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Figure 3. Piezol is involved in PSC durotaxis

(A) Durotaxis polar plots of wildtype (Wt, left) and Piezo1¢7® knockout PSCs depict cell trajectories
over 24 h (black lines). The radius of the blue half circles is proportional to the mean cellular

displacement into the directions 0° and 180°, respectively. Radial lines indicate 0°, 90°, 180°, 270°.
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The scale bar corresponds to two sizes: 100 um for the trajectories and 50 pum for the half circles.
Radius of the concentric circle is a visual aid for the scale bar. nwt = 29, npiezor-crap KO = 22 cells
from N=3 experiments. (B) Interpretation of results depicted in (A). In Piezo1®™" KO PSCs the
intracellular Ca?* signal is missing in response to stiffness sensing. Thus, Piezo1¢™" KO PSCs fail to
perform durotaxis. (C) Durotaxis indices of Piezo1°™" KO PSCs (orange) or PSCs treated with 100 nM
GsMTx-4 (orange), 5 UM Yodal (green), compared to their respective controls (black) on stiffness
gradient hydrogels. If cells undergo durotaxis, i.e., durotaxis index is significantly different from zero,
the p value is displayed above the population. n>22 cells from N>3 experiments. (D) Representative
immunofluorescence image of PSCs stained for Piezol (red), from N=3 experiments. Channels were
guantified in rectangular regions in the cell center (red) and periphery (cyan). Scale bar = 50 um. (E)
Box and whisker plot shows quantification of Piezol channel density in the rectangular regions outlined
in (D). Ncenter =41, Nperipnery =82 cells from N=3 experiments (F) Schematic interpretation of how Yodal
treatment affects durotaxis by clamping, Piezol activity to its maximal value throughout the cell.
Intracellular [Ca?] increases over the whole cell, diminishing the differential stiffness sensing by
Piezol. (G) Fsuof/Faso ratios were used as a readout for intracellular Ca?* measurements of PSCs. The
Faa0/F3go ratio is a surrogate of the [Ca?"]i. After control superfusion (black), PSCs seeded on hydrogels
with varying stiffness were superfused with 5uM Yodal (white). n > 13 cells from N=3 experiments.
(H) Box and whisker plots show quantification of Faso/Fsgo ratios of PSCs superfused with control
solution from experiments detailed in (G). (1) Box and Whisker plots indicate the slope of Faso/Fsso ratio
upon Yodal superfusion, from experiments detailed in (G). Data in (C), (E), and (G-1) are median£95%
Cl. Boxes in (E), (H) and (1) extend from the 25th to 75th percentiles, whiskers from 10 to 90 percentiles,
and points below and above the whiskers are drawn as individual points. Statistical tests are as follows:
in (C) one-sample Wilcoxon test; in (E) Mann-Whitney U-test, and in (H-1) Kruskal-Wallis test with

Dunn’s post-hoc test. Images in (B) and (E) were created with BioRender.com.

We further investigated why Piezol activation with Yodal diminishes durotaxis (Fig. 3C). One
possibility is that spatially different substrate stiffness signals to the cell by localized Piezol activity.
Alternatively, inhomogeneous channel expression could transmit differences in substrate stiffness. To
test the spatial heterogeneity of Piezol in the plasma membrane of PSCs, we performed Piezol
immunocytochemistry on the gradient hydrogels. Channel distribution was recorded by counting
channels in 5 um? regions (Fig. 3D). The measured regions were either in the cell periphery or located
in the cell center. As Fig. 3E illustrates, the average channel density ranges around ~0.5 channels / um?,
with the cell periphery having a marginally higher channel density than the cell center. This would imply
that global Piezo1 activation by Yodal elicits similar Ca?* signals throughout the cell that are insufficient
for spatial stiffness sensing (Fig. 3F). Measurements of the intracellular Ca?* ([Ca?*];) revealed that the

initial Fsao/Fsgo ratio is significantly lower in PSCs on a 750 Pa substrate compared to cells on stiffer
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substrates (Fig. 3H). However, upon superfusing the PSCs with 5 pM Yodal, the Fsso/Fsgo ratio
increased similarly on each substrate, implying a full activation of Piezol throughout the plasma

membrane (Fig. 3I).

A durotaxis model with ion channels and a bell-shaped mechanosensitivity function

The results above imply that durotaxis depends in a bell-shaped manner on Piezol channel activity. Both
fixed loss of the Piezol channel function by Piezo1¢F* KO or GsMTx-4 and fixed gain of channel
function by Yodal result in loss of the ability to migrate towards stiffer areas. Here we support the
hypothesis of an intermediary channel activation for durotaxis with the help of a mathematical model,

i.e. a system of partial differential equations.

Mathematical models of durotaxis in the literature are, for instance, (30) and (31), whose introductions
also refer to further contributions in this context. In (30) a cellular Potts model is analyzed for a single
cell moving over a flat substrate with variable stiffness. The cell is described by several lattice sites.
Cell dynamics result from an iterative stochastic reduction of the energy of the whole system, and a
modified Metropolis method for Monte Carlo-Boltzmann dynamics is employed. In (31) a stochastic
model is introduced where the cell moves by updating its adhesion sites at random times. The rate of
updating is determined by the local stiffness of the substrate. From this, a a model of partial differential
equations of advection-diffusion type is formally derived, where the advective velocity relates to the
stiffness, like in the mathematical model we suggest below. In our case, however, we additionally couple
to channel dynamics. The advection-diffusion equation in (31) is numerically solved by a Crank-
Nicolson finite difference scheme. How to formally obtain advection terms for taxis term like in (31)

was also discussed in (32).

For our mathematical model let u = u(x,t) denote the probability density of the cell in space and time,

and p = p(x,t),n = n(x,t) the densities of the open and closed channels of the cell respectively. The

time-space dynamics of the cell depend on the relative density p = p%n of open channels and is given

by

0
5c% =V (Vu—uq(p)VE) 0

=: V- (uV[up]) withV[u,p]) =V logu — q(p) VE

In (1) the first term on the right-hand side accounts for random motion of the cell, and the second term
for its tendency to move into the direction of higher stiffness of the substratum. The second line of the

formula is a reformulation convenient for the numerics (see details in SI Appendix, Numerics). Here E
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denotes the elastic modulus of the substratum, i.e. it is larger for a stiffer material. The function q
accounts for the cell’s strength of sensing the gradient of E due to the relative number of open versus
closed channels p. And it is assumed to be bell-shaped — as suggested by data in Fig. 3 — with a maximum
atp=0.5,i.e. p =n, and minimal valuesatp=0,p=1,ie.p=0,p=1and p = 1,7 = 0. See Fig.
4A-B for the one-dimensional situation on the space interval [0,1]. The dynamics of open and closed
channels are given by

9 9
Frid V- (pV[u,p]) +a(E)n—pBp , Fride V-mV[w,p]) —a(E)n + Bp an

i.e. the channels are located on the cell and thus move with the cell. Further a = a(E) is the opening
rate of the channels, which depends on the elastic modulus E , and the constant  is the closing rate. All
partial differential equations are analyzed on a bounded domain with no-flux boundary conditions. Mass
of u and of p + n is conserved. Further, if initially, i.e. at time t = 0, u(0,x) = C(p(0,x) + 1(0,x))
for some constant C > 0, then this feature will be preserved, i.e. u(t,x) = C(p(t,x) + n(t, x)) forall
t > 0. This means that any chosen total initial distribution of channels in the model is preserved over
time. In particular we have V{u,p] = V[p + n,p] in (1) due to the logarithm and the gradient. Once
the constant C is fixed, it is sufficient to solve system (1) which can be reformulated in the self-

consistent form

%p=v (p—V(p ) — pq(ppn)VE)+a(E)n Bp (la)
%n=v (p%vuwn) nq(ppn)VE)— a(Eyn+ Bp (11b)

Now we set the opening rate of the channels proportional to the elastic module, i.e. a(E) = aF for a >
0. The closing rate S is independent of E. We consider a one-dimensional spatial setting in the numerical
simulations of this mathematical model. Without loss of generality, the strength of random motion is
fixed to one in formula (I). When a = 10 the simulation results in intermediate mechanosensitive
channel activity (Fig. 4C) and recapitulates that cells persist towards the stiffer substrate. Intriguingly,
while moving towards the stiffer substrate, the density of open channels increases in time. In contrast,
the condition @ = 1 recapitulates GsSMTx-4-treatment or Piezo1¢7" KO PSCs where mechanosensitive
ion channel function is diminished. Here, impaired channel activity further hampers durotaxis on stiffer
substrates over the course of the simulation. A similar inhibition of durotaxis is apparent in the condition
a = 100 which corresponds to channel overactivation as in the presence of Yoda-1. Together, these
simulations show that PSC durotaxis can be effectively modeled via a bell-shaped relationship between

mechanosensitive ion channel activity and durotaxis.
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Figure 4. The mathematical model supports the hypothesis of the dependence of durotaxis on ion

channel function

(A) E denotes the elastic modulus of the substratum, i.e. it is larger for a stiffer material. (B) The bell-
shaped function g accounts for the cell’s strength of sensing the gradient of E due to the relative number
of open versus closed channels. (C) The diagram depicts the velocity of the probability density of the
cell (green) in dependence of the channel opening rate a. Red is the density of open channels. a = 10
corresponds to an intermediate channel activity, whereas @ = 1 and @ = 100 indicate an impaired or
overactivated channel function, respectively. The closing rate is f=1. For a comparision initially two
cells (green rectangles) are located at around 0.2 (stiffer region) and 0.8 (less stiff region). The cell
located on the right moves from right to left, i.e. towards the stiffer region. The cell on the left is already
located in the stiffer region and changes only slowly.The time frames start from light green/red towards

darker green/red. These snapshots are equidistant in time.
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Piezol orchestrates PSC durotaxis together with TRPV4 and TRPC1

The one-dimensional mathematical model detailed above is not restrictive for Piezol but can include
any type of mechanosensitive ion channels. Thus, we tested whether another mechanosensitive ion
channel, TRPV4, is involved in PSC durotaxis. For this purpose, we either applied a pharmacological
TRPV4 activator (GSK1016790A; 100 nM) or the TRPV4 inhibitor HC067047 (100 nM). Additionally,
we used PSCs isolated from TRPC1-KO mice to investigate whether the TRPC1 channel mediates
durotaxis. We found that pharmacological activation of TRPV4 impairs durotaxis in PSCs isolated from
WT and TRPC1-KO mice (Fig. 5A, SI Appendix, Fig S5). This effect is in close analogy to the Piezol-
activation found with 5 uM Yodal (Fig. 3C, SI Appendix, Fig S3). In contrast, TRPV4 inhibition in
wildtype mice, or TRPC1 knockout alone does not affect durotaxis. However, inhibiting TRPV4 in
TRPC1-KO mice hampers durotaxis, indicating that Piezol channels by themselves do not orchestrate

durotaxis but rather require TRPV4 and/or TRPC1 channel activity.

Lastly, we refined our initial biological model describing the relationship between durotaxis index and
channel activity. Our data indicate that the ion channels Piezol, TRPV4 and TRPC1 are crucial sensors
and transducers of durotaxis. In the control state, the intermediate relative activity of TRPV4 and TRPC1
are illustrated by an arbitrary value of 1. Because of the paramount functional relevance of Piezol in
PSC durotaxis, its activity was assigned an intermediate value of 2. Next, based on the treatments
applied, we binned the combined activity of mechanosensitive ion channels to values between 2 and 6:
1 and 2 indicate GsSMTx-4 treatment, Piezol knockout, or dual TRPC1-KO and TRPV4 inhibition,
where mechanosensitive channels are substantially impaired; a value of 5 or 6 corresponds to a state
when TRPV4 and Piezol are clamped in an over-activated state (Fig. 5B, detailed in SI Appendix, Fig.
S4). Our results emphasize that an intermediate level of mechanosenitive channel activity (value of 3-
4) is needed for durotaxis (Fig. 5C). Whenever the dynamics of mechanosensitive ion channel activity
are substantially affected, either by tonic inhibition or overactivation, the cell will not be able to sense
(and thus react to) changes in local substrate stiffness. Notably, an intermediate activity of Piezol is
necessary, but not sufficient for durotaxis, which needs the additional functional presence of TRPV4 or
TRPC1.
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Figure 5. Multiple mechanosensitive channels are necessary for durotaxis

(A) Durotaxis indices of n wild-type PSCs / N experiments = 28/3 and TRPC1-KO mouse-derived PSCs
n cells / N experiments = 59/3 (left and right from vertical line, respectively) seeded on gradient
hydrogels treated with 0.1% DMSO (Ctrl, black), 10 uM TRPV4-activator GSK101489 (GSK, blue),
100 nM TRPV4 inhibitor HC0606006 (HC, purple). If cells undergo durotaxis, i.e., durotaxis index is
significantly different from zero, the p value is displayed above the population. To estimate total
mechanosensitive channel activity, individual channel activity was binned: impaired channel = 0;
intermediate activity = 1 for TRPV4 and TRPC1 and 2 for Piezol; overactivation= 3 for TRPV4 and
TRPC1 and 4 for Piezol. (B) Total channel activity estimated for conditions depicted in Figs 2 and 3.
(C) Durotaxis indices as a function of total of mechanosenstive ion channel activity, binned as noted in
(A) and (B). A Gaussian curve was fitted over the data. Data in (A) and are median+95% CI. Statistical

test in (A) is one-sample Wilcoxon test.
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Discussion

In this study, we provide a mechanistic link between ion channels and durotaxis of pancreatic stellate
cells. PSC durotaxis is diminished by perturbing ion channels involved in mechanosensing and
mechanotransduction (Fig. 3). Our main result is that Piezol is essential for the durotaxis of PSCs, but
that it depends on the cooperation with TRPC1 and TRPV4 channels (Fig. 4). Overstimulation as well
as inhibition of ion channels reduce durotaxis. Our mathematical model supports the conclusion that
durotaxis of PSCs is optimal with an intermediate level of dynamically fluctuating activity of
mechanosensitive channels (Fig. 5). Stated differently, durotaxis depends on mechanosensitive ion
channel activity in a bell-shaped manner. Similarly to channel inhibition, pharmacological activation of
Piezol using Yodal (33) as well as that of TRPV4 by GSK1016790A (34) inhibit durotaxis (Figs. 3 and
4). Such bell-shaped relations between migratory behavior and ion transport are also known for other
transport proteins such as the Na*/H* exchanger (35) and Kc,3.1 channels (36). Our mathematical model
also indicates that PSCs will accumulate on the stiffer substrate over time. These results suggest that
PSCs will not migrate out of the stiff tumor tissue. Hence, durotaxis mediated by the mechanosensitive
channels constitutes a feed forward mechanism contributing to PSC accumulation and consequent
PDAC fibrosis. This adds to the mechanical activation that is also modulated by ion channels involved
in mechanosignaling such as TRPCL1 (25).

Our data suggest that durotaxis relies on the localized activity of mechanosensitive ion channels (Fig.
3). The intracellular calcium concentration of PSCs is influenced by the stiffness of their surrounding
ECM. In light of the fact that Piezol and TRPV4 have enhanced activity in the vicinity of focal adhesions
(37, 38), a local channel activation is expected in the cell regions adjacent to the stiffer matrix regions
of the gradient gel. Therefore, an uncoordinated activation of mechanosensitive ion channels, as
provoked using the Piezol-activator Yoda-1 or the TRPV4-activator GSK1016790A, would likely
prevent durotaxis by disrupting spatiotemporally fine-tuned Ca?* signaling and hence cell polarization
In our system, we could not experimentally test this due to technical limitations, namely due to the
thickness of the polyacrylamide gel. However, it can be assumed that PSCs, like other fibroblasts,
actively detect the strength of the surrounding ECM by traction (39). If they are subjected to a stiffness
gradient, traction on the stiffer regions will induce less deformation of the substrate. This lower
compliance results in a higher membrane tension of the lipid membrane of the cell, which is detected by
the Piezol channel. According to the force-through-lipid model this provides a suitable opening stimulus
for the ion channel (15, 40). There is local Piezol activation and a regional influx of Ca?" into the cell,
resulting in a stronger pulling than on the soft part of the cell.

One strength of our study is that we used substrate rigidities and gradients with pathophysiological
relevance. By using a two-dimensional stiffness gradient in our biological system, we were able to
monitor every gradient hydrogel with AFM. We found that UV-polymerization using a photomask
produced a reproducible, linear stiffness gradient of 2.5 kPa/mm (Fig. 2B). The length of a PSC is ~50-

100 um, depending on the underlying substrate. This means that a PSC can sense a gradient of <250 Pa
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between the cell rear and front, on a substrate having a 2—8 kPa stiffness, which underlines the sensitivity
of the mechanosensitive cellular network. The durotaxis index is similar on the soft and the stiff part of
the gradient gel (Fig. 2I), i.e. the directed and undirected proportion of the cell migration are more or
less the same, although cells migrate with a different velocity along the stiffness gradient (Fig. 2J &
2K). This is reflected in the one-dimensional mathematical model by the specific choice of the channel
opening rate being proportional to E. It likely indicates that the stiffness difference between cell rear
and front is more important for durotaxis than the absolute stiffness value. Further studies will outline
how these results are applicable to a confined, three-dimensional PDAC tissue.

Our study focuses on substrate stiffness and ignores the viscous properties of the underlying substrate.
Notably, it has been shown that elevated viscosity induces a TRPV4-mediated mechanical memory
through transcriptional regulation via the YAP-TAZ pathway (41). Indeed, YAP1 undergoes nuclear
translocation in PSCs on a stiff compared to a soft substrate, resulting in a more myofibroblastic
phenotype and increased aSMA expression (26). Hence, it is likely that the tissue viscosity plays an
additional role in PSC migration and durotaxis in our experimental system and even more so in the
complex PDAC tissue.

Piezol and TRPV4 channels act together in pressure-induced pancreatitis (19). Similarly, during
durotaxis, primary mechanosensing could occur through Piezol but be translated into a sufficient
cellular response only by subsequent activation of TRPV4. TRPC1 function in durotaxis
mechanotransduction supports our previous findings, where we found that TRPC1 perpetuates pressure-
mediated PSC activation, as it is required for increased aSMA expression (25). Thus, we assume that
TRPC1 acts as a transducer of mechanical stimuli, as the intrinsic mechanosensitivity of TRPC1 has not
been clearly demonstrated (42—44).

We argue that the functional interplay between Piezol, TRPV4, and TRPC1 may have a
pathophysiological relevance in PDAC and other tumor entities. A major driver of PDAC progression
is the dense, collagen-rich stroma (5). For other tumors, a correlation between elevated tissue stiffness,
increased mechanosignaling, and tumor malignancy could be demonstrated (45). Analogously, for
PDAC, a positive mechanical feedback loop involving stiffness-guided activation and migration of PSCs
has been postulated (6, 7). Indeed, PSCs spread more on substrates with higher stiffness, leading to a
more effective cell migration with a higher velocity (Fig. 1). When introducing a stiffness gradient,
PSCs migrate towards a higher stiffness, where they acquire a higher aSMA quantity (Fig. 2). The
morphological transition and increase in aSMA point toward an increase in the myofibroblastic
machinery, which can explain the higher migration velocity on the stiffer part of the gradient hydrogel
(Fig. 2G). In summary, PSC durotaxis relies on the interaction between multiple mechanosensitive ion
channels. These results support the idea that the consequences of durotaxis should be further explored

in diseases such as PDAC to better understand tumor fibrosis and progression.
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Materials and Methods

Laboratory animals

The isolation of stellate cells from mouse pancreas has been reported to the Landesamt fur Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen in Recklinghausen under the following number:
84-02.05.50.15.010. If not specified, 8- to 15-week-old wild-type mice (C57 BL/6J) were used for the
experiments. In addition, we used pancreatic stellate cells from mice with a global TRPC1 KO and
conditional stellate cell-specific Piezol knockout (Piezol®™" KO) (19, 46). PSC isolation from
Piezo1®™" KO mice was performed with approval from the IACUC and IRB of Duke University
(protocol number Pro00035974).

Cells and culture conditions

PSCs were isolated from the pancreas as described before (21). Briefly, after dissection of the pancreas,
the organ was washed in GBSS, then cut into pieces and digested using collagenase P (1 mg/ml) in
GBSS for 20 min at 37°C in a shaker. After washing and centrifugation at 300 x g at RT for 8 min, the
pelleted pancreas was reconstituted in DMEM/Ham's-F12 medium. The suspension was seeded
dropwise onto FCS-coated cell culture dishes. After 2 h incubation at 37°C and 5% CO,, non-adherent
cells were washed away by multiple washing steps. Cell removal was validated under the microscope
and using fluorescence microscopy. PSCs from Piezo1®" KO mice were isolated in a comparable
manner, but were plated on a thin-layered Matrigel-coated glass bottom culture plate (MatTek, P35G-

0-14-C) (19). PSCs in passage 1 were used for all subsequent experiments.

Polyacryamide hydrogels

Uniform polyacrylamide gels were created using chemical polymerization (47). The polyacrylamide
solution contained acrylamide (40 %) (AppliChem GmbH, Germany), bisacrylamide (2 %) (Carl Roth,
Germany), hydroxyacrylamide (100 %) (Sigma-Aldrich Chemie, Germany) and PBS. Gel stiffness was
tuned by varying the concentrations of the polymer components (acrylamide, bisacrylamide and
hydroxyacrylamide) (Supporting Table S1). The solution was ultrasonically degassed for 30 minutes
and hereafter, the polymerization was started by adding 0.003 % N,N,N’,N'-tetramethylethylenediamine
(TEMED) and 1 % ammonium persulfate (APS) (Sigma-Aldrich Chemie, Germany). 8 pl of the final
polyacrylamide mix were pipetted on 35 mm glass bottom dishes (Cell E&G LLC VWR, USA) which
were pretreated with 0.1 M NaOH, 200 pl APTMS and 0.5 % glutaraldehyde (SERVA Electrophoresis,
Germany). A RainX (ITW Global Brands, USA) coated coverslip was lowered onto the solution and the
glass bottom dish was filled with PBS. The coverslips were left overnight and then got removed. The
gels were then washed twice with sterile PBS and stored at 4 °C.

For creating hydrogels containing a stiffness gradient, we irradiated a polyacrylamide solution

containing the photoinitiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959)
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with UV-light. We controlled the amount of UV-light reaching the gel during the process of
polymerization by placing a photomask with a linear opacity gradient between the light source and the
gel mix. Thereby, the completeness of the gel formation and hence the stiffness were tuned. The protocol
is based on the work of Sheth et al. and Tse and Engler (48, 49). The solution was ultrasonically degassed
for 30 minutes and afterwards, the photoinitiator Irgacure 2959 was added. 25 pl of the mix were
transferred onto glass bottom dishes pretreated with 0.1 M NaOH and silanized with 200 ul APTMS. A
RainX coated coverslip was lowered onto the solution and dishes were then placed on the sample tray
of the ChemiDoc™ Touch Imaging System (Bio-Rad, USA). The mask was placed between the dishes
and the UV-light source. After 720 seconds of illumination time the gels were immediately treated with

PBS and the coverslips were removed.

Atomic force microscopy

Polyacrylamide hydrogel stiffness and stiffness gradients were quantified using atomic force
microscopy (AFM). The Nanowizard 3 NanoOptics AFM system from Bruker Nano GmbH (Berlin,
Germany) and the associated SPM software were used for this purpose. Only cantilevers from Novascan
Technologies, Inc. (Boone, United States) with spherical tips and a tip diameter of 10 um were used.
According to the manufacturer, the spring constants were between 0.03 and 0.04 N/m and were
determined at the beginning of the measurement using the thermal noise method (50). The sensitivity
calibration of the cantilever was also performed at the beginning of each measurement. For this purpose,
a test measurement was made on glass. The sensitivity of the cantilever was calculated from the slope
of the linear section of the curve of the deflection signal. All measurements were performed at room
temperature and in 2.5 ml sterile PBS. Gel stiffness was determined in 1 mm intervals along the x and
y axes. This ensured that the desired stiffness gradient was present in the 2x2 mm area selected for the
subsequent tests. Five force-distance curves were generated for each measurement position. 24 h after

hydrogel coating (see below), the stiffness was measured in ten further points to verify gradient integrity.

Hydrogel coating and cell seeding

All hydrogels were coated with a collagen matrix resembling the ECM of the pancreas, containing
laminin, fibronectin, and collagens I, IlI, 1V, as previously described (21, 51). ECM proteins were
covalently linked to the gel using Sulfosuccinimidyl-6-(4'-azido-2'-nitrophenylamino)hexanoate (sulfo-
SANPAH), a photoreactive heterobifunctional crosslinker. After 15 minutes of irradiation with a
wavelength of 302 nm, the gels were washed twice with sterile PBS. After repeating the irradiation and
the washing process, 30 pl of the ECM premix were pipetted onto the gel. After a two-hour incubation

period at 37 °C, unbound matrix molecules were removed by washing with PBS.

Measurement of cell migration
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Cell migration time-lapse images were obtained using the Axiovert 40C phase-contrast microscope from
Carl Zeiss AG (Oberkochen, Germany). The acquisition was positioned on the 4 mm? areas previously
measured by AFM. Cell migration was recorded for 24 hours at a time interval of 30 minutes.

Shortly before the start of the experiment, the RPMI medium was replaced by a HEPES-buffered
medium. If necessary, the medium of the wild-type PSCs was supplemented with the Piezol activator
Yodal (5 uM), the inhibitor of cation-selective mechanosensitive ion channels GsMTx-4 (100 nM), the
TRPV4 agonist GSK1016790A (100 nM) or the TRPV4 inhibitor HC067047 (100 nM) (33, 34, 52, 53).
TRPC1-KO cells were also treated with the latter two channel modulators (GSK1016790A and
HC067047). All listed substances were dissolved in DMSO, therefore 0.1% DMSO was added to the
medium of the associated control experiments. Migration videos were analyzed using Amira-Avizo
Software 2019.2 (Thermo Fisher Scientific, Waltham, Massachusetts, United States) and by using the
Matlab program (MathWorks, Inc., Natick, Massachusetts, United States). Cell outlines were manually
traced in Amira. Subsequently, Matlab calculated the cell perimeter, cell centroid, and cell area. From

these data, we calculated further parameters. Cell circularity is quantified by equation

Circularity = w
Perimeter?

and cell movement parameters were velocity (total cell centroid displacement over time); and durotaxis

index, which is defined by:

Displacement along the stif fness gradient (x axis)
Total distance

Durotaxis index =

For depicting durotaxis, we developed durotaxis plots using MatLab. For these plots, cell migration data
was converted to polar coordinates and individual trajectories were visualized. To explore directional
bias, the data was segmented into pi radian increments, and the average magnitude of cell movement in
each segment was calculated. These averages are then plotted as a qualitative polar histogram. The
spider graph and histogram were then overlaid, offering a combined view of individual migration

patterns and general directional tendencies.

Immunofluorescence staining

For a-SMA and vimentin immunostaining of pancreatic stellate cells, gel-containing glass-bottom
dishes were fixed with ice-cold methanol after the migration experiments. a-SMA was used as a marker
for cell activation, i.e., myofibroblastic phenotype, whereas vimentin was used as a marker to verify the
quality of PSC isolation: vimentin positive PSCs were always the overwhelming majority of the cell
population, compared to vimentin negative cells of epithelial origin and immune cells. After washing
twice with PBS, samples were blocked using 10% FCS in PBS at 4°C for 1 h. Subsequently, primary
antibody was added to the gels at 4°C for 2 h. After washing three times with PBS, secondary antibody
and DAPI were added at 4°C for 20 min. An Axio Observer Z.1 inverted microscope from Carl Zeiss
AG (Oberkochen, Germany) equipped with a CMOS camera were used to acquire the

immunofluorescence images.
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For Piezol channel staining (54), the gels were washed with PBS then blocked with 1% BSA at 4°C for
1h. Primary antibody incubation was at 4°C for 2 h. Subsequently, the cells were fixed using 3.5% PFA
at 4°C for 20 min. Next, secondary antibody and DAPI were added at 4°C for 20 min. Piezol
fluorescence was recorded using a DMI 6000 Confocal Microscope from Leica Microsystems (Wetzlar,
Germany). Images were acquired at 63x magnification using an oil immersion objective and Leica LAS-
X software. To determine the Piezol distribution as well as the channel density, the number of ion
channels was collected in 5 pum? regions. Where possible, four regions in the center of the cell and eight
regions at the cell edges (periphery) were evaluated per cell. Moreover, background was subtracted from
the cellular signal by counting stained structures in 5 um? regions outside the cell borders. To verify
whether a structure was an ion channel, a line scan was placed through the long axis of the corresponding
object in ImageJ. A structure was scored as a channel if the associated half-maximal intensity signal
extended over an apparent distance of < 4 pixels (< 0.72 pm).

Fura-2-based intracellular Ca?* measurements

For intracellular Ca?* measurements, the ratiometric Ca?* indicator dye Fura-2 was used. The
measurements were made using an inverted Axiovert 200 M microscope from Carl Zeiss AG equipped
with a pco.edge 5.5 camera (PCO AG, Kelheim, Germany). The images were taken at 40x objective
magnification. The VisiChrome High-Speed Polychromator System from Visitron Systems GmbH
(Puchheim, Germany) was used as the light source, generating monochromatic light at wavelengths 340
and 380 nm for Fura-2 excitation. The images were taken exclusively in the 4 mm? square, where the
presence of the stiffness gradient had been verified using the AFM technique. A gel region was selected
in which the Ca?* concentration of the cells was measured over an 8-minute period. For this purpose,
recordings were made at 10-second intervals using both excitation wavelengths. First, the glass-bottom
dishes were superfused for 2 min with Ca?*-free solution (122.5 mM NaCl, 0.8 mM MgCl,, 5.4 mM
KCI, 10 mM HEPES, 1 mM EGTA),to identify stressed or dying cells, before switching back to HEPES-
buffered Ringer's solution (122.5 mM NaCl, 1.2 mM CaCl,, 0.8 mM MgCl,, 5.4 mM KCI, 10 mM
HEPES, 5.5 mM glucose) for 1 minute. This was followed by a switch to a Ringer's solution containing
5 UM Yodal for 5 minutes. ImageJ 1.52p software was used to evaluate the measurements. First, a pixel-
per-pixel background correction was performed, as well as the application of a Gaussian Blur filter with
a radius of 200 pixels to reduce background noise. The absolute intensity values of the pixels in both
excitation wavelengths were used for the subsequent pixel-by-pixel 340/380 ratio generation. The
resulting 32-bit floating-point ratio image was used for all subsequent evaluations. The increase in the
F340 /F380 ratio served as a measure of the increase in intracellular Ca?* concentration upon Yodal

administration.

Numerical simulations
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System (Il1a,111b) was numerically solved by a finite volume scheme which is based on the Scharfetter-
Gummel flux approximation and is described in more detail in the numerical appendix. The
implementation is based on Julia (55). The simulations in Figure 4 use 16,384 time steps with a step size
of 1/5120 on a grid with a spacing of 1/512.

Statistical analysis

All data sets were tested for normal distribution using the Anderson-Darling and D'Agostino-Pearson
tests. For a normally distributed data set, mean and standard error of the mean (SEM) were used to
represent the measured values. The t-test was used as a significance test for two comparison groups. In
the absence of a normal distribution, the median was mapped, and the 95 percent confidence interval
was mapped as the measure of dispersion. The Mann-Whitney test was used as a hypothesis test for two
comparison groups and the Kruskal-Wallis test for multiple comparisons.

For the Durotaxis experiments, the one-sample Wilcoxon test was used to check whether the sample
medians were significantly different from 0.

All statistical analyses were performed as two-sided tests at a significance level o of 0.05. Dunn's test
was used as a post hoc test in the absence of a normal distribution.
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