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ABSTRACT

Fibrillar adhesions are important structural and adhesive components in
fibroblasts, and are required for fibronectin fibrillogenesis. While nascent
and focal adhesions are known to respond to mechanical cues, the
mechanoresponsive nature of fibrillar adhesions remains unclear. Here,
we used ratiometric analysis of paired adhesion components to
determine an appropriate fibrillar adhesion marker. We found that
active ob5B1-integrin exhibits the most definitive fibrillar adhesion
localization compared to other proteins, such as tensin-1, reported to
be in fibrillar adhesions. To elucidate the mechanoresponsiveness of
fibrillar adhesions, we designed a cost-effective and reproducible
technique to fabricate physiologically relevant stiffness gradients on
thin polyacrylamide (PA) hydrogels, embedded with fluorescently
labelled beads. We generated a correlation curve between bead
density and hydrogel stiffness, thus enabling a readout of stiffness
without the need for specialized knowhow, such as atomic force
microscopy (AFM). We find that stiffness promotes growth of fibrillar
adhesions in a tensin-1-dependent manner. Thus, the formation of
these extracellular matrix-depositing structures is coupled to the
mechanical parameters of the cell environment and may enable cells
to fine-tune their matrix environment in response to changing physical
conditions.

KEY WORDS: ECM elasticity, Fibrillar adhesion, Stiffness gradient
hydrogels

INTRODUCTION

It has been known for nearly two decades that cultured fibroblasts
form distinct types of extracellular matrix (ECM) adhesions, the short-
lived peripheral nascent adhesions, which are superseded by actin-
tethered focal adhesions, and finally mature, centrally located,
elongated fibrillar adhesions (Conway and Jacquemet, 2019; Katz
etal.,2000; Zamir et al., 1999). Fibrillar adhesions mediate fibronectin
remodelling and the formation of fibrils, which guide the deposition of
other matrix components, such as collagens, fibrillin, fibulin and
tenascin-C (Chung and Erickson, 1997; Dallas et al., 2005; Kadler
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etal., 2008; McDonald et al., 1982; Sabatier et al., 2009; Saunders and
Schwarzbauer, 2019; Singh et al., 2010; Sottile and Hocking, 2002;
Twal et al., 2001; Velling et al., 2002), and are thus important for the
formation of the ECM. Fibrillar adhesions are partly defined by the
presence of a5B1-integrin and tensin family proteins, and the absence
of other integrin heterodimers (Pankov et al., 2000; Zamir et al., 2000).
Ligand-bound o5B1-integrin translocates centripetally out of focal
adhesions along the actin cytoskeleton, organizing bound fibronectin
into fibrils (Pankov et al., 2000; Zamir et al., 2000). Active (i.e. fully
primed or ligand occupied) oSPl-integrin is recognized by the
SNAKAS1 antibody and colocalizes with fibronectin in fibrillar
adhesions (Clark et al., 2005).

The assembly and dynamics of nascent and focal adhesions, and
thus cellular functions such as cell migration, spreading and
differentiation, are known to be regulated by both chemical and
mechanical cues (e.g. viscoelastic properties and tensile forces)
emanating from the ECM (Choi et al., 2012; Hadden et al., 2017;
Hetmanski et al., 2019; Holle et al., 2016; Lo et al., 2000; Martino
etal., 2018; Pelham and Wang, 1998; Wang et al., 2012). Although,
HIC-5 (also known as TGFBI1I1), a paxillin family member, was
recently shown to be required for the formation of tensin-1-positive
fibrillar adhesions on rigid substrates (Goreczny et al., 2018), it still
remains unclear whether fibrillar adhesions are also susceptible to
changes in ECM elasticity.

Polyacrylamide (PA)-based hydrogels are the most commonly used
in vitro cell culture platforms to study cellular behaviour in response to
ECM elasticity, often referred to as stiffness or rigidity (Caliari and
Burdick, 2016; Engler et al., 2006; Rowlands et al., 2008; Wen et al.,
2014). These PA-hydrogels are usually generated with a uniform
stiffness and, while being very informative for elucidating some of the
molecular details regulating cell behaviour, are not representative of
the in vivo situation. In vivo, the cellular microenvironment is
extremely heterogeneous, not only in composition, but also in terms of
stiffness (Young et al., 2016). Several different methods have been
developed to generate stiffness gradient hydrogels that more closely
mimic the mechanical heterogeneity observed in vivo, all with their
own advantages and disadvantages (Chao et al., 2014; Hartman et al.,
2016; Isenberg et al., 2009; Vincent et al., 2013). The main limitations
include time-consuming, complex methodologies, or the need for
specialized equipment not easily accessible in every laboratory.
Moreover, in many stiffness gradient hydrogels it is not possible to
know the exact stiffness to which the cells are exposed without the use
of an atomic force microscope (AFM) (Hetmanski et al., 2019; Lo
et al., 2000; Tse and Engler, 2010). A recent report described the
fabrication of easy and robust stiffness gradient hydrogels to study
human adipocyte-derived stem cell behaviour (Hadden et al., 2017).
However, the resulting gels are relatively thick (~1 mm) and thus are
not suitable for high-resolution imaging. Another report correlated
diffusion of fluorescein within a PA-hydrogel mix with hydrogel
stiffness, removing the need for additional AFM analyses (Koser et al.,
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2016); however the setup of the makeshift chamber used in this study
is time consuming and is not compatible with all microscopy setups
and, as such, limits its application and reproducibility in other labs.
Nevertheless, this study demonstrated the importance of mechanical
signals for axon growth.

Here, we generate thin stiffness gradient hydrogels that can be
easily fabricated in any laboratory, at low cost, on cell culture dishes
without the need for specific equipment. These hydrogels contain
fluorescently labelled beads, the density of which positively
correlates with the stiffness of the gel. We generate an AFM-
based correlation curve that allows researchers to assess the stiffness
in every spot within the gradient of the gel simply by measuring the
density of the beads using a confocal microscope. In parallel, we
characterize the localization of an array of different adhesion
proteins in fibroblasts and identify active a5p1-integrin as a more
specific marker of fibrillar adhesions. Finally, by plating fibroblasts
on physiologically relevant stiffness gradient hydrogels (0.5—
22 kPa stiffness range) we find that fibrillar adhesion formation is
mechanoresponsive, exhibiting a logarithmic and tensin-1-
dependent growth in response to stiffness, rapidly increasing in
length at the low stiffness regime (0.5-7 kPa), and gradually
plateauing at higher stiffness (7-22 kPa).
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RESULTS

Fabrication of bead-containing stiffness gradient hydrogels
We aimed to overcome some of the limitations of currently available
stiffness gradient methodologies by fabricating an easy to
reproduce, low-cost and thin hydrogel suitable for high-resolution
imaging. In addition, we sought a method that would allow the
stiffness of the hydrogel to be measured at any given location
without the need for AFM (Fig. 1). Towards this goal, we took
elements from other approaches (Koser et al., 2016; Lo et al., 2000),
and developed a modified method to generate stiffness gradient
hydrogels. We prepared two acrylamide solutions corresponding to
the softest and the stiffest parts of our desired hydrogel gradient and
included fluorescently (505/515 nm; yellow-green) labelled beads
(0.1 pm carboxylated FluoSpheres) within the stiff acrylamide
solution. We then allowed the two mixtures to simultaneously
diffuse and polymerise on a glass-bottom dish (Fig. 1A). Using this
method, we consistently observed a region of bead gradient, which
formed at the interface between the soft and stiff hydrogels, while
other regions were either devoid of beads (corresponding to the
softest hydrogel stiffness) or contained a homogenous distribution
of beads (corresponding to the stiffest region of the hydrogel)
(Fig. 1A,B; Fig. SIA-C). Owing to the nature of the method,

Fig. 1. Fabrication of PA gradient
hydrogels and generation of the
correlation curve between fluorescent
beads and stiffness. (A) Schematic for
the fabrication of PA gradient hydrogels.
A Petri dish with a gridded glass-bottom
well was used to fabricate the hydrogels.
Two PA solutions representing the
extremes of the desired hydrogel gradient
were dropped onto the glass, near a pre-
drawn reference mark on the underside of
the dish, and allowed to mix and diffuse
on the surface, leading to the formation of
a gradient. The stiff PA mix also
contained fluorescent beads to infer
hydrogel stiffness in later steps. (B) A

4 mmx4 mm region of bead gradient was
selected and imaged using a spinning
disk confocal microscope
[12(x)x12(y)x7(z); total of 144 stacks].
Each stack was segmented and
thresholded for bead fluorescence and a
2D matrix of bead density was created. In
addition, a tile scan image of the gridded
glass-bottom at the same area was
acquired to be used as reference of
position. (C) Using the image of the
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individual hydrogels exhibit a degree of variability: for example, the
gradient region might not be horizontal across the whole width of
the gel (Fig. SIA). In some cases, the gel itself might be damaged or
contain air bubbles, or the acrylamide diffusion results in an
irregular or ‘jagged’ gradient; such gels should be discarded. We
encourage users to check their gels with a fluorescence microscope
before any experiments, and for example, realign them if a specific
orientation of gradient is preferred.

Cells cultured on very thin (<20 um) PA hydrogels may be
able to ‘feel’ the underlying rigid glass or plastic, leading to
confounded mechanosensing on such substrates (Buxboim et al.,
2010). We measured the thickness of our stiffness gradient
hydrogels along the length of the gradient and found it to be in
the range of 100-150 um (Fig. S1B), which is thick enough to
prevent cells from being influenced by the glass but still amenable
to high-resolution imaging.

Generation of a correlation curve

We hypothesized that the concentration of beads in the hydrogel at
any given point would correlate with the stiffness of the hydrogel,
enabling: (1) rapid visual validation of the stiffness gradient with a
fluorescence microscope and (2) a means to infer gel stiffness based

A B

on bead density rather than fluorescence intensity, which can be
extremely variable, depending on microscope settings, and is
subject to bleaching. To investigate this hypothesis, we set out to
generate a correlation curve of AFM-defined stiffness versus bead
density. In addition, since our protocol allows different stiffness
gradients to be produced by simply changing the Young’s modulus
of the two starting PA solutions, we applied our analyses to two
different gradients, one with a wide range (2—60 kPa) and one with a
narrower, softer stiffness range (0.5-22 kPa).

To pinpoint the same position within the hydrogel under two
different imaging modalities, we prepared the hydrogels on gridded
glass-bottom dishes (or used a reference mark), and then obtained a
tile scan of bead distribution within the bead gradient using a spinning
disk confocal microscope (Fig. 1B; see Materials and Methods),
followed by AFM force measurements at defined points across the
same area (Fig. 1C; Fig. S1C; see Materials and Methods). Our
analyses demonstrated that, in both instances, AFM-defined stiffness
indeed correlated with bead density (Fig. 2A,B). Moreover, the
correlation curve for the narrower stiffness range (0.5-22 kPa)
hydrogels could be best described as linear (Fig. 2A). In comparison,
we found that the wide-range stiffness (2—60 kPa) correlation curve
exhibited a more complex relationship between bead density and gel

Fig. 2. Correlation curves between bead
density and stiffness and validation of hydrogel
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gradient. (A) Narrow range (0.5 kPa to 22 kPa)
correlation curve. The best fit corresponds to a
linear function (n=3 independent experiments,
each experiment is colour-coded on the graph).
(B) Wide range (2 kPato 60 kPa) correlation curve.
The best fit corresponds to a logit function (n=3
independent experiments, each experiment is
colour-coded on the graph). For both A and B, each
data point shows the meanzs.e.m. for averaged
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stiffness, best modelled as a logit curve (Fig. 2B). At the two extremes
of the gradient, relatively small changes in bead density were
accompanied by larger alterations in stiffness. Conversely, at
intermediate bead densities, the relationship was more linear, and
beads were a better overall predictor of substrate stiffness.

To validate the correlation between bead density and hydrogel
stiffness, we compared the real gel stiffness, measured by AFM, to the
calculated stiffness, based on bead density and the best-fit calibration
curve, using additional wide-range stiffness gradient hydrogels. We
found the AFM results highly consistent with bead-density-derived
stiffness measurements; that is, AFM measurements were within the
95% confidence interval of the calibration curve (Fig. S1D).

Biological validation of 2D-gradient hydrogels

Next, we sought to validate the biological applicability of our
hydrogels by monitoring the subcellular localization of YAP1 and
TAZ (also known as WWTRI1), hereafter denoted YAP/TAZ,
mechanosensitive transcriptional co-regulators, which are reported
to undergo a cytoplasmic-to-nuclear switch in response to increasing
ECM stiffness (Dupont et al., 2011; Elosegui-Artola et al., 2017).
Indeed, on our narrow range softer hydrogels (0.5-22 kPa), we
observed predominantly cytoplasmic YAP/TAZ localization at the
softest region of the gel measured (0.9 kPa) that became progressively
more nuclear as the stiffness gradient increased (Fig. 2C). The YAP/
TAZ nuclear localization on the stiff portion of the gradient was also
associated with increased cell spreading (enhanced cell area and
decreased roundness) (Fig. 2D—F). These data indicate that stiffness
gradient hydrogels could be used to monitor changes in cell
morphology and to track the activation and/or subcellular
localization of different mechanosensitive proteins in response to
stiffness and perhaps help identify stiffness thresholds/responsiveness
in other biological processes.

Identification of a fibrillar adhesion marker
To be able to quantitatively investigate fibrillar adhesions in respect to
substrate stiffness, we set out to first identify an ideal fibrillar adhesion
marker. We allowed human telomerase-immortalized fibroblasts
(TIFs) to form stable adhesions on fibronectin and then determined
the localization of selected adhesion proteins, reported to be in focal or
fibrillar adhesions, in a pairwise manner using a high-resolution OMX
TIRF microscope and ratiometric fluorescence analysis (Zamir et al.,
1999). We confirmed that tensin-1 and active o5f1-integrin (labelled
with the SNAKAS51 antibody, recognizing the primed conformation of
the receptor in these fixed cells), previously reported to be enriched at
fibrillar adhesions (Pankov et al., 2000; Zamir et al., 2000),
demonstrate equal abundance in centrally located adhesions that are
characteristic of fibrillar adhesions (Fig. 3A). These central adhesions,
while rich in fibronectin (Fig. 3B; Fig. S2A), were largely devoid of the
focal adhesion component vinculin (Fig. S2A). Active o5B1-integrin
colocalized strongly with fibronectin (Fig. 3B), whereas tensin-1 was
present in prominent vinculin-positive peripheral adhesions
(Fig. S2B), in addition to central adhesions, suggesting a weaker
colocalization between tensin-1 and fibronectin (dual labelling with
fibronectin and tensin-1 antibodies was not possible due to antibodies
being raised in the same species). Tensin-3, the other tensin isoform
reported as being enriched in fibrillar adhesions (Clark et al., 2010),
also overlapped with vinculin in peripheral adhesions (Fig. S2C).
Intrigued by the overlap between tensin-1 and vinculin, we
analysed the distribution of tensin-1 in relation to other focal
adhesion components. Dual labelling of tensin-1 with talin-1
confirmed that tensin-1 was co-expressed with talin-1 in focal
adhesions (Fig. S3A). In contrast, fibronectin was absent from

paxillin- and talin-1-positive adhesions (Fig. S3B). Taken together,
our data demonstrates that tensin-1 is a component of both focal and
fibrillar adhesions and thus may not be an ideal marker of fibrillar
adhesions in stably adhered cells. However, active o.5p1-integrin,
which demonstrated a strong overlap with fibronectin in centrally
located adhesions and is absent from peripheral adhesions, also
showed limited colocalization with phosphorylated (p)-paxillin and
p-FAK (FAK is also known as PTK?2) (Fig. 3C,D; Fig. S3C). Thus,
in line with fibrillar adhesions being viewed as phosphotyrosine-
poor structures within the cell (Zamir et al., 2000), active a5B1-
integrin appears to be a more appropriate fibrillar adhesion marker.

Mechanoresponsive fibrillar adhesions

To address whether fibrillar adhesions respond to rigidity, we first
plated TIFs overnight on fibronectin-coated hydrogels representing
two extremes of substrate stiffness (0.8 kPa, very soft; and 60 kPa,
very stiff). As shown previously (Yeung et al., 2005), we observed
that TIFs spread more, exhibiting a flatter morphology, on the stiff
versus the soft substrate (Fig. 4A). We measured the length of
adhesions positive for active oS5B1-integrin and negative for
phosphotyrosine-paxillin and found that, on a soft substrate,
fibroblasts had small, often dot-like adhesions, whereas on a stiff
substrate the adhesions were primarily longer, resembling more-
typical fibrillar adhesions (Fig. 4A,B). Next, we plated cells on the
narrower stiffness gradient hydrogels (0.5-22 kPa) and monitored
adhesion formation. We made the interesting observation that the
length of active a5B1 integrin adhesions positively correlated with
the stiffness of the substrate (Fig. 4C,D). This increase in adhesion
length could be best described with a logarithmic distribution — a
rapid increase at lower stiffness (1-7 kPa), followed by a more
gradual increase and finally a plateau at higher stiffness (7-22 kPa)
reaching a maximum average length of ~3.5 um in our system.

Tensins support stiffness-induced adhesion elongation
Tensins bind directly to the Bl-integrin tail and stabilize integrins
on the cell surface (Lo et al., 1994; Torgler et al., 2004). In addition,
tensins maintain Bl-integrin activity in fibrillar adhesions
following initial talin-dependent switching of the receptor into an
active conformer (Georgiadou et al., 2017). Moreover, a reduction
in fibrillar adhesion number, as seen in tensin-depleted cells or
upon AMPK activation, correlates with significantly reduced
traction-forces on fibronectin (Georgiadou et al., 2017), indicating
that fibrillar adhesions transduce forces to the ECM. To test
whether tensins are required for the stiffness-dependent increase in
active oS5B1 integrin adhesion length, we silenced tensin-1
expression using siRNA oligonucleotides that we had previously
validated for specificity with rescue experiments (Georgiadou
et al., 2017). Interestingly, tensin-1 silencing, validated with qRT-
PCR (Fig. 5A), clearly reduced active o5B1 integrin adhesion
length in cells plated on the stiffness-gradient gels when compared
to the control silenced cells (Fig. 5B,C). These data demonstrate
that while tensins may not be restricted to fibrillar adhesions, they
are important for active a5B1 integrin adhesion elongation on a
range of matrix rigidities.

DISCUSSION

Many fundamental cellular processes including proliferation,
migration and differentiation are precisely regulated by cues
emanating from a dynamic and heterogeneous microenvironment.
These cues include fluctuations in the biochemical composition as
well as the biophysical properties (viscoelasticity, topography and
architecture) of the surrounding ECM.
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Fig. 3. Active a5B1 integrin as a fibrillar

adhesion marker. (A-D) TIF cells were
plated on fibronectin-coated glass-bottom
dishes overnight and stained for active
o5B1-integrin and the indicated adhesion
markers. Representative images and
ratiometric analyses of colocalization
between active a5p1-integrin (SNAKA51
antibody) and tensin-1 (A), active a5p1-
integrin and fibronectin (B) and active o581-
integrin and phosphorylated paxillin
(pPaxillin) (C) and quantification of
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Several methods have been developed to reduce the complexity of
the microenvironment in order to imitate the effect of ECM stiffness
on cell behaviour (Hadden et al., 2017; Koser et al., 2016; Lo et al.,
2000; Tse and Engler, 2010; Vincent et al., 2013) and primarily
involve the production of PA hydrogel-based stiffness gradients.
While all of these techniques have their own unique advantages,
limitations include production of thick hydrogels that are not
compatible with high-resolution or live-cell imaging, the need for
AFM verification of stiffness for individual experiments and the use of
fine-tuned techniques for specific stiffness gradients that reduce
reproducibility in other laboratories. Here, we set out to develop a
simple and cost-effective method to produce stiffness gradients based
on previous approaches (Koser et al., 2016; Lo et al., 2000). We
demonstrate that our technique is flexible and can be applied to
produce different rigidity gradients without the need for specialized
equipment. The resulting hydrogels can be used as a reductionist

model to image and dissect mechanosensitive pathways and signalling
in cells. We show that, within a 0.5-22 kPa range, cell spreading
increases and YAP/TAZ localization becomes progressively nuclear
with increasing stiffness. While these results are expected, these proof-
of-concept data indicate that our microscopy-amenable hydrogels
could potentially be used to simultaneously chart the effect of
substrate stiffness heterogeneity on two or more proteins within the
same dish or to track dynamic changes in individual cells when they
encounter different mechanical cues. Whether precise stiffness
thresholds, for example, for inducing complete YAP/TAZ nuclear
translocation, could be determined for different cell lines, remains to
be investigated but would be fundamental in our understanding of
mechanosignalling in development and disease.

We also used our stiffness gradient hydrogels to explore whether
fibrillar adhesions, the main sites of fibronectin fibrillogenesis,
respond to changes in ECM rigidity. We demonstrate that in TIFs,
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active a5B1-integrin
active a5B1-integrin phospho-paxillin phospho-paxillin

Fig. 4. Active o5B1 integrin adhesions
respond to changes in stiffness.
(A) Representative images of TIFs plated on

Relative length of active uniform stiffness hydrogels (0.8 kPa or 60 kPa)
a5p1-integrin adhesions  @nd stained for active o5p1-integrin and

phospho-paxillin. Scale bars: 20 pm. (B) Tukey
X%k

2.0- A box plot of a5p1-integrin adhesion length (um)
° from A [n=2 independent experiments, 9 cells
1.5 (0.8 kPa) and 10 cells (60 kPa) analysed per
o experiment; 199 adhesions (0.8 kPa) and 211
1.04 adhesions (60 kPa)]. ***P<0.001.
(C) Correlation analysis between substrate
0.51 elastic modulus (kPa) and o5B1-integrin
adhesion length (um) in TIFs plated on a
0 . . stiffness gradient hydrogel (0.5 kPa to 22 kPa)
0.8 60 (n=1 independent experiment, 22 cells, >20

Elastic modulus [kPa] adhesions per cell). Error bars on the y-axis

correspond to the s.d. on the adhesion length
while error bars on the x-axis display error
(95% c.i.) from the calibration curve used

to convert from bead density into stiffness.

3.5

3.0
‘‘‘‘‘ 2.5
2.0

159 ,

Adhesion length [um]

Adhesion

(D) Representative images of TIFs stained for
active a5p1-integrin from C across the stiffness
gradient. Scale bars: 20 ym.

1.0 : 1.0

5 10 15 20 1 2 3

4 5 6 7

Elastic modulus [kPa] Elastic modulus [kPa]

O

1.7 kPa

4.5 kPa 13 kPa

Active a5B1-integrin

fibrillar adhesion length, identified by active a5B1-integrin staining,
increases rapidly up until ~7 kPa. After this point, adhesion
lengthening decelerates and eventually becomes relatively stable,
suggesting that the formation of fibrillar adhesions is indeed
mechanosensitive. Importantly, we find this mechanosensitive
adhesion lengthening to be tensin-dependent. Recently, tensins
have been implicated in supporting integrin activity and traction
forces in fibroblasts in vitro (Georgiadou et al., 2017), in addition to
integrin activity in vivo in the myotendinous junctions of
Drosophila flight muscles (Green et al., 2018). The exact nature
of how fibrillar adhesions retain their connection to the actin
cytoskeleton, perhaps through integrin—tensin interaction, remains
to be investigated. However, our data show that these structures
respond to gradual changes in ECM rigidity.

In our set-up, we opted to use bead density rather than
fluorescence intensity as a readout of hydrogel stiffness. We
believe that the change from using fluorescein intensity (Koser
et al., 2016) to the analysis of bead density (our method) gives a
more flexible and viable approach, as fluorescence intensity can be
a highly variable read-out depending on bleaching rate and on the
imaging modality used. We show that while there is a linear
correlation between bead density and hydrogel stiffness at narrower
stiffness gradients (0.5-22 kPa), at wider stiffness gradients, a logit

22 kPa_

fit appears to be a more accurate representation of the relationship
(2—60 kPa). It is unclear whether this non-linear relationship results
from partially different diffusion kinetics between acrylamide
and the fluorescent marker beads, a phenomenon that is then
exacerbated by the increased acrylamide concentration in the
wide-range gradients. To our knowledge, no diffusion-based
polyacrylamide stiffness gradients with elastic moduli reaching
up to 60 kPa have been reported before, for example, when
fluorescein was used as a means to measure hydrogel stiffness
(range of 0.1-10 kPa; Koser et al., 2016). This observation is
therefore important to keep in mind for any future modifications of
the technique.

Fibronectin structure and function undergo mechano-regulated
alterations (Craig et al., 2001; Smith et al., 2007) that could, for
example, influence fibronectin-dependent assembly of other ECM
components, such as collagen (McDonald et al., 1982; Saunders
and Schwarzbauer, 2019; Velling et al., 2002). However, the notion
that, through mechanosensitive fibrillar adhesions, fibronectin
remodelling may also be subject to regulation by substrate rigidity
has received less attention. The stiffness-dependent lengthening of
fibrillar adhesions observed here has potentially important
implications in tissue fibrosis (Chen et al., 2014; Pelouch et al.,
1993), cancer (Cox and Erler, 2011) and drug resistance. In the
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A B

Fig. 5. Tensins are required for adhesion
elongation in response to stiffness.

1.2
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(A) Tagman gPCR analysis of tensin-1
silencing efficiency in TIF cells (n=4). Plots
represent the normalized average value of
RQ with its corresponding RQ min and RQ
max. (B,C) TIF cells transfected with siRNA
against tensin-1 (siTensin-1) and control-
silenced TIFs were plated on stiffness
gradient hydrogels and stained for active
o5B1-integrin. (B) Comparison of active
o5B1-integrin adhesion length across a
hydrogel stiffness gradient between tensin-1-
silenced TIFs (n=3 hydrogels) and controls

= Control
= siTensinl
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context of cancer, this process may impinge on fibronectin-guided
invasion of cancer cells in the tumour microenvironment (Oudin
etal., 2016), or on nutrient sensing through the modulation of a551-
integrin endocytosis and recycling (Georgiadou and Ivaska, 2017;
Rainero et al., 2015).

MATERIALS AND METHODS

Fabrication of PA gradient hydrogels

Glass-bottom dishes (0.13—0.16 mm thickness, 14 mm diameter, Cellvis,
D35-14-1-N) were treated for 20 min at room temperature (RT) with 200 pl
of Bind-silane solution — a mixture of 714 ul 3-(trimethoxysilyl)propyl
methacrylate (3-TMP, Sigma-Aldrich, M6514) and 714 pl of acetic acid in

(n=2); 20 cells were used per repeat with >20
15 20

adhesions per cell. Error bars on the y-axis
correspond to the s.d. on the adhesion length
while error bars on the x-axis display error
(95% c.i.) from the calibration curve used to
convert from bead density into stiffness.

(C) Example images across the stiffness
gradient are shown. Yellow squares denote
magnified regions of interest of «5p1-integrin
adhesions. Scale bars: 20 um.

22 kPa

10 ml of 96% ethanol. This mix was used to covalently attach PA hydrogels
to the glass surface and to prevent hydrogel detachment. After the Bind-
silane was aspirated, the glass surface was washed twice with ethanol and
left to dry completely. A reference mark was also manually drawn on the
underside of the dish with a permanent marker (Fig. 1A).

Two acrylamide solutions, one soft (0.5 kPa or 2 kPa) and one stiff
(22 kPa or 60 kPa), were prepared to create rigidity gradients of ~0.5—
22 kPa and ~2—60 kPa. The desired Young’s modulus (£) of the pre-mixes
was adjusted by mixing pre-defined ratios of 40% (w/v) acrylamide
monomer (Sigma-Aldrich, A4058) and 2% (w/v) N,N-methyl-
bis-acrylamide cross-linker (Sigma-Aldrich, M1533) in PBS (Table S1).
The solutions were kept on ice to avoid fast polymerization in later steps.
A standard volume (1.7 pl, 3.6x10'° beads/ul) of fluorescently labelled

7

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



http://jcs.biologists.org/lookup/doi/10.1242/jcs.242909.supplemental

TOOLS AND RESOURCES

Journal of Cell Science (2020) 133, jcs242909. doi:10.1242/jcs.242909

(505/515 nm) beads (0.1 um carboxylated FluoSpheres; Thermo Fisher
Scientific, F8803) was sonicated (3 min) and added into the stiff pre-mix.
Both acrylamide solutions, soft and stiff, were vortexed briefly and then
used immediately in the next step.

Polymerization of the soft pre-mix was started by addition of 5 pl
10% ammonium persulfate (APS; Bio-Rad) and 1pul NNN'N'-
tetramethylethylenediamine (TEMED; Sigma-Aldrich T-9281) to the
solution. The polymerizing soft mixture was quickly vortexed, and a 7.8 ul
droplet of the solution was pipetted on top of the glass-bottom well ~3 mm
across and 1 mm above the reference mark. The same polymerization
procedure was repeated with the stiff pre-mix, and a 7.8 ul droplet of the
solution was placed ~2 mm below the soft acrylamide droplet. A circular
coverslip (13 mm) was then placed on top of the droplets by gently dropping it
from the edge of the reference mark towards the opposite side of the glass well,
leading to in situ mixing of PA gels and diffusion across the dish.

The hydrogel was left to polymerize for 1 h at RT. Upon polymerization
the gel was covered with PBS for 5 min before the coverslip was carefully
removed with a bent needle. Finally, the hydrogel was washed with PBS to
remove any remaining unpolymerized acrylamide, and then immersed in
PBS and stored at 4°C until needed.

Generation of stiffness gradient correlation curves from PA
hydrogels loaded with fluorescent beads

Correlation curves were generated for a wide stiffness range hydrogel
(2-60 kPa) and a narrow stiffness range hydrogel (0.5-22 kPa). For this
purpose, hydrogels were prepared on gridded glass-bottom dishes (Cellvis,
D35-14-1.5GO) as above to allow the same area to be located under different
microscopes (spinning disk confocal and AFM).

Analysis of bead number

The bead gradient within the hydrogel was pinpointed using a spinning disk
confocal microscope (31 CSU-W1) equipped with a 40x objective (C-
Apochromat 40%/1.1 NA; Zeiss) and a sSCMOS (Hamamatsu Orca Flash 4;
Hamamatsu Photonics) camera. A tile scan [12(x)x12(y)x7(z) images]
covering an area of 4 mmx4 mm was acquired (488 nm laser line, intensity:
800 W/cm?; GFP 510-540 nm emission filter). The z-upper-limit for each
stack was set 1 um underneath the surface of the gel resulting in 144 stacks
0f324.48 um=324.48 um>10 pum in size. The focal plane of the microscope
was then changed to focus on the gridded glass-bottom, and a tile scan of
bright-field images [12(x)x12(y)] covering the same region as the beads was
acquired (Fig. 1B).

A semi-automatic Fiji macro with custom script (available from GitHub;
https:/github.com/Ivaska-Lab-UTU/StiffnessGradientHydrogels) was then
used to process the acquired images. Briefly, for each stack a maximum
intensity projection was produced and then segmented, with the appropriate
threshold, into a 2x2 grid (total 576 images from the original 144 stacks),
allowing a more accurate quantification of the beads within the same image.
A custom Python script (available from GitHub; https:/github.com/Ivaska-
Lab-UTU/StiffnessGradientHydrogels) was then used to calculate the
density of beads per area unit (1/10*um?) and to create a 2D matrix
displaying the spatial distribution of bead density (Fig. 1B).

Alternatively, in order to display a whole stiffness gradient hydrogel in
lower resolution (Fig. STA), a9 (x)x9 (¥)*20 (z) tile scan was acquired using
a Nikon Eclipse Ti2-E widefield fluorescence microscope, 10x Nikon CFI
Plan-Fluor/0.3 NA objective and sCMOS Orca Flash4.0 camera with 2x2
binning (Hamamatsu Photonics). The system was controlled using NIS-
Elements AR 5.11.00 software (Nikon).

AFM analysis of hydrogel stiffness gradient

The elastic modulus of the hydrogel (Young’s modulus, £) was assessed
using a JPK NanoWizard with a CellHesion module mounted on a Carl
Zeiss confocal microscope, Zeiss LSM510 (AFM; JPK instruments) and
silicon nitride cantilevers (spring constant: 1 Nm™!, spherical 10 um
diameter tip; Novascan Technologies). The cantilever spring constant and
deflection sensitivity were calibrated in fluid via the thermal noise method
(Hutter and Bechhoefer, 1993). Prior to distance force measurements, a
CCD camera mounted on the AFM was used to visualize the grid of the

culture dish and to locate the same 4 mmx>4 mm region of interest previously
imaged with the spinning disk microscope. Force measurements were then
carried out at different locations (0.5 mm apart in x and y coordinates) within
the region of interest. In each location, nine indentations distributed in a 3x3
point grid (30 pmx30 pm) were performed. The elastic modulus for each
force curve was calculated using JPK data processing software (JPK DP
version 4.2) assuming a Hertz model of impact (Fig. 1C).

A custom Python script was then used to consolidate all measurements of
elastic moduli from multiple files into a single file, to calculate the mean
between the nine stiffness values obtained per location and to create a 2D
matrix displaying the spatial distribution of stiffness (Fig. 1C).

Correlation between bead density and AFM-defined hydrogel elastic
moduli
To assess the correlation between bead density and hydrogel elasticity, the
tile scan of the grid was overlaid with the bead density matrix. By doing this,
it was possible to identify the bead location corresponding to the point where
the elasticity measurements were taken. The Igor Pro software (IgorPro 6.37,
Wavemetrics) was then used to plot bead density against elasticity, and to
calculate the best fitting curve for the data. In both cases — for wide range (2
to 60 kPa) and narrow range (0.5 to 22 kPa) gradients — data from three
independent hydrogels was processed as previously described and
combined to generate the two final correlation curves.

The best fit for the narrow range correlation curve (0.5-22 kPa)
corresponded to the following linear function:

y=axx+b
y=0.0044 x x + 0.903,

where y corresponds to the elastic modulus, x to bead density (number of
beads in an area of 100 um>100 um), and the fitted constants a and b to the
slope and the intercept respectively.

The best fit for the wide range correlation curve (2—60 kPa) corresponded
to the following Logit function:

1) = sm e (e (25) 1))}
4720

y(x) =29.221 — {18.884 x (@((m) - 1)) }

where y corresponds to the elastic modulus, x to bead density (number of
beads in an area of 100 umx100 um), yj, (fitted constant; 29.221+
4.67x107"%) is the half point of the logit where there is a change in curvature,
rate (fitted constant; 18.884+6.19x10715) is the rate at which the elastic
modulus is increasing and min and max (fitted constants; 4720+0.00 and
—179.59+1.66x10713, respectively) correspond to the limit conditions in the
abscissa. These equations were used in ensuing experiments to calculate
hydrogel elasticity.

Hydrogel activation and functionalization

For functionalization, 0.2 mg/ml Sulfo-SANPAH (Thermo Fisher Scientific,
22589) and 2 mg/ml N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) (Sigma-Aldrich, 03450) in 50 mM HEPES were
added on top of the hydrogels and incubated for 30 min at RT, protected from
light, and with gentle agitation. Gels were then placed into a UV-chamber for
10 min to activate the Sulfo-SANPAH and finally washed three times with
PBS prior to overnight coating with the indicated ECM molecule/s at 4°C.

Cell culture

Human cervical adenocarcinoma (HeLa) cells were obtained from the
ATCC and maintained in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
non-essential amino acids, 1% 2 mM L-glutamine and 1% penicillin-
streptomycin (Pen-Strep). All cells were routinely tested for mycoplasma
contamination. Human telomerase-immortalized fibroblasts (TIFs) were a
gift from Jim Norman (Beatson Institute, Glasgow, UK) and were cultured
in DMEM 4500 supplemented with 20% FBS, 2 mM L-glutamine and
20 mM Hepes buffer (Sigma-Aldrich).
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siRNA transfections

siRNA silencing was performed using 20 nM siRNA oligonucleotides
and Lipofectamine® RNAIMAX Reagent (ThermoFisher Scientific)
according to manufacturer’s protocol and cells were cultured for 3 days
before the experiments. The siRNA against human tensin-1 (L-009976,
Smartpool) and the control siRNA (D-001810-10, non-targeting Pool)
were ON-TARGETplus siRNAs from Dharmacon, Thermo Fisher
Scientific.

Quantitative real-time PCR

Total cellular RNA was extracted using the NucleoSpin RNA kit
(MACHEREY-NAGEL). The extracted RNA (1 pug) was used as a
template for cDNA synthesis by the high-capacity cDNA reverse
transcription kit (Applied Biosystems) according to the manufacturer’s
protocol. Human tensin-1 expression levels were determined in control- and
tensin-1-silenced cells by TagMan quantitative real-time PCR using the
RT-PCR HT7900 system (Applied Biosystems). The expression level of
GAPDH was used as a reference. The TagMan Universal Master Mix Il
included all the necessary components for quantitative RT-PCR reactions.
The human TNS1 primers were purchased from Sigma-Aldrich (forward,
5’-CCAGACACCCACCTGACTTAG-3’, and reverse, 5'-CAGCTCATG-
GTTGGATGGA-3’; Universal ProbeLibrary probe 82). Relative tensin-1
expression was calculated by the 2AACT method using the expression level
of GAPDH as a reference for the quantification.

Antibodies, compounds and reagents

The following antibodies were used: anti-YAP/TAZ (sc-101199, Santa Cruz
Biotechnology), anti-tensin-1 (SAB4200283, Sigma-Aldrich), anti-
fibronectin  (F3648, Sigma-Aldrich), anti-vinculin (clone hVIN-1,
VO9131), anti-talin (clone 8d4, T3287, Sigma-Aldrich), anti-paxillin
(612405, BD Biosciences), anti-phosphotyrosine (Y118)-paxillin (2541,
Cell Signaling Technology), anti-phosphotyrosine (Y397)-FAK (clone
D20B1, 8556, Cell Signaling Technology) and anti-tensin-3 (ABT29,
Millipore). Anti-human active oS-integrin (SNAKAS1) was a gift from
Martin Humphries, University of Manchester, UK (Clark et al., 2005).
Phalloidin Atto 647N (65906) was obtained from Sigma-Aldrich. Alexa
Fluor®-conjugated secondary antibodies (Alexa Fluor 488, 555, 568, 647-
conjugated anti-mouse-, rabbit- and rat-IgG antibodies, Thermo Fisher
Scientific) were used in immunofluorescence. Bovine plasma fibronectin
(FN; 341631) was purchased from Merck, Millipore and collagen type 1
(from calf skin) from Sigma-Aldrich (C8919).

YAP/TAZ immunofluorescence

HeLa cells were seeded (4x10° cells) for 24 h on gradient hydrogels pre-
coated (overnight, 4°C) with 2.5 pg/ml fibronectin+2.5 pg/ml collagen
I. Cells were fixed with a final concentration of warm 4% PFA added
straight into the media at RT. Blocking and permeabilization was
performed with 0.3% Triton-X in 10% horse serum for 15 min. After
washing with PBS, cells were incubated overnight at 4°C with the indicated
primary antibody, mouse anti-YAP/TAZ (1:100), in 10% horse serum.
Cells were then washed with PBS and incubated with Alexa Fluor 568-
conjugated secondary antibody (1:200; 1.5 h at RT), Phalloidin Atto 647N
(1:200) and DAPI (1:1000). Finally, cells were washed and kept in PBS
until imaging.

HeLa cells were imaged using a spinning disk confocal microscope (3i
CSU-W1), a 40x objective (C-Apochromat 40%/1.1 NA; Zeiss) and a
sCMOS (Hamamatsu Orca Flash 4; Hamamatsu Photonics) camera. A semi-
automatic custom macro script in ImagelJ (Fiji) was used to determine YAP/
TAZ nuclear to cytoplasmic intensity ratio. Briefly, maximum intensity
projections were created and the nucleus (defined by DAPI staining) and
cytoplasm (region corresponding to a 1um ring around the nucleus,
excluding DAPI staining) were segmented by drawing one line around the
DAPI staining (nucleus) and another line 1 um away from DAPI staining.
YAP/TAZ mean intensities were then calculated in the different regions. The
cell area was calculated from maximum intensity projections of actin
staining in ImagelJ. Hydrogel stiffness was determined as described above
using bead density and the linear equation [y=0.0044 x +0.903].

Ratiometric analysis of adhesions pairs in TIFs
TIF cells were seeded overnight on glass-bottom dishes (MatTek Corporation)
pre-coated with 10 pg/ml fibronectin (overnight at 4°C), fixed and
permeabilized with 4% PFA and 0.2% Triton-X for 10 min, blocked with
1 M glycine for 30 min, washed and then incubated with the indicated
primary antibodies for another 45 min. Following further washes, cells were
incubated with Alexa-conjugated secondary antibodies (6 pg/ml), Phalloidin
Atto 647N (1:200) and 0.5 ug/ml DAPI in PBS for 30 min. Finally, cells were
washed with PBS and Milli-Q water and imaged using a DeltaVision OMX v4
microscope with a Ring-TIRF module (GE Healthcare), 60x Olympus APO N
TIRF/NA 1.49 oil objective (RI 1.518 immersion) and front illuminated
pco.edge sSCMOS camera (PCO AG) (0.08 um pixel size, 95 MHz).
Ratiometric analysis was performed using a modified version of a
previously described protocol (Zamir et al., 1999). In short, two-colour
images of TIFs stained with the proteins of interest were first processed to
remove background and noise. Using the ‘subtract background’ and the
‘threshold’ functions of ImagelJ software (NIH) a mask was created setting
to zero all pixels below threshold and maintain the values of pixels above
threshold. For accuracy, each of the labelled channels was processed
separately. Ratio images were then calculated using the open source
software R (R Core Team) by dividing, pixel by pixel, the values of the first
channel by the second channel. Given that there exist multiple pixels with a
zero value in both channels/labels, we defined a multiple case scenario to
calculate the ratio image: (1) a resulting value of zero was assigned
whenever the pixel in both channels/labels was zero; (2) a value of 0.1 was
assigned whenever the ratio between the pixel in label A (numerator) and the
pixel in label B (denominator) was <0.1; (3) a value of 10 was assigned
whenever the ratio between the pixel in label A (numerator) and the pixel in
label B (denominator) was >10, or in the case the numerator was >0 and the
denominator was zero; and (4) in all the remaining cases the pixel was
assigned the ratio value between the numerator and the denominator pixel.
After all ratio values were calculated and assigned, the images were
displayed in log scale using a colour look-up table (Jet2 for all pixels >0 and
grey for pixel values of 0); such representation allows the presentation of
ratio value variations over two orders of magnitude (from 0.1 to 10).

Analysis of adhesion length

TIF cells were plated overnight on hydrogels (0.8 kPa, 60 kPa or 0.5-20 kPa
stiffness gradient hydrogels) precoated with 10 pg/ml fibronectin and
stained for active a5p1-integrin (SNAKAS1 antibody) as described above.
The laser scanning confocal microscope (CLSM, Zeiss LSM 880 AiryScan)
with LD LCI Plan-apochromat 40x/1.2 (NA) objective and super-resolution
AiryScan detector was used to image fibrillar adhesions in cells at different
locations across the stiffness gradient. Adhesion length was then manually
measured in Fiji by using the freehand measuring tool. The mean adhesion
length and standard deviation was calculated for each cell.

Statistical analysis
Unless otherwise stated, a Student’s #-test (two-tailed, equal variances) was
used for statistical analysis.

Acknowledgements

We thank P. Laasola and J. Siivonen for technical assistance and the Cell Imaging
and Cytometry core facility (Turku Bioscience Centre, University of Turku, and
Biocenter Finland) for help with imaging.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: N.B.-P., M.G., J.I.; Methodology: N.B.-P., M.G., C.G., A.l, J.I;
Formal analysis: N.B.-P., M.G., C.G., A.l; Investigation: N.B.-P., M.G., C.G., A.l;
Resources: J.1.; Writing - original draft: M.G., H.H.; Writing - review & editing: N.B.,
M.G., C.G.,Al, H.H., J.I; Visualization: N.B.-P., M.G., C.G., A.l,, H.H.; Supervision:
J.l.; Project administration: J.1.; Funding acquisition: J.I.

Funding
This study has been supported by the University of Turku Doctoral Programme in
Molecular Life Sciences (DPMLS) (A.l.), the Academy of Finland (M.G., J.I.,

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




TOOLS AND RESOURCES

Journal of Cell Science (2020) 133, jcs242909. doi:10.1242/jcs.242909

#312517 and #325464), the Sigrid Juselius Foundation (Sigrid Juséliuksen S&atid)
(J.1.), the Cancer Society of Finland (J.l.) and by an European Research Council
(ERC) consolidator grant (AdheSwitches, 615258; J.1.). Deposited in PMC for
immediate release.

Supplementary information
Supplementary information available online at
http:/jcs.biologists.org/lookup/doi/10.1242/jcs.242909.supplemental

Peer review history
The peer review history is available online at https:/jcs.biologists.org/lookup/doi/10.
1242/jcs.242909.reviewer-comments.pdf

References

Buxboim, A., Rajagopal, K., Brown, A. E. X. and Discher, D. E. (2010). How
deeply cells feel: methods for thin gels. J. Phys. Condens. Matter 22, 194116.
doi:10.1088/0953-8984/22/19/194116

Caliari, S. R. and Burdick, J. A. (2016). A practical guide to hydrogels for cell
culture. Nat. Methods 13, 405-414. doi:10.1038/nmeth.3839

Chao, P.-G., Sheng, S.-C. and Chang, W.-R. (2014). Micro-composite substrates
for the study of cell-matrix mechanical interactions. J. Mech. Behav. Biomed.
Mater. 38, 232-241. doi:10.1016/j.jmbbm.2014.01.008

Chen, K.-H., Hsu, H.-H., Lee, C.-C., Yen, T.-H., Ko, Y.-C., Yang, C.-W. and Hung,
C.-C. (2014). The AMPK agonist AICAR inhibits TGF-B1 induced activation of
kidney myofibroblasts. PLoS ONE 9, e106554. doi:10.1371/journal.pone.
0106554

Choi, Y. S., Vincent, L. G., Lee, A. R, Dobke, M. K. and Engler, A. J. (2012).
Mechanical derivation of functional myotubes from adipose-derived stem cells.
Biomaterials 33, 2482-2491. doi:10.1016/j.biomaterials.2011.12.004

Chung, C. Y. and Erickson, H. P. (1997). Glycosaminoglycans modulate
fibronectin matrix assembly and are essential for matrix incorporation of
tenascin-C. J. Cell. Sci. 110, 1413-1419.

Clark, K., Howe, J. D., Pullar, C. E., Green, J. A., Artym, V. V., Yamada, K. M. and
Critchley, D. R. (2010). Tensin 2 modulates cell contractility in 3D collagen gels
through the RhoGAP DLC1. J. Cell Biochem. 109, 808-817. doi:10.1002/jcb.
22460

Clark, K., Pankov, R., Travis, M. A., Askari, J. A., Mould, A. P., Craig, S. E.,
Newham, P., Yamada, K. M. and Humphries, M. J. (2005). A specific
alpha5beta1-integrin conformation promotes directional integrin translocation
and fibronectin matrix formation. J. Cell. Sci. 118, 291-300. doi:10.1242/jcs.01623

Conway, J. R. W. and Jacquemet, G. (2019). Cell matrix adhesion in cell migration.
Essays Biochem. 63, 535-551. doi:10.1042/EBC20190012

Cox, T. R. and Erler, J. T. (2011). Remodeling and homeostasis of the extracellular
matrix: implications for fibrotic diseases and cancer. Dis. Model. Mech. 4,
165-178. doi:10.1242/dmm.004077

Craig, D., Krammer, A., Schulten, K. and Vogel, V. (2001). Comparison of the
early stages of forced unfolding for fibronectin type Il modules. Proc. Natl. Acad.
Sci. USA 98, 5590-5595. doi:10.1073/pnas.101582198

Dallas, S. L., Sivakumar, P., Jones, C. J. P., Chen, Q., Peters, D. M., Mosher,
D. F., Humphries, M. J. and Kielty, C. M. (2005). Fibronectin regulates latent
transforming growth factor-p (TGF B) by controlling matrix assembly of latent
TGFp-binding protein-1. J. Biol. Chem. 280, 18871-18880. doi:10.1074/jbc.
M410762200

Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M.,
Zanconato, F., Le Digabel, J., Forcato, M., Bicciato, S. et al. (2011). Role of
YAP/TAZ in mechanotransduction. Nature 474, 179-183. doi:10.1038/
nature10137

Elosegui-Artola, A., Andreu, l., Beedle, A. E. M., Lezamiz, A., Uroz, M.,
Kosmalska, A. J., Oria, R., Kechagia, J. Z., Rico-Lastres, P., Le Roux, A.-L.
et al. (2017). Force triggers YAP nuclear entry by regulating transport across
nuclear pores. Cell 171, 1397-1410.e14. doi:10.1016/j.cell.2017.10.008

Engler, A. J., Sen, S., Sweeney, H. L. and Discher, D. E. (2006). Matrix elasticity
directs stem cell lineage specification. Cell 126, 677-689. doi:10.1016/j.cell.2006.
06.044

Georgiadou, M. and Ivaska, J. (2017). Tensins: Bridging AMP-Activated Protein
Kinase with Integrin Activation. Trends Cell Biol. 27, 703-711. doi:10.1016/j.tcb.
2017.06.004

Georgiadou, M., Lilja, J., Jacquemet, G., Guzman, C., Rafaeva, M., Alibert, C.,
Yan, Y., Sahgal, P., Lerche, M., Manneville, J.-B. et al. (2017). AMPK negatively
regulates tensin-dependent integrin activity. J. Cell Biol. 216, 1107-1121. doi:10.
1083/jcb.201609066

Goreczny, G. J., Forsythe, I. J. and Turner, C. E. (2018). Hic-5 regulates fibrillar
adhesion formation to control tumor extracellular matrix remodeling through
interaction with tensin1. Oncogene 37, 1699-1713. doi:10.1038/s41388-017-
0074-2

Green, H. J., Griffiths, A. G. M., Yldnne, J. and Brown, N. H. (2018). Novel
functions for integrin-associated proteins revealed by analysis of myofibril
attachment in Drosophila. eLife 7, €35783. doi:10.7554/eLife.35783

Hadden, W. J., Young, J. L., Holle, A. W., McFetridge, M. L., Kim, D. Y.,
Wijesinghe, P., Taylor-Weiner, H., Wen, J. H., Lee, A. R., Bieback, K. et al.
(2017). Stem cell migration and mechanotransduction on linear stiffness gradient
hydrogels. Proc. Natl. Acad. Sci. USA 114, 5647-5652. doi:10.1073/pnas.
1618239114

Hartman, C. D., Isenberg, B. C., Chua, S. G. and Wong, J. Y. (2016). Vascular
smooth muscle cell durotaxis depends on extracellular matrix composition. Proc.
Natl. Acad. Sci. USA 113, 11190-11195. doi:10.1073/pnas.1611324113

Hetmanski, J. H. R., de Belly, H., Busnelli, I., Waring, T., Nair, R. V., Sokleva, V.,
Dobre, O., Cameron, A., Gauthier, N., Lamaze, C. et al. (2019). Membrane
tension orchestrates rear retraction in matrix-directed cell migration. Dev. Cell 51,
460-475.e10. doi:10.1016/j.devcel.2019.09.006

Holle, A. W., Mcintyre, A. J., Kehe, J., Wijesekara, P., Young, J. L., Vincent, L. G.
and Engler, A. J. (2016). High content image analysis of focal adhesion-
dependent mechanosensitive stem cell differentiation. Integr. Biol. 8, 1049-1058.
doi:10.1039/C61B00076B

Hutter, J. L. and Bechhoefer, J. (1993). Calibration of atomic-force microscope
tips. Rev. Sci. Instrum. 64, 1868-1873. doi:10.1016/j.bpj.2009.06.021

Isenberg, B. C., Dimilla, P. A., Walker, M., Kim, S. and Wong, J. Y. (2009).
Vascular smooth muscle cell durotaxis depends on substrate stiffness gradient
strength. Biophys. J. 97, 1313-1322. doi:10.1016/j.bpj.2009.06.021

Kadler, K. E., Hill, A. and Canty-Laird, E. G. (2008). Collagen fibrillogenesis:
fibronectin, integrins, and minor collagens as organizers and nucleators. Curr.
Opin. Cell Biol. 20, 495-501. doi:10.1016/j.ceb.2008.06.008

Katz, B.-Z., Zamir, E., Bershadsky, A., Kam, Z., Yamada, K. M. and Geiger, B.
(2000). Physical state of the extracellular matrix regulates the structure and
molecular composition of cell-matrix adhesions. Mol. Biol. Cell 11, 1047-1060.
doi:10.1091/mbc.11.3.1047

Koser, D. E., Thompson, A. J., Foster, S. K., Dwivedy, A,, Pillai, E. K., Sheridan,
G. K., Svoboda, H., Viana, M., Costa, L. D. F., Guck, J. et al. (2016).
Mechanosensing is critical for axon growth in the developing brain. Nat. Neurosci.
19, 1592-1598. doi:10.1038/nn.4394

Lo, S. H., Janmey, P. A, Hartwig, J. H. and Chen, L. B. (1994). Interactions of
tensin with actin and identification of its three distinct actin-binding domains. J. Cell
Biol. 125, 1067-1075. doi:10.1083/jcb.125.5.1067

Lo, C.-M., Wang, H.-B., Dembo, M. and Wang, Y.-L. (2000). Cell movement is
guided by the rigidity of the substrate. Biophys. J. 79, 144-152. doi:10.1016/
S0006-3495(00)76279-5

Martino, F., Perestrelo, A. R., Vinarsky, V., Pagliari, S. and Forte, G. (2018).
Cellular mechanotransduction: from tension to function. Front. Physiol. 9, 824.
doi:10.3389/fphys.2018.00824

McDonald, J. A., Kelley, D. G. and Broekelmann, T. J. (1982). Role of fibronectin
in collagen deposition: Fab’ to the gelatin-binding domain of fibronectin inhibits
both fibronectin and collagen organization in fibroblast extracellular matrix. J. Cell
Biol. 92, 485-492. doi:10.1083/jcb.92.2.485

Oudin, M. J., Jonas, O., Kosciuk, T., Broye, L. C., Guido, B. C., Wyckoff, J.,
Riquelme, D., Lamar, J. M., Asokan, S. B., Whittaker, C. et al. (2016). Tumor cell-
driven extracellular matrix remodeling drives haptotaxis during metastatic
progression. Cancer Discov 6, 516-531. doi:10.1158/2159-8290.CD-15-1183

Pankov, R., Cukierman, E., Katz, B.-Z., Matsumoto, K., Lin, D. C., Lin, S., Hahn,
C. and Yamada, K. M. (2000). Integrin dynamics and matrix assembly: tensin-
dependent translocation of osBq integrins promotes early fibronectin
fibrillogenesis. J. Cell Biol. 148, 1075-1090. doi:10.1083/jcb.148.5.1075

Pelham, R. J., Jrand Wang, Y. L. (1998). Cell locomotion and focal adhesions are
regulated by the mechanical properties of the substrate. Biol. Bull. 194, 348-349;
discussion 349-350. doi:10.2307/1543109

Pelouch, V., Dixon, I. M. C., Golfman, L., Beamish, R. E. and Dhalla, N. S. (1993).
Role of extracellular matrix proteins in heart function. Mol. Cell. Biochem. 129,
101-120. doi:10.1007/BF00926359

Rainero, E., Howe, J. D., Caswell, P. T., Jamieson, N. B., Anderson, K.,
Critchley, D. R., Machesky, L. and Norman, J. C. (2015). Ligand-occupied
integrin internalization links nutrient signaling to invasive migration. Cell Rep. 10,
398-413. doi:10.1016/j.celrep.2014.12.037

Rowlands, A. S., George, P. A. and Cooper-White, J. J. (2008). Directing
osteogenic and myogenic differentiation of MSCs: interplay of stiffness and
adhesive ligand presentation. Am. J. Physiol. Cell Physiol. 295, C1037-C1044.
doi:10.1152/ajpcell.67.2008

Sabatier, L., Chen, D., Fagotto-Kaufmann, C., Hubmacher, D., McKee, M. D.,
Annis, D. S., Mosher, D. F. and Reinhardt, D. P. (2009). Fibrillin assembly
requires fibronectin. Mol. Biol. Cell 20, 846-858. doi:10.1091/mbc.e08-08-0830

Saunders, J. T. and Schwarzbauer, J. E. (2019). Fibronectin matrix as a scaffold
for procollagen proteinase binding and collagen processing. Mol. Biol. Cell 30,
2218-2226. doi:10.1091/mbc.E19-03-0140

Singh, P., Carraher, C. and Schwarzbauer, J. E. (2010). Assembly of fibronectin
extracellular matrix. Annu. Rev. Cell Dev. Biol. 26, 397-419. doi:10.1146/annurev-
cellbio-100109-104020

Smith, M. L., Gourdon, D., Little, W. C., Kubow, K. E., Eguiluz, R. A., Luna-
Morris, S. and Vogel, V. (2007). Force-induced unfolding of fibronectin in the
extracellular matrix of living cells. PLoS Biol. 5, €268. doi:10.1371/journal.pbio.
0050268

10

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


http://jcs.biologists.org/lookup/doi/10.1242/jcs.242909.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.242909.supplemental
https://jcs.biologists.org/lookup/doi/10.1242/jcs.242909.reviewer-comments.pdf
https://jcs.biologists.org/lookup/doi/10.1242/jcs.242909.reviewer-comments.pdf
https://jcs.biologists.org/lookup/doi/10.1242/jcs.242909.reviewer-comments.pdf
https://doi.org/10.1088/0953-8984/22/19/194116
https://doi.org/10.1088/0953-8984/22/19/194116
https://doi.org/10.1088/0953-8984/22/19/194116
https://doi.org/10.1038/nmeth.3839
https://doi.org/10.1038/nmeth.3839
https://doi.org/10.1016/j.jmbbm.2014.01.008
https://doi.org/10.1016/j.jmbbm.2014.01.008
https://doi.org/10.1016/j.jmbbm.2014.01.008
https://doi.org/10.1371/journal.pone.0106554
https://doi.org/10.1371/journal.pone.0106554
https://doi.org/10.1371/journal.pone.0106554
https://doi.org/10.1371/journal.pone.0106554
https://doi.org/10.1016/j.biomaterials.2011.12.004
https://doi.org/10.1016/j.biomaterials.2011.12.004
https://doi.org/10.1016/j.biomaterials.2011.12.004
https://doi.org/10.1002/jcb.22460
https://doi.org/10.1002/jcb.22460
https://doi.org/10.1002/jcb.22460
https://doi.org/10.1002/jcb.22460
https://doi.org/10.1242/jcs.01623
https://doi.org/10.1242/jcs.01623
https://doi.org/10.1242/jcs.01623
https://doi.org/10.1242/jcs.01623
https://doi.org/10.1042/EBC20190012
https://doi.org/10.1042/EBC20190012
https://doi.org/10.1242/dmm.004077
https://doi.org/10.1242/dmm.004077
https://doi.org/10.1242/dmm.004077
https://doi.org/10.1073/pnas.101582198
https://doi.org/10.1073/pnas.101582198
https://doi.org/10.1073/pnas.101582198
https://doi.org/10.1074/jbc.M410762200
https://doi.org/10.1074/jbc.M410762200
https://doi.org/10.1074/jbc.M410762200
https://doi.org/10.1074/jbc.M410762200
https://doi.org/10.1074/jbc.M410762200
https://doi.org/10.1038/nature10137
https://doi.org/10.1038/nature10137
https://doi.org/10.1038/nature10137
https://doi.org/10.1038/nature10137
https://doi.org/10.1016/j.cell.2017.10.008
https://doi.org/10.1016/j.cell.2017.10.008
https://doi.org/10.1016/j.cell.2017.10.008
https://doi.org/10.1016/j.cell.2017.10.008
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.tcb.2017.06.004
https://doi.org/10.1016/j.tcb.2017.06.004
https://doi.org/10.1016/j.tcb.2017.06.004
https://doi.org/10.1083/jcb.201609066
https://doi.org/10.1083/jcb.201609066
https://doi.org/10.1083/jcb.201609066
https://doi.org/10.1083/jcb.201609066
https://doi.org/10.1038/s41388-017-0074-2
https://doi.org/10.1038/s41388-017-0074-2
https://doi.org/10.1038/s41388-017-0074-2
https://doi.org/10.1038/s41388-017-0074-2
https://doi.org/10.7554/eLife.35783
https://doi.org/10.7554/eLife.35783
https://doi.org/10.7554/eLife.35783
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1073/pnas.1611324113
https://doi.org/10.1073/pnas.1611324113
https://doi.org/10.1073/pnas.1611324113
https://doi.org/10.1016/j.devcel.2019.09.006
https://doi.org/10.1016/j.devcel.2019.09.006
https://doi.org/10.1016/j.devcel.2019.09.006
https://doi.org/10.1016/j.devcel.2019.09.006
https://doi.org/10.1039/C6IB00076B
https://doi.org/10.1039/C6IB00076B
https://doi.org/10.1039/C6IB00076B
https://doi.org/10.1039/C6IB00076B
https://doi.org/10.1016/j.bpj.2009.06.021
https://doi.org/10.1016/j.bpj.2009.06.021
https://doi.org/10.1016/j.bpj.2009.06.021
https://doi.org/10.1016/j.bpj.2009.06.021
https://doi.org/10.1016/j.bpj.2009.06.021
https://doi.org/10.1016/j.ceb.2008.06.008
https://doi.org/10.1016/j.ceb.2008.06.008
https://doi.org/10.1016/j.ceb.2008.06.008
https://doi.org/10.1091/mbc.11.3.1047
https://doi.org/10.1091/mbc.11.3.1047
https://doi.org/10.1091/mbc.11.3.1047
https://doi.org/10.1091/mbc.11.3.1047
https://doi.org/10.1038/nn.4394
https://doi.org/10.1038/nn.4394
https://doi.org/10.1038/nn.4394
https://doi.org/10.1038/nn.4394
https://doi.org/10.1083/jcb.125.5.1067
https://doi.org/10.1083/jcb.125.5.1067
https://doi.org/10.1083/jcb.125.5.1067
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.3389/fphys.2018.00824
https://doi.org/10.3389/fphys.2018.00824
https://doi.org/10.3389/fphys.2018.00824
https://doi.org/10.1083/jcb.92.2.485
https://doi.org/10.1083/jcb.92.2.485
https://doi.org/10.1083/jcb.92.2.485
https://doi.org/10.1083/jcb.92.2.485
https://doi.org/10.1158/2159-8290.CD-15-1183
https://doi.org/10.1158/2159-8290.CD-15-1183
https://doi.org/10.1158/2159-8290.CD-15-1183
https://doi.org/10.1158/2159-8290.CD-15-1183
https://doi.org/10.1083/jcb.148.5.1075
https://doi.org/10.1083/jcb.148.5.1075
https://doi.org/10.1083/jcb.148.5.1075
https://doi.org/10.1083/jcb.148.5.1075
https://doi.org/10.1083/jcb.148.5.1075
https://doi.org/10.1083/jcb.148.5.1075
https://doi.org/10.2307/1543109
https://doi.org/10.2307/1543109
https://doi.org/10.2307/1543109
https://doi.org/10.1007/BF00926359
https://doi.org/10.1007/BF00926359
https://doi.org/10.1007/BF00926359
https://doi.org/10.1016/j.celrep.2014.12.037
https://doi.org/10.1016/j.celrep.2014.12.037
https://doi.org/10.1016/j.celrep.2014.12.037
https://doi.org/10.1016/j.celrep.2014.12.037
https://doi.org/10.1152/ajpcell.67.2008
https://doi.org/10.1152/ajpcell.67.2008
https://doi.org/10.1152/ajpcell.67.2008
https://doi.org/10.1152/ajpcell.67.2008
https://doi.org/10.1091/mbc.e08-08-0830
https://doi.org/10.1091/mbc.e08-08-0830
https://doi.org/10.1091/mbc.e08-08-0830
https://doi.org/10.1091/mbc.E19-03-0140
https://doi.org/10.1091/mbc.E19-03-0140
https://doi.org/10.1091/mbc.E19-03-0140
https://doi.org/10.1146/annurev-cellbio-100109-104020
https://doi.org/10.1146/annurev-cellbio-100109-104020
https://doi.org/10.1146/annurev-cellbio-100109-104020
https://doi.org/10.1371/journal.pbio.0050268
https://doi.org/10.1371/journal.pbio.0050268
https://doi.org/10.1371/journal.pbio.0050268
https://doi.org/10.1371/journal.pbio.0050268

TOOLS AND RESOURCES

Journal of Cell Science (2020) 133, jcs242909. doi:10.1242/jcs.242909

Sottile, J. and Hocking, D. C. (2002). Fibronectin polymerization regulates the
composition and stability of extracellular matrix fibrils and cell-matrix adhesions.
Mol. Biol. Cell 13, 3546-3559. doi:10.1091/mbc.e02-01-0048

Torgler, C. N., Narasimha, M., Knox, A. L., Zervas, C. G., Vernon, M. C. and
Brown, N. H. (2004). Tensin stabilizes integrin adhesive contacts in Drosophila.
Dev. Cell 6, 357-369. doi:10.1016/S1534-5807(04)00055-3

Tse, J. R. and Engler, A. J. (2010). Preparation of hydrogel substrates with tunable
mechanical properties. Curr. Protoc. Cell Biol. 47, 10.16.1-10.16.16. doi:10.1002/
0471143030.cb1016s47

Twal, W. O., Czirok, A., Hegedus, B., Knaak, C., Chintalapudi, M. R., Okagawa,
H., Sugi, Y. and Argraves, W. S. (2001). Fibulin-1 suppression of fibronectin-
regulated cell adhesion and motility. J. Cell. Sci. 114, 4587-4598.

Velling, T., Risteli, J., Wennerberg, K., Mosher, D. F. and Johansson, S. (2002).
Polymerization of type | and Il collagens is dependent on fibronectin and
enhanced by integrins alpha 11beta 1 and alpha 2beta 1. J. Biol. Chem. 277,
37377-37381. doi:10.1074/jbc.M206286200

Vincent, L. G., Choi, Y. S., Alonso-Latorre, B., del Alamo, J. C. and Engler, A. J.
(2013). Mesenchymal stem cell durotaxis depends on substrate stiffness gradient
strength. Biotechnol. J. 8, 472-484. doi:10.1002/biot.201200205

Wang, P.-Y., Tsai, W.-B. and Voelcker, N. H. (2012). Screening of rat mesenchymal
stem cell behaviour on polydimethylsiloxane stiffness gradients. Acta Biomater. 8,
519-530. doi:10.1016/j.actbio.2011.09.030

Wen, J. H., Vincent, L. G., Fuhrmann, A., Choi, Y. S., Hribar, K. C., Taylor-
Weiner, H., Chen, S. and Engler, A. J. (2014). Interplay of matrix stiffness and
protein tethering in stem cell differentiation. Nat. Mater. 13, 979-987. doi:10.1038/
nmat4051

Yeung, T., Georges, P. C., Flanagan, L. A., Marg, B., Ortiz, M., Funaki, M., Zahir,
N., Ming, W., Weaver, V. and Janmey, P. A. (2005). Effects of substrate stiffness
on cell morphology, cytoskeletal structure, and adhesion. Cell Motil. Cytoskeleton
60, 24-34. doi:10.1002/cm.20041

Young, J. L., Holle, A. W. and Spatz, J. P. (2016). Nanoscale and mechanical
properties of the physiological cell-ECM microenvironment. Exp. Cell Res. 343,
3-6. doi:10.1016/j.yexcr.2015.10.037

Zamir, E., Katz, B. Z., Aota, S., Yamada, K. M., Geiger, B. and Kam, Z. (1999).
Molecular diversity of cell-matrix adhesions. J. Cell. Sci. 112, 1655-1669.

Zamir, E., Katz, M., Posen, Y., Erez, N., Yamada, K. M., Katz, B.-Z,, Lin, S., Lin, D.C.,
Bershadsky, A., Kam, Z. et al. (2000). Dynamics and segregation of cell-matrix
adhesions in cultured fibroblasts. Nat. Cell Biol. 2, 191-196. doi:10.1038/35008607

11

Journal of Cell Science


https://doi.org/10.1091/mbc.e02-01-0048
https://doi.org/10.1091/mbc.e02-01-0048
https://doi.org/10.1091/mbc.e02-01-0048
https://doi.org/10.1016/S1534-5807(04)00055-3
https://doi.org/10.1016/S1534-5807(04)00055-3
https://doi.org/10.1016/S1534-5807(04)00055-3
https://doi.org/10.1002/0471143030.cb1016s47
https://doi.org/10.1002/0471143030.cb1016s47
https://doi.org/10.1002/0471143030.cb1016s47
https://doi.org/10.1074/jbc.M206286200
https://doi.org/10.1074/jbc.M206286200
https://doi.org/10.1074/jbc.M206286200
https://doi.org/10.1074/jbc.M206286200
https://doi.org/10.1002/biot.201200205
https://doi.org/10.1002/biot.201200205
https://doi.org/10.1002/biot.201200205
https://doi.org/10.1016/j.actbio.2011.09.030
https://doi.org/10.1016/j.actbio.2011.09.030
https://doi.org/10.1016/j.actbio.2011.09.030
https://doi.org/10.1038/nmat4051
https://doi.org/10.1038/nmat4051
https://doi.org/10.1038/nmat4051
https://doi.org/10.1038/nmat4051
https://doi.org/10.1002/cm.20041
https://doi.org/10.1002/cm.20041
https://doi.org/10.1002/cm.20041
https://doi.org/10.1002/cm.20041
https://doi.org/10.1016/j.yexcr.2015.10.037
https://doi.org/10.1016/j.yexcr.2015.10.037
https://doi.org/10.1016/j.yexcr.2015.10.037
https://doi.org/10.1038/35008607
https://doi.org/10.1038/35008607
https://doi.org/10.1038/35008607

