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During wound healing, tumor growth, and organ formation, epithelial cells migrate and
cluster in layered tissue environments. Although cellular mechanosensing of adhered
extracellular matrices is now well recognized, it is unclear how deeply cells sense through
distant matrix layers. Since single cells can mechanosense stiff basal surfaces through soft
hydrogels of <10 pm thickness, here we ask whether cellular collectives can perform such
“depth-mechanosensing” through thicker matrix layers. Using a collagen-polyacrylamide
double-layer hydrogel, we found that epithelial cell collectives can mechanosense basal
substrates at a depth of >100 pum, assessed by cell clustering and collagen deforma-
tion. On collagen layers with stiffer basal substrates, cells initially migrate slower while
performing higher collagen deformation and stiffening, resulting in reduced dispersal
of epithelial clusters. These processes occur in two broad phases: cellular clustering
and dynamic collagen deformation, followed by cell migration and dispersal. Using
a cell-populated collagen-polyacrylamide computational model, we show that stiffer
basal substrates enable higher collagen deformation, which in turn extends the clus-
tering phase of epithelial cells and reduces their dispersal. Disruption of collective col-
lagen deformation, by either a-catenin depletion or myosin-II inhibition, disables the
depth-mechanosensitive differences in epithelial responses between soft and stiff basal
substrates. These findings suggest that depth-mechanosensing is an emergent prop-
erty that arises from collective collagen deformation caused by epithelial cell clusters.
This work broadens the conventional understanding of epithelial mechanosensing from
immediate surfaces to underlying basal matrices, providing insights relevant to tissue
contexts with layers of varying stiffness, such as wound healing and tumor invasion.

mechanobiology | extracellular matrix | collagen | mechanosensing | epithelial cells

Throughout essential biological processes of morphogenesis, aging, fibrotic diseases, regen-
eration, and repair, adherent cells reside in tissue contexts that vary in physical attributes
such as geometry, stiffness, and topography (1-5). Over the past two decades, the ability
of cells to sense the stiffness of their adhered extracellular matrix (ECM) has been widely
appreciated, and such cellular mechanosensing regulates stem cell differentiation, prolif-
eration, growth, migration, and various genetic and epigenetic transformations (6-9).
Regardless of the tissue context, cellular mechanosensing of ECM stiffness fundamentally
operates through active feedback between focal adhesions and actin—myosin contractile
forces (10). Here, greater resistance from stiffer ECM strengthens receptor-ligand bonds
through clustering of various focal adhesion proteins (e.g., vinculin, paxillin, talin), which
in turn activate mechanosensing signaling pathways (e.g., Rho GTPases, Hippo) that aid
actin—myosin stress fiber contractility (11). However, much of previous work considers
the stiffness of surfaces immediately adhered to the cells, rather than the layered nature
of tissue microenvironments. In vivo, cells often reside in layered microenvironments
where the cell-adhered ECM may be soft, but that ECM could be attached to stiffer tissue
layers. For instance, cells at the tumor—stromal interface could be attached to softer healthy
tissue, which could be in close vicinity of a much stiffer tumor microenvironment, as
these mechanical gradients can change within a few microns (12, 13); epithelial cells
adhere to the basement membrane of submicron thickness that lines organ boundaries of
distinct mechanical properties (14); osteoblasts adhere to a soft collagen-rich tissue layer
that lines the much stiffer bone (15). Yet, it remains unclear and understudied how cells
sense the mechanical properties of distant matrix layers that lie beyond the immediately
adhered ECM.

Since matrix deformation fundamentally regulates cellular mechanosensing, soft but thin
extracellular matrices could propagate their large deformations to stiffer basal tissue layers.
As a result, such layered environments of soft ECM with a stiffer basal layer could provide
an integrated stiff-like resistance for cellular forces and trigger cellular mechanotransduction
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pathways. Indeed, cells cultured on <1 pm thin and soft (<1 kPA)
hydrogels spread significantly more than thick gels, because cells
on thin gels can sense and respond to the rigid glass substrate under-
neath (16, 17). Here, displacements within softer gels propagate,
and the presence of a glass surface underneath thin (~1 pm) gels
increases interfacial strain and thus mechanosensing. Despite this
early evidence, the extent of depth-mechanosensing for different
cell types and ECM composition remains an open question (18).
While previous studies have demonstrated that highly contractile
cell types, such as fibroblasts and mesenchymal cells (18-20), gen-
erate forces that transmit over long distances, it remains unclear
whether epithelial cells can pool their forces to generate long-distance
force propagation. Building on this work, we recently showed that
collagen layers that can be remodeled, unlike the linear elastic
hydrogels, extend the length scale of depth-mechanosensing to ~10
pm, orchestrated through reciprocal feedback between cell polarity
and collagen fiber remodeling (21).

Given the importance of polarized forces exerted by single cells
in the generation of collagen deformations that penetrate through
thin matrix layers (21), we next wondered whether cell collectives
could integrate their forces and propagate collagen deformation even
deeper and thus enhance the known length scales of depth-
mechanosensing. Epithelial cells form multicellular clusters and
monolayers to perform various fundamental biological functions,
such as lining the organs, forming scars, and growing solid cancers
(22, 23). In these processes, cells can also transmit and coordinate
their forces to enable collective cell migration to enable wound heal-
ing and tumor invasion (23-25). These seemingly competitive pro-
cesses of epithelial clustering and migration occur dynamically and
autonomously according to biological demands and depending on
ECM properties. Although epithelial cells are innately prone to coa-
lesce into monolayers and clusters, stiffer ECMs trigger EMT-like

A (1) Seed and trap

responses wherein cells become elongated and migratory (26-28).
As such, enhanced migration or dispersal of epithelial cells is asso-
ciated with their mechanosensing of the adhered stiff substrates. To
test the potential of depth-mechanosensing of epithelial collective,
we measure their decision to cluster versus disperse on soft viscoe-
lastic collagen layers adhered atop soft or stiff basal substrates. Here,
we introduce an in vitro collagen-polyacrylamide (PA) double-layer
system and show that depth-sensing of epithelial collectives gives
rise to enhanced clustering and reduced cell migration, mediated by
higher contractility, collagen deformation, and multicellular coor-
dination. Through a cell-populated collagen-PA (CPCP) double-layer
mathematical model, we delineate how depth-mechanosensing arises
from relative forces and deformations in different matrix layers.
These findings expand the known length scales of cellular depth-
mechanosensing to ~100 pm, which was previously shown to be <5
pm for linear elastic matrices (16) and ~10 pm for collagen matrices
(21) with single cells.

Results

Depth-Mechanosensing of Stiffer Basal Matrix Limits Dispersal
of Grouped Epithelial Cells. To understand whether depth-
mechanosensing of epithelial cells would affect their ability to
cluster versus disperse on layered matrices, we sought a way to
place a defined number of epithelial cells (MCF10A human
mammary epithelial cell line) in consistent geometry (Fig. 14).
We fabricated PDMS microwells to pour colonies of 80 + 18
cells on top of the collagen-polyacrylamide (col-PA) double-
layer substrates (Fig. 14 and ST Appendix, Fig. S1B), with the top
collagen layer of constant composition (1.3 mg/ml concentration
and ~120 pm thickness, ST Appendix, Fig. S9A) but different basal
PA stiffness (SI Appendix, Fig. S2A). This method of cell seeding
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Fig. 1. Cell cluster formation on collagen-PA double-layer substrate. (A) Schematic of multicell cluster patterning on the collagen-PA substrate. (B) Schematic
showing the representative cell cluster migration on col-PA double-layer substrate with different PA gel stiffness. (C) Brightfield image of cell cluster formation
on col-PA substrate with different stiffness. (D) Cell cluster outline colored with time. (Scale bar, 100 um.)

https://doi.org/10.1073/pnas.2423875122

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2423875122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423875122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423875122#supplementary-materials

Downloaded from https://www .pnas.org by WASHINGTON UNIVERSITY SCHOOL OF MEDICINE; BERNARD BECKER MEDICAL LIBRARY on September 15, 2025 from IP address 128.252.83.99.

resulted in round ~150 pm diameter patterns of epithelial cells
atop these double-layered matrices (Fig. 1C). We performed
live time-lapse imaging and identified two phases of epithelial
response—clustering followed by migratory dispersal (Fig. 1B).
In the initial clustering phase, cells aggregate to form an epithelial
cluster. While this clustering phase lasted ~8 h on collagen gels
with a soft basal PA layer, a similar clustering process occurred
for a longer duration (~12 h) with a stiff basal layer (Fig. 1D and
Movie S1). Subsequently, during the cell migration phase, cell
clusters started to expand and migrate outward from their initially
seeded positions (Fig. 1 C'and D).

To characterize how cells switch between migratory and cluster-
ing phenotypes on col-PA substrates with different basal layer stiff-
ness, we visualized migration tracks of the fluorescence-labeled cells
(Fig. 24) as they moved outward from the initially seeded epithelial
cell colony. Here, cell migration velocity peaked after ~12 h on
collagen gels with soft basal matrix, thus entering the migration
phase quickly. By contrast, cells slowly gained velocity for a longer
duration on gels with a stiff basal layer and peaked after >20 h
(Fig. 2B), which indicates their greater “depth-mechanosensitive”
clustering potential. Here, although the cell migration velocity for
the stiff basal layer was lower than the soft (Fig. 2B), both condi-
tions yielded similar accumulated displacement after 20 h (Fig. 2C).
We wondered whether this seemingly paradoxical relationship
between slow speed and high displacement in the stiff group could

be explained by their higher persistence. However, surprisingly,
linear persistence of cell migration was lower (or comparable) for
the stiff group (Fig. 2D). Since the clusters are roughly circular and
cells are migrating radially outward, we characterize migratory per-
sistence of cell migration in polar coordinates (Fig. 2, radial per-
sistence calculated as the cosine of the angle between position vector
and cell migration velocity vector). A narrower distribution of cosf
close to 1 was found in the stiff group, indicating that cells in the
stiff group have higher radial persistence (Fig. 2E), which is con-
sistent with the longer and well-organized centrifugal cell migration
trajectories (Fig. 2A4). We found this depth-mechanosensitive clus-
tering migration phenotype on collagen layers with stiffer basal
substrate in another epithelial cell line, MDCK I (87 Appendix,
Fig. S3 A-D), while cancerous cells (A431, SI Appendix, Fig. S3
E-H) and fibroblasts (CAFs, SI Appendix, Fig. S3 I-L) did not
exhibit depth-mechanosensing.

To compare the epithelial clustering migration with the single
cell migration, we seeded single MCF10A cells on our double-layer
substrates. We found no significant difference in single cell migra-
tion with different basal PA gel stiffness (S Appendix, Fig. S4),
showing the importance of clustering migration in deeper mech-
anosensing underneath >100 pm. For the cell clusters on collagen
layers with stiffer basal substrate, longer clustering phase and
slower migration led to smaller number of dispersive cells com-
pared to softer basal matrix (Fig. 2F). By contrast, in case of softer
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Fig. 2. Depth-mechanosensing of stiffer basal matrix limits dispersal of grouped epithelial cells. (A) Cell migration trajectories colored with real-time migration
velocity. (Scale bar, 100 um.) (B-D) Velocity, displacement, and persistence of cellular migration on col-PA substrate with different basal layer stiffness. Darker
color indicates mean + SD, while lighter color indicates the replicates. *P < 0.05, **P < 0.01, ****P < 0.0001, ns = not significant, two-way ANOVA. N = 10. (£)
Schematic and histogram of the cosine of the angle ¢ (radial persistence) distribution on col-PA substrate with different stiffness. (F) Number of dispersive cells
per cluster on col-PA substrate with different stiffness. ****P < 0.0001, Student's t test. N = 10.
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basal substrate, number of dispersive cells per cluster steadily
increased (Fig. 2F), and the cells no longer migrate collectively
(Fig. 1 Cand D and ST Appendix, Fig. S14 and Movie S1). These
differences in cell clustering, migration, and dispersal between
soft and stiff basal matrices underneath >100 pm thick collagen
layer indicate deeper mechanosensing of epithelial clusters than
previously shown for single cells (<10 pm) (16, 18, 19, 29, 30),
indicating that “depth-mechanosensing” could be an emergent
phenomenon enhanced by cell collectives.

Reduced Cell Dispersal Due to Depth-Mechanosensitive Collagen
Deformation and Stiffening. According to previous studies,
cellular clustering increases on softer matrices that generate lower
forces, slower migration, and impart epithelial characteristics (26,
27). Contrary to this observation, on collagen-layered matrices,
we observe that stiffer basal matrices slow cell migration and limit
cell dispersal, thus promoting clustering (Figs. 1 and 2). Since
our layered matrix system uses collagen as the adhered ECM that
can be actively deformed and remodeled by cells, we sought to
understand how collagen mechanics relates to the observed depth-
mechanosensitive cell dispersal phenotypes (Fig. 34). To quantify
collagen deformation during cell clustering and migration, we
incorporated fluorescence beads within collagen and tracked their
movement over time in the 3D space around the epithelial clusters
(Movies S1, Bottom and S2). We found higher displacement
of beads embedded in collagen attached to stiffer basal matrix
(Fig. 3B). In both soft and stiff groups, collagen bead displacements
were directed toward the center of the epithelial cluster, indicating
that cell contractility pulls collagen fibers (S Appendix, Fig. S84,
with vectors showing inward direction) and this contraction is
higher in case of stiffer basal matrix.

When tracked over time, velocity of collagen displacement on
stiff basal matrix increased and peaked over the first 12 h (Fig. 30),
consistent with the duration of clustering phase noted above
(Fig. 1). In comparison, on soft basal matrix, average velocity of
collagen displacement peaked after ~8 h (Fig. 3C), also consistent
with the clustering phase of this condition. Through these com-
parisons, we noted that cell migration speed increases (Fig. 25)
after peak velocity of collagen deformation is attained (around ~8
h for soft and ~12 h for stiff; Fig. 3C). These seemingly segregated
phases of collagen deformation and cell migration suggest that
contractile cellular forces first perform collagen deformation and
then cellular protrusions use the deformed collagen to migrate. We
also found that the persistence of collagen deformation remained
high during the first clustering phase (<8 h for soft and <12 h for
stiff) and subsequently reduced during the cell migration phase
(Fig. 3E). Thus, the phases of high velocity of collagen deformation
and cell migration do not overlap, and cell migration ensues after
adequate collagen deformation has occurred. During the cell
migration phase (>12 h), although the velocity of collagen defor-
mation reduced in both conditions, it remained higher for the
stiffer basal matrix (Fig. 3 Cand D). As a result, the net displace-
ment of collagen deformation, measured as the average displace-
ment of collagen beads, was higher on stiffer basal matrix
throughout the migration phase (Fig. 3 C-E). These findings indi-
cate that greater collagen contraction, enabled here by the stiffer
basal matrix, promotes clustering and limits dispersal of epithelial
collectives. Conversely, a softer basal matrix lacks coordinated col-
lagen deformation, which allows random dispersal of cells out of
the epithelial collective before adequate cell clustering can occur.

Next, we asked whether these depth-mechanosensitive changes
in collagen deformation alter the mechanical properties of the col-
lagen matrix around epithelial collectives that could explain the
observed differences in cell dispersal phenotypes. According to

https://doi.org/10.1073/pnas.2423875122

reflectance and two-photon excitation images, collagen structure
underneath the cell cluster undergoes higher remodeling in the case
of stiffer basal matrix (S Appendix, Figs. S6 and S10). To understand
whether these visual observations are associated with changes in col-
lagen stiffness in different regions relative to cell clusters, we per-
formed atomic force microscopy (AFM) in the front and side areas
around epithelial streams (Fig. 3G and SI Appendix, Fig. S7). We
found that collagen stiffness in front of epithelial streams was signif-
icantly higher with stiffer basal matrix (Fig. 3/, comparing regions
aversus cin Fig. 3G). However, in the side regions around epithelial
streams, collagen stiffness was lower and did not change between the
two groups (Fig. 3H, regions & versus d in Fig. 3G). These differences
in collagen stiffness in the front and side areas suggest that epithelial
clusters generate radially inward collagen contraction as they migrate
outward, which is also consistent with the collagen deformation
mapping results (Fig. 3B and S Appendix, Fig. S8A). For the cell
clusters with stiffer basal substrate in depth, higher collagen stiffening
(Fig. 3 G and H) and deformation (Fig. 3 B-D) allow cells to sense
the stiff basal matrix and exhibit higher contractility, which builds
up positive feedback and further enhances the depth-sensing.

Since “depth-mechanosensing” requires that cell-generated
matrix deformation propagate deep through the collagen layer to
the basal PA gel surface, we tracked collagen displacement in the
3D space around epithelial clusters (Fig. 3F and S/ Appendix,
Fig. S94). We found that collagen gel underneath the cell cluster
became thinner over time while generating inward collagen defor-
mation, which results in a basin-like shape of collagen gel around
the cells (Fig. 3Fand SI Appendix, Fig. S8B). To test the propagating
depth of cell-generated deformation, we also repeated experiments
on double-layer substrates with a thicker collagen layer (~300 pm,
SI Appendix, Fig. S9B) and found that cell-generated collagen defor-
mation dissipated over distance (S/ Appendix, Fig. S9B), and the
difference between cell cluster migration with different basal PA gel
stiffness also simultaneously decreased (SI Appendix, Fig. S5 I-L).
According to these observations, cell clusters can deform collagen
matrices both in horizontal and vertical directions on double-layer
substrates, and cellular depth-mechanosensing of the stiffer basal
layer could occur through this spatially coordinated 3D collagen
deformation (Fig. 3).

To address the importance of the collagen layer in depth-
mechanosensing, we also patterned the cell clusters on collagen-coated
PA gel with different stiffness instead of the collagen-PA double-layer
substrates. Upon removal of the collagen layer altogether, epithelial
cells dispersed without clustering regardless of ECM stiffness
(SI Appendix, Fig. S5A), indicating that collagen deformation
around epithelial colonies enables their clustering. The cell clusters
on the collagen coating PA gel have higher cell migration velocity
(81 Appendix, Fig. S5 B—D), which is opposite to the double-layer
substrate results wherein MCF10A cell clusters with softer basal PA
layer undergo dispersal with higher cell migration velocity while
those with depth-mechanosensing of stiffer basal layer undergo
clustering (Fig. 2 A-D). We also repeated experiments for higher
collagen density 2.0 mg/ml with a Young’s modulus ~500 Pa com-
pared to the ~200 Pa 1.3 mg/ml controls above (SI Appendix,
Fig. $2B), and found cell dispersal in both conditions (S Appendix,
Fig. S5E), indicating that denser collagen hampers propagation of
ECM deformation (S Appendix, Fig. S9D) and blocks sensing of
basal matrix stiffness (S/ Appendix, Fig. S5 F-H). The lack of
depth-mechanosensing in single-cell experiments (SI Appendix,
Fig. S4) could also be explained by their lower ability to deform
collagen (87 Appendix, Fig. S9C). Overall, these findings (Figs. 1-3)
suggest that an active coupling between contractility-driven collagen
deformation and cell migration regulates depth-mechanosensitive
epithelial clustering and dispersal.
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Fig. 3. Collagen deformation and stiffening during depth-mechanosensing of cell clusters. (A) Schematic of cell cluster induced collagen deformation on collagen-
PA double-layer substrate with different PA gel stiffness. (B) Heatmap of collagen deformation. (Scale bar, 100 um.) (C-£) Velocity, displacement, and persistence
of beads labeled collagen deformation on col-PA substrate with different basal layer stiffness. Darker color indicates mean + SD, while lighter color indicates the
replicates. N = 10. (F) Cross-sectional projection view of collagen displacement in 3D. Colored with collagen deformation in 3D. (G) Mapping of collagen stiffness
on the leading edge of the cluster (A and C) on the side of it (B and D). 6.25 um x 6.25 um per pixel in the heatmap. (Scale bar, 100 um.) (H) Collagen stiffness in
different areas on the leading edge of clusters. N > 10. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant, two-way ANOVA.

Cell-Populated Collagen-PA Double-Layer Model Captures Depth-
Mechanosensitive Cell Clustering and Dispersal. Our experimental
findings suggest a complex interplay of cell contractility, collagen

PNAS 2025 Vol. 122 No.37 2423875122

fiber deformation, 3D propagation of collagen deformation,
feedback from the basal matrix, and multicellular coordination to
enable the observed depth-mechanosensitive epithelial clustering
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and dispersal. We wondered whether this convolution of parameters
could be simplified into a physically consistent set of rules that
could explain the observed behavior, and whether such a model
could make new testable predictions. In that attempt, we adopted
and modified a double-layer computational model of cell-collagen
interactions from previous work (31, 32), as detailed in the Methods
section and in SI Appendix, Fig. S16. Briefly, our modified cell-
populated collagen-PA (CPCP) double-layer model is composed
of triangular spring-based lattice to capture the collagen fiber
network, which is connected to nodes that make up the cells, and
these collagen elements are connected to a layer of linear elastic
basal matrix (PA gel in experiments) that is separately modeled in
a finite elements framework (Fig. 4 A and B). In our reductionist
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deformation
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30
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system, the cellular behavior is governed by four independent
parameters corresponding to adhesions, migration, protrusions, and
contractility, which are proportional to a mechanosensing signal at
each cell node (Fig. 44 and SI Appendix, Fig. S17 A-C; detailed
description in Methods and S/ Appendix, Fig. S16). In this CPCP
model, depth-mechanosensing is realized by linking adhesion sites
of cells to PA substrates through collagen networks (Fig. 4B). As
such, cellular contractile forces deform the spring-based collagen
elements, which in turn deform the PA layer. By measuring the
change of the remaining force within intermediate collagen networks
(Eq. 3), cells could sense the depth-mechanosensing feedback from
the basal layer (PA substrates) without direct contact and change
their behavior accordingly.
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Fig. 4. Depth-mechanosensitive cell clustering and dispersal in cell-populated collagen-PA double-layer model. (A and B) Schematic of the Cell-Populated
Collagen-PA (CPCP) mathematical model, while red color indicates the stress within PA gel. (C) Number of dispersive cells per cluster on CPCP mathematical model
with different basal layer stiffness. (D) Net displacement of cell migration on CPCP mathematical model with different basal gel stiffness. Data are expressed as
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the CPCP model with different PA gel stiffness. (Scale bar, 100 um.)
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We started simulations with a constant cellular contractile
force for both soft and stiff basal matrices (PA layer), so as not
to presume depth-mechanosensing. Given the equivalent force
in both conditions, the stiffer PA gel underwent smaller defor-
mation due to its linear elastic modulus, and a larger portion of
matrix deformation occurred in the collagen network (Fig. 4B,
depicted as magenta springs). By responding to this larger defor-
mation in the collagen network via the mechanosensing signal,
cells in the CPCP model could indirectly sense and respond to
the stiffer basal PA layer, thus enabling depth-mechanosensing.
We changed the stiffness of PA gel in the CPCP model
(SI Appendix, Table S2) and simulated the response of cell groups
in terms of their ability to perform collagen contraction, PA
deformation, and cell migration. In the initial hours, as cells
contracted collagen elements, cell cluster size decreased with a
simultaneous rise in collagen deformation in both soft and stiff
basal PA matrices (Fig. 4 £ and F). In these simulations, cell
migration velocity was lower for stiffer basal PA layer (Fig. 4D
and SI Appendix, Fig. S18), which is consistent with our exper-
imental measurement for analogous conditions (Fig. 2B). Over

time, collagen deformation accumulated, to a greater extent in
case of stiffer basal PA layer (Fig. 4F), and cells within the cluster
contracted with higher deformation of collagen elements and
formed finger-like processes at the edges (Fig. 4E). By contrast,
cells in the collagen network connected to the softer basal PA
layer ended up deforming the PA layer with lower contraction
of the collagen elements, thus dispersing out of the collective
more easily (Fig. 4 £ and F and Movie S5). According to our
reductionist model of spring-based collagen elements tied to
continuum-based PA finite elements, cell-generated forces cause
higher deformation in softer basal PA substrate (Fig. 4B), thus
resulting in lower deformation in collagen element, loss of
depth-mechanosensing, and increased cell dispersal. By contrast,
lower deformation of stiffer basal substrate allows higher reten-
tion of force-based collagen deformation (Fig. 4B) and
depth-mechanosensitive epithelial clustering.

Loss of Depth-Mechanosensing by Disrupting Coordinated
Collagen Deformation Through o-Catenin Knockdown or
Myosin Inhibition. According to our findings of emergent
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Fig. 5. Disrupting coordinated collagen deformation through a-catenin knockdown or myosin inhibition attenuates depth-mechanosensing. (A) Brightfield image
of cell cluster formation, and heatmap of collagen deformation in a-catenin knockdown (xCatkD) MCF10A cells at 24 h in vitro. (B) Cell cluster formation and
collagen deformation heatmap in CPCP model with less cell-cell interaction, mimicking the aCatKD cells. The orange polygon indicates the cell shape, the black
circle indicates the mass center of the cell, cyan lines indicate the collagen network, the red dashed line indicates the initial shape of the cell clusters. (Scale bar,
100 pm.) (€) Schematic of cluster formation with a-catenin knockdown cells. (D) Number of dispersive cells per cluster in aCatKD cell clusters in vitro. N = 6. Data
are expressed as mean + SD. (E) Brightfield image of cell cluster formation, and heatmap of collagen deformation in blebbistatin (Bleb) treatment MCF10A cells
at 24 h. (F) Cell cluster formation and collagen deformation heatmap in CPCP model with lower cellular contractility, mimicking the Bleb-treated cells. (Scale bar,
100 um.) (G) Schematic of cluster formation with Bleb-treated cells. (H) Number of dispersive cells per cluster in Bleb-treated cell clusters in vitro. N = 6. Data are
expressed as mean + SD. ***P < 0.001, ****P < 0.0001, ns = not significant, two-way ANOVA.

PNAS 2025 Vol. 122 No.37 2423875122

https://doi.org/10.1073/pnas.2423875122 7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2423875122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423875122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423875122#supplementary-materials

Downloaded from https://www pnas.org by WASHINGTON UNIVERSITY SCHOOL OF MEDICINE; BERNARD BECKER MEDICAL LIBRARY on September 15, 2025 from IP address 128.252.83.99.

8 of 11

depth-mechanosensing, epithelial collectives can sense deeper
through the collagen layer, ~100 pm, as opposed to the previously
shown depth-sensing of ~10 pm by single cells. Given the
demonstrated importance of grouped cell contractility through
modeling and experiments, we next asked whether loss of cell-cell
interactions affects the observed cell clustering and dispersal. To
that end, we repeated experiments with a-catenin knockdown
(xCatKD) MCF10A cells to attenuate intercellular adhesion, as we
have done previously (33), and they appeared to undergo similar
phases of clustering and migration as the wildtype MCF10A cells
(Fig. 54 and Movie $4). Although a-catenin depletion has been
known to enhance epithelial cell motility in some previous studies
(34), on our layered col-PA gels, aCatKD cells migrate more
slowly than wild-type cells, and there is no significant difference
between soft and stiff basal layers (Fig. 54 and SI Appendix,
Figs. S11 A and Band S144). Since a-catenin depletion is known
to disrupt the collective migration and contractility of epithelial
cells (34-36), the observed reduction in cell migration persistence
and collagen deformation was expected (SI Appendix, Figs. S11C
and S14B). However, despite lower intercellular adhesions after
a-catenin knockdown, cell dispersal remained low (Fig. 5D) on
both soft and stiff basal layers, indicating that lower collective
collagen contraction due to the loss of intercellular coordination of
aCatKD cells suppresses their migration. To understand whether
loss of cell—cell adhesions could predict a similar response in our
CPCP computational model, we performed simulations using a
lower cell adhesion coefficient (S7 Appendix, Table S2) and found
a significant decrease in collagen deformation and cell migration
(Fig. 5B and SI Appendix, Figs. S11C, and S18F). Simulations
also showed loss of cell streaming at cluster edges and a reduced
number of dispersive cells (Fig. 58 and SI Appendix, Fig. S11F,
and Movie S6) on both soft and stiff basal layer cases. Overall,
aCatKD cells showed lower collective collagen deformation, cell
migration velocity, and number of dispersive cells on collagen gels
with both soft and stiff basal layers, which resembled results with
wildtype cells on softer col-PA gels, indicating no advantage from
depth-mechanosensing. To verify the potential effect of epithelial—
mesenchymal transition (EMT) in cell migration, we also imaged
the vimentin expression of MCF10A cell clusters under different
conditions (87 Appendix, Figs. S10 and S13). In both control
and aCatKD groups, no significant difference between double-
layer substrates with different basal layer stiffness was found,
indicating that the EMT might not be the driving force of the
depth-mechanosensing phenotypes.

Since the ability of cells to generate forces that propagate col-
lagen deformation deep through the layers is central to
depth-mechanosensing, we next sought to disrupt myosin activity
and measure epithelial response. We treated MCF10A cells with
blebbistatin and found rapid dispersal of the seeded epithelial
colonies along with negligible collagen deformation (Fig. 5E) for
both soft and stiff basal PA layers. Here, the initial phase of cell
clustering and collagen deformation is dramatically reduced, and
cells instead enter directly into the migration and dispersal phase
on both soft and stiff basal layers (Fig. 5 £'and H, and S/ Appendix,
Figs. S12 and S14C). As a result of the reduced collagen deforma-
tion (Fig. 5, and SI Appendix, Figs. S12Cand S15C), cell clusters
become insensitive to the basal layer stiffness and instead become
highly protrusive due to loss of myosin-based contractility and
become highly migratory and dispersive (Fig. 5F and Movie S7).
In our simulations using the CPCP model, lowering the cell con-
tractility parameter yields the same results wherein collagen defor-
mation is similar in both soft and stiff cases, and cells become
highly dispersive (Fig. 5F and S/ Appendix, Fig. S12 E and Fand

Movie S7), consistent with experimental results.

https://doi.org/10.1073/pnas.2423875122

Discussion

Over the past two decades, a fundamental paradigm of cellular
mechanosensing has emerged wherein cells transduce mechanical
cues of their adhered extracellular surfaces through receptor-ligand
bonds and actin—myosin forces (8, 10). The resulting mech-
anotransduction signaling regulates a variety of cellular responses,
including differentiation, growth, and migration. In mechanical
dynamic microenvironments of developing embryos, cells can
generate their own mechanical environment and undergo duro-
taxis to migrate along the stiffness gradients (37). In addition to
sensing the stiffness of their current ECM, migrating cells can
remember the stiffness of their past environments through a stored
mechanical memory (33, 38). Given this emerging evidence of
the ability of cells to mechanosense beyond their current ECM,
we wondered whether cells could respond to stiffer environments
away from their immediately adhered ECM. One analogy could
be the difference in sensory perception of sleeping on a mattress
that is lying on a floor versus the same placed on a bed frame. Since
ECM deformation generated by cellular forces regulates mechano-
sensing, such ECM deformations could travel through deeper
ECM layers, and the cells could thus sense stiffness beyond their
immediately adhered surface. This is an important yet overlooked
aspect of cellular mechanosensing in physically complex microen-
vironments, because cells reside in multilayered tissue contexts
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such as the basement membrane attached to interstitial tissue and
the tumor—stromal interface between the stiff tumor and softer
healthy adjacent tissue.

To understand the depth-mechanosensing of epithelial collec-
tives in the presence of physically heterogeneous multilayered
matrices, we developed an in vitro collagen-polyacrylamide (PA)
double-layer system for cell culture. We find that epithelial col-
lectives could sense the distant stiff matrices over 100 pm, showing
as enhanced clustering and reduced cell migration. Through a
cell-populated collagen-PA (CPCP) double-layer mathematical
model, we delineate how depth-mechanosensing arises from cell
contractility, collagen deformation, and multicellular coordination
in different matrix layers. These findings expand the known length
scales of cellular depth-mechanosensing to >100 pm, which was
previously shown to be <5 pm for linear elastic matrices (16) and
~10 pm for collagen matrices (21) with single cells. Although
there is prior work showing that a group of cells deform their
ECM to a greater extent than single cells (39—41), the functional
advantages of enhanced “collective deformation” of the ECM for
cell collectives have not been demonstrated. Additionally, the
impact of these forces when they reach long distances and encoun-
ter different matrix interfaces, as well as whether cell groups can
sense these distant interfaces, is poorly understood. Here, using
our double-layer system, we show a functional role for long-distance
force transmission in depth-mechanosensing by the collective
contractility of epithelial cells. The collective ECM deformation
generated by epithelial cells extends the range of cellular
depth-sensing from a few microns to tens of microns, which in
turn alters cellular phenotypes in their dispersal and clustering
due to depth-mechanosensing of basal substrates (Fig. 6). Since
the ECM stiffness in vivo is highly heterogeneous, with significant
differences across length scales of a few cells (12, 42), the depth-
sensing of cell clusters on fibrous matrices across tens of cells in
distance could play an important role in morphogenesis and dis-
ease progression.

When cells directly adhere to the bulk matrices, the substrate
stiffness is shown to affect the intercellular contacts in epithelial
cells, where softer substrates lead to cell clustering and stiffer
substrates cause dispersal (18, 19). In addition, on our
collagen-PA double-layer system, cell clusters on the stiffer basal
layer show significant clustering and collective migration, while
clusters on the softer basal layer tend to migrate in a dispersive
manner. Evidenced by the simulation results in our CPCP
model, we attribute the aforementioned difference in stiffness
response to the intercellular cooperation within cell clusters and
the feedback from the fibrous matrix with heterogeneous stiff-
ness. When seeded on a fibrous matrix, such as collagen, cells
in the clusters could apply a higher contractile force compared
with single cells, and thus sense and respond to the stiffness
change in the distant substrate. For the cell clusters with a stiffer
substrate at a distance, cells will assume that they are on a stiff
matrix and exhibit higher contractility, which builds up positive
feedback and further enhances the depth-sensing. In future
work, to further understand the long-range depth-sensing of
epithelial collectives on fibrous matrices with varying structural
and geometrical properties (e.g., prealigned, different fiber
length and width) and protein composition (e.g., collagen IV,
laminin) should be verified to mimic the in vivo biomechanical
environment. In addition, understanding collective depth-
mechanosensing for different cell types from varying disease
states and animal contexts will broaden our understanding of
the cellular dynamics during tumor growth, organ formation,
and disease propagation.

PNAS 2025 Vol. 122 No.37 2423875122

Methods

Layered Collagen-Polyacrylamide (col-PA) Gel Fabrication. Polyacrylamide
(PA) gels with varying stiffness were made by mixing different percentages of
acrylamide: bis-acrylamide in H,0 [for 2 kPa PA-gel, 4%:0.2%, for 120 kPa PA-
gel, 15%:1.2%, stiffness verified by AFM (S Appendix, Fig. S2)]. Ammonium per-
sulfate (APS, 0.5 pg/ml) and N-N'-N-N'-tetramethy! ethylenediamine (TEMED,
0.5 pl/ml) were added to the precursor solution after degassing and allowed to
fully polymerize on the activated glass surface for 30 min. PA gels were rinsed
and stored at 4 °Cin PBS. Before layering collagen gels, PA gels were sterilized
by ultraviolet light for 1 h and treated with 0.5 mg/ml Sulfo-SANPAH solution
(Thermo Fisher) to allow the attachment of collagen. Rat-tail collagen type |
(Advanced Biomatrix) solution was diluted to a concentration of 1.3 mg/ml with
culture medium and adjusted to a pH of ~7.2 with 1M NaOH.The collagen pre-
cursor solution was added on top of the activated PA gel surface and then cultured
at 37 °Cfor 30 min to allow gelation. For visualization of collagen deformation,
fluorescent microbeads (carboxylate-modified microspheres, 1 um in diameter,
540/560 nm, Invitrogen) were added to the precursor solution (0.1% (v/v)) in the
samples prepared for collagen deformation analysis. For the collagen-coated PA
gel group, after Sulfo-SANPAH treatment, instead of fabricating collagen hydro-
gel, PAgel substrates were incubated with 0.05 mg/mL collagen solution at 4 °C
overnight, followed by a washing step to remove unattached collagen proteins.

Multi-Cell Cluster Patterning on the col-PA Substrate. Photo-crosslinkable
PA-gel was used to fabricate the defined geometries (Fig. 14). Here, PA solution
amenable to be crosslinked by UV exposure (15% acrylamide, 1.2% bis-acrylamide
and 7.5 mg/mlirgacure 2959) were coated to a thickness of 200 pm and exposed
to 365 nm UV light through a photomask with defined geometries. Microwells
with diameters from 100-500 pm were tested. Polydimethylsiloxane (PDMS)
molds were fabricated by polymerizing on the photo-crosslinkable PA-gel mold.
PDMS pre-polymer solution was prepared by mixing base and curing agents
of Sylgard 184 Silicone Elastomer (Dow Corning, Midland, MI) in 10:1 weight
ratio. MCF10A cells were patterned on the collagen-PA substrate by adopting a
previous protocol (43), as illustrated in Fig. 14. MCF10A cells were trapped in the
microwells (~200 pm diameter, ~150 pm depth, wells separated by 2 mm) on the
PDMS chamber (length and width of 2 cm, Fig. 1A) before collagen gelation. Cell
clusters were formed on collagen gels after the PDMS chamber was removed. In
the collagen-coated PA gel group, the same cell patterning method was applied,
while the collagen gel solution was replaced by cell culture medium.

Cell Culture and Live Imaging. Human mammary MCF-10A epithelial cells
were cultured in DMEM/F12 (Invitrogen) supplemented with 5% (v/v) horse serum
(Invitrogen), 20 ng/mLepidermal growth factor (EGF, Miltenyi Biotec Inc), 0.5 mg/mL
hydrocortisone (Sigma-Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), 10 pg/mL
insulin (Sigma-Aldrich), and 0.1% (v/v) Normocin antibacterial, antifungal, and anti-
mycoplasma cell media supplement (Invivogen), as previously described (44). MDCK
,A431, breast cancer-derived cancer-associated fibroblasts (CAFs) were cultured in
DMEM (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (Gibco), and
0.1% (v/v) Normocin. a-catenin knockdown («xCatkD) MCF-10A cell line was used
in the «CatKD group. In the blebbistatin (Bleb) group, cells were treated with 2 pM
blebbistatin after cell seeding. For live timelapse imaging, cells were transferred to
a Zeiss Cell Observer inverted microscope (Carl Zeiss Microscopy, Germany) with a
live-imaging system and were tracked for 36 h (z-stacks with 6 um intervals were
acquired every 20 min). ImageJ (NIH) with TrackMate 7 (45) plugin was used to
analyze cell migration. Persistence in migration refers to a cell's tendency to maintain
its direction of movement rather than changing direction abruptly. Linear persistence
is calculated as the displacement divided by the total distance traveled over 4 h.
Radial persistence is calculated as the cosine of the angle between position vector
and cell migration velocity vector (Fig. 2E). As illustrated in S/ Appendix, Fig. S19,
radial persistence could be a more appropriate measure of persistence than the linear
persistence in case of circular cell clusters that migrate in radially outward direction.

AFM. Stiffness mapping of collagen around epithelial cells was performed using a
Bruker Nanoscope Resolve Atomic Force Microscope (Bruker, Billerica) mounted on
an inverted fluorescence microscope (Zeiss Observer A1 stand). Silicon nitride can-
tilever with a polystyrene bead (4.5 pm in diameter) attached at the tip (Novascan
Technologies, Inc., Boone, IA) with a nominal spring constant of 0.01 N/m was used
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for operating force measurement. Data analysis was implemented in Nanoscope
Analysis Software (Bruker, Billerica, USA) using a modified Hertz model.

Immunofluorescent Staining and Imaging. Cells for immunofluorescence
imaging were fixed in 4% paraformaldehyde solution for 15 min, washed with
DPBS, and permeabilized with 0.1% solution of Triton X-100 (Santa Cruz) for
1 h after 36 h of culture. After incubation with blocking buffer (DPBS with 1%
bovine serum albumin and 10% goat serum)for 1 h at room temperature, sam-
ples were incubated overnight at 4 °C with primary antibodies. Samples were
washed, incubated with secondary antibodies for 1 h 45 min at room temperature,
and washed again in DPBS. For actin visualization, samples were incubated with
phalloidin (1:300, Invitrogen) for 30 min and washed with DPBS. Fluorescent
images of cell clusters and reflection images of collagen were taken using the
confocal microscope (Zeiss LSM 880, Carl Zeiss Microscopy, Germany) using 20x
and 40x objectives. Two-photon excitation collagen imaging was performed with
an LSM 880 (Zeiss, Germany) equipped with a Chameleon Discovery Ti:Sapphire
laser (Coherent, Santa Clara, CA), where an 800 nm excitation wavelength was
employed, and the emission was detected through the 520 nm bandpass filter.

Cell-Populated Collagen-PA (CPCP) Double-Layer Computational Model.
To understand the roles of cellular adhesion, contractility, and motility in depth-
sensitive epithelial cell clustering, a cell-populated collagen-PA (CPCP) double-
layer model was adopted and modified from previous research (31, 32). The
numerical computation and visualization for the model were accomplished in
MATLAB (R2021a) (detailed schematic and description of this model is provided
in SIAppendix, Fig. S16,and the source code is available on Github). In this model,
cells are meshed on the col-PA double-layer matrices (Fig. 44 and S Appendix,
Fig. S16). Each cell is defined as a set of nodes that are directly attached to the
collagen lattice nodes, with three individual parameters respectively to describe
its migration, protrusion, and contraction, and one collective parameter to describe
the cell-cell interaction. The collagen fiber network is defined as triangulated
spring lattices that are linked to the polyacrylamide layer through the intermediate
springs located at the lattice nodes (Fig. 44 and S/ Appendix, Fig. S16). As cells
deform and remodel the collagen lattices, the intermediate springs transfer the
cell-generated force to the PA layer (Fig. 4Band S/ Appendix, Fig. S16).The PA gel
layeris described using a linear 2D finite element model (46). In this CPCP model,
the cellular behavior on the Col-PA matrix is broadly divided into four steps:(Fig. 6)

1) Migration and protrusion of cells. Any cell node could move along the col-
lagen lattices and find a new collagen lattice node to attach. The direction
and magnitude of cell node movement are determined by its position and
migration/protrusion parameters of the corresponding cell (or cells).

2) Contraction. Cells deform the collagen lattices by moving the collagen lat-
tice nodes along with the attached cell nodes. The direction and magnitude
of nodal movement are determined by the associated nodal position and
contraction parameters. For instance, as illustrated in Fig. 44, a given cell
node (black) is attached to a collagen lattice node (green) and shared by
three adjacent cells. Each cell has three individual displacement vectors due
to migration, protrusion, and contraction whose magnitudes are directly
proportional to their corresponding biochemical signaling parameters that
vary with cells. The direction of migration vector is calculated using the ori-
entation tensor of the collagen network (47) and position vectors of adjacent
cells. The protrusion vectors are directed outward relative to the cell body,
along the line connecting from the cell's center of mass to the given node;
the contraction vectors are oriented in the opposite direction, toward the
cell center. Cell-cell interaction is regulated by a binding coefficient shared
within the same cell cluster. Cell proliferation was achieved by enabling the
division of cells with the largest area.

rv, =Fi= Xhi+p [1]
J
0, d;; <l;;andf;; isnormal (2.1)
Yi—Y; r
f= —AyB(d;; A//i'j)Tyjai'j' iff;; iscompacted ~ (2.2) @
a1 s d >0 andf, isnomal (2.3
-B( I,J._,j) T 81 ,;>1;;andf,; is normal (2.3)
i
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h
pi=—B[1- - (yi-z). 3]

h02+(yi_zf)2

di,j = H}’i _J’,H [4]

3) Collagen deformation. Collagen lattices are deformed and remodeled by the
cells, as described above, to reach a steady state. Eq. 1 describes the motion for
the collagen lattice node 7, wheref;  describes the force due to latice entangle-
mentand p, describes the force generated by the PA gel. y; is the location in R?
of the collagen lattice node, v,, represents the velocity of y;, and y is the drag
coefficient of the collagen lattice. Normal collagen fibers undergo stretching
in a spring-like fashion (Eq. 2.3) and remain unstressed under compression
(Eq.2.1), with forces proportional to the level of stretching. In this spring-like
behavior, /;; is the spring initial length between two linked nodes i and j,
and g is the spring constant of the collagen fibers. Compaction of fibers is a
nonreversible part of collagen remodeling induced by cells. The spring constant
of compacted fibers increases according to the coefficient A 5, and the spring
initial length is resetto A, /; . Compacted fibers resist compression as described
in Equation (Eq. 2.2). Since f; is only available when node i and node j are
linked, the 5;,in (Egs. 2.2 and 2.3) indicates the link status, which is equal to 1
when node i and node j are linked and equal to 0 otherwise. At the beginning
of the simulation, all collagen fibers start as normal (i.e., not compacted) and
get remodeled to compacted status when the distance between two linked
nodes (d;;) becomes shortenough (d;; < A,/; ;) driven by cellular contraction.

Node locations z;are within R region of the adhesion site of collagen on the PA

gel surface, while the initial thickness of the collagen layer is hy. When y;and

z; have the same initial value, force in col-PA intermediate springs||p;|| = 0

is set at t,, which subsequently increases with mismatch of deformations in

collagen and PA gels. These variables and parameters are listed and described
in S Appendix, Table S1.

Sa i ITG))
LA wh O = ——L

4) PA deformation and stiff sensing. The intermediate springs that connect colla-
gen and PA layers transmit cellular forces to the PA layer through the collagen
lattices (Fig. 4B). Deformation of the PAlayer is calculated with a linear 2D finite
element solver (46), using the same triangular mesh as the collagen lattices.
The depth-mechanosensing of cells is implemented by measuring the depth-
sensing parameter (c) as shown in Eq. 5. p;(t)' is the derivative of the remaining
force within intermediate springs (p;, shown in Eq. 3) versus its displacement
in the horizontal plane. o;(t) is the depth-sensing parameter of the node i at
time t, which is defined as the average of p;(t)" over time (At). At is 30 min
in all the simulations. As shown in Fig. 4B, a stiffer PA layer undergoes smaller
deformation, which leaves higher remnant force within intermediate springs,
causing higher depth-mechanosensing feedback. This depth-sensing parameter
(o) directly influences the migration, protrusion, and contraction parameters of
the corresponding cell.

o) = [5]

Statistical Analysis. Statistical significance analysis was performed in GraphPad
Prism 9, using two-way ANOVA following Tukey's multiple comparisons test or
unpaired, two-tailed Student's t test.

Data, Materials, and Software Availability. The source code for building CPCP
contraction model (MATLAB license required) and a high-resolution version of
the visual description of the model (S Appendix, Fig. S16) are freely available
at: https://doi.org/10.5281/zenodo.16968126 (48). All study data are included
in the article and/or supporting information.
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