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Traction force transmission

via bioactive matrix hydrogel
promotes epithelial collective
migration mediated by integrin

Mingxing Ouyang®3", Yu Cao¥?3, Hui Sheng¥?, Hongjie Liu%?, Lei Liu', Chunmei Li*,
Bing Bu' & Linhong Deng™*

Mechanical communications provide physical views to understand cell physiologies at large scale. Cell
collective migration occurs often in vivo, of which the role of matrix tension force is largely unknown.
Here to mimic in vivo conditions, we applied collective migration of renal epithelial MDCK cells on
elastic matrix hydrogel containing bioactive materials of 50% Matrigel and 1 mg/mL type | collagen.
MDCK cells were engineered with stable expression of ERK FRET (fluorescence energy resonance
transfer) biosensor in regarding of ERK sensitivity in cell mechanical response. The results showed that
matrix traction force derived from cells-generated contraction promoted epithelial sheet migration
with higher ERK activity at the move front. Hydrogel crosslinking by glutaraldehyde blocked matrix
traction transmission and then reduced ERK and epithelial collective migration. Integrin inhibition
dramatically reduced collective migration but not local cell moving velocities, indicating integrin acting
with mechanotransduction role at cells-hydrogel interface in orienting migration direction. Further
experiments demonstrated that matrix traction force relied on activations of cellular mechanosensitive
calcium channels, and ERK signal in promoting collective migration. In conclusion, matrix tension force
derived from cell contractions facilitates epithelial collective migration through activating cellular
mechanosensitive signals, in which integrin acts as mechanical transducer. This work highlights the
role of matrix traction force in wound healing and tissue engineering.

Keywords Epithelial collective migration, Cell mechanical communications, Matrix traction force,
Fluorescence resonance energy transfer (FRET), ERK, Integrin

Cell mechanical communications have been demonstrated with fundamental roles in regulating cell-cell distant
interactions, tissue morphogenesis, developmental processes, immune cell responses, fibrosis, and cancerous
migrations'~”. It provides a physical pathway to understand the cell physiologies at large scale besides the
biochemical signaling. The mechanical communications underlie several special features including active
contraction forces generated by cells, the merging and long directional transmission of contractive forces in
the matrix microenvironment, cell high mechanosensation, and the extracellular matrix remodeling by active
traction forces®!2. Collective cell migration plays an important role in a series of biological processes such as
embryonic development, immune response, cancer metastasis and wound healing!®!*. It is still largely unknown
whether and how cell mechanical communications promote the collective migration processes through traction
force transmission via the extracellular matrix.

Cell collective migration is a usual phenomenon driven by both chemical and biomechanical factors like
epithelial sheet migrations, and neural crest migrations'>~'%. In Drosophila embryonic development, cells
migrate in groups to build different tissues or organs in the body'°. In Xenopus, the cell mass of neuronal ridge
moves to the destination collectively, and the upward contraction of the cells at the back assists the directed
migrationzo‘zz. Wound healing experiments based on mechanical, chemical, optical and electrical methods have
been developed to study the collective migration processes of monolayer cells*>?*. By single-cell level analysis,
the main drivers of migration are the extension of the frontal lamellar prominences, the establishment of new
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adhesion sites at the front, cell body contraction, and the detachment at the back of the cell?>?6. MDCK cells have
clear apical-basolateral polarity and cell tight connections and are often used as models for collective epithelial
migration?’-%,

As one research area to clarify the physical principles in life sciences, mechanobiology has grown into an
important field of biomedical research, especially at the microscopic level of cells and molecules®*%. Long-range
intercellular force transmission through cell-cell junctions on polydimethylsiloxane (PDMS) gels promotes
epithelial layer migration direction by activating ERK signal wave’>34. The neural crest cell group migrates
collectively in a supracellular manner, having a continuous contractility behind the cell cluster, and generating
its own stiffness gradient within the body tissue®>. Studies have shown that collective cell migration requires
mechanical coordination between neighboring cells, and that mechanical forces can be transmitted via cell-cell
contact from the leader cell at the edge of the migratory colony to the follower cell at the center®”. However, the
contributive role of tension force transmission via the underlying matrix hasn’t been well studied during cell
collective migration processes.

Cells can interact with each other through mechanotransduction to coordinate their movements in
collective migration. Extracellular matrix (ECM) molecules interact with receptors on the cell surface to trigger
intracellular signaling pathways*~*°. Integrin is a such group of mechanosensitive transmembrane receptors
to regulate persistent cell migration and cancer invasion?>!. By sensing and responding to mechanical forces,
Piezol triggers calcium ion signals in cells, and knockdown of Piezol limits the increase in migration and
proliferation of gastric cancer and ovarian cells*?~*%. Our work has also demonstrated the necessities of integrin
and Piezo signals, actomyosin contraction, ER calcium channels, and cell junctional complex in cell distant
mechanical interactions*>46.

The extracellular signal-regulating kinase (ERK) shows high sensitivity to cell mechanical signals?’+*8. The
ERK signaling pathway consists of core protein kinases Raf, MEK, and ERK1/2, which regulates various biological
outcomes such as cell proliferation, differentiation, and cell migrati0n49’50. ERK1/2 are transferred to the nucleus
after activation, and regulate the activity of various transcription factors through phosphorylation®-2. The
fluorescence resonance energy transfer (FRET)-based EKAREV-NLS biosensor (nuclear ERK FRET) converts
ERK activity into FRET signal changes through reversible phosphorylation of ERK substrate peptide which is
derived from Cdc25c for Pinl WW domain binding®>>3. During cell collective migration, the FRET-monitored
ERK activation waves repeatedly propagate from leader cells to follower cells®*>>. This ERK activation wave,
combined with mechanical force generation and pre- and post-cell polarity, results in coordinated cell migration
over long distances**37¢, In this work, we generated MDCK cell line stably expressing EKAREV-NLS biosensor
to monitor matrix tension force-regulated ERK activity during collective migration.

An important question to be addressed in this study is the role of long-range force transmission via the ECM
matrix in cell collective migration. The experimental design was to monitor the migration of MDCK epithelial
monolayer seeding on nonlinear elastic matrix hydrogel, which was different from hard substrate not allowing
force propagation. By combining with ERK FRET measurements, our work demonstrated that traction force
transmission via the matrix hydrogel promoted epithelial collective migration, which relied on ERK activity, cell
contraction and calcium channels and Piezol mechanosensations. Interestingly, integrin regulated the epithelial
migration direction, likely by mediating the force transmission between cells and ECM matrix. As a work model,
epithelial cells-generated contractions are transmitted and merged as traction forces in the matrix hydrogel,
which feedback facilitates epithelial collective migration.

Materials and methods

Cell culture and reagents

Madin-Darby canine kidney (MDCK) cells were purchased from Beina Science & Technology Company,
Shanghai. The cells were cultured in high-glucose DMEM medium supplemented with 10% fetal bovine serum
(FBS) in a humidified incubator containing 5% CO, at 37°C. After grown into confluence, the cells were sub-
cultured by passaging or taken for experiments at the logarithmic-growth phase.

High-glucose DMEM, Opti-MEM medium, fetal bovine serum, Lipofectamine 3000 were purchased from
Thermo Fisher Scientific, Massachusetts. Matrigel was purchased from BD Biotechnology, and type I collagen
from Advanced Biomatrix. The inhibitors purchased from MedChemExpress (MCE) included Y27632 (ROCK
inhibitor, 40 uM as applying concentration), Thapsigargin (10 uM), GsMTx4 (5 uM), GdCl, (calcium-sensing
receptor agonist, 25 uM), and PD98059 (MEK inhibitor, 10 uM). Amino-ethoxydiphenyl borate (2-APB, 10
uM), Nifedipine (10 pM), Blebbistatin (40 uM), and ML-7 (40 uM) were ordered from Sigma. A I B2 antibody
(2 pg/mL) was ordered from Developmental Studies Hybridoma Bank (DSHB).

Establishment of stable ERK-FRET MDCK cell lines

To elucidate the mechanical signaling mechanisms underlying epithelial sheet migration, we introduced cell
nucleus-located ERK FRET biosensor EKAREV into MDCK cells and generated stable-expression cell line.
Specifically, the EKAREV expression plasmid was transfected into MDCK cells with Lipofectamine 3000 reagent.
After 48 h, G418 antibiotics was added at a concentration of 300 pg/mL to select positively transfected cells. The
medium containing G418 was changed every three days. Two weeks later, the cells that grew into fluorescent
clusters were further diluted into 96-well plate at low density for monoclonal culture. The cell colonies showing
100% fluorescence were screened and selected under the microscope, followed by culture amplification to
establish the stable ERK-FRET MDCK cell lines.

Scientific Reports |

(2026) 16:8923 | https://doi.org/10.1038/s41598-026-39048-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Preparation of hydrogel in the polydimethylsiloxane (PDMS) mold, and collective migration
model of MDCK cells

The preparation of PDMS mold was introduced in our previous work®’. In brief procedures, the PDMS base and
the crosslinker (Sylgard 184 kit, Dow Corning) were fully mixed at a mass ratio of 10:1, and cured at 70°C for
4 h. The PDMS circular chamber by drilling a hole in 1.0 cm diameter was plasma-treated, ultrasonic-cleaned,
soaked in 70% alcohol, and then affixed onto the glass bottom of confocal dish to assemble the PDMS mold.
Before experiments, the mold was filled with hydrogel solution (50% Matrigel, or 50% Matrigel containing 1 mg/
mL COL) and left at 37 °C for 15 min. To create the condition for directional epithelial-sheet migration, a cubic
stand of 4% agarose gel in a size of 0.5 x 0.5 cm square section was placed at the central area of the hydrogel
surface, and MDCK cells (7 x 10* cells/cm?) were inoculated on the rest area of hydrogel surface. After cultured
for 24 h when the cells grew into 100% confluency, the agarose gel stand was removed gently, and then cell
monolayer migration was imaged under FRET microscopy.

As a negative control without matrix force transmission, the hydrogel was crosslinked with 0.05%
glutaraldehyde solution for 15 min, followed by thrice phosphate buffered saline (PBS) washes, and neutralization
with 50 mM Tris-HCI (PH 7.0) for 1 h. As control experiments on hard surface, the confocal dishes were coated
with diluted ECM molecules (2% in mass concentration) for MDCK cells collective migration. First, 500 pL of
adhesive ECM solution containing 2% Matrigel+collagen, 2% Matrigel only, or 2% collagen only was spread on
glass-bottom surface of the confocal dish and incubated at 4°C overnight. On the second day, the solution liquid
was sucked out, and 4% agarose gel blocker was placed on the center of glass-bottom surface, followed by the
similar procedures with MDCK cells seeding and FRET imaging.

To determine the mechanical properties of the hydrogels under the different conditions, we measured the
elasticity and viscosity by a rotational rheometer (Kinexus, Malvern), which probe covered 2 cm of the circular
hydrogel surfaces in diameter. The procedures were described in details in the recent lab work®.

Beads-tracking measurement of matrix hydrogel deformation during cell monolayer
migration

Black magnetic beads (0.48 pum in diameter) were mixed into the hydrogel at 1/250 volume ratio. Since the
beads did not have fluorescence, cell migration was photographed at an interval of 30 min using the microscopic
brightfield mode for 10 h. The deformation of the hydrogel during MDCK cells collective migration was
determined by the position shifts of magnetic beads, which indicates the relative comparisons of local traction
forces in the hydrogel.

Time-lapse FRET microscopic imaging

As described in our previous work, the epi-microscopy system (Zeiss) was equipped with the X-Y-Z control
stage for multi-position function, fine auto-focusing for time-lapse imaging, and temperature-CO, (37°C-5%)
chamber to maintain cell culture conditions. During FRET image acquisitions through ECFP and FRET (YPet)
channels, the parameters for excitation filter and dichroic mirror were 436+ 10 nm and 455 nm, respectively,
and the emission filters of ECFP and FRET (YPet) channels were 475+20 nm and 535+ 15 nm, respectively.
The FRET imaging on hydrogel was visualized with x20 objective at an interval of 15 min for 10 h. The ECFP
and FRET channels were swiftly switched automatically as controlled by Zeiss software during the real-time
acquisition of dual-channel images.

FRET image quantifications, trajectory analysis of cell movements, and beads tracking assay
in hydrogel

The Graphpad Prism 6 software was used to complete data processing and statistical analysis. 20-30 leading cells
(front group) or following cells of epithelial sheet migration (back group), which stably expressed nuclear ERK
FRET biosensor, were manually circled to measure their FRET ratiometric values. The FRET image analysis
software Fluocell 6.0.0 (Lu S et al., USA) was used for data analysis”. After subtraction of background noise, the
fluorescence signals of ECFP and FRET images were measured, and the ratio of the two channels was calibrated
in spatial pixel-to-pixel manner. Quantitative FRET data were expressed as scatter points in graphics (mean +
S.D.).

Image] software was used to process trajectory analysis of time-course cell images, and the spatial distance
in pixels was converted into length in pm on the images by the “Set Scale” function. “Manual tracking” function
from the plugin list (Plugins—> Tracking—> Manual tracking> Add track) was applied to track the movement
displacements and distances of individual cells at the front group. The data in the Result window was saved as
Excel file. The speed of cell movement was calculated via the displacement divided by migrating time, and the
velocity via the distance divided by the time. The data was expressed as scatter points in graphics as mean +S.D.

Graphpad Prism 6 software was also used to compare the statistical difference between the control group
and the experimental groups, and multiple T-test analyses were performed according to different experimental
conditions. *, **, *** and **** indicate p values<0.05, 0.01, 0.001, and 0.0001 for significant differences,
respectively.

Results

The traction force transmitted over matrix hydrogel influences MDCK cells collective
migration and ERK activation

MDCK cells are a common experimental model for studying collective migration, tubulogenesis, and tight
junctions®. Here, the cell line with stable expression of ERK FRET biosensor was generated to visualize cell
directed migration in monolayer and mechanosensitive ERK activity. To create different conditions for traction
force transmission efficiencies, three types of matrix hydrogels were applied in the study, including Matrigel
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containing 1 mg/mL type I collagen (Mat + COL), Matrigel only (only Mat), and cross-linked Mat + COL with
glutaraldehyde (Gluta-fixed Mat + COL). As shown in our previous work, the fixed Mat + COL hydrogel had
nearly no traction force transmission as negative control®’. After the hydrogel was prepared within the circled
PDMS mold, a cubic blocker of 4% agarose gel was placed on the center, followed by seeding MDCK cells on top
of the rest hydrogel area. After 24 h, the cells grew into confluency to create a monolayer directional migration
model, and time-lapse FRET imaging was performed at interval of 15 min for 10 h.

As shown by ERK FRET images, MDCK cells seeding on the matrix hydrogels displayed monolayer
collective and directional migrations towards the blank hydrogel surfaces (Fig. 1A, Movie 1). This indicates
that the experimental model for epithelial collective migration worked well on the matrix hydrogels. FRET
quantification at the 10th h timepoint showed higher ERK activity at the migration front groups than at the
back groups, whereas that difference was less obvious on Gluta-fixed hydrogel (Fig. 1B). By comparing the FRET
levels on three types of hydrogel conditions, ERK activity was higher at the front of Mat+COL group than
that of only Mat or Gluta-fixed group, and also certain higher than only Mat one for the back groups (Fig. 1C).
Migration quantification of MDCK monolayers demonstrated that the move speed was more than 100% faster
on Mat+COL than the other two conditions (Fig. 1D). Trajectory analysis of individual cells at the migration
fronts also showed much quicker movements for the Mat+ COL group than the other two groups (Fig. 1E).
Hence, the mechanosensitive ERK activity was in consistent trend with the monolayer migration speed, which
suggests higher tension force on the Mat + COL hydrogel.

To further demonstrate traction force transmissions via the matrix hydrogels during MDCK monolayer
migrations, black magnetic beads (4.82 pm in diameter) were embedded into the hydrogels, which position
shifts helped reflect the relative traction force magnitudes. As shown by time-lapse brightfield imaging, the
beads visible on the hydrogel surfaces moved forward at slower pace along with the epithelial layer, but not
obviously on the Gluta-fixed one (Fig. 2A). Quantified by trajectory analysis and move velocities, the beads from
Mat + COL group moved 50% faster than those from only Mat one at average in the 10 h, and beads from Gluta-
fixed group had almost no position shift forwards (Fig. 2B). These results indicate that there was traction force
transmission via the matrix hydrogel during the MDCK monolayer migration, and the traction force looked
higher on Mat+COL than only Mat, and almost no traction transmission happened on Gluta-fixed one. The
comparisons in traction force difference are consistent with the monolayer moving speeds and ERK activities.

To more precisely determine the mechanical properties of the hydrogels during the revision, we measured
the elasticity and viscosity by a rotational rheometer (Kinexus, Malvern). As the results shown in Fig. 2C, the
viscosities of the four types of hydrogel conditions had little difference, whereas glutaraldehyde-crosslinking
made the elasticity more dominant with an increase from ~3 Pa at normal condition to ~8 Pa at fixation.
Matrigel only had a little lower elasticity than Mat+ COL one, and addition of 4.8 um beads (1/250 volumetric
ratio) didn’t change the elasticity.

We also examined the coated glass surfaces with diluted ECM molecules (2% in mass concentration), which
could maintain the integrin signaling but without traction force transmission via the hydrogel. As shown in
Supplementary Fig. SIA, MDCK cells had collective migrations on the coated surfaces. FRET quantifications
didn’t show much difference in ERK activities between Mat + COL and only Mat coatings, while COL only coating
had more stimulation on ERK activation (Supplementary Fig. S1B), maybe due to more integrin activation by
the relatively higher COL coating density (i.e. 2% COL in solution). From migration quantifications, the moving
speeds/velocities of individual cells didn’t show much difference on the three coating conditions, although COL
only one had slight increase in speed (Supplementary Fig. S1C-E). Taken together with the results from Gluta-
fixed hydrogel, traction transmission via the matrix hydrogel played important role in promoting the epithelial
monolayer migration, although the ECM structure self is necessary in integrin activation and collective
migration.

Matrix traction-promoted epithelial monolayer migration relying on ERK, cell contraction
force, and calcium channels activation

ERK activity showed consistency with the traction force and collective migration rate on the different hydrogels.
We tried to confirm whether ERK regulates the migration. Treatment with ERK inhibitor PD98059 significantly
reduced ERK FRET levels on Mat + COL hydrogel (Fig. 3A&B), which also resulted in remarkable reduction
of MDCK monolayer migration (Fig. 3C&D). This result is consistent with the previous report for ERK role in
collective migration’. In considering the reduced ERK activity and migration on Gluta-fixed hydrogel (Fig. 1A-
C), these data together suggest ERK activation by the matrix traction force, which then promotes the epithelial
migration.

We hypothesized that the traction force transmitted via the matrix hydrogel was originated from cells-
generated contractions. The data in Fig. 2 demonstrated traction force transmission by beads tracking assay,
hence we further tested the importance of cell contraction force in this model. Myosin family are the major
contractive force generators on actin filaments, regulated by Rho-ROCK signaling. We applied ROCK inhibitor
Y27632, myosin II ATPase inhibitor Blebbistatin, and myosin II light-chain kinase (MLCK) inhibitor ML-7 in
the epithelial monolayer migration seeded on Mat+ COL hydrogel (Fig. 4A). In quantitative comparison to the
control group (DMSO), ERK activity was apparently down-regulated by treatments with the three inhibitors
(Fig. 4B). This result also supports the contribution of matrix traction force to ERK activation. Migration
quantification demonstrated remarkable reduction in moving rates by the three inhibitors during MDCK
monolayer migrations (Fig. 4C-D). The results are consistent with matrix traction force being derived from cell
contractions in promoting the collective migration. As the cell contraction inhibitors could have broad effects
on cell physiologies, particularly under the long-term experimental incubation (~ 10 h), the specific impact on
matrix traction force need be further clarified from the general cellular changes by the contraction inhibitors.
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Fig. 1. The influence of matrix traction forces on MDCK epithelial collective migrations on three types of
matrix hydrogels by ERK FRET imaging. The imaging was done simultaneously for the three types of hydrogel
conditions under the same experimental set while combined of independent repeats. (A) ERK FRET (YPet/
ECFP) ratiometric imaging of cell monolayer migrations on Mat+ COL hydrogel, only Mat, and cross-linked
Mat + COL by glutaraldehyde (Gluta fixation). The representative images display the beginning and 10th h
timepoints along with the white lines roughly indicating the migration front changes; the pseudo-color scale
bar indicates FRET ratio values from high (red) to low (blue). (B) Comparisons of ERK FRET ratio at the front
or back cell groups at 10th h timepoints (mean +S.D., n=30), respectively. (C) FRET comparisons of the front
or back cell groups on the three types of hydrogel conditions (n=30). (D) Quantitative comparison for moving
speeds of individual cells at the front groups (um/h) within 10 h. The sample size n =39, 17, 23, respectively.
(E) Trajectory analysis of individual cells from the migration front groups and their moving rate comparison in
10 h (n =35, 39, 20). The diameter of the shown trajectory circles is 100 um. In statistical analysis by T-test, *,

e o0t indicate P<0.05, 0.01, 0.001, 0.0001 for significant differences, respectively, and so on through the
article.
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Fig. 2. Demonstration of traction forces in the hydrogels by beads tracking assay. MDCK cells were seeded
on the three types of hydrogel conditions embedded with 4.82 um black magnetic beads. (A) Time-lapse
brightfield imaging of cell monolayer migrations in 10 h with black magnetic beads embedded in the
hydrogels. (B) Trajectory analysis of individual beads and moving rate comparison at the migration front
groups in 10 h (n=55, 37, 57). The diameter of the shown circles is 30 pm.

Cellular calcium signals are sensitive to mechanical stimulus®!, and our previous work also identified substrate
stretch-induced ERK activation through calcium channels mechanosensation*. To further demonstrate the role
of calcium signals in the traction force-promoted epithelial migration, inhibitors for different calcium channels
were applied in the model including LaCl, (a non-permeable inorganic compound blocking bivalent cation
channels on plasma membrane), 2-APB (selective ER IP,R Ca?* channel inhibitor), Nifedipine (inhibiting
L-type Ca?* channel on plasma membrane), and Thapsigargin (selective ER SERCA calcium pump inhibitor)
(Supplementary Fig. S2A). FRET quantifications showed that ERK activities were apparently reduced by
these inhibitors, while with less impact from LaCl, (Supplementary Fig. S2B). Migration quantification also
demonstrated remarkable decreases in MDCK collective migrations under coculturing with these inhibitors,
except LaCl, with less obvious inhibitory role (Supplementary Fig. S2C-D). These data indicate that the calcium
channels on plasma membrane and endoplasmic reticulum are important for ERK activation and monolayer
migration on Mat + COL hydrogel, which implicates a connective signaling role in matrix traction-induced
mechanotransduction.

Integrin mediates epithelial migration direction on matrix hydrogel along with indispensable
role from Piezol

Integrins are dimers composed of subunits a and P in transducing the inside-out and outside-in biomechanical
signals between cell membrane and extracellular matrix®2. To verify the role of integrin in mechanosensing
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Fig. 3. Effect of ERK activity on MDCK collective migration. MDCK cells were seeded on Mat+ COL hydrogel
cocultured with DMSO or ERK inhibitor PD98059. (A, B) ERK FRET ratiometric images (A), and FRET
comparisons of the front and back cell groups (B, n=30) for cell collective migrations under the indicated
conditions. (C) FRET comparisons of the front or back cell groups between control DMSO and PD98059
treatment (n=30). (D, E) Quantitative comparisons of moving speed (D, n=33, 31)) and trajectory analysis of
individual cells (E) from the migration front groups in 10 h (n=40, 65).

matrix traction force during the epithelial migration, inhibitory AIIB2 antibody for integrin p1 was cocultured
in the experimental model, along with a positive control MnCl, which Mn?* can activate integrin binding to its
ligand on cell surface®® (Fig. 5A). In comparison to the control group, AIIB2 inhibited ERK activity while Mn?*
enhanced it (Fig. 5B). Surprisingly, inhibition of integrin activity by AIIB2 antibody suppressed the epithelial
collective migration, but had almost no inhibitory role in the moving velocity of individual cells (Fig. 5C). From
trajectory analysis, AIIB2 treatment caused cells losing forward-moving direction, but not local moving velocity
(Fig. 5D), as also seen obviously in the time-lapse Movie 2. The results indicate that matrix traction force-
promoted epithelial migration required appropriate mechanotransduction by integrin signals to move forward.
MnCl, treatment had slight inhibition on the epithelial migration speed, but not on the moving velocity (Fig.
5C-D). However, MnCl, had side-effect on cell viability (Fig. 5E), which complicated the interpretation during
the 10 h imaging process.

Piezol channel helps cells sensing the environmental mechanical stimulus®. Hence, we also tested the role
of Piezol in the traction force mechanotransduction by coculturing with Piezol activator YODAI, or two
inhibitors GsMTx4 and GdCl, (Fig. 6A). From migration analysis, GsMTx4 and GdCl, remarkably reduced
epithelial migration and cell moving velocity, while YODA1 didn’t show obvious impact (Fig. 6B-D). Along with
the results in Fig. S2A-D, the data support the role for mechanosensitive calcium channels (including Piezol) in
the epithelial migration. GsMTx4 and GdCl, were not specific inhibitors for Piezo channels only, and constant
activation of Piezol by YODA1 may have complicated impact on cell physiology. Hence, these results provide
only supportive evidence for interpreting Piezol role in traction force-promoted collective migration.

In considering of matrix traction force derived from cell contractions, we further checked the traction
changes by beads tracking assays under integrin 1 inhibitor AIIB2 antibody or Piezol inhibitors GsMTx4
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Fig. 4. Cell contraction force in regulating epithelial cell migration. MDCK cells were seeded on Mat+ COL
hydrogel incubated with cell contractility inhibitors, followed by immediate time-lapse imaging. (A)
Representative ERK FRET images during collective migrations with or without the indicated inhibitor
(Y27632, Blebbistatin, ML-7). (B) FRET level comparisons of the front or back cell groups (n=30) between
control (DMSO) and inhibitor treatments at the 10th hour timepoint. (C) Quantitative comparisons of cell
moving speeds and velocities between control (DMSO) and inhibitor treatments. The sample size n=73, 35,
35, 21 (speed), and 69, 36, 43, 60 (velocity), respectively. (D) Trajectory analysis of individual cells from the
migration front groups in 10 h under the indicated conditions.

and GdCl3 (Fig. 6E). In comparison to the control, either integrin or Piezol inhibition dramatically reduced
matrix tension force, as shown by beads trajectory analysis and moving velocities (Fig. 6F). Regarding that AIIB2
inhibited beads velocity but not cell velocity (Fig. 5C), the data indicate the important role of integrin in interface
force transmission between cells and the matrix hydrogel.

Discussion

In the past decade, cell mechanical communication in the large spatial scale has been increasingly recognized.
In epithelial collective migration on hard substrates, cell mechanical communications through cell-cell
junctional connections have been identified®33*. However, the role of traction forces transmitted over the matrix
environment is still to be determined during cell collective migration, which would more mimic in vivo soft-
tissue condition surrounded by extracellular matrix. From our recent experimental model, cells are able to sense
traction transmitted through the matrix to induce mechanical communication over long distances, resulting
in cell directed protrusion, migration, and connectivity’’. Hence, traction force transmitted via the matrix was
studied in cell collective migration in this work.

ERK activity is sensitive to cell mechanical stimulus, so the renal epithelial MDCK cells stably expressing ERK
FRET biosensor provided a chance to indicate cell mechanical microenvironment and mechano-response. Two
types of bioactive materials derived from in vivo were applied as nonlinear elastic hydrogels: Matrigel assembles
into reticular network structure to mimic basement membrane, and type I collagen forms fibers to facilitate force
transmission efficiency®>%. ERK had higher activity at the front of MDCK monolayer migration on Mat + COL
hydrogel, of which also showed higher activity than only Mat or Gluta-fixed one (Fig. 1B-C). Previous work
also demonstrated higher ERK activity at the front of MDCK collective migration on hard substrate®*, together
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Fig. 5. The integrin pathway in regulating epithelial migration. MDCK cells were seeded on Mat+COL
hydrogel cocultured with AIIB2 antibody or MnCl,. (A) Representative ERK FRET images for cell collective
migrations within 10 h under the three conditions. (B) ERK FRET comparisons between the indicated
conditions. (C) Statistical comparisons of cell moving speeds and velocities for the indicated three conditions.
n=36, 44, 38 (speed), and 65, 74, 77 (velocity), respectively. (D) Trajectory analysis of individual cells within
10 h for the three conditions. (E) Cell viability assay by CCK-8 kit for incubations with the different reagents.

indicating gradient force distribution in the epithelial sheet migration. The mechanosensitive ERK activity was
in consistent trend with the monolayer migration speed (Fig. 1D-E), which suggests higher tension force on the
Mat + COL hydrogel.

From beads tracking assay, the relative traction force evaluations on the three hydrogel conditions (Fig. 2A-
B) showed consistency with monolayer moving speeds and ERK activities. The beads moved forward in the
same direction of the collective monolayer migration, which indicates that the matrix traction force was mostly
generated from the front cell group and propagated toward the migration direction, resulting in a pulling
effect on the hydrogel. Consistently, mechanosensitive ERK showed higher activity at the migration front than
at the back (Fig. 1B). As control without substrate traction transmission, cells seeding on the coated matrix
(Mat+ COL and only Mat) didn’t show obvious difference in ERK and collective migration (Fig. SIB-D). These
results support the role of traction force transmission via matrix in promoting epithelial collective migration,
although the ECM self is necessary in integrin activation and collective migration.

The measured mechanical properties in Fig. 2C didn’t change our major conclusion that traction force
transmission via the hydrogel matrix promotes the collective migration. Gluta-fixation enhanced the hydrogel
stiffness which would speed up cell migration, whereas collective migration was much inhibited due to inhibited
traction force transmission after fixation. Matrigel only had a little lower stiffness than Mat+ COL one, and the
bead traction assays indicated lower traction force on Matrigel only along with lower migration, so it supports
the major conclusion as well. As a worthy note, dynamic traction force transmission via matrix is the main point
in this experimental model, instead of the static traction force generated from local cell contractions.
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Fig. 6. Piezol in regulating epithelial migration and matrix traction force assays. MDCK cells were seeded

on Mat +COL hydrogel cocultured with Piezo1 activator YODAL1, or inhibitor GsMTx4 or GdClL,. (A)
Representative ERK FRET images for the indicated conditions during cell collective migrations. (B-D)
Trajectory analysis of individual cells (B) and statistical comparisons of cell moving speeds/velocities (C, D)
within 10 h for the indicated conditions. n=73, 36, 26, 30 (speed), and 45, 41, 59, 66 (velocity), respectively. (E)
Time-lapse brightfield images of cell monolayer migrations along with black magnetic beads embedded in the
hydrogels when cocultured with integrin or Piezol inhibitor. (F) Trajectory analysis of individual beads and
their moving rate comparison at the front groups in 10 h.
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Next, the hypothetic mechanism was examined to investigate how matrix tension force is generated and
promotes the epithelial monolayer migration. ERK inhibition reduced the collective migration (Fig. 3A-B),
similarly to the decreased ERK and migration on Gluta-fixed hydrogel without traction transmission (Figs.
1C-D, and 2F). This indicates ERK importance in the epithelial sheet migration, consistently with previous
work, whereas the reported ERK wave wasn’t observed in our matrix hydrogel model*#37:’. As one reasonable
explanation, the force transmission on hard substrate was mainly via cell junctions-based epithelial sheet, which
stimulated ERK activation waves, whereas on the matrix hydrogel, force transmission was mainly via the matrix,
hence ERK wave was not obvious.

Hypothetically, the matrix traction force was derived from cells-generated contractions. Inhibition of cell
contractive force reduced both ERK activity and collective migration (Fig. 4B-C), which was consistent with
matrix traction force derived from cell contractions. Integrin is the major force transducer at the interface
between cells and the matrix. Interestingly, blocking integrin activation by p1 AIIB2 antibody inhibited ERK,
matrix traction force, and collective migration, but not local cell moving velocity (indicating normal intracellular
activities) (Figs. 5B-C, and 6F), which suggests the mechanotransduction role of integrin in force transmission
between cells and matrix to orientate the migration direction. These data together indicate that cell contraction
force was transmitted into the matrix which traction force transmission stimulated epithelial sheet migration as
feedback.

To further explore mechanobiological mechanism for matrix traction-stimulated epithelial collective
migration, calcium channels on plasma membrane and endoplasmic reticulum, and Piezol channels were
checked in the experimental model. Inhibitions of these mechanosensitive channels reduced epithelial
migration (Figs. S2B-C, and 6B-D). It was confirmed that Piezol inhibition led to matrix traction reduction
(Fig. 6F). These data implicate that these mechanosensitive calcium channels are relevant to the traction force-
stimulated epithelial sheet migration. It is noted that the results are considered as supportive only at this stage
since inhibitions of these essential ion channels might also interfere with cellular normal functions.

This in vitro cell culture model revealed certain principle in traction force-promoting collective migration
via the hydrogel transmission. As the implications in vivo, cells or tissues generally grow on extracellular matrix,
and hypothetically, the traction force from cells could be transmitted via the matrix components to build cell-
cell mechanical communications, such as for maintaining tissue homeostasis, collective migration, synchronized
cardiomyocyte beating. In pathologies, the matrix traction force transmission could also facilitate the metastasis
of cancer cells which often move collectively, and the progress of fibrosis within tissues.

Conclusion

In a conclusion model (as depicted on illustrated Fig. 7), matrix traction force is derived from cells-generated
contraction, of which integrin acts with necessary mechanotransduction role at the interface between cells
and the hydrogel; the tension force transmitted over the hydrogel promotes the epithelial collective migration,
which relies on activations of cell mechanosensitive calcium channels (including Piezol), and ERK signals;
cross-linking of the hydrogel by glutaraldehyde blocks matrix tension force transmission and then reduces the
collective migration efficiency. This work highlights the role of matrix traction force in wound healing processes
and tissue regenerations.
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Fig. 7. Matrix traction force-promoted epithelial collective migration. The conclusion model (top
panel): matrix traction force is derived from cells contraction, of which integrin acts with necessary

mechanotransduction role between cells and the hydrogel; the tension force over the hydrogel promotes the
epithelial collective migration, which relies on activations of cellular calcium and Piezol channels, and ERK
signals. The experimental setups (below panel): the matrix hydrogel containing 50% Matrigel and 1 mg/mL
type I collagen is confined by PDMS mold (1 cm in diameter), and a cubic blocker of 4% agarose gel is placed
on the center of hydrogel surface, followed by seeding MDCK cells on the rest hydrogel surface; after the cells
grow into confluency, the blocking area is gently lifted, and the epithelial sheet migrates towards the blank
area collectively, of which is regulated by mechanosensitive signaling pathways (indicating of intermolecular

relations by the arrows).
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