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Abstract

This study used novel, force-limited nanoscale tension gauges to investigate how force and
substrate stiffness guide cellular decision-making during initial cell attachment and spreading on
deformable substrates. The well-established dependence of cell traction and spreading on substrate
stiffness has been attributed to levels of force exerted on molecular components in focal contacts.
The molecular tension gauges used in this study enabled direct estimates of threshold, pico
Newton forces that instructed decision-making at different stages of cell attachment, spreading,
and adhesion maturation. Results show that the force thresholds controlling cellular adhesion and
spreading transitions depend on substrate stiffness. Reported findings agree qualitatively with a
proposed model that attributes rigidity-dependent differences in cell spreading to stiffness-
dependent rates of competing biochemical processes. Moreover, estimated magnitudes of force
thresholds governing transitions in cell attachment and spreading, based on these in situ
measurements, were in remarkable agreement with prior less direct measurements.

Graphical abstract

“Corresponding Authors. Deborah Leckband. Fax: 217-333-5052. leckband@illinois.edu. Brendan Harley. Fax: 217-333-5052.
?harley@illinois.edu.

These authors contributed equally to the work.
Electronic Supplementary Information (ESI) available: [Materials and Methods, Supplementary Figures]. See DOI: 10.1039/
x0xx00000x

ASSOCIATED CONTENT

Supporting I nformation

Materials and Methods, Supplementary Figures., This material is available free of charge via the Internet at http://pubs.acs.org.
Author Contributions

Z.R. and S.P did experiments, analyzed data, and wrote the manuscript. B.H. analyzed data and reviewed the manuscript. D.E.L.
analyzed data, wrote and reviewed the manuscript

The authors declare no competing financial interests.


http://pubs.acs.org

1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rahil et al. Page 2
en

The use of innovative nanoscale force probes provided novel insights into how the integration of
cellular force sensing and substrate deformation instruct cell attachment and spreading.
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Introduction

Cells sense substrate rigidity through integrin-based focal adhesions (FA) to extracellular
matrix (ECM) proteins, in order to regulate cell attachment, spreading, and focal adhesion
maturationl—*. Cell spreading on nanopatterned and deformable substrates or on micropillar
arrays revealed different biophysical triggers that appear to instruct cellular decision-making
at different stages of adhesion and spreading®-8. The molecular origins of those biophysical
cues, the forces involved, and their dependence on substrate rigidity are still subjects of
intensive investigation motivated in part by evidence that the underlying molecular events
contribute to stem cell lineage specification and disease®13.

Diverse studies identified molecular and cellular processes that guide cell behavior at
different stages of adhesion and spreading on soft versus rigid substrates. Initial ligation is
sufficient to activate integrin clustering without force applicationl4. Studies suggested that
tension generated by integrin-actomyosin clutch engagement switches integrin-ligand cross-
links to a higher affinity- high tension, signaling-competent state that activates FA
maturation, distinguished by vinculin recruitment4,

These integrin-mediated processes are altered by substrate stiffness?. a5p1 integrins
reportedly formed fewer, high-affinity crosslinks on softer ECM, and analyses of AFM data
suggested that integrin-ligand bonds are weaker in cells on soft versus rigid substrates'4. p1
integrin activation was also higher in stem cells on soft substrata versus cells on stiff ECM,
and integrins were more extensively internalized®.

Forces on focal contacts are presumed to alter cell adhesion and spreading when they exceed
force thresholds regulating underlying biochemical processes® 7 1-17_ Integrin-mediated
cell adhesion and spreading is postulated to occur in three phases governed by membrane
tension and forces exerted on integrin bonds® 7. In the initial attachment phase (P0), ligation
activates integrins but in absence of sufficient tension cells remain rounded, preventing cell
spreading?# 18 Increased tension on focal contacts activates the cell-spreading phase (P1),
which is characterized by the rapid, circumferential extension of lamellipodia with only
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weak cell contractions’. The extension of excess membrane increases membrane tension®.
Upon reaching about 60% of the final spread area, the onset of myosin Il activated
contractions signal the transition to the contractile phase (P2), which is distinguished by
periodic contractions, postulated rigidity sensing, and focal adhesion (FA) maturation. The
transitions correspond to changes in integrin bond forces, which in turn may be influenced
by substrate stiffness. In some cases, the forces actuating these changes were estimated
using optical tweezers or measured changes in membrane tension® 19, However, determining
the force thresholds that activate cellular behavior typically involves external perturbations
and biophysical approaches that often lack the sensitivity to quantify relevant cellular or
molecular forces.

The development of diverse autonomous, noninvasive force reporters has enabled nanoscale
in situ measurements of forces exerted on adhesion molecules2%-25, Of the reported
molecular force sensors, Tension Gauge Tethers (TGTSs) are novel force reporters that are
based on a double stranded DNA backbone, in which the reporter strand is modified with an
adhesion ligand and a fluorescent dye Cy3 (Fig. 1C)2. If force on the TGT exceeds the
tension tolerance (Tyg)) of the tether, then cells tear the reporter strand off the substrate, and
leave dark patches where the Cy3 is removed (Fig. 1B). The ligand position along the
reporter strand determines the force threshold for dsDNA rupture (Tyo), Which can be tuned
from ~12pN to >100pN (Fig. 1C). The TGTs increase the range beyond, for example, than
detected by force sensors based on spider silk protein?3. When anchored to substrates, TGTs
cap the bond tension and TGT rupture reports the force exerted on individual adhesive
bonds. The Cy3 reporter can also be imaged at the single molecule level.

This study used RGD-modified TGTSs to investigate the pico Newton threshold forces on
individual integrin-ligand bonds required to support cell attachment, and to activate
transitions in cell spreading and focal adhesion maturation on deformable hydrogel
substrates (Fig. 1A). We report differences in attached cell densities and cell spreading, on
soft and stiff gels modified with tension gauges at similar densities. Observations in the first
30minutes revealed that cell adhesion and spreading are regulated by novel coupling
between substrate rigidity and force on integrin bonds. Differences in force thresholds that
trigger spreading transitions could not be attributed to the bond force alone. We compare
these findings with a recent model predicting how stiffness dependent strain rates affect
competing biochemical processes controlling cell adhesion!”. Our results estimated the force
thresholds for the predicted transitions, and characterized an early process not included
explicitly in the model.

Covalent TGT attachment on hydrogel substrates

TGTs with Ty of 12pN, 33pN, and 54pN were coupled to substrates of various moduli, at
similar tether densities (Fig. S1). These Ty Values are below the rupture force of individual
integrin-RGD bonds26. Tuning the concentration of PEGDA in the pre-polymer solution
altered the crosslinking density and the elastic modulus of the resulting hydrogels.
Photopolymerized PEGDA solutions of 7 and 10 %(w/w) cross linker yielded substrates

Integr Biol (Camb). Author manuscript; available in PMC 2017 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rahil et al. Page 4

with elastic moduli of 13.1 + 4.3 and 22.0 + 2.1 kPa, respectively (Fig. 1A). The uniform gel
fluorescence indicated homogeneous tether coverage (Fig. S1A).

Analysis of Cy3 fluorescence in the different gels suggested some differences in the RGD
densities at different cross-linking density, (Fig. S1B; p<0.05, N=3). Within a stiffness
group, the apparent differences in the fluorescence intensities measured with TGTs of
different Ty is partly due to the location of the Cy3 reporter along the DNA backboneg,
which alters the fluorophore mobility and quantum yield. The latter dependence was
apparent from measurements of the TGTs in solution. Between stiffness groups (13kPa
versus 22kPa), there were differences in the fluorescence intensity in the gels. This is
attributed in part to differences in the local environment, possibly due to altered fluorophore
mobility?”. As discussed in the Supplemental Information (Methods), specific steps were
taken to insure that TGT concentrations prior to polymerization would result in the same
final immobilized TGT concentrations in each hydrogel. Despite this, we cannot completely
rule out the possibility that intensity differences could be due to some differences in
coupling efficiency.

Cell attachment depends on both substrate stiffness and TGT tension tolerance

Cell attachment density (cells/mm?2) was assessed for all combinations of gel stiffness and
Tiol- Because Tyq is a determined, constant value bond failure is independent of the gel
network structure (i.e. mesh size).

Figure 2A shows images of B16F1 cells and substrates 30 minutes after seeding the same
number of cells on each gel. The cells were incubated for 30 minutes on TGT-modified
hydrogels, followed by gently washing away unbound cells. Next, we quantified the attached
cell densities (cellssmm?), and assessed whether cells extensively ruptured tethers (Fig. 2B).
Two different mechanisms appeared to control cell detachment, one being mechanical and
the other biochemical. The ‘mechanical” mechanism involved extensive TGT tear off,
apparent from the cell-sized dark patches (footprints) where tether tear-off removed Cy3
(and cells) from the substrate (Fig. 2B). Cells often endocytosed the tethers, and appeared
red (Fig. 3B lower panel, S2B,C). The second, biochemically-controlled mechanism was
evident from the low cell densities and a lack of obvious dark footprints. The latter behavior
suggested that a mechanism(s) other than tether tear-off regulated cell adhesion.

On the stiffer (22kPa) gels, the attached cell densities increased with increasing tether Ty,
(Fig. 2C). No cells remained on 12pN TGTs, and there were numerous cell-sized dark
footprints in Cy3 images of the gels, indicating that cell detachment resulted from extensive
tether tear off (Fig. 2B, top left). The detection of Cy3 fluorescence in cells washed off the
substrates (Fig. S2B,E) confirmed tether tear off and endocytosis. On 33pN tethers (22kPa
modulus), the cell densities were higher than on 12pN tethers (Fig. 2A,C), and there was less
evidence of tether tear off (Figs. 2B, S2H). Numerous cells attached and spread on 54pN
TGTs (Fig. 2A,C), and there was no evidence of tether tear-off in the Cy3 images (Fig. 2B,
S2E,F,G,I). These trends, and the lack of tear off at Ty, > 34pN agreed with reported cell
adhesion on TGT-coated glass?®.
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Surprisingly, on the softer hydrogels (13kPa) cell densities exhibited the opposite trend-cells
adhered to all substrata regardless of Ty, but the highest cell densities were on the 12pN
TGT-coated gels (Fig. 2A,C). The absence of detectable dark footprints on the gels with
54pN tethers (Fig. 2B, S2I) confirmed that the low cell density was not due to TGT tear off.
Consistent with this interpretation, the few cells that were attached to 54pN tethers did not
internalize Cy3 (Fig. S5B). There were similarly few cell-sized footprints on the 13kPa gels
with either 12pN or 33pN tethers (Fig. 2B), but most of the attached cells were red,
indicative of some tether tear off and endocytosis (Fig. S5B). Interestingly, there was a
higher fraction of attached cells with internalized 33pN tethers on 13kPa versus 22kPa gels
(Fig. S5B). Tests with CHOK1 and U87MG cells were qualitatively similar, although the
absolute attached cell densities differed quantitatively (p<0.05, Nexp=2) (Figs. S3, S4).

To investigate whether the cells adhering to 12pN tethers on soft (13kPa) gels tore off and
endocytosed some tethers, despite the absence of obvious footprints, we imaged Cy3 on the
surface underneath cells at higher magnification. As shown in Figure 3A, lower panel, there
were some small, dark patches on the substrate at the cell periphery where integrin tension is
expected to be highest (Fig. S5A)21. However, tethers under the cell body remained intact.
The imaged cells were red (Fig. 3B), indicative of tether endocytosis. Endocytosis was
confirmed by the uniform fluorescence observed on imaged substrates under cells treated
with 10 mM methyl-B-cyclodextrin (MBCD) (Fig. 3A, top panels), which blocks caveolin-
mediated endocytosis. The Cy3 fluorescence at the basal plane beneath the cells with or
without MBCD is summarized in Fig. 3B. The MBCD-treated cells did not take up Cy3
(Fig. 3B).

To confirm that the inverse relationship between attached cell densities and T, on soft gels
was due to the coordinate effects of substrate rigidity and integrin bond tension, rather than
different ligand densities, we tested cell attachment and spreading with control, RGD-
modified hydrogels. With 13kPa and 22kPa gels modified with the non rupturable PEG-
RGD ligand, more cells attached to the stiffer (22kPa) gel (Fig. 2A,C). This was expected,
based on reported positive feedback between integrin tension and the activation of a high
affinity integrin state and subsequent cell spreading4. Additionally, cells on 13kPa gels
fabricated using a higher (2.2uM) 12pN tether concentration during polymerization also
remained round. The control measurements confirmed that the low cell densities on soft,
TGT-modified gels are not due to differences in ligand accessibility.

Substrate stiffness regulates cell attachment and spreading on intact TGTs

Both membrane and actomyosin-generated tension reportedly influence integrin-mediated
cell adhesion and spreading, but at different phases of cell spreading® 7+ 28. To test whether
the inability of cells to spread on and rupture 12pN TGTs on 13kPa gels was due to the
arrested transitions to spreading P1 and contractile P2 phases, we imaged vinculin at the
basal plane (Fig. 4A). Vinculin—an actin binding protein—is a common marker for FAs2°.
These measurements tested whether nascent focal adhesions formed on compliant, low Ty
substrates.

Figure 4A shows DIC and vinculin immunofluorescence images at the basal planes of cells
on the different substrates 30min after seeding (see also Figures S6 A,B). In all cases within
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this time frame, vinculin and actin staining were diffuse, but there were clear, substrate-
dependent differences. Vinculin was observed at the basal plane of cells on 54pN TGTs,
regardless of the substrate stiffness, but a lower fraction of cells on the 13kPa gel exhibited
basal vinculin (Fig. 4C). By contrast, although more cells adhered to 12pN tethers on soft
gels (than on 54pN tethers, Fig. 2C), they remained round, and there was no vinculin
staining at the basal plane (Fig. 4A,C, S6B). On 33pN tethers, the fraction of cells with basal
vinculin was higher on 22kPa gels compared to 13kPa gels (Fig. 4A,C).

On 33pN tethers, integrin adhesions recruited basal vinculin on the stiffer 22kPa gels, but the
fraction of vinculin positive cells was negligible on the 13kPa gels (Fig. 4A,C, S6B). There
was little basal vinculin recruitment or extensive tether rupture on the 13kPa gels, although
some cells did tear off and internalize tethers. Thus, softer gels altered both 33pN tether tear-
off and vinculin recruitment, relative to cell behavior on 22kPa gels.

Cells on 54pN tethers recruited vinculin to the basal plane (Fig. 4A), but the fraction of
vinculin positive cells in the remaining attached cells was lower on the soft gels. The
substrate stiffness also influenced whether cells remained attached and spread, or detached
without extensive TGT rupture (Fig. 2B). In contrast to cells on 12pN tethers, cells did not
rupture and internalize 54pN tethers on soft gels (Fig. S5B). Instead, cells appeared unable
to sustain stable integrin adhesions, and large numbers detached (Fig. 2A,C). The densities
of cells on soft and rigid substrates were similar on both 54pN TGT and non rupturable
RGD substrates (Fig. 2A,C)

Generally, cells spread more on higher Ty substrates, regardless of the gel stiffness (Table
S1). However, the lack of spreading or negligible vinculin recruitment to the basal plane of
cells on soft gels with 12pN TGTs indicated that the cells were unable to transition to the
spreading P1 phase, and suggested that the spreading transition threshold is between 12pN
and 33pN, on the soft gels. This value is slightly lower than the 37pN estimated from
measurements of membrane tension at the P1—P2 transition®.

Discussion

These findings revealed nanoscale coupling between substrate stiffness and force threshold
controlling transitions in cell adhesion and spreading. This is evidenced by two related
trends observed with soft (13kPa) versus stiff (22kPa) gels modified with tethers with
different tension tolerance. First, the densities of attached cells on soft gels decreased with
increasing tether tolerance, but on stiffer gels, the trend was reversed. Because cells were
seeded at identical densities in all cases, these trends reflected mechanical and biochemical
responses to substrate mechanics rather than variable cell seeding. Second, observed cell
spreading and the extent of tether tear off demonstrated that matrix stiffness altered forces
that control cell attachment and spreading.

Our results with 12pN TGTs, in particular, clearly demonstrated that substrate stiffness
alters fundamental processes regulating cell behavior. On stiff gels, cells quickly generated
sufficient force to extensively rupture tethers and detach, leaving dark footprints on the gels.
By contrast, on soft gels, limited tether tear off was confined to regions at the cell periphery.
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More cells remained attached to 12pN tethers on soft than on stiff gels. Although there was
some vinculin detected at the basal plane of the few remaining cells on 22kPa gels with
12pN tethers, cells on 13kPa gels activated negligible basal vinculin recruitment, and there
was no evidence of tether tear off. These differences exposed coupling between bond
tension, substrate mechanics, and cell biochemistry.

On soft matrices, cells reportedly exhibited extensive B1 integrin internalization®, and bond
strengths were below levels needed to stabilize integrin ligation30: 31, The latter behavior is
consistent with the decreasing cell densities on soft gels with 33pN and 54pN tethers. A
recently proposed ‘dynamic clutch model” would account for these observations. The model
invoked competition between force-dependent rates of integrin-ligand bond rupture and talin
unfolding, to account for stiffness-dependent traction and vinculin recruitment to focal
adhesions!’. Slower force-loading on soft substrates relative to stiff ones would result in
more integrin bond rupture before sufficient tension developed to unfold talin and recruit
vinculin. Greater integrin bond rupture would increase cell detachment, and decrease tether
tear-off and vinculin accumulation, as we observed. Our results are thus consistent with the
‘dynamic clutch model’ predictions. Additionally, the findings enabled estimates of the
transition force thresholds and characterized an early step not included explicitly in the
model.

Cells on soft gels with 12pN TGTs ruptured and internalized some tethers. However, the
12pN cap was insufficient to activate membrane spreading (P1) on soft gels, and cells
remained attached but round (P0). Consistent with the dynamic clutch model, postulated
faster force-loading on stiffer (22kPa) gels would increase the load on integrin-RGD bonds
faster than the integrin-RGD dissociation rate, resulting in greater 12pN tether tear-off, as
observed.

The reduced tear-off and high cell densities on 12pN tethers on soft gels indicated that forces
on the surviving tethers were < 12pN. The cells did spread on 33pN and 54pN tethers on the
soft gels, suggesting that the 12pN cap arrested cell spreading. We speculate that the low-
tension cap impaired actin-clutch engagement. Our results suggest this process requires
forces between 12pN and 33pN. This result is in reasonable agreement with optical tweezers
measurements of ~10pN forces required to activate an increased in integrin bond strength31.

The lower Cy3 fluorescence from 12pN tethers in 13kPa relative to 22kPa gels could reflect
differences in tether density that might bias cell behavior. However, recent results showed
that reducing integrin ligand density increased the average force on integrin-talin-actin
linkages’ and reduced the substrate stiffness at which talin unfolded and activated vinculin
recruitment. The latter trend is opposite our findings, supporting our view that the lack of
spreading was not due to insufficient ligand density in the gels.

On 33pN tethers, the substrate stiffness altered the attached cell densities, and the apparent
force threshold for the transition from the spreading (P1) to contractile (P2) phase, as
evidenced by talin-dependent vinculin recruitment. The cell density was higher on soft
relative to stiff gels (Fig. 2A,C), despite similar tether coverage (Fig. S1A, but the fraction of
vinculin-positive attached cells on 13kPa gels was significantly lower (Fig. 4A,C, S6A,B).
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The latter finding agrees with the predicted stiffness-dependent shift towards greater
integrin-ligand bond rupture and cell detachment, with correspondingly less talin unfolding
and vinculin recruitment!’, as we observed.

On soft gels, capping the force at 33pN impaired the transition to P2. In contrast, a higher
fraction of adherent cells on 54pN tethers underwent the P2 transition, evidenced by vinculin
recruitment to the basal plane (Fig. 4A, C). The latter results suggest a threshold force of
~33pN for the P1—P2 transition, in good agreement with the 37pN estimated from
membrane tension measurements®.

The 54pN tethers supported vinculin accumulation at the basal planes of cells on both soft
and rigid gels (Fig 4 A, S6A). However, in agreement with the recent modell’, a lower
fraction of cells activated vinculin recruitment on the soft gel (Fig. 4C). This resulted in
more cells detaching due to integrin-RGD dissociation, without extensive tether tear off. The
absence of tear off indicated that the force on the nascent focal contacts was below 54pN.
Interestingly, recently reported forces in mature focal adhesions exceeded 100pN32,

We attribute the difference in cell densities and spreading on 12pN versus 54pN tethers on
soft gels to different force-dependent processes. The dynamic clutch model predicts lower
cell densities on 54pN tethers on soft versus stiff gels, because softer substrates favor
integrin bond rupture whereas stiffer substrates favor vinculin activation and adhesion
stabilizationl?, as we observed. The few remaining cells (on 54pN TGTs) exhibited the
P1—P2 transition, controlled by talin unfolding and marked by vinculin recruitment. By
contrast, on soft, 12pN gels, cells appeared unable to engage the actin clutch, and appeared
to be decoupled from the mechanical machinery directing cell spreading on 54pN tethers.

Our reported spread cell areas (Table S1) agreed with another report of cell spreading as a
function of tension tolerance33. Cell spreading depends both on bond density and tension,
and tether failure reduces bond density. Additionally, cell spreading reportedly plateaus on
substrates with moduli > ~5kPal’. Thus, spreading differences alone would not reveal the
complexity of biochemical processes controlling cell behavior on these substrates.

Postulated mechanisms of rigidity sensing have invoked both strain rates and molecular
displacements linked to substrate deformation. Quantized micropillar displacements by
attached cells appear to be due to tropomyosin-dependent, rigidity-sensing units that operate
during the contractile spreading phase34. Our results are consistent with a model based on
postulated stiffness-dependent strain ratesl’. Although differing strain rates have yet to be
verified experimentally, displacement differences alone would not account for the observed
destabilized integrin-ligand bonds on soft substrata. Although the use of TGTs alone cannot
unambiguously distinguish between mechanisms, these results generated novel insights into
mechanically sensitive processes in cell adhesion and spreading.

This study demonstrated the impact of rigidity sensing on both the spreading area and
attached cell densities, which reflect coordinated influences of substrate stiffness and
receptor biochemistry. Second, we estimated the force thresholds for postulated spreading
transitions, and demonstrated quantitatively that the ECM stiffness shifts those thresholds
and cell attachment behavior. Third, cell behavior on 12pN tethers revealed an early, low-
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tension transition that we attribute to actin clutch engagement. In conclusion, these findings,
based on autonomously-force-limiting TGTs, exposed novel insights into nano-mechanical

co

upling between substrate mechanics and integrin-mediated cell adhesion, spreading, and

rigidity-sensing.
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Figure 1.
Schematic of the force response of TGTs on soft substrates. (A) Cell attachment to TGT-

modified hydrogels with elastic moduli of 13kPa (soft) and 22kPa (rigid). (B) Cells deform
the substrates until the tension exceeds tension tolerance (Tio;) and the cells tear off the
sensing strand (yellow jagged arrow). (C) DNA duplex tethers with tunable Ty The anchor
DNA is covalently linked to the gel through polymerizable acrydite monomers (solid yellow
diamond). The ‘reporter’ strand contains a 3’ Cy3 dye (red circle) and the location of the
RGD peptide along the strand (green pentagon) determines the tension tolerance Tyg. In this
study, Tio) values were 12pN, 33pN, or 54pN. The control is a RGD peptide covalently
linked to an acrylate group (hollow yellow diamond).
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Figure 2.
Confocal images of adherent melanoma cells (B16F1) on soft substrates of different stiffness

and tension tolerance. (A) Green designates Calcein A cell staining (Live/Dead assay®).
Scale bar 200 um. (B) Red designates Cy3 from TGT. Scale bar 200 um. (C) Cell density as
a function stiffness and tension tolerance for B16F1. The error bars represent S.E.M.
*p<0.05 between different stiffness groups and #p<0.05 between different tether tolerance
(at same gel stiffness). (Nexp=3). (D) Comparison of Calcein A cell staining and DIC images
on 54pN, 13kPa and 54pN, 22kPa substrates. Scale bar is 50 pm.
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(A) Phase and Cy3 channel images of the basal plane of cell, plated on 13 kPa substrates
decorated with 12pN TGT. Cells were plated with and without MBCD treatment. The arrow
indicates loss of fluorescence. (B) Cy3 channel images showing the uptake of TGT in cells
with and without MBCD treatment. The arrow indicates the gain of fluorescence or the
uptake of TGT. Scale bar 50um. (Nexp=2) *Not the same cells as shown in panel A.
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Figure 4.
(A) DIC and vinculin immunofluorescence (cyan) images at the basal plane of B16F1 cells

on substrates of indicated stiffness and tension tolerance, imaged under identical conditions
(cropped from images in Fig. S6A). Scale bar 50 um. (B) Model of RGD binding, integrin
activation, and vinculin binding (star). (C) Fraction of vinculin positive cells in the
population of attached cells, under different conditions. The error bars represent S.E.M.
(Nexp=2, n (cells)12pN,13kPa =30, N33pN,13kPa =36, Ns4pN,13kPa =36, N12pN,22kPa =8,
N33pN,22kPa =36 Ns4pN,22kPa =45).
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