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Enhanced substrate stress relaxation promotes
filopodia-mediated cell migration

Kolade Adebowale®'? Ze Gong®3, Jay C. Hou?# Katrina M. Wisdom>¢, Damien Garbett’, Hong-pyo Lee®,
Sungmin Nam®¢2° Tobias Meyer™°, David J. Odde®#, Vivek B. Shenoy ©3> and Ovijit Chaudhuri®2¢X

Cell migration on two-dimensional substrates is typically characterized by lamellipodia at the leading edge, mature focal adhe-
sions and spread morphologies. These observations result from adherent cell migration studies on stiff, elastic substrates,
because most cells do not migrate on soft, elastic substrates. However, many biological tissues are soft and viscoelastic, exhib-
iting stress relaxation over time in response to a deformation. Here, we have systematically investigated the impact of substrate
stress relaxation on cell migration on soft substrates. We observed that cells migrate minimally on substrates with an elastic
modulus of 2kPa that are elastic or exhibit slow stress relaxation, but migrate robustly on 2-kPa substrates that exhibit fast
stress relaxation. Strikingly, migrating cells were not spread out and did not extend lamellipodial protrusions, but were instead
rounded, with filopodia protrusions extending at the leading edge, and exhibited small nascent adhesions. Computational mod-
els of cell migration based on a motor-clutch framework predict the observed impact of substrate stress relaxation on cell
migration and filopodia dynamics. Our findings establish substrate stress relaxation as a key requirement for robust cell migra-
tion on soft substrates and uncover a mode of two-dimensional cell migration marked by round morphologies, filopodia protru-

sions and weak adhesions.

immune cell trafficking, wound healing and cancer metas-
tasis'. Cell migration is often studied on two-dimensional
(2D) substrates where adherent cell migration is characterized by
lamellipodial protrusion at the leading edge and is mediated by
Rac, a growing dendritic actin network, highly spread morpholo-
gies, focal adhesions, high traction strains and myosin contractil-
ity at the trailing edge'~’. Only when adherent cells are confined,
as for cells migrating through dense three-dimensional (3D) matri-
ces, microchannels or micrometre-scale spacings between flat sub-
strates, has it been found that cells can migrate adopting rounded
morphologies®”. This contrasts the behaviour of immune cells, such
as neutrophils or dendritic cells, which can migrate with rounded
morphologies and weak adhesions at much higher speeds®.
Although there are various modes of migration found under con-
finement, on 2D substrates, lamellipodia-mediated migration has
been found to be almost universal for adherent cells. However, there
is growing recognition that filopodia, thin actin-rich protrusions,
couple with lamellipodia to play a key role in cell migration in cer-
tain contexts'"'"”. Filopodia have been implicated in substrate tether-
ing, mechanosensing and the generation of guidance cues''~".
Studies over the past four decades have elucidated molecu-
lar details of cell migration on 2D substrates and found that bio-
physical cues, including cell adhesion ligand density and stiffness
of cell culture substrates, regulate cell migration>'*. Cell migration
speed peaks at intermediate ligand density and is impaired if ligand
density is too low or too high>"”. Further, cells exhibit increased
migration speeds with increased stiffness, or display a biphasic

( : ell migration plays a key part in development, homeostasis,

response with respect to stiffness, with maximum migration speeds
occurring at intermediate stiffnesses'®’. Mirroring the finding
of how stiffness impacts cell migration are findings on how sub-
strate stiffness impacts lamellipodial and filopodial protrusions.
Recent studies showed that the stability of lamellipodia protru-
sions increases with stiffness'®. Furthermore, although the number
of filopodia protrusions extending from a cell has been found to
decrease with increase in stiffness, the number of stable filopodia
increase with stiffness'>'**". The motor-clutch model was proposed
as a framework to describe how the cell’s intrinsic and extrinsic
mechanical cues modulate key aspects of cell migration, adhesion
dynamics and force transmission to the substrate. The stochastic
model of the motor—clutch hypothesis developed by Chan and Odde
mathematically describes the experimentally observed response of
cell migration to substrate stiffness'”*. Typically, these and other
2D migration studies explored cell migration on glass surfaces or
on elastic substrates with elastic moduli in the range of tens of kilo-
pascals'”?, as cells on softer, elastic substrates are rounded and are
unable to migrate robustly'.

Although stiff, elastic substrates are commonly used to study
cell migration, many biological tissues are soft, with elastic mod-
uli closer to 1kPa”, and are viscoelastic, exhibiting stress relax-
ation over time in response to a deformation®. Stiffness relates to
the initial resistance of a material to deformation, whereas stress
relaxation describes how that resistance relaxes over time. Soft bio-
logical tissues exhibit stress relaxation half times ranging from ~10
to 1,000s***. Recent studies have indicated substrate viscoelastic-
ity to be a mediator of diverse cellular behaviours, including cell
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spreading”-*, stem cell differentiation***, cell proliferation’**! and
cartilage matrix formation™. Substrate stress relaxation also impacts
the type and extent of substrate adhesions formed, with the relation
dependent on cell and substrate type******. However, the impact of
substrate stress relaxation on cell migration, lamellipodial protru-
sions and filopodia remains unclear. Here, we report the results of a
systematic investigation of the role of substrate stress relaxation on
cell migration on soft, viscoelastic substrates. We show that faster
substrate stress relaxation enhances cell migration and increases
filopodia length and lifetime. Further, we demonstrate that cells use
a mode of migration, mediated by filopodia but not lamellipodia, to
migrate on soft, viscoelastic substrates.

Results

Faster substrate stress relaxation enhances cell migration. We
used viscoelastic substrates with independently tunable stress
relaxation for 2D cell migration studies. These substrates consist
of interpenetrating networks (IPNs) of alginate and reconstituted
basement membrane (rBM) matrix**. Alginate, an inert block
copolymer, displays limited susceptibility to degradation by pro-
teolysis by mammalian enzymes, and is crosslinked into a net-
work with calcium. The rBM matrix contains cell adhesion ligands
relevant to the basement membrane, and was chosen because
cancer cells migrating in vivo and in vitro have been shown to
migrate along and interact with basement membrane-rich inter-
faces’**. By varying the amount of jonic calcium crosslinker and
the molecular weight of the alginate****, the mechanical proper-
ties of the IPNs were varied to obtain IPNs with a range of stress
relaxation behaviours but similar initial elastic moduli of ~2kPa
(Fig. 1a,b and Supplementary Fig. 1). This enabled an unambigu-
ous attribution of any differences observed in cell migration to dif-
ferences in stress relaxation, not stiffness or cell adhesion ligand
density. Additionally, polyacrylamide (PA) gels coated with rBM
were used as model elastic substrates for comparison®. The stress
relaxation for the IPNs is quantified by the time it takes for the
normalized stress to reduce to one-half its peak value (¢,,). The
t,, values were ~100, ~240 and ~2,200s for the IPNs, which were
termed fast-relaxing, medium-relaxing and slow-relaxing, respec-
tively, based on the relation of these relaxation times to those in
soft tissues (Fig. 1c). The elastic PA gels exhibited negligible stress
relaxation (Fig. 1¢). Note that although these viscoelastic IPNs also
exhibited mechanical plasticity’, hydrogel deformation was mostly
reversible and elastic over timescales relevant to cell migration on
the 2D substrates.

We investigated the impact of substrate stress relaxation on cell
migration. Live-cell confocal microscopy was used to follow the
migration of human HT-1080 fibrosarcoma cells, MDA-MB-231
breast cancer cells and MCF-10A mammary epithelial cells—cell
lines widely used in cell migration studies—on fast-, medium- and
slow-relaxing IPNs as well as elastic PA gels and glass substrates.
Sample migrating cells and migration tracks show that faster stress
relaxation enhances cell migration (Fig. 1d and Supplementary
Videos 1 and 2). Quantification of the mean squared displacement
(MSD) and speed for HT-1080 cells indicates that cells migrate fur-
ther and faster on fast- and medium-relaxing substrates compared
with on slow-relaxing substrates (Fig. le,f). For example, over 1h,
HT-1080 cells migrate ten times further on fast-relaxing substrates
than on slow-relaxing substrates. For comparison, HT-1080 cells
migrate minimally on elastic PA substrates with a modulus of 2kPa,
but with much higher speeds and distances on substrates with a
modulus of ~40kPa and glass (Fig. 1g,h). Although cells migrate
to a slightly greater extent on 2-kPa elastic substrates than on 2-kPa
substrates that are slow-relaxing, ligand presentation and den-
sity likely differ between IPNs and PA gels. Intracellular calcium
imaging indicates that these differences are not due to the differ-
ent calcium amounts used in hydrogel formulation (Supplementary

Fig. 2 and Supplementary Table 1). As with the HT-1080 cells, the
MDA-MB-231 and MCF-10A cells moved farther and faster on
fast-relaxing IPNs than on slow-relaxing IPNs (Fig. 1i-1). Together,
these data show that faster stress relaxation enhances cell migration
on soft substrates.

Lamellipodia-independent migration on fast-relaxing substrates.
Next, we investigated whether the migration mode observed on soft-
and fast-relaxing substrates matched the canonical lamellipodia-
mediated migration mode previously described on glass and stiff
elastic substrates. As such, we first examined the cell morphol-
ogy, because 2D cell migration on glass or stiff elastic substrates is
tightly linked to spread morphologies. HT-1080 cells were much
more rounded, with greater circularity and less spread on fast-
and slow-relaxing IPNs. The observed cortical actin structure
was markedly different from the actin-rich stress fibres and dense
meshwork of actin at the leading edge observed in cells on glass
substrates (Fig. 2a). Further, the fan-shaped architecture observed
on glass, characteristic of lamellipodia, was absent on viscoelastic
substrates (Fig. 2a,b). Quantification of the circularity and 2D cell
spread area shows strong differences in these parameters between
cells on viscoelastic substrates and cells on elastic substrates
(Fig. 2c—e). One possible explanation for these differences could
be that cells on fast-relaxing IPNs are generally less spread but
become more spread only when they migrate. However, analysis of
instantaneous speed and circularity indicated that migrating cells
on viscoelastic substrates are more circular than migrating cells on
elastic substrates, and lamellipodia were observed on spread cells
on glass substrate (Supplementary Fig. 3). To summarize, these
data indicate that cells use rounded morphologies to migrate on
soft, viscoelastic substrates without the use of lamellipodia, which
adherent cells almost always use to migrate on glass or stiff and
elastic substrates.

Migration mediated by filopodia protrusions. As morphologi-
cal analysis suggested a lamellipodia-independent mode of migra-
tion, we sought to determine what other cellular processes might
mediate migration on soft, viscoelastic substrates. Cells migrating
on fast-relaxing IPNs frequently displayed long, thin, protrusions,
reminiscent of filopodia, whereas lamellipodia were observed on
glass (Fig. 3a,b). Cells on substrates with slow relaxation occasion-
ally extended individual protrusions, whereas cells on fast-relaxing
IPNs extended an average of six protrusions every 10 min (Fig. 3¢).
Importantly, pharmacological inhibition of fascin and formin, two
key proteins involved in filopodia formation®>*, diminishes the
number of protrusions, suggesting these protrusions to be filopo-
dia (Fig. 3d)'>". Immunofluorescence staining revealed the char-
acteristic localization of myosin-X and vasodilator stimulated
phosphoprotein (VASP) at the tip of long actin-rich protrusions
(Fig. 3e,f), features unique to filopodia'>*, further supporting the
notion that the protrusions are filopodia. Faster substrate stress
relaxation increases the number of myosin-X puncta observed at
the cell periphery, some of which are associated with actin protru-
sions (Fig. 3g). Not only are these protrusions lost upon inhibition
of fascin and formin, but migration is also reduced, indicating that
filopodia protrusions are important for cell migration (Fig. 3d,h).
In addition, short interfering RNA (siRNA) knockdowns of fas-
cinl and myosin-X substantially diminished cell migration, further
confirming the role of filopodia in cell migration (Fig. 3i,j). Taken
together, these results demonstrate the role of filopodia in mediat-
ing cell migration on soft, viscoelastic substrates.

Migration mediated by nascent adhesions. Next, we sought to
elucidate the impact of substrate stress relaxation on cell-substrate
adhesions and force generation, as these typically underlie adherent
cell migration on 2D substrates. Paxillin, a universal component of
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Fig. 1| Substrate stress relaxation regulates cell migration on soft substrates. a, Young's modulus of three different formulations of alginate-rBM IPNs
(fast, medium (med.) and slow) and a PA gel. Kruskal-Wallis with Dunn'’s multiple comparisons test was used for analysis of the data, comparing with the
fast-relaxing hydrogel: not statistically significant, ns P> 0.9999; n=20, 5, 9 and 4 independent samples (fast, med., slow and elastic). b, Representative
stress relaxation tests on the different IPNs. ¢, Time for the normalized stress in the IPNs to reduce to one-half (t,,) the original value in stress relaxation
tests. Kruskal-Wallis with Dunn’s multiple comparisons test was used for analysis of the data, comparing with the fast-relaxing hydrogel: ns P=0.0653,
***P=0.0001; n=15, 4, 6 and 4 independent samples (fast, med., slow and elastic). The elastic gel does not show any stress relaxation. The dataina

and c are presented as mean values +s.e.m. d, Time series of images of HT-1080 cells on the indicated IPNs. The far-right panels show the trajectories of
~80 randomly selected migrating cells for each condition. Times are indicated in h:min. Scale bars, 20 pm (cells) and 100 pm (trajectories). e-I, The mean
squared displacement (MSD) versus time lag between positions, delay time (e,g,i,k) and cell migration speeds (f h,j,1) for HT-1080 (e-h), MDA-MB-231
(i,j) and MCF-10A (k,I) human cancer cell lines cultured on viscoelastic or elastic substrates. In e,g,i and k, MSD « t*. In f, Kruskal-Wallis with Dunn'’s
multiple comparisons test was used for analysis of the data, comparing with the fast-relaxing hydrogel: ****P <0.0001; n=2,309, 1,263 and 1,809 (fast,
med. and slow) cells examined over three independent samples. In h, Kruskal-Wallis with Dunn's multiple comparisons test was used for analysis of the
data, comparing with the 2-kPa elastic: **P=0.0086, ****P < 0.0001; n=471, 611 and 3,651 (fast, med. and slow) cells examined over two independent
samples. In j, the Kolmogorov-Smirnov test was used for data analysis: ****P < 0.0001; n=4,651 and 4,501 (fast and slow) cells examined over two
independent samples. In I, the Kolmogorov-Smirnov test was used for data analysis: ****P < 0.0001; n=1,561and 1,115 (fast and slow) cells examined over
two independent samples. The dashed lines in the violin plots represent median values. All statistical tests were two-sided.
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Fig. 2 | Cells migrate on viscoelastic substrates with rounded morphologies. a, HT-1080 cells on fast-relaxing, slow-relaxing and glass substrates.

Actin is highlighted in green and the nuclei (DAPI, 4,6-diamidino-2-phenylindole) in blue. Scale bars, 20 pm; inset scale bars, 5pum. b, Cell outlines of
randomly selected HT-1080 cells on fast-relaxing, slow-relaxing and glass substrates. Scale bars, 20 pm. ¢, Circularity of HT-1080 cells on viscoelastic
(fast-, medium- and slow-relaxing) and elastic (2-kPa PA, 40-kPa PA and glass) substrates. Kruskal-Wallis with Dunn’s multiple comparisons test was
used for analysis of the data, comparing with the fast-relaxing hydrogel: ns P> 0.9999, *P=0.0131, ****P < 0.0001; n=630, 1,119, 630 and 715 (fast, med.,
slow and glass) cells over three independent samples, and n=788 and 376 (elastic and 40-kPa elastic) cells examined over one independent sample.

d, Spreading areas of HT-1080 cells on viscoelastic (fast-, medium- and slow-relaxing) and elastic (elastic, 40-kPa elastic and glass) substrates. Kruskal-
Wallis with Dunn'’s multiple comparisons test was used for analysis of the data, comparing with the fast-relaxing hydrogel: ns P> 0.9999, ***P=0.0002,
****P<0.0001; n=630, 1,119, 630 and 715 cells (fast, med., slow and glass) over three independent samples, and n=788 and 376 cells (elastic and
40-kPa elastic) examined over one independent sample. The dashed lines in the violin plots represent median values. All statistical tests were two-sided.
e, Schematic showing instantaneous speed versus circularity for HT-1080 cells on viscoelastic substrates (purple oval with dotted boundary) and elastic
substrates (tan oval with solid boundary). Filled blue circle, fast-relaxing gel; filled orange square, medium-relaxing gel; filled green triangle, slow-relaxing
gel; open red diamond, 2-kPa elastic gel; open silver triangle, 40-kPa elastic gel; open black square, glass. SR, stress relaxation; E, Young's modulus.

nascent and mature adhesions and essential for adhesion-dependent
cell migration, was first examined?”. Cells on fast- and slow-relaxing
substrates displayed only dot-like, peripheral, paxillin structures,
indicative of nascent adhesions (Fig. 4a). Cells formed higher
numbers of paxillin adhesions on fast-relaxing substrates than on
slow-relaxing substrates (Fig. 4b). For comparison, cells on glass
substrates displayed large and elongated paxillin structures, remi-
niscent of mature focal adhesions, in addition to nascent adhesions,
with around ten times more paxillin adhesions compared with cells
on fast-relaxing substrates (Fig. 4a,b). These analyses indicate that
fewer, weak, paxillin adhesions are associated with cell migration
on fast-relaxing substrates. As adhesions connect actomyosin-based
contraction to substrates for force generation, we investigated actin
and myosin structures on fast-relaxing substrates. Actin is local-
ized at the cell periphery, and substantially fewer phosphorylated
myosin rich puncta are observed, mostly localized proximal to the
cell membrane, on fast-relaxing substrates than on glass substrates
(Fig. 40).

In addition, we elucidated the nature of traction stresses asso-
ciated with cell migration on fast-relaxing substrates. Fluorescent
beads were embedded into the gels to monitor traction strains asso-
ciated with migration. An upper bound on traction stresses can be
estimated by assuming the substrates to be elastic and converting
traction strains into stresses as in traction force microscopy. As
would be anticipated by the fewer adhesions on slow-relaxing sub-
strates than on fast-relaxing substrates, the upper bound on traction
stresses are correspondingly lower on the slow-relaxing substrates
(Fig. 4d). An upper bound on maximum traction stresses on visco-
elastic substrates is estimated to be ~100 Pa, which is comparable to
the median value for maximum traction stresses observed on elastic
substrates (Fig. 4e). Cell migration on fast-relaxing IPNs is salta-
tory, with cell translocation punctuated by periods in which the cell
deforms the substrate (Fig. 4f). During translocation, cells push on
the substrate, and the highest substrate displacement is observed
at the leading edge of translocating cells. Following translocation,
the beads return to their initial positions, indicating that sub-
strate deformations during migration are elastic and that substrate

remodelling is negligible (Supplementary Video 3). Together, these
results indicate that migration on soft, fast-relaxing IPNs requires
nascent adhesions and contractility, and is associated with protru-
sive deformations at the leading edge.

Further, we investigated the role of integrins, actin network
activity and actomyosin-based contractility in cell migration on
fast-relaxing substrates. First, pl-integrin inhibition and over-
activation, using blocking or activating antibodies, substantially
diminished cell migration speeds (Fig. 4g), suggesting that integ-
rin engagement is important for cell migration. Next, modulation
of actin network activity by inhibiting actin polymerization with
latrunculin A, restricting the nucleation of growing actin filaments
as branches by inhibiting the Arp2/3 complex or inhibiting Racl, a
Rho GTPase that orchestrates actin network growth, led to reduc-
tion in cell motility (Fig. 4h). Further, inhibition of myosin activ-
ity diminished cell motility (Fig. 4i). These perturbation studies
confirm the role of integrin-based adhesions, actin polymeriza-
tion and actomyosin contractility in mediating cell migration on
fast-relaxing substrates.

Motor-clutch models reproduce the experimentally observed
impact of stress relaxation. Next, we investigated whether the
motor—clutch model could explain the experimental results using
two motor—clutch based simulations. First, a 2D cell migration
simulator (CMS) was implemented to investigate the cell migration
differences between fast- and slow-relaxing viscoelastic substrates,
and between different stiffness values for elastic substrates (Fig. 5a
and the Supplementary Information). The CMS is composed of
multiple modules to represent cell protrusions, and each module
is described by the motor-clutch model’**. The CMS incorporates
mass conservation for actin, myosin and clutches, as well as allow-
ing actin filaments to spontaneously form and grow in length. This
model predicts that cell migration speed reaches a maximum value
at an optimal stiffness on purely elastic substrates'. In the current
work, the CMS was used to simulate viscoelastic substrates using
a standard linear viscoelastic solid (SLS) model with fixed initial
and long-term moduli. The number of motors and clutches were
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Fig. 3 | Filopodia protrusions mediate migration on soft, fast-relaxing substrates. a, A migrating HT-1080 cell displays multiple protrusions (yellow
arrows) at the leading edge. The left image has the same scale bar as the middle image. Times are indicated in h:min. b, The HT-1080 cell displays filopodia
protrusions (yellow arrows) on fast- and slow-relaxing substrates. Lamellipodia (red outline) are observed on the spread cell on glass. €, The number of
protrusions from HT-1080 cells on fast- and slow-relaxing viscoelastic substrates. The Kolmogorov-Smirnov test was used for data analysis: ****P < 0.00071;
n=27 cells each examined over two independent samples. d, The percentage of HT-1080 cells with protrusions without inhibitor (Ctrl, control) and with
inhibition of fascin (30 uM fascin-G2) and formin (20 uM SMIFH2). Kruskal-Wallis with Dunn’s multiple comparisons test was used for analysis of the
data: ***P=0.0003, ****P<0.0001; n=22, 11 and 13 (Ctrl, -fascin and -formin) cells examined over three independent samples (two for fascin). e f, Actin
with myosin-X (e) or VASP (f) staining for HT-1080 cells on fast-relaxing substrates. For a,b,e and f: scale bars, 20 pm; zoom-in/inset scale bars, 5pm.

The middle images in e and f have the same scale bar as the left images. g, The number of peripheral puncta of myosin-X in HT-1080 cells on fast- and
slow-relaxing substrates. The Kolmogorov-Smirnov test was used for data analysis: ****P < 0.0001; n=36 and 15 (fast and slow) cells examined over two
independent samples. h, HT-1080 cell migration speed without inhibitor and after inhibition of fascin (30 uM fascin-G2) and formin (20 uM SMIFH2).

Kruskal-Wallis with Dunn's multiple comparisons test was used for analysis of the data: ****P < 0.0001; n=2,309, 1,302 and 171 (Ctrl, -formin and -fascin)
cells examined over three, two and one independent samples, respectively. i, Western blot for siRNA knockdown of fascin1 and myosin-X. siCtrl, sSiRNA
empty control; siFscnT, siRNA of fascinT; siMyo-X, siRNA of myosin-X. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and tubulin are the respective
loading controls. j, HT-1080 cell migration speed with knockdown of fascin1 and myosin-X. Kruskal-Wallis with Dunn's multiple comparisons test was used
for analysis of the data: ****P<0.0001; n=1,892, 937 and 1,237 (siCtrl, siFSCN1 and siMYO-X) cells examined over two independent samples. All the data
presented in d,h and j are for cells on fast-relaxing substrates. The dashed lines in the violin plots represent median values. The solid lines in the scatter plots

indicate median values. Comparisons were made to fast-relaxing hydrogel without perturbation. All statistical tests were two-sided.

adjusted for the elastic and viscoelastic substrates because the maxi-
mum traction stresses are higher on elastic substrates. The migra-
tion speed deriving from the CMS was found to increase with faster
substrate stress relaxation and increased stiffness. These trends are
in agreement with experimental findings (Fig. 5b,c). In addition,
the simulation results are in agreement with the observed impact of
stress relaxation on cell morphology and cell area (Supplementary
Fig. 4). Furthermore, the CMS results show that cell migration is
reduced upon inhibition of adhesion, actin polymerization and
myosin activity, all consistent with experimental findings (Fig.
5d-f). To summarize, the CMS results show close agreement with
the observed experimental trends for migration speed as a function
of stress relaxation on viscoelastic substrates and stiffness on elas-
tic substrates, as well as the impact of inhibition of adhesion, actin
polymerization and actomyosin contraction.

Next, we applied a distinct one-dimensional (1D) motor-
clutch-based model to obtain mechanistic insight into the impact
of varying levels of substrate stress relaxation on cell migration?. A
consequence of stress relaxation is a decrease of the initial moduli
to a lower long-term moduli. The relaxation timescale parameter
in the SLS model was varied, while fixing the initial and long-term
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moduli, in 1D Monte Carlo simulations of migration (Fig. 5g). As a
first step, we validated that the simulation replicated key experimen-
tal findings. Simulations predicted that faster relaxation increases
migration distance and MSD, and that the MSDs follow a power-
law relation with time, all matching the experimental findings
(Fig. 5h,i). These simulations reveal insights into the molecular
mechanisms by which substrate viscoelasticity impacts cell migra-
tion. Initially, opposite ends of the cell share the same number of
bound clutches (Fig. 5j,k and Supplementary Fig. 5). However, the
stochastic bond (clutch) dynamics cause an asymmetry in the bound
clutch number between the left and right ends. At the end with less
bound clutches (left end in Fig. 5j), each bond now transmits higher
tensile force, and hence has a higher probability of breaking due
to the force-dependent unbinding of the clutches. As each bond
breaks, even more force is carried by each clutch. Subsequently, the
entire stretch of adhesions on this side breaks catastrophically, lead-
ing to an increased retrograde flow velocity (Fig. 5j). The unbound
end retracts quickly, leading to cell migration towards the right end.
Interestingly, this sequence of events is consistent with the experi-
mental traction strain measurements, as translocation of the cell to
the right end is accompanied by a release of tractions on the left end
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Fig. 4 | Adhesion and traction force mediate migration on fast-relaxing substrates. a, Immunofluorescence of paxillin on fast- and slow-relaxing
substrates as well as on glass. b, Number of peripheral paxillin adhesions (PAs) (top) and area of nascent adhesions (NAs) (bottom) on fast- and
slow-relaxing substrates and on glass. Kruskal-Wallis with Dunn’s multiple comparisons test was used for analysis of the data: ns P=0.6074, *P=0.0115,
****P < 0.0001. For the puncta number, the data are averages of n=57, 60 and 11 (fast, slow and glass) cells. For the area, the data are averages of
n=346, 19 and 644 (fast, slow and glass) adhesions. Samples were examined over one independent sample. The solid lines in the scatter plots indicate
median values. ¢, Immunofluorescence staining of actin and phosphorylated myosin (pMyo) on fast-relaxing and glass substrates. d,e, Maximum traction
stress during migration on viscoelastic (d) and elastic (e) gels. The Kolmogorov-Smirnov test was used for data analysis: ns P=0.5943; ****P < 0.0007;
n=20, 20,10 and 7 (fast, slow, 2-kPa elastic and 40-kPa elastic) cells each over one independent sample. f, Representative substrate displacement for a
migrating (left to right) HT-1080 cell (white outline). The arrows indicate direction of substrate displacement. Times are indicated in h:min. For a,c and f:
scale bars, 20 pm; zoom-in/inset scale bars, 5pm. g, HT-1080 cell migration speed on the fast-relaxing substrate with (-p1) and without (Ctrl) addition of
5ugml? pl-integrin blocking or with 2 ug ml” TS2/16 activating antibodies (+f1). The Kolmogorov-Smirnov test was used for data analysis: ****P < 0.0007;
n=2,309, 430 and 825 (Ctrl, -p1 and +p1) cells examined over two independent samples for -1 and +1, and three for Ctrl. h, HT-1080 cell migration
speed on fast-relaxing substrate with and without inhibition of actin polymerization with latrunculin A (Lat. A, 7100 nM), Rac1 (70 uM NSC 23766) and
Arp2/3 (50 uM CK 666). Kruskal-Wallis with Dunn’s multiple comparisons test was used for analysis of the data: *P=0.0133 and 0.0148, ****P < 0.0007;
n=2,309, 1,913, 1,233 and 1,996 (Ctrl, -Arp2/3, -Racl and +Lat. A) cells examined over three independent experiments for Ctrl, -Racl and +Lat. A, and
four for -Arp2/3.1i, HT-1080 cell migration speed on fast-relaxing substrate with and without addition of ROCK inhibitor (50 uM Y-27632) and MLCK
inhibitor (25uM ML-7). The Kolmogorov-Smirnov test was used for data analysis: ****P < 0.0001; n=2,309, 1,649 and 1,661 (Ctrl, -ROCK and -MLCK)
cells examined over three independent samples for Ctrl and -MLCK, and five for -ROCK. The data in b,d,g,h and i were compared with the fast-relaxing
hydrogel. The dashed lines in the violin plots represent median values. All statistical tests were two-sided.

(Fig. 5k). Additionally, the simulations predict that the cell-matrix by introducing p1-integrin blocking into the media after cells had
bond lifetime should increase with faster substrate stress relaxation  adhered to the substrates. The p1-blocking antibody can attach to
(Fig. 51). Bonds experience a lower force loading rate on substrates  unbound integrins, preventing these integrins from participating in
with fast stress relaxation, leading to longer bond lifetimes prior  further integrin-extracellular matrix (ECM) bonding. The greater
to rupture (Fig. 5m). This prediction was tested experimentally the intrinsic off-rate (shorter lifetime), the higher the likelihood of
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was used for data analysis: **P=0.0017; n=193 and 186 (fast and slow) cells examined over two independent experiments. Integrin bound to the matrix

stochastically unbinds, allowing the blocking antibody to bind integrin.

B1-integrin blocking, and consequently, the higher the probability
of cell detachment. Over a 10-h window, a higher probability of cell
detachment from slow-relaxing gels compared with on fast-relaxing
gels was measured, indicating a higher bond lifetime for cells on
the fast-relaxing gels (Fig. 5n). In summary, the observed stiffness
and bond dynamics are similar to previous observations of the
motor—clutch hypothesis, further implicating this hypothesis in our
observations”'.
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Motor-clutch model predicts filopodia dynamics. After find-
ing that the motor-clutch model can predict the impact of stress
relaxation on cell migration, we sought to assess the validity of the
model by investigating whether predictions of the model regard-
ing filopodia dynamics were borne out by experimental observa-
tions. Filopodia protrusions were observed to be highly dynamic on
both fast- and slow-relaxing substrates (Fig. 6a and Supplementary
Videos 4 and 5). The 1D motor-clutch model predicted that faster
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substrate stress relaxation increases both filopodia length and
lifetime, as well as a correlation between both of these variables
(Fig. 6b-d and Supplementary Fig. 6). All three of these predic-
tions were validated experimentally (Fig. 6e-g). Further, the range
of values obtained for filopodia length and lifetime are similar to
what has been previously reported for filopodia**>*’. Overall, the
experimental and simulation data demonstrate that substrate stress
relaxation mediates filopodia behaviour and migration phenotype
(Fig. 6h). Thus, these data indicate that substrate viscoelasticity
impacts cell migration through regulation of motor-clutch dynam-
ics and filopodia lifetimes.

Outlook

In this study we have found that substrate stress relaxation is a key
modulator of adherent cell migration on soft, viscoelastic substrates.
Our results demonstrate that faster substrate stress relaxation pro-
motes increased migration distance and speed on soft substrates that
are viscoelastic (Fig. 6h). These results are consistent for HT-1080
and MDA-MB-231 cells, two cancer cell lines that are broadly used
for cell migration studies, as well as for non-tumorigenic MCEF-
10A epithelial cells. However, it is possible that some adherent
cells exhibit migration phenotypes different from what we have
observed here. Robustly migrating cells on fast stress-relaxing IPNs
are rounded and characterized by paxillin adhesions and long, thin
filopodia protrusions at the leading edge. Furthermore, faster sub-
strate relaxation increases filopodia number, adhesions, filopodia
length and lifetime, allowing filopodia to grow in length. Filopodia,
in turn, regulate cell migration. These observations establish that,
when presented with the appropriate biophysical cues, cells can dis-
play different migration modes beyond the canonical mode of 2D
cell migration, which is characterized by high tractions, focal adhe-
sions and lamellipodia. Taken together, our results demonstrate that
substrate stress relaxation is a fundamental substrate mechanical
property that regulates cell migration and filopodial protrusions.

Our study of cell migration on soft, viscoelastic substrates was
motivated by the emerging recognition that many soft tissues
exhibit substantial viscoelasticity***". The viscous characteristics of
biological tissues, as characterized by the loss modulus, are typi-
cally around 10% of their elastic characteristics, as characterized by
the storage modulus®**. Similarly, stress relaxation tests, in which
the stress is measured in response to a constant strain and where
stress corresponds to the resistance to deformation, show that many
biological soft tissues relax stress on timescales of a few seconds to
tens of minutes®. For instance, rat brain, rat liver and rat skin have
been reported to have characteristic stress relaxation half times of ~1
s, ~50 s and ~650s, respectively, whereas human breast cancer tis-
sue has a stress relaxation half time of ~10s (ref. **). However, these
times can vary depending on the modality of measurement and level
of strain imposed*. Importantly, alterations in tissue viscoelasticity
are associated with the progression of human pathologies like cancer
and fibrosis****!. A recent study found that associated with the trans-
formation of healthy pancreas to pancreatic cancer is a decrease in
the characteristic decay time from ~93 to 665 (ref. *!). The results
of our study indicated that such alterations in stress relaxation may
impact processes involving cell migration in these contexts.

In contrast to the lamellipodia-mediated migration typically
observed for cells on 2D stiff, elastic substrates, cell migration on
viscoelastic substrates is lamellipodia-independent, and instead
mediated by filopodia. Lamellipodia are characterized by branched
actin networks, whereas filopodia protrusions consist of long, thin,
unbranched actin filaments. Lamellipodia are often described as
cellular structures that drive cell migration as they are typically
observed during cell migration on stiff, elastic substrates. Although
filopodia have been implicated in cell-substrate adhesion and mech-
anosensing, their role in cell migration is not fully understood. Here,
we have found that filopodia are essential for migration on soft,

viscoelastic substrates, with filopodia protrusions extending in the
direction of migration and the inhibition of filopodia also blocking
cell migration. The increase in filopodia length with substrate stress
relaxation likely increases the probability of cell-substrate adhesion
and consequently a greater traction force to support cell migration.

Computational simulations using the motor-clutch model of
force transmission agree with our experimental observations and
suggest additional mechanistic insights. Our 1D simulations predict
that clutch lifetime increases with faster substrate relaxation, allowing
cells to migrate in a given direction for alonger time. On slow-relaxing
substrates, cell-substrate bonds experience a high loading rate, even
at times that are well below the stress relaxation half times for the
materials. Consequently, these bonds, on average, fail more quickly,
resulting in a shorter lifetime. However, with sufficiently fast stress
relaxation, individual bonds have a longer lifetime, resulting in a
higher likelihood of formation of nascent adhesions, which consist
of multiple bonds. Nascent adhesions in turn stabilize filopodia and
allow them to extend much further and over longer times. However,
at higher loading rates, the shorter bond lifetime results in a small
filopodia lifetime, which limits how long the filopodia grows and
allows cells to change migration direction more frequently. This
reduces the persistence of cell migration and reduces the amount of
sustained traction forces that cells can generate to support migration.
Furthermore, the increased bond lifetime on fast-relaxing substrate
could promote cell spreading, which leads to a greater spread area,
which we observe. This finding is consistent with a previous study
that demonstrated that increased integrin bond lifetime allows cells
to spread on soft substrates'®. Another explanation invokes the previ-
ous finding that at optimal substrate stiffness, the force loading rate
on the clutch is comparable to the integrin-ECM bond lifetime*".
This results in an increased number of engaged clutches on average
and subsequently efficient traction force transmission to the substrate
to drive cell migration. Higher (or lower) substrate stiffness than the
optimal substrate stiffness leads to inefficient force transmission and
thus impaired cell migration. In our 2D CMS simulations, the opti-
mal migration of cells on elastic substrates is at higher stiffness. For
cells on viscoelastic substrates, the optimal migration occurs at lower
stiffness. For fast-relaxing substrates, the stiffness experienced by the
cell decreases with time faster (Supplementary Fig. 7), potentially
shifting the cell closer to the optimal stiffness and enhancing migra-
tion. Taken together, these results suggest that substrate viscoelastic-
ity regulates bond lifetimes and/or the number of engaged clutches,
which in turn mediates cell migration.

Robustly migrating cells on fast-relaxing IPNs are rounded,
reminiscent of amoeboid migration*. However, these rounded cells
lack blebs, a feature of amoeboid migration, and instead display
filopodia protrusions. It is probable that the rounded cell migration
we observe is different from the conventional amoeboid migration
observed in 3D migration models where cells are mechanically con-
fined®. The limited number of nascent adhesions formed does mir-
ror the few weak adhesions observed in the migration of leukocytes,
lymphocytes, dendritic cells and neutrophils on 2D substrates'**.
However, these immune cells migrate at much greater speeds and
filopodia have not been implicated in their migration, suggesting
that the migration modes are distinct. Our results are contrary to
previous reports that rounded, weakly adhesive cells are not detected
in 2D migration models*. Surprisingly, we have found that rounded
cancer cells on soft, fast-relaxing IPNs can migrate faster on average
than those cells on glass. On the whole, our findings indicate that
substrate stress relaxation is an important substrate variable to be
included in 2D cell migration models.

Although, the present study was conducted in two dimen-
sions, the key findings provide a platform to further investigate the
labile adhesions and filopodia extensions observed in physiologi-
cally relevant 3D environments. Specifically, the migration model
described here might provide a platform to study several aspects
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of cancer progression in vivo. For instance, there is strong evidence
that filopodia may play a key role in cancer invasion and metasta-
sis’*", suggesting the potential relevance of this mode of migration
in vivo. In this regard, our findings have some relevance. Our results
raise the possibility that, in vivo, longer filopodia facilitate the inva-
sion of surrounding tissue". Furthermore, the increase in filopodia
number might enhance cell migration and greater exploration of
the environment. In addition, in vivo evidence implicates formin
and fascin, key mediators of filopodia formation, in a variety of can-
cers®. Also, Mena, a protein implicated in filopodia formation, has
oncogenic potential and contributes to chemoresistance and extrav-
asation*-*". Therefore, these results provide a fresh perspective on
filopodia regulation that might be critical to cancer progression.
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Methods

Cell culture and reagents. Human breast cancer adenocarcinoma cells
MDA-MB-231 (ATCC) and human fibrosarcoma cells HT-1080 (ATCC) were
cultured in high-glucose Dulbecco’s modified Eagle medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin/
streptomycin (Life Technologies). MCF-10A cells obtained from ATCC were
cultured in Gibco Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12
(DMEM/F12) 50:50 medium (Thermo Fisher) supplemented with 5% horse serum
(Thermo Fisher), 20 ng ml™! epidermal growth factor (EGF) (Peprotech), 0.5 pgml™!
hydrocortisone (Sigma), 100 ngml™ cholera toxin (Sigma), 10 uygml™ insulin
(Sigma) and 100 Uml™! penicillin/streptomycin (Life Technologies) as previously
described™. Cells were cultured in a standard humidified incubator at 37°C in a
5% CO, atmosphere. Cells were maintained at subconfluency and passaged every
2-3days.

RNA interference experiments. Pooled siRNAs targeting human fascinl and
myosin-X, and a non-targeting control were obtained from Dharmacon. HT-1080
cells were transfected with DharmaFECT 1 according to manufacturer instructions.
Briefly, 150,000 cells were seeded into each well of a six-well plate and transfected
with 10nM siRNA in OptiMEM (Thermo Fisher). Then, 48 h post-transfection, the
cells were processed for live-cell imaging or western blot analysis.

Western blotting. HT-1080 cells were lysed in 25mM Tris pH 7.4, 100 mM NaCl,
1% Triton X-100 and 1 mM EDTA with Halt Protease Inhibitor (Thermo Fisher;
the concentrations were measured with a Pierce 660 nm Protein Assay Kit from
Thermo Fisher), and then boiled in SDS sample buffer. Protein samples were
separated by SDS-PAGE, transferred to Immobilon-FL membranes and processed
with chemiluminescent horseradish peroxidase (HRP) substrate (Millipore). Raw
western blot data are provided in Supplementary Fig. 8.

Hydrogel preparation. Low-molecular-weight, ultra-pure sodium alginate
(Provona UP VLVG, NovaMatrix), with a molecular weight (MW) of <75kDa,
was used for fast-relaxing substrates, according to the manufacturer. Sodium
alginate rich in guluronic acid blocks and with a high MW (FMC Biopolymer,
Protanal LF 20/40, High-MW, 280kDa) was used for slow-relaxing substrates. The
high-MW alginate was irradiated with 8 Mrad from a cobalt source to produce
medium-MW (70kDa) alginate’’. Alginate was dialysed against deionized water for
3-4days (MW cut-off of 3,500 Da), treated with activated charcoal, sterile-filtered,
lyophilized and then reconstituted to 3.5wt% in serum-free DMEM (Gibco).

The use of low/medium/high-MW alginate resulted in fast/medium/
slow-relaxing IPNs.

Hydrogel formation and cell seeding. For each viscoelastic gel, alginate was
delivered to a 1.5ml Eppendorf tube (polymer tube) and put on ice. rBM
(Corning), also on ice, was added to the alginate and carefully mixed 30 times
with a pipette, being careful not to generate bubbles. For experiments with fiducial
marker beads, 0.2 pm fluorescent dark-red microspheres (Thermo Fisher) were
added at 100-fold dilution. Extra DMEM was added such that all substrates had a
final concentration of 10 mgml™' alginate and 4.4 mgml~' rBM. This was mixed 30
times with a pipette. The mixture was kept on ice.

Next, different calcium sulfate concentrations were added to 1-ml Luer lock
syringes (Cole-Parmer) and kept on ice to ensure that the initial Young’s moduli of
the fast-, medium- and slow-relaxing substrates were kept constant. The polymer
mixtures were transferred to separate 1-ml Luer lock syringes (polymer syringe)
and also put on ice. To generate gels, the calcium sulfate syringe was shaken to
mix the calcium sulfate evenly, and was then coupled to the polymer syringe with
a female—female Luer lock (Cole-Parmer), taking care not to introduce bubbles or
air into the mixture. Finally, the two solutions were rapidly mixed together with 30
pumps on the syringe handles and instantly deposited into a well in an eight-well
Lab-Tek dish (Thermo Scientific) that had been precoated with rBM. The Lab-Tek
dish was then transferred to a 37 °C incubator and the gel was allowed to form for
1 h before cell-containing medium was added to the well.

PA gels were prepared and functionalized according to a previous method™.
First, 18-mm circular coverslips were cleaned with 1 N ethanol and coated with
sigmacote to form a hydrophobic surface. A prepolymer solution was prepared
containing acrylamide and N,N’-methylene-bis-acrylamide, and degassed for
1 h (fluorescent beads were added if used). The wells in which gels were to be
deposited were activated with 3-methacryloxypropyl-trimethoxysilane for 5 min.
This was done just before the prepolymer was to be mixed with crosslinking
reagents. Prior to gel formation, the prepolymer solution was mixed with a
1:100 volume of 10% ammonium persulfate and a 1:1,000 volume of N,N,N',N
'-tetramethylethylenediamine. Next, 80 pl of the polymer mixture was deposited on
a six-well plate with a glass bottom and a cover slip was gently placed on top. When
the polymerization was completed, the PA gels were carefully separated from the
coverslip. The final concentrations of acrylamide and bis-acrylamide were varied
to control substrate stiffness. For 2-kPa hydrogels, a 4%:0.1% ratio was used. For
~40-kPa hydrogels, the ratio was 8%:0.264%. To enable cell adhesion to the PA
gel, rBM was conjugated to the gel surface using sulfosuccinimidyl 6-(4'-azido-
2'-nitrophenylamino)hexanoate (sulfo-SANPAH) as protein-substrate linker.
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PA gels were incubated in 1 mgml sulfo-SANPAH in sterile water, activated
with ultraviolet light (wavelength 365 nm, intensity 15 W) for 3.5 min, washed
in calcium containing Dulbecco’s Phosphate Buffered Saline (cDPBS) and then
incubated in 0.2 mgml™' rBM in cDPBS overnight. Excess protein was washed
off with cPBS before use. All hydrogel formulations are detailed in
Supplementary Table 1.

For the 2D migration assays, the cells were washed with PBS, trypsinized
using 0.05% trypsin/EDTA, resuspended in growth medium containing octadecyl
rhodamine B chloride (R18, Thermo Fisher, 1:1,000 dilution of 10 mgml™* stock
solution), centrifuged and resuspended in growth medium. The concentration
of cells was determined using a Vi-Cell Coulter counter (Beckman Coulter)
after passing through a 40 pM filter (Thermo Fisher) to obtain single-cell
suspensions. Cells were seeded onto the gels 1h after the gels were made. The final
concentration of cells was 4,500 cellscm™ in each well.

Mechanical characterization of IPNs. Rheology experiments were carried out
with a stress-controlled AR2000EX rheometer (TA Instruments). The IPNs for
rheology testing were deposited directly onto the bottom Peltier plate. A 25-mm
flat plate was then slowly lowered to contact the gel, forming a 25-mm disk gel.
Mineral oil (Sigma) was applied to the edges of the gel to prevent dehydration. To
measure the modulus, a time sweep was performed at 1 rads™, 37°C and 1% strain
for 3h, after which the storage and loss moduli had equilibrated. Young’s modulus
(E) was calculated, assuming a Poisson’s ratio (v) of 0.5, from the equation:

E=2(1+v)G", (&)

where the complex modulus (G*) was calculated from the measured storage (G’)
and loss moduli (G’’) using:

G* = (G/Z +G//2)1/2‘ (2)

For the stress relaxation experiments, after the time sweep, a constant strain
of 5% was applied to the gel at 37°C, and the resulting stress was recorded over
the course of 3 h. For the plasticity measurements, the time sweep was followed
by a creep-recovery test in which a stress of 100 Pa was applied to the gel and
the resulting strain was measured over the course of 1 h. The sample was then
unloaded (0 Pa) and the strain was measured over an additional 2 h. The stress
relaxation and creep-recovery results established that the gels behaved as
viscoelastic solids.

Immunofluorescence for fixed cells. For the immunofluorescence analysis, cells
were seeded on gels as previously described. After 24h, the media were removed
from the gels. Three drops of low-melting-temperature agarose were added to each
well to prevent gel floating in the subsequent steps. The gels were washed once
with serum-free DMEM and then fixed with 4% paraformaldehyde in serum-free
DMEM, at room temperature, for 20 min. The gels were then washed, three times,
with ¢PBS for 10 min each time. After this, the cells were permeabilized with

a permeabilizing solution for 15 min and washed twice with cPBS, 5min each
time. Blocking solution was then added to minimize non-specific staining. The
final steps were addition of the primary antibody overnight at room temperature,
washing twice with cPBS, addition of the secondary antibody at room temperature
for 1.5h and a final wash with cPBS. ProLong Gold antifade reagent (Life
Technologies) was added just before imaging to minimize photobleaching. Images
were acquired with a Leica X25 objective.

The following primary antibodies were used: anti-paxillin antibody Y113
(1:500, Abcam ab32084), anti-focal adhesion kinase (1:500, Thermo Fisher
700255), anti-myosin light chain, phosphor-specific S19 (1:250, EMD Millipore
AB3381), anti-myosin-X (1:250, Novus Biologicals 22430002) and anti-VASP
(1:100, Origene TA502647). Matching secondary antibodies purchased from Life
Technologies were used. Alexa Fluor 488 phallodin was used to label actin
(1:80, Life Technologies), and DAPI was used to label the nuclei (1:500, Sigma).

Confocal microscopy. All microscope imaging was performed with a laser
scanning confocal microscope (Leica SP8) fitted with a temperature/incubator
control suitable for live imaging (37 °C, 5% CO,). In live-cell time-lapse imaging,
R18 membrane-labelled cells were tracked with a X10 numerical aperture
(NA)=0.4 air objective for 24h. A x25 NA =0.95 water-matched objective was
used for experiments with fluorescent beads, immunofluorescence imaging and for
siR-actin-labelled cell experiments for filopodia analysis. For live-cell time-lapse
imaging, 60-pm stack images were acquired every 10 min, and imaging parameters
were adjusted to minimize photobleaching and avoid cell death. For siR-actin
imaging for filopodia analysis, 15-pm stack images were acquired every 1 min

after it was determined that this imaging frequency did not cause cell death. Gels
were inverted to obtain high-resolution filopodia and lamellipodia images. Briefly,
HT-1080 cells were seeded on fast- and slow-relaxing gels and allowed to spread
overnight in a four-well Lab-Tek chamber (Thermo Scientific) with removable
wells. The cells were then fixed with 4% paraformaldehyde and incubated with
siR-actin for 5h. Next, the Lab-Tek wells were removed and a rectangular coverslip
was gently placed over the gel. The assembly was flipped, and the cells were imaged
through the coverslip using a X25 NA =0.95 water-immersion objective.


http://www.nature.com/naturematerials

ARTICLES

NATURE MATERIALS

Morphometric and traction stress analysis. To quantify cell circularity and cell
area, the confocal images of R18-labelled cells were analysed in Image]J (https://
imagej.nih.gov/ij/) to calculate circularity and cell area. Circularity, mathematically
calculated as 4m X area X (perimeter) 2, ranges from 0 to 1 with a value of 1 being a
perfect circle. For the speed versus circularity plots, randomly selected cells were
manually tracked. The corresponding instantaneous speed and circularity were
determined using the default algorithm of Image]. In cell migration simulations,
the cell aspect ratio is defined as the ratio of the longest axis to the shortest axis,
and cell area is determined as the area of the ellipse that best fits the cross-section
of the cell.

For matrix displacement analysis, the bead displacement obtained from
confocal imaging was converted into matrix displacement fields following
established protocols*™. Briefly, isolated, single cells that produced observable bead
displacement were used for the analysis. Cell and bead channel images, from a
single z plane, were corrected for drift using the StackReg Image] plugin. Next, the
particle image velocimetry (PIV) Image] plugin was used to perform a PIV analysis
on the bead data. The PIV algorithm maximizes the cross-correlation between
relaxed and strained images. A two-pass PIV with 128 X 64 pixel size was used on
all images for the PIV analysis. The resulting analysis produced the position and
vector field of the bead displacement. Custom MATLAB code was used to visualize
the vector fields and heat maps.

Imaris cell tracking algorithm. For the migration studies, the centroids of
R18-labelled cells were tracked using the spot detection functionality in Imaris
(Bitplane). Poorly segmented cells and cell debris were excluded from the analysis
and drift correction was implemented where appropriate. A custom MATLAB
script was used to reconstruct the cell migration trajectory.

Inhibition studies. Pharmacological inhibitors were added to cell media 10 min
before time-lapse microscopy experiments. The concentrations used for the
inhibitors were 100 nM latrunculin A (Tocris Bioscience, actin polymerization
inhibitor), 70 pM NSC 23766 (Tocris Bioscience, Racl inhibitor), 50 pM CK 666
(Sigma, Arp2/3 inhibitor), 20 uM ML141 (Tocris, Cdc42 GTPase inhibitor), 20 pM
SMIFH?2 (Sigma, formin inhibitor), 30 pM fascin-G2 (Xcess Biosciences, fascin
inhibitor), 50 pM Y-27632 (Sigma, ROCK inhibitor), 25 pM ML-7 (Tocris, myosin
light-chain kinase inhibitor), 2 pgml~* CD29 monoclonal antibody TS2/16 (Life
Technologies, p1-integrin activator) and 5ug ml™ monoclonal p1-integrin-blocking
antibody (Abcam, P5D2). For the HT-1080 cell detachment studies, the cells were
seeded on fast- and slow-relaxing gels and allowed to spread overnight. Then,

10 ugml™ monoclonal B1-integrin-blocking antibody was added to the media and
live-cell imaging started. Images were acquired every 2min for 12h.

Calcium imaging. To quantify the relative level of intracellular calcium depending
on the substrate type, ratiometric calcium imaging was performed with two
intracellular calcium indicators, namely Fluo-3 AM (20 uM, Thermo Fisher) and
Fura-red AM (33 uM, Thermo Fisher) **. HT-1080 cells were incubated in both
dyes for 1h and washed twice with DPBS. Live-cell confocal microscopy was used
to measure the intensity of calcium indicators in the cells. Both calcium indicators
were excited at 488 nm and detected at 515-580 nm (Fluo-3) and >610nm
(Fura-red) to measure the fluorescent intensities. The relative level of intracellular
calcium was measured as the intensity ratio of Fluo-3 to Fura-red.

Statistics and reproducibility. All measurements were performed on 1-3
biological replicates from separate experiments. The exact sample size and exact
statistical test performed for each experiment are indicated in the appropriate
figure legends. Statistical analyses were performed using GraphPad Prism
(GraphPad Prism version 9.1.0 for Mac laptop, GraphPad Software, http://www.
graphpad.com). For all violin plots, the dashed lines represent median values. For
scatter plots, the solid lines indicate median values. The reported P values were
corrected for multiple comparisons, where appropriate. Additional information on
the statistical tests is provided in Supplementary Table 2. All immunofluorescence
and live-actin experiments were performed over three independent experiments.

Cell migration simulation based on the motor-clutch framework. The primary
components of the mechanosensing apparatus in cells are actin-myosin (motor)
and cell-ECM adhesion (clutch), also known as the motor-clutch module, the
dynamics of which have successfully explained the stiffness sensing of cells on
elastic substrates'”'. In the motor-clutch module, myosin motors pull F-actin
towards the cell centre and form an actin retrograde flow. This retrograde flow is
resisted by adhesion molecules, which can randomly bind and unbind between
actin bundles and the ECM. At the cell leading edge, the polymerization of actin
filaments, countered by retrograde flow, pushes the cell membrane forward,
resulting in the protrusion of the cell. To account for the viscoelasticity of the ECM,
an SLS model containing three elements, namely long-term modulus, additional
modulus and viscosity, is applied. For a cell to migrate, the symmetry or velocity
balance between the cell’s ends has to be broken by the stochastic dynamics of the
clutches. Hence, two or more motor—clutch modules can be connected, and their
forces are balanced at the cell centre.

We first applied the 2D CMS, which is composed of multiple motor-clutch
modules, to investigate cell migration differences on soft, fast- and slow-relaxing
viscoelastic substrates as well as on soft and stiff elastic substrates (Supplementary
Notes). To further study the symmetry breaking associated with cell migration
and gain mechanistic insights, we simplified this set-up to create a 1D model with
two connected motor-clutch modules (Supplementary Notes). The dynamics of
each motor—clutch module can also be used to characterize filopodia dynamics®'.
Filopodia lifetime is defined as the time that elapses from the initial attachment of
clutches to the catastrophic breakage of the entire clutch cluster leading to filopodia
retraction. Simulation parameters are provided in Supplementary Tables 3 and 4.
CMS simulations were carried out with custom C++ code, and 1D simulations
were carried out in MATLAB. Details of the formulations and algorithms used can
be found in the Supplementary Notes.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All data relevant to this manuscript are available upon request. Source data are
provided with this paper.

Code availability
All analyses codes relevant to this manuscript have been deposited in the
DOI-minting repository Zenodo*'. Simulation codes are available upon request.
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Software and code

Policy information about availability of computer code

Data collection 1. Leica SP8 (Leica confocal microscopy images).
2. TA instruments (acquisition of rheometry data).

Data analysis 1. Graphpad PRISM 8 (used for plotting all graphs, and statistical analysis).

2. Imaris (used for cell tracking).

3. Matlab (used for analyzing raw data before plotting in PRISM).

4. Image) (used for displaying immunohistochemistry staining images).

5. Adobe Illustrator (used for figure preparation).

6. Microsoft Excel (data handling).
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Data exclusions  No data was excluded from the experiments.

Replication All experiments were replicated from distinct samples and independent experiments performed on separate days. Great care was taken to
minimize experimenter error.

Randomization  Materials used for making hydrogels were prepared from different batches. Hydrogels were deposited in wells in a randomized fashion. For
imaging, multiple fields of view were randomly selected.

Blinding Blinding was not relevant to the current work since the metrics are quantified and objectively analyzed.
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Antibodies used Antibodies used have been explicitly described in the Methods section of the manuscript.

Validation All antibodies were newly purchased from manufacturers and came with a warranty and validation paperwork.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HT-1080 and MDA-MB-231 cells were purchased from ATCC.
Authentication Cell lines were authenticated from manufacturer (ATCC).
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Commonly misidentified lines  no commonly misidentified cell lines were used.
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