free FAK (F), FAK-talin complex (FTst), and phosphorylated FAKtalin complex (pFTst). Governing equations and parameters used in kinetic model are listed in
Supplementary Materials. b-d, Solutions for relative number of (b) stretched talin, (c) FAK-talin complexes,
and (d) phosphorylated FAK-talin complexes as a function of applied force (f) for different values of the
force coupling factor (α). e-g, Solutions for relative number of (e) stretched talin, (f) FAK-talin complexes,
and (g) phosphorylated FAK-talin complexes as a function of applied force (f) for different values of the
forward binding rate constant for FAK-talin complex (k3). h-j, Solutions for relative number of (h)
stretched talin, (i) FAK-talin complexes, and (j) phosphorylated FAK-talin complexes as a function of
applied force (f) for different values of the FAK phosphorylation rate constant (k5).
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