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Abstract

The ability of adherent cells to sense changes in the mechanical properties of their
extracellular environments is critical to numerous aspects of their physiology. It has been
well documented that cell attachment and spreading are sensitive to substrate stiffness.
Here we demonstrate that this behavior is actually biphasic, with a transition that occurs
around a Young’'s modulus of ~7 kPa. Furthermore, we demonstrate that, contrary to
established assumptions, this property is independent of myosin |l activity. Rather, we
find that cell spreading on soft substrates is inhibited due to reduced nascent adhesion
formation within the lamellipodium. Cells on soft substrates display normal leading edge
protrusion activity, but these protrusions are not stabilized due to impaired adhesion
assembly. Enhancing integrin-ECM affinity through addition of Mn®" recovers nascent
adhesion assembly and cell spreading on soft substrates. Using a computational model
to simulate nascent adhesion assembly, we find that biophysical properties of the integrin-
ECM bond are optimized to stabilize interactions above a threshold matrix stiffness that
is consistent with the experimentally observations. Together these results suggest that
myosin llI-independent forces in the lamellipodium are responsible for mechanosensation
by regulating new adhesion assembly, which in turn, directly controls cell spreading. This
myosin ll-independent mechanism of substrate stiffness sensing could potentially
regulate a number of other stiffness sensitive processes.

Significance Statement

Cell physiology can be regulated by the mechanics of the extracellular environment. Here,
we demonstrate that cell spreading is a mechanosensitive process regulated by weak
forces generated at the cell periphery and independent of motor activity. We show that
stiffness sensing depends on the kinetics of the initial adhesion bonds that are subjected
to forces driven by protein polymerization. This work demonstrates how the binding
kinetics of adhesion molecules are sensitively tuned to a range of forces that enable
mechanosensation.
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Introduction

The ability of cells to sense mechanical forces and convert them into biochemical
responses regulates a plethora of physiological functions (1-3). In particular, cells respond
to changes in the stiffness of the extracellular matrix (ECM) by altering a number of
adhesion dependent behaviors, including spreading (4-12), migration (4, 13, 14),
proliferation (15), differentiation (16, 17), and metastasis (18, 19). Matrix mechanosensing
is thought to be mediated by focal adhesions, hierarchical organelles comprised of ~150
proteins that facilitate dynamic and force-sensitive interactions between the extracellular
matrix and the actin cytoskeleton (20-22). How these dynamic organelles mediate
environmental sensing in a variety of physiological contexts, however, is still largely
unknown.

Previous efforts have focused primarily on myosin-lI-mediated mechanisms for substrate
stiffness sensing (23-28). Stresses generated by myosin motors on the actin cytoskeleton
are transmitted to the ECM via focal adhesions. These stresses, coupled with the matrix
rigidity, impact the deformation and binding affinity of proteins within the focal adhesion
(29-32). Changes in the composition and kinetics of proteins within focal adhesions are
thought to variably regulate force transmission from the actin cytoskeleton and the matrix
(33-35), leading many to describe focal adhesions as molecular clutches. Initial adhesion
formation, however, occurs in the leading edge of the lamellipodium and is a myosin-
independent process (36, 37). These structures, known as nascent adhesions, are
instead subject to forces that primarily originate from polymerization of actin filaments.
The contribution of nascent adhesions to mechanisms of substrate stiffness sensing have
not been thoroughly explored.

One of the best characterized metrics of environmental sensing by adherent cells is their
ability to attach and spread on ligand-coated substrates. The extent of cell spreading is
controlled by the density and spatial organization of matrix ligands (38-40) as well as the
rigidity of the substrate to which these ligands are attached (4-12). In the limit of soft
substrates with a Young’s Modulus less than 500 Pa, cell spreading is inhibited. As the
substrate stiffness increases, the spread area increases and ultimately plateaus (8-12).
While previous reports have differed on the exact range of relevant stiffness which
regulates this behavior, likely due to variances in experimental approaches (41), cell
spreading remains a robust metric to study substrate stiffness sensing.

Here we study the mechanism regulating substrate stiffness dependent cell spreading.
We find that NIH 3T3 cell spreading is acutely impacted as the Young’s modulus of the
substrate increases from 5 to 8 kPa. On substrates with a stiffness less than 5 kPa, cells
spread poorly. Average cell spread area increases on substrates stiffer than 5 kPa,
plateauing on substrates stiffer than 8 kPa. Above this threshold, cell spread area remains
constant. Surprisingly, we find this stiffness-dependent changes in cell spreading is
independent of myosin-Il motor activity. Instead, we find that spreading on soft substrates
is impaired by reduced assembly of nascent, myosin-independent adhesions at the cell
periphery. Enhancing integrin-ligand affinity through the addition of Mn?* is sufficient both
to stabilize nascent adhesions and increase cell spread area on soft substrates. We then
implement a computational model to determine how changes in integrin-substrate catch
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bond kinetics affect integrin binding on substrates of different stiffness. We find that the
biophysical properties of integrin-matrix catch bonds are optimized to sense changes in
substrate stiffness around 6 kPa, consistent with our experimental results. Together
these results illustrate that nascent adhesion formation in the lamellipodium functions as
a myosin-ll-independent mechanosensor to control cell adhesion and spreading.

Results

Spread area is a biphasic response of substrate stiffness, independent of myosin
activity.

To investigate the mechanisms that drive substrate stiffness sensing, we chose to
measure the spread area of adherent cells. We first plated NIH 3T3 fibroblasts on a series
of polyacrylamide gels covalently coupled with fibronectin, and with Young’s moduli
ranging from 0.6 to 150 kPa (Fig. 1A). Cells were also plated on glass absorbed with
fibronectin as a control. Consistent with previous reports (4, 6, 8-11), we find that cells’
spread area is sensitive to substrate stiffness (Fig. 1A). In contrast, however, we find that
this response can be broken down into two regimes, there is poor spreading on soft (< ~5
kPa) substrates and high spreading on stiff (> ~8 kPa) substrates, with a transition region
between these values and no statistical difference in spread area between populations
within each regime (Fig. 1A). Furthermore, the morphology of cells on soft and stiff
substrates is noticeably different (5). Cells on soft substrates are more rounded with
disorganized actin cytoskeletons (Fig. 1B). In contrast, cells on stiff substrates exhibit
more polarized shapes, and tend to have prominent stress fibers (Fig. 1B)

Because myosin Il activity has been widely implicated in mechanosensing (28), we next
hypothesized that its inhibition would eliminate any change in spread area as a function
of substrate stiffness. Surprisingly, cells incubated with 50 uM blebbistatin, a myosin Il
ATPase inhibitor, continue to exhibit a biphasic response to substrate stiffness (Fig. 1C).
Cells treated with blebbistatin have an increased spread area compared to control cells
across all stiffnesses, but exhibit the same soft and stiff regimes. Morphologically, myosin-
inhibited cells on all substrates show more protrusions, but on stiff substrates the cells
exhibit more spindle-like projections (Fig. 1D). Similar phenotypes are seen when cells
are incubated with Rho-Kinase inhibitor (Y-27632; Fig. 1E,F), and when cells are plated
on other ECM proteins (Fig. S1). Thus, the change in cell spread area that occurs
between the soft and stiff regimes does not require myosin |l activity.

Substrate stiffness does not inhibit lamellipodia protrusion dynamics

To understand how substrate stiffness impacted cell spread area, we investigated the
effects of substrate stiffness on protrusion dynamics. We tracked lamellipodia formation
by taking time-lapse images of cells transiently transfected with a fluorescent membrane
marker (GFP-stargazin) and treated with 20 yM Y-27632 on representative soft (2.1 kPA)
and stiff (48 kPa) substrates 30 minutes after plating (Fig. 2A,B; Movies 1 and 2). Cells
on soft substrates exhibit repeated cycles of protrusion and retraction, as seen in the
kymograph (Fig. 2A), reducing their ability to spread. Cells on stiff substrates, however,
exhibit continuous and steady protrusions that result in leading edge advance (Fig. 2B).
Using cell contours derived from the fluorescence images we identified protrusive regions


https://doi.org/10.1101/186437

bioRxiv preprint doi: https://doi.org/10.1101/186437; this version posted September 8, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and measured their morphology and characteristics (Fig. 2C). We find no statistical
difference between soft and stiff substrates for measurements of the average protrusion
area (Fig. 2D) or the average protrusion width (Fig. 2E). These data indicate that substrate
stiffness affects the stability of leading edge protrusions, but not the protrusion dynamics
themselves. Arp2/3 mediated lamellipodium formation is still required for spreading, as
cells on both soft and stiff substrates that are treated with CK-869, an Arp2/3 inhibitor,
are indistinguishable from control cells on soft substrates (Fig. 2F,G). Together these
results illustrate that it is the stabilization, not the formation, of Arp2/3-dependent
lamellipodial protrusions that is hindered on soft substrates.

Soft substrates impair nascent adhesion formation

To explore the mechanism of substrate stiffness-dependent changes in stabilization of
myosin-llI-independent protrusions, we examined the assembly of myosin-ll-independent,
nascent adhesions that form at the base of the lamellipodium. Two hours after plating,
cells were treated with 20 uM Y-27632 for 30 min and then fixed and stained for actin,
p34 (a subunit of Arp 2/3) and the focal adhesion protein paxillin (Fig. 3A,B). On both soft
and stiff substrates p34 localizes to the cell periphery, indicative of the Arp2/3-dependent
lamellipodium (Fig. 3A,B). On stiff substrates, paxillin forms small punctate nascent
adhesions near the leading edge, which is characteristic of nascent adhesion formation
on glass substrates (42). By contrast, on soft substrates, paxillin-rich nascent adhesions
were seen at a lower density and formed further away from the leading edge. To quantify
these differences in protein localization, we measured the average actin, p34 and paxillin
intensity in ~0.5 ym bands measured radially from the edge of the cell (Fig. 3C). We find
that the peak of p34 intensity is localized right at the edge of the cell on all substrates. On
stiff substrates, paxillin is located within ~0.5 um of the p34 peak (Fig. 3D). On soft
substrates, there is a significantly reduced accumulation of paxillin, and its peak is found
~5 um behind the leading edge (Fig. 3D). These data suggest that cells have reduced
nascent adhesion formation on soft substrates.

Activation of integrins via Mn?* is sufficient to promote spreading on soft
substrates

Given the reduced density of nascent adhesions on soft substrates, we sought to explore
the extent to which changes in integrin-ligand affinity could stimulate their formation. The
presence of 3 pM Mn?* increases the lifetime of integrin-fibronectin bonds (43). When
cells were plated on soft substrates in the presence of 3 uM Mn?* they exhibited a greater
than two-fold increase in spread area on soft substrates, similar to their spread area on
stiff substrates either in the presence and absence of Mn2+ (Fig. 4A). To directly compare
the effect of Mn* on adhesion assembly on soft substrates, we performed
immunofluorescence of paxillin and actin. Addition of Mn?* to cells on soft substrates
stimulated the formation of paxillin-rich adhesions near the cell periphery and even the
formation of lamellar actin bundles.

To determine how rapidly Mn®* could induce changes in adhesion formation and cell
spread area, we performed live cell imaging of EGFP-paxillin and mApple-Actin in cells
plated on a soft substrate during addition of Mn?* to the media. (Fig. 4C,D; Movie 3). Prior
to addition of Mn2+, there is significant protrusive activity on soft substrates, but no
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change in area or cell shape. Upon addition of 3 uM Mn?*, protrusions stabilized, new
focal adhesions formed and the cell increased in spread area (Fig. 4C,D; Movie 3). After
an hour of incubation the media was again replaced with media lacking Mn?*, and the cell
immediately began to retract back towards its initial spread area (Fig. 4C,D; Movie 3).
Thus the presence of Mn?* is sufficient to promote spreading on soft substrates. This
strongly suggests that integrin-fibronectin bond affinity plays an important role in substrate
stiffness sensing to mediate cell spreading.

Integrin catch-bond kinetics mediate substrate stiffness sensing

To explore how integrin-fibronectin binding kinetics could enable substrate stiffness
sensing we built a computational model of nascent adhesion assembly at the leading cell
edge. The model, similar to previous approaches (23-27), incorporates biophysical
properties of cell-matrix adhesions, actin retrograde flow and substrate rigidity. Individual
integrins in the model act as molecular clutches, intermittently transmitting force produced
by actin retrograde flow to the substrate. It has been shown previously, that integrin-
fibronectin bonds are catch-bonds, meaning their lifetime increases as a function of load
(43). We used our model to explore which features of these bond kinetics are important
in mediating substrate stiffness sensing in nascent adhesions.

In the model, both integrins and ligands are represented as single point particles. Initially,
a given number of fibronectin molecules are randomly attached to a substrate, to which
integrins can bind. The integrins undergo cycles of diffusion, binding, and unbinding along
a quasi-2D surface mimicking the ventral membrane of cells, above the substrate (Fig.
5A,B). Integrins bound to actin undergo retrograde flow, as is seen in the lamellipodium
(44), while unbound integrins are free to diffuse on the surface (45). When an integrin
comes in close proximity of a free fibronectin, it establishes a harmonic potential
interaction, which mimics binding, with the stiffness determined by substrate rigidity. The
assumption of simultaneous binding of the integrin to both the substrate ligand and the
actin is motivated by the need to build tension on the integrin-fibronectin bond and this
tension regulates the bond lifetime. By keeping a constant actin flow, forces on the bonds
are directly proportional to the substrate stiffness. All parameters in the model are based
upon available experimental data (37, 45-47) (See Methods). In particular, we directly
incorporated the lifetime versus force relationships of integrin-fibronectin bonds from AFM
single molecule experiments (43). To quantify the amount of integrin binding, we
measured the average fraction of bound integrins over the course of the simulations
(between 10-300 s) for each condition.

We first tested whether catch-bond behavior is required for substrate stiffness sensing by
simulating the lifetime versus force relationship as a step-function. The bond lifetime was
held constant below a peak force of 30 pN, and zero for higher forces (Fig. 5C). Varying
the magnitude of the integrin-fibronectin lifetime has no effect on the fraction of bound
integrins as a function of substrate stiffness (Fig. 5D). Therefore, in the absence of a
force-dependent catch-bond mechanism, integrin binding kinetics are independent of
substrate rigidity. We next explored how changes in catch-bond biophysical properties
engendered stiffness sensing. We simulated the lifetime versus force relationship as a
typical catch-bond, and varied the maximum lifetime for the 30 pN peak force, keeping
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the unloaded lifetime constant (Fig. 5E). In these conditions, because the integrin-
fibronectin bond lifetime increases with increasing force, and force is modulated by
substrate stiffness, actin flow enhances the amount of bound integrins on stiff substrates
(Fig. 5F). Changes in the maximum lifetime of the bond, however, have little impact on
the fraction of bound integrins for a given substrate stiffness (Fig. 5F). Surprisingly, the
transition between different regimes of integrin binding using known biophysical
parameters of integrin catch bonds occurs in the model naturally around a Young's
modulus of ~7 kPa, as is seen in our experiments (Fig. 1).

In the presence of Mn?*, integrin-fibronectin bonds have both an increased affinity and
enhanced bond lifetime in response to increased tension with respect to wild type
conditions (43, 48-50). To mimic these effects in the model, we combined our two
previous results, increasing both the unloaded lifetime and the lifetime at the peak force
(Fig. 5G). By increasing the integrin-fibronectin bond lifetime for forces lower than 30 pN,
actin flow enhances the amount of bound integrins on soft substrates (Figure 5H). Under
these conditions the fraction of bound integrins on soft substrates in the presence of Mn?*
is quantitatively similar to the fraction of bound integrins on stiff substrates in control
conditions. Thus, while neither an increase in unloaded lifetime or lifetime at peak force
is sufficient on its own to recapitulate the effects of Mn?*, their combined effect is enough
to abrogate the effects of substrate stiffness on cell spreading.

Collectively these results illustrate that rigidity sensing in the lamellipodium is determined
by catch-bond kinetics of integrin-fibronectin bonds, and that the fraction of bound
integrins is sensitive to both the unloaded lifetime and the maximum lifetime of the catch-
bond curve. Addition of Mn?* results in longer integrin lifetimes on soft substrates, thereby
increasing the average fraction of bound integrins. This change in integrin binding kinetics
allows cells to spread on soft substrates.

Discussion

The ability of cells to sense the stiffness of their extracellular environment is critical to
their ability to regulate growth, viability, migration and differentiation (1-3). Here we
demonstrate that fibroblasts exhibit a biphasic response in spreading on matrices of
variable stiffness (Fig. 1). For matrices with a Young’s modulus less than ~5 kPa, cells
are poorly spread with minimal adhesion assembly and few organized actin structures.
Above ~8 kPa, fibroblasts achieve a maximal spread area with typical adhesion assembly
and highly organized actin cytoskeletons. This transition stiffness is comparable to
physiological tissue stiffness (16), and is of the same order of magnitude as values
reported previously (8-12). While it has been suggested that cell spread area as a function
of substrate stiffness follows a power-law behavior (9, 12), using a larger number of
substrates we find that it is better described as biphasic.

Due to its overwhelming role in cellular force generation, myosin Il has been presumed
to be the predominant mechanism of substrate stiffness sensing by adherent cells (23-
28). Here, however, we demonstrate a myosin-independent stiffness sensing mechanism
that controls spread area and arises from forces generated by actin polymerization within
the lamellipodium. Integrins, which connect and transmit stress between the cytoskeleton
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and the extracellular matrix, behave as catch-bonds whose lifetime is determined as a
function of the applied load (43, 51). As the load on the integrin increases, the lifetime of
the bond also increases (43). On stiff substrates, this increase in lifetime is sufficient to
promote clustering and adhesion formation (Fig. 4). Conversely, on soft substrates the
reduction in stiffness leads to shorter bond lifetimes which inhibit the required clustering
for adhesion formation (Fig. 5). Both our experimental and simulation data suggest that
integrin force-dependent binding kinetics are most sensitive to substrates with a stiffness
between approximately 5-8 kPa. Addition of Mn?*, which alters the kinetics of integrin-
ECM bonds by increasing the unloaded and peak force lifetimes (43, 48-50), both
increases the number of bound integrins, and decreases the average spacing between
bound integrins. Together these effects promote adhesion formation and enable cells on
soft substrates to spread and take on the morphology characteristics of cells on stiff
substrates (Fig. 4).

Conceptually, this framework is similar to the general motor-clutch model (52) that has
been previously suggested as a mechanism for understanding mechanosensitivity (23,
24,26, 27). Instead of forces being generated by myosin motors, the force applied across
the integrin bonds is generated by actin polymerization in the lamellipodium. These
polymerization forces modulate the integrin-ECM bond kinetics and offer a surprisingly
simple and elegant mechanism to understand substrate stiffness sensing. Previous work
has established that there is a minimum spacing required between integrins for adhesion
formation (38). Binding of integrins to their ligands also limits their diffusion in the
membrane (45) and drives clustering at the nanoscale (36). Once a nanoscale cluster of
integrins has formed, the force required to rupture the adhesion, i.e. the adhesion
strength, is more than an order of magnitude greater than typical tensions generated in
the cytoskeleton (53). Thus by increasing the density of bound integrins, adhesion
stabilization is increased and the cell is able to spread.

Together these results suggest that the lamellipodium acts as a myosin independent
mechanosensor, applying force to bound integrins via actin polymerization driven
retrograde flow. On soft substrates, the increased pliability of the matrix leads to a
reduced load on the integrin-ECM bond, resulting in a shorter lifetime. This shorter
lifetime, prevents integrin clustering and thereby inhibits adhesion stabilization, leading to
a poor ability to spread. On stiff substrates, integrin-ECM bonds experience greater loads
and thus increased lifetimes, which promote adhesion stabilization and enable cells to
spread. While these results do not exclude the possibility that myosin generated forces
may be one mechanism to probe substrate stiffness, they suggest that stiffness sensing
emerges passively from the properties of the integrin binding kinetics. Given that simply
shifting these kinetics can induce spreading on soft substrates, it will be interesting in the
future to explore whether this approach is sufficient to recover other functions found to be
impaired by soft substrates, as in development, differentiation and disease

Acknowledgements

This research was supported through internal funds from the University of Rochester to
P.W.O, NIGMS GMO085087 to M.L.G. and the DOD/ARO through a MURI grant
W9O11NF1410403 to M.L.G and G.A.V. This work was also partially supported by the


https://doi.org/10.1101/186437

bioRxiv preprint doi: https://doi.org/10.1101/186437; this version posted September 8, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

University of Chicago Materials Research Science and Engineering Center, which is
funded by the National Science Foundation under award number DMR-1420709. The
National Science Foundation XSEDE resources at the Pittsburgh Supercomputing Center
provided computational time.

Author Contributions

P.W.O and M.L.G designed the research. PW.O., Y.B, G.R.R.-S.J. and S.P.W.
performed the experiments. T.C.B. and G.A.V. designed the model. T.C.B. performed the
simulations. P.W.O., T.C.B. and A.V.S. analyzed the data. P.W.O, T.C.B. and M.L.G.
wrote the paper.

Materials and Methods

Cell culture and reagents

NIH 3T3 mouse fibroblasts (American Type Culture Collection) were cultured in DMEM
media (Mediatech, Inc.) supplemented with 10% FBS (HyClone; Thermo Fisher
Scientific), 2 mM I|-glutamine (Invitrogen), and penicillin-streptomycin (Invitrogen). Cells
were tested for mycoplasma and were free of contamination. Cells were transiently
transfected with a plasmid DNA construct encoding GFP-Stargazin (a gift from A.
Karginov, University of lllinois at Chicago, Chicago, IL). The following antibodies were
used: mouse anti-Pxn and rabbit anti-p34 (Millipore); Cy5 donkey anti— mouse (Jackson
ImmunoResearch Laboratories, Inc.); Alexa Fluor 568 goat anti—rabbit (Invitrogen). Alexa
Fluor 488 phalloidin was purchased from ThermoFisher Scientific. Blebbistatin was
purchased from Sigma and used at 50 yM. The Rho Kinase inhibitor Y-27632 was
purchased from EMD Millipore and used at 20 yM. The ARP2/3 inhibitor CK-869 and
control compound CK-312 were purchased from Calbiochem and used at 50 uM. The
RGDs cyclo (Arg-Gly-Asp-D-Phe-Lys) and H-Arg-Gly-Asp-Ser-Lys-OH1 were purchased
from Peptides International. Fibronectin derived from human plasma was purchased from
Millipore. Vitronectin and Collagen were purchased from Thermo Fisher Scientific. Mn?*
was purchased from Fischer Scientific and used at 3 uM.

Polyacrylamide substrates

PAA substrates were prepared on glass coverslips using previously published methods
(54, 55). In brief, acrylamide/ bis-acrylamide were used to create PAA gels with Young'’s
moduli of 0.6, 2.1, 4.5, 6.9, 8.4, 48, 90, and 150 kPa (5, 55). Fibronectin, collagen, and
RGDs were coupled to the surface of the PAA gels using the photoactivatable crosslinker
sulfo-SANPAH (Thermo Fisher Scientific). PAA gels were covered with a 2.5 mg/ml
solution of sulfo-SANPAH and exposed to an 8-W UV lamp for 5 min. The PAA gels were
rinsed with PBS and incubated with 1 mg/ml fibronectin or RGD at room temperature for
45 min, or in 2 mg/ml collagen at 4°C overnight. The PAA gels were then rinsed repeatedly
and plated with cells. Vitronectin (ThermoFisher Scientific) was coupled to the surface of
the PAA gels EDC/NHS chemistry (32, 56). Briefly, the polymerized gel was placed in a
UVO-Cleaner 342 (Jelight, Irvine, CA) and illuminated with 185- and 254-nm ultraviolet
light for 90 s. Gels were incubated in 200 ul of a solution containing 5 mg/mL EDC
(Thermo Fisher Scientific) and 10 mg/mL NHS (Thermo Fisher Scientific) for 20 min. The
EDC-NHS solution was then aspirated and replaced with a solution containing 10 ug/mL
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vitronectin in a buffer of HEPES (pH 8.5) for 20 min. Gels were washed 3 times for 5 min
in phosphate-buffered saline (PBS) before cells were plated. Cells were plated on
substrates for 2.5 hours. CK compounds were added at plating and Blebbistatin, Y-27632
and Manganese were added after 2 hours unless otherwise noted.

Microscopy and live cell imaging

Images were obtained using Metamorph (Molecular Devices) acquisition software on
either an Nikon Ti-E inverted microscope equipped with a metal halide light source
(Lumen 200PRO; Prior Scientific) or a Nikon Eclipse Ti-E inverted microscope with a
Yokogawa CSU-X1 confocal scanhead and Spectral Applied Research Laser Merge
Module (491 nm, 561 nm, and 643 nm Lasers). Images were obtained with a Photometrics
Coolsnap HQ2 CCD camera using 20x Plan Fluor ELWD 0.45 NA, 40x Plan Fluor 1.3
NA, or 60X Plan Apo 1.2 NA objectives (Nikon). For live cell imaging, cells were mounted
in a perfusion chamber (Warner Instruments) and maintained at 37°C. Media for live cell
imaging was supplemented with 10 mM HEPES and 30 mL/mL Oxyrase (Oxyrase Inc.).

Immunofluorescence

Cells were rinsed in warm cytoskeleton buffer (10 mM MES, 3 mM MgClI2, 1.38 M KCl,
and 20 mM EGTA) and then fixed and permeabilized in 4% PFA (Electron Microscopy
Sciences), 1.5% bovine serum albumin (Thermo Fisher Scientific), and 0.5% Triton X-
100 in cytoskeleton buffer for 15 min at 37C. Gels were then rinsed three times in PBS
and incubated with mouse anti-paxillin and rabbit anti-p34 (1:400; Millipore) for 1 h at
room temperature. The gels were then rinsed three times in PBS and before being
incubated with fluorescently labeled secondary antibodies and phalloidin. Gels were
rinsed three times and mounted in non-curing media (SlowFade; Invitrogen) and sealed
with nail polish.

Image Analysis

All image analysis was done using Imaged, MATLAB (Mathworks) or Python. Cell area
was determined by thresholding images of actin to create binary masks. Protrusion
analysis was performed by thresholding each image in a time series to create a binary
mask, from which the cell contour could be extracted. Protrusive regions were identified
by overlaying successive contours to identify regions of new area. Each protrusion was
segmented to identify the total area, along with the leading and trailing edges. A given
protrusion width was determined by taking each point along the leading edge contour and
determining the nearest distance to the trailing edge contour, and averaging across the
entire set. The protrusion speed was calculated by dividing the average width by the frame
interval of the time series.

To determine the location of intensity maxima for p34 and paxillin, images were first
thresholded in the actin channel as described above to create a cell contour. We then
performed a succession of 1 pixel erosions, to create a series of contours that radially
propagated towards the center of the cell. Lamellapodia regions were then identified and
masked. To create linescans, we averaged the intensity signal in a window that was 5
contours in width (~ 0.5 ym) and shifted the window 1 contour towards the center of the
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cell for each step. This results in an average radial intensity from the edge of the cell. The
distance plotted is the distance from the edge of the cell to the center of the window.

Computational Model

We use a Brownian dynamics approach to simulate integrin binding and unbinding in
response to differences in the substrate stiffness. Integrins are represented as single
point particles that undergo cycles of diffusion, binding, and unbinding, along a quasi-2D
surface mimicking the ventral surface of cells. The substrate is represented as an
isotropic and elastic material, consisting of a bundle of ideal springs which mimic ligands.
In order to simulate the effect of Mn?* on integrin binding, we modulate the relationship of
bond lifetime versus force.

Computational domain and boundary conditions

The computational domain is 3D and consists of two parallel surfaces: the bottom layer
is fixed in space and represents the substrate (Fig 5B); the top layer is an ideal surface,
where integrin particles diffuse along x and y, with a diffusion coefficient of D =
0.28 um?/s (45). Integrin particles are harmonically restrained in the vertical direction,
with an equilibrium distance, L, of 20 nm from the bottom layer. This distance between
the integrin layer and substrate corresponds to the separation of the open extracellular
integrin headpiece from the membrane (46). From the top, the computational domain is
a square with side dimensions of 1 ym (Figure 5A). In order to avoid finite size effects on
integrin motion, we use periodic boundary conditions in the lateral directions, x and y.

Substrate model
The substrate is an elastic solid, consisting of a bundle of ideal linear springs, with
stiffness depending on the substrate rigidity, as:

YA
ksup = T

where Y is the Young’s modulus (we tested values in the range 2.1-16.8 kPa), 4 is the
integrin/ligand cross-sectional area (corresponding to 80 nm, from an ideal bar of radius
~5nm, corresponding to approximately half the value of an integrin transmembrane legs
separation), and L is the equilibrium distance separation between substrate and top layer.
Hooke’s law for each spring in the bundle can be written as:
Foup = ksupAL

with AL corresponding to the deviation from the equilibrium distance separation between
the two surfaces. We use a spring density of 200 per pm?, however our results, which are
expressed in terms of average fraction of bound integrins at the steady state, do not
depend on the density of substrate springs.

Integrin particles and implementation algorithm
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Integrin particles on the top surface diffuse in Brownian motion. At each time step of the
simulation, the positions of each integrin particle, /, is updated, according to the Langevin
equation of motion, with inertia negligible:

dri T
Fi_EiE+Fi :0

We use a time step dt = 10™* s and a friction { = 0.0142 pN s/um, corresponding to a
diffusion coefficient D = 0.28 um?/s (45), from:

kgT
5=
with kzT = 4.11 pN - nm.

The force acting on integrin particles in the Langevin equation of motion has two
contributions: a deterministic contribution and a stochastic contribution. The deterministic
contribution comes from the tension of the bond towards the substrate and from the
imposed velocity along xy:

Fp=Fgp +F

The stochastic contribution represents thermal fluctuations and obeys the fluctuation-
dissipation theorem (57):

2kgTé&;6;;
(FT O () = 2 s

t
where §;; is the Kronecker delta, and § is a second-order tensor.

To integrate over time and update the positions of the various elements in the simulation,
we use the explicit Euler integration scheme:

dr, 1
7t + AE) = 1,(6) + d—rtlm: = () + 5 (Fi + FDat
i

Integrins can establish harmonic interactions with substrate springs, when in proximity of
them, if the spring is free from a previous bond. Upon binding the substrate, integrin
particles are subjected to a force parallel to the substrate, F,, corresponding to a velocity
of 1 nm/s, of the order of lamellipodium actin polymerization (44, 58).

The integrin/substrate interaction persists for a characteristic lifetime, t, which depends

upon the tension on the bond and follows the formalism of the implemented integrin
unbinding rate, k.
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A double exponential pathway determines unbinding rates, as a function of tension, f. It
includes a strengthening pathway, with a negative exponent, and a weakening pathway,
with a positive exponent. For wild type conditions, the unbinding rate is:

kopr = 2e7%9%% +0.00005¢%-2881
For Mn?* coditions, the unbinding rate is:
kopr = 0.5e700%887 + 0.00005¢°26%f

The functional form of the catch bonds is taken from a model that assumes a single bound
state and two unbinding pathways (59, 60) and was previously used for integrin-based
adhesions (61). The coefficients of this form are estimated for reproducing maximum
bond lifetime and corresponding tension from (43) and integrin unloaded affinity (48-50).
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Figure Legends

Figure 1

Spread area is a biphasic response of substrate stiffness, independent of myosin activity.
(A) Boxplots of the spread area of NIH 3T3 fibroblasts plated on fibronectin coated
polyacrylamide gels of varying stiffness. Cells can be grouped into soft (< 4.5 kPa) and
stiff (> 8.4 kPa) regimes. From left to right N=182,674,205,155,254,400,205,487,170. (B)
Representative images of control cells on soft and stiff substrates. (C) Boxplots of the
spread area of cells treated with 50 uM blebbistatin to inhibit myosin activity. While
blebbistatin treated cells spread more than control cells, they exhibit the same biphasic
response as a function of substrate stiffness. From left to right
N=169,228,329,67,159,125,119,183,56. (D) Representative images of blebbistatin
treated cells on soft and stiff substrates. (E) Boxplots of the spread area of cells treated
with with 20 uM Y-27632, which inhibits ROCK activity. Cells treated with Y-27632 still
exhibit a difference in spread area on soft (N=148) and stiff (N=203) substrates. (F)
Representative images of Y-27632 treated cells on soft and stiff substrates. Box plots
represent 25", 50", and 75" percentiles, while whiskers extend to the 10™ and 90"
percentiles. * indicates a p-value < 0.01.

Figure 2

Soft substrates do not inhibit lamellipodia protrusion dynamics. (A-B) Contours of a cell
expressing a GFP membrane marker plated on a soft and stiff substrates. On soft
substrates protrusions are followed by rapid retractions, resulting in no advancement of
the leading edge. In contrast, on stiff substrates, the leading edge advances continuously
at each time step. The kymographs, taken along the dotted white lines, illustrate the
different protrusion dynamics. (C) Protrusive regions were identified by overlaying
successive contours and identifying new areas. The inset shows how the average width
of the contour was calculated. (D) Boxplot showing the area of individual protrusions on
soft (N=1722) and stiff (N=1800) substrates. No difference was seen between the two
distributions. (E) The average protrusion width and speed were also indistinguishable
between soft (N=1722) and stiff (N=1800) substrates. (F) Representative images of cells
on stiff substrates treated with the arp2/3 inhibitor CK-869. Cells treated with CK-869 take
on the morphology of control cells plated on soft substrates. (G) Boxplots of the spread
area of cells treated with XX yM of CK-869. From left to right N=83,212,183,175. Box
plots represent 25", 50", and 75" percentiles, while whiskers extend to the 10" and 90"
percentiles. * indicates a p-value < 0.01.

Figure 3

Soft substrates impair nascent adhesion formation. (A-B) Representative
immunofluorescence images of cells on soft and stiff substrates showing actin, p34 (a
subunit of arp2/3), and paxillin (focal adhesion protein). Cells on soft substrates exhibit
large lamellipodia and reduced paxillin staining. No noticeable difference can be seen in
the p34 localization. (C) Average linescans for each of the three channels for the regions
shown in the insets of A-B. While p34 shows a peak at the same position on both soft and
stiff substrates, the peak for paxillin is much further behind the leading edge, and much
less intense. (D) Boxplots showing the distance from the leading edge for both the p34
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(grey) and an|II|n (white) sg]nal on soft (N=46) and stiff (N=42) substrates. Box plots
represent 25", 50”‘, and 75 percentlles while whiskers extend to the 10" and 90™
percentiles.

Figure 4

Activation of integrins via Mn?* is sufficient to promote spreading on soft substrates. (A)
Boxplots of spread area for control cells and cells treated with 3 pM of Mn?* on soft and
stiff substrates. Cells treated with Mn?** on soft substrates were not significantly different
from control cells on stiff substrates. From left to right N= 512 634,300,216. (B)
Representative immunofluorescence images of cells treated W|th Mn?* on soft substrates
and control cells on stiff substrates. The cells treated with Mn?* on soft substrates take
on the morphology of control cells on stiff substrates. (C) Plot of area vs time for a cell on
soft substrate. 3 yM Mn?* was flowed into the |mag|ng chamber at ~20 min, and then
washed out again at ~80 m|n As soon as the Mn?* is added to the solution, the ceII begins
to spread. When the Mn is washed out, the cell begins to retract. (D) Representative
images from the Mn?* wash-in time course shown in C. After addition of Mn“* both focal
adhesions and actin stress fibers can be seen to form. Box plots represent 25", 50", and
75™ percentiles, while whiskers extend to the 10" and 90" percentiles. * indicates a p-
value < 0.01.

Figure 5

Computational model of integrin-based adhesion dynamics. (A-B) Schematic of the
computational model from the top (A) and side (B) perspectives. Two quasi-2D surfaces
are placed 200 nm apart. The bottom surface represents the substrate and consists of a
bundle of ideal springs with stiffness, kg,,;, proportional to the substrate Young’s modulus.
The top surface mimics a representative unit of the central surface of a fibroblast, with
integrins diffusing (green particles) with diffusion coefficient, D, and establishing
interactions with the substrate springs (purple particles). Upon binding the substrate, a
force is exerted on the integrin particle parallel to the substrate and builds tension on the
bond, which determines the integrin unbinding rate, k.. (C) Relations of lifetime versus

tension with unloaded lifetimes equal to the maximum lifetime, t, = 1.4 at tensions < 30
pN and zero otherwise. (D) The corresponding average fraction of ligand bound integrins
as a function of varying the substrate’s Young’'s modulus. The average fraction of bound
integrins is insensitive to substrate stiffness. (E) Relations of lifetime versus tension with
fixed t, and increasing t,,.x. (F) The corresponding average fraction of bound integrins
in this case is only weakly sensitive to substrate stiffness. (G) Lifetime versus tension
relationship for WT and Mn?* treated integrins, which amounts to both a shift in 7, and in
Tmax- (H) The corresponding average fraction of bound integrins. The number of bound
integrins on soft substrates in the presence of Mn?* is identical to the number of bound
integrins for WT integrins on stiff substrates.

Supplementary Figure S1

Cells spread area in response to substrate stiffness is independent of ECM ligand. (A)
Cells were plated on soft (N=240) and stiff (N=255) substrates coated with collagen. (B)
Cells were plated on soft (N=74) and stiff (N=55) substrates coated with vitronectin. (C)
Cells were plated on soft (N=137) and stiff (N=150) substrates coated with linear RGD
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peptide. (D) Cells were plated on soft (N=145) and stiff (N=69) substrates coated with
cyclic RGD peptide.

Movie 1
An NIH 3T3 fibroblast expressing a GFP membrane marker plated on a soft (2.1 kPa
Young’s modulus) substrate in the presence of 20 yM Y-27632. Time is in min:sec. From
Fig. 2A.

Movie 2
An NIH 3T3 fibroblast expressing a GFP membrane marker plated on a stiff (48 kPa
Young’s modulus) substrate in the presence of 20 yM Y-27632. Time is in min:sec. From
Fig. 2B.

Movie 3

An NIH 3T3 fibroblast expressing mApple-actin and EGFP-paxillin plated on a soft (2.1
kPa young’s modulus) substrate. AT ~20 min 3uM Mn?* is flowed into the imaging
chamber. At ~80 min the Mn?* is washed out of the chamber. Time is in hr:min:sec. From
Fig. 4C-D.
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Supplementary Figure 1
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