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Abstract

Cells’ ability to sense and interpret mechanical signals from the extracellular milieu modulates the
degree of cell spreading. Yet how cells detect such signals and activate downstream signaling at
the molecular level remain elusive. Herein, we utilize tension gauge tether (TGT) platform to
investigate underlying molecular mechanism of cell spreading. Our data from both differentiated
cells of cancerous and non-cancerous origin show that for the same stiff underlying glass
substrates and for same ligand density it is the molecular forces across single integrins that
ultimately determine cell spreading responses. Furthermore, by decoupling molecular stiffness and
molecular tension we demonstrate that molecular stiffness has little influence on cell spreading.
Our data provide strong evidence that links molecular forces at the cell-substrate interface to the
degree of cell spreading.

SCorrespondence: T.H. (tjha@illinois.edu), N.W. (nwangrw@illinois.edu).

Present address: Department of Microbiology, lcahn School of Medicine at Mount Sinai, New York, NY 10029, USA.

Present address: Center for Neuro-Medicine, Brain Science Institute, Korea Institute of Science and Technology, Hwarangno 14-gil
5, Seongbuk-gu, Seoul 136-791, South Korea.

Author contributions
T.H., F.C., and N.W. conceived the project and designed the experiments. F.C., I.L., B.L., S.D., R.S., S.L., X.W.,, S.P., J.S. performed
experiments and/ or analyzed data. T.H., F.C., and N.W. wrote the manuscript with feedback from all.

Supplemental Information
Supplemental information includes supplementary experimental procedures and two supplementary figures.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chowdhury et al.

Keywords

Page 2

Cell adhesion; spreading; tension gauge tether (TGT) technology

INTRODUCTION

Cells are sensitive to mechanical and physical cues from the extracellular matrix (ECM).
This exceptional ability of sensing regulates cellular events that dictate cell fate

decisions®' 2, proliferation3, regeneration?, and cancer metastasis®. At the core of such
regulation lies the degree of cell spreading which is controlled by the bulk properties of the
underlying substrates such as stiffness! 68, For example, naive human mesenchymal stem
cells spread differentially on substrates of different stiffness to commit to neurogenic,
myogenic or osteogenic lineages!. Previously, we demonstrated that stress-induced cell
spreading of mouse embryonic stem cells elicits differentiation®. Changes in cell shape and
efficient motor neuron differentiation from human pluripotent cells can be achieved by
simply tuning the mechanical stiffness of the microposts®. However, the molecular
mechanism by which cells sense stiffness and control spreading that ultimately influences
cell differentiation remains poorly understood. Although several studies reported contractile
elements to be responsible for rigidity sensing, cells spreading, and differentiation®: 11-15,
they fail to capture the molecular mechanism related to early events in cell spreading. A
recent report proposed that it is the collagen tethering density, not the physical bulk stiffness
of the substrates that determine cellular morphology and gene expression change during
stem cell differentiationl®. On the contrary, a subsequent study suggested that differentiation
of stem cells is possible even in the absence of such tethering®’. Therefore, the underlying
molecular mechanisms connecting the substrate stiffness to cell spreading, and subsequently
fate regulation remain unresolved. In this study, to investigate cell spreading mechanism of
differentiated cells of cancerous and non-cancerous origin, we employed our recently
developed tension gauge tether (TGT)8 platform that can determine single molecular forces
required to activate signaling through ligand-receptor bonds and cap the force through a
single bond at a defined value.

RESULTS AND DISCUSSION

Molecular tension driven cell spreading

We conjugated cyclic-RGDfK peptide, a ligand specific to a,p3 integrins!®-21, to TGTs of
four different values of calculated tension tolerance, Tiq (12, 43, 50, 56 pN). Ty is the
lowest when the biotin is on the same end of the duplex DNA tether as the peptide ligand
because the force between the ligand and biotin is applied in the unzipping direction (Fig.
1a). Ty increases progressively as the biotin is moved toward the other end of the DNA
because the force is now applied in a shear configuration that requires much higher forces
for DNA rupture (Fig. 1a). Passivated surfaces were prepared by incubating biotinylated
bovine serum albumin (BSA) on glass surfaces followed by incubation of neutravidin as
described before?2. The RGDfK conjugated TGTs were then immobilized through a
neutravidin-biotin linker (Fig. 1a). Biotinylated cyclic-RGDfK peptide which has much
larger rupture force (>100 pN)23 was also directly immobilized on the surface as a control.
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B16-F1 melanoma cells cultured on rigid plastic dishes were plated on the surface
presenting different Ty values 12, 43, 50, 56, and >100 pN (Fig. 1b). As reported for five
different cell lines previously8, B16-F1 cells did not adhere on surfaces with Ty < 40 pN
but adhered well to surfaces with higher Ty, suggesting that they apply about 40 pN peak
force during initial cell adhesion.

For the four high-tension surfaces supporting cell adhesion, the projected cell area of the
cells increased with increasing Tiq (Fig. 1c). Although hydrogel studies have shown that
cells spread more on stiffer surfaces®: © 8, our data show that the molecular forces across
single receptor-ligand bonds can determine cell spreading responses. Three additional cancer
cell lines (Supplementary Fig. 1) and non-cancerous mouse embryonic fibroblasts
(Supplementary Fig. 2) we tested, all showed T -dependent cell spreading, suggesting the
universality of our finding.

To further quantify the differences in cell morphology, we computed cell shape index (CSI),
a dimensionless parameter for geometric circularity measurement. CSI of 1 represents a
perfect circle while any deviation from 1 indicates departure from a perfect circle. Fig. 1d
shows that as the tension tolerance increases cells exhibit progressively lower CSI values
indicating more extensions leading to a complex cell spreading pattern.

Molecular tension, but not stiffness, controls cell spreading

Next, we evaluated whether cell spreading is still affected by the underlying substrate
stiffness when the cells are tethered through TGTSs. If Ty is solely responsible for the
regulation of cell spreading we expect to see similar cell spreading response regardless of
the substrate stiffness. When we plated cells on polyacrylamide gel substrates, through
TGTs, we observed that as the substrate stiffness increased from 1 kPa to 8 kPa, cell
spreading was also increased (Fig. 2a). In addition, for the same substrate stiffness, as the
molecular tension increases from 43 pN to 54 pN, cell spreading was also increased. The Ty
dependent cell spreading was more pronounced on 8 kPa gel substrates (Fig. 2a).

We next quantified projected cell area and CSI for 1 and 8 kPa gels functionalized with 43
pN or 54 pN TGTs (Fig. 2b). For same gel stiffness, cell spreading was significantly
increased for 54 pN TGTs compared to 43 pN TGTs with concomitant decrease in CSI
values (Fig. 2b). We also observed a significant increase in cell spreading for 8 kPa gel
substrate compared to 1 kPa gel substrate with concomitant drop in CSI values for either 43
pN or 54 pN TGTs (Fig. 2b).

Because we observed that cell spreading is dependent on both the substrate stiffness and T
of TGTs we wondered whether substrate stiffness dependent cell spreading is due to the
difference in cross-linking density of the gel substrates, where softer gel promotes a larger
deformation when force is applied by the cells via integrins (Fig. 2¢) which may lead to
rapid dissociation of integrins from TGTs. Others have suggested similar mechanism of
dissociation of integrins from ECM proteins on soft substrates?4. In order to rule out the
confounding effects of gel crosslinking, we tested cell spreading on a platform where we can
immobilize TGTs through independent (noncross-linked) tethers of different molecular
stiffness. We linked TGTs to a surface via linear polyethylene glycol (PEG) tethers (non-
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crosslinked) of four different molecular weights 0.4kD, 5kD, 10kD, and 20kD (Fig. 3a). A
single non-crosslinked PEG molecule when stretched end-to-end exhibits a non-linear
elasticity as shown from single molecule force spectroscopy2. We approximated the low
force (< 100 pN) response of PEG using the extended freely-jointed chain model (Fig. 3b,
left). Taking the derivative of force with respect to extension, which gives us the molecular
stiffness at a given force (Fig. 3b, left), we can estimate a 49 fold difference in molecular
stiffness between the lowest (0.4 kD) and highest (20 kD) molecular weight PEG at the
same tension (Fig. 3b, right). If molecular stiffness has any influence on cell spreading, one
may expect to see an increase in cell spreading with an increase in molecular stiffness.
Instead, we observed similar cell spreading across all molecular stiffness surfaces for both
43 and 54 pN TGTs (Fig.3c, d). Comparing cell spreading between 43 and 54 pN, we
observed increase in cell spreading with increase in T;o) across all molecular stiffness
surfaces (Fig.3c, d). These results suggest that cell spreading is mainly controlled by
molecular tension, and not by molecular stiffness.

At present, the underlying molecular mechanism of stiffness sensing, and resulting changes
in cell spreading and gene expression remains elusive. Previous studies suggest that cell
spreading and gene regulation are dictated by the bulk stiffness of the underlying
substrates? 68, However, the molecular mechanism of sensing bulk material stiffness at the
cell level is not clear. Many studies have been devoted to understand this sensing
mechanism. One study proposes that the difference in collagen tethering density, based on
the gel porosity, between soft vs. stiff substrates determines cellular morphology and gene
expression change during stem cell differentiation!® but this was questioned by a recent
report suggesting that such tethering is not necessary for differentiationl’. Another study
suggests that enhanced internalization of integrins on soft substrates results in diminished
cell spreading and gene expression24. Most recently, it was proposed that the kinetics of
integrin-ECM ligand bond is involved in rigidity sensing through the differential rate of
loading of integrin bonds for different substrate stiffness26. Many other efforts have been
made to study and limit average molecular forces that alter cellular behavior in a force
dependent manner?’: 28, But the TGT technology with its autonomous gauge can precisely
cap the molecular forces that can act on single integrins. According to our data, it is
ultimately the tension tolerance of single bonds that dictates such differential spreading
response. We showed for the same stiff glass substrates and the same ligand density, the
amount of cell spreading is profoundly affected by the single molecular forces that hold the
ligand to the substrate. Moreover, we showed by changing the molecular stiffness of the
individual tethers that it is the molecular tension, not molecular stiffness that controls cell
spreading. Collectively, we demonstrate that the stiffness sensing and resultant changes in
cell spreading can occur by sensing molecular forces across ligand-receptor bonds.

Recent development of single molecule tools including our own TGT platform is offering us
an exceptional opportunity to interrogate many critical cellular processes at the molecular
level. One of the earlier studies reported a Fluorescence Resonance Energy Transfer (FRET)
based DNA force sensor with a goal to measure cellular adhesion forces?®. Although there is
a significant challenge in measuring FRET signals due to signal quenching by the cells,
several other groups later demonstrated feasibility of such measurements39-33, Another
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approach was successfully implemented using genetically encoded tension probes to
investigate the mechanobiology of cell surface receptors including vinculin3* and E-
cadherin3®: 36, Analysis of such data sets requires considerable care and sophisticated data
analysis algorithm to remove background noise especially in the low signal areas. Moreover,
the major limitation of these genetically encoded force sensors are detectable force not
exceeding 5-6 pN. Our TGT platform provides an alternative approach to FRET based
signal where we utilize loading configuration of a double-stranded DNA. These rupturable
tethers are weak in an unzipping mode but offer more resistance in shear mode Fig. 1.
Nevertheless, the reported force values for many cellular functions from any of these single
molecule measurement techniques heavily rely on cellular loading rate. TGTs with different
Tio) Were immobilized on the surface using a widely used strategy thorough neutravidin-
biotin association. A recent study reported that streptavidin-biotin bonds rupture due to cell-
generated forces possibly because of low loading rates3’. Therefore, even for the large force
supporting tether reported in this manuscript (>100 pN, immobilizing biotinylated cyclic-
RGDfK peptide directly onto the surface) can possibly rupture at a lower force level
depending on the loading rate. The big challenge now is to determine in precise manner how
forces are applied to single ligand receptor bonds in living cells, including the effective
loading rates and maximum forces applied. In the future, a robust covalently linked scheme
will be adopted to immobilize TGTs.

We engineered our TGT constructs to offer ligands (cyclic-RGDfK peptide) specific to a,f3
integrins19-21 to measure molecular forces exerted during cell adhesion and capture their cell
spreading response. Because the ligand density can affect cell spreading, the cyclic-RGDfK
ligand density (~ 600 ligands/um?2) on the surface was kept constant for all TGT constructs
so that that there is at least one ligand every 40 nm. As a reference, an earlier study showed
that cell spreading and FA formations are not supported when spacing between integrin
binding sites was more than 58 nm38. In the future, experiments can be designed to explore
differences in cell adhesion and spreading through non-RGD integrins (e.g., LVD-binding
integrins, a/A domain integrins, and non- a.A domain integrins)3? in 3D.

MATERIALS AND METHODS

Cell culture

Cells were routinely maintained in rigid culture dishes with high-glucose Dulbecco's
Modified Eagle's Medium (DMEM) (Invitrogen) cell culture medium containing 10% fetal
bovine serum (Hyclone, Thermo Fisher Scientific) at 37 °C with 5% CO,. The growth
medium was supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 ug/ml
penicillin-streptomycin. All experiments were carried out with low serum (1%) culture
medium.

Surface modification and functionalization

Glass bottom dishes were passivated and functionalized with an array of tension gauge
tethers described elsewhere!®, In short, the glass surface was incubated with biotin labeled
BSA (Sigma) for 20 min in room temperature. Following the incubation process, the glass
surface was washed with PBS and further incubated with neutravidin (Thermo Fisher
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Scientific) for 10 min at room temperature. It was washed again with PBS and incubated
with either TGT constructs or biotin labeled RGDfK (Peptides International)

Cell area measurements

ImageJ (NIH) was used to measure projected cell spreading area and perimeter. Cell shape
index (CSI), a measure of circularity, is a non-dimensional parameter calculated based on

the projected cell area and perimeter using the relation, CSI=tupizhres, CSI values ranges
erimeter

from 0 to 1. For a perfect circle the value of CSlI is equal to 1. Any value less than 1
indicates cell protrusions which deviate from a perfect circle.

Statistical testing

All statistical analysis was carried out using a two-tailed Student's t-test unless mentioned
otherwise.

CONCLUSIONS

In summary, our findings provide a fundamental understanding of cell spreading mechanism
by establishing a link between molecular forces across integrins and cell spreading behavior.
We successfully decoupled molecular stiffness and molecular tension to conclusively
provide a novel insight that it is the molecular tension rather than molecular stiffness that
controls cell spreading.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cell spreading increases with increasing tension tolerance surface cues. (a) A schematic

representation of a cell on a TGT surface. TGTs with different tension tolerances were
immobilized through biotin-neutravidin interactions on biotinylated BSA passivated rigid
glass surfaces. (b) Cells were plated on different tension tolerance surfaces. The measured
force requirement during initial cell adhesion process was ~40 pN. Cell spreading increases
with increasing tension tolerance. Tension tolerance >100 pN represents biotinylated
RGDfK ligand immobilized directly on to the surface, not through TGTs. (c) Projected cell
area of cells are presented as box-and-whisker plots. Cells (n=64, 63, 46, 48 for 43 pN, 50
pN, 56 pN, and >100 pN surface respectively) increased cell spreading area with increasing
tension tolerances. There were significant differences in cell area change between 43 pN and
50 pN (p<0.03), 50 pN and 56 pN (p<1.38x1078), and 56 pN and >100 pN (p<0.02) tension
tolerance surfaces. (d) A box-and-whisker plot shows a dimensionless parameter, measuring
geometric circularity called cell shape index (CSI). CSl varies from 1 for a perfect circular
shape to 0 for a highly irregular shape. No significant differences were observed between 43
pN and 50 pN TGT surface (p>0.58). However, CSI values between 50 pN and 56 pN, and
56 and <100 pN surfaces showed significant changes (p<4.38x1074, 3.51 x10™4
respectively).
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Figure 2.
Increasing molecular tension increases cell spreading on same substrate stiffness. (a) Cells

were plated on two different substrate stiffness, namely 1 and 8 kPa. For same substrate
stiffness, increasing molecular tension tolerance increased degree of cell spreading. (b) Cell
spreading significantly increased from 43 pN TGT to 54 pN TGT engineered 1 kPa
substrates (n= 35 and 46 for 43 pN and 54 pN respectively; p<9.85x10720). CSI values also
showed significant changes (p<0.01). Similarly significant difference in cell spreading is
also observed on 43 pN TGT and 54 pN TGT engineered 8 kPa substrates (n= 41 and 40 for
43 pN and 54 pN respectively; p<2.41x10~14). Pronounced difference in CSI values is
observed between 43 pN and 54 pN engineered 8 kPa substrate compared to 1 kPa substrate
(p<6.66x10712), (c) Confounding effects of cross-linked substrates. On softer substrates, the
degree of cross-linking is much lower allowing larger substrate deformation compared to
rigid substrates where higher degree of cross-linking yields smaller deformation for the
same applied forces. Data represent mean+ s.e.m.
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Figure3.
Molecular stiffness does not affect cell spreading. (a) Highly passivated mPEG surfaces

with different molecular weight biotinylated PEGs were prepared to immobilize TGTs with
different tension tolerances. PEGs with higher molecular weight are more elastic with lower
spring constants. (b) Extended freely-jointed chain model is used to predict force
deformation characteristics of PEGs with different molecular weights. Computing the slope
at different points provides molecular stiffness information for a given force range in
different molecular weight PEGs. (c) Cells were plated on different molecular weight PEGs
with two different TGTs. For same tension tolerance, cell spreading is similar in different
molecular weight PEG suggesting that molecular stiffness do not control cell spreading. (d)
No significant changes in cell spreading was observed on different molecular weight
surfaces engineered with 43 pN TGTs (n=32, 27, 29, 23 for 0.4k, 5k, 10k, 20k PEG; one
way ANOVA, p>0.82) and 54 pN TGTs (n=28, 24, 28, 22 for 0.4k, 5k, 10k, 20k PEG; one
way ANOVA, p>0.92). Similarly, no significant changes in CSI values were found (one way
ANOVA, p>0.64 for 43 pN and p>0.53 for 54 pN). Data represent meanz s.e.m.
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